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Abstract

On the basis of methods of modern applied thermayes, the technique of the system-structural asilgf
thermodynamic efficiency refrigerating and heat puimstallations has been developed. With use officents of
structural bond the analysis of influence of inkemgent connections in technological schemes of v@pmpression
refrigerating and heat pumps installations on tleelynamic efficiency has been realized. The infl@en€ structural
complexity of the technological schemes of heat punstallations on thermodynamic efficiency hasrbestimated.
For this purpose for the first time in the thermoamic analysis, the criterion of complexity of theheme has been
proposed. The system objective laws of irreveriyblibsses in the schemes of vapor compressioigeziting and heat
pumps installations have been found. The technigueefinition of componential irreversibility lossen vapor
compression refrigeration cycle has been developed.
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INTRODUCTION

Currently, theelements of refrigerating machinesMiR and heat pump installations (HPU) in some
cases have reached the «a technical limit» wheegiem of designs of the independent elementsnaone
does not give essential to increase of efficiencglbinstallation. Meanwhile, opportunities perfien of
the structures of technological schemes is stileh@ot limitation. Development of the methods  thitow
to find of different technological schemes the @obeme that has more efficiency, represents aralactu
problem. Thereby, at designing oMRor HPU can excluding from consideration thosessads, in which
perfection of the elements does not essentialenftes on increase of efficiency of all installation

One of directions of structural researches is {fsesn - structural analysis that have a purpos#rigm
of system characteristics of irreversibility lessn various technological schemes of energy asioe
installations. In the present work for the firshé the attempt is undertaken to create the techrufuhe
system - structural analysis of vapor compressgdngeration machines and heat pumps.

THE ANALYSIS OF THE IRREVERSIBILITY LOSSES IN THE ELEMENTS OF
REFRIGERATION MACHINE AND HEAT PUMP INSTALLATION

Thermodynamic non-equivalence exergy and exergsekslirectly depends from the structure of the
technological schemes of installatipt]. Therefore, for various technological schemes df &xd HPU
takes place the specific character of the irrebéitsi losses. The same element having an identeaign,
but included in different technological schemegart of the concrete scheme has a various leveiggx
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losseq 2]. Thus, perfection of element without taking intxaunt the structure of the technological scheme
in which the element to have disposition cannantwease of efficiency of all system. Exergy lossea
elements of vapor compression RM or HPU are intareoted. Any change of losses, for example, their
increase in one element will necessarily cause gidhém the other element interconnected to it, @hid,
change at all does not mean increase of exerggdadssthis element, and sometimes, even on theaignt
(though and it is rare), losses can decrease hier otords, irreversibility of one of elements canrbduced
by irreversibility of another element. This efféictenergy conversion installation is not a paradod is a
typical symptom of integrative properties of thatsyn.

For the estimate the influence of change of a patanof one process on the value of irreversitdsds
in the element, and for estimating the influencéheke losses on the losses in all system of te#icents
of structural bonds are usgt-3.

For the analysis of influence of losses from irrsuglity in technical systems of any complexity J.
Bayer was used a following coefficient of structurends[1, 7

_(0E2™) /[ 9E,,
k _[ 0% J/[ 0% J' M

sum

whereEp, — exergy losses in elemert,
influencing on the exergy losses.

Structural coefficients specify opportunities andirection of increase of efficiency of all systasia
whole, allow to estimate force of interelement ceetions, and to find the symptoms of system laws of
irreversibility losses in a technological schemé®mergy conversion installations. Valmg can change
frommg, = 0 up tom, = 1. Those elements, for whict = 1 should be subject to constructive perfection. In
this case, there is a reserve for reduction of fotversibility losses in system by means of @esing of
losses in several elements.G&m, <1 thereduction of irreversibility in one element of teeheme will
be compensateddy means of increasing in irreversibility in othelements of systenTherefore,
decreasing of exergy losses in element will nduarice on the increasing of efficiency of all ifisidon, as
structural communications between elements indase have high rigidity.

A parametery, depends from the constructive parameters of idtaf. Such parameter can be the
value hydraulic resistance of the evaporator, tbedenser, the pipelines, and value of the minimal
temperaturalifference in condenser or evaporator. In this cds®input data is a refrigeration capacity of
installations. Other approach to the structurallysms is estimating quality of structural commurioas
and character of distribution of irreversibilityskes at a variation of regime - constructive charestics of
the equipment for the refrigerant loop with knowpe of the compressor. For the variation of a ipatar
xik the surface of the evaporator or the condensemetexrs of pipelines, and also the value superheht a
subcooling in cycle can be chosen

For research of influence of local irreversibility, on total losses in installatidfy, it is necessary to
know, how other parameters of processes in a oydlereact to change of losses in an element. It is
necessary to explain it. For example, reductiohyafraulic resistance in evaporator will changedbata of
the minimal temperature difference in it. On the dvand, exergy losses in compressor depend notoanly
the compressor isentropic efficiency, but also frima value of the minimal temperature difference in
evaporator and condenser, and from hydraulic sesists in a refrigerant loop. On the other handy thare
the irreversible a process in compressor than nimareasing the exergy loss in the compressor artggx
loss in the condenser.

Let's to consider a technique of calculation ofigefration cycle that is deformed because of infaee
of thermal-hydraulic irreversibility. Recommendat$o of work [4], and the approach that used for
calculation of cycle in the program «Refrigeratidtilities » has been in a basis of a technique.

If in a first approximation for formation of thealecycle to neglect hydraulic resistances in prees®of
condensation and evaporation, and resistancepdtimes, then the refrigeration cycleRr- i diagram have
been shown dotted line (fig. 1). This cycle is bamecalculation of a new cycle (the following calation
stage) in that a processes deformed by thermabljidrirreversibility.

— overall exergy losses in all systemy; — the parameter

sum
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On the first stage (fig. &) a non-isobaric processes of condensation, evapoy@rocesses in pipeline
of refrigerant loop and also non- isentropic precesthe compressor has been calculated for bade c
(point 3 and point 7 are fixed).

Fig. 1. Stages of calculation of real refrigeratioycle: a — first stage;b — second stage.
APcong— pressure drop in condensArq,q,— pressure drop in evaporaté®s — pressure drop

in suction line;APy — pressure drop in discharge lin&P;y — pressure drop in liquid line;
ATy~ superheatingATs. — subcoolingTme™™ Trmi™"* — average temperatures of condensation
and evaporation in non-isobaric processes

Dissipation energy that caused by forces of viggasia stream and friction on the internal surfaoé
elements is the reason of a thermodynamic nonibquiin statuses of a refrigerant, and consequehdy
irreversibility processes of evaporation and cosdénn.Thereby, the processes-3! and 6- 7 represent
of a direct lines only conditionally. However, ibipt 3 and point 4and also point @&nd 7 are fixed on the
basis of cycle calculation and hydraulic calculataf the evaporator and the condenser then byeviofu
linear character of the pressure drop by Darcys, lith a sufficient a substantiation it is poseitib
consider processes-34 and 6- 7 represent as a real processes.

The second stage (fig. B) calculation of a real cycle consists in procedafea recalculation of
parameters in the point 3 and point 7. This prooedakes into account increasing of condensation
temperature on the value that equivalently to charfgaverage temperature in this process causéabbgs
of pressure drop in the condenser, and decrea$iegaporation temperature on the value that eqeintbi
to change of average temperature in evaporatiorepsocaused by pressure drop in the evaporator.

Let's explain it on an example. By results of ckdtian of a cycle after the first stage it is posito
conclude that hydraulic resistance in the evapordoes not effect on the change of compression wwork
the compressor. On the first stage of cycleutation the point 7 is considered fixed and fribrshould
be postponed the AP, in order that to fix next point in positiori. 6lowever, as show on fig. 1 , the
average temperature in process 8 has risen in comparison with a base cycle oresthe\,a,;. Thus, the
temperature of low potential of heat source in evator will not a correlated with the minimal teenpture
of difference, that is assigned at designing. Tioeee in the second stage of cycle calculation the
temperature in point 7 is necessary to reduce @w&iiueATevap' =T — Tmig 2" Similarly it is necessary to
act for calculation of process non-isobaric condéos, i.e. temperature in the point 3 should ledased
by valueATeong = Ta — Trict™™

The calculation of parameters of a thermodynamatecgnd constructive characteristics of a refrigera
loop a realized with the help of techniquiids€. The Martinally equations for calculation of pregslosses
in evaporation process are ugéjl. The thermalphysical properties of refrigerantrbgans of software
«Refrigeration Utilities » are calculated.
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The irreversibility losses in heat exchangers apélmes include the losses because of heat exehang
Epd and losses because of hydraulic resist&ggcé

Eox = Epe +Eb - 2

The losses because of dissipation energy in pipelir refrigerant loofp, ™", and the regulating valves
a calculated from the equation

Eéf():mer(S,- _SiAP)v )

whereS.u S,AP — the entropy of a refrigerant at the end of pssda points of the base and deformed cycle;
m. — mass charge of refrigerarfy — ambient temperature.

The exergy losses because of heat exch&sg&in the evaporator, the condenser, in the interntedia
cooler of superheated vapor, and the pipelineBatguipment are determined from the equation

T

g =i
Eok = mer[(S,»ﬂ—Sj)—(’ : ')] (@)
whereT, — the average logarithmic temperature of the heaterain the heat exchangerS;,; § — the
entropy of a refrigerant in the end and in the beigig of process that considerég; andi; — the enthalpy
of a refrigerant in the end and in the beginninghef process of a thermodynamic cycle.

The entropy generation because of hydraulic resistén the evaporator a calculated from the egnatio

[7]

i",, -
ASeAVPap = Irr\”[sj+1 - S] - 20T]II i +-|1- J ' (5)
]t J

where S, i u T'" - entropy, enthalpy and temperature of a refrigeirasaturated vapor state.
The entropy generation because of hydraulic resistan the condenser

ASY = m{s;+l —S+ 2.0%} " m{— REI]n(l.O —ﬁj} (®)
Tj +TJ dis
whereS, i andT' - entropy, enthalpy and temperature of a refrigemaniquid state;APy — hydraulic
resistance in condenser in the zone cooling of rhigaged vapoPys — discharge pressure in the cydke; a
universal gas constant.

The exergy losses in the compressor a calculated fine equations

Qcom
EDcomp:rand|:(Sj+1_Sj)_ T p:|. (7)
d
Qcomp= m (ij+l _ij)_ Ncomp' (8)

whereNgomp— supply power of compressor.
Irreversibility losses in throttling valve
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EDexp =mTy (S] 1 Sj ) (9)
The exergy losses in suction line — liquid linetr®achanger (SL-LL) a calculated from the equation
Eé; =mTy [(Sj =S )_ (S’ - S+1)] ' (10)

whereS,; S — the entropy of a refrigerant in the end anchimgtart of process for a return stream in the SL-
LL heat exchanger.

The exergy losses in the condenser, that causéadwersibility of process in the compressor (Iesse
due to interference of elements), calculating ftbmnext equations

E'Dcond = m [(Tmid _Td )(Ss - Sreal )] ! (11)
Tmid = (iis - ireal )/(Ss - Sreal) . (12)

whereis, iran Ss, Sear — the enthalpy and entropy in the end isentropid the real processes in the
compressorT,q — the average thermodynamic temperature of reglgsis in compressor.

For calculation of structural coefficient the maiandition is variation only one parameter all other
variables are conditionally fixed, i.e. not exposedpecial influence on theft].

The hydraulic resistance on the part of a refrigefar various elements HPU as a varied paramater i
the present work has been chose. The hydraulistagsie of the evaporator and the condenser a chiaege

to a variation of a parameter Li/(di NK), wherel; — length of tubeg — internal diametelN; — number of

columns in a heat exchanger Calculations are le#tegollowing input data. Evaporation temperatasea
first approximatiorfevs, = 271 K, condensation temperatdig,q = 330 K. Average temperature coolant in
evaporatoiTs = 283 K. Average temperature of the heat-carrieohdenser HPU,, = 320 K; Refrigeration
capacity HPW= 7,65 kWt. Refrigerant R2Zy = 272 K.

The dependences on fig. 2 and fig. 3 showing imiteechange of hydraulic resistance in the evapiorato
and the condenser on distribution exergy losseteiments HPU.

In table 1 value of various kinds of exergy losgseshe evaporator and the condenser at a
variation of size of hydraulic resistanaieevaporatonPe.,.,are presented.

Table 1 Distribution of various kinds of exergydes in HPU at variatiof\Peyap

Kind of loss Exergy losses

APeyqp bar 0,1 0,2 0,3 0,4 0,5 0,6 0,7

E*Fbe, KWt 0,08227| 0,08323 0,08416 0,08509 0,086 0,08693 8487

E* bevap KWt 0,01613| 0,03246 0,04942 0,0646 0,08246 0,09776 4841

E* beona KW 0,0029 | 0,0029| 0,0029 0,00209  0,00d9 0,00289 0,00289

= 0,02609| 0,02659 0,02657 0,02794 0,02654 0,02791 292®

E* bevap KWI 0,35278| 0,37056 0,3871]l 0,40224 0,41905 0,43445 486,4

E* beond KW 0,51129| 0,55065 0,5332F 0,514%3 0,49686 0,56422 4685

E'beons KWt 0,22561| 0,22863 0,23074 0,23562 0,23861 0,24B849 4502
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Fig. 3. Influence of hydraulic resistance in corgbsron exergy losses in elements of HPU
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Sometimes in the results of the exergy analysexpediently to change the structure of technoldgica
scheme. In this case, the search of new structhireahnological scheme must been formalized. For
objective appraisal of a level of structural compleof technological schemes of a refrigerationctriaes
and heat pumps the Taubman criterion of compldxitweused2]

D=D,(2m+ p). (13)

where P - the total number of interactions of heat engimgesystems with an environment (condenser,

evaporator, compressor, auxiliary heat exchang@nsy;the total number of technological communications
between elements of systeB);— the total complexity of all elements of system.

Let's consider the some complicated schemes obtage and two- stage cycles. The one-stage scheme
with SL-LL heat exchanger( = 15). The two-stage scheme with incomplete inégliate cooling heat
exchanger and unitary throttlind> (= 17). The two-stage scheme with incomplete inésliate cooling
parallel throttling and subcooling of a liquid rgirant in economizeiX(= 22). The two-stage scheme with
intermediate injection vapor in suction line in $exond stage of compressi@nh¥ 18). Neglect complexity
of elementgD; = const).

On fig. 4. the influences of irreversibility lossasthe evaporator and the condenser on the tdtal o
irreversibility losses in HPUE,™" for the technological schemes that having a diffetevel of structural
complexity is presented.

EDkvsum ‘ ‘ ‘ ‘ sum
e
| |
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0.33 0.35 0.37 0.39 0.41 0.43 0.45 0.47 0.49 0.51 0.33 0.38 0.43 0.48 0.53 0.58
E Devap, kwt EDcond, kwt
a b

Fig. 4. Influences of exergy losses in evaporatat condenser on the total exergy losses in
HPU at variation hydraulic resistance for technaab schemes different structural
complexitya — evaporatorh — condenser

The more are subject to influence of hydraulicgtsices on the part of a refrigerant in the evdpora
are the two-stage schemes with intermediate iged¢ti suction line in the second stage of compoesgi=
= 1,756) and the one-stage schemes with SL-LL éezltangerif = 1,37). For such schemes is impossible
to use the internally finned-tubes evaporators s€étgpe of evaporators can be used in schemesgdan
big rigidity of structural communications, and ndyne the two-stage scheme with economizer< 0,84)
or in the two-stage scheme with incomplete intenatedcooling and unitary throttlingt(= 0,902). In these
schemes a coefficient of structural bond i< 1.
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With increase the structural complexity of the teaogical scheme of two-stage heat pumps the
coefficient of structural bonds also increases.

Using this technique the rational constructive abteristics of heat exchanger surfaces of the
evaporator and the condenser and also a conseyzdirameters of the pipelines in depending froevall
of structural complexity of the technological scleeRM or HPU has been chosen.
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Abstract

Reproducible characteristics, small gradients arstitumental circuit play important role in systeerfprmance
during procedure of the contact resistance tesimdnot platesPaper describes the study of temperature distabuti
and thermal control peculiarities of heat pipe dalset plates. Thermal control principle of evapmmacondensation
circle provides a self-compensation to environngrasameter fluctuations and accurate surface testyre simulation
conditions. Two-phase hot plate provides the ingrtrequirements for heat flux and surface tempesasensors
testing: uniform and unidirectional heat transfetvieen the testing sample and heat source, highofdteat transfer
from the surface to the sensor and contact resistan

KEYWORDS
Contact thermal resistance, heat pipe, thermalabnéemperature of surface, uniform temperatustritiution

INTRODUCTION

Improvement of the solid and immersing thermostatids for contact test methods go towards the
elimination of variety of systematic errors durithg experiments. The influence of thermal resistamto
the budget of uncertainty is well investigated ba teferenced and measured temperature valuesronly
solid hot plates. Most hot plates for sample tgstay thermal contact have to reproduce of condition
exploitation. Heat pipe heat transfer as well itghhvalue of effective thermal resistance provides
accurate repeatable reference temperature corglitBy using the highest thermal conductivity of two
phase hot plate it is possible to predict the adrfteat flux and surface temperature sensor clerstots.
Moreover, closed evaporation-condensation cyclbzemabetter thermostatic function. Two-phase Hatep
gradually attains thermal equilibrium in the resporio change the external test conditions. Thus it
possible to study the heat transfer in contact exatpre sensor under specific test conditions. IReity of
heat pipe based hot plate method include: narravatipn temperature range due to heat transfetaliion
factors, has limitation for power of heat suppliasthe system. Two-phase hot plates due to specific
organization and control of the multiple thermaiséances and heat transfer mechanism createraaer
compensation conditions for contact thermal rests#aested on their surfaces.

ACCURATE SURFACE TEMPERATURE SIMULATION

Temperature determination in isothermal devices

The main aim of hot plate is accurate control gesticial and spatial temperature in conditions of
contact with additional thermal resistances, ofason material samples, heat flux and surface traipire
sensors [1, 2]. The better the heat transfer fioenhieat source to the sample the smaller the @icgrin
the measurement and the faster a stable end tetmgers reached. Test unit is used for study ofttbat
exchange between sample and the surrounding suafatéo other parts to be exposed to the envirohmen
The unit also produces the uniform superficial andpatial temperature conditions to study the time
response of any type sensors and any flow rateeostirrounding of the medium. In the Luikov head an
mass transfer institute the series of isothermalcde have been successfully created and tested].[3,
Among them the two new prototypes of two-phaseptate (Fig.1.) with different thermal control loépr
study samples in the intermediate temperature range
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Fig. 1. Examples of two-phase units for contactriia resistance testing

Hot plate has the parametric stabilization of tiiffedent types. Regulation both the minimal opearati
temperature difference, measured across the plateand evaporation-condensation heat transfer présen
the system. The device maintains the differentratitn temperatures,J The heat pipe in steady state
conditions with correspondent thermal resistancestamperature measurement points presented a2 Fig.
By measuring the temperature difference betweerowapghannel and evaporataT, the temperature
difference for condenser has been evaluafEdsince the design symmetry of thermal resistances.

Cooling Media Cooling with sensor
T 7 | T Condenser
¢ Condenskr
L R, R.
Tref Tref
L Re -
Te T, e
Evaporator
Evaporator
Constant heat power Constanttemperature
a b

Fig. 2. Sample under constant heat power (a) anstant temperature (b) test conditions

In heat pipe hot plate the temperature uniformiy ¢ondenser Jhas minimal dependence from
temperature distribution of heat sources. Proceddreemperature determination for hot plate inckide
examination the thermal conditions in steady sta@itee stability factor eq. (1) describes the repdata
temperature thermal characteristics under diffetesttconditions:

Ks= Ratie/Roetore = (AT atte/ AT vetore ) (Qbetord Qatter) (1)

In case when equivalent heat pipe thermal resist&yg, has small variations fromyRye and AT aper =
ATetore) l€ads to condition (§ore™~ Qater)-

Temperature distribution prediction in steady stateconditions

The results of spatial temperature distribution wation shown on the Fig.3 indicates the uniform
temperature fields for two-phase hot plate whichbéter than the non-uniform field for solid body
isothermal devices. The geometry for simulatiotath plates was: d =100 mm, h=18 mm. For threestype

of tested plate: with high thermal conductivity £ 100 W/(niK)), heat conductive samplé. (= 20
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W/(mIK)) and thermal isolation\(= 0.1 W/(mK)) the contact thermal resistance should be tesiedting
region in temperature conditions of =T 150 € characterized by maximum temperature
gradient ATy/I) =10.5 T/em.

T, °C
150.0
14955
1 :g;i + + + + 4 + + 4 4 4 4 4
149 62 Y Y Iy Iy
149.40
14923 S S
14916

14904 {
14582 )
14580 i

b A
Fig. 3. Temperature distribution (left) ant gradge(right) of solid plate (a) and two-phase (b)

hot plate under steady state before and after satepting (free convection; ¥ 20 C, o =6
W/m?eK)

The external effect from cooling media having terapgre | to surface temperature predictioni¥
lower due to lowest thermal resistanER of two-phase hot plate between cooling media extérnal
thermal resistance at the condenser. Non-unifostridution of temperature differencdd is located in
thin regions of condenser and evaporator (Fig.3Thus, the vapor temperatufg; measured by accurate
sensolis used to estimate the condenser temperduws& . .Test conditions for two-phase hot plate in case
of axial one-dimensional heat flow have to be dediby eq.2.

— Ts_Tf — Rkonv
T T RHP

S

B

(2)

ref

In test conditions with contact thermal resistaotcthe hot plate (Fig. 2) the heat transfer stgbflctor
will change according to the eq.3.

FA= Ts', - Tf — Rkonv 3)
Tref _Ts RHP + Rs
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Testing procedure allows determining the sensot tisaipation value in ideal and real conditions of
use. Temperature in the contact region of the taesurfacel, compares with vapor temperaturg and
with predicted surface temperaturg The calculation model has been used to predettéimperature

distribution for all contact types of thermal reéarsces connection to the hot plate [5]. The Fig.4
demonstrates the typical temperature distributibthe previously described hot plates under thesgmee

of additional contact resistangg.

T, °C el ¥y

Fig. 4. Temperature distribution (left) and gradseiright) with tested sensor in a cross
section plane in the same conditions for solidrtfeestat (a) and two phase hot plate (b)

As shown on Fig.4,b. the small region with non-amf temperature distribution exist in condenset tha
should determine the correction value to the measugsponsively of the contact sensor. In presetetstd
conditions the heat pipe hot plate temperatureiligton is estimated with lower value of uncertgin
First, because the thermal conductivity of tragiibhot plate is smaller tham,, the contact resistance
impact is smaller at heat flux which keeps q = toSscond, the average thermal resistance of rahtgyi
between temperatures registered by sensand reference temperaturg;Ts much higher for traditional
hot plate than for heat pipe. Moreover, the twosghhot plate temperatureslis independent from sensor
location at the condenser surface and one inslertft.

Accurate prediction of the temperature differerammdenser temperature dnd temperaturesTequire
thermal resistance symmetry. Thermal interfacegvaiporator and condenser have equal and minimal
thickness, including capillary structure saturateith liquid. . Improved thermal control of the system
requires a fundamental understanding of the fllngvfand heat transfer that occurs in the unit [B3.
achieve and maintain the predicted spatial andrfo@é temperature distribution the two-phase plte
uses two types of thermal control circuits. The soe@ment circuit for heat pipe has to be basedpen or
closed type.

Optimum selection of measurement circuit for hait@lthermal parameters is based on temperature
specific application, on thermometers classificatlny range, by sensitivity and stability. For imste,
primary industry requirements are the temperatarege, durability, the easy calibration and stabilit
Primary biomedical requirements are temperaturgaaprecision and multi-point sensing.
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THERMAL CONTROL OF SET POINT TEMPERATURE

Temperature control with feedback

The closed loop under constant power heat supphditons was used to maintain the thermal
equilibrium of heat pipe. According to this, thet lptate first temperature sensor in vapor usednpsati
temperature value and the feedback to heater dlamtsets the temperature,. TThe second temperature
sensor monitors the vapor output temperature. dateh controller maintains the set point of heaepi
When the heat power is dynamically adjusted theeddoop does not provide the quick and stablertaker
equilibrium. Reproducibility of the output tempersg value is associated with estimation of all pues
uncertainties. Temperature distribution estimatioethod has negligible uncertainty values due toowap
homogeneity, due to a reduced number of temperaemeors. In addition the condenser temperature T
estimation method has negligible uncertainty dughto material layer between reference thermomeelr
sensor, due to uniform surface temperature digtdbuat condenser surface and quick self-adjustrteent
ambient conditions.

Advanced temperature measurement circuit

The thermal control system should provide the f@téhe thermal resistance estimation of the hgas p
at steady state. Multy-function heater generate®restant heat power Q or constant evaporator output
temperature J by heat power adjustment. Having the evaporatat pewer value Q it is possible to
estimateAT, and thermal resistance of heat pipe. For expetahstudy of thermal control peculiarities the
measurement system is supplied with two temperagansors. The first sensor which is located at heat
source and measures the value gfcén be used as control input value to achieveddsired outlet
temperature of external evaporator surface. Themsesensor is placed in the middle of the vapoanngl
and measures theggdvalue, that travels closer to the thermodynamigléxjium point.

Typically the passive control loop sets the inpalue T, without taking into account the signal from
output side. Such measures are not enough forspwacoutput control; behaviour of the system is not
accurately predictable. In real measurement praeethe disturbance from environment and from the
additional thermal load at condenser have a negatifect on preset output temperatugaiid in T The
benefit from the using the valueT, is the self-feedback control to any external disimces of system. The
precise measurement &T. guarantee the estimation of tA. and output temperature value of the
condenser J. The platinum resistance thermometers are useprémise temperature difference measuring
of AT, and AT, every temperature sensor has a fixed positioti-za8gistment function of the heat pipe
consists of variation of correspondent internalriited resistances fkand R To estimate the local
temperature gradients the hot plate is divided s#weeral zones according to liquid phase distrdoutind
set temperatures.

CONCLUSIONS

Thermal performance, measurement methods and amders budget and temperature distribution
prediction method for the heat-pipe hot plate hasnbdiscussed. Such device can simulate of real
conditions of contact thermal resistance testingo-phase construction permits the use of varyinglver
of sensors. Temperature distribution modeling urttlercontact thermal resistance test conditionsvsho
that condenser is most suitable region for the r@ateusurface temperature estimation. It is impartan
sample testing to maintain the thermal resistayoengetry and spatial temperature uniformity of treg h
plates. The axial temperature uniformity inside lioé plate is produced by closed evaporation-cosaksom
circle and maximum valor volume. Radial non-unifolemperature distribution within condenser regi®n i
caused by hot plate liquid transport charactessticd test sample and sensor contact resistancerate
temperature determination of every test sampldsobplate provide is temperature extrapolation meth,
with low uncertainty value. For both two-phase & ptate with different thermal control circuits the
reference temperature.dis measured in valor channel by accurate temperatansors. For accurate
estimation of the temperature differencé%. and AT, platinum thermal resistance thermometers are
required. Advanced thermal control is organizedidother detailed study of the dynamic spatial andace
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temperature distribution. It is an appropriate rodtfor surface measurements in microscopy basefbpta

for detailed studies temperature dependent phasmggehphenomena in biological and medical samplds an
specific testing of geological, semiconductor, piottaic, and other materials. The surface tempesat
estimation method based on contact thermometry hiesen for non-contact thermometry further
investigation.
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Abstract
Some researches results of heat pipes charaasrist presented in the report. Such pipEy @re intended for
operation at any orientation in a gravitationalldieThe improvement of heat pipe operation in gedional
counteraction conditions is achieved by means afpusite capillary structures in which design thetlproperties of
fiber and powder materials are synthesized in #ateway. The characteristics of pipes, especitisir thermal
resistance, are investigated in all various hgappositions concerning horizon

KEYWORDS
Heat pipes, composite capillary structures, gréemathermal resistance, orientation.

INTRODUCTION

Heat transfer parameters in the heat pipes (HP)rigeaones and especially their limited heat flyxes
while working in usual (ground) conditions, essailhtidepend on orientation (disposition) of HP pase.
From the experience of HP using researches andigwat is known, that the real height of the lidui
capillary raising well moistening porous capillatyuctures (CS) does not exceed the values of 0.bhm
length of a HP heating zone is a part of the sygetifalue (0.5 m). The improvement of the HP patanse
at their operation in gravitational force countéi@t conditions is an important thermophysical and
technological problem. Partially the decision dbtproblem is found in contour heat pipes develapmi
is necessary to note, that difficult and expengiehnologies are needed for the contour heat pipes
manufacturing.

The authors know only few researches, in which ipatars and characteristics of porous capillary
structures were specially investigated during HRrkimg in difficult conditions of gravitational foec
counteraction.

PROBLEMS OF THE PERFECT CAPILLARY STRUCTURES CREATI ON
FOR HEAT PIPES

The construction of HP capillary structure are vienportant for the effective HP functioning. The HP
capillary structure must carry out two main funogo1) hydrodynamical function (operational ligiidat-
carrier transportation at HP various dispositionairgravitational field deterioration); 2) thermogfoal
function (high-heat-intensity in HP heating and loap zones). Total influence of hydrodynamical and
thermophysical factors on heat transfer processssdften opposite character, i.e. the improvemént o
hydrodynamic processes leads to the deteriorafitimeg thermal physics.

The wire mesh layers were used as capillary strestby HP developers in their first HP designs.hSuc
application was based on the wire mesh materia#adility, because of their serial industrial poation.
However, from the previous experience of heat pgpeduction, mesh materials have unsatisfactory
thermophysical and operational characteristicspdrticular, the pore size distribution, typical fioresh
materials, leads to the unstable process of twagheat transfer (boiling) in HP heating zones el ag it
imposes significant limitations on the quantitidstiee discharged heat fluxes. In addition to thgsh
materials at manufacturirigl are usually stacked in multiple layers that leadthe formation of local and
relatively big heat emission resistances (R, K/Mgluding contact thermal resistances.
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Metal-powder capillary structures (MPCS) guararietter results in comparison with mesB [1, 2].
MPCS, unlike mesh CS, possess certain pore sizabdifons that guarantee stable boiling in the HP
heating zone. Also powdefS guarantee relatively great values of the heigh& diquids-heat-carriers
capillary lifting in HP. However, CS powder alsosheome disadvantages. They are: 1) the presenae of
relatively large number of closed (deadlock) po&sthe deterioration of CS permeability, becausthe
increased hydraulic resistance, caused by the ceaistic properties of the metal-powder structu&she
presence of the so-called «heat hysteresis», gratining periodic increasing and reduction of Héaws
brought to HP. The heat hysteresis worsens thepiygad operation.

Metal-fiber capillary structures (MFCS), develomett studied in Frantsevich Institute for Problerhs o
Materials Science of the Ukrainian National Acadeafyscience, are practically deprived of the above
mentioned weaknesses. There is no deadlock poMEGS owing to characteristic structure propertibat
excludes undesirable heat hysteresis in such C8. métal-fiber CS guarantee high hydrodynamical
characteristics: the high permeability and thestatiory height of capillary liquid lifting in HFAlso MFCS
possess high thermophysical parameters of heas,pipeexample: the potential of HP functioningtiire
modes of stable liquid boiling in heating zoneghhheat transfer intensity in heating and coolinges,
high limiting values of critical heat fluxes in hew zones.

Also MFCS have good physical-mechanical and opmrati characteristics. MFCS manufacturing
techniques guarantee stable and reproducing pagesnéte large resource of operation, high relighbdf
functioning, the capability of plastic deformatiom a constructive necessity. Last feature of the with
MFCS is an important factor for the heat pipes ficat use in real systems and devices of the modern
equipment.

COMPOSITE CAPILLARY STRUCTURES AND CHARACTERISTICS

The complex researches and development, carrieith diite Institute for Problems of Materials Science
made it possible to create composite fiber-powdeillary structures [3]. Positive qualities and gedies of
the capillary structures, made on the basis offithreus and powder materials synthesis, are effelsti
combined in such CS.

The cycle of heat pipe characteristic researchéls @@mposite porous capillary structures has shown,
that such HP at work in "normal” conditions of spatisposition practically are better than pipeshwit
"usual” fiber porous capillary structures. In "@fflt" conditions (zone of heating pipes locatedwaba zone
of cooling) "new" HP guarantee stable functioninghe increased values of heat flows (up to theeslof
Q =20-25W).

We have developed and created a set of pilot hpas (9 pieces) with composite capillary structdoes
the experimental researches. Some characteri$tgbHP are presented in Table 1.

Table 1. Characteristics of pilot capillary struetsiand heat pipes

Number HP CS Structure CS Porosity Thickness of CS
O, % o, mm
HP 1 Fibred 50 microns, 71 1.0
HP 2 Powder 80 microns 74 1.0
HP 3 Fibred 30 microns, 79 1.0
HP 4 Powder 40 microns 78 1.0
HP 5 Fibred 50 microns, 85 0.8
HP 6 Powder 80 microns 85 0.8
HP 7 Fibred 30 microns, 83 0.8
HP 8 Powder 40 microns 85 0.8
HP 9 Fibred 50 microns 82 0.8
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THE EXPERIMENTAL EQUIPMENT FOR THE RESEARCHES OF HE AT PIPE
CHARACTERISTICS WITH COMPOSITE CAPILLARY STRUCTURES
THE TECHNIQUE OF THE RESEARCHES

A special stand is developed for thermophysicatasshes of HP parameters (Fig. 1). The angle of HP
inclination was being changed by 28@latively to the horizon. The pilot heat pipe viasited by the special
heater. Heat removal from a condensation zone weagd out by the liquid cooling. We measured the
temperatures on HP length by standard microtheroqples.

The structure of the experimental stand contalessystem of supply, regulation and measuremeat of
power (heat flow), the system of precision tempegmtmeasurement in HP control spots, system of
maintenance and measurement of the heat-evacymiameters, as well as some auxiliary systems.

The test procedure of HP researches was standdrcbasisted of the following: 1) pilot HP prepaoati
to the tests; the installation of thermocouplesaoHP surface (at the 5—7 control spots); the suleseq
fastening of heating and cooling devices: 2) HRalletion in researching position8A(” — HP heating
"from below";“B” — HP is located horizontallyC” — HP heating "from above"); 3) the power supply ® H
by turning on an electro-heater. Thus, values otight heat flow Q were changing in the range ofCOW,
by means of the laboratory autotransformer, witagadvance of 10 W. At the HP installation in posi“a
zone of heating aboveé’ we were changing a heat flow in the range of O/25with great advance of 5 W;

4) we were waiting for a stationary heat mode (thermocouples were fixed at some instant state) and
measured the following values: 1) the heat flow {@Q); 2) the temperatures of HP surface in 5-7 sfipts
°C). Then we rated the values of a the thermal mststR,» (K/W) for pilot HP.

Fig. 1. The general view of the stand for HP redess

We tested all pipes in 3 characteristic positioascerning a line of a horizon: 1) HP heating zene
"below"; 2) HP heating zone is located horizontalBy HP heating zone of T — "above". The main
characteristics of pilot HP is following: 1) the ¥Rells, fibrous and powders are made from a stsgnsteel
(type 0X18H10T); the pipe-length: L = 300mm, external diametethaf shell:ZJ = 10 mm; the liquid-heat-
carrier— ethanol.

THE RESEARCHES RESULTS OF HEAT PIPES WITH SYNTHESIZ ED
COMPOSITE CAPILLARY STRUCTURES

The results of our experiments are representetiérfdrm of graphic dependences of temperature in a
control spots of a transport zone on a surfacdefHP-shell from the time of the tests. Also thees a
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representation of findings in the form of thermasgistancdRp dependence on a heat flow, at the angle
variation of HP-inclination. The dependences ofriad resistanc&®yr on a heat flow and on the angle of
HP-inclination are presented in Figs. 2, 3.

Thermal Resistance R, K/W

Heat Flow Q, W

Fig. 2. Thermal resistance of heat pipes with casitp@and fibeCS at HP “below”-heating
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Heat Flow Q, W
Fig. 3. Thermal resistance of heat pipes with casiip@nd fibeCS at HP “horizontal” heating

We did not aim to make the experimental studiethefmaximal heat flows, which our heat pipes could
transmit. For an estimation of limiting heat flo®g. we used known in the literature [4, 5] formulakeT
results of calculations have confirmed the follogvfiact: the high-porous structures guarantee bixjinmel
heat flows at the HP-positions closed to horizontdle capillary structures with average porosi®y [{

40 %), in comparison with high-porous CS, functio@iter in position «HP heatingabove». It is necessary
to note, that calculations under known formulasenaade in a view of assumptions about full satonaiiy
the liquid of HP capillary structure. The CS pdrtieninage in real conditions of the HP with higbrpus CS
functioning could take place in that case when d&ihg zone is situated above a cooling zone.
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It is known, that speed of liquid flowing throudhet capillary structures is characterized by visitpus
factor of permeability< (m?) The fibrous structures differ from other CS tyjffs example, powder CS)
because of the absence of the deadlock poresdriteggflongitudinal movement of a liquid. As a reghke
permeability indexes for the fibrous high-porous @8> 70 %) reach the value$ K = 80—100rA. The
specified values are greater in comparison with/tiiees typical for powder structurdé € 5-30 m).

Thus, in horizontal position fibrous CS transporticaid to the heating zone much more quickly in
comparison with powder and mesh CS. The fibrousvi!s extremely high porosity can’t always guarante
the values of a capillary raising height of liqid, m) while HP working against forces of gravitation (
position “HP heating- above”). The large-scale pores of high-porous &Seasily drained, and capillary
forces keep a liquid in such pores. The structyrdh&sis of positive properties of two differenpitiary
structure types in one composite structure is daptbguarantee good characteristics of the crelasad
pipes while working in horizontal HP position aslivas in conditions of gravitational force counteran.

The researches results confirmed this statemernpositions“A” (angle of HP bankp = - 90°, HP
heating— “from below”) and“B” (¢ = + 9, horizontal HP position) heat pipes with composi® were
working steadily and guaranteed the temperaturel lefva transport zone in a range similar to thregeaof
temperatures of HP N1 with fibrous CS.

In position“C” (angle of HP banly = + 9C, HP heatind'T - “from above”) HP No. 2 and HP No. 3
guaranteed the higher values of removed heat fi@w.(= 20 W) in comparison with value,g = 10 W,
typical for HP No. 1. The last fact is caused by pinesence of the powder parts in composite steiciine
powder components have essentially smaller potes.ldst fact, accordingly, guaranteed the bestlaapi
liquid elevation in HP heating zone.

Similar results are received on the other HP rebear (Figs. 2—4). Researches of the influence of HP
developed characteristics with composii& on thermal resistancég,r have shown, that HP thermal
resistance descends a little while heat flgwincreasing Such results are explained because of the heat
transfer intensity increasing in heating and capliones.

CONCLUSIONS
The researches results for developed HP with eapiltructures of new types permit to assert the

following.

1. In horizontal position and in position of “HP hewfi- below” the ethnol heat pipes with composié&Ss
in transferred heat flowange of Q = 0-70 W function steadily and guaramiteelow values of thermal
resistancérp and high thermophysical characteristics. Such pgms not concede to HP with metal-
fibrous capillary structures.

2. In the position of “HP heating above” (the most difficult position for HP funatimg) heat pipes in
transferred heat flowange of Q = 0-20 W also work steadily and guaeurs&tisfactory values of
thermal resistanc®up. Thus, they transfer the heat flows with greatatues (~ in 2 times) in
comparison with mono-fibrous HP.
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Abstract

The main goal of the present research is to sthdyeffect of nanoparticle doping on the criticalnpcshift of
classical fluids embedded with nanostructured rateffullerenes and carbon nanotubes). The nappfoach to study
of nanostructured materials behavior in disorderediia is based on the concept of structure sinyilafi nano- and
near-critical fluids that exhibit enhanced thermahductivity. The systems toluene + fullerene (carbanotubes) were
analyzed to estimate the critical point shift irgggomponent from low temperature experimental datajuid state.
The obtained results present useful information f$orentists and engineers working in the field ofieeging
nanotechnology applications. Computer modeling pdoa possible azeotropy appearance in the zeotbdgricls with
nanoparticles that could be considered as a rapktefor the conventional refrigerant Ri3Z here is no doubt that
extension of existing knowledge on thermodynamid phase behavior of nanofluids will guide to relgabngineering
recipes resolving the actual problems of modermtenhnologies.

KEYWORDS
Refrigerants, zeotropic blends, critical point shazeotropy, nanostructured materials.

INTRODUCTION

Nanofluids (NF), i.e. fluids embedded with nanostuued materials, have recently became a subject of
growing scientific interest due to reports of ghgahhanced thermal properties. Key features ofridkude
thermal conductivity exceeding those of conventiosaspensions, a nonlinear relationship between
thermophysical properties and concentration forddfttaining carbon nanotubes, and a significaneiase
in critical heat flux in boiling heat transfer. Tleaploitation of NF phenomena will allow to creaeew
class of efficient working and heat transfer mddrawide range of technological application andchgrsuch
benefits like energy efficiency (e.g. improving hénsfer, reducing pumping power), lower opegtin
costs, smaller/lighter systems (small heat exchahgand cleaner environment (e.g. reducing heattea
fluid inventory) [1].

The principal aim of this work is to study the etf®f nanoparticle doping on the critical pointfsiof
classical fluids embedded with nanostructured malter(fullerenes and carbon nanotubes). Since the
diameter of nanoparticle is quite small, the nanmstired materials have specific properties anticafi
point of conventional fluids is shifted by addingnoparticles. In present study the interplay betwee
ballistic nature of heat transport in the nanopbes and clustering effects in classic fluid is gesfed as
most credible scenario of NF thermal behaviour. fibeel approach to study of nanostructured material
behaviour in disordered media is based on the adesructure similarity of nano- and near-criti¢kiids
that exhibit enhanced thermal conductivity. Thetesys toluene + fullerene (carbon nanotubes) aiestu
to estimate the critical point shift in pure compohfrom low temperature experimental data in Ligstiate.

CRITICAL POINT SHIFT IN THE NANOFLUIDS

Critical point defines thermodynamic behavior obstance in wide range of parameters of state.
Adding of nanoparticles renormalizes the intermolacinteractions between fluid components embedded
with nanostructured materials and shifts phaseligai in the nanofluids. No direct experimentatalare
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available in literature to make conclusion abotttaal point shift. An assessment of nanoparticdpidg on
critical point shift of pure substances is possitdeperform from experimental pressure — density —
temperatureR —p — T)data. In this study we have usedP —p — T data for toluene embedded with single
walled polydisperse carbon nanotubes (CNT) [2] fafidrenes [3]. The nanotube diameter varied frath O
to 2 nm, the tube length varied from 1 to30, and the nanotube concentration of 0.02 g/l [2].

It is hypothesized that the toluene with small imifges obeys the corresponding state (CS) principle
The rationale for this assumption is based on wWeepgarametric presentation of data [2], [3] by Tt
equation of state. We suggest that thermodynaumifaces of reference fluid (toluene) and nanoflwith
small nanoparticle concentration are coincideceniuced form. The compressibility fact@) ©f nanofluid
is defined via scaled pure reference fluid properti

Z = Z(pcntlp, T IMeny), 1)

where critical point parameters of nanofluid Tcn ) are calculated from available experimental data
liquid phase far from critical point. To estimateetcritical point parameters of system referenoe fl
(toluene) — nanoparticles (e.g., CNT) the fundamlesquation of state in reduced form for toluenewds
used. The results of our calculations are in ggpdement with the data from [2] and [3]. As exampigs.

2 and 3 illustrate the isotherm behavior of putadne and nanotube solution at different tempeeatuilhe
uncertainties in density for the equation of st less 0.05% in the liquid phase in the tempegatinge
290 ... 330 K. The critical density shift from theMdemperature data [2, 3] is about 4% both toluene
CNT and toluene — fullerene systems.
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Fig. 1. The isotherms of pure toluene Fig. 2. The isotherms of toluene + CNT

Critical temperature shift restored from data [RdBesn’t exceed 7 K at given volume concentration
(p). To compute the thermodynamic properties of thieofiuids under investigation in the range 0 ... 5%
volume concentrations of nanoparticleg)(the density of nanofluidnf) calculated via reference fluid
density (f) by standard relation:

Pnf :(1_¢)prf +¢,0an 2)
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The growth of volume concentration tends to inceedlse nanofluid critical temperature. The
extrapolation data [2, 3] to nanoparticle volumactione = 5% predicts the temperature shift about 50 K at
the same critical density.

Properties of nano-structured materials are smetifby the intermolecular energy interaction
competition between the nanoparticles and referéuoitk The ratio of a nanofluid physical prope(8y) to
that of the reference fluid~;) at smallp can be expressed as a linear function of volumeetration. For
instance, of critical temperature shift of refereflaid is written as

Teot I Ty =1+ag+0(¢)%. 3)

The effective thermal conductivities of liquids esdbled with nanostructured materials are also found
to obey the scaling law in eq. (3).

Coefficient a depends on nature of the nanoparticles and shmilcbstored from experimental data.
Other nanoparticles, e.g., &, CuO, FgO, due to higher density should increase the critiealperature
shift. Nanoparticle addition promotes the aggregabf molecular structures into clusters in vigmof
critical state and significantly enhances the th®rroonductivity of nanofluids due to changes in
thermodynamic parameters of state in the phaseatiad-ig. 3 illustrates the results of nanopartidkime
fraction influence on thermodynamic properties épef sound) of toluene.
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Fig. 3. Sound speed along isobar P = 4 MPa of te@lwend toluene embedded with CNT

The shift of critical point parameters also chantpespicture of phase behavior in binary mixtured a
requires more detailed analysis unavailable imdttgre.

AZEOTROPY IN REFRIGERANT BLENDS WITH EMBEDDED NANOM ATERIALS

A theoretical analysis of the topology of phasegdians is a very useful tool for understanding the
phenomena of phase equilibrium that are observadulticomponent systems. The pioneering work of van
Konynenburg and Scott [5] demonstrated that thedemWaals one-fluid model has wide possibilitiés o
qualitative reproducing the main types of phasgrdims of binary fluids. The proposed classificaticas
successful, and is now used as a basis for desgrithie different types of phase behavior in binary
mixtures. A more rigorous classification of the itg) characteristics of equilibrium surfaces ancggh
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diagrams of binary mixtures is given in the workarchenko [6], in which it is proved that the nuenlof
topologically different rearrangements is eight.phésent, the topological analysis of equilibrivnfaces
of binary fluid systems contains 26 singularitiesl 6 scenarios of evolution of theT diagrams [7].

To describe the thermodynamic properties and plagsdibria in the mixtures we use the one-fluid
model of the SRK equation of state [8]

0= RT  a(T)

“v-b v(v+b)’ @)

whereRis the universal gas constant and the molar volume; the model parameteandb depend on the
molar composition ok; andx; with respect to the componerntandj. The respective model parametars
and b are determined by quadratic dependences on conguosihd classical combining rules for the
different pairs of interacting moleculagandby:

i=1 j=1 (5)
N & (b; +by)
b:ZZX'XJ > (1 i ),
i=1 j=1 (6)
22, )
a, = 0.4274 m, by = 0.866&, ()
PCii Pc ii

Global phase diagrams of binary fluids represeet lbundaries between different types of phase
behaviour in a dimensionless parameter space. Thendionless coordinates depend on the model of
equation of state; however, usually they are regomesl by analogy with the coordinates introduceddry
Konynenburg and Scott for the van der Waals mdslel [

Z =(a,—a)/(a,*ay),

Z,=(a,-2a,+a,)/(a,*a,),

(8)
Z3=(b,~hy)/(b,+hy),

Z,=(,-20,+h,)/(b,+h,).

Global phase diagrams for all realistic models haweextremely similar structure, particularly fbet
case of molecules of the same size. For exampegltibal phase diagrams of such different modetbas
Redlich—-Kwong [8] or the Lennard-Jones binary fl§ig] are almost identical, including such sensitive
phenomena as the presence of closed immiscibigyions. Accordingly, most of assumptions and
conclusions based on the above mentioned modephade behavior can be transferred to other cases.
Algorithms of global phase diagrams constructior described in literature [11, 12]. To predict the
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conventional phase diagrams the computational seb¢i8] of phase equilibria calculations were i
in MATLAB.

The azeotropic boundaries are straight lines in(#e Z,)-plane that cross at a single point in the
vicinity of the centre for equal sized molecules.opens the opportunity for obtaining the series of
inequalities to separate azeotropic and zeotr@gmons of the global phase diagram. Selectionravitefor
azeotrope for the SRK one fluid equation of statebinary mixture in global phase diagram variahes
derived previously [14]:

Z,=FZ,- 067(L+ 21)£1_ Za_ j ,
1+ 7, ©

where the upper signs «+» or «-» correspond twdhee of the composition of critical azeotropic mtcatx,

= 0, the lower at, = 1. According to equation (9), in th&—2Z plane, at fixed valueZ; and Z;, the
boundary that separates the zeotropic and azeotstptes is a straight line. If a characteristiinpis
located in the northern or southern quadrants twegotropy phenomena should appear in the binary
mixture. Nanoparticles shift the critical point d@dded to the low-boiling component and thereby for
substances with neighbor critical temperatuags~ a;; andZ; — 0. It results to drastic phase behavior
transformations from zeotropic to azeotropic state.

Here we consider phase behavior of the R1234yf 61REotropic blend and R1234yf — R161 -(ze
nanoparticles as most likely azeotropic system dnatrecognized as low global warming potential &W
refrigerants to replace the R134a refrigerant. &teation of state parameters for low-boiling congru
R1234yf were taken from [15]7. = 367.85K, P, = 3.382MPa, andw = 0.280. For the equation of state
parameters R161 corresponding values are as follfiws= 375.3K, P- = 4.7 MPa, andw = 0.210 [16].
The binary interaction parameters were fitted l®ylthrentzBerthelot combination rulé; = I = 0). Figs. 4
and 5 show the results of phase equilibria calmnat for different temperatures in the pressure
composition and pressure — temperature diagrame. Rh234yf doped with the K&, nanoparticles
increases the critical temperature of pure lowibgilcomponent till 371 K. This shift conduces to
transformation from zeotropic state (Fig. 4) toapepic state (Fig. 6).

4

R134a
164 34
50°C =
% R1234yf-R161
© 14 g2
o 7]
;
7 1 :
a
041
0°Cc 0 ' T T T
150 200 250 300 350 400
Temperature, K
00 012 014 016 018 10
Composition R161 ) .
Fig. 4.P — x,ydiagram of the R1234yf — R161 Fig. 5.P — Tdiagram of the R134a and the
binary blend at different temperatures R1234yf — R161 binary blend
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Fig. 6. P-x,ydiagram of the R1234yf — R161—
FeO, nanoparticles blend at different
temperatures

CONCLUSION

This study is one of the first attempts to estébiad demonstrate multiple links existing betwden t
critical point shift in classical fluids and phasguilibria phenomena in mixtures embedded with
nanostructured materials. From the very beginnihthese efforts the obtained results serve veryulise
information for scientists and engineers workinghie field of emerging nanotechnology applicatios.
an example, phase behavior of systems R1234yf 4 Rib@l R1234yf — R161 — nanopatrticles that are
recognized as low GWP refrigerants has been stu@iethputer modeling has shown a possible azeotropy
appearance in the zeotropic blends with nanopastithat can pretend to be replacement of conveition
refrigerant R134. There is no doubt that extension of our knowledgeut thermodynamic and phase
behaviour of nanofluids will lead to the creatiof reliable engineering recipes for solving the attu
problems of nanotechnologies.
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Abstract

In the paper presented is the assessment of tisbibg of utilisation of geothermal energy forslying power
plant/heat and power plant operating accordinghtolow temperature Organic Rankine Cycle. The isngupplied
with heat acquired from the rocks by means of théenground closed heat exchanger installed atla degth. In the
paper discussed is the construction of the geothleheat exchanger as well as principles of oparatifothe Organic
Rankine Cycle power/heat and power unit. Additibnalresented are basic relations enabling detetinimaof the
amount of extracted and utilized geothermal enefidye starting point for accomplished analysis wees thermal-
hydraulic characteristics of the geothermal exckangvhich was developed based on the in-house tcaly
calculation model of the closed underground heahamger. Utilising the presented in the paperimiataccomplished
were calculations enabling assessment of operafigeothermal heat and power plant operating wiffiergnt organic
fluids and supplied with the network water of diéfat temperatures at the outflow from the exchanger

KEYWORDS
Geothermal energy, utilisation of geothermal engrtmderground closed geothermal heat exchangertdoyerature
power plant, ORC.

INTRODUCTION

In Poland among the so called renewable sourcesarfyy the geothermal and geothermic resources are
regarded as those of high potential [1-3].

Practical implementation of geothermal energy iateel to the extraction of water to the Earth’Sace
from the so called geothermal basins, which is wveften highly mineralized. That is possible on the
predominant part of the country. Due to the rathederate temperature of extracted water energ\atwt
there can be used first of all for heating purppedsch is discussed in detail in the availablerature [1—

5].

The second source of energy, namely the geotheemgcgy, can be acquired by means of special
installations enabling introduction into the Eastletust of water, which is going to act as the gyearrier.
That water will remove heat from surrounding roeksl transport it to the surface. It is estimateat th
Poland the possibilities for extraction of geothierranergy regard the depths of 2000-5000 m and are
greater than the possibilities of acquisition obtipermal energy. The heat obtained in such a waybea
used for heating purposes (heat from the depti®-8fkm), as well as for production of electricityeét
from the depths 3-5 km) [3, 6-11].

In acquisition of geothermic energy there can mlus/o basic types of extraction installations, agm
the open and closed systems.

One of the most interesting designs of the clogetems is the concept developed at the Technical
University of Berlin of a so called undergroundss#d geothermal heat exchanger, UCGHE in brief12],
The heat exchanger is composed of a set of pigeloeted at a significant depth, through whichfthiel
removing heat from the rocks is pumped and subseiguiansporting it to the Earth’s surface, whires
transferred to the installation utilizing the hebtained in such a way, Fig. 1. The heat exchafegdures a
significant independence from the localization &bl &s the possibility of a long term operationedatively
small power of circulation pumps. An important feat of the design is flexible way of its operation.
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Additionally the exchanger enables extraction obtgermic energy in all those places where due to
geological reasoning the open systems cannot deedpp

A major drawback of the UCGHE heat exchangers ayeif€ant investment costs and necessity of
harnessing of difficult processes related to digjland installation of sealed pipeline systemargd depths.
It is estimated that the present technical advaero¢mermits to develop the UCGHE situated at thethdef
up to 5 km with a horizontal length of up to 15 Ki].

| HEAT AND/OR POWER STATION |

J 4 Pumping channel | Extraction channel|\ |

A +\

++*++}

Fig. 1. Schematic of installation with a undergrdwiosed geothermal heat exchanger

Channel of the horizontal
part of heat exchanger

It results from the up to date works that the erdeas of that type, situated at significant depthd
acquiring the heat from the rocks, can be a soof@nergy applicable for supplying thermal plargsazl|
as power plants [8, 9, 13]. Therefore the actiomdeutaken by the authors, of which the partial ltesare
presented below, are aimed at the assessment gqfoswbility of application of the underground @ds
geothermal heat exchanger for supplying the powat/rand power plants equipped with the low-
temperature installation operating according toQ@nganic Rankine Cycle.

1. UNDERGROUND CLOSED GEOTHERMAL HEAT EXCHANGER
AS A SOURCE OF ENERGY FOR THE ORC PLANT

Due to specificity of extraction of geothermic egyean important issue in the analysis of that psecs
assessment of operation of such heat exchangeedat with the view to extract and utilize thetma
energy of the rocks.

In the considered case for the assessment of apesadf the underground closed geothermal heat
exchanger own analytical calculation model has legplied, where the transient heat conduction & th
surrounding bed rock was considered [6, 8, 14, T!5%. model is derived at the following assumptions:

— Exchanger consists of three elements connectegfisssencompassing a vertical pumping channel, a
horizontal channel, connecting the vertical chasinehd a vertical extraction channel. For eachhofd
elements there have been applied relevant calonlgfocedures including the fact that the overathth
transfer coefficient from the bed to the heat earis variable in time and uniform for the entireah
exchanger.

— Bed temperature at remote location from the extiaathannel as well as the pumping channel varies
linearly with depth, in line with the relation:

T,(h)=a+bh. 1)

— Temperature of the rock surrounding the horizoptat of the exchanger is constant and depending
on the depth of channel location:

T(h=H)=a+bH . 2)

— Elementary rate of heat transferred from the betiécheat carrier flowing in the heat exchanger can
be determined utilizing the overall heat transtezfticientk,:

Q= k, (T)l_Ts (h) —Tp (h)JdA- 3
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— Elementary rate of heat taken up by the heat carrigne exchanger is given by:
dQ = kW, dTpi . (4)
In the model utilised were relations enabling clttan of variable in time overall heat transfer
coefficient or the overall thermal resistance frtira rocks to the heat carrier. It has been assuh@dhe
overall heat transfer coefficiett, can be determined for the relation postulatedlity 17]:

n - 4,/agt
- _1+DlzilnD'+1+ Dy |, &8s

e B X (5)
k, a 2 izl)\i D; 2\ Dn+1
or
agt
11, Dy Avast (5a)
kZ a 2)\ Dl
Similar information can be obtained from the exp'r(m due to Djadkin and Gendler [1]:
k, = : : (6)
1+Bi In(1+,/;7Fo)
where:
i_i Dl z_l |+l . (6a)
kZ DI

Expression (5a) regards the deep drllls Where takmasistance of pipelines can be neglected.
Importance of particular quantities constituting ibove expressions have been presented in detd] i
and [15].

Developed calculation model of the undergroundeddogeothermal heat exchanger enables calculation
of temperature field in particular elements of h@athanger as well as carry out the analysis asgsament
of the influence of characteristic quantities obsequent constituent elements on the reduced tatoper
difference of network water at the outflow from #sechanger [9, 15]:

Top -T
S P o+ 0y o1 Exp-kNg)-—-[fL - exp(-kN3)). (7)
TsH~Tpio N3

The diagram developed in such a way, presentingeheral course of curves depicting the temperature
field of subsequent constituent elements of the HEGor different values of heat transfer unitg; is

presented in Fig. 2.

OHoaH =

=
Tpto L™= Tstha)-

Tso

Tso
N34<N33<N32<N31

|

Fig. 2. Fluid temperature distribution in UCGHE fafferent values ofN, if k = 1 [15]
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On the extent of the rate of geothermic energyaextd from the rock and possible for utilizatiorttie
heat receiving system (heat plant, power plantyettgecides the rate of heat carrier together wigh i
temperature at inlet and outlet from the UCGHE clifresults from the relation:

Qg = MyCy (Tyw —Tyz) [KWI. ®)

It ought to be stressed that due to practical pdgigs of utilisation an important quantity istwperature
of water at outflow from the UCGHE, where its valse function of:

- inlet water temperature to the exchanger (deperatettie kind of the heat receivers),
temperature in the bed rock (significantly disttratn the exchanger),
extent of the rate of heat flowing through the exuer,
depth of location of geothermal exchanger andetsmgtrical dimensions.

Additionally, it stems from the conducted analythiat of significant importance on the temperature o
water leaving the UCGHE are heat transfer condstionthe third element of the exchanger, i.e. i@ th
outflow channel [8].

Presently used drilling techniques can be realinetmperatures not exceeding 15 [11, 12], and
therefore the above temperature of the heat sahoald be assumed as a limiting upper temperature.
Consequently, in the case of the power plant ojpgran the temperature range of 22@70°C water can be
assumed as a working medium. In case of tempesafioneer than 120C, low-boiling point fluids should be
used as a heat carrier and the working fluid.

In effect of application of the calculation modeé wan develop thermal-hydraulic characteristics of
UCGHE enabling calculation of the rate of heat aeglifrom the geothermal heat (geothermal power) in
function of the parameters resulting from the faflog relation, that is in function of volumetriofl rate of
water flowing through the exchanger and its termpees at pumping and extraction locations [6]:

Qq = f(Vy, Ty, AT), (9)
3200 ~ I I | | | | | | | | | | | | | | | |
_ | | | | | —60m3h ! | | | | | | | |
3000 | H=3000m - - - -l - - - - Tg,=20°C \{goam—/h——\———\———\———k——+——+——4———\———\
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2600 | K200 KM | - Tomsore - TN N e
n=1 / v=35m°

| | o | | | ) | =35m°/h | | | | |
2400 1 | @ = | | Tg=35°C | | . ' I | | | |
@, =04 | | | | | | | ] [ my=9kg/s | | | |
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i i i | ] | ! | I | 1o T | \ | | | | |
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| | | | | | | | | o | 4 | | | |
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Fig. 3. Sample thermal-hydraulic characteristicthefunderground closed geothermal heat exchanger

A sample characteristics presented in Fig. 3 has lkéaborated for the exchanger featuring a hota&on
channel of 3000 m, placed at the depth of 3 km. Jarature of the rock bed at the foundation of ergea
is 107.6°C, whereas the transport fluid circulating in tixeleanger is water. The characteristic serves as a
basis for further calculations of the low-temperat@RC installation supplied with geothermal energy
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2. ORC POWER PLANT COOPERATING WITH UCGHE

In the analysis it has been assumed that geothean@my received from the bed rock is supplied by
means of the flow rate of network water to the l@mperature ORC installation, a schematic of wiich
presented in Fig. 4.

The flow rate of network water heated in the geotfad exchanger flows into the evaporator, where it
transfers heat to the organic working fluid rendgrits evaporation. Water leaving the evaporatespig
into two flow rates of which the first oney,) is directed to the counter-current heater ofweking fluid,
whereas the second ormg,f) to the receivers of technological heat or heatirsgallations (central heating,
preparation of hot water). Subsequently both flates are recombined and pumped back to the geatherm
heat exchanger, where water again heated in theekelaange process with the bed rock.

The saturated vapour, produced in the low-tempezatycle of the power plant, is directed to theuste
turbine, where it undergoes isentropic expansiothéocondensation pressure. Next the expanded wapou
flows to the condenser, where after initial coolitgycondensation takes place. The working fluidha
liquid state is pumped to the heater where it @basically heated from condensation temperature to
evaporation temperature, and subsequently to thpogator where it evaporates as a result of supplat
by water heater in the geothermal heat exchanger.

iom, Ti [ Tubes |

generator |

>—
 To
A
Tgl = Tgw
_—

Underground Closed Geothermal Heat Exchanger

Fig. 4. Schematic of geothermal heat and powealiiasion

In the considered power plant the so called dryawig substance has been considered where the
entropic index |1 < 1. That means that if the bemignof expansion in turbine is located on the vapou
saturation line, then the state after expansiamtise region of superheated vapour (Fig. 5).

7 3
P Working fluid - group |

S
/

2s

h

Fig. 5. Sequence of thermodynamical processes dfimgfluid from group |
in C-R cycle realised in the region of superheated vapour
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It has been assumed in the analysis that all psese®alized in the cycle are reversible and thieeen
cycle is consistent with the-R cycle for the saturated vapour. In case of dridfuhe Clausius — Rankine
cycle consists of isobaric heat supply encompaskeaging process (4-5) and liquid evaporation (5-1)
isentropic expansion of working fluid vapour in thebine (1-2s), isobaric heat removal during vapou
condensation (2s-2) and its condensation (2—3)etlsag/isentropic compression of the condensaté)(3—

The starting point for the analysis of operationpofver/heat and power plant was construction of
thermal-hydraulic characteristics of extractiongebthermal energy in the underground closed geotier
heat exchanger (node 2, Fig. 3) as well as devedopraf temperature characteristics of the evapgrato
heater and condenser, depicting temperature fiad@dtwork water and organic working fluid (Fig. 6).

4
T Tgw:Tgl AT]_ = 15K
\ . AT, = 5K
mgl
Tys
T,
Evaporato Heate A

Fig. 6. The temperature fields of heat exchangers

In accomplished thermal-hydraulic calculations bé tpower/heat and power plant the following
relations were utilized:
— energy balance for the evaporator:
Qev:mgcg (T 1 _ng):mn(hl _h5)- (10)
Eq. 10 enables determination of the flow rate witificirculating in the power plant loop:
- MyCq (Tgl _ng) , (10a)
by —hs

n

— energy balance of the heater:
thr = mglcg (ng _TQS) = mn (h5 - h4) = mnCn (T5 _T4) (11)
Eq. (11) enables determination of the flow ratsetwork water (heating water) directed to the heate
assuming equal rates of heat capadiyc, = m,c,:
. . h5 - h4

My, =m , (118.)
’ " Cq (TQZ _Tg4)

— rate of heat acquired in geothermal heat exchanger:

Qg =MgyCq (Tgw _TQZ): My Cy (Tgl _T95)’ (12)
— rate of heat spent for technological or heatingopses:
Qco = mgzcg (ng _Tg4)- (13)

— where the flow rate of network water supplied te tmeat receivers can be determined from the
relation: my, =my — My, .
— rate of heat supplied to the C-R cycle:

QS—ORC = Q1—4 =m, (h1 - h4), (14)
— rate of heat removed in the condenser:
Qcond = Q2$—3 = Irhn (hZS - h3) (15)
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- thermal efficiency ofC—R cycle:

hl B h25
NC-R= . (16)
by —hy
— power of C-R cycle:
NcR =1 (i =~ hys), a7
— overall efficiency of the geothermal heat and poplant:
Ncg +C
ngc = — <2 Sco (18)
Qg

Indispensable thermal and calorific parametershefgarticular states of tHe—R cycle for particular
working fluids have been determined using the glatgroperty calculation software REFPROP [19].

3. RESULTS OF CALCULATIONS

Utilising developed earlier mathematical models agldvant relations accomplished were calculations

of the power/heat and power plant for selected miogfiuids. Obtained results of calculations hawet
presented in tables 1 and graphically in Fig. 7 Rigd 8.

Table 1. Results of calculations of the geotheimealt and power plant with different working fluids

Working (ng:;). (Tss. m, Qg | Mg1 | Mgz, | My, | Nes | Ner | Qoor | MNec
°C

fluid °C kals kW kg/s | kals | kgls | KW % KW %

RC318 88 | 46.02 9.0/ 15799 137 7.63 4.865 64.122910.956.8| 64.73
R236fa 88 | 46.45 9.0/ 1563)7 1.07 7.93 3.364 60.96.7110 994.4| 61.59
R245fa 88 | 46.85 9.0/ 1548]1 0.79 8.21 2.368 56.76.95101029.5| 70.17%

PFP 88 | 46.08§ 9.0/ 15766 1.33 7.67 4.927 5932 9.6861.8 | 64.77

Ts2 = 78°C; Ts3= 35°C; Tsy = 48°C; T, = 73°C; PFP — perfluoropentane.

Presented results of calculations regard diffei@mtboiling point fluids accomplished at the asstimmp
that same flow rates of heat carrier flows throbght exchangers and same outflow temperatures from
geothermal exchanger are present.

66

* PFP - perfluoropentane
64

62

60
58
56
52

RC318 R236fa R245fa PFP*

Power N cr [kW]

Organic working fluid

Fig. 7. Comparison of the total power@fRcycles in case of different working
fluids for constant temperatures of heat carrienaliet from the UCGHE

The results of calculations for different temperasuof network water at outflow from underground

closed geothermal heat exchanger have been prdsaritdble 2.
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Table 2. Results of calculations for geothermal laed power plant with RC318
for different temperatures of network water at lowtffrom a UCGHE [13]

Ta Te Mg Mg Mgy Qg m, Necr | fcr Qo Eec
°C °C kgls kagls kgls kw kgls kw % kw %
85 75 3 0.45 2.55 564.8 1.58 16.65 8.70 373.07 %59.0
95 85 3 0.51 2.49 689.7 1.74 2294 10,39 468.37 2371.
105 95 3 0.59 241 815.1 1.99 30.94 11/{85 554.06.7771
115
* PFP - perfluoropentane
11 -
s
€ 105 |
[=y
)
_GC_) 10
2
w
9,5
9

RC318 R236fa R245fa PFP*

Organic working fluid

Fig. 8. Comparison of efficiency @R cycle for different working fluids
for the same temperatures of heat carrier at dutdet the UCGHE

On the basis of conducted analysis of the restitaloulations the following conclusions can bevena

— with the decrease of working fluid temperature @flow from the UCGHE efficiency and power of
C-R cycle decreases,

- increase of the flow rate of heat carrier suppliedUCGHE renders reduction of its outflow
temperature at the inlet one remaining unchanged,

— decrease of temperature at inlet to UCGHE ren@enpérature drop at outlet at the same rate of heat
of the heat carrier.

4. CONCLUSIONS

Accomplished analysis allows to conclude that ¢ifeness of extractiorof geothermal energy is
influenced by the type of applied geothermal heathanger and its thermal-hydraulic characteristics,
whereas the effectiveness _of utilizatiohgeothermal energy is governed by the kind qflied geothermal
exchanger as well as applied installation and the &f working fluid in the installation.

Additionally, it results from the analysis that dite the fact that the efficiency of consideredthead
power plants is relatively high but the drawbaclEsented design is a small share of acquired poinbe
C-R cycle with respect to the rate of heat for @rteating purposes. Therefore, in order to imerthe
effectiveness of installation operation with thewito increase available power of C-R cycle witspect to
rate of heat spent for central heating there otmbt applied a different configuration of the haatl power
plant (for example with a multi-pass power plantrestallations of combined production of electycénd
heat).
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AND REFRIGERATING UNITS
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Abstract

The work presented includes the results of theystidhe process of heat exchange during boilingRd84A on
smooth technically rough and finned surfaces inewinges of saturation and input heat load paramesgiation (at
saturation pressures pf= 0.4-0.8. MPat{= 9.8-31.1°C) at heat flow density = 8-63 kW/m); of the process of heat
exchange during evaporation of R40@n smooth and finned surfaces at saturation pressifp = 1.02—-1.25 MPat{
= 18.7-26°C) at variations of input heat flow density qf= 0.2-35 kW/rfy, which resulted in establishing heat
exchange rate increase during evaporation of gerfants R134A and R407C on finned surfaces by Bndstas
compared with the process rate during evaporatiorsmooth technically rough surface during developalible
boiling.

KEYWORDS
Boiling, heat transfer, freon-134A, freon-407inned tube, criterion equation.

INTRODUCTION

Urgency of the work is stipulated by the fact thatv more and more attention is paid to the use of
ozone safe refrigerants as working medium in refagprs and heat pumps. This is explained by ngttbe
conditions of the Montreal Protocol but also by theention to lower indirect and direct contributi@f
refrigerating and heat pump equipment to the T&aliivalent Warming Impact (TEWI). This can be
achieved by selecting refrigerants having high gpefficiency and low potential of global warming.
number of single component and mix refrigerants3@®, R407C, R404A and other) complies with such
requirements. Research novelty consists in theatedind experimental studies of heat exchange gsoce
during phase transitions of ozone safe refrigerantsleveloped surfaces of various types with diffier
orientation in heat exchange equipment of refrifjggaand heat pump units.

EXPERIMENTAL METHODS

Experiments were conducted at an experimental $tartle study of evaporation processes at boundary
conditions of heat flow constant density. A scheodtawing of the stand is presented in Fig. 1.

Working evaporation chamber 1 is a cylinder clos@tl flanges 6 and 4. Flange 4 has a glass light po
for lighting with a lamp. Connector 8 for connegtithermocouples is mounted on flange 6. In the taidd
the chamber there is viewing port 9 for visual niomng of the process of boiling on a sample sgfa
Water heat exchanger-condenser 2 represents airmmtaith two coils installed and is designed for
providing steady-state conditions for experimentifgessure vessel 3 is provided for working flumriag.
There is pressure gauge 10, safety valve 11 ané \Iad mounted on the working chamber for air supply
the chamber when checking airtightness, during &ngplacement and working fluid vapor release.

Required pressure in the chamber is produced andtaiveed by means of regulation of heat load
supplied to the chamber heater and also by mearsnaenser 2 cooling water discharge variation.
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Experimental sample is set in the working evaporathamber by means of flange connection. Heat
flow is supplied to the surface under study by teletieater which is located inside the experimiesample.
Temperature drop between heating surface and liguitkasured directly by differential thermocoupes
thermal junction of which is in the sample and tileer is in the liquid. Thermocouple conductorsered
with varnish insulation and fluoroplastic insulati@are laid in grooves on the experimental sampl an
covered with aluminum wire.

Saturation conditions in the experimental chambernaaintained by the regulation of the discharge of
cooling water through the condenser. Saturatiorpégature is determined by two thermocouples lociated
the liquid and in vapor space. Saturation pressutbecked up with a standard pressure gauge.

Fig. 1. Experimental stand for the study of thecpss of heat exchange during
evaporation: 1 — working chamber, 2 — condenser;, fressure vessel with
liquid, 4, 9 — ports, 5 — frame, 6, 7 — flanges;-&hermocouple terminal,

10 — pressure gauge, 11 — safety valve, 12 — pgiogeshield, 13 — valve,

14 — working chamber foot

EXPERIMENTAL SAMPLES

Horisontal tubes with smooth and finned surfacedarat duralumin by milling and rolling were used as
experimental samples.

Smooth tubes have the following dimensions: lerg810 mm, outer diameter — 25 mm, inner diameter
— 16 mm. On the external surface of the tubes tadmal grooves having width 0.5 mm, depth 1.5 nmd a
length 20—30 mm for thermocouple calking are milléth 90° circumferential pitch.

Finned tubes (Fig. 2) are made with transversehfaang trapezoid profilelube length is 310 mm, fin
height is 12.5 mm, fin width at the base of loadsireg surface is 4 mm and 2 mm at the top, spacing
between the fins is 4 mm. Thermal junctions of tih@rouples are calked into the base, into the ceater
into the top of the fin.
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Fig. 2. Transversely finned tube with trapezoidfiedins

EXPERIMENT RESULTS

Heat exchange process during Freon R134A boilingmaoth technically rough surface was studied in
the range of condition parameters: heat flow dgngdriation within 8-63 kW/rh, saturation pressure
variations within 0.5-0.8 MPasE 15.7-31.TC). In this situation overheating of the surfaceed within
3.7-10°C. It is established that at the increase of hieat tlensity with saturation pressure increase heat
transfer rate on smooth technically rough surfaceciases.

Heat exchange studying during Freon R407C boilimgmooth technically rough surface was provided
in the range of the following condition parametersat flow density variation within 0.2—-35 kW/m
saturation pressure variation within 1.02-1.25 MRa 18.7-26.0C), overheating of the surface varied
within 0.8...5°C. In the range of heat flow density variations3d#—-6.0 kW/r an abrupt reduction of the
surface overheating was observed and also an abmreiase of heat transfer coefficient and thet star

developed bubble boiling of liquid.
In Fig. 3 the comparison of heat transfer ratetangperature drop values for two ozone safe refaigsr

(R134A and R407C) under study in the range of dgad bubble boiling is presented. Comparison was
provided at the same liquid saturation temperatbrgsat different pressure values, since heat dydigal
properties of the refrigerants particularly boilitgmperature significantly differ (R134A; = —26.1°C,
R407C:ts = —44°C, withp = 101.3 kPa).
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Fig. 3. Experimental dependencies f(q) andq = f(At) during evaporation of Freons 134A and
407C in the range of developed bubble boiling (R407C,p = 1.15 MPa} = 296 K; 2 —
R407C,p = 1.25 MPaf, = 299 K; 3 — R134Ap = 0.5 MPay, = 289 K; 4 — R134Ap = 0.6
MPa,t; = 295 K; 5 — R134Ap = 0.7 MPaf, = 300 K; 6 — R134Ap = 0.8 MPaf, = 304 K)
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As it is seen from the graphs heat transfer ratengurreon R407 boiling is much higher than thairy
R134A boiling which will result in case of using ®4C in the reduction of mass dimensional charasttesi
of the evaporator. However in designing equipmeistmecessary to take into account the fact tietse of
R407C will involve higher pressures into the precas compared with R134A.

The study of heat exchange during boiling of R184 R407C Freons on finned surfaces was conducted
in the conditions of free volume at saturation puess ofp = 0,4-0.7 MPa (R134A)p = 1.15-1.25 MPa
(R407C) at heat flow densities g 5—60 kW/m.

During the experiments visual monitoring of theqe®s of evaporation on the surface of the tubesrund
study was provided. It was observed that on smtsathinically rough surfaces boiling started and [stajpat
higher values of heat loads than on finned tubes.

As it is seen from Fig.4 heat transfer coefficiathising boiling on finned surface are much highremt
on smooth one, i.e. during developed bubble boiihB134A and R407C heat exchange on finned swsface
is 2-4 times more intensive than on non-developed o

finned surface
104 | X p=115MPat=23C
] + p=1.25MPat =26C

S
£
= 104
o smooth surface
. O p=1.02 MPa tl =18.7C
O A p=105MPat =20.5C
‘ * p=115MPat =23C
w p=1.25MPa tl =26C
1% e g ————
1¢° 10° 10"

q, W/nt

Fig. 4. Experimental dependencies of heat trangfeefficient on heat flow density
during R407C boiling on smooth and finned surfaces

Specific features of heat exchange during boilingh® finned surfaces under study are preconditione
by the following facts. At the base of the fins tpeatest overheating of liquid is observed and hisal
reduction of wettability due to the change of scefaonfiguration and local stresses. On these ®ideeas
undissolved gases are adsorbed which are the saftevaporation in the beginning of the processalso
vapor nuclei are entrapped during vapor phase ket from the surface at steady boiling. Confining
small volumes of liquid with the fins provides geraaverage overheating and improving the conditiohn
bubble growth. At comparable ratio of fin spacimgl&ubble detachment diameter the most intensiaé he
supply is provided not only from micro layer at these of the fin as in the case of smooth sutfatalso
from overheated thin layer of liquid confined betmehe bubble and the fin. More intensive evaponaiti
small volumes of liquid in inter fin space resuitsurbulent disturbance of boundary layer as caegbavith
smooth surfaces.

The facts noted produce the reduction of tempegaduwp value at the same values of heat flow densit
and saturation pressure for finned tubes as cordpeith smooth ones.
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Finning most significantly influences heat trangfeefficient at the initial stage of developed tngjlat
heat flow densities of up to 50 kW/mAt larger values of heat flow densitg 50 kWi/nf) active
coalescence of vapor bubbles occurs and the consgliof removal of vapor phase out of inter finagrare
impaired. This causes a distinctive “steaming” ehthexchange surface and heat exchange detenoratio
Consequently during boiling on finned surfaces withmparable ratio of fin spacing and detachment
diameter of the bubble heat exchange rate is nperdient on finning dimensions (spacing, height, fin
thickness). They are important for heat exchangegss during boiling and should be consideredriglst
valuedness condition. Intensification of heat exgegaprocess during R134 and R407C boiling on finned
tubes was observed over the whole range of hedsIdde value of heat transfer coefficient durilgitl
boiling depends on pressure, the rise of whichlt®sa higher heat exchange rate and the degreheof
influence of pressure manifests itself in diffdreys depending on heat-release surface type eaidamd
physical properties of liquid.

There is very little data on R134A boiling at varsosaturation pressure values published in thetiiee
and this data has limited character while suchrinfdion on R407C is not presented in the literaaurall. It
is established experimentally that during R134AoRrdoiling at various saturation pressures on finne
surfaces heat exchange rate does not depend ofintipeofile and it is determined only by condition
parameters, which is confirmed by the results olethibefore during acetone and ethyl alcohol boiting
finned surfaces of various profile.

Heat transfer coefficient continuously increasethwaturation pressure increase due to improvieg th
condition of new vapor bubble inception on heatask surface. When heat flow density increases the
degree of saturation pressure influence is redatedto the increase of overheating value necedsary
liquid boiling and the reduction of the rate of @th of active evaporation centers.

With finned surfaces the influence of pressurehenimtensity of the process of heat exchange mstsife
itself stronger than on smooth surface becauseeaiter number of active centers of evaporation.

During R407 refrigerant evaporation in the rangeafdition parameters under study the increase of
saturation pressures at heat flow density incrgakes practically no influence on heat transfee ran
smooth technically rough and also on finned surf&e#lowing the generalization of data based on S.S
Kutateladze theory empiric equations have beenirddaenabling to correctly describe experimentahda
during freon R134A and R407C evaporation on sméethnically rough surfaces with the error of within
30% for R134A and within 15% for R407C.

R134A: a= 0272p% %, (1)

R40TC: a = 0351p % %, (2)

where p — absolute pressure, MRa:- heat flow, W/rh

CONCLUSION

The increase of heat exchange rate by 2—4 timeéaglawaporation of R134A and R407C ozone safe
refrigerants on transversely finned tubes as coetpaiith heat exchange rate on smooth technicatighio
tubes in the range of condition parameters undelystre established experimentally.

Empirical relations enabling to define heat transfeefficients at R134A and R407C Freon evaporation
during developed bubble boiling on smooth tubeshtained.

Design dependencies and recommendations of the eearke practically used for designing up-to-date
highly efficient evaporator heat exchangers withied@ed heat transfer surfaces with applying ozafe
refrigerants for improving ecologic, heat enginegrand mass dimensional parameters of refrigeeatdr
heat pump equipment.

Nomenclature
| — liquid, p — pressure, Pa; q — heat flux, R/ — temperature, Koo — heat transfer coefficient,
W/(m?[K). Subscriptss — saturation.
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UTILIZATION OF THE HEAT CAPACITY OF RESERVOIR WATER
IN THE EXTRACTION OF COAL BED METHANE TO SURFAC E

E. A. Patskov
Scientific-Technical Center "Development hydrocarideposits "Gazprom promgaz"
Russia, 117420, Moscow, Nametkina st., 6
Tel: 8(495)504-4360, fax: 8(495)504-4370, e.patgRpvomgaz.ru

Abstract

Creating technology for disposal of produced watélized to the surface during extraction of cbatl methane
is purpose to work. The borehole for extractionldmad methane has tubing through which a submergbmp is
extracted brine water to create a depression ibottem hole.

Created by an engineering method for calculating $tation heat pump, allowing calculate the gedmetr
characteristics of the ground heat exchanger amgdeal characteristics of the coolant. The basethé solutions of
two non-stationary differential equations modelitngg temperature distribution inside the heat exgbarand the
environment. Are received the analytical dependentehe geometrical characteristics of the sodltfexchanger from
the conversion coefficient of the heat pump, thefrigerant temperature, soil properties, the prigerengineering
systems in the heated rooms.

Are calculated the main parameters of the heat pstatjpon and study of the costs of various kindsrginic
fuels and electricity for heating and hot water.

In the Kuzbas, where the main energy source is, @al all other energy sources (except for elattjiare
imported, economically are viable use of heat puoffibe bivalent scheme.

KEYWORDS
Coal bed methane, ground heat exchanger, the heat ptation, the coal, non-stationary differengiqliations.

Multiple increase in the cost of extraction anddwced energy resources, depletion of traditional
fossil fuels and environmental effects of its costimn, more stricter requirements for environmental
friendliness technological process and environmentresult in the Western countries, the USA, daibee
widespread are used of energy-saving equipmér heat pumps (HP) and the technologies basedeam th
In recent decades there has been some interesietdethnology, based on the heat pumps in many
developed countries. In Russia, with its cold wisitef the most promising area of implementatiomedt
pumps - is to warm of the population, utilities andustry, air conditioning facilities in the summeé&or the
effective operation of heat pumps need is a stetece of the low-grade heat, which are the undergt
waters.

Currently in Russia begins the active extractiorthaee coal bed, reserves wich in the Kuzbass, are
estimated at 35 trillion. #n The extraction methane is accompanied by extractater at a stable
temperature of 15-20 °C and high flow rate. Theadsing of coal seams is one of the most urgenigmreb
to ensure the safety of mining operations and i@diction of coal production by increasing the logkle
solution of the indicated issues is accompanieditpyificant improvement of ecological situationtiire coal
mining regions. The coal reserves in Russia sicgnifily exceed the reserves of natural gas anéml,the
share of coal in the fuel and power balance of Rueghe near future will increase.

The extraction of coal bed methane in Russia, whighclassified as one of the gas-bearing in the
world, could significantly compensate the miningnaftural gas from major gas fields in Russia, wich
characterized by declining production.

The objective of this study was to create a metloodcalculating heat pump station, including the
solution of problems of no stationary heat transfievertical ground heat exchanger with the enwviment
(external and internal problems). Was created aginemring method for calculating the vertical heat
exchangers, are made examples of calculationsmmeendations for optimizing the costs of using heat
pumps with vertical heat exchangers.
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In this paper we study the cost various types efrgynfor heating of industrial enterprises, faigbt
and utilities and the public. We considered thdouar energy sources (Table 1), an alternative wische
thermal energy from heat pumps.

Table 1. Cost of 1 kWi of thermal energy by using of different energyrses for the Kemerovo region (as
of 2008 year)
Ne The kind of energy source The price of 1 kWh of thermal energy
(ruble/kWh)
Population Industry
1 A Steam Coal 0,11
2 Heat Pumps 0,38 0,5
3 Liguefied hydrocarbons (LPG) 0,85
4 Diesel fuel 1,95 1,6
5 Electricity 1,32 1,75
6 Natural Gas 1,95 1,6
7 Heat energy (FTS) 0,49
) FTS - Federal Tariff Service

Therefore, in the Kuzbas, where the main energyceois coal, and all other energy sources (except
for electricity) are imported, the application a&at pumps is economically justified. The cost &i-h heat
supplied thermal power station, almost equal ta obthermal energy, which can be obtained by usieagt
pumps. In these calculations do not take into agtctle environmental component. The latter facsor i
important for Kuzbas, where ecological situatioa aot very enabling due to the large number ofrenises
that use coal. The success of the heat pump depentie low-temperature heat source and methopaafes
heating - water or air. For all types of thermainms characterized by a number of features:

- heat pump justifies itself only in well-warmedru;

- the more temperature difference between coolarthé input and output contours, the lower the
conversion factor of heab);

- if necessary to get the hot water the power ofddéreases and increases electricity consumption;

- to improve the efficiency of heat pump exploiatis practiced in a pair of HP with the additional
heat generator - bivalent heating scheme.

The gas wells contain a casing pipes, inside wisigtaced lined tubing. Through the annulus between
the casing pipe and lined tubing is extracted @as. lined tubing is the groundwater heat exchgnge
which moves in water in the non-isothermal condgio

The paper presents the two solutions of no statyopeoblems of heating of heat exchanger and of
heat transfer with the environment.

Calculation of temperature distribution inside the heat exchanger

Considered unlimited cylinder of radiiswith an initial temperature I At the initial time a cylinder
is placed in an environment with constant tempeeaiy < T,, (T, > T,). Solution of the problem is also
valid for a limited cylinder under the conditiorathits length is much greater than the radigs> R. Heat
transfer between the surface of the cylinder amdethvironment is carried out by Newton's law arg th
initial time the heat flow is equal to:

a=a,(T,-T,.): 1)
where a,- coefficient of heat transfer, kJAimr-deg).

Necessary to find distribution of temperature isstte cylinder along the radius at any given time
with a significant excess of of the radial temperatgradient coefficient on the vertical. In theseaf the
symmetric problem the heat equation for an unbodegénder is as follows:
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oT _ _,0°T 10T 2)
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Boundary conditions:
T(r,0 =T, 3
oT «a 4)
—+—(T(R1t)-T,) =0,
ot TRO-T)
oT(O1) _ o 5)
or '

The solution of equation (2) is obtained with theuibdary conditions (3)—(5) the use of Laplace
transform [1]:

- e (6)
E(r,t) :M :1_2,0\1\](%L)e Hhp

m~ To R

where: g = a7/ R? - a criterion for Fourier,a_ A - thermal diffusivity, i¥h; T — the characteristic
pLE,
time, h; A - thermal conductivity, J/(nrhr.deg); 2 - density, kg/ry Cp— heat capacity, J/(kdeg).
Coefficients
— 2:Un‘J (:Un) ! (7)
A‘I - : aZRZ
SE 0781075 "‘7)

where §(z) — Bessel function of zero order, J1 (z) — Befssection of first order, Z — argument.

Solution (6) is a rapidly converging series, whitlows the calculations use only the first terms$hef
series. The values of coefficients ., ys, ps depend on the value number BgR/ A and are determined
from the recurrence relation:

Heat transfer of vertical ground heat exchanger wi the environment

It is assumed that the inside of the heat exchasgecylinder with inner of radius;Rhe temperature
T (t) = T+ T,, outer radiu,, the temperaturécr, t — time of heating (cooling) of coolant. Heatingdting)
during the time coolant by heat conduction from #revironment and offers the following differential
equation

©)
B, (€, = ar5,
Initial conditions: t=0,T =]} 1Q)

t — 00 , T = TO}!
where:B,,, Cp— weight (kg) and heat capacity of coolant (kJ{kg);q — convective heat stream supplied to
the heated surfacq.S
The convective heat transfer coefficiedtis given byaK =Nuld_/(R,-R):

where Nu = 0,023 R&PP4

Reynolds number for the heat exchanger: Re S wiR)/v,

wherew, v — velocity and the kinematic viscosity of the @l Prandtl number is Pr = 0,7.
The solution of equation (14) with initial conditi® (15) has the form:
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- 11
=T, ~T =T (12)
exp(s )
where _ Sla, . S_:,T[R;D_ , L — height of the heat exchanger.

B, [C,

The solution of the internal (6) and external (XBat transfer problem of a cylinder with the
environment will create an engineering method datmg of heat pump stations with ground heat
exchangers great length.

For the calculation of the vertical ground heathemers necessary to install an analytical depe&sden
of the temperature in a heat exchanger circuldtind, the conversion coefficient of heat pump ahd
refrigerant temperature at the outlet of the evaioor

The values of these parameters can be set adyitramce they are interrelated with each other
because of the design features of heat pumps.

As is known, the criterion for the effectivenesstloé heat pump serves as a conversion fator
whose value is determined by the ratio of thermgpacity of the heat pump to power the electric
compressor. The conversion factor of the heat pisnapfunction of the boiling refrigerant in the peaator
and condensing in the condenser. With regard tbfheaps «water-water» use temperature refrigetahiea
outlet of the evaporator and coolant temperatutbeabutlet of the condenser.

A generalization of data in the literature for freduction of refrigerating machinery and the thalrm
pumps «water-water» [2, 3] were allowed to obtaim analytical dependence of the conversion coeffici
of the heat pump on the temperature of refrigeaatiie evaporator outlet and the coolant temperattthe
outlet of the condenser. The length of the vertigalund heat exchanger (VGT) is dependent on ptieger
of the ground and characteristics of the heat psyspem. We consider the 2 options:

1. Brine water is extracted to the surface, givestsipeat capacity and back under the ground.

2. Brine water is extracted to the surface, giye#isiheat capacity and then removed at the surface

The intensity of the heat transfer in the groundnffuenced by its properties: the temperatyfe t
density p; thermal conductivityh; thermal diffusivitya; relative humidity of groundv. The length of the
vertical of ground heat exchanderis determined by its equivalent diamelbgrand the heat outp@ of the
heat pump. In the case of a vertical of ground Hbat exchanger (VGT) to dissipate heat in the air
conditioning mode to take into account the cooltagacityQ, and electrical power compressdr The
intensity of heat transfer in soil is largely detared by the temperature of heat carrier at thet Ehd outlet
of a vertical ground heat exchanger VGT. The teatpee at the outlet of the condenser is defining in
determining the transformation coefficients of tieat pumpe and refrigeration coefficiend, which are
characterized by the energy efficiency of the syst&he calculation is complicated by the fact tte
ground is unsteady heat transfer due to the vérdind horizontal temperature gradients. Coolargsris
through the feed pipe to the surface of the eattpshs, where the temperature reaches the bottpm 40° C,
and the temperature at the ground surface duringewtiy = 2 °C. In the process of lifting the coolant be t
surface carries out its heat exchange with theogading rock, having a temperature below the teatpes
at the bottom. Varying the temperature at the serfaf the vertical ground heat exchanger alters the
temperature profile of the heat carrier insidettbat exchanger.

The calculation is based on the physical dependehitee heat fluxq on the length of the borehdle,
ground temperaturg, the temperature of the fluid circulating in th&V tw and linear (referred to 1 m of
the borehole) of the thermal resistance of heastest 0fR ground to the liquid resulting from Newton's law
convective heat transfer cylinder to the environm&fost problematic is in determining the magnitwde
the linear thermal heat transfer resistaRcdecause heat transfer occurs in the no unifoefd finder no
stationary conditions. Was obtained an expressioth® total length of borehole: depending on the
average annual magnitude of the heat flux fromgtmind, the magnitude of the thermal resistance of
ground, the thermal power of heating system andretparameters. The vertical exchangers can befased
the transfer in the summer in the soil heat of emsdtion from the system conditioning. The methasithe
information on the thermal conductivity and thermiddusivity of the sandy and clay soils. All othigpes of
the ground are considered as a combination ofrdifteproportions of sand and clay, and the cornedipg
values determined by interpolation. The valuehefrnal loads, as well as the ground temperaturétaken
by data this project.
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Coolant temperature and refrigerant is calculatethfa set value from the conversion coefficient and
the coolant temperature in the heating system. &dbaemperature at the outlet of the vertical gtbheat
exchangers are taken at the 5 °C above.

The reliability of the algorithm was tested on eh@mples of calculation.

1. The duration of the heating period is 170 dgysund temperature at the location of the VGT at a
depth of 600 nt, = 30 ° C. Metal pipdd, = 60 mm -a vertical heat exchanger, installed in the borehole
diameterD,, = 150 mm. Characteristics of the ground: dengity 1318 kg/m, moisture content 15 %,
thermal conductivity = 2,076 W/(i), thermal diffusivitya = 0,087 n¥/day. The peak thermal power the
system of the heatingH = 50 kW. The annual heat consumption for heatimdy flzot water suppl®) = 367
GJ. The system of the heating is designed takitgy daacount the coolant temperature at the outléhef
condenser = 50 ° C. The coefficient of the coneerss taken® = 3,5. The average per year power of the
heat flux ¢ from the ground to the heat pump without demamdafoold is 8.3 kW. The electrical power the
engine the heat pump is determined from of maxinmeat output of heating systegn= 50 kW and the
magnitude of the coefficient transformation= 3,5 and is equaj = 14.3 kW. The mass flow of water
through the borehole = 1,7 kg / s (6,120 kg / h). The velocity of thater through the tube i8 = 0,56
m/s. The linear thermal resistanRgborehole with given its occupation the thermaliyductive bentonite
R, = 0,03 mK/W. The coefficient of averaging the maximum hkstd is equal to 0,5. The total length of
borehole in the absence of adjacent boreholestaifeihe heat transfer is equal to 480 m. Poweahetheat
flow from the ground to the VGT is the differencetween heat and electrical power of a heat pu@gp=
50 - 14.3 = 35.7 kW. The specific value of the Heat, attributed to one meter VGT, @&, = 74.5 W/m.

2. The total length of the vertical heat exchangessgnificantly affected by the magnitude of tined
resistancdR,. According to available data, the value of thermeaistivity with of the borehole with DN = 60
mm is equalR, = 0,04+0,095. Minimum value dR, = 0,04 corresponds to variant 1. For the option 2
calculations were performed 8 = 0,085 mK/W. The total length of the boreholes is equab® m. The
value of heat flow, referred to 1 m VGT is eq@l = 64 W/m. The calculations confirm the correctness
calculation methods.

CONCLUSION

1. The heat pump is justified only in well-insuldteuildings with heat loss no more than 100 W/m

2. To achieve greater efficiency of heat pump mgssble to use them in a bivalent scheme — with an
additional heat source (boiler), includes at th&imam heat demand.

3. In the Kuzbas, where the main energy sourceo&, @nd all other energy sources (except for
electricity) are imported, the application of hpatps is economically justified.

4. The presented method of design of heat pumpossacontain a solution of 2 the problems
simulating of the heat exchanger with the enviromimand the temperature distribution inside the heat
exchanger, as well as an engineering method ofiledileg heat pump station.

5. The design of the heat exchangers it is necgfisaravailability information of the characterestf
the ground at the construction site.

6._Engineering the system facilities (heat and colju$d be calculated the optimal to exclude of
excess capacity

7. Not recommended the heat pumps with a coeftigétransformation of less than 3,5 + 4.
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Abstract
Different thermal engineering systems are examinednaking use of low-potential waste energy topymeat
and cold to an integrated steelworks. The artitde axamines the use of vapor compression heat ppgrating on
the return water of industrial combined heat andvgroplants to supply district heating. It demonstsathe energy
efficiency of combining the positive characteristaf vapor compression heat pumps and absorptiainplugnps to supply
heat and cold to the enterprise and the city.

KEYWORDS
Absorption heat pump, vapor compression heat pumgtallurgical combine, low-potential waste enengfrigerant,
cold supply, heat supply.

INTRODUCTION

Different thermal engineering systems are examioedising of low-potential waste energy to supply
heat and cold to an integrated steelworks. Thertefgo considers the use of vapor compressionfhaaps
(VCHP) operating on the return water of industcaimbined heat and power plant (CHPP) for district
heating. It demonstrates the energy efficiencyoaflaining the positive characteristics of VCHP abhdaaption
heat pumps (AHP) to supply heat and cold to thestréhl enterprise and the city. Heat-pump unit®(H
can be used for different sources of energy: lotequial waste heat in the form of steam and hotewat
circulating mains water in heat supply systems;cpss water in circulating water supply systems; the
exhaust gases of boilers and production equipnedfitient; sea water and river water; soil and gobun
water. One important problem is making efficierse o§ HPU, including AHP and VCHP.

IMPORTANCE AND PURPOSE

Industrial enterprises (integrated steelworks,quétemical plants, etc.) are large consumers ofrtaker
and electrical energy and have their own combireat and-power plants. These plants often supply hea
and electric power not only the enterprise but alsarby residential and municipal buildings. Ini&idd to
heat and electric power, the administrative bugdinf the site and nearby public buildings alsadrieebe
cooled during the summer months.

The rising costs of energy sources is forcing langestrial concerns to become more efficient iargg
generation. Their need for energy and their exgares on outside energy purchases can both beaedyc
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using low-potential waste energy or secondary gneggource (SER). Such resources are already bieila
at almost every industrial site.

Heat-pump units (HPU) can be used for differentrcesi of energy: low-potential waste energy as steam
or hot water; return water of heat supply systepmecess water in circulating water supply systeths;
exhaust gases of boilers and furnaces; sewageyatea and river water; soil and ground water, Eted].

The important problem is efficient using of HPUcluding absorption heat pumps (AHP) and vapor
compression pumps (VCHP) (Fig. 1). Both types ofJHite successfully apply in Europe, USA, and Japan
to cover the loads on systems designed for sugplyit water (HWS), heating, and air conditioning.

The main prerequisite to the efficient use of HBUWhe presence of a low-potential waste energy avith
temperature not lower than 15-20 °C. Modern heahpgsu are capable of heating a heat carrier to
temperatures as high as 90 °C, thus making iofitise in a local heating system.

HPU connected to a heating system near consumienssato increase the amount of heat energy
generated by CHPP. The temperature of the retutarvii@m the heating system decreases in this ¢ase.
also saves fuel by reducing the amount of genefaati or increasing the output of heat and eleptriger.

An analysis shows that the most efficient HPU cdaddnstalled for replace of electric boilers. Modbeat
pumps are capable of heating a heat carrier toagstyres as high as 90°C, thus making it fit far usa
local heating system.

APPLICATION OF ABSORBTION HEAT PUMPS

The largest consumer of energy in an HPU is theptessor (see Fig. b). Electric power costs can be
reduced by using an AHP. In addition to the stathd@mponents (condenser, evaporator), an AHP Bas it
own absorber, pump, and regenerator. It is alsasilplesto make use of an intermediate heat exchamger
rectifier (see Fig. 1a). An AHP operates on the basis of the principlehaf ability of a solution of an
absorbent to absorb water vapor that is at a |éeveperature than the solution [1-3].

LA~
3
/ 4 > /i
B —— /
2 9 <f\ Intermediate ot
LA _g vessel
M \6 @2 cm| 1cm
1 3 7 10
9 AV ANE
NN
D] i |
a b

Fig. 1. Diagrams of AHP (a) and SCP (b): 1 — evafmr 2 — intermediate heat exchanger, 3 —
absorber, 4 — pump, 5 — rectifier, 6 — generater céndenser, 8 — liquid heat exchanger, 9 — choke
valve, 10 — compressor

An AHP operates in the following manner: low-tengiare water is delivered to the tube space of
evaporator 1, where it is cooled as a result dirlgp{vaporization) in a vacuum. The water entbesgpace in
the form of a film that flows through the spacetiaen the tubes. The water vapor that is formedbéorbed
by an aqueous solution of lithium bromide that fothirough the intertubular space in absorber 3 hbats
the lithium bromide solution, and to maintain itssarption capacity the heat of absorption is rerddwe
water that flows inside the tubes of the absorbkus, heat is transferred from the low-temperakevel in
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the evaporator to the level of higher temperatimabe absorber. In the course of absorbing themapor,
the solution of lithium bromide becomes weak — détcentration is reduced. The weak solution is
regenerated by sending it through heat exchangerg&nerator 6, where it is evaporated (concerolydig
heat from a certain heat source (such as steam).

The newly concentrated solution is sent throught lexahanger 2 to the absorber. The water vapor
obtained in the generator is sent into the intedarbspace of condenser 7 and in condensed foroepds
through choke 9 to evaporator 1. The water is tBem succession to the absorber and condenserewths
heated to the necessary temperature and sent toishamer. All the processes that occur insidarthehine
take place in a vacuum.

Since the mixture of the liquid absorbent and #fegerant is nearly incompressible, the power £o$t
the pump are negligible (compared to an HPU), &edonly primary energy source is the heat suppbed
the steam generator — which always has the higkegperature in the cycle. The heat given off in the
absorber is added to the heat from the condensé¢has the heat coefficient of performance (COPR)tifie
cyclep, is always greater than 1.

EXAMPLE OF THE USE OF AHP IN BY-PRODUCT COKE PLANT

Coke is produced in high-productivity coke ovenathd by a low-calorie (blast-furnace gas) or high-
calorie (coke-oven gas, etc.) gas. The raw matgmiatoking is a mixture of special grades of heodl that
are capable of agglomeration. The gas formed duhiagcoking operation contains the following (gfim
water vapor 250-450; resin vapor 100-120; benzgdmbarbons 30-40; ammonia 8-13; hydrogen sulfide
5-30. The hot (700-800 °C) gas is cooled in a gHisator by spraying water into the latter (unkietgas is
at 80-90 °C). It is then further cooled (to 25-89 in primary gas coolers (PGC). The condensate is
separated into ammonia water and coal-tar pitct,the cooled gas is carried off by powerful gasielis
and sent to a system built to remove and clean-ovka gas.

The system that is currently used to cool and parigyas is often far from perfect. Disturbanceshef
prescribed temperature regime in the pipelinesltresthe formation of various deposits in the @p&hese
deposits reduce the cross-sectional area of ths, limhich in turn increases the load on the blovlessavoid
this, the actual temperature of the coke-oven g#seaoutlet of the PGC should not be allowed toeexi the
specification (which is on the order of 30-35 °l@)addition to increasing the consumption of elegtower,
having the gas at an excessively high temperahoeases the load on the steam generator, theotost
providing make-up water to maintain the prescriltethperature of the process water in the coolers’
circulation loop, the losses of resinous mattethie acid distillation equipment, and the lossedHgBO,,
benzene hydrocarbons, and caustic soda. For exathplspecification in Germany for the temperatfre
coke-oven gas leaving the PGC is 25 °C becaudewss this temperature, the cleaner the coke-oeen g

In actuality, at certain Russian integrated stegta/ithe temperature of the coke-oven gas has eadeed
40 °C during the winter months: in accidents odagron PGC, the temperature of the coke-oven gas af
the coolers was found to have reached 55 °C. Aliguie gas to be at such a high temperature hashag
negative effects: excessive consumption of eleptiiwer for the coke-oven-gas blowers, significasses of
benzene and resinous matter, deposition of nagméah the pipelines that carry coke-oven gas tiirout
the combine, fouling of the burners in power anadpiction equipment, etc. The associated finanoigdds
total tens and hundreds of millions of rubles.

The circulating water supply systems are alsorfgito adequately cool the circulating water useth@
PGC. For example, the temperature of the circigatvater leaving the cooling towers reaches 30-35°C
the summer, although the norm is 25 °C.

In the winter, these heat pumps can be used ihdghesupply system of the combine and produce up to
8.3 MW of heat energy [4]. The energy source festhAHP is waste heat steam from the coke plam. Th
steam, at a pressure of 0.5 MPa, is consumed byetlitepumps at a rate of 7.4 tons/h. A signifigamtion of
the steam is not being efficiently used at presamd, a considerable amount of it is lost altogetheing the
summer months.

Absorption heat pumps often use mixtures of wataed dthium bromide or water and ammonia.
Operation of the pumps requires steam for heatirmger for cooling, and electric power. At coke aual
chemicals plants where ammonia is one of the ptediicis preferable to use a water-ammonia mixture
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However, there are certain shortcomings to its aisgnonia produces a vapor with an excessively jighsure
and leads to the corrosion of copper, and ammaparg are also toxic.

Proceeding on the basis of calculations perfornee@rtsure that the prescribed temperatures of the
circulating water and coke-oven gas are maintathehg the summer, planners are proposing thelliatsten
of two lithium-bromide absorption heat pumps of tiyge ABTN-3000P [2, 5] (made by the Teplosibmash
company in Novosibirsk). These pumps have a refiigey capacity of up to 3.2 MW. Their specificaiso
are as follows:

Thermal capacity/usable heat, KW ...........ccccooiiiiiiiiiie 8300/3200
Consumption:

hot steam, KG/N .......ovviiiiiiiiiii e 7400
heated water/ coolant Water  .........oc.ooeeeeeeeeee oo 225/550
electric Power, KW ...t 14

In the winter, these pumps can be used in the swggily system of the combine and produce up to 8.3
MW of heat energy. The energy source for these AHBcycled steam from the By-product Coke Plahis T
steam, at a pressure of 0.5 MPa, is consumed byethitepumps at a rate of 7.4 tons/h. A signifigamtion of
the steam is not being efficiently used at presamd, a considerable amount of it is lost altogetheing the
summer months. The COP that characterizes heafdramation by the AHP, determined on the basidef t
ratio of the amount of heat that is produced toatmeunt of hot steam that is consumed, is equal to

Mt = Q/Qsteam= 8300 kW / 4917 kW = 1.69.

The cooling coefficient of performance of the AHP i

€ = Q/Qsteam= 3200 kW / 4917 kW = 0.65.

The nominal parameters of the heat carriers for REBDOOP are the temperatures of the water asdt®nt
and leaves the system:

» coolant water — 30/25 °C;

* heated water — 40/70 °C.

THE USE OF VAPOR COMPRESSION HEAT PUMPS

We consider the example of VCHP using for distneating. It is investigated the feasibility of usimeat
pumps which employ heat from return water thanislose physical proximity to the customer (wateaked
at central heating points, in peaking boilers,)d®). This is water that is returned to the headl power
plant from the central heat supply system.

One of the most important advantages of such ansehe that it would lower the temperature of the
circulating water, which would in turn make it pilids to increase the cogeneration of electric postehe
heat and power plant in accordance with the ongdérgand for heat. Such a possibility becomes evae m
important when one considers that the temperatutigeareturn water continually rises due to varitators
beyond normal system operation. In two such differeities as Krasnodar (in southern Russia) and
Krasnoyarsk (in northeast Russia), it has beenrebdethat water temperature in the return line hafse
cities’ heat supply systems exceeds the norm by’6-8 the winter.

A large two-stage VCHP [7] has been proposed factiral use (see Fig. h) in a mountainous region
with a growing heat load. It is proposed that thenp be installed on the return water line of thattend
power plant operated by a metallurgical combinghat area.

The heat pump was designed to operate on the dfetsis heat in the return line under the conditiwet
the temperature of the refrigerant in the condehee®0 °C and that temperature in the evaporat@dOFe
[8, 9]. Some of the mains water that enters th¢ bepply system from the return line is directedhe
evaporator, where it is cooled from 58 to 46 °C #reh returned to the heat and power plant. Waten f
the return line that is used in the inner loophef tustomer’s local heating system is sent to dmelenser of
the heat pump and heated from 58 to 88 °C formetuthe customer.
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The heat pump was operated with coolant R-134aKE€ER;), which does not affect the ozone layer.
The refrigerant is used at a temperature of 10%0)&nd it has a pressure of 40.603 bars at thieatmpoint.
The decrease in temperature in the return lineegligible. If we consider that this temperatureenft
increases, then the installation of an VCHP onrétern line can serve as an additional means dégtiag
the line from overheating and keeping the boilex Bafe operating mode.

Figure 2 shows thp—H diagram of the thermal processes which take pladeglthe operation of a heat
pump on the return water of heating system.

Pressure p, kPa
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Fig. 2. p—H-diagram of the thermal processes in the operaiifoa two-stage heat pump
operating on return water with the use of R-134agerant

If the thermal capacity of the condensgs.q= 17000 kW, the amount of electric power neededHe
drive of the compressor will kg, = 4050 kW and the heat coefficient of performange = Q,ndNe = 4.20.
During the summer, the pump can produce 10000-1R900f cold for the air-conditioning systems of
office buildings and trade and business centemstdéocwithin a 1-km radius of the VCHP. It can atswer
the load for the HWS. Here, the refrigeration cieedht of performance is = QeydNe = 2.5-3.5.

In deciding on specific sites for installing heatmps and their most efficient mode of operatiorain
centralized heat supply system, it is necessamstablish a scale of priorities that shows valuepump
efficiency from the economic and energy standpolésat pumps should first of all be used in placelectric
and hot-water boilers whose operation entails #eaf organic fuels. Here, there should be no itemtuin
the cogeneration of electric power by the heat pmger plant to satisfy the existing thermal loddthke
percentage of steam used in the turbines of tha daincreased — with the steam being broughtouthé
pressures corresponding to the district-heatindd@.05—-0.25 MPa) and dispatched to heat the waégst in
the heat supply system (from 58 to 90 °C) — theuantsoof electricity and heat energy obtained byeocegation
will increase. That will in turn reduce the amowftelectricity generated by condensation becauseillit
decrease the amount of steam that is reduced faréissure which exists in the condenser (0.004 MH®
heat of the steam inside the condenser will betto#ite environment. If a heat pump is installedrrane of
the customers using the heat energy and the purkpsmse of the heat of the return-line water, therhave
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the situation shown above: the temperature of ¢herm water will decrease (from 58 to 46 °C). Tiilt
increase cogeneration in the turbines of the @aribng as the additional steam is used to heavditer and
the amount of steam consumed in the condensedused.

Absorption heat pumps and vapor compression heappwften end up competing with one another [3],
and it is necessary to determine which is bestfgiven situation. The effectiveness of each typbeat
pump depends on many conflicting factors (the abdity of low-potential waste energy, the currenst of
electrical and thermal energy, the temperatureignésl etc.). We believe that instead of having tiie
types of pumps compete against one another it $¢ ibéhe most attractive qualities of each are fout
practical use [4]. This can be done by developieg equipment and systems that will take advantagieeo
benefits of each type of pump and use them togékigr 3).

Factory grounds J

Municipal
heat customers

T

|
|
|
[
|
|
|
I
|
1

Hot water

A

Fig. 3. The use of heat pumps in the heat sup@ieay of a metallurgical combine and city

To sum up, although absorption heat pumps and vapuopression heat pumps last 20-25 years and pay
for themselves in about 5-7 years even when thigatapvestment is substantial, AHP cannot compéth
heat and power plants in terms of productivity. leger, they can generate heat and cold with theofise
low-potential sources whose energy often goes cetelyl unused.

CONCLUSIONS

1.The use of absorption heat pumps (AHP) is mostctfie at factories that have a large number of
low-potential waste energy. In winter, the heatffo@ent of performance of an AHP with steam hegtisiy; =
1.6-1.8; in summer, the refrigeration coefficiehperformance of the same AHPejs= 0.6-0.7.

2.The use of vapor compression heat pumps is mosttefé near large municipal customers that can
use the heat from the water in the return mainseat and power plants. The same applies to cussoimer
cold (residential and office buildings and new &ahd business centers).

3. Calculations show that a vapor compression paips can heat hot water to 85-90 °C and thasit ha
a heat coefficient of performange = 4.0-5.0 when using mains water. The exact vabfethese two
parameters depend on the temperature of the redrigan the evaporator.
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Abstract

This paper explores the feasibility of using thatr@pe for power plant condenser. Power Plantd@nser, which
is a vital component in the power plant, consi$tthousands of non-ferrous tubes. A huge numbéunlzds are required
to condense steam entering into the power plandexeser. Power plant people were facing number efagpnal and
maintenance problems because of these huge numlmemdenser tubes. Also a large quantity of coolivager is
required for this conventional condenser. In thapgr an attempt made to replace thousands of ceedéubes by
hundreds of heat pipes. This paper describes casopabetween, the conventional condenser and hpat heat
exchanger for condensing the given amount of st&2omparison is also made between the required rgpaliater
quantities in the both cases.

This paper is also describes the design detaleaf pipe that is material of heat pipe, heat f@pgth, diameter of
heat pipe for condensation purpose. Justificatioalso given for the type fluid and quantity ofidlwsed in the heat
pipe. Angle of inclination of heat pipe is discu$se detail. Mathematical calculations are desatifm the pressure
drops across the heat pipe. The feasibility studg warried out for smooth operation of the heag piat is without
ceasing during operation. Experimental setup taloot laboratory experiments is also describedisygaper.

Detailed discussion presented for the suitabilitydesigned heat pipe for practical applicationspofver plant
condensers. A brief description is given to thehwodtof “retrofitting the heat pipes” into an exigi power plant
condenser.

KEYWORDS
Wickless heat pipe, thermal syphon, steam condghsat transfer coefficient.

INTRODUCTION

Historical Development of heat pipes dates backi8en the first Patent for a heat pipe employing a
capillary wick for pumping liquid against gravityas applied by Gaugler (1942). In the words of Grove
(1963, 1964) who along his co-workers reinventesl‘tieat pipe’ in 1963, a heat pipe is a “... syndigis
engineering structure which is equivalent to a matéaving thermal conductivity greatly exceedthgt of
any known metal...”. In other words, a heat pipe ipagsive two-phase heat transfer device capable of
transferring large quantities of heat with minimtemperature drop. In 1964, RCA was the first conamaér
organisation to perform heat pipe research. Dubdedts commendable ability to transport heat enéng
use of heat pipe becoming popular, starting froacegshuttles to electronic industry (14).

The special features of heat pipes have made thbactave for use as heat pipe heat exchangers
(HPHE). The use heat pipes in modern heat exchamgerewed by Leonard L.Vasiliev (15). But all thes
application are for energy recovery, air to air, tai gas exchanges and liquid to liquid only. Tidw no
application is made to condensate the steam usiaggipes, especially in the thermal power plants.
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Condenser, which is a vital component in the poplant consists of thousands of non-ferrous tubes.
Mostly, these condensers are shell and Tube hehiaagers. The steam will be in shell side and ogoli
water flows through the tubes. The transfer of lee&trgy will be due to cooling water temperatuse only
(single phase heating). Hence there will be hugebmr of tubes employed in these condensers. Dae to
large number of tubes there will be lot of openadloand maintenance problems. Hence an attempbean
made to replace thousands of condenser tubes hyaratively less number of heat pipes.

CONCEPT OF THE PROPOSAL

In the conventional condensers of the power plaef turbine outlet steam enters the condenser and
incidents on the tube surfaces. The cold waterdlowgide the tubes and maintains the tube surfatmvb
the saturation temperature of steam. Hence themstzmdenses on the tubes surface. Temperature of
cooling water in the tubes will rise due to latBetait of steam condensation on the tube surfacee Wié
be phase change of steam into condensate and gawditer will undergo only sensible temperature.rise
Due to this reason, large area of heat transfeuired, in turn more of tubes, that is thousandutfes
required.

In the present proposal, phase change of the gpulater is proposed. Because of higher latent dieat
vaporization of the cooling water, the heat cagyoapacity will be increased and hence, there bell
reduction of heat transfer area, that is numbeuloés in the condenser.

To achieve this phase changer of cooling waterhta pipes will be employed. The cooling watethe
heat pipe will be maintained under vacuum, henedd¥ver boiling temperature of the cooling water.

The process of heat transfer shown in the Fig.d steam incidents on the heat pipe evaporatorcirfa
at 46 °C. The evaporator will heaving the water at a presf 0.07 bar. At this pressure the boiling
temperature of the water is 39.02. Therefore the\T will be (46—39.02) 6.98C. For 0.07 barATgy is
equal to 14 °C, which is greater th&inin the present case. Hence nucleate boilingoeitiur.

So the vapors from the evaporator regions entersctimdenser portion of heat pipe. This portion is
maintained at a surface temperature of 27 °C wetp bf inlet cooling water. So the vapors whichciezd
the top portion of the heat pipe will condense me surface of the heat pipe by releasing heateglaat
evaporator section to the cooling water. The cosdenwill flow down due to gravity. The cycle refseas
the process go on.

CASE STUDY

The details of Condenser of a Thermal Power planthfis case study conducted are as follows.

Sl. No Parameter Numerical value
1 Unit Load 200 MW
2 Condenser Steam inlet temperature 46° C
3 Condenser steam inlet pressure 0.102 bar
4 Condenser cooling water inlet Temp 27°C
5 Condenser cooling water outlet Temp 43.45°C
6 No of Condenser Tubes 24398
7 Condenser Tube OD 31.75 mm
8 Condenser Tube ID 30.3276 mm
9 Condenser Tube Length 14.73 m
10 Load on Condenser 25367508 kcal/hy
29503 kW
11 Cooling water Flow 2428 t/hr
675 kg/s
12 Tube velocity 0.077 m/sec
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DETAILS OF REPALCEMET PROPOSAL FOR THIS CONDENSER W ITH HPHE

Sl. No Parameter Numerical value
1 No of Heat Pipes in HPHE (Dimensions of Heat 6400
pipe given in justification)
2 Arrangement of Heat pipes in HPHPE Staggerea8@0
3 Length of Heat Pipe 4.3 m
4 Material of Heat Pipe Copper
5 Vacuum inside the Heat Pipe 0.07 bar
6 Working fluid inside heat pipe Distilled water
7 Saturation temperature of water inside the heat 39.02 °C
pipe
8 Wick material Wickless heat pipe

THE DETAILS AND THERMAL ANALYSIS OF HEAT PIPE TO BE USED IN HPHE

The line diagram of the heat pipe which are to laeed in the HPHE shown in Fig. 2.

Length of the Heat pipe L =4.3m

Length of evaporator section ¢ £ 2m

Length of the condenser section. 4.2m

Length of the adiabatic section, 540.3 m

Tube is ‘K’ type Nominal Standard Size is 2 inch

Outside diameter of the heat pipg =02.125 inch=0.053975 m
Inside diameter of the heat pipg=1959 inch= 0.0497586 m
Thickness of the heat pipe wall t=0.083 inch£082-1Gm
The heat pipe is a wickless, gravity assistedithatrictly it is a two phase closed thermo syphon

Vacuum inside heat pipe 0.07 bar
Hence Saturation temperature for water inside pipat 39.02 °C.

HEAT TRANPORT LIMITATIONS OF THE PROPOSED HEAT PIPE

The working fluid is selected as distilled watec@cling to ref (1, 9).
As per Amir Faghri (2), the compatible material feater is Copper, stainless steel, Nickel, Titanititare
for this case Copper is selected.
Now, Aspect Ratio (AR)

L./ d =2/0.0497586 = 40.1940.

Calculation for the working Fluid inventory

The total Heat pipes proposed are 7225

Condenser load in this case 295034%\80,000 kW

Assuming that all heat pipes in the heat exchatagers load equally
Thermal load on each heat pipe; €B0000/6400 = 4.6875 kW

As per Amir Faghri (2), the the total volume of thierking fluid in the heat pipe

Vi = [4/5(Let Le) + LA[3Qup (nch)* / pg

Q1 = Thermal load on each heat pipaht= 4687.5 W
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W = liquid viscosity inside the heat pipe = 663°1@/(m-s)

g = acceleration due to gravity = 9.81 /s

hy, =latent heat of evaporation of water inside hea¢ gifxg = 2408-T0J/kg

p = liquid density inside heat pipe = 992 kd/m

Hence V, = [4/5(2+ 2) + 0.3][3-4687.5-663-10(1-0.0497586)/(992F -9.81-2408- 193 = 7.487-1C n?’.
This fluid quantity to is sufficient to handle thead of heat load on each heat pipe. But howevisr it

proposed to have 8.35 times of this quantity afifblo have maximum capability of heat pipe (3, 15).

Hence quantity of water inside the proposed hea pi7.487.0° - 8.35 = 6.25-10n’.

Hence the Filling Ratio (FR) = Volume of the WoriRluid / Volume of the Evaporator section

= 6.25-10/2(0.0497586)-2 = 0.16 or 16 %. (2)
BOILING LIMIT

As per Gorbis, Z. R & Savchenkov, G. A (1976) thaximum heat transfer rom boiling point of
view is given by,

Q2 = Ku { hy on's[G g (- pv)]o_zs},
Ku = 0.0093 (AR)di/L{ *®(FRY*"41 + 0.03B0j.

Bo = Bond Number ={ig (pi- p.)/c} 2
o = surface tension N/m =69.6:10/m
Applying numerals for the inside conditions of theat pipe
Bo = 0.0497586 { 9.81-(992 - 0.05)/69.6°1 = 18.6
Ku = 0.0093 (40§'[0.0497586/2f%(0.16)° /(1 + 0.03-18.6)= 0.0391
Hence,
Q. = Ku{hyp,”Tog(p: - pv)°?%} = 0.0391{2408-16.0.05769.6-10°-9.81 (992 - 0.05)f%} =

=107079.9 W = 107 kW. A3)

FLOODING LIMIT
As per Amir Faghri (2)
Maximum heat transfer limit from the boiling poiitview, @ will be given as

Q3= K hg Acios{ go(pr- po)* 1 x [ pv " + ™.
Now K = [p, / p,]>*tanh (Boj"™.
Applying Numaricals, K = 3.756. And

Q = 155 kW. )

Summarizing the above results in a tabular form

SI.No | Parameters Desired requirements| @esigned Heat pipes
Heat Pipes in the characteristics as per
proposed HPHE different calculations

1 Maximum heat transfer limit from 4.6875 kW 107 kW from (3)

the Boiling point of view

2 Maximum heat transfer limit from 4.6875 kW 155 kW from (4)

the Flooding point of view

Hence the designed heat pipe qualifies the desirégat transfer requirements and can be
used in the HPHE. The laboratory model of the heapipe is under laboratory trails and actual
results will be discussed in the seminar.
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HPHE Condenser Calculations

The line diagram of the proposed HPHE condenssgnasvn in Fig 3.

Steam inlet entry to the condenser will be fromlibéh sides as shown in the above figure. The
cooling water will be entered inside the condefs&trabove separator plate and exited from the top
portion. The condensate will be flooded to the diottof the condenser. The heat pipes will be
arranged in 80x80, vertical, staggered arrangem@ihis plan of the arrangement of heat pipes is
shown in Fig. 4

Now Thermal Calculations of the Heat Pipe Condenser
Steam inlet conditions into the condenser = 460°CN2 bar
Condenser load for 200 MW turbine = 29503 k80,000 kW

Proposed Heat pipes in the condenser = 6400.

Calculation of Heat Transfer Coefficient (h) for the portion of heat pipe which is exposed tinlet
steam

tsa= Steam inlet temperature = 46 °C

Steam inlet pressure p =0.102 bar

Wy = viscosity of condensed water = 9.692kg/(m-s)

hg:= heat of vaporization of inlet steam = 2390 KJ/kg

The saturated water temperature inside of hedteategporator section = 39.02 °C+~t
Hence the outside film temperature=1{39.02 + 46)/2 = 42.51 °C = 315.5K

The modified heat of vaporization h= hy;+0.68G; (tsar t) = 2390 + 0.68-4.179-(46 - 3902) = 2409.8
KJ/kg

Mass of the condensate on each heat pipe= 406875/2409.8 = 1.95-Fkg/s
Reynold number for condensate; ReAm/p i,

p = outside perimeter of het pipe

Re = (4-1.95:18)/{n-:(0.053975)-9.69-10= 4747.4.

Hence the flow on heat pipe is turbulent. Fromlifeeature, for condensation on vertical tubesiiely
by, which are near to experimental values.
hy = 0.0076 RE“{ k’pi(pr-pg) g/}
ki = 634-1G W/(m-K)
W = 631-10 kg/(m-s)
pr = 991.1 kg/m py = 0.056 kg/m
Hence, h = 4116.8 W/(IK).

Calculation of Heat Transfer Coefficient (h4) for the portion of heat pipe which is exposed to _water
Pool

The heat transfer coefficient for portion of he@epimmersed in the cooling water pool can be
calculated based on correlations suggested by W@ and Zhukaushas A (8).
The Nusselt number for this, situation is,

Nu = C R@ may" P25 (Pr/Pr)Y. (5)

For Nu> 20, 0.7 < Pr < 500, 1000 < Rg< 2-10.
Cooling water inlet temperature, jt= 27 °C
Cooling water inlet velocity = 0.085 m/s

S_ = Longitudinal pitch = 0.063975
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Sr= Transverse pitch = 0.063975
Vmax = {ST/(ST'do)}V in — 0.544 m/s.

Out let cooling water temperature , £ 27 + (30000/675-4179) = 37.6 °C.
Hence average cooling water temperature = (27+277632.3 °C = 305.3 K
Pr =5.20, Pr= 4.39, 4 = 769-1Fkg/(m-s),p. = 995 kg/m

R& max= {pcVmax o}/ K¢ = 3.8-10.

Hence the constans for Equation (5), C = 0.35,0r68

Applying numerical to Equation (5) Nu = 369.75

Hence, = kNu / d = 4246.7 W/(m-K).

Calculation of Heat Transfer Coefficient (hy) for the evaporator section, inside of heat pipe.
The heat transfer coefficient for evaporator sectinside heat pipe can be calculated based oelations
suggested by Imura (1979) et. al.

h2 — O.32[@l0.Gﬁ(l0.3Cp|0.790.quO.A)/(pVO.Zﬁ.'TQOAHIO.l)][psa{pa]’ (6)

pi = liquid density inside heat pipe = 992 k@/m” =4178.5 J/(kg-K)

ge= heat flux at evaporator section from outside 8746/¢t-0.053975-2) = 13821.9 W/m
py = 0.05 kg/mihy, = 2408-18kg/nT, p = 663-1F kg/(m-s)

therefore, applying numerals to equation () 18400 W/(mM-K).

Calculation of Heat Transfer Coefficient (h;) for the evaporator section, inside of heat pipe
The Reynold for condensate flow inside heat pipgven by,

Re; = Qft.dohyg = 4.68754(0.0497586)-9.59-102408 = 1296.

Hence the flow is laminar and the heat transfeffmoent for condenser section inside heat pipe ba
calculated based on correlations suggested by Rohse 956,

hs = 0-943{)ng|3(pl - pv)[hfg + 0.68¢, (Tsarr Tw)J (KL (tsartw)} v , (7)

tw = surface wall temperature at condenser secti}n = (27+37.6)/2 =32.3°C =305.3K
that is part of heat pipe immersed in the watel pgo

the physical properties are evaluated taken atthistemperature.

pi = 995 kg/m, p, = 0.034 kg/m, K;= 620-10 W/(m-K)

hy = 2426-18J/kg, ¢,= 4178 J/(kg-K) , u= 769-1C

Applying these numericals to the equation 7,

hs = 4561.65 W/(hK)

Overall Thermal Resistance.
By definition, the overall heat transfer coeffigidor a single heat pipe is (Amir Faghri)

Up= 1/R, 8)

Where R is the thermal resistance of a single heat traredfament in the HPHE, which is defined as the
sum of individual resistances in the element. Ttgression for this is,

sz F\)h'i' Rf,h+ F’\)«/v,h'*'Rwi,e"'Ri,e""Ri,c"’Rwi,c'*'Rw,c'*'Rf,c'i'Rc . (9)

R, = Resistance due to steam condensation at evapeettion of the heat pipe = 14#t.)L. = 7.14-10.
Rin, Ric are fouling resistance due to corrosion or oxatatat the outer surfaces of the heat pipes or
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thermalsyphons. These resistances are typicallyeciegl, but incases when HPHE is operating in a
corrosive environments, they can be significant simould be accounted for with an additional coniduct
resistance through the corrosion layer. In thegesase these are neglected.

Rwn = resistances due to the pipe wall at evaporaitticn = In(@/d)/(2nk,Le) = 1.64-1C

Kw is the thermal conductivity of copper

Rw.c = resistances due to the pipe wall at condenséiose= In(d/d;)/(2nkyLc) = 1.64-1C

K is the thermal conductivity of copper

Ruie, Ruic are resistance terms occur due to heat throughand saturated wick which is zero in
the present case.

Rie = resistance which occur due to the phase chargeporator section = 14ttLe) = 9.19-1¢
Ric, = resistance which occur due to the phase changmdenser section = 14gaL.) = 6.85-1¢

R. = R((;sistance due to convection of water pool aideaser section of the heat pipe = &@)L. =
=6.9:-10.

Applying these numerical values to Equation (9), (8

R,-7.14-10' + 1.64-16+ 1.64-10+ 9.19-10+6.85-10+6.9-10" = 3.0408-18.

Over all Heat transfer coefficient of single hertep U, = 1/R, = 328.86~ 329.
LMTD calculation of Heat Pipe Condenser (As per. big

Steam entry temperature = 46 °C, and steam isetmading at this temperature. Cooling water
inlet temperature = 27 °C. Cooling water outletperature 37.6 °C
LMTD = (37.6 - 27)/In {(46 - 27)/(46 - 37.6)} = 129.
Total Heat transfer area of single heat pipe #A(ehle+ GiLe+ dolc+ dlo) = 1.3 nf.
Let N be number of heat pipes in the HPHE Q,NAJ(LMTD)

30000000 = 329:N-1.3:12.99 implies, N =9639400.

That is the Number of heat pipes required forasgignment is 5400. But the assumption made

is 6400 tubes. The extra tubes will take carefdator and act like cushion of heat pipes.

Experimental Set for Laboratory Experiment

The line diagram of the laboratory model of HPHEhswn in Fig. 6.
Different Parameters for the experimental set up

No heat hipes = 36, exactly as shown in Fig 2.

The outlet steam conditions of 200 MW turbine iswdated by arrangement of a miniature
steam generator whose capacity will be 200 kW.tAtisg point of steam pipe line a throttle and
temperature indicator fixed. The condensate iectdd at bottom tank.

The cooling water is supplied from a overhead tdrie inlet and out let temperature of cooling
water is determined by thermometers.

This experimental set up is under laboratory traitsl results will be presented during the
seminar.

THE ECONOMICS OF RETROFITTING.

This heat pipe condensers can be retrofitted ecaatignas described in the following table.
This is valid for the case of 200 MW power planhieh is under consideration.
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1 Heat pipe loadedNo heat pipes are only against 24,398 copper tabesginal conventiona
condenser condenser. The shell dimensions are also small cespared to the
conventional shell and tube condenser. Hence teeH®at pipe condenser
will 50 % cost of the original condenser.

2 Area comparison The conventional condenser haxitajal volume of 250 MmBut the Heat
pipe condenser for this job will be only 125%nThe conventional
condenser will be horizontal, but this heat pipadenser will be vertical
and can be retrofitted at old condenser place.

3 Cost for Piping In the conventional condenseeatly to the outlet of turbine exhaust. But
for this heat pipe condensers, the exhaust stedm dsstributed into twg
steam for two side entrance. This may cost arouad 3 lakh Indian
Rupess (INR)

3 Cost for Cooling The existing cooling water supply is sufficient amih little modification

water in the plumbing work the water arrangement can bdenThe expenditure
for this will be around RS. 5 Lakh Indian Rupees.

4 Air removal from| The existing system can be utilized for this andesmditure will be around

the condenser Rs. 15 lakh Indian rupees.

5 Cooling towers The existing cooling towers carubibzed with a little modifications. The

expenditure for this will be around Rs. 20 lakhiémdrupees.

CONCLUSIONS

W

1. The calculations made how the wickless heat pipebgaused for condensation of steam of power
plant, the latest usage of heat pipes.

2. The paper also brings out how a huge conventiomadlenser can be replaced by a comparatively
smaller heat pipe condenser which contains lespaumand less number of heat pipes. This reduce
the maintenance problems of condenser.

3. The paper also addressed the cost retrofittingisfdondenser in place of conventional condenser.

4. The laboratory experiment results will be preseimettie seminar proceedings.
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Abstract

Proton Exchange Membrane Fuel Cell (PEMFC) wadg baihg COMSOL Multiphysics® software. The goal was
to check if the model responded correctly to ra#ctspecies concentration changes in terms of peléons.
Rectangular shaped obstacles inside the flow chsumfiehe bipolar plates were located at variouglits to decrease
concentration polarizations and make more readpeties react due to the obstacles. Different aeacfas velocity
values were used as inlet boundary conditions. thatdilly, different pressure values were used atebboundary
condition to investigate the effect of pressuree Tasults of the study indicate that increasindepuiressure, inlet
velocity and depth of the obstacles through thenobbs results in better cell performance. Bipolatgs with moderate
height obstacles and no-obstacles (straight) weaaufactured and their electrochemical performancese tested
under both dry and humidified environment. It waserved that obstacles lowered the performancemss transport
region for dry conditions. Similarly, obstacled bigr plates resulted lower performances at lowactant rates at
humidified conditions. However, when flow ratesrectants were increased, the cell performancebsificled plates
resulted with the best performances. It was sigaifily increased up to 1.1 A/émat 0.5 V. It was concluded that
obstacles results significant improvements on perémces if there is enough flow rates provided.

KEYWORDS
PEM Fuel Cell, COMSOL Multiphysics, Bipolar Platectrochemical Cell Performances, PolarizatiorvEsr

INTRODUCTION

Fuel cells are electrochemical cells which contbe chemical energy of a fuel directly into useful
electrical energy. In particular, proton exchangembrane fuel cells (PEMFCs) which already have
commercial availability in some countries are ohéhe most promising types of fuel cells for traogption
and residential applications. In terms of energyveossion efficiency, when compared to combustion
engines and turbomachines, fuel cells can achigleshefficiencies since they do not operate adogrtb
a cycle between a heat source and a heat sinklremdfdre are not limited by the Carnot efficiency.
PEMFCs use hydrogen as a fuel and oxygen or dinesxidant. Since the only product of the oxidatio
reaction of hydrogen is water, fuel cell vehiclesvé zero tailpipe emissions, which have made them
attractive for transportation applications for fast two decades as the governments of the indlizé&ul
countries push for reducing the carbon footprintvehicles. After the first usage of fuel cells face
applications, PEMFCs emerged as the leading fuktygee for portable and automotive applicationg do
its low operating temperatures, comparative sintglicx construction, high power density and ease of
operation [1]. However, some major obstacles giitlibit the adaptation of this technology, nameig t
excessive cost, lackluster performance at higheowirdensities, and durability over an extendedopeoif
time [2].

Computational engineering has become a major tqaknfor designing better engineering products
over the last several decades. For instance, catipoal fluid dynamics (CFD) analyses have enabled
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researchers to design more efficient engines withweineed of manufacturing and testing at evesjgie
step. CFD is also a useful and necessary tool @meting of fuel cells; however the complete modzgli a
fuel cell requires a multi-physics approach. Inesrthb obtain a meaningful performance evaluatioa ffel
cell, not only is CFD modeling of the momentum &jaort inside the reactant flow channels required, b
also the modeling of the electrochemical phenomamé the resulting mass transport by diffusion and
convection, or in other words reactant speciesuwopsion, is necessary.

Agar built a two-dimensional, one-phase and isatiaifuel cell model using COMSOL Multiphysics
[3]. The model included the mathematical backgroendpling the electrochemical, mass transport and
momentum transport phenomena in a single PEMFCr Agplied pressure inlet and outlet boundary
conditions in their models and found that at lovemgting voltages, low pressure gradients insidegtse
flow channels result in an unexpected species teplproblem and the current density goes to z&gar
stated that this may be a problem occurring atntitecells of a fuel cell stack. Ekiz also demontstdaa
similar two-dimensional PEMFC model in their theswrk [4] utilizing velocities as inlet boundary
conditions and pressures as outlet boundary conditiBy providing sufficient reactant flow insideet
channels, Ekiz overcame the problem of speciestiepland produced realistic polarization curves.

Bipolar plates of a fuel cell function as both &t supplier to the active layers and currentecddir.
Fluid flow, heat and mass transport processesdrctiannels of bipolar plates have significant éffem
fuel cell performance, particularly on the masssgport losses [2]. The current computational model
accounts for all the mentioned physical phenomé@ih&. resulting output of the work is the polarizatio
curves of the models, which directly determinefiegformance of a fuel cell. In order to detectéffect of
different reactant gas flow channel designs andatjpeg conditions on cell performance, polarization
curves were plotted and interpreted.

NUMERICAL MODELING

The aim of this modeling work is to obtain the paation, or performance, curve of the fuel cefling
a 2D computational model and accounting for thaiBant role species depletion plays on this cuive
observe the species depletion and to obtain tharigation curve, parallel-to-flow cross sectionaofinit
fuel cell was modeled (Fig. 1). The domain has sutmins to represent the flow space of the channels,
GDLs (gas diffusion layers) and the MEA (membratecteode assembly) where the active layers are
assumed to be one-dimensional boundaries. Thentssles of a flow channel, GDL and MEA are 0.75 mm,
0.25 mm and 0.1 mm, respectively. Three differanglhts in obstacles were utilized. The qualitabegyhts
were named as 1, 2, 3, with a greater number haviggeater height. The model is two-dimensional and
steady-state conditions were applied. Also, hydnaged air, or fuel and oxidant and product gasabsays
in the gas phase. It is assumed that permealpligsity and conductivity properties of the eled&as and
the channels were isotropic. Gas transport is Bygsion and convection. On the other hand, tempeeat
driven diffusion is neglected and the flow of sscis incompressible flow.

(S S oy S S S ISy S Ny By B oy

Sy S S S SR SEE D S S SR S S

Fig. 1. Rectangular obstacles in flow channel. phgose of these rectangular obstacles is
to direct the reactants to the active layers

FUEL CELL TESTING

Bipolar plates used in this study were machinedetbasn most of the criteria set during modeling.
Bipolar plates with middle-sized rectangular oblets¢rectangular obs. 2) were fabricated (FigFRgl cell
tests were performed using a FuelCon Test Statioi@nbranes were conditioned prior to performance
tests. Performance tests were performed under Ooth(room temperature) and humidified (50 %)
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environments. Hydrogen and air were utilized duipegformance tests. Hydrogen and air flow ratesewe
1.2 and 2.0, respectively. Only cathode was humidi&t 53 °C where cell temperature was 70 °C.

Fig. 2. Bipolar plates (16 chactive area)a — without obstacled) — with obstacles

RESULTS AND DISCUSSION

The model with rectangular obstacles resulted betgeformance than straight channel (no-obstacle)
model. The highest obstacles was alwayst showedeteperformance. As intended, the obstaclesdorzee
reactant species to react by directing them thrahghGDL to the active layer, therefore greatemremnitr
densities were produced compared to no-obstaclelmod

1.40
120 I |
E 1.00 :
Té 0.80 —a— No-obstacle
;_3 0.60 —— —m— Rectangular obs. 1
E 0.40 Rectangular obs. 2
0.20 —>&=Rectangular obs. 3
0.00 :

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40

Current Density (A/cm?)

Fig. 3. Performance curves for rectangular obstiackannel and no-obstacle straight channel models
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The increase in performance of the obstacled madsl encouraged us to manufacture bipolar plates
having rectangular obstacles at moderate heightsicdl electrochemical polarizations curves of PEMF
having straight and obstacled bipolar plates wdr@ained both under dry and humidified conditions. A
seen in Fig. 4, performances due to the obstadé&dspwere not much changed in both activationadmmdic
polarization regions. However, there was a sligiffieence in performances of mass transport region.
Obstacles slightly cause to have worse performanctesass transport region. This was most probably
because of the fully dried test condition whereitimy current was easily achieved because of mass
transport limitations. On the other hand, our cotaponal model including humidification consistentl
showed better performances.

Later, influence of bipolar plates on performaneaemested for various flow rates under 50 % retati
humidity with the cell temperature of 70 °C. As aten easily concludes that performances of alllaipo
plates regardless of existence of obstacles wepeowad a lot with humidification (Fig. 5). As flovate
increases performances of the PEMFC having strdigddiar plates were lowered (Fig. 5.2 and 3). 8inc
the amount of reactant directing to catalyst layas not increased much, but most probably causedgdr
with increasing flow rate, which probably reducéz tcell performance. On the other hand, obstacled
bipolar plates at lower flow rates of reactantssealto decrease in cell performances, althoughshewed
very little ohmic polarization. Unlike to PEMFC itstraight channels (no-obstacle), the amount ef th
reactants directing to catalyst layer in obstacleahnels was probably not enough. Therefore, peences
were lowered with very low limiting current in magsansport region, but performances at ohmic
polarization regions were quite high. Converseljlew flow rates of reactants were increased, it was
assumed that reactants directed to catalyst lageeased significantly. The cell performance wasdased
significantly up to 1.1 A/cfat 0.5 V. It can be concluded that obstacled platewed better performances
at higher flow rates as model predicted.

0.9
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0.6

H-E 4 e .-\"‘-\‘_'
0.4 2 R
0.3 / '\

0.2

Cell Potential, V

0.1

0 005 01 015 0.2 025 03 035 04 045
Carrent Density, A/lcf

Fig. 4. Performance curves at room temperatureonttexternal humidification for (1) PEMFC
having bipolar plates with obstacles (2) withoustaleles
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Fig. 5. Performance curves: 1 — obstacled (Hydreg@r24 L/min, Air — 0.60 L/min) ; 2 — No-
obstacle (Hydrogen — 0.36 L/min, Air — 0.90 L/mjr§ — No-obstacle (Hydrogen — 0.24 L/min,
Air — 0.60 L/min) ; 4 — Obstacled (Hydrogen — OL3in, Air — 0.90 L/min)

CONCLUSIONS

The influence of placing obstacles with variousgh&s along the flow plate channels was investigated
with the intention of decreasing the concentratypadient through the GDL and increasing the reactan
concentration at the catalyst layer. As expecteth wibstacles, a greater amount of reactant species
interacted with the active layers, decreasing threcentration polarizations, and more reactant sgeesere
consumed. This effect culminated in greater gerdratirrent densities, meaning better cell perfooeatft
was demonstrated that increasing flow rates wagreav cell performance of straight channels. Howeve
this improved the performances of PEMFC with odsthdipolar plates at higher flow rates by diregtin
more reactants to catalyst layer as predictedanrtbdel.
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Abstract

In this study, we are proposing optimized processlitions for the deposition of molybdenum (Mo)ntfilms on
various substrates for high temperature photowwltgplications. Mo thin films have been deposited various
substrates using RF magnetron sputtering technijoephological and structural properties of the M films have
been investigated via scanning electron microsd@®M) and X-ray diffraction (XRD) analysis, resgeety. Well-
adhered Mo thin films with low electrical resistivhave been obtained for both glass and polyirsidestrates. Most of
the photovoltaic device fabrication processes bheltnigh temperature and oxidative production stéih this
motivation, film forming properties, electrical aturctivity and reflectance of the Mo thin films afteeat treatment has
been studied. Soda lime glass and Kapton HN filoifesed from crack formation and loss of electricahductivity
after heat treatment. Hence, chemical and plaseantents prior to metallization were applied. Altgb, chemical
treatment improved the electrical conductivity efdeposited samples, after heat treatment Mo ilis fvere damaged
severely and lost their conductivities. On the othand, plasma treated polyimide samples retaihei electrical
conductivities even after heat treatment, which wasery promising result for the flexible photowitt device
applications.

KEYWORDS
Molybdenum, Thin Films, Electrical Conductivity, i$ace Treatment, Plasma Treatment, Flexible Phdiaico
Devices, High Temperature Fabrication.

INTRODUCTION

Photovoltaic devices convert the solar energy @iatricity by means of a quantum mechanical preces
known “photovoltaic effect”. Thin films have beemtensively used in photovoltaic devices due to less
material need and ease of manufacturing techniqosgared to the bulk materials. Thickness of tie th
film layers for photovoltaic devices can be rangedh a few nanometers to tens of micrometers. Hetiee
material cost, which is almost the fifty percentoskrall device cost, can be reduced dramatic@lbpper
indium gallium diselenide (CIGS) and copper indidisulfide (CIS) thin films are promising candidates
be replaced with bulk silicon for photovoltaic apptions. CIGS and CIS thin films offer high absony,
high diffusion length and better solar-to-electsiatonversion efficiencyl, 2. Therefore, these materials
have been used in the solar cells as absorptian.l&ya typical solar cell back and front metahtewts act
as the current collector. Film properties of thatact metal dramatically affect the conversionagéincy of
the solar cell. Metal back contact thin film shoblkl pinhole free and mechanically stabile espsciafithe
high temperature photovoltaic fabrication procesbtweover, there should be ohmic contact betwesk b
contact and the absorber layer. Molybdenum (M) fitms are used as back contact of CIGS and CIS
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photovoltaic devices due to ohmic contact formatiow electrical resistance, high chemical and riredr
stability.

There are very limited studies on thermal, meclanand electrical stability of Mo thin films for
photovoltaic device$3, 4. Hence, there is a very strong need for detaitediss on high temperature
stability of Mo thin films deposited onto differestibstrates. In this study, we reported the optedattrical
and morphological properties of Mo thin films befoand after temperature treatments for photovoltaic
applications.

EXPERIMENTAL

Mo thin films were deposited on soda lime glass &amd different types of polyimide substrates
(Kapton HN, Dupont and Upilex S, UBE Industries)ngsVaksis PVD-MT/2M2T system. Prior to Mo
deposition all substrates were ultrasonically cdehim acetone bath for 10 minutes. Morphology ef Mo
thin films was characterized using FEI Quanta 2@I5FElectrical resistivity of the Mo thin films was
measured via Lucas Lab S-302-4 four point probédizeraequiped with Keithley 2400 source-measuré. uni
Perkin Elmer Lambda 650 G with 150 mm Integratipi&e were used to measure the reflectance of the
thin films. Reflectance measurements were conducted the wavelength range of 200—800 nm at room
temperature. In order to confirm the crystal suetof the films, Pananalytical MPD X-Ray systenswa
used. Thermal treatment of the samples were coeduatt 300C and atmospheric conditions. During the
thermal treatment water was sprayed on the samplesmic the spray or chemical deposition techngjue
Table 1 summarizes the sample name and their deposonditions used in this study.

Table 1. Information of the samples used in thusiygt

Sample | Substrate | Deposition
Name Time
(min)
S1 : 15
S0 Upilex S 30
S3 15
s Kapton HN 30
S5 Soda Lime 15
S6 Glass 30

RESULTS AND DISCUSSION

As can be seen in Fig. 1, as deposited Mo thinsfivere homogenous and showed good adherence. It is
also worth to mention here that bending Kapton Hiid &lpilex S substrates did not caused visual crack
formations.

a

b c
Fig. 1. Pictures of Mo thin films deposited on ¢afla lime glass, (b) Upilex S and (c) Kapton HN
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Fig. 2 shows the surface SEM images of the Mo filims. As can be seen in this figure, all films wer
homogenous and pinhole/crack free. SEM imagesiatioated that there has been no significant efféct
substrate on morphology of Mo thin films. The #mess of the Mo thin films was measured from cross
sectional SEM images. Regardless of the substmézage thickness of the Mo thin films depositedife
and 30 minutes was 260 and 460 nm, respectively.

a b c

Fig. 2. SEM images of Mo thin films deposited @y goda lime glasspf Kapton HN andd) Upilex S

Fig. 3 shows the XRD diffraction pattern of Mo tHilms. As can be seen in this figure all samples
have crystal peaks at around simil@ér\@&lues. These peaks are comparable to the préyimmsorted Mo
thin film crystal peaks [3, 4]. Therefore, peakeward 40 could be attributed to the (110),°6@as for the
(200), and 70 could be assigned to the (211) Mo peaks. It hes @tbserved that the intensity of the Mo thin
films deposited on soda lime glass was higher thahof Mo thin films deposited on both Kapton Hhda
Upilex S. This is most probably due to the betterstal formation on soda lime glass compare to the
polyimide substrates.
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Fig. 3. XRD patterns of Mo thin films deposited @) polyimide (Kapton HN and
Upilex S) andl§) soda lime glass

Electrical conductivity of the Mo thin films affexcthe performance of photovoltaic devices directly.
Hence, the electrical performances of the Mo tiimd were tested using 4-point probe techniquelaab
summarizes the sheet resistivity of the Mo thimélon different substrates. All resistivity valueported
here are high enough to be used as back contaatflalyphotovoltaic cells. Also, it is very intetiegy that,
resistivity of the Mo thin films deposited on patjide substrates were lower than the resistivitthefthin
films deposited on glass substrates. This coulddi&ted with the interface interaction, and therefo
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different oxidation rates of Mo coated polyimidedasoda lime glass substrates. Moreover, Mo thmdil
deposited for 30 minutes had higher conductivitisTis most probably due to more material depasitio
with longer time. Our group is currently working tre interface interaction of the Mo thin films w@arious
substrates.

Table 2. Sheet resistivity of the Mo thin films

Sample Substrate Deposition | Sheet resistivity
Name Time, min Ohm/square

S1 , 15 7

) Upliex S 30 3

S3 15 12

sa Kapton HN 30 2

S5 Soda Lime 15 75

S6 Glass 30 29

Aforementioned photovoltaic device fabrication nmagiude high temperature and oxidative production
steps. Hence, the back contact layer should be bmbhanically and electrically stable during these
processes. For this purpose, Mo thin films wemeated at 250 and 300 °C. During heat treatmenplesm
were also subjected to the water. Fig. 4 indicttiessheet resistivity of the Mo thin films befonedaafter
heat treatment. Kapton HN samples lost their dtadtrconductivity after heat treatment. Also, crack
formation occurred for some of the glass substr&esthe other hand, Upilex S samples were homageno
and electrically conductive after heat treatmerst.can bee seen in Fig. 4, Upilex S samples witmitiite
Mo coating showed the lowest sheet resistivityra3@0 °C annealing. Conversely, the sheet resigtof
the Upilex S substrates with 30 minutes Mo thimfitoating dramatically increased after 300 °C heat
treatment. Unlike Upilex S, resistivity of the glasubstrates decreased with heat treatment.

80 1
¥ As deposited
70 -
= Annealed at 200 C
S
% 60 - ® Annealed at 300 C
Z
g 50
=
e
Z 40 -
Z
2 30
3
& 20 -
3
S1 S2 S5 S6
Sample Name

Fig. 4. Sheet resistivity of the Mo thin films bedcand after heat treatment

As can be seen in Fig. 5 after heat treatment 8fles were cracked, which explains the increase in
sheet resistivity. On the other hand S1, S5 anda&ples were still homogenous after heat treatrient.
indicated from electrical conductivity and SEM inreag Mo deposition on Upilex S for 15 minutes and on
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soda lime glass for 30 minutes is proper for baoktact layer for high temperature photovoltaic
applications.

Fig. 5. SEM images of Mo thin films deposited oteaheat treatmeng) S1, ) S2, €) S5 and ) S6

It has been known that physical properties of ke films, such as adhesion and electrical conditgti
can be improved by making surface treatment prometallization [5—-7]. Both chemical and plasma
treatments can be used to tailor surface properBeEnerally, surface treatment either increases the
roughness or makes the surface chemically avaifableinding. Our initial study on chemical treamnt of
Upilex S and Kapton HN indicated that surface & golyimide films can be modified using potassium
hydroxide solution. It has been previously repotteat the potassium hydroxide treatment opensrifigei
rings on the surface and results the formationobfgmide [5]. Fig. 6 shows the optical microscopepes
of Upilex S and Kapton HN films before and aftetgssium hydroxide treatment. As can be seen in this
figure, surface of the Upilex S film did not chargjgnificantly with chemical treatment. On the athand,
surface of the Kapton HN became rough.

Surface modification of the Kapton HN and UpileXilgs can also be investigated by measuring the
total reflectance. As can be seen in Fig. 7, ta#lectance of the Mo thin films deposited on cheatly
treated samples were lower than the total refleetari untreated samples. This may indicate increade
surface roughness with chemical treatment. Heeeetfect of heat treatment on chemically treateded 5
and Kapton HN was also investigated. It was obskthiat after annealing process Mo thin films dejeaki
on chemically treated samples were severely damdadezy lost their adhesion and electrical condutgtiv
There are two most probable reasons for this pmdace decay. First, there might be potassium rakau
the surface lowering the adhesion of Mo thin fillBecond, polyamide surface did not adhere very twell
the Mo layer. Although, chemical treatment enhartbedelectrical resistivity prior to the annealjprgcess,
after heat treatment all samples lost their eleatrconductivity. Therefore, we investigated théeef of
plasma treatment. For this purpose, nitrogen agdragasses have been used as plasma atmosphdee. Tab
3 summarizes the plasma conditions of the sampRiseet resistivities of the Mo thin films have been
measured before and after heat treatment (FigJ@)ke the chemical treatment, adhesion of the kia t
film on plasma treated samples was very good. Aafthitly, no crack formation has been observed.
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Fig. 6. Optical microscope pictures of tha) (untreated

Upilex S, p) potassium hydroxide treated Upilex %) (
untreated Kapton HN andl)( potassium hydroxide treated

Kapton HN
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Fig. 7. Total reflectance versus wavelength pldtKapton
HN, Upilex S reference samples and also Mo thimdil
deposited on both chemically treated and untreptédgimide
substrates
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Except the samples treated under Argon atmospaer00 W for 30 minutes, sheet resistivities
increased slightly after plasma treatment. Treatsnparformed under nitrogen atmosphere at 100 V@@dor
minutes resulted the best electrical conductivitgraannealing. Similarly, samples treated undgoar
atmosphere at 100 W for 15 minutes had the lowesttsresistivity. It is possible to conclude thisspna
treatment improves the quality of Mo thin films tre Upilex S substrates resulting the better atsdtr
conductivity even at high temperatures. Detailadlists on mechanical and structural effects on pasm
treatment on Mo thin films are among the purpodesuo ongoing work. We are also aiming to determine
the effect of Mo thin film layer on photovoltaic\dees performances as a future work.

Table 3. Sample information of plasma treated Up8e

Plasma
Sample Name Atmosphere Power, W Time, min
S7 100 30
S8 Nitrogen 200 15
S9 100 15
S10 100 15
S11 Argon 100 30
S12 200 15
S13 100 30

80 7

'g? ¥ as deposited
s 70
g ®annealed at 300 C
2 60
E
S 50 1
£ 40 -
2=
2 30 -
»n
D
& 20
N
2 10 -
=
7
0 -

S7 S8 S9 S10 S11 S12 S13
Sample Name

Fig. 8. Sheet resistivity of the Mo thin films dejited
on plasma treated Upilex S

CONCLUSIONS

Molybdenum thin films successfully have been dépdson soda lime glass, Kapton HN and Upilex S
substrates via RF magnetron sputtering techniggedeposited Mo thin films adhered very well andenav
high electrical conductivities. SEM images indichtbat there has been no significant effect of sabson
morphology of Mo thin films. XRD analysis revealttht all our samples had typical crystal peaks of M
Intensity of the Mo thin films deposited on glasaswhigher than that of Mo thin films on polyimidehis
was clue for better crystallinity of Mo thin filmsn glass. After 250 and 30@ heat treatment, Mo thin
films deposited on Kapton HN were pealed off. Sarmeck formation was also observed for the glass
substrates. 15 minute Mo coated Upilex S films inetéh their mechanical stability and electrical
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conductivity, which was about 10 ohm/square. Ineortd improve the film properties of both 260 argd 4
nm thick Mo films, surface treatments have beerfopered. Although, the electrical conductivity of
potassium hydroxide treated samples improved, fhgirforming properties failed after heat treatrhe@n
the other hand, plasma treatment prevent the daakation for 30 minute Mo coating on Upilex S and
made it possible to retain electrical conductiatythe Mo thin films after heat treatment. Therefore are
proposing an optimized process condition for theoddion of Mo thin films on various substrates fagh
temperature photovoltaic applications.
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Abstract
The report purpose is calculation of thermodynaffuiections of fluorinated propylene’s by the methaafs
guantum chemistry. It is necessary for determimatib equilibrium structure of synthesis reactiong aalculation of
spectral characteristics for their identification.

KEYWORDS
Fluorinated propylene, refrigerant, thermodynamninctions, quantum chemistry, statistical thermodyica infra-red
spectrum (IRS), nuclear-magnetic resonance (NMR)RNspectruntH, *°C, *°F.

INTRODUCTION

Fluorinated propylene’s represent the potentiaigefants of new generation. According to the &itgr
data fluorinated propylene’s are almost same e¥ecefrigerants in comparison with applied nowtlire
industry on the one hand, and with another — thmrgctically don't create greenhouse effect and in
atmosphere decay on environmentally safe compondnitsreupon, for their estimation refrigerative
properties and working out of optimum methods oftkgsis, it is necessary to establish temperature
dependence of their thermodynamic functions whiclitérature are absent generally.

THERMODYNAMIC CHARACTERISTICS OF FLUORINATED PROPYL ENE’'S

The results of calculations of thermodynamic funresi by the non-empirical quantum-chemical Hartree-
Fock (HF) method in the basis of STO 3-21G [1] floorinated propylene’s are displayed in this paper
(enthalpy H, entropy S, Gibbs energy G, heat céipadi, and G, null-oscillation energ,). The results
are shown on the Table 1.
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Table 1. The values of thermodynamic functiondwdrinated propylene’s

Molecule Cv, Ce, Ho, H, S G,
cal/(moleK) | cal/(moleK) | kcal/mole| kcal/mole| cal/(moleK) | kcal/mole
CRCF=CH, 21.95 23.94 4.71 37.33 82.99 12.59
CKCH=CH, 19.11 21.10 4.10 40.86 75.84 18.24
CFHCH=CH, 16.43 18.42 3.76 45.79 71.96 24.33
CFH,CH=CH, 14.13 16.12 3.34 50.20 67.38 30.11
CH3;CH=CH, 12.66 14.65 3.14 54.32 63.29 35.4%
s-CRCH=CFH 21.13 23.11 4.58 36.68 83.45 11.80
t-CR;CH=CFH 21.50 23.49 4.58 36.49 80.96 12.36

The temperature dependences of thermodynamic @nsctire calculated on the basis of using methods
of statistical thermodynamics. Temperature deperekerof thermodynamic functions are defined on the
basis of calculation results of quantum chemisteghuds. The algorithm of calculation is resulted@riow.

Q = Qtr [Qrot |:(Dv/b ’ (1)

whereQ, — the sum of transmitting movement conditi@®,, — the sum of rotary motion conditio®,,, —
the sum of oscillating (vibrating) motion condit&n
After a number of transformations it is possiblevite following dependences (2)—(4):

Q, =AIT¥ )
Qq =BT¥ ©)
_ 3N-3-n| 1
Qp= 1 i (4)
1_ e KT

Having defined values of constant@ndB we will receive dependences (5)—(7):

29815

=~ ___[T%, 5
Q 5481622 ®)
29815 WS
- rot [:r ’ 6
Qo 5481622 ©
Qu=N[—L )
Vb T g 1_e‘Tv/b/T ’
hv
Ty, =T'-

The valuesQ, , Qo s T, are calculated by methods of quantum chemistry.

Results of calculation temperature dependence efmtbdynamic functions of a molecule
3,3,3,2-tetrafluoropropyne (GEF=CH,) are presented in Table 2.
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Table 2.Temperature dependences of thermodynamic functibmmlecule
3,3,3,2-tetrafluoropropyne calculated by formuld's?)

T, U, S H, G, Co,

K kcal/mol kcal/(molK) kcal/mol kcal/mol kcal/(molK)
300 36.780 83.156 37.376 12.429 24.037
310 37.003 83.952 37.619 11.593 24.517
320 37.230 84.738 37.866 10.750 24.989
330 37.463 85.514 38.118 9.899 25.452
340 37.699 86.281 38.375 9.040 25.906
350 37.941 87.038 38.637 8.173 26.351
360 38.187 87.787 38.902 7.299 26.786
370 38.437 88.526 39.172 6.417 27.213
380 38.691 89.258 39.446 5.528 27.631
390 38.950 89.981 39.725 4.632 28.040
400 39.212 90.696 40.007 3.729 28.440
410 39.479 91.403 40.294 2.818 28.832
420 39.749 92.102 40.584 1.901 29.214
430 40.023 92.794 40.878 0.976 29.588
440 40.301 93.478 41.176 0.045 29.953
450 40.582 94.156 41.477 —0.893 30.310
460 40.867 94.826 41.782 -1.838 30.658
470 41.156 95.488 42.090 —2.790 30.999
480 41.448 96.145 42.402 —3.748 31.331
490 41.743 96.794 42.717 —4.713 31.655
500 42.041 97.437 43.035 -5.684 31.971
510 42.342 98.073 43.356 —6.661 32.281
520 42.647 98.703 43.680 —7.645 32.582
530 42.954 99.326 44.008 —8.635 32.877
540 43.264 99.943 44.338 -9.632 33.163
550 43.578 100.554 44.671 —-10.634 33.444
560 43.894 101.160 45.007 -11.643 33.717
570 44.212 101.759 45.345 -12.658 33.983
580 44.534 102.352 45.686 -13.678 34.243
590 44.857 102.940 46.030 —-14.705 34.498
600 45.184 103.521 46.376 -15.737 34.746
610 45.513 104.098 46.725 -16.775 34.988
620 45.844 104.669 47.076 -17.819 35.224
630 46.177 105.234 47.429 —-18.868 35.455
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T, U, S H, G, Co,

K kcal/mol kcal/(molK) kcal/mol kcal/mol kcal/(molK)
640 46.513 105.794 47.785 -19.923 35.679
650 46.851 106.349 48.143 —20.984 35.899
660 47.191 106.899 48.503 —22.050 36.114
670 47.534 107.443 48.865 -23.122 36.324
680 47.878 107.983 49.229 -24.199 36.529
690 48.224 108.518 49.596 —25.282 36.729
700 48.573 109.048 49.964 -26.370 36.925

The temperature dependences of thermodynamic ansctire calculated on the basis of using
methods of statistical thermodynamics. ForsCF=CH, compound the comparison of calculated

values of specific heat capacity with experimewuiaia[4] (see Fig. 1) shows that the error is no
more than 0.9%.
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Fig. 1. Comparison of calculated values of spetiéiat capacity depending on temperature
of R-1234yf with experimental data [4]

Lower in Table 3 the calculated values of heatapfiation of refrigerants are resulted by methods of
guantum chemistryPM3, AM1 and MNDO. As appears from the table, with experitnwill better be
coordinated given received by method MNDO. It isessary to note, what even essential discrepaircies
valuesAH,gg influences results of calculation of equilibriunmugture of reaction a little. On iBHygg IS
possible to consider settlement values are quitgpcehensible.
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Table 3. Heat of formation of refrigerants

Molecules AH,g kcal/mol
Experiment [3] PM3 AM1 MNDO
CK-CF=Ck —266.2 —275.5 —277.6 —273
CF-CH=Ck, — —273.2 —240 —233
CF;-CH=CFH — —-188.2 -192.9 -186.1
CF;-CH=CH, — —143.8 —144 -138.1
CFH- CH=CH, — —84.6 -91.2 -87.7
CFH,- CH=CH, — -32.2 —41.1 -39.6
CHs;- CH=CH, 4.88 6.3 6.5 5.08

SPECTRUM CHARACTERISTICS OF 3,3,3,2TETRAFLUOROPROPY LENE
Spectral characteristics of a molecule 3,3,3,2atetoropropylene (Fig. 2) paid off on not empirical
method HF in basis 6-311G. Results of calculatinpaesented on Figs. 3—6.

Fig. 2. Structure of molecule 3,3,3,2-tetrafluogprene
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Fig. 3. Infra-red spectrum of 3,3,3,2-tetrafluommmylene
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Fig. 4. Roman active spectrum of 3,3,3,2-tetrafhpoopylene
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Fig. 5. NMR spectrunC of 3,3,3,2-tetrafluoropropylene
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Fig. 6. NMR spectrun™F of 3,3,3,2-tetrafluoropropylene

Let's notice that the received spectra are negedearidentification of separate refrigerants. For
example, on Fig. 7 the experimental infra-red spectis presented for 3,3,3,2-tetrafluoropropylebi fts
comparison with settlement IRS (Fig. 3) shows thate spectra are almost identical in infra-rech axfe
greenhouse radiation with the maximum peak at #aqy of 1200 cit.
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Fig. 7. Experimental IRS of 3,3,3,2- tetrafluoropylene [5]

In [5] it has been defined that term of life of 32-tetrafluoropropylene in atmosphere makes Y%,da
and the global warming potential is equal GWP =hdttis essential less than 150, borders defining
refrigerants with the minimum influence on globalming [6].

The similar analysis for others fluorinated propges with calculation of thermodynamic functions by
methods of quantum chemistry and with calculatibspectral characteristics shows that they alsec&on
group of substances with the minimum influence ¢obg warming. The next years they can find of
themselves application as new refrigerants in hmahps, automobile and stationary air-conditioners,
refrigeration machines, and also as fire fightirgams and building foam.

The obtained results could be used for calculatiohssteady-state concentrations of fluorinated
propylene’s with chemical thermodynamics methodsndutheir synthesis process in dependency from
temperature and pressure. It is very importantsidective leading of the process and also for exisg
their different refrigerant properties.

It should be noticed that the quantum chemical pashallow to calculate NMEC, *H and'*F specters
of refrigerants, which are required during thegrtfication.
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Abstract
An approximated model of the grain layer drying dothermomechanical rotating apparatus is presemtezimain
assumptions are the division of the entire prodets specific transfer processes and the key rbleamsient heat
conduction, especially for the initial stage ofidg/process. The results presented are relatddstinttial stage.

KEYWORDS
Drying model; two-phase thermosiphon; grain layleermal conductivity, transient process.

INTRODUCTION

Simulations of such a complex physical processhasgtain layer drying are based, as a rule, on the
well- known approach developed by A. V. Luikov dnd colleagues. Despite the considerable achievismen
in this field, a comprehensive understanding ofdifierent complex connections between separatgestaf
the process is lacking.

The authors consider the process as highly unste@tlysignificant changes occuring throughout the
process stages. It is necessary to account foatwars both in the process parameters and in theeps
physical nature. Thus, the bases of the approaggfested are as follows:

1. Transient heat conduction from the rotating heatihg thermosiphon wall is the initial key stage of
the entire process.

2. The ratio between the heated and quasi-isothemgald changes substantially. This ratio should be
taken into accounted in solving the for transiegd@ticonduction equation.

3. As the first approximation, the real complex geamet the grain layer can be replaced by a uniform
plane layer having some equivalent properties aghhe specific heat capacity, thermal conductivity
equivalent thickness, etc. [1].

4. The time interval needed for heating the first twdlthe raw grain determines the initial moment of
the developed heating. Thus, the drying processtablished after this initial moment.

5. In this moment, the external surface of the inigiatt of the grain layer is in equilibrium and alre
evaporation process is initiated.

6. At this stage, water evaporates occurs only from ékternal surface of the grain layer into the
volume of internal pores. The “driving force” praeserepresents a difference between the partialrwate
pressure on the external grain surface of the eaed part of the layer and the partial pressurgtazm
inside the internal volume of the pores.

7. The concentration (partial pressure scale) of mogsand air within this part of the pore volume is
determined by taking into account the following siolerations: on one side "air is removed" with the
evaporating moisture. The average rate of air renisvdetermined in terms of vapor and air filtoatifrom
the pore volume. This filtration is carried out endhe influence of a pressure gradient proportitm#he
"driving pressure”. On the other hand, there isdéfusion from the environment to the pore voluriide
balance of these "influences" determines the dycsmf corresponding partial pressure change irtside
pore volume for the active (significantly overheBtpart of the layer.
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MODEL STATEMENT
These assumptions can be used based on the satitton following equations:

V\&Hl—i)l__;ﬂ = _DPADd[Fbo[(l‘ Pal Fbo)], (1)

where
_ DRy Kt | 2
W= S 08 i8R0 AR (2)

As mentioned above, it is necessary to determiadnitial moment, when the evaporation process from
the external surface of the internal pore volunginze

It was also assumed that, first of all, evaporataturated with vapor the internal volume of theepo
When the heating zone of the grain layer approattteesitial temperatur&; = T, the vapor density inside
the pore volume equals the reversible valu€T,, = Tsg). It means that the following amount of the vapor
mass should be evaporated:

AM 10 =V BIK(D) Tp (Tso) —P (Temo)l 3)

HereV, is the entire volume of the grain layers the layer porosityK(t) is a part of the grain layer
overheated at the present tinpe{Ts) is a vapor density at the given initial momem(7tyvo) is the vapor
density at the surrounding temperature.

The calculation of above-mentioned equivalent tluginysical properties (heat capacity, thermal
conductivity, density, etc.) can be carried ouhgghe data from [2].

The following dimensionless equation suggested 3h dan be applied to heat and mass transfer
processes inside the pore volume:

Nu = consttRe™ Pr" (4)

Accounting for the actual ranges of variation & fbllowing numbers;

Reg =4w/Svy , (5)
Nug =4aye/A Sy , (6)
Pr=vi/a, (7)
Prp =Sc=v; /Dy (8)
ields:
' at 001<Reg <2 Nug = 0515Re28> Sc¥3, (9)
at2<Rez <30  Nug = 0725Re2*’ pr¥3, (10)
at 30< Reg < 310* Nug = 04[Re2%* sc3. (11)

Herew,S,,v{,a;,D1,A1,0y and Sc are the average filtration velocity, spearblumetric surface of

the porous media, kinematic viscosity, thermal udiifity, diffusion coefficient, thermal conductiyjt
specific volumetric heat transfer coefficient, éxhmidt number, respectively.

After calculation of the heat transfer coefficierg,; , one can determine the following dimensionless
parameter:

_@o)Hae T (12)

Y,
11 M
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Thereafter, an important calculation step is cotatbavith correct determination of the average phrti
vapor pressure in the internal pore volume. We ssigtie following assumptions:

1. The approximate reversible partial vapor pressosele the internal pore volume can be determined
as follows:
on the one hand, the air state inside the poresnisected with the air being removed from the vaumder
the action of some pressure gradient, on the othere is the diffusion process determined by ti®a of
the partial pressure gradient. The balance betweese two processes provides an approximate rélersi
vapor partial pressure inside the pore volume &oheagiven moment..

2. These considerations yield the following key equragi

PA Hl_M) NVO - _DP EF’[FE)(]-_ R/H / PO)] , (13)

R dz
K
w, = 2P0 20 Ap AR, (14)
AL pye
Combining Egs (13) and (14), we obtain

_ K _

oA QPO R )Léplo EALI PP —Rml (15)
P AL Uyg dz

Here pa, Py, Po, Wo, Dy, Ky, Hve and% are the average air-vapor mixture density, vapotig

pressure inside the pore volume, entire presswiddnhe pores, the air-vapor mixture filtratiorloaity

through the porous volume, the diffusion coeffitifor partial pressures, the permeability coeffitiéor

filtration through the grain layer volume, the vaj@r mixture dynamic viscosity, the pressure geatl
beeing formed in vaporization inside the pores, ithee “driving force” of the actual filtration. &dion of

the differential equation (15) yields

- K K e
d[ PO I:Q/H] —_ f |£F?|.O B PA mz |n[Fb _ R/H] - _ f F?l.O GpA 94 +const (16)
P~ R bvg AL R [Dp v AL R[Dp

Theconstvalue can be determined on the basis of the boymaadition Z = OR,, = B
Then

N *

- K e K e
In PO I:QIH :_7‘( I:?I.O DpAEZ ‘P _R/ :[P _PE ][}Xp{—if I:?I.O DPAEZ}
0 YR THOTEN Hbvg AL Ry[Dp

Fo—PFen Mve AL RyDp

(17)

The permeability coefficient is calculated by usihg Kozeny — Carman equation:

3y 2
d
K ¢ - constrf——0_ (18)

-g)?

Hereg, d, andconstare the grain layer average porosity, the maie gare, and the empirical constant,
respectively. Following [2, 3¢ = 0.7,d, = 0.3 mm, const 4/140, were selected for further calculations.

The previously done experimental study of the pgecemployed a rotating thermosiphon as a main heat
source. The details of the experimental conditiomsthods, and key results are presented in [4, 5].
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EXPERIMENTATION AND RESULTS
The sketch of a rotating thermosiphon is shownign E

Fig. 1. Experimental setup with a rotating therrpben [4, 5]: 1 —container; 2 — rotating

thermosiphon; 3 — electric motor. 4 — manometer f@asurement of the saturation
pressure inside the thermosiphon

The internal volume was filled with a heat car@ater). The vapor pressure moves the heat cdoier
the inclined condenser tubes. Due to the heat exghhetween the wall and cold grain layer volurhe, t
heat carrier condenses, while the grain layer velisrheated and dried. The key results of this rxgat
are presented in Figs. 2 and 3. Also, for theahitime (0...10 minutes) it was possible to compdre t
experimental results with calculations based orattw/e-presented theoretical approach.

30

sk
20 \

15

10

Wettability, %

0 20 40 60 80 100
Time, min

Fig. 2. Typical experimental results

206

H. F. Smirnov et al.



VIII Minsk International Seminar “Heat Pipes, Heaumps, Refrigerators, Power Sources”,
Minsk, Belarus, September 12-15, 2011

Wettability, %

24

&2

20

18

16

14

12

10

——2 —1.75 —=—1.4

10

20

a0

40 50 G0 T

Time, min.

Fig. 3. Typical experimental results on grain laglying: 2 — the internal water vapor
pressure is equal to 2 bar; 1.75 — the internaémwpor pressure is equal to 1.75 bar; 1.5 —
the internal water vapor pressure is equal to &r5 b

COMPARISON BETWEEN THE MODEL CALCULATIONS

AND EXPERIMENTAL RESULTS

The model calculations were based on the follovaisgumptions:

1. The grain layer mixing effect on the porous pararseand key process values can be neglected.

2. The entire surface of the overheated grain laykrmue takes part uniformly in vaporization.

3. The empirical dimensionless heat and mass transfeelations obtained for different conditions can
be applied for quantitative estimations of theriné mass transfer.

4. The internal vaporization is not taken into accodtitis mechanism is significant only for the final

time intervals.

5. The pressure gradient is considered constant alegh@ndent of other process parameters.

The typical results of comparison are presentdddgn4.

200

300 400
AT131,At13Z

500

600

207

700

Fig. 4. Changing entire of the grain layer
moisture. The vertical axis represents changes in
the layer moisture in grams. The horizontal axis
is the time interval in seconds. At the pressure
gradient equal to 10 Pa per meter: W112 — the
maximum estimation of the initial value of the
partial pressure at the inner grain layer surface;
W113 — the minimum estimation of the initial
value of the partial pressure at the inner grain
layer surface. At the pressure gradient equal to
20 Pa per meter: W114 — the minimum
estimation of the initial value of the partial
pressure at the inner grain layer surface. W115 —
the experimental results on the initial value of
the partial pressure at the inner grain layer
surface
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CONCLUSIONS

The authors consider that it is necessary to ineagome experimentation statement required for cbrre
process understanding. For instance:

1. Interrelations between the “driving force” of thapor-air mixture removed from the internal grain
layer volume, the pressure gradient from the imtewolume to the surroundings and other process
parameters;

2. Connections between the structural parameterseoptinous volume and such an important thermo—
hydrodynamic regime parameters as the rotatioruénecy, geometric sizes of the rotating thermosipltn

3. Study of the existence of different moisture foimsde the porous volume and their influence on the
process characteristics.

4. The study of moisture distribution both on the othere surface, and on the internal grain volume,
etc.

5. The determination of the effect of the ambient paters onto the entire process characteristics.

6. Changes of the dynamic equilibrium parameters, etc.

Nevertheless, the present approach can be usegbekcially for the development of the new methods
improving understanding of the physical nature ryirdy. In the nearest future this approach willused for
further developments.
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PLOTTING OF P-H AND T-SDIAGRAMS OF FLUOROPROPYLENES
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Summary
The report addresses issues of plotting the pressthalpy and temperature-entropy diagrams of
fluoropropylenes as potential refrigerants, thatndt influence global warming. These diagrams aauired for the
calculation of thermodynamic cycles in heat punfise Peng-Robinson equation of state is used to pkdictive
diagrams of state of new refrigerants. It is defimed applied constant heat capacity of the substemimprove the
accuracy of the equation of state in the areatofaton during the calculation of enthalpy andrepy.

KEYWORDS
Fluoropropylenes, pressure-enthalpy diagram, teatper-entropy diagram, Peng-Robinson equation ate stheat
capacity, refrigerants, heat pumps.

INTRODUCTION

The goal of the present work is plotting the presg) — enthalpy ) and temperaturd] — entropy §
diagrams of state of fluoropropylenes as potengifigerants, that do not affect the global warmitingt are
required to calculate thermodynamic propertiesaaitipump cycles. It is required to define equatibstate
in order to build these diagrams for new refrigégan

CHOOSING THE EQUATION OF STATE

The thermodynamic properties of working agents usetieat pumps are calculated by the unified
equation of state [1]. Alongside with multivariablgerpolated equations of state with virial cog#fnts
(e.g. the Benedict-Webb-Rubin equation [2]), cubigiations based on van der Waals’ model are widely
used also. The equations of state written by Lesske [3], Boyarsky-Podchernyaev [1, 4] etc. regjtinree
additional parameters. It improves the accuradhefequation of state for well-known agents, butitte-
studied compounds the accuracy of determiningegdtparameters is unknown.

When many properties of substances are unknowngbtiee most effective calculation methods which
uses a wide range of variation of parameters (prestemperature) could be the Peng-Robinson exuaetfi
state [5]. The advantage of this equation is thstone of the most accurate in the area closbdatitical
point and also that it's simple: in order to solkiss equation only 2 additional parameters (1)racpired &
andby):

po RT _ a(r) | )
V-b V(V+b)+(V-b)

whereP — pressure] — temperaturéy — molar volumeR — gas constant.

At present the properties afttafluoropropylenes such as R-1234yf [6, 7] andZR4kze(E) [8] are well
studied. But the properties of other fluoropropgensuch as R-1234zf [9] or R-1234ye(E) [10] are
insufficient explored.

PLOTTING THE PRESSURE-ENTHALPY DIAGRAMS

During the calculation of enthalgy and entropygit is important to know the value of the specliigat
capacity of ideal ga€, [2, 11]. For insufficiently known substances treahcapacity could be determined
based on the quantum-chemical calculations of releict structure of the molecule [12].
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For already known substances R-1234yf (Fig. 1) BrAtR34ze(E) (Fig. 2) the comparison has been

made for the saturation line éH andT-Sdiagrams based on published data [6—8] and diegtssed on
the Peng-Robinson equation of state.
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Fig. 1.P-H diagram of refrigerant R-1234yf

It was found that the calculated saturation linearrthe critical point were shifted to the right 18.5
kJ/kg (3.7%) in enthalpy oR-H diagram and by 0.04 kJ/(K) (2.7%) in entropy off-Sdiagram.

IMPROVING ACCURACY OF THE STATE DIAGRAMS

It is known that heat capacity, the acentric faetod the critical temperature affect the saturalios
shifting [13].

An optimization task has been formulated to minenieast-squares deviation of enthalpy and entropy
between the calculated saturation line and theratidn line based on published data. The coefftsienf

polynomial of heat capacity dependence from temperaacentric factor and critical temperature haeen
chosen as optimization parameters.
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Fig. 2.P-H diagram of refrigerant R-1234ze(E)

The direct search of feasible directions (DSFDpdtgm and software has been used for optimization
[14]. The calculations showed that the largestcaffen saturation line shifting has been done byt hea
capacity.

For R-1234yf the dependence of heat capacity frmmperature was defined by the following equation
(2), kJ/(kdK) [6]:

C, =0.2334+ 1825[10°°T + 3516[10°T* - 1125010°°T° + 1061010 "T* - 34831107°T°. (2)

Another important result is that the selection afistant heat capacity instead of polynomial depecele
does not significantly lower the accuracy of cadtwins. Only the constant is determined but other
coefficients are equal zero. It is found that fet Z34yf the heat capacity is chosen by temperatinieh is
on 8.9% moreTc, = 265.5 K) than the normal boiling point (NBR) = 243.8 K [6] (Fig. 3). The accepted
value of heat capacity for R-1234yf was equal 8D8.kJ/(kdK).

The value ofT¢, = 276 K for R-1234ze(E) is on 8.7% more than iBRAN(T, = 253.92 K [8]). The
accepted value of heat capacity for R-1234ze(E)egasl to 0.766 kJ/(Kg).

In consecutive forecast calculations the heat agpaas determined by saturation temperature of08.8

more than NBP at 760 mm Hg. The accepted constdné \of heat capacity for R-1234zf was equal t69.8
kJ/(kgK).

PRESSURE-ENTHAPLPY AND TEMPERATURE-ENTHROPY DIAGRAM S

These data have been used to plot fordeadtand T-Sdiagrams for other fluoropropylenes R-1234zf
(Figs. 4 and 5) and R-1234ye(E) as potential refdgt agents, which do not significantly affectthe
global warming. The described above correctionhiat capacity could be used to plot the saturdinen
calculated by Peng-Robinson equation of state wtlmbe to the real saturation line.
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Fig. 5.T-Sof refrigerant R-1243zf

CORRECTION ON HEAT CAPACITY FOR SUPERHEATED VAPOR A ND LIQUID

However for calculation of heat pumps it is necessa have calculated dependences, P-H and T-S
diagrams of refrigerants not only on a saturatioe, lbut also in the field of superheated vaporlandd. In
this case it is appropriately to use the corredmorheat capacity of refrigerant R-1234yf in tloenh of (3):

AC, =c[T-T,), [kI/(kgK)], (3)

whereTs is refrigerant temperature on a saturation lin@rassurePs, T — temperature of a coolant in the
field of superheated vapor or a liquid at presstyrehe factord = 1.807107° is defined on linear regression
of a heat capacity of gas as temperature depend2nfd for R-1234yf in the form of (4):

C, = c+dr=0.328+ 1.80711C T, [kJ/(kgK)], (4)

with the determination coefficient close to 15R0.9992 for a range of temperatures 273-369 K.

Similarly the coefficientsl were found for refrigerants: R-1234ze(@¥F 2.05010° (under the data [8])
and for R-1243zfl = 2.05410° (by data on the basis of the approach offered 2})] Constant values and
the corrections on a heat capacity in the fieldugerheated vapor and liquid allow use forecas®httjand
T-Sdiagrams of new refrigerants for calculation afthtemperature heat pumps.
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Abstract
The aim is prediction of the critical propertieddahe normal boiling point at atmospheric presafréuorinated
unsaturated hydrocarbons (olefins) as potentialdmbal warming refrigerants for heat pumps, basedn analysis of
the elemental composition of molecules. In the wtesults and proposed dependence of the normihdpgioint and
critical parameters (temperature, pressure, volwh#é)e molecular structure of fluorinated olefinsparticular on the
number of carbon and fluorine atoms in the molexofesubstances with high coefficients of deteritiima(over 98%).

KEYWORDS
Fluorinated olefins, the critical temperature, icat pressure, critical volume, normal boiling ppifiorecasting,
refrigerants, heat pumps, carbon, fluorine atotres structure of molecules.

INTRODUCTION

It is proposed recently new refrigerant for autametair conditioners based on tetrafluoropropylene
R-1234yf [1] with minimal impact on global warminas an alternative refrigerants such as R-134& doe
affect the ozone layer, but have a global warmioigmtial (GWP) 1430 once greater than,CiDis need to
find new fluorinated olefins and their isomers, @fhicould be used as refrigerants in heat pumps,
refrigerating machines, stationary air conditiostsyns, which have a minimal impact on global wagnin
For these new agents it is need to predict théiicar properties. Universal methods for predictithe
critical properties of substances (e.g., group rifmumntion methods) used for a wide range of analizab
matters have insufficiently high accuracy. It icessary to predict the properties of the critiagihpand
normal boiling point at atmospheric pressure ovear@ow range of substances related to fluorinatefins.

METHOD OF PREDICTING THE CRITICAL PROPERTIES

Typically it is requires knowledge of several funtntal parameters (e. g., critical temperaturdicati
volume, acentric factor, and others). However,dlame situations when besides the chemical formsute
reliable parameters. We can assume that in the foéare it will be possible to identify fundamental
parameters and all other properties on the knowaxfgonly the molecular structure of matter. Itlvie
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possible to predict of thermodynamic and thermojgayproperties of new substances chemical on ésésb
of methods of electronic structure calculations.

Group contribution methods for prediction of thebstiances critical properties [2—6] have the less
accurate than the wider range of analyzable matsaturated hydrocarbons, unsaturated and aromatic
hydrocarbons, with chlorine, iodine, fluorine, orygatoms, etc.

FLUORIDE ANALYSIS OF PROPERTIES OF UNSATURATED HYDR OCARBONS

These results show that the universal methodsetfigting the critical properties of substancesthee
less accurate than the wider range of analyted) asc limit, unsaturated, aromatic hydrocarbong wit
chlorine, iodine, fluorine, etc.

Our main quest aimed primarily at the critical prdjes of fluorinated olefins.

In [7] there is presents the thermophysical properof the most extensive list of hydrocarbons and
many other chemicals. The critical parameters éotain substances are differed according to someess,
for example, properties of trifluoropropylene R-B2#in [7—9]. Were added the parameters of refager
R-1234yf [1, 10, 11] and R-1234ze (E) [12, 13], ety obtained from experimental studies. In [1dgre
are analyzed predicted critical properties of ®fftyropylene isomers, including pentafluoropropglerkR-
1225ye (E), R-1225ye (Z), R-1225zc and tetrafluorapylene R-1234ze (2).

Thus, an analysis of groups of 127 fluorinated intefand unsaturated hydrocarbons with the carbon
atoms ofN; from 2 to 20 has been done. With an increasingbaurafC atoms in olefins the normal boiling
point, the critical temperature and critical volumerease, and the critical pressure falls.

Molecules with a carbon number g from 8 to 20 are offered by unsaturated hydroaastand olefins
with one atom of fluorine. The molecules with lesgrbon atoms (from 2 to 7) are presented by
perfluoroolefins (with a full replacement of hydegatoms by fluorine atoms), and molecules withrgd
number of fluorine atomll: (from 2 to 5). The large number of fluorine atoimuence to the dispersion of
the critical and normal parameters. Consequentlgy tshould be analyzed separately for each group of
substances depends on fluorine atoms in each group.

There is interesting the relationship of the norbwiling pointT, (K) and critical temperatur€, (K) of
the investigated substances. Let us analyze th@am$hip, depending on the number of fluorine a@om
the molecules of compounds with carbon number 2am5 (see Fig. 1).

550
¢ Olefins

1-Fluoroolefins -

500
= 2- 3- 4-,5- Fluoroolefins

/ :
450 | Perfluoroolefins

Regression Olefins & n_
1-Fluoroolefins Phe

400 + — — Regression 2-, 3-, 4-, 5-

Fluoroolefins
g

Regression Perfluoroolefins P

K

Critical temperature Tc,

350

300 L

250 T T T T T T T T T 1
150 170 190 210 230 250 270 290 310 330 350

. ) o Normal boiling point Th, K_ . . . )
Fig. 1. Interrelation of critical temperature aratmal boiling point of fluorinated olefins

There are three groups of unsaturated fluorinayelddearbons:
1) unsaturated hydrocarbon and fluoroolefins with atwen of fluorine (60 substances);
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2) di-, tri-, tetra- and penta- fluoroolefins (10 starges);
3) perfluoroolefins (5substances).
Regression relationships (1)—(3) have been obtdoreghch of these groups:

T, = 64.81+1.3187T, (with a coefficient of determinatid® = 98.37%); )
T, = 60.24+1.273 T, (R? = 98.59%); 2)
T. = 13401+120.96 T,—0.088917T,~2384.9 T,>° (R* = 99.89%). (3)

The relationship of the critical molar volume andical pressure of the substances studied presants
Fig. 2. It is evident that this relationship diefor hydrocarbon olefins and fluorinated olefinghwa
fluorine atom on the one hand, and for fluorolefivith the number of fluorine atoms of 2 or more tfiis
case, the number of fluorine atoms up to 8).

60

¢ Al Fluoroolefins
*
L 3 —
50 - - -
\( — — Regression Olefins &
'\ 1-Fluoroolefins
>
3 M \‘é\ Regression 2-, 3-, 4-, 5-,
g * \’ Per- Fluoroolefins
o * ¢
3 30 . T X3
4 \ DA
© >
€ 20 LA
= N
O ~ .‘
%~ T -
Ak TR
10 < e
0 T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000 1100 1200

Critical volume V¢, mli/mol
Fig. 2. Interrelation of critical pressure andicat volume of fluorine olefins
The nonlinear regression dependence eq. (4) has bemined for unsaturated hydrocarbons and
fluorinated olefins with 1 atom of fluorine and lban atoms from 2 to 20 (116 substances):
P. = 10.174-0.006973\,:+10199 N.—65275 NZ (R = 95.45%). (4)

The linear regression dependence eq. (5) has leeeived for di-, tri-, tetra-, penta-, trans-flulefimes
with the number of fluorine atoms from 2 to 8 (Lbstances) (see Fig. 5):

P. = 61.18-0.1082, (R?= 90.78%). (5)

The linear regression dependence for olefins amatdlefins with 1 atom of fluorine and carbon atoms
from 2 up to 5 (60 substances) presents on foreql#6):

P. = 61.915-0.0868/;, (R = 96.6%). (6)
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There is a relationship for different groups ofoflinated olefins between critical pressure and abrm
boiling point egs. (7)—(9):
for olefins and fluorolefines with a 1 fluorine atd60 substances) -

P, = 75.84-0.1281T, (R = 86.22%); (7)
for di-, tri-, tetra-, penta- fluorolefins (10 suésces) as a linear regression -

P. = 81.45-0.1845T, (R? = 76.41%); 8)
for perfluoroolefins (6 substances) as a lineareggjon -

P.=77.71-0.1954T, (R’ = 95.33%). ©))

The relationship between the critical volume andmad boiling point established on (10)—(12):
for olefins and fluorolefines with a 1 fluloe atom (60 substances)

V, = —155.3+1.4584T, (R = 87.16%); (10)
for di-, tri-, tetra-, penta-fluorolefin€s0 substances) as a linear regression -
V,=-130.7+1.474T, (R =83.74%); (11)
for perfluoroolefins (6 substances) asadr regression -
V,=-193.0+1.901T, (R =92.11%). (12)

However, the accuracy of the dependencies in éys(12) is insufficient for a reliable determinatiof
the critical properties of fluorinated olefinswas necessary to find a different principle for stoucting the
required dependencies.

DEPENDENCE OF CRITICAL PROPERTIES OF FLUORINATED OL EFINS
ON NUMBER OF ATOMS OF CARBON AND FLUORINE IN MOLECU LE
In the study results and proposed dependence ohdneal boiling point and critical parameters
(temperature, pressure, volume) of the molecutacstre of fluorinated olefins, in particular orethumber
gfzcarbon atomsl: andNk fluorine in the molecules of substances with higtaefficients of determination
The highest precision founds for the dependencgld&). of the critical volume upon the number of
carbon atomslc and the number of fluorins: atoms with coefficient of determinatidti = 99.96%:

V,=13.014 +57.049 N +19.51Y N -0.97944. N . '46|\7261|\t (13)
C

This dependence presents on Fig. 3.
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Fig. 3. Dependence of critical volume of fluoridefms on number of fluorine atoms

Similar relationships have been established in @g9-(16) (see Figs. 4-6):
— The normal boiling point at atmospheric press&e=(99.22%):

156N
T, =336657+0.186IN? - ¢ +124943(N_ ; (14)
N +1
— Critical temperatureRf = 98.74%):
_ » » 6.010N?Z
T, = - 41482- 50873N, + 0.9110N? +,/N, - 0.2454N2 -————F ; (15)
Cc
— Critical pressureRf = 98.6%):
P, = 17476-0.68928N, — = Nr 13368 11925 (16)
Cc NC NC
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Fig. 4. Dependence of normal boiling point of fiuerolefins on number of fluorine atoms
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Fig. 6. Dependence of critical pressure of fluortefins on number of fluorine atoms

The obtained dependences could be used to prduictthiermodynamic properties (P-H and T-S
diagrams), thermal physicochemical properties eémiial refrigerants with low GWP, based on fluatied
unsaturated hydrocarbons in heat pumps, refriggyatiachines, air condition systems.
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THERMAL CONTROL SYSTEM OF THE PRECISION INSTRUMENT
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24 Leningradskaya, Khimki,141400, Moscow regions$ta
E-mail: ival@laspace.ru

Meteorological geostationary satellite “Electroivas successfully launched on 21 January 2011idn th
paper there will be presented precision instrurbeatd thermal control issues and in-flight tempaes.

The satellite main parts are as follows:

— target equipment complex that provides for obtgniorocessing and transmitting of multi-spectral
pictures and heliogeophysical environment datahat altitude of the spacecraft orbit, execution of
telecommunication functions;

— complex of the service systems supporting operatibthe target equipment and spacecraft as a
whole in accordance with the requirements.

The main part of the payload is information systinat represents multiregional scanning device of
hydrometeorological hardware (MRSU-HMH).

All equipment of the satellite is designed for @iiem in outer space without keeping it in the sdaas
filled container. Payload, MRSU-HMH, star sensonsl @ommand gyroinstrument, located on the special
precision instrument board on the base THP to ramithe specified precision characteristics.

The payload represents two multiregional scannimyiogs of hydro meteorological hardware,
gyroscopic gage of angular velocity vector anddlg®r sensors. For payload normal operationrégsired
to keep its temperature within a narrow range.

The THP design represents honeycomb panel with @dage ammonia axial grooved heat pipes
(AGHP) which functions simultaneously as a supjfiaine for installation of the equipment units argdith
sink device of the TCS. Hereinafter this structgresferred to as a thermal honeycomb panel.

The THP design consists of two aluminum surfaceetshand aluminum honeycombs filling the gaps
between the heat pipes bodies.

On the THP surfaces there are to be mounted cotlechmonia axial grooves heat pipes perpendicular
to the THP embedded heat pipes. The collector fipat are purposed for heat power distribution betw
the THP heat pipes and collect of heat flows fathwer further transfer to heat sink.

Onto the collector heat pipes there is to be malwni¢h LHP evaporator

The LHP is purposed to transfer heat flow colledigdthe collector to the heat sink — radiation heat
exchanger (RHE). Heat is supplied to the LHP evafipowhich body is made of a steel tube. To enkaed
supply, the aluminum contact saddle is welded t dteel tube. The contact saddle shape ensures the
minimum temperature gradient between the heat gugupface and evaporator body.

The LHP content propylene like a fluid with freezitemperature minus 1870C and consists of the
following components:

— capillary pump (evaporator) that represents a dyioal body with threaded internal surface fitted o
a capillary-porous wick;

— compensation chamber connected with evaporator ftoen side of the condenser and freely
communicating with internal (absorbed) surfaceagdiltary-porous wick;

— transport channels for vapor and liquid (vapor knel liquid line);

— condenser-radiator, that represents system of lgoesluctively connected with radiating sheet.
Radiator is designed as a honeycomb panel fromialumalloy with embedded condensers lines.

The heat power generated in the THP equipmenijestesl by axial grooved heat pipes embedded into
the THP, collector heat pipes and then by LHP &dperating surface of the RHE from which it isia&ed
to environment. To decrease uncontrolled heat exgdnavith the environment the precision instrument
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board and the equipment (excepting for operatiofases of multi-region scanning devices and stasces)
are covered with multi-layer insulation (MLI).

If intrinsic heat power generated by the THP eq@phis minimal, the LHP will control the heat fldo
the radiator from the THP by using pressure reguiat TEC.

The LHP is controlled by two methods: passive (lans of pressure regulator and bypass line) and
active (by means of TEC).

The passive method is a primary one applied undemal operation as there is no need electric power
supply. The active method is a redundant one applidy in case of pressure regulator failure.

If heat generated by the equipment is minimal, iteat rejected from the THP through the equipment
surfaces uncovered with MLI will be compensatedtbg electrical heaters mounted to the THP and
switched on/off in accordance with the temperasamsors telemetry data.

In this paper there will be discussed some issdethaymal conditions mathematical modeling for
precision devices platform and thermal vacuum tefstse TCS.

The authors will present the results of heat catomhs and temperature measurements obtained during
TCS thermal vacuum tests and in-flight tests. Thengarison of estimated, experimental and in-flight
temperatures will be also given.
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The Laboratory of Energy Accumulating ProcessesMatgrials
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Abstract
By means of Large Temperature Jump (LTJ) methodiyimamics of ammonia sorption was investigateddose
grains of the “BaGlvermiculite” and “BaClBaBr/vermiculite” composites which are promising medési for
adsorption air conditioning. The influence of theiig size, the adsorbent composition and the adsoroad was
studied. The heat transfer coefficients for theoausnt-heat exchanger configuration studied weleutated for
adsorbents with different grain sizes. The resofté TJ experiments were used for modeling of theoagtion air-
conditioning cycle. Appropriate recommendationsoptimization of the adsorbent composition and lasgimade.

KEYWORDS
Adsorption, dynamics, composite, barium chloridajlm bromide, vermiculite, ammonia, performance.

INTRODUCTION

Performance of an adsorption heat transformer (AldBssentially affected by dynamics of adsorption
and desorption stages of its working cycle [1jvéts revealed that gas-solid reactions between amnaol
inorganic salts (BaGl SrCh, CaCh, MnCl,, NiCl,) require a certain driving force to proceed with a
reasonable rate {B]. For isobaric desorption, the driving force igliierenceAT between the temperature
of the heat sourcé&.y and the equilibrium temperature of reactibP.): AT = Teg—T:(Po). In [4] AT was
called as the temperature equilibrium drop; in tiwsrk it will be named as the driving temperature
difference (DTD). Accordingly, for isobaric adsdget, the DTD can be introduced &3 = T,(Pe)—Ths,
whereTsis the heat sink temperature.

Recently the composite ammonia adsorbent «Ba&hmiculite» has been presented as a promising
material for adsorption cooling [10]. This compedhiias a high sorption ability (up to 0.24 g/g) vihig due
to the fact that ammonia is sorbed by barium ctodonfined to the vermiculite pores, and one roblde
salt absorbs 8 moles of ammonia:

BaCh+8NH; = BaCbBNH; 1)

with the heat release of 36.7 kJ per 1 mol of amanfii].

Dynamics of ammonia sorption on 1-2 mm grains ob «4.% BaC}/vermiculite» composite was
measured by the LTJ method under conditions whickety imitated the isobaric stages of AHT units. |
this method sorption and desorption of the refagemvere initiated by a sharp change of the tentperaf
a metal plate supported adsorbent [12].

It was revealed that experimental conversiaibeyed a simple exponential evolution on time

X(t) =1-exp(-kt), 2
wherek was the rate constant of adsorption process.cHrnistant depends linearly on the DTD:

k=1/t=—2'5 T-crmT, 3)
AH (AN
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whereAH is the reaction heaf\N is the total amount of adsorbed ammomias the heat transfer coefficient
between the grains and the metal pl&tes the area of heat exchange. The heat transégfi@ent a equals
90 W/(nfK) and does not depend on pressure, temperatursaiincbntent. ThAH,-AN/S expression is the
energy density per unit area of the heat exchaiigdr Thereby, the higher are the heat transfefficoent
and DTD and the lower is the energy density thiefds adsorption process.

The composite «Baglermiculite» was experimentally tested in a labls@rototype of an ammonia
adsorption chiller with plate heat exchanger [¥8]aptability of the kinetic model defined by eg8) and
(3) to simulating the dynamics of adsorption preessand the performance of the AHT prototype was
demonstrated using the results of the compositéngeslit was shown that the new material provided
effective AC operation using a low regeneration gemture Ty = 80-90°C giving Coefficient of
Performance COP = 0.54+0.01 and Specific Coolingd?dSCP ranging from 300 to 680 W/kg. The SCP
depended strongly on the DTD and the cycle durafiptimization of the ratio of adsorption and desion
stages duration leads to the increase in SCP 6860 W/kg. Although the measured values of S@P a
COPare rather encouraging, a room for improvemeiltesists.

The aim of this study was further improvement @& ttynamic characteristics of AC cycles. According
to eq. (3) the rate constakntan be increased by the rise of the heat tragskfficienta and DTD and by
diminishing the energy density per unit area oftibat exchanger. In [14] it was revealed that beaisfer
coefficienta between the metal plate and an adsorbent layeinse=mased from 50 to 120 W/{iK) by the
lowering the grain size of the adsorbent from 1.8-+hm to 0.4-0.5 mm. DTD depends on the equilibrium
temperaturerl, of the reaction (1), which can be changed by cmmfient of a binary salt system, which
forms a solid solution inside pores of the mat(i%][ The energy density can be diminished by decreasing
the total amountAN of adsorbed ammonia, whiclepends on the mass of the adsorbent loaded iHfe
Therefore, in this work we investigated these thweags to intensify ammonia sorption, namely, vaoiabf
the adsorbent grains size, optimization of the dmsd load and shift of the reaction equilibrium
temperature.

EXPERIMENTAL
Composite adsorbents preparation

The composites were synthesized by dry impregntion15] of expanded vermiculite with an aqueous
BaCl, solution (Samples 1, 2) and with a mixed aqueolstisn of BaC} and BaBjs (Sample 3) followed
by the drying at 160C. The samples of the composite ammonia adsorbardged are described in Table 1.
The sample of the composite adsorbent that wasiqualy studied in [12] is referenced in Table 1 as
Sample 0. Note, that the molar content of Bariunth@ Samples 0, 1 and 3 was the same while in the
Sample 2 it was half as great.

Table 1. Characteristics of the composites studied

Sample 0 Sample 1 Sample 2 Sample 3
Active salt(s) BaGl BaCh BaCh BaCl, and BaBj
Salt content 0 o 0 23 wt.% BaC},
45 wt.% 45 wt.% 45 wt.% 25 Wt.% BaBj
Gralin size 1-2 mm 0.5-1 mm 0.5-1 mm 1-2 mm
Mass of the
adsorbent 0.833 g 0.833 g 0.416 g 0.925¢

Measurements of ammonia adsorption kinetics

The kinetics measurements were performed by themhdthod using an experimental rig schematically
shown in Figure 1. The loose adsorbent particla® \wiaced in a measuring cell on a metal plate kvhias
surrounded by water jacket in order to provide edeé plate temperature. The surface are of the plata
that served as the heat exchanger was S F109én". The cell was connected by pipes and valves with a
buffer volume, a liquid ammonia vessel and a vaclinenfor the set-up evacuation. Two liquid thertats
connected to the water jacket through the 3-wayeslwere used to maintain the temperature of the
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measuring cell. This temperature was changed tawgise mode by switching the liquid flow betweabe
thermostats. These thermostats served as a hkaitsagsorption run and as a heat source for regtoe

of the adsorbent. The pressure over the samplemveasured by a gauge with#®.01 bar accuracy; the
temperatures of the metal plate and the buffer meluwwere measured by J-type thermocouples within
+0.1°C accuracy. An analog-to-digital converter and is@eal computer were used for data acquisition.

pressure gauge The volume of the gas buffét= 5.210™*

| P | m® and the mass of the adsorbent loaded were
selected in a way that provided the pressure
buffer volume change due to the ammonia adsorption of
5-10% of the initial pressure. Thus, the
ammonia adsorption occurred in quasi-
isobaric conditions.

I/O(;%O—‘ Before the kinetics measurements,

X
@

reactor

granules of the composite were placed on the
metal plate, then heated up to 9C and
evacuated aP = 10° mbar during 2 h. The
3-way valves ® D measuring cell was connected with the liquid
QD ammonia vessel and ammonia pressure was
maintained atP =5.8 bar that correspond
evaporator temperature. = 10 °C. After
e e reaching the equilibrium the ammonia source
0 vacuum pump iquid NH, . ’
was disconnected from the measuring cell.
Then the temperature of the metal plate was

Fig. 1. Scheme of the experimental rig for dynanﬁganged In & step-wise way by switching the

. eat carrier flow from one thermostat to
measurements (see the text for details) another

water jacket

termostats

The drop of temperature down to a temperature af $iekTs initiated ammonia adsorption, and a time
dependencd’(t) of the ammonia pressure over the adsorbent wgisteeed each 1 s. The duration of
adsorption runs was approximately 1 h that was gmdar reaching the sorption equilibrium. In order
regenerate the adsorbent we heated the metal qujaie up to the temperature of the heat soilirge=
90°C. The temperatures of heat sink varied from 140t8C.

The time dependence of conversigft) was calculated from the evolution of pressig) and
temperature of the buffer tafikt) using the Soave-Redlich-Kwong equation of staé for ammonia:

_ Vi (Trin s Pin) Vi (Tin s P ) =V (T (©),P(1))]

t) = ,
MOy TOPO) VT, B) Vo (TerPo)]

(4)

whereV,(T, P) was the molar volume of ammoniaTaandP, indexedn andfin corresponded to initial and
final states of the run, respectively.

RESULTS AND DISCUSSION
Charicteristic times of ammonia adsorption

The dependences of conversion on tirfg for all the experiments presented in Fig. 2 olley
exponential equation (2). Characteristic times ddaaption process (= 1K) are displayed in Table 2. The
relative error in the characteristic time deterrtisrawas about 5%, whereas coefficient of detertioneR?
for fittings was not less than 0.99. One can saeltwering of the heat sink temperature alwaysaengs
the rate of ammonia adsorption. This confirms thatincrease in driving temperature difference $eadhe
rise of the solid—gas chemical reaction rate.
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Fig. 2. The dependences of conversion on time (syshfand its exponential fits (line) for
a) Sample 1, b) Sample 2, ¢) Sample 3. Data fop&af(d) is taken from [12]

Table 2. Characteristic timgsof ammonia adsorption &= 5.8 bar

T °C Characteristic time, s

: Sample 0 Sample 1 Sample 2 Sample 3
15 140 94 47 -

20 170 113 57 109

25 220 161 78 126

30 330 225 112 162

35 - - - 224

40 - - - 366

The lowering of the adsorbent grain size from 1+ down to 0.5-1 mm (Samples 0 and 1) leads to
decrease in characteristic time of adsorption. Re&alu of the adsorbent load (and, consequently tdted
amount of ammonia exchanged) in two times (Samplasd 2) results in halving afthat agrees with eq.
(3). It is worth noting that the area of heat exuje surface was equal for Samples 1 and 2, thus the
thickness of the adsorbent layer was lesser forp&ath The rate of ammonia adsorption on the coitgos
based on binary salt system (Sample 3) was highevedl in comparison with the single salt composite
(Sample 0). The amount of ammonia adsorbed anditles of the grains for these samples were the,same
therefore the reduction of the characteristic tiimecaused only by the chemical nature of the active

component.

Heat transfer coefficients
The data obtained allows evaluation of the inlie&t powek\, released due to chemical reaction (1):
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_ AH, AN
T

W, = AH, (AN X0 (5)
dt |
whereAH; is the enthalpy of reaction (1) (36.7 kJ/mol [11IN is maximal amount of ammonia adsorbed,
which corresponds to stoichiometric adsorption capaf the composite [10].
The value oW, appears to be a linear function of temperatureeat sink (Fig. 3) that agrees well with
the data of [12] where it was shown that the vahfes, linearly depended on the DTD:

WO =a ESmTr _Ths) (6)

The heat transfer coefficiemt was estimated as 145 W/(nfK) from eq. 6 for the grains size of 0.5—
1 mm (Samples 1 and 2). The heat transfer codftider 1-2 mm grains (Sample 3) turned out to be
a =95 W/(nfK) that equals tar for Sample 0 (1-2 mm grain size) [12]. Thus, isveiemonstrated that
the coefficient of heat transfer depended onlyhengrain size. The adsorbent load (see Fig.3, Ssnipand
2) and the chemistry of the active component didaffect the heat transfer coefficient.

1 W, W It is worth nothing that the approximation
X v Sample 0 lines (Fig. 3) cross the axes of abscissa at
6 “w. o Sample 1 point T = 40 °C for Samples 0, 1 and 2 that
N ®  Sample 2 corresponds to the equilibrium temperattire
51 ~ Na a Sample 3 of the reaction (1) & = 5.8 bar (eq. (6)). On
\V\ \5\:\ the contrary, for Sample 3 the approximation
4 AN \:‘\ line intersects the abscissa dt=48°C.
V\ B\ S Consequently, the equilibrium reaction
31 \’3 AN ‘\ temperature shifted to the higher level. The
SRS reason of this alteration of the reaction
2 \v\\\ *\ temperature was shown to be the formation of
\:\ \.\ the solid solution of the barium chloride and
1 RSN R barium bromide inside pores [15]. The rise of
\\\ S the temperaturd, resulted in the increase in
I T T e DTD: AT = TyT,. That's why at the saniB
10 15 20 25 30 35 40 45 50 Sample 3 adsorbs ammonia faster than Sample

Ths; OC O
Fig. 3. Dependence of the initial heat powsg on the
temperature of heat sifl

Simulation of AHT dynamic characteristics

All the kinetic data obtained are in a good agregnagth kinetic model defined by egs. (2) and @)is
model was developed for simulation of the main A¢fiBracteristics (COP and cooling power relatechio u
mass of the adsorbent SgP12]:

COP= AH ., [AN [X(t,) |
AHr LAN D((td) + C:p |]ns mhs _Treg)
AH, [AN [x(t
SCPm — ev X( a) ’ (8)
tC H‘nS

(7)

where AH,, is the ammonia evaporation heat (23.3 kJ/mG}),s the effective heat capacity of the

composite adsorbent under ammonia pressure (1(g®))/ ms is the adsorbent mads,is the total cycle
duration,t, andty are durations of adsorption and desorption stagespectively. The optimal ratio of
adsorption and desorption stages durations isubjea of optimization [12].
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To find out the effect of the adsorbent load (acwhsequently, the energy density per unit aredef t
heat exchanger) it is reasonable to relate tharappbwer per unit of the surface area of the e@ahanger

(S:

AH_, [AN [ x(t
scp, = e e =scR, ©)

c

wherep is the adsorbent load densify:= mJS. From the practical point of view this parametemiore
significant and indicative than SGPecause usually the surface area of a heat exehafighe AHT is
fixed. Note that here we consider a basic cooliygjecwithout heat and mass recuperation and ddahket
into account thermal losses due to the inert thenmasses.

96 1cop

Using egs. (2), (3), (7)—(9) the COP, SCihd SCk
dependences on the total cycle time were calcultded
Samples 0, 1, 2 and 3 under conditions of air-dgrdng
cycle (Te = 10°C, Tps = 30°C andTg = 90°C). One can
see (Fig. 4) that lowering the grain size down -0 mm
(Sample 1) increases the values of both S&iRl SCRin
comparison with Sample 0 (1-2 mm size). Anotheecsff
of reducing the grains size is tl@®P rises faster with the
increase in the cycle duration andtat 100 s reaches
Cycle time, s COP = 0.52. This value is 15% higher then thatthar

0.5

0.4 4

0.3

0.2

0.1 4

0.0 . . . . sample with twice larger grains (Sample 0).
0 200 400 600 800 T . .
One more possibility to accelerate the adsorpt®on i
%07 sCP.. kWikg reducing the adsorbent load. Thus, halving of the
25 1\ b) adsorbent mass (Sample 2) leads to a drastic seEnea
SCR, that becomes almost twice higher than that for
20 A Sample 1. At the same time the specific cooling grow

related per unit area of the heat exchan§&R) becomes
lower than that for higher adsorbent load. Thig@fis not
! surprising taking into account that the total antaofmthe

1.0 A
\ ammonia exchanged in this case becomes twice lower.
05 - Nevertheless the benefit of the lowering of theoalsnt

1.5 1.3

Cycle time, s load is that COP increases with cycle time rapiahd

b4 . o o oo reaches COP = 0.56 & = 100 s. Thus, lessening the
adsorbent load can be recommended for applicatiats

07 N SCPs, kW/m require high COP and very short cycle times. The

disadvantage of adsorbent load reducing is lowesfrte
cooling power per unit area of the heat exchanger.

The effect of shifting the equilibrium reaction
temperature (Sample 3) on COP and $GPned out to be
similar to the effect of reducing the adsorbenirgaize
(Sample 1). On the other hand the adsorbent contain
02 A binary salt system demonstrates the highestsS@kbng

all the samples studied. Indeed, this sample deiraias
Cycle time, s the highest initial adsorption rate & = 30 °C (Fig. 3).
00 . . . . Thus, this adsorbent turned out to be the closeshe
° 20 o 000 ®®  optimal one for air conditioning cycle wiffi, = 10°C, Tps

Fig. 4. Dependence of COP (a), SAB) and = 30°C andT,, = 90°C. Moreover, it is evident that the
SCR (c) on the cycle timel, = 10°C, Tys = 30 dynamic characteristics for composite adsorbene¢das

°C andT,e, = 90°C for Samples 0, 1, 2 and 3 binary sa_lt system Ba&BaBr, can bg further improved
by reduction of the adsorbent grain size.

0.6 1

0.5 1

0.4 A

0.3 A

0.1

229

Janna V. Veselovskaya et al.



VIII Minsk International Seminar “Heat Pipes, Heatmps, Refrigerators, Power Sources”,
Minsk, Belarus, September 12-15, 2011

Thus, augmentation of both COP and SCP of the AftTeccan be reached by using smaller grains of
the adsorbent and by proper shift of equilibriummperature of reaction. On the other hand, the @itim
adsorbent load and cycle duration should be fosral@mpromise between the COP and SCP.

CONCLUSIONS

The dynamics of ammonia adsorption on the compaséterials based on BaCind BaCj+BaBr, as
active components and expanded vermiculite as augomatrix was investigated in the quasi-isobaric
conditions by LTJ method. It was shown that all thgperimental kinetic curves obeyed an exponential
function with one characteristic time. The influenaf the grain size, the equilibrium reaction terapge
and the adsorbent load were studied. The heatferageefficients for the adsorbent-heat exchanger
configuration studied were calculated to be 90 WKinfor 1-2 mm grain size and 115 WA&) for half
grain size. The results of LTJ experiments weral dee modeling and optimization of the air-conditing
cycle. It was revealed that both COP and SCP ofAtH€ can be increased by using smaller grains ef th
adsorbent and by the proper shift of equilibriunimperature of reaction. The optimal adsorbent loadl a
cycle duration is a subject of a compromise betvikerCOP and SCP.
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Abstract

Strong thermoacoustic coupling exists near theidigas critical point, known as the piston effedtie to the
exceptionally high compressibility and low thermdiffusivity. Heat is transferred efficiently by mes of
thermoacoustic waves instead of heat conductioncélviey out a numerical study of both the short-tianel long-time
thermoacoustic behaviors in near-critical nitrogeising the explicit MacCormack-FCT method and thmtef
volume-based SIMPLE algorithm, respectively. Twatcdbuting factors in the generation of thermoatisusaves are
identified and examined, namely, the rapidity & #hxternal heating and the inherent thermophygicgberties of the
fluid. The wave pattern changes significantly urithesr influences, which involves various complmplications. At an
isothermal boundary, the reflection of a thermoatioypulse might create “cold spots” in the extrazase of impulsive
heating. The results obtained over four decadesdafced temperatures along the critical isochoggest the nonlinear
waveform distortions in connection with the init@lticality to be of a transient nature. On a miarger timescale, the
lasting effect of the thermoacoustic process hahgger thermal plumes under gravity, which themde to
hydrodynamic instability.

KEYWORDS
Thermoacoustic waves; Piston effect; Thermal plyriggrodynamic instability; Numerical simulation.

INTRODUCTION

Near the liquid-gas critical point (CP), fluid jperties experience dramatic changes. Strong dikegge
is expected of the isothermal compressibikty the isobaric thermal-expansion coefficient and the
specific heat at constant press@e The resulting vanishingly low thermal diffusiviy prompted the
assumption of a critical slowing down, which presglithat it could become increasingly difficult foeat to
dissipate through conduction when approaching theHbwever, a micro-gravity experiment performethwi
confined near-critical SFproduced puzzling results of extremely fast thdimation. Several groups
independently proposed the theory of piston efte&) to explain the unusual anomaly [1-3]. Driven b
thermoacoustic wave motion on the acoustic times@dnoted by, = L/c, with L the characteristic length,
andc the sound velocity), the PE causes adiabatic amblyeneous temperature changes in the bulk of the
fluid, whereas thermal diffusion is largely limitéaside thin thermal boundary layers. On a muclgéon
timescale, the thermal and mechanical equilibratiodominated by the interplay between the PE and
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gravity-induced natural convection. The excesstrfopy accumulating near the heated boundary sanup
under gravity in the form of thermal plumes [4, 5].

In this paper, we present a numerical study ofttleemoacoustic effect in nitrogen near its CP. The
generations of both thermoacoustic waves on the sineescale and thermal plumes under gravity an th
long timescale are investigated, with some intargseatures revealed.

THERMOACOUSTIC BEHAVIOR ON THE SHORT TIMESCALE
Mathematical formulation

The thermoacoustic effect near the CP can be raddsl the complete Navier-Stokes description for an
isotropic, Newtonian, compressible, and dissipatij@@scous and heat-conducting) fluid. For a
one-dimensional (1D) configuration, the governiggations are given as

op_ 0

5 +&(pu) 1)
Il 0 ,\_0(4 du) 0P
() (o) = ax(3,76xj ax’ @)
a 9(,0T),9(4 ou)_p(C-C)au
(pCV )+ (pQ,T) ax()l axj 6x(3,7u5<j a, 0 X )

wherey is the shear viscosity, is the thermal conductivity, ar@, is the specific heat at constant volume.
Equations (1)—(3) describe the evolution of fluehdityp, velocityu, and temperatur€ with space variablg
and time variablé, respectively. Note that we ignore the effect vty for the moment as gravity is of
limited importance on the acoustic timescale. Timglete the above equations, a real-fluid equaticstade
has been added, which reads

op=—2 g+ e a1, (4)
PKy Kt

relating the change in pressiravith density and temperature variations. We emphayhigh-order explicit
MacCormack-FCT method [6] to solve the equatiomsnliined with a special formulation of boundary
conditions proposed by Poinsot and Lele [7]. Ushysame numerical method [8], we successfullyfieeri
the experimental observation of thermoacoustic wayeMiuraet al [9]. The following results are obtained
on two sets of uniform meshes of size= 510° and 110° m, with a matching time-step oft = 2-10*° and
510°s.

Under various rates of external heating

First we examine the effect of the rapidity of fmundary heating on the generation of thermoaimoust
waves. Consider thermally-balanced and motion-fiesg-critical nitrogen confined in a 1D cdll£ 10 mm)
bounded by rigid walls. The initial conditionTs= 126.5 K and; = 3.5 MPa. At > 0, the right wall is kept at
the initial temperature, while a time-varying thatrtoad is imposed at the left boundary in the fafm
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T = f(1) =T+AT[1- e/t ], )

In eq. (5),AT is 10 mK, andH denotes the rate of temperature rise. The impailsdating corresponds witth

= 0. With largerH, the heating becomes more gradual and smoothiglilFwe plot the boundary pressure
variations during the first 50s since the heating starts, under differdntalues. FoH = 0, the violent
pressure surge is quickly resolved within only selvenicroseconds, which indicates particularly stygyet
transient boundary layer expansion. lAsncreases, more stable pressure buildups emerte dtoundary
while the continuous expansion of the thermal bampnthyer is being maintained by the gentler hgatin

The local pressure fluctuations at the boundarit #mrmoacoustic waves, whose propagation in the
fluid is depicted in Fig. 2. Under the impulsiveatiag H = 0), the transient pressure oscillation at the
boundary (see Fig. 1) creates a thermoacoustie patsich imposes successive compressive (due tisihg
edge of the pulse) and expansive (due to the gpdidige of the pulse) effects on the local fluidt &mvels. By
analogy, the solely compressive nature of the tbagoustic wave foH = 100 is evidenced in the plateau
waveform, as the figure shows. The steady boungl&ssure gradient (see Fig. 1) gives rise to théramous
expansion of the boundary layer, which in turn cosspes the rest of the fluid.

Figure 3 shows the reflection patterns at the rigtiindary withH = 0 and 100, respectively. It is
interesting to note that a singular temperatur@™dippears near the boundary after the reflectiothe
thermoacoustic pulse [Fig.&, which can be explained through the bifurcatiéthe waveform. When the
pulse first arrives at the isothermal wall, a heatflow is required by the first law of thermodyniasto
balance the effect of the incoming fluid due to $ii®ng compression. Similarly, during the expamstbe
isothermal boundary demands a heat inflow fromstiveoundings to counteract the cooling effect cdume
the departing fluid so that the local thermodynaexgiilibrium can be preserved. Thus, the tempesatur
temporarily drops below the initial value as a festince the thermal diffusivity is vanishingly athclose to
the CP, the relaxation of such temperature inhomeitjes is expected to take a rather long time.

At various initial distances to the CP
Next we turn to the effect of the fluid properti@s the thermoacoustic process. The initial coodits
given by

T(xt=0)=T=T(1+¢). (xt= 0= Po( xE 9=p=p  { xE )= C (@

where the subscritrepresents the critical stafe. € 126.192 Kp, = 313.3 kg/m). The degree of criticality
is modeled through the reduced temperatunghich represents the distance to the CP. We diechiwide
range ofe from order 10 to 1 along the critical isochore, with which thHetmophysical properties vary
considerably. Now consider a constant heat di 100 W/ni applied at the left end of a 1D slab, while the
right boundary maintains thermally insulated.

The boundary heating with a constant heat fluemtally prescribes a nonlinear boundary tempeeatur
growth varying as*?. We plot in Fig. 4 the corresponding boundary gmes variations in response to such a
temperature rise. Salient features of nonlineasgociated with are present. Because the thermal diffusivity
tends to zero close to the CP, the boundary terperaariation is growing increasingly diminishedhw
smallere. Consequently, the pressure response becomesafiyadampened. On the other hand, as time
elapses, the rate of the temperature increase ssigns of deceleration (as the power &#implies). We

find that accordingly the pressure starts to dessremiickly after peaking, which evidently occuramatearlier
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instant the further from the CP. Fig. 5 depictsgpatial profiles of the resulting thermoacoustaves with
differente values at =t,/2. The strong nonlinearity exhibited in the boulydaressure relaxation accounts for
the apparent waveform variations. For sraghe slowly varying pressure at the boundary (Fjgoroduces a
smooth wave profile; whereas with largethe transient pressure fluctuation (Fig. 4) gatesy a steep
shockwave-like wave shape. The evolution of wavaftrom the former to the latter with intermediatean
also been observed in the figure.

Here we define a coefficient of energy efficiency,

_AE, _ J' Poo | pdx
anut jqbdt

so as to evaluate the amount of mechanical enasgyected from the heat input. Fig. 6 illustratee th
distributions off along the critical isochore at different times. Wso include the theoretical values based on
a linearized model [9] for comparison. We find thatonvergence between the numerically obtajreed the
theoretical prediction slowly emerges as the timesgon. The transient nonlinear effects at albdists to the
CP seem to be ultimately smeared out.

¢

(7)

INTERACTION WITH GRAVITY-INDUCED CONVECTION

On a long timescale, the thermoacoustic effect bandefinitely felt even in the presence of
gravity-induced convection. The onset of convecti@ar the CP shows evidence of a crossover from the
classical Rayleigh criterion to the Schwarzschililedon [4-5]. We set to investigate the mechanisin
convection very close to the CP in a Rayleigh-Bérgggometry. Specifically, we consider a 2D rectdagu
cell (of lengthL = 10 mm and height = 2.5 mm) heated from below with a constant hieat® = 1.0 W/nf.
The cell is filled with nitrogen at the initial $&aT; = T(1+¢) andp; = p. (assuming no severe density
stratification). The top wall is maintained at ihéial temperature, and both of the side walls thermally
insulted. After introducing non-dimensional varied” =p/p;, P =P/P,, T = T/T;,u =u/U,v =v/U, X = xIL,
y =yl/L,t =tU/L, the conservation equation of mass, momentumeaadyy are formulated as,

dp 9 )
It T — =0, 8
ot +0x('0u)+6y('ov) (®)
) B ) P oPY _(40%u 0%u 1d%v
a 2 2 SY Re| 2 = , 9
at(p“)J’ax(p“u)J’ay(pU\b 2@ x| (3a>8+af+3a>aj ®)
2o+ 2 (o) + 2 (pwy=- B O | gV, A0V, 100 gL,
ot ox oy pc dy X 30y 309y U’
9 9 ) (9T 8°T) Pk (., 1) dP
—(pT)+—(puT)+—(pvT)= P& P 1-= | p—, 11
2(6m)+ 2 oum)+ 2 (o= pe TL D o B 12, )

where the superscripts have been dropped for e @fabrevity. In the above equations, the chartie
fluid velocity isU =#/(p;H), the Reynolds numbés Re= p;LU/#, and the Peclét numberRe = p;CsUL/A. In
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deriving the equations, a low Mach-number approtimnshas been applied to filter out acoustic wgl€§.
Note that the high-order pressure tePf! remains in egs. (9) and (10), while the leadingeortermP
regarded as a function of time only contribute e temperature evolution in eq. (11). The numerical
simulation is performed on a staggered uniform gfi@01x101 with the use of the SIMPLE algorithnheT
time-step is kept at a constant value 408 s.

Shown in Fig. 7 and 8 are the preliminary resalitained for: = 7.9210* and 3.96L07, respectively.
The generation of convection appears to differifiigantly between the two cases. kor 7.9210* att~ 7.1
s, the PE results in a homogeneously heated bdkhenformation of thermal boundary layers at haftthe
bottom and top walls, which seem almost symmetriset ~ 9.7 s, first the hot diffusive layer turns unsegbl
releasing thermal plumes upwards; tAt 11.4 s, the rising thermal plumes appear to hasmtdgrated
halfway through the fluid layer, while the cold fdiive layer starts to exhibit instability and domard
Rayleigh-Taylor-type thermal plumes are visible][Tlue to the resulting cooling PE, the bulk tengpere
decreases [see Fig.bl. At t = 13.6 s, a strong thermal mixing seems to domiattbe center of the cell,
which would lead to a final equilibrium state. Bpntrast, fore = 3.9610% huge thermal plumes are
generated from the hot diffusive layer as showRim 8, while no plume-type flow can be observethat
cold end. Apparently, the local temperature diffieeewithin the top boundary layer is consideralhaker
than that within the hot boundary layer, owing lte tveaker PE relatively far from the CP. As a reshé
bulk temperature does not seems to be affectedebgdoling PE until the thermal plumes reach tipevtall
aroundt ~ 13.8 s [see Fig. B].

CONCLUSIONS

We have conducted a numerical study aimed at erpltine thermoacoustic features in energy transport
near the CP both on a short timescale and on atloregcale. The simulations describe the generatfon
thermoacoustic waves and the onset of thermal umaear-critical nitrogen, which have been fotmte
strongly influenced by various external and intéfaetors.
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Fig. 7. Onset of convection at 7.9210*. (a) Two-dimensional temperature distribution at vasdimes.
Both the top and bottom boundary layers exhibitréasing instability. ify Corresponding vertical
temperature differences across the x#ll= 0.5. After the initiation of thermal plumes betcold end, the
bulk temperature drops due to the cooling PE

Fig. 8. Onset of convection at 3.9610% (a) Two-dimensional temperature distribution at vasdimes.
Thermal plumes rise up from the bottom et)l.Gorresponding vertical temperature differencessxthe
cell atx/L = 0.5. The bulk temperature decreases after tendsg thermal plumes arrive at the top end

239
Peng Zhang et al.



VIII Minsk International Seminar “Heat Pipes, HeRumps, Refrigerators, Power Sources”,
Minsk, Belarus, September 12-15, 2011

APPLICATION OF ULTRA HIGH MODULAR THERMAL CONDUCTIV  E
CARBON PLASTIC IN THE DESIGN OF THERMAL HONEYCOMB
PANELS

A. Khmelnitsky
Research and Production Enterprise “Technologiya”
Obninsk, Kaluga region, Russia

K. Goncharov
TAIS Ltd., Khimky, Moscow region, Russia

Results of application of carbon plastic skins matlaltra high modular thermal conductive carbon
fibers and used for the development of thermal isangh Aluminum embedded heat pipes are presented
this paper.

Due to different thermal expansion coefficient s uwf carbon plastic skins and metallic embedded
elements, the main problem to be solved when deggimermal honeycomb panels with carbon plastic
skins and metallic embedded elements is providingffective and stable mechanical and thermal fater
between the skins and embedded elements.

After choice of skin material and determinatiorskin design the skin was optimized by carryingitsit
structural and thermal calculations taking intocast the requirements to panel manufacturability.

Numerous specimens were investigated for estimatibrskin composite materials characteristics.
Material with thermal expansion coefficient in od&ection close to the value of thermal expansion
coefficient of Aluminum alloys was developed. Cédétion results show that skins made of carbon jglast
have advantageous stiffness and weight parametemparison with Aluminum skins.

Analytical results determine configuration of thatrpanel for space application that mostly meetewid
range of constructive and thermal requirementshSuanel consists of carbon plastic skins, Aluminum
honeycombs and Aluminum embedded heat pipes.

Application of traditional carbon fillers togethaith carbon plastic skins is unacceptable due &ir th
negligibly small thermal conductivity. However, n@emposite materials developed during last yeave ha
advanced constructive parameters and high theranahgeters as well. For example, thermal condugtofit
carbon plastics reinforced by mono crystal carbber§ with thermal conductivity more than 1100 WK
is more than 400 W/(i). Thus, traditional opinion on poor thermal contiity of plastic panels
reinforced by carbon fibers is not correct now.

First demonstration engineering panel was developeshufactured and successfully tested in Russia.
There was carried out checking of thermal conditgtand constructive operation ability of demonttna
engineering panel when thermal cycling. Differeamples of honeycomb panel with carbon plastic skins
passed tests for lap shear strengtbxural strength, flatwise strength, mass loss mwidegassing,
determination of thermal and mechanical parameters.

After choice of optimum design, experimental spexinof thermal panel with dimensions 18900
mm was manufactured. The specimen passed therm@alivatests and mechanical tests for static loagdsMa
of experimental thermal panel with carbon plaskns is less by 1.5 kg (20%) in comparison with its
metallic analogue. It can be assumed that for #mels with smaller dimensions mass effectivenefisbwi
substantially higher as mass part of metallic cegad small panels is substantially higher.

Specially manufactured sample of thermal panel wattibon plastic skins with the same dimensions and
design (Fig. 1) successfully passed thermal cydfifgcycles in the temperature range from minusQM
plus 60°C and one cycle in the temperature range from midQ@SC to plus 8C°C). Temperature
measurements were done at the skin surface neadtypipes. There was not detected deterioration of
gluing joint (carbon skin/ heat pipes) that prowgsgability of manufacturing method and possibildf/using
epoxy glues with specific mass less than 10.g/m

Carbon plastic skins that twice exceed aluminumskn thermal conductivity and twice less in mass
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were developed. Task of carbon plastic skins coiifigt with aluminum embedded heat pipes and load-

bearing elements was solved.
Thermal panels with carbon plastic skins of higarthal conductivity allow lighten honeycomb panels

by 20% and are recommended for use in the strigctfrperspective spacecrafts.

TemnoBasi COTONAHETb
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aHajornyna naneian “Koumop”
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Fig. 1. Thermal honeycomb panel with carbon plasiins
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CONTINIOUS OPERATING EXPERIENCE
OF NICKEL-HYDROGEN STORAGE BATTERIES 18NH-100
WITH INDEPENDENT THERMAL CONTROL SYSTEM USING HEAT
PIPES WITHIN SPACECRAFT “YAMAL-200"

V.Y. Lapshin, Y.M. Shevchenko(JSC «Saturn», 6, Solnechnaya Str., 350072, Koamsn&ussia
e-mail:ikc@zit.kuban.ry Phone: (861) 252-39-90; Fax:(861) 252-39-73,-2923)
K.A. Goncharov(TZT'T NPO named after &. Lavochkin, 24 Leningradskoye road, city of Khimky
Moscow region, Russia, Phone/Fax (495) 573-63-fda#: heatpipe@berc.rssiyu
G.V. Noskin, O.V. Surguchev, A.P. ElchifRKK “Energia”, 4a, Lenina Str., Korolev, Moscoegion,
141070, Russia)

Abstract
Application of heat pipes (HP) for thermal contsyistem (TCS) of nickel-hydrogen storage battery
(NHSB) used in spacecraft (S/C) improves mass cheriatics both of NHSB and TCS, and makes possible
different modifications of S/C assemblMeat transport organization from NHSB directly imeans of HP is
provided in S/C «Yamal-200», «B&h», «KazSat-2» and in NHSB 17NH-9Fhere have been shown stability of
TCS work and charge-discharge characteristics duxdmtinuous operation of SkYamal-200»

KEYWORDS
Heat pipes, nickel-hydrogen storage battery, spaftethermal control system.

INTRODUCTION

Temperature range of NHSB operation, providing rapticombination of high energy and life time
characteristics, is from 0 to 1%. At the same time most of the S/C equipment opsratt ambient
temperature. Autonomous TCS is used more and fmegeently to create comfortable thermal conditions
for NHSB operation.

Heat pipes application expanded the possibilitielseat transport organization and made it posgible
select the most optimal scheme for the given c@mit The most comfortable temperature conditions
during continuous operation allowed to obtain the stabditcharge-discharge characteristics.

Variants of autonomous TCS for NHSB

TCS of NHSB has an effect not only on thermal ctiods of the battery, which ensures optimal
charge-discharge characteristics, but on its desigd as a consequence on energy density, whimheiof
the main characteristics of the storage battesesl in S/C.

Among different variants of autonomous TCS des@mr\fHSB we will consider the two basic ones:

1) traditional variant used in S/C “KazSat”, whéreat released from NHS goes to the bottom of the
NHSB body and then to the radiator mounted diremtiyhe bottom (fig. 1a);

2) variant used in S/C “Yamal-200", where heat askrl from NHS goes to the perimeter of NHSB
body to the axial grooved heat pipes and then tirdhe loop heat pipes it goes to the radiator {fi).
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Fig. 1. Heat transport schemes for NHSB in S/Csz&&&»> and «Yamal -200»

In the first variant thermal control is accomplidh®y heaters, located close to radiator.

In the second variant thermal control, accordinghe basic scheme, is provided automatically by
pressure regulator in loop heat pipes (this regulas adjusted for the required temperature during
manufacturing) or according to the reserve scheynkeeating and/or cooling of corresponding elemeifits
loop HP. Thus the reliability of TCS rises and gyydvalance of S/C becomes economical.

Advantages of axial heat pipes application

One of the main characteristics of NHSB is energgsity — ratio of accumulated energy volume to
mass.

Application of heat pipes located along the NHSBimeter (variant 2) allows to make radial heat
transport to the perimeter of NHSB housing and e&se noticeably its mass by “cutting off” its batto
This is illustrated in Figure 2. At radial heaanisport NHSB height is equal to the height of etegs’
stack — heat-generating part of NHC. In case ddleheat transport to the bottom of NHSB — housieiglht
increases.

Furthermore, the advantage of radial heat trangpdtie relatively small length of current collesto
from electrodes’ stack to terminals, located at tihye (Figure 2). Apart from mass saving this desesa
internal resistance and, consequently, decreasssgeeeration and increases energy storage. harits
lower heat generation requires smaller radiatas.are

a) radial heat transport b) axial heat transport
Fig. 2. Current collection dependence on heat pains

Eventually advantages of heat pipes applicatiobaahce their drawback — additional mass.
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Advantages of loop heat pipes application

In case, when spacecraft configuration does notvaihstalling NHSB in close proximity to radiator,
heat pickup from NHSB may be accomplished eithemiepns of fluid cooling, or by means of heat pipes.

Fluid cooling is feasible, if common TCS ensuresrithal conditions for all the equipment of the S/C.
For autonomous TCS fluidal path with hydraulic puwifl load it impermissibly. Therefore, in case, avh
NHSB and its radiator are separated in space, th& acceptable option is to use heat pipes, edpeci
loop ones, like it is implemented in S/C «Yamal-2@hd «BeKA» (Figure 1 b), and is foreseen to be used
in the development of NHSB and TCS for the PeodRepublic of China.

As soon as loop heat pipes may be rather long,ahihflexible, NHSB may be located in any suitable
place, independent of radiator location.

Besides, loop heat pipes have lower mass as cothpratbe other ones.

The other advantage of loop heat pipes is the bitissiof thermal resistance regulation. This fact
makes it possible to exclude from TCS powerful besgtwhich are used in other schemes for maintginin
the required temperature at small loads, and, cpesely, at small heat-generation.

NHSB 18NH-100 with autonomous TCS with axial and lop heat pipes

NHSB 18NH-100 is shown on Figure 3. Axial U-type KMHnstalled along the perimeter of NHSB
housing. To increase reliability it consists of tparallel loops. At the ends of axial HP there @gezes for
loop HP evaporators’ installation (are protecteddwy covers for transportation).

Fig. 3. NHSB 18NH-100 for S/C «Yamal-200»

The scheme of the autonomous TCS is shown in F@uaed its performance principles — in Figure 5.
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Fig. 4. NHSB 18NH-100 scheme with autonomous TCSNHSB, 2 — axial HP,
3 —loop HP, 4 - Radiator, 5 - Thermal sensors)

1

pnngn o’

Fig. 5 — Principles of loop HP operation (1 — evapar; 2 — vapor line; 3 —
condenser; 4 — condenser line; 5 — reservoir;ypass; 7 — pressure regulator)
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Automatic thermal control is provided by presswrguiator.

In case when NHSB temperature is higher than theseetl temperature, the pressure in reservoir rises
and moves the stock, which opens vapor line angksldypass line, and the whole heat current flovilse
radiator.

In case when NHSB temperature is lower than theiséeyl temperature, the vapor line closes and
bypass line opens. At that heat current acroseattiator decreases, and NHSB temperature increases.

For the active management of loop HP a heatersiglied on the compensatory reservoir, and Peltier
cooling element-between the reservoir and evaporator.

The thermal control is made according to the follmgvscheme. In case NHSB temperature is lower
than the adjusted temperature a signal appearsirtodn the compensatory reservoir heater. At that
difference in vapor pressure between compensasgrvoir and evaporator decreases, and circulation
inside the loop stops.

In case NHSB temperature is higher than the adjuttenperature, the heater is turned off by a
command, and circulation inside the loop is renewed

For guaranteed startup of loop HP and its activaagament Peltier cooling elements are used. Peltier
cooling elements are installed on the evaporatohdtysolder. Thermal bus is fixed to the cold splae
Peltier cooling elements, connecting it to the cengatory reservoir housing.

When direct voltage is applied to Peltier coolingneents, they start to heat evaporator basement and
cool the housing of compensatory reservoir. At thatdifference in vapor pressure between evapoaaiit
compensatory reservoir increases, and circulatisiaée the loop stops.

In case of reverse voltage in Peltier cooling eleisiethe evaporator is cooling and compensatory
reservoir is heating. The difference in vapor puessbetween evaporator and compensatory reservoir
decreases and circulation inside the loop stops.

Continuous operating experience of NHSB 18NH-100 #iin S/C «Yamal-200»

The launch of two «Yamal-200» S/Cs took place omeéviaber 24, 2003. Each S/C has two NHSBs with
independent TCS, in which two types of HPs areiagpbxial and loop ones.

The telemetry information on NHSB temperature anesgure during operation in flight is shown in
Figures 8 — 11.

The hydrogen pressure in NHC, generating at chasgasoportional to charge capacity, so difference
between maximum and minimum pressure in test-regaseles (TRC) characterizes NHSB total capacity.

The stability of NHSB thermal control and capaadtye can see in comparison of temperature and
pressure telemetry of TRC in 2004 and 2011. Thepewison of these characteristics is also repredente
the table below.
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Table
Telemetry NHSB| TRC in August 2004 TRC in February 2011
End of charge (EOC) Ne 27 8+2 82
temperature’C Ne 28 67 +7
Pressure difference in test cycle\e 27 331 331
atm Ne 28 33t1 331
Pressure difference in recoverpe 27 351 3%1
cycle, atm Ne 28 34+0,5 3%*1

SB heating at charge, when heat generation cgpexteeds that of TCS more than by order, is not
considered in the analysis as discharge duratismiall and SB temperature in the end of dischasge i
within operation range. Further follows cooling andintenance of SB EOC temperature in the giveggan

Analyzing telemetry data it should be taken intcaamt that thermal control of SBe27 was made
automatically by pressure regulator with accuracy®C, and that of SB©28 — by means of heating and/or
cooling of compensatory reservoir and evaporatare b inertance of this thermal control method the
accuracy of SB temperature maintenance €7

As can be seen in the telemetry thermal contrahénprocess of continuous autonomous operation is
effected with high reliability — stability of theivggn temperature mode maintenance both in the uagh
bypass schemes of thermal control has been deratetstr

NHSB discharge capacity also demonstrates stabiliifference between maximum and minimum
pressures in test cycles does not change andnthia recovery cycles - increases slightly. Witbcamt for
some degradation of average discharge voltage, Nét®Byy density has not exceeded 5%.

CONCLUSION

Thus, NHSB with independent TCS on the base of &died in S/C “Yamal-200” has demonstrated
not only high energy density, but also high lifedicapability.

According to telemetry information for more tha® years of flight operation TCS work is stable, and
NHSB energy volume degradation has not exceeded 5%.
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FLIGHT EXPERIENCE OF AXIAL HEAT PIPES
AT SPACECRAFT EXPRESS-MD1

Y.N. Vinokurov, E.V. Pavlova, V.A. Shabanov
Thermal design department
DB “Salyut” Khrunichev Space Center
Russia, Moscow, Novozavodskaya 18
Tel. +7-(499)-749-52-30, Email: salut@khrunichewco

The report presents the results of thermal modeitoromy at the existing communication spacecraft
Express-MD1, were launched in January 2010. Theespaft thermal control system is based on the
ammonia heat pipes with ax@tshaped grooves. Heat pipes have been developedktindred by the Heat
Pipe Center of Roscosmos (Lavochkin Assochiation).

Thermal resistance of typical heat pipes jointhatspacecraft was estimated. Thermal resistarlues/a
were obtained from results of ground and flightdes

The spacecraft thermal mode analysis confirmedsthkility of heat pipe performances during ground
and flight operation.

LOOP HEAT PIPES APPLICATION FOR UPPER STAGE BLOCK
“‘FRIGATE-SB”

V. Luzhenkov, K. Goncharov, Yu. Panin, A. Kochetkov
Lavochkin Association
Khimky, Moscow reg. Russia

LHP was used for cooling of electric motor and #leqpump of servo unit mounted on board upperestdgck
“Frigate-SB”. Cooling is being performed by conduetrejection of heat power from plate, locatedemskrvo unit, to
LHP evaporator. Evaporator of LHP is located on phete and uses transport lines for transfer of lpeaver to
condenser that is located on “cold” fuel tank wigmperature less than 2@. Contact surface of condenser body has
spherical shape like tank spherical surface.

The system includes two LHP for cooling each of sgovo units. The temperature of servo unit angyerator of
LHP must be less than %. The LHP must transfer heat power 150 W on distanore than 1 m in normal gravity
and micro gravity conditions. Start up power issléisan 10 W. Working fluid is ammonia. LHP mas2%) grams
only! Thermal resistance of LHP is less than 0.%/K/

Presentation includes LHP calculation made with EAS3 software package; results of LHP qualificatiests
including thermal, strength and lifetime tests.

Efficiency of LHP was confirmed by telemetry dateceived on January 20, 2011 when putting in orbit
meteorological spacecraft “Electro-L” by upper-gtddock “Frigate-SB”. The telemetry data is presdrih the paper.

Main requirements to LHP design objectives and ldgBign procedure are described.

Calculations of thermal conditions of servo unéattic motor and electric pump are made for diffié@ternative
methods of their thermal control. Comparative asialpf obtained calculation results is presented.
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RESEARCH OF THE UNPACKAGED HEAT STORAGE IN VACUUM

V. A. Alexeev, L. V. Karaban, A. E. Karabin
Thermal conditions Laboratory
Open Joint Stock Company “Research Institute ofiBi@n Instruments”
51 Dekabristov st., Moscow, 127490
Tel. (499) 202-95-27, fax (499) 204-93-63
e-mail: Vladimir.Alekseev@niitp.ru

V. A. Evseeva, M. A. Shashkina
Composite materials Laboratory
Federal State Enterprise “All-Russian Aviation Matklnstitute”
17 Radio st., Moscow, 105005
Tel. (499) 263-88-02

Abstract
The present work is dedicated to the experimentalysof behavior of unpackaged heat storages (HSgd on
form-stable V-HSM-50 material in vacuum environmertie problem of this study was to determine theiseability
of the unpackaged HS in vacuum for the purposéneif application in the radio-electronic instrumgntounted in
unpressurized compartments of spacecratft.

KEYWORDS
Vacuum, heat storage (HS), phase-transition mat@ieM), melting filler, heat-storage material (H$Minpackaged
HS, form-stable PTM, energy source (ES), radiotedeic equipment (REE), spacecraft (SC).

INTRODUCTION

In space hardware heat storages (HS) are appliedb&orption of heat dissipated by radio-electronic
instruments during short-time communications sessi®@emoval of the accumulated heat is accomplished
during more prolonged time intervals in the pausesveen the repeated sessions. As a rule, a sguctu
consisting of the HS together with a powerful egesgurce is part of some instrument. Heat exchange
between the instrument and the environment in S€arsed out through conduction with the mounting
surface and radiation on the adjacsutfaces of unpressurized spacecraft compartmesoially pressure in
the spacecraft compartment of this type variesénlimits from 138107 to 13310° Pa. This circumstance
compelled to conduct an additional study conneetéd the serviceability of the unpackaged HS in the
vacuum.

OBJECT AND MODES OF VACUUM TESTS

The questions connected with creating form-staflil Rnd their operation in REE at normal pressure
were taken up at two previous scientific workshidp<].

V-HSM-50 heat-storage material with melting tempera of 53 € was used as PTM in the unpackaged
HS. As it was published earlier in [1], it repres®ha composition consisting of P-2 paraffin mejtfiller
and a polymer base from ethylene propylene rublt@rwulcanizing group [3].

Vacuum tests of the samples were implemented orfattities of the OJSC “Research Institute of
Precision Instruments” equipped with the necessaeasuring stocks for measuring pressure, electric
parameters and temperature of tested samples.

For vacuum tests the following items were used:

- four unpackaged HS, consisting each of its ES atejiated with its fasteners and form-stable PTM,
communicated with the vacuum environment of thedeamber;

— a sample, consisting only of V-HSM-50 blank pame®f such samples is presented in Fig. 1 [4].

V. A. Alexeev et al.
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Fig. 1. HSM-04-03 experimental sample (two views)

Temperature measurements in the vacuum chambercamied out only for this sample.

The tests were accomplished during a one-year ghexicpressure level from 1387 to 13310° Pa
(from 102 to 10° mm Hg) in the vacuum chamber. All initial paramsteecessary for analyzing tests
results were measured before placing the sampléseirthamber and after termination of the testthén
vacuum.

V. A. Alexeev et al.
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Besides, during the tests the HS samples werenaligikept in vacuum environment without turning on
the ES for 10 months. After that for 2 months thengles’ ES were cyclically turned on and samples’
parameters were cyclically measured.

After staying the samples in the vacuum their weigkre measured (lost) and physico-mechanical
properties of the heat-storage material were stludibese results are presented in Table 1.

Table 1. Physical-mechanical properties of heatg® material before and after staying in vacuum

Weight, g Physical-mechanical properties
Weight loss Initial parameters After staying in vacuum
o After stayin 0 ’ [
Initial |~ vacuﬁmg & Tensile strength  Elongation Ten;tllgrzt;(éngtr Elongation
at breakMPa at break, % MPa ' at break, %
5.54 5.49 0.99 12.5 98.0 20.2 72.0

The represented data confirms that after stayirthenvacuum weight loss was slight and didn’t edcee
the specified norms. Moreover, with increase ofetiof staying in vacuum the weight decreased. The
physical-mechanical properties of HSM obviously ioyed. Both facts were connected with driving away
volatile products generated during material vulzation.

STUDY OF VACUUM INFLUENCE ON ENERGY CAPACITY OF UNP ACKAGED HS

The main efficiency indicator of the heat-storagatenal is its ability to accumulate thermal energy
When checking PTM energy capacity, two effects edthaccumulation are realized: phase transitioeceff
and thermal capacity effect in the area of highperatures of the material. A calorimetric method waed
for estimating total heat absorption effect of thaterial. The method provided for heating and s@gyhe
tested sample in the heat chamber at a temperaitdr@0 °C. After that the sample was placed in a water
calorimeter for transmission of stored heat to wabaie to constant temperature control, the tertiona
moment of heat transmission from the sample to maées determined. Quantity of heat transmittetheo
water was defined by the difference between india final temperatures of the water taking intooait its
thermal capacity and volume. This characterizeshtbiemal absorption of the material.

The results of the vacuum influence study on thémbaorption of the samples (energy capacity) are
presented in Table 2.

Table 2. Heat absorption of the samples beforeafted staying in vacuum

Heat absorption, kJ/kg
Sample No. — — Note
Initial After staying in vacuum
HSM blank part 100 102 PTM without the structure
HSM-04-02 75 80 . , ,
HSM-04-03 280 305 HS integrated into the structure with §S

It follows from Table 2 that the total effect ofdieabsorption of the samples even improved afr th
staying in vacuum. This fact can be explained hy tactors:

- stabilization of samples’ material structure aftiiving away the volatile products which led to
improvement of the thermal contact between touchkingaces of the structure and the PTM,;

- by certain difference of initial temperatures befand after the tests.

V. A. Alexeev et al.
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STUDY OF SERVICEABILITY OF THE HS WITH ENERGY SOURC ES

The following main purposes were set before tktste

- functional test of the HS for providing the reqdihiermal conditions of the energy sources used in
on-board REE of SC in vacuum environment;

— definition of the vacuum influence on the HSM paeaens;

— comparison of the received results with correspaypdalues at normal environmental pressure.

The proceduref the tests are as follows:

— all the samples were placed in the vacuum chanWiey; (

— thermocouples and heating elements with capaciB4dV were mounted on the NS04-03 sample;

- heating elements (HE) were turned on twice a weekia HS control points the relation of change in
temperature (from the initial to assigned tempeeatevels) with time was determined on the honeymsin
panel (9C°C);

— during the tests the pressure in the chamber wasumed,;

- the samples were weighted before and after terinmadf the tests in breaks between repeated
switching on the energy sources.

STUDY RESULTS

In Fig. 2 one of the typical graphs of temperatcihenge of the component parts of theMd@4-03
honeycombed panel fragment, filled with V-MS50, against the time of switching on the thernaaldl is
presented.

Experiment 1 HSI-04-03 (13.04.0¢

. ==
” =7l

7e AT

= %{/ﬁ
65 3 ,@/
e i
55 /ﬂ//y/%
2 /AN 7
pj///

35 /f

25 ;é

15 (

0 10 20 30 40 50 1, minutes

Fig. 2. Typical dynamics of temperatures changthefsample components: 1, 2 —
temperature along the PTM thickness; 3 — ES; 4neymombed panel structure

The thermophysical processes in the HS can bergszsas follows.

During the heat supply from the ES the temperatofrethe structure and the HSM located in
honeycombed panel cells and contacting with alumiorrugations, is rising. Further the HSM is hdate
up and the stage of pre-melting of the working madprior to the beginning of phase transition kvl of

V. A. Alexeev et al.
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(40-45) T starts, characterized in deceleration of tempegaitncrease rate. This is connected with the
additional energy expenditures for softening andaexling the volume of the melting filler. Afterward
phase transition of the HSM at a temperature ofG3and appreciable decline in the HS temperature
increase rate occur. The complete stabilizatioth@temperatures of HS component parts doesn’tr dere
because of the poor thermal conductivity of workimgdium but it is observed the smoothing the
temperatures of all component parts of the HS. rAfte termination of melting process, the rate of
temperature increase of the HS is noticeably lotlvan that at heating-up the solid phase of theingelt
filler. This is explained by the fact that the specificthespacity of liquid phase from the beginning of
melting to the level of (90-100L steadily increased from 2.1 to 3.0 kJIBg[1]. Therein lays the
additional thermal-capacitive effect of the heagaption in the unpackaged heat storages.

The presented dependences of temperature chanige BfSM-04-03 sample components, taken within
the last 2 months of the vacuum tests were prdlgtickentical (there were 15 tests in all).

For obviousness the averaged dependence of thgdwnbed panel temperature is presented in Fig. 3.
The presented dependence confirms the stabilitthefmal mode of the HS, and consequently the
serviceability of the V-HSI-50 heat-storage material in the vacuum.

T.°C

90

80 e

70

6¢ —— Experiment 1

50 —B— Experiment 2
—A— Experiment 3

40 —x— Experiment 4
—o— Experiment 5

=0 —x— Experiment 6

20

10 4

0 10 20 30 40 50 60 T, minutes

Fig. 3. Averaged dependence of honeycombed pamapeeture change at multiple
switching on the ES (results of 6 experiments afisig H3M-04-03 sample in the vacuum
for the last two months)

Results of weighing all four HS samples before afidr tests in the vacuum chamber are presented in
Table 3.

The results of the experimental studies of the akgpged HS in the vacuum have been presented in
scientific and technical reports of the OJSC “Redednstitute of Precision Instruments”, but theywé not
been published. During the subsequent years tranaiok results became a basis for introduction efHB
into space hardware. At present a practical intexpgears in terms of implementation of functiciesks in
vacuum of previously investigated MS04-03 sample after its storage within 5 years atmal
environmental pressure. For these purposes the santitions were reproduced in the vacuum chamber,
which were supported earlier. Results of newly npénted tests in the vacuum confirmed the coinciglen
of temperature values of the HS components almatt accuracy of errors from thermocouples and
measuring instruments. It is visually presenteBiq 4.

V. A. Alexeev et al.
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Table 3. Change of components weight before amd stflying in the vacuum

Before vacuum tests After vacuum tests
HS samples HSM., kg HS and ES HSM, kg HS and ES
structure structure
HSM-04-01 0.0067 0.0194 0.0066 0.0193
HSM-04-02 0.0394 0.1634 0.0389 0.1629
HSM-04-03 0.1206 0.1603 0.1189 0.1586
HSM-04-04 0.3383 0.8209 0.3342 0.8168
T, o
90 Zo7N
80 a7l ]
1 1 %
70 N J,
50 Pﬁ; Seg
“‘Gib\(
40 f )
30
20 gf
10
0

0 10 20 30 40 50 60 70 80 SO 100 110 120 130 T, minutes

Fig. 4. Checking stability of thermal-physic propes of V-HSM-50 as a part of H8-04-03
sample in vacuum after storage at normal enviromahgeressure within 5 years: 1 — tests
conducted in April 2005 & = 24 W and 10 mm Hg; 2 — tests conducted on 24.11.10 at

= 24,3 W and 16 mm Hg

CONCLUSIONS

1. The conducted studies of the unpackaged HS ingdbeum where the V-H3-50 heat storage material
was used as a working medium, has shown that dfieing away the volatile products generated during
vulcanization of the material a slight loss ofvitsight occurred (about 1%).

2. Physical-mechanical properties of the material hayeroved and remained stable under the exposure
of the reduced pressure in the chamber within $irfiidm 13%10 Pa to 13810°° Pa after staying in it within
1 year.

3. We were convinced that it would be efficient if ttieehnological process of manufacturing the mdteria
before its installation in the structure with th8 Ehould include vacuum processing of the HSM blzank
for driving away the volatile products after vulcaation.
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4. The conducted tests have shown that the WHE) heat storage material in the structure, ctingif
the unpackaged HS with the energy sources is efiicin vacuum from 13202 Pa to 13810° Pa
(from 102 to 10° mm Hg) and can be applied in unpressurized commesnts of spacecraft.
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INVESTIGATION OF THE GUIDE INSERTIONS INFLUENCE ON THE
CONDENSATION OF WATER IN A NARROW GAP CONDENSER OF A
LOOP HEAT PIPE
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Abstract

The results of heat transfer and hydrodynamicssitigation in the time of water vapor condensatioa narrow gap
condenser of a loop heat pipes. The length of treenser is 80 mm. A cross-section is 40x1.1 mstrumental
investigations and visual observations of a conaliims process of a condenser with longitudinal guitsertions and
without them was carried out. The investigationsenmnducted at the condenser cooling temperatred/from 60 to
95 °C. At all operating parameters there was a steatiflow regime of a two-phase flow and a film typé
condensation. A temperature field in the condemasel the coefficient of heat transfer were measurkht transfer
coefficients for the condenser without the insesiare in a range of 21 to 46 kW/(K-m?), and wlid insertions - from
42 to 88 kW/(K-m?).

KEYWORDS
Loop heat pipe, gap condenser, condensation, taefér coefficient, thermal resistance.

INTRODUCTION

Heat-transfer processes in the condenser of a heap pipe (LHP) affect significantly the operating
characteristics of the device [1, 2], and yet uméev they have not been adequately studied. The LH
condenser must have generally small sizes anceataime time remain sufficiently effective [3]. Gofehe
main characteristics of the LHP effectiveness imtal thermal resistance, calculated on the folhmyi
formula:

_ Tev=Teond
R o 1)
where Q is a transferred heat load,, TTcong — the temperature of the evaporator and the camien
respectively. It includes a thermal resistance hef evaporator & a resistance of the vapor ling;,R
connecting the evaporator and the condenser, amsistance of the condenses R
R= Rev + va + Rcond- (2)
A resistance Rvl is usually small and it can belextgd.

The article [4] shows that for miniature LHP (mLHR)a value R the resistance of the condenser plays
the important role, which can exceed the resistafid¢be evaporator in several times. Therefore, aribe
main issues in the development of a LHP becomestiiease of the condenser efficiency. A.Rvalue is
determined by the difference of vapor temperattit@ainlet of the condenser and the ambient teatpes,
cooling the condenser, related to a heat load Q:

T, -T
Rcond = VTCOOI . (3)
For the analysis of &.4the other formula is used:
Reond = = (4)
d - )
eon Scond D})‘cond

according to which the decrease of the condensemtd resistance can be achieved both by the isiciga
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of the intensity of heat transfeg,ns and by the increasing of its heat-exchange ser&&gqs The latter is
quite difficult to do, taking into account size ltations of a LHP. A gap type of the condenserigwvof its
geometry can be quite compact, and at the same hiswe a relatively large heat-exchange surfaceshwb
well correlated with different heat sinks.

This work is aimed at the intensification of heatieange processes in a narrow gap condenser bysmean
of special guide insertions.

DESCRIPTION OF EXPERIMENTAL SETUP

An experimental setup for investigating heat trangf the gap condenser of an LHP is presentedgin F
1. The setup has a system for the pumping (1) anddule for clearing and degassing the workingifl(@).
Heat to the evaporator (3) is supplied from anteledeater (4). To cool the condenser, use is nude
running thermostatted water (5). Experimental degae registered with the help of a data acquisitioit
Agilent 34970A (6). All readings of the thermocoeplas well as the information of the optical appsra
are then input into the computer (7) for furthee thata processing and analysis. Photography ameh§l
are used for visual observations (8).

2
1 Thermocouples N @

8
Vapor line
\ Cooling water outlet
4
o [ | I [ )
—>
. _ 5
Liquid line ) 1 4 Cooling water inlet

Evaporator

) :> 7

/

Fig. 1. Scheme of the experimental setup

Investigations were carried out with a copper-watdP, which was located horizontally and had a flat
evaporator. The heating are was 40x40 mm. The Heofgh vapor line was 550 mm, the length of a liqui
line was 250 mm, and the internal diameters wenem8and 4 mm respectively. The outer surfaces of the
evaporator, heater and pipelines were thermallylated.

A design of the test section as it is shown in Bigias represented as a multi-layer package. Betthee
lower copper and the upper glass plate there wablzer seal in the form of a frame with a rectaagul
opening measuring 80x40 mm. The seal ensured tH@ghiness of the test section and formed theadhte
surfaces of a gap channel. The channel thickness dedermined by the degree of the rubber seal
compression, which was controlled by the bolts e ftange. In our case the thickness was 1.1 mma. Th
flange was located above and also had a rectangelatered opening measuring 80x40 mm. Such an
assembly of the test section allowed visual obgiems, photography and filming of the condensation
process. The low side of the copper plate was imamd with “a cold plate”, cooled by running wafeom a
thermostat. Cooling temperature varied from 60 %0°G. The inlet and the outlet of the condenserewer
located at its opposite corners.
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Mounting flange
Glass cover

Rubberseal with guide
insertions
Vapor ling

Copper plate

Thermostatic plate

0 Gy,

Liquid line
Liquid outlet

Fig. 2. Scheme of the test section

The vapor condensed on the lower cold surface. tEhgerature on the condensation surface was
measured at 12 points. Their positions are showfignl. Copper-constantan thermocouples were imed
the temperature measurement. In the course of iexgets records were also kept of the vapor temperat
in the vapor line, the condensate temperature etettit from the condenser and the entrance into the
evaporator, the control of the temperature diffeeenf cooling water at the entrance into the "qukte"
and at the exit from it was held.

TESTING PROCEDURE
An experiment began with preparation of the workihgd and the loop heat pipe for investigations.
Such a procedure was carried out to exclude trectefff permanent gases, air and impurities on tHE L
operation as a whole, and also on the condengatamess. This stage of the work included the cleaaind
degassing of water, and also the pumping anddillihthe LHP. Then the condenser cooling systemtlaad
evaporator heating were switched on. The indicatiof the thermocouples were recorded after the
completion of transient processes in the LHP,dwring a stationary operation of the heat-trandfarice.
The optical apparatus was located just above thwlerser to record the working fluid flow and
condensation situation. The area of the condensatioe was determined from photographs. Investigati
were conducted with different mass flow rates & working fluids entering the condenser. The flater
was controlled by the heat load Q delivered toehaporator and calculated with account of the et
from the heater, evaporator and vapor line intodhtside ambient Q, as well as heat Qspent for the
heating the cold liquid that enters the evaponraitr a temperature,Tto the vapor temperaturg: T
m= ﬁ ,
h
whereQ,, =Q-Q, - Q. h is the heat of vaporization.
The value of Q in experiments varied from 50 W @0 V.

(5)
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TEST RESULTS

Visual studies of condensation process

The aim of the work consisted in investigation loé tguide insertions influence on the heat transfer
intensity during the condensation. Fig. 3 pres#rggphotographs of the condensation process aiibieng
temperature of 80°C for the condenser with insastiand without them.

guide insertions

/ﬁ ﬁﬁﬁr
U [l

ey C———

100 W 200 W 300 W 400 W 500 W

Fig. 3. Photographs of the condensation processguiide insertions and without them

To reduce the uncertainty of the measurement esoltne photographs gn4) made at the different
times but with invariable mode parameters Q aggd, Were used for further computer processing. The
average area was calculated by the formula:

— 1 <
i=1

where Scond — an average area of the condensation Zooend; — an area of the condensation zone
for a moment of time at the same regime parameters.

It was found that there was a multi-layer flow ragiof a two-phase flow and a filming type of the
condensation process. The heat load dependencectitive area of the condensation zone is preddante
Fig. 4. It was calculated by the formula:

S = écondi ’ (8)
Stotal

where Scond; — an average area of condensation zone for tleatidoad, S, - the total area of active
condensation zone. The figure shows that the aréaeocondensation zone, for the condenser witkeyui
insertions, practically does not change with insimeg heat load and is independent of the cooling

temperature. It remains the maximum in the entirge of heat loads. The redistribution of a licegdween
the condenser and the compensation chamber walig’'bbserved.
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Fig. 4. Heat load dependence of a relative ar¢heo€ondensation zone:
m e 4 - with guide insertionggo o - without insertions

The area of the condensation zone was about aohdtie total area of the condenser zone in the
condenser without the guide insertions at mininedtHoad. An active release of the condenser fiwen t
liquid and the increase of the condensation arghdomaximum value took place at the load incraase
200-250 W. Further the condensation area didnittjmaly change and was about 99% from the totehar
of the condenser [5].

Heat exchange in the condensation zone

The average temperature at the condensation susasaletermined by readings of the thermocouples

that were located in the condensation zone:

1

N
N DZ Tcondi ’

_ ©)

where Tond; is the local value of the temperature, N is thenber of thermocouples in the condensation
zone.

The dependence of an average heat-transfer ceeffigi the condensation zorne on the heat flux
Qqong at different cooling temperatures is shown in Big.

Tcond =
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Fig. 5. Heat load dependence of the heat-transkficient:

m e A - with guide insertiong o A
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The graph presents that heat-transfer coefficitmitshe condenser without insertions are in thegean
from 21 to 46 kW/(K-m?2), but with insertions —ifino42 to 88 kW/(K-m?)/ This fact says about thatuke
of the guide insertions allow increasing the inignsf heat-transfer processes in the condensabaut two
times. Apparently one of the reasons of the inéngasf the heat-transfer intensity is the growthtloé
vapor velocity in the condenser. It is connectethwhe decrease of the cross-section of the channel
Moreover a serpentine-shaped form of the channkiclwleads to the turbulezation of the vapor flux,
influences the intensification of the heat-trangfiercesses.

Thermal resistance of a condenser

Heat exchange processes during condensation asedeosbly determined by the thermal resistance of
the condenser. The thermal resistance associatédte condensation process can be defined by the
formula:

_ 1 _ TV _Tcond
I:eint - -
Scond mcond Q (10)

whereT, is a vapor temperature at the entrance into tineleser, T cond- an average temperature of the
active area of the condensation zone, which wasilzkd by 12 thermocouples placed in the condeaser

it is shown in Fig. 3. It is clear seen from Figth@at the thermal resistance is two times less tith
insertions than without them at the same coolimgperature. One of the main mechanisms of a thermal
resistance decrease is a thickness reduction d@ma dovered the condensation surface. By means of
capillary forces a liquid moves from the centreaathannel to its edges and the guide insertiomsoltes to

the exit from the condenser owing to a pressur.dio this case the denseness of a liquid flowhia t
condenser doesn’t change.
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o o
0,016 - O 2 2 & @ A A
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0,014 - o
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& - .
(U -
g 0010 A
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£ o004 " om WO Tox,=95°C
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0,000 ‘ ‘ ‘ ‘
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Heat load, W

Fig. 6. Heat load dependence of the condenser #ieasistance:
m e A - with guide insertiongo o - without insertions.

CONCLUSION

The tests of the LHP condenser with the longitudinéde insertions and without them were carrietl ou
at different cooling temperatures. The film typecofidensation was observed at all regime paramédtéss
found that the use of the longitudinal guide insed in the condenser of a LHP increases the deonsit
heat-exchange processes at condensation in 1rie.tit is connected with:
— the growth of a local vapor velocity;
- vapor flow turbulezation;
— removal of the liquid film from the active heat-&iange by means of capillary forces.
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NOMENCLATURE

T — temperatureC

Q — heat load, W

S — area of the condensation zon&, m
o - heat-transfer coefficient, W/in?

Subscripts

amb — ambient

ev — evaporator
cond — condenser
cool — cooling water

int — initial
| — liquid
Vv - vapor

vl — vapor line
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Abstract

There are presented the different investigatioms,oting new direction of energy saving — energyirgavn
Nuclear Power Station (NPS). Studying the typicdlesnes of these stations was shown many sourogasté low —
potential heat existence. It was proposed to usgetlsources most preferable form — to replace maynly part of the
vapor selection from turbine by heat from the mamgd sources. It was suggested to use for the omextigoal to
apply as most effective thermal connections betwemste heat sources and turbine regenerative sybesah
exchangers special form of heat pipe heat exchangased on coiled their forms.

It was proposed the approach to the selection @btparameters determination, including as the herlthermal
schematic parameters both mentioned heat exchaogess There were produced all necessary calcotafar typical
turbine schematic with respect to use as mentighedmal connections on the base as auxiliary heaatec in the
mentioned heat exchanger any low — temperaturé@lisuch as n-butane.

The calculations were made for different possitdéior between cost of energy saving unit and useat he
exchangers surface price. The results are presantbd graphic form.

KEYWORDS.
Nuclear power station; heat pipe heat exchang@onairbine; regenerative system; waste heat; gregng; coiled
form; thermal siphon.

INTRODUCTION

The information about some waste heat sourceghietdNuclear Power Station (NPS) with (for example
water cooled nuclear reactors with power 1000 MWKilaary system is discovering a lot great posgies,
including also using these possibilities for palgiaemoving of the low-temperature steam extractand
obtaining for it the additional electric power gegt Naturally, it is appearing the question: Hosuld it be
better done?

There are existing now a lot different heat transfeparatuses, which could be used to the problem
solving. The authors are considering, that it isstrgerspective to use the goal two — phase heatféna
exchangers, such as heat pipes heat exchangematisphons heat exchangers or pulsating heas fripat
exchangers too. It is seemed, that the best vasiastme of these exchanger design for pointed igoase
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their separate form, when the heating and coolamgeg are presented as two separate exchangerscteshn
each other with vapor and condensate lines [1, 2].

There are becoming the energy saving problemsnsgsiiethe more and more important in the different
fields of modern technology. The next auxiliary l®ac power station systems can be related to the
perspective from the mentioned point of view: Je #utomatic systems protection blocks cooling;e2.th
cooling ponds; 3. the different cooling systemséleed water and etc.

There aren’t known the energy — saving systemsatingg NPS, problems such analysis and
representative discussion and statement. Therabsent right knowledge and imagination about thergn
potential of these possible waste heat sourcesHS ldnd most perspective forms of their using. The
important problem in the theme is such systemsr@ltparameters determination.

There is considered in the paper any approachetpribblem statement and it solution initial step.

THE PROBLEM STATEMENT

It is possible to state the NPS waste heat savedygrsystem optimal parameters determination by the
next view. The optimal parameters have to enswertimimum general expenditures for energy saving. |
possible to imagine the value of the mentioned edjteres by the next way:

Zo = —KlmFE‘l‘Fc)‘l'Kz[NE. (1)

Here,Z, is a general expenditures for the energy savinbveaste low-temperature heat usikg; Ko,
Fe, Fc, — special cost coefficients caused by installeat lexchanger area values correspondinglyNind
an additional energy, obtained for account of émergy saving form using,.

The total economy for the saving energy systemiegidn can be determined by the next way:

i=n
Ze = Kelo O3 (G; [AL;). 2)
i=1

HereZg, Kg, 1o, G;, Al; are total profit for the energy saving system egagilon; specific electricity cost;
the saving energy system whole working time per y#ar; the turbine selection vapor flow rate, reatbv
with using some of mentioned waste heat sources; sipecific enthalpy production for it account,
respectively. The next important index is the payaek timeTs,. It can be defined by the next way, using
above mentioned parameters:

Tr = Z()/ ZE- (3)

The lower the value is, the better from the ecowopuint of view. So, it means, that it will be
comfortable to take as the first step any initialue of T;. For example, it could be one month or some
months.

THE OPTIMAL PARAMETERES DETERMINATION
ON THE SUGGESTED APPROACH BASE

Let's to consider the problem at the first approadiion. It will be taken as the object of optimipatithe
saturation temperature in the heat pipe heat egenranith separate zones (heating and cooling).lltb&
using for determination some real values of thé N&6 with real nuclear reactor type (we took WWEHQ
design and thermal schematic parameters). Thelatiouwhole schematic is the next:

1) the inlet condensate temperature in the turbinermegtive system is 3T,

2) the feed water flow rate is as for turbikie- 1000 — 60/50 ...890 kg/s. [3],

3) the low-potential waste heat inlet temperaturedis@

4) the pointed waste heat flow rate is equal 20.8.kdls
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There were taken the next optimization objectgh&)heated condensate or feed water in the adaliti@at
exchanger outlet temperature; 2) a working surtdadis heat exchanger; 3) the utilized low-potahiieat
guantity. The optimization criteria (goal functiowps taken the whole expenditures minimum. The &hol
calculation schematic has the next view:

The thermal power, transferred over the heat pgag bxchanger was defined as the next:

Q= GLICIL, — &) (4)

Here Q,Gl,CL,t, ,t,, — athermal power, transferring in the heat pipe kgahanger (HPHE) based on

the thermal siphon; heat carrier flow rate valug;specific heat capacity, its inlet and outlet penatures,
correspondingly.

t,=t,+Q/(G2[T2), (5)

wheret,,,t,,,G2,C2- the feed water or condensate inlet and outlet ¢éeatpres in HPHE; it flow rate; it

specific heat capacity, correspondingly. It wastak the calculations, that specific heat capesiftor
waste water flow and feed water (or condensateg¢a@uel, that is:

C1=C2=490J/(kgK) (6)

Besides it, there were taken into the account &x important heat transfer processes charactevisti

Fl:igi; FZ:iEIi;TTl: (tzz_t21); AT2= t,—t, (7)
T1 k1 AT2 k2 in (e = &) in (s ~t)

(t21 - ts) (ts - t12)

The total heat transfer coefficients in HPKEk, were taken for preliminary calculations to be aqu
1000 W/(MK) and 500 W/(rfiK) correspondingly. The waste flow rate and feediewéor condensate) flow
rate were taken on the base of the known turbigenerative system schematic thermodynamic calouigti
for energy block WWER-1000. They were equal, cqoeslingly: G1 = 20.8 kg/s., G2 = 890 kg/s. The
specific electric energy addition, obtained for @ott of partial removing of the turbine lower vapor
selection was determined as 195.5 KJ/kg.

Then the whole profit of the HPHE application witbcount expenditures on the exchanger production,
installation, performance and additional expendgurfor it service and commonly with taken into
consideration the payment for the additional ele@nergy could be defined with respect the speeifiergy
cost is equal 0.14 grivna per 1 Kgur with pay-back time will be taken one monthattis 750 hours,
approximately. The all pointed conditions gave bty to calculate the profit for the proposedrio of
save energy solution and presented it in the gedfoiin, as dependency of the profit in grivha oa Waste
flow in HPHE outlet temperature.

There was determined the equation for the HPHHEnatesaturation temperature. It has the next view:

— [(k]JkZ) mtzz +t21) _(tlz +t11)] _ (k]/kZ) mtzz +t21) B (t12 +t11)]}2 _{[(k]/kZ) HEz [ﬂn -1, [ﬂlz}

J{[ ®
= 2 (K1/K2) 1] 2(K1/K2) 1] [(KU/K2) 1]

Therefore, on the prescribed base the calculati@me done and their results in the graphic form are
given in the Figs. 1 and 2.
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Fig. 1. The dependency optimization function Z1iivita per year)
on the waste flow outlet temperature from HPHErzdgC (W11).
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Fig. 2. The dependency optimization function V1, V3 (grivha per year) on the waste flow
outlet temperature from HPHE in grad C (W11) foffedent cost ratio between specific
electric energy cost and specific cost of total HPldxpenditures. V2 has it ratio
in two times lower, than for V1; and as V3 it raitioten times lower, than the mentioned one.

It is seen from the Figs. 1 and 2 that there detdkie outlet temperature from HPHE clear optimlim.
is essentially depend on the ratio between obtagawelition electric energy during pay-back time castl
the HPHE total expenditures per the same time.dams, that there are possible realize such consdijtio

when the considered form of energy saving will m@te a sense.
The calculations also gave information about thélHRurface scale and possible scale of the addition

energy dependencies on the mentioned factor théevilasv outlet temperature from HPHE RC. The
results can be presented in the graphic form irfFtgs. 3 and 4.

21
|. Chadzobied et al.



VIII Minsk International Seminar “Heat Pipes, Heaumps, Refrigerators, Power Sources”,
Minsk, Belarus, September 12-15, 2011

110"

F1  5000[ ]

0 I I
30 35 40 45 5(C

W111

Fig. 3. The HPHE surface F1 fyrdependency on the waste flow outlet
temperature from HPHE itC (W111).
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Fig. 4. The additional energy pow@i3 (kWlhour) obtained during pay-back time
dependency on the waste flow outlet temperatura tH*HE in grad C (W111).

Naturally, it is necessary to account by the maited calculations many of the circumstancesgchvhi
were not take into consideration, including thosettee heat transfer coefficients in the condensadiad
evaporation zones dependency on the heat fluxsityeron the thermal regimes, technology and gepmet
factors too and etc. Finally, it will be necesstarytake into consideration also the turbine therregimes
peculiarities, connected with power load changlhg necessary in this case to account essertaiging
in all turbine selections parameters. It has toldagling to many changing in the HPHE heat transfer
conditions and as it result to the correspondirangimg in the mentioned save energy final profinetion.

But the problem is required a serious additionatkywavhat is far coming for present work limitatiohhe
last problem will be the subject of the future istigations.
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CONCLUSIONS

1. The defined optimal parameters have to be considasesome first approximation, what help to
estimate the order and scale of these real valuesse results are not considered to be final aadhat
required discussion and correction.

2.1t is useful to widen this investigation, accougtimvhole other thermal regimes peculiarities,
including as steady power load both unsteady too.

3. The suggested in the paper approach can be coediderrather perspective and that is why, it could
be recommended to continue and next development.

4. The problem important moment, what has to be adeoyims the necessity to take into consideration
the main cost input values ratio.

References

1. Bezrodny M.K., Volkov S.S., Moklyak V.F.Two-Phase Thermal Siphons in Industrial Thermal
Engineering “Vischa schkola” Publishing House, Kiev, 199163p. {n Russiah

2. SmirnovH.F. The thermal industrial engineering problems @ditipipes heat exchangers calculations //
Teploenergetik§Heat-Power Engineering1988. No. 7. Pp. 51-5i(Russiai)

3. Troyanovsky BM., Fillipov G.A., Bulkin A.E. The Nuclear Power Station Vapor and Gas Turbines:
Tutorial for Institutes of Higher EducatipiEnergoatomizdat, Moscow, 1985. 256 pp.Russiai).

4. Tevlin C.A. Atomic Electric Power Stations with WWER-1000 Nucl&aactorsTutorial for Institutes
of Higher Education Publishing House of Moscow Power Engineeringitimgt. 2008. 358 pp. (in
Russia).

23
|. Chadzobied et al.



VIII Minsk International Seminar “Heat Pipes, Heatimps, Refrigerators, Power Sources”,
Minsk, Belarus, September 12-15, 2011

A TWO-PHASE REVERSE THERMOSYPHON
WITH TWO WORK-AGENTS

Yuri Dobriansky, Michal Duda, Daniel Chludzinski
Faculty of Technical Sciences
University of Warmia and Mazury in Olsztyn
ul. Oczapowskiego 11, 10-736 Olsztyn, Poland
Tel. +4889 523-4932, fax. +4889 523-3603, emaibr@uwm.edu.pl

Abstract

A new kind of two-phase reverse thermosyphon vigthidl water as a heat carrier and with vapour &ifgerant as
a pumping agent will be presented in this papee best properties of the each work agent are usélis case. In
particular, water and its solutions has the bespgrties as a heat carrier, and refrigerants keepspre above the
atmospheric pressure inside of devices if tempegalies in the range from 0 to 100°C. It considgramproves
operating characteristics of the device and allmaaliminate mechanical transporting pump out oplevith circulation
directed opposite to natural convection. The ma&wshconsist in adding second work agent and peifigrof heat
carrying and pumping of the heat carrier with hefipwo different work agents. A few copies of theotphase reverse
thermosyphon loop with two work agents were sudaggested under laboratory conditions and in bamation with
an experimental solar installation.

KEYWORDS
Reverse thermosyphon, passive heat transfer, downtveo-phases, two work agent.

INTRODUCTION

The task of heat transfer downward is often meg¢ngineering practice. Ordinary liquid (one-phase)
reverse thermosyphons with pump powered by elégtiace usually an widely used for this purposee©On
phase or two-phase thermosyphons are used fotraeafer upward. These devices operate autonomously
without external energy supply. It is very desieal design self-acting reverse thermosyphon fesipa
heat transfer downward. It is a lot attempts to enskich devices. Review of concepts of self-acting
circulation loops for heat transfer downward isegivin [1]. Unfortunately, such devices are not used
practice because they need for its operation eitbelg great quantity of costly and harmful refraggs, or
keeping pressure below atmosphere pressure insgtallation, if water is used as a work agent.tls i
possible to use useful properties of both work sggerentioned above?

PRINCIPLES OF OPERATION AND SCHEME OF THE DEVICE

Water and its solutions is the best liquid heatiearVapour is even better heat carrier, but pressf
saturated vapour is less than atmospheric pressodesuch devices must be absolutely leak-tighgtwh
difficult practical task. Therefore liquid water pgeferable for reverse thermosyphons. Calculatimgwvn,
that heat stream density transported by waterdiguid vapour are enough similar [1], and liquid exat
would be acceptable heat carrier.

If thermosyphon circulation loop will operate cyellly, only a moderate volume of vapour (about
1 dm3) and small quantity of low-boiling pumpingeag (about 10 g) is needed to force circulatiomhiz
loop with 1 kW heat flux [2].

If it is wanted that low-boiling substance was uasdan additional pumping work agent, this substanc
must be incapable to dissolve in the heat carrisryapour pressure must be greater then atmospheri
pressure in temperature range from 0 to 100°C pagférably the density of the pumping substancet imeis
less than the density of the heat carrier. Suchdrgatbons as butane or pentane enough satisfgahoekt
these requirements.
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The reverse two-phase thermosyphons with two wa@#nt must also comprise technical means
intended for vapour condensation of the pumpingstrte as well as technical means intended for
transport of the condensate from the condensat&enta the evaporation area.

Schematic diagram and stages of action of the deuie shown in the Fig. 1.

Pa>Ps

B

t>t, >t

=T | S |

a b C d

Fig. 1. Schematic diagram and stages of actiohefievice: A — hot vessel, B — cold vessel, 1 4arpo
2 — hot falling pipe, 3 — source of heat, 4 — lajhieat carrier, 5 —cold lifting pipe, 6, 7, 8 — ttohvalve
(liquid seal), 9 — intermediate canal, 10, 11 —c&healves, 12 — additional pumping agent, a — ahiti
conditions, b — pumping stage (hot liquid moves aard), ¢ — opening of control valve, d — pourirf§ o
stage (cold liquid moves to hot branch)
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Fig. 2 Water temperature (Td) and vapour pressBdg {n hot vessel A, water temperature in storage
tank used as a cooler (Tstor), water temperatucelthvessel B (Tt) for heat stream 840 W

A few copies of the two-phase reverse thermosypbop with two work agents were successfully
tested under laboratory conditions and in combamativith an experimental solar installation. Operati
temperature and pressure of experimental setup4f@W heater is shown in Fig. 2.
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CONCLUSION

The insertion an additional work agent into cir¢iala loop allows tgoerform the heat carrying and the
pumping of the heat carrier with help of differesnbstances. It allows to use better propertiesatémand
low-boiling substance simultaneously. Two-phaseers® thermosyphon with two work agents has
noticeably better operating characteristics in camngon with other known devices for passive heatdfer
downward.
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Abstract

The report examines the use of heat pipes in magnatasurement system designed for installationthen
spacecraft to monitor the state of Earth's magriigid and the magnetic environment near the madated blocks of
spectrometric equipment complex. A numerical sitiotais made in order to select type of heat pipé determine
optimum design parameters of the elements of thé diek. Installation on the basis of chamber featrand a cold for
carrying out thermal tests of onboard equipmenescribed. The automated multisensor network sysfaemperature
measurement is considered. The results of therewmting of the electronics magnetic measurementesysire
discussed. The expediency in heat pipes for theatiog blocks of onboard scientific equipment iswh.

KEYWORDS
Heat pipe, heat sink, thermostating system for anth@quipment, magnetic measurement system, spdtcexrmerical
modeling of thermal processes, automated systemdaisuring temperature, chamber for heat and cold.

INTRODUCTION

Traditional field of low-temperature heat pipes &iFsystems are the thermal conditions support
systems for equipment of spacecraft. The effedieet removing is made with the help of HPs on spade
and thermoregulation and thermostating of onboeiehsfic instruments is made too.

HP is a device designed to effectively remove ffreem the heating element [1]. Coefficient of thetma
conductivity of HP is about a hundred times morantlthe highest heat conducting metals: silver and
copper. HP is completely self-contained unit whiebuires no supply of electricity or cooling liquid

Miniature HPs developed by the Institute of Powblietallurgy are capable of transmitting heat flows
up to several tens of watts on a distance up te¢atimeters [2]. Such HPs are designed to remewué to
the radiator which is far away from heating dewicevenly distribute heat over the radiator. AlH®, can
be used to provide the same temperature of thefsefements. The use of HP makes heat removal and
transfer much easier, reduces the sizes of radisdad improves the device characteristics. HP can
efficiently solve the following technical tasks:

- the division between heat source and dischargeishtite arranged supply and removal on sites

which are considerably remote and are arbitrarigrdated in space in relation to each other;

- ensuring high thermal conductivity of heat transfgstems;

- heat flow density transformation, i.e. concentratéy deconcentration in wide heat flow range at

heat fall site in comparison with heat supply site;

- temperature field leveling and smoothing of tempempeaks;
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- adjustment and stabilization of objects’ tempematur

Application of HPs makes it possible to maintainearly constant temperature over the entire surface
of the cooling element, it eliminates uneven heptmd implements effective discharge of heat to the
platform. This greatly improves the reliability ofboard equipment as modern semiconductor devisss$ u
in it are very sensitive to temperature changessTreducing the operating temperature of a serdigior
device by 20% gives a reduction in failure by 3esm

The report examines the use of HPs in magnetic umeaeent system (MMS) (Fig. 2), developed by the
Institute of Physics, National Academy of Scienf3ds MMS is designed for installation on the spaedtc
and allows you to monitor the Earth's magneticdfi@hd the magnetic environment near the modules and
blocks of spectrometry instrumentation to studyadbmplex relationships between the state of thenmiag
field and the flows of space particles. MMS carmdde used in stabilization and orientation of speade

INSTALLATION FOR THE TEMPERATURE TEST

To conduct thermal testing of MMS blocks, the iHataon was made the structure scheme of which is
shown in Fig. 1. The main component is a chambehéat and cold (CHC). The chamber allows you to
specify within the working volume temperature rafigen minus 50 to plus 80 °C.

132 /7 ~220V g
PC RS 232 H /H//’;:::::::::::::::::::::}h
= !

Tl APNRN i 4

Fig. 1. Installation for the thermal test: 1 — maval
computer, 2 — chamber for heat and cold, 3 — ctetrat —
Duar vessel with liquid nitrogen, 5 — system of idig
temperature sensors inside the CHC to determine the
temperature heterogeneity, 6 — heating lamps, éntilation
system, 8 — adapter to connect the thermal setsone PC
via interface RS232, 9 — thermally insulated piper f
supplying nitrogen, 10 — magnetic measurement Byste
under testing, 11 — feedback thermosenédr installed in
the heart of the working volume of the chamber, 12
feedback thermosensor No. 2 installed on the chautket

of nitrogen, 13 — feedback thermosenser3 immersed in
liquid nitrogen Duar vessel
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The control system is based on controller “Sosr;00hich is connected to a personal computer (PC)
via interface RS232. This allows you to remotelynage the work of CHC, to visualize the process of
temperature measurement in both graphical and aalfafms and to store the data on your computer.
Heating up in the CHC occurs due to the work oftingalamps of heating system, cooling occurs due to
supply of the vapor of liquid nitrogen from Duarsgel inside the chamber. Temperature distribution
uniformity is provided by the ventilation system.

CHC control is performed using feedback by tempeeatFeedback is implemented on the basis of
three sensors (11, 12, 13, Fig. 1) installed inaieter of the working volume of the CHC at theruoied
outlet of nitrogen vapors and in the Duar vesskeérmoresistors are used as thermosensors.

To determine the heterogeneity of the temperatuselé the chamber, ten digital thermosensors are
installed at given points within volume. (5, Fig. $emiconductor digital temperature sensors ofpzom
Maxim / Dallas DS1820 (measuring range from -5326 °C, accuracy of measurement +0,5 °C) are used
as thermosensors, these sensors have a seriakliérface which allows you to connect all thasses,
using only a two-wire bus. Thermosensors are mauatea flexible frame carcass and they are condecte
sequentially with the help of a cable. The systérmemperature sensors is connected to a PC via R823
USB ports by means of an adapter.

MMS (10, Fig. 1) is placed inside the chamber griaform that simulates the spacecraft’'s board. The
platform has its own thermostating system that e¥ssonstant temperature maintenance regardless of
ambient temperature.

DESCRIPTION OF TEST OBJECT

Test object (Fig. 2) is MMS. MMS contains in itsustture magnetometers for primary and backup
channels and electronics block (EB). The structfrEB includes a voltage transducer module, prawess
module (CPC304, PC/104 Processor board), the ducteamnels module with the help of which one can
specify currents in the coils included into magndteld compensation system and into the system of
dampening and orientation of spacecraft.

Technical characteristics of MMS

— number of magnetic field components under
measurement — 3

— number of current channels — 3

— number of temperature channels — 3

— range of magnetic field under

measurement (60 000) nT

— channel for digital information transmission
spacecraft — RS422

— outer power supply voltage — 27V

— power consumption: magnetometer -100 mA@5V,
module for current channels -0,4A@12V,
processor board -1,5@5V

Fig. 2. Magnetic measurement system

The hardware part of MMS is executed under the meh@ith an unloaded reserve (“cold” back up).
The most energy saturated block of MMS is EB. Etedts block must be mounted directly on the space
platform during the operation. The temperaturehaf platform is supported in a given temperaturgean
(extreme temperature values of platform minus 2@i@ plus 40 °C).

Heat from the EB is conducted through metal bodgenaf aluminium alloy. Fig. 3 shows how the heat
from the radiator of the processor module is drdppih the help of HP to the bottom of the devisjch

34
S.A. Grishin et al.



VIII Minsk International Seminar “Heat Pipes, Heatimps, Refrigerators, Power Sources”,
Minsk, Belarus, 12-15 September, 2011

has contact with the spacecraft platform. A givegrinal regime for EB is maintained by automaticried
regime system. That system consists of autonomaansnof electrical heating, thermo-optical covering
HPs, temperature sensors, radiation surfaces ooatiag of device to discharge excess amounts af he
into the surrounding space, screen-vacuum insulatigprevent the leakage of heat.

Thermosensors DS1820

A

; ! . i S A LR
Fig. 3. The design of heat sink for processor medw- cooled processor board, 2 — case of EB MMS,
3 — EB’s base, 4-heat pipe, 5 — evaporator radig@arondenser radiator, 7, 8 — thermosensors D$5182

Maximum power dissipation of the processor mod@P€304) — 7,5 Watt. Thermal paste is used for
better thermal contact with the surface when iliatathe radiator for evaporator, radiator for cender.

Digital thermal sensors connected to the netwoekiastalled inside the body of EB of MMS (Fig. 3).
Temperature sensors are installed on the evapad@tor of processor board (thermosensor 7 in Fig
on the condenser radiator (thermosensor 8 in FjaqrBthe voltage transducer and body surfaceBofTEe
system of temperature sensors is connected to putemvia the serial interface. Structure schentetha
appearance of an automated multisensor networ&rayfgtr temperature measurement are shown in Fig. 4.

A

Fig. 4. Automated multisensor network system fongerature
measurement: 1 — electronics block, 2 — digitairtizesensors,
3 — adapter for connecting sensors to a computeitJdB or
RS232 ports, 4 — computer

Semiconductor digital temperature sensors are apadesequentially between each other, the number
of sensors may vary depending on the task.

To visualize the process of temperature changet@isdve the results of measurements the developed
program TempView was used.
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HEAT DISTRIBUTION SIMULATION

Calculation methods

To carry out thermal calculations, a specially deped method of determining the thermal resistanice
HPs was used [4]. The method allows you to caleutamperature in the zone of heat supply from the
processor module, depending upon changes in owteditoons (heat transfer coefficient and ambient
temperature), the geometric design parametersficest of fins), and upon the thermal propertiédH&s
(thermal resistance).

Initial data for calculations

Heat sink from the EB is carried out conductivéiyough the base. Fig. 5 shows how the heat from the
radiator of processor module with the help of h@pe is dropped to the bottom of the device, whels
close contact with the spacecraft platform.

Power emission from processor board — 7,5 W. Thetaot area of basis of EB with a board of
spacecraft is 340 dnEB'’s basis is executed from an aluminum alloyhwihickness of 8 mm. The
developed evaporator radiator which is installedporcessor board CPC304 and condenser radiator have
the parameters listed in table 1.

Table 1. Parameters of evaporator and condendiatoes

Parameter Evaporator radiator Condenser radiator
Material aluminium alloy aluminium alloy
Mass 14 g 60
Total surface area 3992 mm 1620 mm
Contact area with heat pipe 345 mm 100 mnt
Contact area with processor 1183 mnf 336 mnft
module radiator / EB’s base

The HP installed on processor board radiator isictiegh in Fig. 5. HP evaporator is attached to
processor board radiator with the help of additicglament — evaporator radiator. Heat from processo
board radiator is removed to the base of EB MMSdéoiser radiator performs the functions of fiximgl a
heat transfer from HP to the base of EB.

Fig. 5. Constructive heat transfer system
parameters: 1 — base of EB MMS, 2 — processor
board radiator, 3 — heat pipe, 4 — evaporator
radiator, 5 — condenser radiator
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The choice of heat pipe

HP for heat removing from the processor module d¥1$/ must correspond to the following
requirements:

- sufficient heat transferring capability;

- minimal temperature difference between heat sugpti/heat removal zones;

— capable to work under vacuum conditions as wellrater weightlessness;

— small dimensions and weight;

- high reliability;

- great work resource.

The main parameters for HPs are presented in Talilae pipe sites, where the cold agent evaporation
and condensation occurs, are in contact with radiatia thermal paste layer.

Table 2. Main heat pipe parameters

Parameter Value
Outer / internal body diameter 4 mm/3 mm
Total length / Steam channel length 172 mm /171 mm
Evaporator length / Condenser length 27 mm/ 14 mm
Artery diameter / average size of pores 1 mm/25um
Heat pipe body material / Heat carrier Copper /&at
Heat pipe thermal resistance 0.1 K/IW
Heat transfer in boiling and condensing areas | 50 000 W/(niK)
Maximal transferred heat flows 15W

Results of calculations
Results of modeling a temperature distributioniadécated in Fig. 6.
Temperature difference in evaporation and condemwsabnes will have the value:
AT evaporation = 23,02-22,71 = 0,31, °
AT condensation = 20,82-20,60 = 0,22 °
AT = 23,07-20,60 = 2,4 (Temperature difference between the cold end oahtiPthe hot one.).

Fig. 6. Results of modeling a temperature distrdsut

In accordance with conducted simulation, the EBésithstate assessment has been performed. The
obtained calculation results allow us to select kPthe best possible way, to identify their sturetand
location in accordance with the ranges in expetatperatures on EB’s structure elements.

RESULTS OF TEMPERATURE TESTS
The process for the conduction of MMS temperatesgstis depicted in Fig. 7. The test results are
shown in form of curves in Fig. 8.
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The total average time for one test was 3,5 hduMS cooling from 26 °C up to -42 °C lasted 72
minutes. The radiator temperature for processorcboeached -30 °C. After seasoning in chamber, MMS
inclusion was made as well as its functioning chgek

During the tests, EB body cooling velocity as wasl velocity for processor board CPC304 inside
CHC constituted approximately 1,2 °C per minutee Tlwrther heating occurred at a velocity equal, 0
°Ctin. The heating continued during 2 hours. EB MM&sé temperature rose up to 47,9 °C. The
temperature changes in evaporator radiator andectsed radiator during tests are shown in Fig. 8.
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Fig. 8. The results of MMS temperature tests

The curve on the relationship between processordboadiator temperature and EB MMS base
temperature was built on the obtained data (Fig. 9)
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Fig. 9. The relationship between processor boardiatar
temperature and EB MMS base temperature

CONCLUSIONS

The conducted calculations allowed us to deterntives type, location and constructive heat pipe
parameters. In accordance with calculation restiies structure was developed and samples for e s
for MMS processor board were made. EB MMS testghamber for heat and cold demonstrated the
efficiency in using heat pipes as a heat sinkdexfteonic device, they also confirmed the simulatiesults.
The temperature tests have shown magnetic measoiresystem work capacity under low and high
temperatures.

Designations
EB — Electronics block
CHC — Chamber for heat and cold
MMS — Magnetic measurement system
HP — Heat pipe
PC — Personal computer.
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Abstract
The important problem of the present time is th&ingaof unobstructive heat exchangers , with higfficiency.
One of methods of magnification of efficiency ofabhexchangers is application of porous materiath wihigh heat
conductivity. Along with obvious advantage - higificency of heat transfer due to high heat contlitgt of porous
insert material, there is also a disadvantage h higdraulic resistance of porous structures. Thpgse of this work
was to discover parameter space of porous heatagehs, where gain in heat transfer would excegtfallic losses .
Smooth-wall tube was taken as a surface of compariComputation of comparative efficiency was iedrout for
metal-felt porous materials, at a transition regiofiea motion of incompressible fluid — water - aatd boundary
condition of first-type. The accounts showed, tthet maximal positive effect is reached at a smaimgter of the
channel - about 3 mm, value of Reynolds number ténsition regime of flow in the smooth chana@&e;y,~ 4000,

meanings of porosity about 0,8 + 0,9 and relataregth of channel about 20.

KEYWORDS
Porous materiaJscoefficients of effectiveness, transition areanadtion of incompressible fluid- water, first-type
boundary condition.

INTRODUCTION

One of the important ways of development of warrergatics in modern time is the application of
highly effective inventory with saving of power. ®of elements of a similar sort of devices can tr®ys
canals of transmitting of heat, which are madenfmaterials with high thermal conductivity. Hoveey
together with the explicit advantage of such porelesnents - high efficiency of the heat transfeere is
also a deficiency - high hydraulic resistance ofops structures. The problems of numerical reseafch
efficiency of porous channels of round cross sactiba laminar and turbulent motion of a liquid lemd in
compared channels with smooth wall and at boundanglitions of the first type in articles [1] and [2ere
explored. Thus was obtained result, that showed,the best values of effectiveness ratio careaehed at
the end of a laminar regime of a motion of a coblarcompared smooth - wall pipe. At a turbulerginee
the results were obtained a little worse. Therefmae appeared interest to explore transition aB&® 2
Resm < 10000 of motions of the liquid coolant in compagdooth-wall channels. The given article is
dedicated to study of this problem at the firstetygpundary conditions.

FORMULATION OF THE PROBLEM

The calculation of effectiveness of porous canads wonducted using the methodology of Guhman
A.A., presented in [3]. This methodology compalte®é parameters - quantity of transferred liggtower
consumed for heat carrier pumpiNgand area of lateral surface of chanrelét the same time, any two of
three parameters mentioned above are considetssl ¢onstant, and comparison is performed basirtgen
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third one. Therefore, there can be three coeffisienf effectiveness ratio -qgk= Q/Qsm (thermal
coefficient); ki = Ny/Nsm (power coefficient) and &= Fy/Fsn (surface or dimensional coefficient). Since a
smooth-wall tube was taken as a reference surtacsomparison, the indices of the three coeffidagiven
above represent p - porous and sm - smooth-waihdrytal channel. If the diameters of channels are
identical, k = k: = (§/&m), Whereg = x/d — dimensionless length of channel, x — tberdinate along the
axis of the channel, d - diameter of the channel.

The calculation of coefficients of effectivenessswearried out at a transition area of motion of
incompressible fluid - water - and first-type boand condition. The quantity of heat, transmittedthg
channel with smooth wall, was calculated with tlee wf the average coefficient of a convective heat
exchange over the length of the channel .This mefit was calculated under the formula of V. Gnli
[4].

The quantity of heat transferred by the porous shBnwas conducted with the use of the average
temperature of a fluid over the cross-section ohannel on an exit of the channel. The expressiothe
average temperature of a liquid over a cross-seatioa porous channel under the first-type boundary
condition was derived by V.A. Majorov and co-authgb]. The relationships of S.S. Kutateladse and
H.Blasius were used for the calculation of hydmaudisistance in the smooth-wall channels, and idifrad
equation of Darcy was used for the porous chanfiéls.resulting system of equations for calculatimg
coefficients kg, ky and k is written as follows:

HCy © 1 2 2,.2
*Rey e [1-4+ ¥ —exp(~4up & [PeyL+4un /v (Ty, ~Tp) =
4d |:1lJ.n
=aj-* EJSIT ¢ (TW _TI) (1)
3 oad _ 2 &ut 3  &sm
Rey +—+ Reg ———+ Regp*——=0 (2)
PP 2dp &p
at y<10°, and
HC—'ORe [1—4§iex (-BpEp)] = ai * Egm® (Tyy =) (3)
d ep izlp%p nsp i *sesm*® Uy = 1)y
where Bi=[(Pe/2f+4u*]Y*Pe/2
3.od 2 & 3 ¢
Rep'l'_'Rep_%'R m.ﬂzo (4)
B B Sp

aty*>10°

Czomgined equations (1), (2) are written downyog 10°, and combined equations (3)—(4) are written for
>10°.

! Hereyzz(h\,-dz)/kp — parameter which characterizes intensity of lke&ahange inside of porous material;
h, — the intensity of volumetric heat exchange iasifl porous materialk, - the coefficient of the thermal
conductivity of porous materiam u a; - the average temperature of a liquid over a kedia smooth-wall
channel and coefficient of a convective heat exghagained on i-th a step of iteration at calcufatigth the
help of a method of successive approximationsesvettd use of the formula of V. Gnielinski§; -
coefficient of hydraulic resistance in the smoothliwehannels at transition regime of motion of $&aghase
liquid flow.

In equations (1) and (3) the following designatians accepted: Rand Re,— Reynolds number in the
porous and smooth-wall channelsy PeRg-Pr, =(G-d-¢)/A, — Pekle’s number of a porous channel; Pr

Prandtl’s number of porous channel; (BHF. — specific mass rate of flux of a coolant; Fcross-sectional

area;M and ¢ - rate of flux and heat capacity of a flujg;- the sequential roots of the equatigip)=0, (n
=1,2,3 .., 4= 2,4048)), - the Bessel function of the first kind, zero d=gyrin this case, the expression
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in the brackets on the left side of equations (i) ) is the average dimensionless temperatuaeflafd on
an entrance of the porous channel:

k == (t-to)/(tyto) 5)

Heret — is average temperature of a liquid on an eginfthe porous channels; indices «w» and «0»
refer to the temperature of a liquid on the wall ahthe channel inlet respectively.

In equations (2) and (4), the parametersind f designate the viscous and inertial coefficients of
resistance of a porous material.

The calculation of the parameterih the expression fafis performed through the criterial equations of
the form:

Nw=R& Pf (6)
where the coefficients, b and c are taken from the experimental data faremete type of porous material
and the heat transfer medium .

Nusselt's criterion in this equation is calculatesing the formula Nu = (hp/a)2)/, and Reynolds
number is calculated from the relationship Re {[{4a))/u, where), — thermal conductivity of heat transfer
medium,p - coefficient of dynamic viscosity.

The obtained system of equations is the systemoofimear algebraic equations with the variable
coefficients. Solving the problem in this setting rieduced to the search for the combination of the
parameters of the porous structure and the smoaliheivannel: porosity, the diameter of the channels d,
relative length of the smooth-wall chanrigh = x/d, temperature of the wall of the channdlg)(and the
Reynolds number in the smooth-wall channel,Rethere the obtained system of equations (1), (B}

(4) has the best solution — the maximum value efctiefficients & ; ky and k .

SOLUTION

The calculations of the effectiveness coefficientse performed for the metal-felt, prepared from th
fibers of copper with a diameter of 2Qéh for the following calculated parameters: porasity= 0,3; 0,4,
0,5; 0,6; 0,7; 0,8; 0,9; Reynolds number of the atimnachannel: Rg =2,310% 3,010% 4,010% 6,010%
8,010% 1,010% the relative length of the smooth-wall channetgfx/d = 2; 5; 20; 50; 100; 500; 1000; the
diameter of channel d =1, 2, 3, 4, 5, 10, 20, 50;ntime temperature of the wall,¥25; 30; 40; 70; 106c;
the temperature of liquid at the channel ifilgt 20°C.

The calculation of the coefficient of thermal contivity of the porous material, used the relationship
obtained in [6] that agreed with the experimentatidaccording to [7]. The calculation of the inignsf
heat exchange inside of porous materials was peefrwith the aid of the criterions equation [5],ieth
was obtained experimentally for the porous matg@ri@pared from the fibers:

Nu = 0,007RE? 7)
For calculating of the parameteraindp the following relationships [7] were used:

o = 2,57-180%% (8)

B = 0,91-160°3 (9)

As it was above mentioned , the calculation of ageron length of a smooth-wall pipe of coefficiehta
convective heat exchange was carried out withobilee equation of V. Gnielinski [4].

_ -2/3
— d /8) Pr(Re-100 I
- 10 9Pe o (1 w0
N 1+127,E 18(Pre'°-1) d
This equation is obtained by betterment of depeceleh Petuhov B.S. and Kirillov V.V., which was
obtained for turbulent Reynolds numberé<®e<5-10 and values of Prandtl’s numbers<P5<200
NU = 3 /8)ReP2r/3 (11)
k+127\/E/18(Pr='>-1)

whereg = (1,82(g Re — 1,64}; k = 1,07.
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According by the data [9] the equation (10) is digin the following criteria area 2300 < Re <°10
0,5<Pr<200 and I/gt1.

At calculation of coefficient of a convective heatchange under the formula of V. Gnielinski (10) as
determining temperature, the average temperatuez the length of the channel was taken. This
temperature was determined by a method of suceeapproximationses under the given formula.

In the beginning of calculations as determining gerature, the average temperature of a fliid
between temperature of a wal, &nd temperature of a fluid on an inlgtwWas taken. In further coefficient
of a convective heat exchange under the formulagh@ quantity of heat transferred by the chamiil a
smooth wall under the formula (12) were calculated.

Qy=as(Tw-Tp)*F, (12)

here F is lateral area of the channel.
After that the relation (12) was equated to exposssf quantity of heat calculated on the formul8)(

Qi =+ Cp* (Tex - To) (13)

and value of quantitylgy in further was defined. Average temperature @ual in the channel under a

— +
relation To =TO—2TeX
successive approximations of average temperatdredalidiffer on quantit\=15%.

The calculation of thermal physics properties oflid at this temperature was done under an
interpolation formula of Lagrange with use of 1G&agoints in an interval of temperatures 0-100 ° At
calculation of coefficient of hydraulic resistancka pipe with a smooth wall at 2260Re; < 4000 the
formula of Kutateladse S.S. [10] was used:

in further was calculated and the calculation vtasated again as long, as the

4,.05

Eot = 63+10° *ReY (14)

At values of Reynolds numbers in transition are@04®e,;<10000 the relation of H. Blasius [11] was used

' -14
Eot =0,3164- Red ¥ , (15)

In relations (14) and (15) Re Reynolds criterion calculated on a diametehef¢hannel.
Calculations were carried out for the entire fiefgparameters, what composed 11760 points.
Further the procedures of calculations of eactfetiveness ratio -Qk; kN and kFare considered.

Coefficient kg. At calculation of coefficient & using requirements N Ng, and&,=&sm we gain and
solve the cubic equation Cardano (2) or (4) coniogrvariable Rqy, Further we substitute the received
value variable Rgand known valu€,=&sn in the equation (1) or (3) and we calculate cogdfit k,, as the

attitude of the left-hand part of the equationtte tight part. Thus, at substitution of valuggnd Tj d in
the given equations, we use a method of iteratiassmentioned above. Table 1 present a fragment of
calculations of coefficientsgdor the parameters of £25°C; d=0,003r; Esnr=x/d=20.

Table 1. okf(Reph) T=20 °C; Tw=25C; x/d=20; d=0,003m.
0 Rén 2300 3000 4000 6000 8000 (06.()
0,3 0,110 0,120 0,136 0,145 0,153 0,160
0,4 0,207 0,221 0,246 0,259 0,270 0,279
0,5 0,324 0,343 0,379 0,395 0,410 0,423
0,6 0,462 0,486 0,536 0,555 0,575 0,591
0,7 0,620 0,652 0,715 0,738 0,762 0,782
0,8 0,800 0,839 0,917 0,940 0,962 0,976
0,9 0,999 1,039 1,115 1,095 1,069 1,038
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Coefficient ky. At calculation of this coefficient, taking into @aunt, that k =1, i.e.&=&m we solve
the nonlinear algebraic equation (1) concerningntityaRe, by sorting out this variable from 0 up toRe
After finding of variable Rgat which is satisfied condition,€Qsn and after substitution of this value in the
equation (2), there is easy opportunity to caleutatefficient k;:

23+ (Rej + 0;3d Ref)

(16)

K‘ = 1 3
ot * Re5yy 0
Table 2 present a fragment of calculationsagdfiicients k for the parameters of,£25 C; d=0,003;;
Esn=x/d=20.

Table 2. n&f(Rep,0) Tw=20’C; T,=25°C; x/d=20; d=0,003m

0 2300 3000 4000 6000 8000 10000
0,3 0,007 0,007 0,008 0,007 0,007 0,007
0,4 0,029 0,029 0,033 0,032 0,032 0,033
0,5 0,079 0,082 0,096 0,095 0,099 0,102
0,6 0,179 0,190 0,225 0,230 0,241 0,252
0,7 0,350 0,379 0,456 0,475 0,504 0,531
0,8 0,620 0,681 0,828 0,875 0,926 0,960
0,9 1,010 1,117 1,344 1,330 1,278 1,179

Coefficient kg. At calculation of coefficient kat first

is necessary to expregs andy® from the

equations (2) and (7) as function,Re

_ Sot 1

&p * Regm * Esm* ( ) (17)
2 Reg + od . Re%
B
A d
¥'= 0,07 Rep?+ (1)« (—)*° (18)
kp Ba

and to substitute them in the left-hand part of ¢lqeation (1). In a result we shall receive thelinear
algebraic equation concerning a variablg. Réis equation can be easily decided numericallgdrting out
of values Rgfrom O up to Rgm or in the inverse order. After a determinatiomuignitude Refrom the

equation (2), it is possible to find magnituge k

2dp+ (Rej + ‘Ed Red)

ke = %sm = - 3 (29)
Sp Sot * Reésm
The data of calculation of magnitude &re submitted in the table 3.
Table 3. kf(Repp)  T=20°C; Tw=28C; x/d=20; d=0,003m.
N 2300 3000 4000 6000 8000 100Q0
0,7 5,706 5,998 6,700 4,443 * *
0,8 13,165 10,629 9,099 6,057 4,475 3,447
0,9 11,137 8,158 6,278 3,601 2,368 1,666

* in the table 3 means, that the solution of a f@obat the given combination of calculated paitainse

does not exist.
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Figs. 1-4 present the graphs of a change of thficdeats l% and k, depending on the diameter of a

channel (m), the temperature of the channel wél),(the Reynolds number of the compared smooth-wall
channel Rg, and the porosity. The following points were thitidh parameters for the graphs: porogity

0,9; Reynolds number of the smooth - wall chanRekm = 3000; the relative length of the chanégin =

x/d = 20; diameter of the channel d =3mm.; thel'svéémperaturdyy = 25 °C; temperature of the fluid at
the inlet of a channdl, = 20 °C.

Ko, ky ko, kn
6
5 1.0
4 0.8
3 0.6
2 04 ¢
1 0.2
0.01 0.02 0.03 0.04 05 30 40 50 60 70 80 90001
Re,,=3000;&5,720; T=20°C; Tw=25C; 6=0,9 Re,,=3000;&5,=20; T=20°C; 6=0,9; d=3mm
---- -k - K --==- kg - ik
Fig. 1Dependence of coefficients Fig. 2. Dependence of coefficients
I and k, from diameter of a channel. ko and k from temperature of a wall
Ko:kn = f(d, m) &k = f(tw, °C)
Ko, kn
15 ko, Ky
1.25 10
1.0 - 0.8
0.75 0.6
0.5 0.4
0.25 0.2
Resm 6
0.2 0.4 0.6 0.8 1.
2000 4000 6000 8000 10000
Ean=20; To=20°C; Tw=25C; d=3mm;0=0,9 Rg=3000;&,=20; To=20°C; Tw=25'C; d=3mm;
-—--- - S Ko - K
Fig. 3. Dependence of coefficients Fig, 4. Dependence of coedfits
Iy and k from Reynolds number of o and k from porosity of a channel
a channel with smooth wall Ko;kn = (0)

kQ; kn = f(Resm)

The behaviours of coefficient klepending on a diameter of the channel (m), tpégature of the channel
wall (°C), Reynolds number of the compared smooth-walhobhRe,, and the porosity are submitted in
figs. 5-8. Initial parameters for calculation oése diagrams were the same points, as for theadiesgof
coefficients k and k.

40
A. P. Lukisha



VIII Minsk International Seminar “Heat Pipes, Heatmps, Refrigerators, Power Sources”,
Minsk, Belarus, September 12-15, 2011

Ke Ke
10 8 |
9 \
8 61
7 4
6
5 2
. . . . . tw
0.001 0.002 0.003 0.004 0.005 25 30 35 40 4
Re=3000£5,720;To=20C;T,,=25°C;0 = 0,9 R&=3000£s,=20;d=3mm; 5=20°C;6=0,9
Fig. 5. Dependence of coefficient Fig. 6. Dependence of coefficient
k- from diameter of a channel. k from temperature of a wall.
k=f(d, m) k= f(tw, °C)
k|: k|:
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8
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3000 4000 5000 6000 7000 8000 9000 1 0.75 0.8 0.85 0.¢
Ean=20; Te=20°C; Tw=25C; d=3mm 6=0,9 Rg=3000;&,=20; To=20°C; Tw=25C; d=3mm;
Fig. 7. Dependence of coefficient Fig. 8. Dependence of coefficients
k from Reynolds number of a channel ke from porosity of a channel.
with smooth wallr = f(Resr,) ke =1(0)
CONCLUSION

I n article the influence of parameters of regemné design of porous channels of round cresses
on their efficiency is exploredhe area of parameters of porous heat exchangersear where the scoring
in a heat transfer exceed losses on hydraulictaesie.

The analysis of the calculations of the effectismneoefficients of porous structureg; ky and k
showed a general behavioral tendency with a chantfee model’s parameters. The values of the indita
coefficients vary inversely proportionally to a oga of the diameter of a channel d, of differente o
temperatures,tty and of the length of the compared smooth-wall oe&fy,. The effectiveness coefficients
kQ and k, vary directly proportionally to a change of thergmity 6. The dependence of coefficientfkom a

porosity of the channel has extreme view. The deépece of coefficients&and k, from Reynolds number

in compared smooth-wall channel has extreme Vo®w

The behaviour of coefficient_kdepending on a Reynolds number in compared smealihchannel has
inversely proportionally character.

The carried out calculations have shown, that tieatgst values of effectiveness ratip,ky and kcan
be reached at big values of a poroshy=(0,8-0,9), at values of Reynolds numbers in thenoel with
smooth wall Rg~ 4000.

In this case the quantity of heat, transmittedh®yporous channel, in comparison with the quaratity
heat, transmitted by the channel with smooth vedlidentical power, spent on press (pumping) oflaado
through the channels, is incremented by 12 %.
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At comparison of powers, spent on press (pumpirg} transfer medium through the channels (at
identical quantity of heat, transmitted by the afeln ), it is possible to achieve magnification of
effectiveness ratio in 1,34 times.

The value of dimensional coefficient of effectivesaatio in this area of parameters reaches maignitu
k|: ~ 9+10.

During calculations a considerable increase ofdffectiveness coefficients with the decrease of the
diameter of a channel was shown too.

On the basis of the given data it is possible t&arainference, that the application of porous obén
at a transition regime of a motion of a liquicblzmt is expedient at removal of low of potentialh at use
of porous channels of a small diameter.

The obtained data testify to necessity of the furtbearching of parameters, in which there are the
energy scoring of porous channels in comparisoh trétditional channels with a smooth wall.

NOMENCLATURE

Gy, J/(kg-K) — heat capacity. of a fluid; d, m — dien of the channel; F,’m lateral area of the channel; Fcé-m
cross-sectional area of the channel; G, Kg#m- specific mass rate of flux of a coolagt;W/(nT-K) — intensity
volumetric heat exchange inside of porous matekigk- thermal coefficient of effectiveness ratiq; « power
coefficient of effectiveness ratio: k surface (dimensional) coefficient of effectiveneatio;m , kg/s — Rate of flux of
a fluid; N, W — power consumed for press (pumpivegit transfer medium through the channel; Nu —éitussmber;
Pe — Peclet number; Pr — Prandtl number; Q, W stitpaf transferred by the channel heat in unitioie; Re —

Reynolds numbett, K — average temperature of a fluid on an outgititgom the porous channet; , K — average
temperature of a fluid on an output(exit) from $heooth-wall channel; x, m — coordinate along as afkihe channel;

T; ,K—the average temperature of a liquid ovength of a smooth-wall channel gained on i -gtep of iteration.

Special characters:o, m?viscous coefficient of resistance of a porous riadtes, W/(n-K) — coefficient of a
convective heat exchange gained on i - th a stisgration; B, m™-inertial coefficient of resistance of a porouseriat;
= h,d2/7\13 — parameter, which characterizes intensity of bgehange inside of porous materig; W/(m-K) —
thermal conductivity of a porous materigl;W/m-K - thermal conductivity of a fluig, kg-m/s-coefficient of dynamic

viscosity;&-dimensionless length of the chanrigl; — coefficient of hydraulic resistance in the srhestll channels.
Subscripts: ¢cs — cross section; p - porous channel; sm - smregitithannel; w — wall; 0 — inlet.
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EXPERIMENTAL STUDY OF THE INFLUENCE EFFECTS OF VIBR ATION
AND ANGLE TO THE HORIZONTAL ON THE DYNAMICS OF STAR T-UP
AND TRANSIENT REGIMES OF THE HEAT PIPE

V. I. Lutsenko, V. I. Eliseyev
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The Polyakov Institute of Geotechnical Mechanics
of National Academy of Science of Ukraine
Simpheropolskaya,”&, Dnepropetrovsk, 49005, Ukraine
+38(0562) 460151; E-mail: nanu@igtm.dp.ua

Abstract

Heat pipes with metal-fibrous capillary structur@sastudied. Frequency range studied was 10-4000thdz,
vibration level from 0 to 100 nf/sRotation of the pipe with respect to the horizdmny angle had. Ten thermocouples
on the outer surface of the pipe in the heatingezand three thermocouples on the outer surfatkeofooling zone
were established. Portholes of glass at the endseoheat pipe were made. The start-up the heat \was studied.
Effect of vibration and tilt angles of the heat @ipn its parameters are shown. Determined thasltpe of the heat
pipea = +30 is optimal. Vibration increases the temperatuapdit was established that the dynamic propedfabe
cooling system with heat pipe are determined bgrertl boundary conditions. Heat Pipe responds tutokchanges
in external boundary conditions, and its thermaistance varies widely.

KEYWORDS
Heat pipe, start up, transition mode, temperattibeation, experiment, heating, cooling.

INTRODUCTION

Since the publication of books [1-7] many yearsehpassed. The processes of heat and mass transfer i
heat pipes at all times intensively studied. At pinesent time, these processes are well knownl&ssic
designs of heat pipes and conventional conditidhs. influence of external force fields on the pssms of
heat and mass transfer in heat pipes and heat my&lsystems based on them continues to be actively
studied. Vibration field is such a field, and occun all technical devices. Problem of the influeraf
vibrations on heat and mass transfer, includings¢him heat pipes, have been studied in [8] and late
publications, carried out under the supervisio@fessor VF Prisnyakova, for example [9—11]. Ariiig
effect of vibration on heat and mass transferh@as in these papers. Further studies are neeagdding
experiments.

The results of experiments to study the combindecefof vibration and gravitational fields on the
surface temperature of the heat pipe during stagptransient conditions are presented below.

THE EXPERIMENTAL MODEL

For the experiments we used apparatus consistingitohting table VEDS-400, the device of
measurement of vibration parameters, analog-digdalerter and personal computer. This construation
was used in [10] and described it in more detail.

Studied the heat pipe on the water 0,3 m in lermiter diameter of 0,035 m. The body and the capill
structure of the pipe were made of copper. Pipd thitkness 1.280°m, the thickness of the porous
structure L0 m, the porosity of the wick 81%, fiber diametefBD® m At each end of the heat pipe were
fixed portholes of glass for visual monitoring abpesses on the surface of the capillary strucinckthe
vapor channel. It was possible to rotate the ptpang angle relative to horizontal. For supplyireahto the
heating zone of the heat pipe used heater of mobrevire. Heating zone was insulated from the
environment with glass wool. Heat pipe is cooleddoynvection and radiation. Ten thermocouples were
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located on the outer surface of the pipe in thdithgaone and three in the cooling zone. The gennadt
the working area and the location of the thermotasupre shown in Fig. 1.
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Fig. 1. Arrangement of thermocouples

GENERAL COMMENTS ON EXPERIMENT

Design features of the heat pipe led to a restnain the maximum allowable temperature in theihgat
zone. Therefore, electrical power was limitedslhbt possible to examine all regime of heat pipdact,
the radial heat flow in the heating zone does meoeed the value 20 W/n?, which corresponds to the
evaporative regime of the heat pipe. The maximulmevaf axial heat flow was aboufl® W/n?, and speed
of vapor at the outlet of the evaporation zone Veas than 1 m/s at the initial time and decreased t
0.025 m/s at maximum temperature. The methodoldghe experiments was chosen such that a constant
value was supplied to the pipe, electric power #redvariable parameters were the frequency of rdra
acceleration and angle of the heat pipe with rdsfgeborizon. We studied various options of starttie
heat pipe. Was studied start up without vibratiandifferent orientations of the pipe in the graield. In
these experiments, to a heat pipe, was first féyl @ectrical power. Vibration were added after thiease
of the heat pipe at the stationary state. Casegnwilibration was imposed simultaneously with the
application of electrical power, were consideregsbalAngles of the heat pipe to the horizon linengieal
from -90 degrees (zone of heating from above) 1 d€grees (zone of heating from below). For angd&s
and —45° the stationary states were not achievedalaxceeding the maximum allowable temperatuthen
heating zone. The range of frequencies that wediext was 10-4000 Hz, the range of vibroaccelaratiz-
100 m/$. Poll of each thermocouple was been 16 measurerpentsecond. For one thermocouple recorded
about 100 thousand of values during each experinienteduce the data set was collected every lgeval
As a result, the data array contains data of theomgles at intervals of 1 second.
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EXPERIMENTAL RESULTS

In experiments was conducted video and photograghyhe internal surface of capillary-porous
structure and the vapor channel of the heat pipe,adso visual observations. For an example, on Fig
shows photos of the capillary structure in the evation zone §), (b) and vapor channek), In the
photographs are clearly visible differences in @paece of the surface of the porous structure working
(a) and working ) heat pipe. During the work, the surface of thatimg zone looks shiny and sometimes
observed phenomena similar to the bursting of lfiCondensing vapor is noticeable in the vaponrosla
in the cooling zone. Observations have not deteatgdchanges associated with the action of vibmatio
experiments on single capillaries [9], we have ole# emission of single drops of fluid from thefage of
the liquid meniscus in the vapor zone. In thegeedrents, similar phenomena were not observed.

c)

Fig. 2. The inner surface of the capillary struetand the vapor channel of the heat pipe

After averaging and sampling of experimental pmitite schedules of change of temperatures ofgoint
of a surface of the heat pipe in time have beerstcocted. The temperature drop on length of a piget
was defined on the maximum temperature differemte/den the zones of heating and cooling. Theseislata
shown in Figs. 3-9. In order not to clutter thewdrays, shows the data of three thermocoupledal Ts, in
the evaporation zone and threg, 4, Tysin the condensation zone.

The results of determination effect of low-frequgntrations on the temperature field of a horizbnt
heat pipe (experiment 9) are shown in Fig. 3.
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Fig. 3. The dependence of the surface temperafuredeat pipe on time at loikequency
vibrations. Horizontal position (experiment 9): thermocouple ¥ 2-T; 3-T; 4 -
Tz 5=—Ths 6-Ts.

0-a—F=0;a-b—F=50Hz, a=60Mmksc—F=100Hz, a=60M/x-d-F=0;de—F
=25 Hz, a = 60 mfse-f — F = 0; f-g— F = 10 Hz, a = 36 fMy/g-h — F = 200 Hz, a = 62 /s
h-i— F =0; i-j — F = 0, forced cooling; j-600(ree convection
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On an the interval 0-a pipe was heats without tibina In a point vibration by frequency of 50 Hada
vibroacceleration 60 m/s2 have been establishemp€eature field did not change almost. Temperatyre
decreased slightly. Temperatufa@iecreased more due to the increased heat remowal the glass
illuminator. At point b the frequency was increased 00 Hz. Acceleration is not changed. At thpaint of
vibration exposure was removed, and the point éhdgadown with a frequency of 25 Hz and the vitma
acceleration 60 mfsOn an interval d-e appreciable drop of tempeeatsirvisible. In a point vibrations
have been switched off, and in a point f are inetijdbut with frequency of 10 Hz and vibration aecafion
36 m/$. The slope of the curves changed slightly. At plwént g vibration frequency was increased to
200 Hz, and the vibration acceleration of up ta186. At the point h vibrations were turned off andeaft
reaching the stationary state at the point i forcedling was turned on. At the j point forced cogliwas
turned off. Gradually, the stationary temperatureel was established, corresponding to the levéhet
point. This experiment showed that low-frequendyraiions at specified frequencies and accelerations
little effect on the temperature field of heat e a horizontal position, with the exception lod frequency
of 25 Hz.

Vibration frequency Influence on the temperaturarfaxe of the heat pipe in horizontal position
(experiment 18) are shown in Fig. 4. In this expent more high-frequency range was used. Starhep t
pipe was carried out with imposing of a vibratimgd by frequency of 50 Hz and the vibration acragien
60 m/$. At the a point vibration was turned off and om #ib section the heat pipe works without vibration
At the b point has been turned on vibrating fieldb@ Hz. This experiment confirmed that the vilati
exposure, except for the frequency of 25 Hz, noiicant effect on the temperature field of theesral
surface of the heat pipe.
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Fig. 4. The dependence of the surface temperature ofahegipe from time to time at differe
frequencies. Horizontal position (experiment 18} thermocouplef 2-T; 3-T; 4 -
Tiz 5—Ts 6-— Ts

0-a— F = 50 Hz, a=60 nf/sa-b — F = 0 Hz; b-c — F=50 Hz, a = 58 fnksd — F = 200 Hz, a =
64 m/$; d-e — F = 400 Hz, a = 58 Mye-f — F = 1000 Hz, a = 60 r/d-g — F = 2000 Hz, a =
60 m/$; g-h — F = 4000 Hz, a = 60 mMy$i-i — F = 25 Hz, a = 60 nf/si-j — F = 0 Hz, j-6000 — N
=0

Effect of inclination angle of the heat pipe to th@izon on her work shown in Fig. 5 (experimen}. 25
Start up has been in an upright position with tiyepty of heat from below and vibration. Pipe endettee
stationary regime at time b. At this point the waitions were turned off. For angle +30° temperainra
heating zone is minimal (zone c-d). Safe operatiba heat pipe witlw. = —9C¢ could not be achieved
without the action of vibration (zones e-f and htijmit the temperature in the heating zone atfa kavel
was due to vibration (zone g-h).

After determining the most effective frequency @pesure and the optimum angle of inclination, was
studied the effect of acceleration on the workhef heat pipe (Fig. 6, experiment 27).

In this experiment, the angle of the pipe has hanged and was equal to +38tart up of the heat pipe
was carried out under the action of vibratiorFaf 25 Hz,a = 60 m/3.
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Stationary state was reached at time a, and uvilordiave been disabled. Temperature field stabilied
a new higher level(point). At time b were again included vibratiortlwihe same frequency and amplitude.
Temperatures dropped to previous levels. Afterilstaly the temperature at the point c, the viloati
acceleration was increased to 100%mil&mperature at all points of the pipe down. la ¢ooling zone the
decrease was more pronounced. Thus, increasingctiederation has led to a decrease in temperdibie.
is natural, as it increases the amplitude of timeasa, which intensifies the process of cooling.
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Fig. 5. The dependence of the surface temperature from aindifferent angles of inclination
the heat pipe (experiment 25): 1 — thermocoupgle Z—T;; 3—-T;;4—Tis; 5—Ts 6 —Tis.
0-a—o = +9C, F = 25 Hz, a = 60 nflsa-b —a = +9C, F = 25 Hz, a = 60 nf/sb-c —o = +9C, F
=0;¢c-d-a=+3C¢, F=0;de-a=+20,F=0;ef-u=0,F=0;f-g—-a =97, F=0;g-h-a=
-90°, F =25 Hza=60 m/$, h-i—a=-9C¢, F=0
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Fig. 6. Dependence of change surface temperature to tonedifferent values c
acceleration (experiment 27): 1 —thermocouple 2—-T;; 3-T;; 4—Ts 5-Ty4 6
- T15. a = +30.

0-a—F=25Hz,a=60mfsab—-F=0; b-c—F=25Hz, a=60Mm/e-d-F =25 Hz,
a=100m/5 d-e —F =0; e-5800 - N =0

From the graphs in Figs. 3—6, we can concludettietchange in the slope, causing a sharp change in
temperature. Position with an angle of about 30op¢imal. Vibration have a milder effect and the
temperature field varies smoothly. Frequency oH25vas the most effective in these experiments.

In next three Figures 7-9 are shown the data octlbage on time of maximum temperature difference
AT3-15 = T3-T15 along the length of the heat piggufe 7 shows the change of difference temperdture
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experiment 9. The behavior of the difference terapge differs from the distribution of the absolute
temperature (Fig. 3). The temperature differenceimses up to time about 400 s, and then begins to
decrease. But, if on the interval d-e absolute syaipire decreases (Fig. 3), the difference itsgymificant,

but increases. Hence, vibrations by frequency oH2%ave lowered the general level of temperatures,
haven't lowered the thermal resistance of heat pipthe interval e-i the difference temperatuoatmued

to decrease, although heat pipe at this time warutihe influence different effects of vibratiomdaits
temperature at all points only continued to inseedAt the moment of time i, was included forcedlic.
Absolute temperature dropped sharply at all poimts the temperature difference on the contraryeiased
twice and stayed at a new level. Probably, thidus to the presence of non-condensing gas in therva
channel.
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Fig. 7. Effect of lowfrequency vibrations on the behavior differencaeshperature betwes
the zones of heating and cooling. Experiment 9=0ra= 0; a-b — F = 50 Hz, a = 60 f/s-c —
F =100 Hz, a = 60 nflsc-d — F = 0; d-e — F = 25 Hz, a = 60 misf — F = 0; f-g — F = 10 Hz
a =236 m/§ g-h— F =200 Hz, a = 62 Mfh-i — F = 0; i-j — F = 0, forced cooling; j-600Cree
convection, N =34 W

The following fig. 8 shows the data of the expemn#8 (see Fig. 4). In this experiment, the pipoal
was in a horizontal position, but more high-frequerange of vibrations was investigated. In thefiency
range 50-400 Hz are observed decrease in the ddiffer of temperature. In the range 400-4000 Hz,
influence of vibration not considerably. As in gheevious figure, the difference of temperature éases at
vibration frequency of 25 Hz.

Finally, in Fig. 9 shows the results of the expenim25 (see Fig. 5), which studied the effect bfafion
and angles of tilt of the heat pipe at its par@msetHere it is interesting to notice that the ¢jeaim the angle
of slope froma = +90 toa = +3C without influence of vibrations has led to shamcrkase of the
temperature drop along the heat pipe, and horikpogition of heat pipe has led to increase tlfiemdince
of temperature on 10 K. The maximum temperatuferdince observed at negative angles.

As a whole on these figures we can say that thedesture difference between the zones of heatidg an
cooling in the heat pipe depends on the frequehejboation and the angle of inclination of the hpge to
the horizon in a complicated manner. Dependenctherangle is more sharply is expressed. The smalles
temperature difference was observed at an inatinaif 30 and It was equal 25 K.

In conclusion, we note that the temperature diffees between pairs of diametrically opposite points
pretty quickly adopt the steady value of about Gamkd further fluctuate about this value. Short-term
deviations of the temperature difference at charigeclination angle heat pipe were observed.
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Fig. 8. Effect of vibrations on the behavior difference temperature between t
zones of heating and cooling. Experiment 18AT<,15=T5-Tys

0-a—F = 50 Hz, a = 60 Mfsa-b—F = 0; b-c—F = 50 Hz, a = 58 fn/s-d — F =
200 Hz, a = 64 mfsd-e — F = 400 Hz, a = 58 fye-f — F = 1000 Hz, a = 60 rA/d-
g—F = 2000 Hz, a = 60 M{sg-h — F = 4000 Hz, a = 60 rysh-i— F = 25 Hz, a =
60 m/$; i-j—F =0, ]-6000-N =0 W
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Fig. 9. Effect of inclination angle of the heat pipe t@ thorizon on the behavi

difference of temperature between the zones dirfteand cooling (eperiment
25): 0-a-a = +90, F = 25 Hz, a = 60 nflsa-b —a = +9¢, F = 25 Hz, a =
60 m/s; b-c «.=+9C, F=0; c-d « =+30, F=0; d-e 6. = +20, F =

0;ef-a=C F=0;fg-0=-9¢ F=0; g-h-e = -9C¢, F = 25 Hza = 60 m/$;

h-l—a=-9C¢,F=0

CONCLUSION

1. The best condition of capillary transport (angle= +90°) don't provide a minimum level of
temperatures. The temperature in the heating zasermnimal when the angle of inclinatiar= 3C. This
angle is optimal for a given heat pipe. Vibratiercept for frequencies 25 Hz, no significant effectthe
temperature field of the heat pipe, which we stddMibration with a frequency of 25 Hz reduces the
temperature level at all points of the pipe.

2. Thermal resistance of heat pipe at a statiogtate depends on the frequency of vibration and the
angle inclination of pipe to the horizontal. Depence on the angle of inclination has been expressed
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sharply. The minimum temperature difference wasnlkel at an inclination of the heat pipe to thaZwor

of +30° and was 2K. Work at negative angles leads to a significantaase in temperature difference.
Vibration with a frequency of 25 Hz and vibratiorceleration 100 mfdeads to a increase the temperature
difference between the zones of heating and cobynt8%.

3. Time of an establishment of a stationary tentpeeafield of an external surface was equal 1500—
1800 s in the time of start up of heat pipe. Therrtfal resistance of the heat pipe has increasehbeto
maximum value 42 K in a time of about 500 s and rmoothly decreased to stationary value.

4. In working order, the heat pipe is sufficientigponsive to changes in external boundary dondit
and its thermal resistance varies widely.
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TWO-PHASE FLOW ENTROPY GENERATION IN MICROCHANNELS
WITH VARIABLE CROSS SECTIONS

A. Nouri-Borujerdi
Islamic Azad University, south Tehran Branch
Tehran, Iran

Abstract

This work has been focused on modeling and optiinizeof two-phase forced convective flow in a recfalar
microchannel with variable cross section under astamt heat flux. The procedure is based on thémization of
entropy generation resulting from viscous fluideefs and heat transfer for a homogeneous two-pl@sef a pure
fluid to determine the overall performance of the micametel. The entropy generation rate is obtained diyguthe
conservation equations for mass and energy withettteopy balanceThe channel is minimized in terms of channel
aspect ratio, fin efficiency, outlet vapor qualtyd total mass flow rate. The contributions of therresistance include
conductance resistance in the fin, convective t@sie at the solid-fluid interface and fluid resiste. Contribution of
heat transfer, pressure drop and phase-changesgraoe determined by using the mixture model. Tridirfgs indicate
that the location of the lowest entropy generatimves toward the higher aspect ratio for highelebaaipor qualities.
In addition, the slope of the entropy gradient iscin steeper for aspect ratios smaller than théaribne. This is
because of more effect of pressure contributiotherentropy generation than that of the heat tearfef smaller aspect
ratios.

KEYWORDS
Microchannel, variable cross section, two-phase.fentropy generation.

INTRODUCTION

Two-phase flow in a microchannel fabricated usinigramachining technologies has become very
important in many micro-scale devices such as nmheaat pipe, fuel cell, Lab-on-chip technology, noedi
and aircraft industries. For instance, a micro h@pe is a triangular cross section or other csesgion
with sharp corners and that has a diameter betaleat 10Qum and 2 mm. It uses the sharp corner regions
instead of a wick to return the working fluid fraime condenser to the evaporator. Or, performanices ga
proton exchange membrane fuel cell can be attaiyadtilizing microchannels in the range of 0.05—-+hm
to improve gas routing. Optimization of microchalsne promising because it requires less pumpingegpo
and high heat transfer rate due to an increasarface area and a decrease in the convectiveaepsestt
the solid/fluid interfaceln order to successfully design such devices, wgtdeding of flow physics in
micro scale and their engineering modeling are searg. The behavior of gas-liquid two-phase flows i
mini and microchannels is often different from thas macrochannels. One reason for this differestiee

ratio of the gravitational effects to the surfaeestion,gdzAp/o as reported by N. Brauner et al. [1].

S. G. Kandlikar and W.J. Grande [2] investigatdde tneed for enhanced plain rectangular
microchannels and obtained the water cooling liroftshe microchannels for high heat flux dissipatio
They described a simplified and well-establishedritation process to fabricate three dimensional
microchannels. They also demonstrated the efficaicyhe fabrication process in fabricating complex
microstructures within a microchannel. W. A. Khanaé [3] studied an entropy generation minimizatio
procedure to optimize the overall performance ofrothannel heat sinks. They assessed the combined
effects of thermal resistance and pressure dropl&ineously as the heat sink interacts with theosending
flow field. A new general expression was developadthe entropy generation rate by considering an
appropriate control volume and applying mass, snengd entropy balances. They also explored theceff
of channel aspect ratio, fin spacing ratio, heatk sinaterial, Knudsen numbers and accommodation
coefficients on the entropy generation rate in shp flow region. K. Chen [4] used the second lafv o
thermodynamics to optimize microchannels by consideheat conduction in the flow direction and
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neglecting the entrance effects and friction losBe$alvis and G. R. Culham [5] presented a procethat
allowed the channel width in microheat exchangdra@ptimized for a prescribed microheat exchasger
and channel depth. The procedure was based on ithimigation of entropy generation resulting from
viscous fluid effects and heat transfer for lamiaad developed fluid flow. The optimum channel aspe
ratio for the study cases showed a linear behavittr the channel depth and similar results weresplesd

for isothermal and isoflux boundary conditions. 8% different approaches, R. Revellin et al. [@]raated
local entropy generation rate for diabatic satutr&weo-phase flow of a pure fluid. These two appheescare
the separated flow model using the classical vdpmw quality, and the mixture model, using the
thermodynamic vapor quality. They proposed twoinltstexpressions for the local entropy generatidre
contribution of heat transfer, pressure drop andspkchange process are determined using the mixture
model. The developed formulation is applied to gralthe thermodynamic performance of enhanced heat
transfer tubes under different conditions. Theyotatied that enhanced tubes may be a relevant colidr
reducing entropy generation at low mass velociteereas smooth tubes remain the best solutiorghthi
ones. |. Papautski et al. [7] conducted some expris with single phase gas flow in a microchanflety
discussed that the data of the friction factorligf f5ow had approximately been reduced 60% compaoe
macroscale theory at the same Reynolds numbeba@er and S. Cuevas [8] analyzed a thermally fully
developed flow in a parallel plate microchannel@emdonducting walls of finite thickness conditioii$ie
flow is produced by a Lorentz force created byaaswerse magnetic field and an injected electniceot as
occurs in a magneto-hydrodynamic micropump. Theopwgt generation rate is used as a tool for the
assessment of the intrinsic irreversibilities prése the microchannel owing to viscous frictioralh flow
and electric conduction. They minimized the globalropy generation rate by using velocity, tempeeat
and current density fields in the fluid and wallyr fspecific values of the geometrical and physical
parameters of the system. They also calculated étusamber for different conditions under which to
determine optimized conditions that lead to a munmdissipation consistent with the physical constsa
demanded by the microdevice.

This paper aims to study the optimization of thdrarad hydraulic resistances of two-phase flow in
microchannels with variable cross section. The dmated physics of two-phase flow in microchannels
with variable cross section has not received amgnabn yet. All relevant design parameters inahgdi
geometric parameters and material properties atenized simultaneously by minimizing the entropy
generation rate.

PROBLEM STATEMENT

A steady state homogeneous forced convective lgoiimodel is considered in a plain rectangular
microchannel §xbx L) with variable sideb, (Fig. 1). The top, left and right side surfacesiasailated and
the bottom surface is uniformly heated. A two-phiiee passes through the microchannel alongztheis
and takes heat away from the heat dissipating releict component attached below with an inlet
temperatur@ ;. The microchannel is taken from a collectionhfchannels.

control volutme

— L
wllr
N g

Fig. 1. Schematic diagram of a microchannel withalde cross section
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The irreversibility of this system is due to frimmi and to heat transfer across the finite wall-bluid
temperature difference. The liquid-vapor two-phlsat transfer is characterized by a finite wallkbilid
temperature differencAT and a finite frictional pressure gradient. Using fecond law of thermodynamic,
the rate of entropy generation for a control voluha saturated two-phase flow in the microchamnklbe

dS,en = frolg— 2w )
wo

On the other hand, for any simple compressibletanbs, the second law of thermodynamics is

hgdx
ds= T -—dP. (2)

00 00

Heat transfer in the control volume (Fig. 1) isomjugate and that is combination of heat condudtion
the fin and convection to the cooling fluid. Applgi the energy and the momentum equations to the sam
control volume, we have respectively

&, = G, (a+2t)dz=rrh, dx, ®3)
mzd[ﬂ = -AdP-1,,p,,dz, (4)

wheret, x and hy, are the wall thickness, mass fraction of the vamar heat transfer coefficient of the two-

phase mixture respectively.
Replacing wall shear stress in terms of the twespHactional pressure drpthe momentum equation
changes to:

2
mzd[%} = —AdP—fTPpTWp”dz, (5)

Py =2(a+b) is the wetted perimeter andl= A (1—yz), in which A = aly is the inlet cross sectional area
and y=(b -h,)/h is slope of the channel length.
Inserting Egs. (2), (3), (5) into Eq. (1), the finesult yields

. 2 .2 2
. +
Bgen = (ot 2)andz + ) frePult” 4, M7 d[i} (6)
[ Too } Teo 2A 2

To|l+-—2

A
The temperature differena®T can be written as
AT =Tyo =T = (Two = Twi) + (Tyi = Tsa) + (Tsa= L) - (7)

To calculatgd,; - T,,;and T, —T,,we apply the heat transfer between the wall andtieephase
mixture inside the microchannel and the global gnequation as follows:

Ay (a+2t) = hyp[a+7(2b+ 8] (T ~ Tar) 8
Gw(@+2t)L=mG,(Ta~ L), )
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wheres =tanh{m @+ 0.5}/ m b+ 0.5is fin efficiencyand m = \/hp /tk, .
The temperature difference between inside anddritsi the channel wall is

Z o n
Two _Twi :%' (10)

Inserting Egs. (8), (9), (10) into Eqg. (7), we get

2t a+2t L@+2t)| .,
—* t— Qv -
ky hrpla+n(2b+g] G,

When a liquid pump or a condenser is employed éendoling system, it is common to have a single
phase saturated liquid at the inlet. If vapor duadt the exit isx,, integration of Eq. (3) is led to
dz/dx= L/ x,. Introducing this result along with Eq. (11) intg.H6), the final result in a dimensionless
form is obtained as:

(11)

AT =Tyo —Ta {

) @+ 2™
{TmSgen}: m {fTPPWLﬁdeer{ﬁ} }+ a’x @)
Lady | 2alq, [ xoA° A 1+Toohrp{2thrp+ av2t  L(a+ 2t)hrp]l
Gy k, atn(at2b) mG,

Under the boundary condition &ye,(x =0)=0 and a constant heat flux, the integration of theva

equation is:
TuSgen . %92 | StroPu[ S i 2
=Sgen _ - L.[ TP 1+ x—9 | dx+ (1+Xog)/(1‘y) -
Lady, 2alq, AZ| 4 AA % %
L2 N : (13)
—a
X

-1
0 ol+Tmhrp{2thrp+ a+2t +L(a+2t)hrp}

dv | ke 77(a+2b) mG,

After integration of Eq. (5) and some manipulatitire pressure distribution in dimensionless form is

i:l—ﬂ
F)i

2 X, 3 3
f m2 J‘%{ﬂWLLWLM(HXﬁ}dX, (14)
PA“ QA LS X% 2%A i

A" =1-yz/L, m=(a+2t) LC{(,/ % hg andd =5 +XxFy is the two-phase mixture specific volume.
The two-phase heat transfer coefficient can beutatied by the following expression.

_35

hre IX

where X is calledMartinuellie parameter and is defined by:

(15)
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n =1 is used for a laminar flow anadl =0.25 is used for a turbulent one.
The requiredf;p may be calculated based on the single frictionofaicirmula for a rectangular channel.

For a laminar developed flow and non-slip flow istained closely by the following empirical equation
provided by R. K. Shah and A. L. London [9] withoshside a, long sideb, and a channel aspect ratio

defined asn = a/b.
—ch- 2 _ 3 4 _ 5
frp Rep = c(1 1.3553) +1.946M2 -1.7012° + 0.9564 % - 0.253 ™ ) (17)

C =24, Rep =4y p,utp andD =2ab/(a+h).

Hidrovo et al. claim that the value &f is higher than those predicted by theory for fudigveloped
single phase flow in rectangular channels of aspim 10:1, which is 85. Several factors contréotd this
discrepancy including entrance length effects dreditends in U-shape among others, all of which tead
higher effectivef [ Revalues.

SOLUTION TECHNIQUE

To obtain the optimum sizes of the microchannedrider to increase heat transfer rate and to dezreas
the pressure drop, the entropy generation of tleepiase flow is to be minimized. For this purpose plot
the above equation as a function of the aspeab satien the height changes and the other side remain
constant.

RESULTS AND DISCUSSION
In this study, the saturated water-vapor two-ptise is simulated in a rectangular microchannelemd

a constant wall heat flux in the range of 10q,<<1000 kW/n from below surface. Saturated liquid water

enters a microchannels at pressire 2 atm with widtha = 50 um, depthb = 500um, lengthL = 24 mm
and thickness$ = 100um. Numerical solution of the equations leads tdwaitson of the pressure drop, heat
transfer, entropy generation and optimum size efrticrochannel which can be used in design caloulst

Fig. 2 shows the entropy generation versus thecagagio for a heat flug;, = 1000 kW/m The

contribution of the heat transfer and the presduoe on the entropy generation are also illustraiéere is

an optimum aspect ratio by which the lowest entrgpyeration rate occurs. The result indicates that
increasing the aspect ratio larger than the ctiticee contributes to enhance entropy generatiomdat
transfer, because larger channel width allows forarheat transfer rate. In contrast, increasingapect
ratio contributes to decrease entropy generatiorpriegsure drop and also the relationship between th
entropy and aspect ratio is a nonlinear functioiy. B reproduces the aforementioned figure but for
different wall heat fluxes. It is seen that inciegsthe wall heat flux increases the entropy get@ma
significantly for aspect ratios larger than 0.2%l @he location of their lowest entropy generatiaesl not
change. Fig. 4 exhibits the distribution of therepy generation as a function of the aspect ratio f
different vapor qualities. The findings indicateaththe location of the lowest entropy generationveso
toward the higher aspect ratio for higher outlgtaraqualities. In addition, the slope of the enyrgpadient

is much steeper for aspect ratios smaller tharciiigal one. This is because of more effect ofsptee
contribution on the entropy generation than thdskeat transfer for smaller aspect ratios. Figndidates
the profile of the pressure drop versus the asict for different vapor qualities. Similar to tipeevious
plot, the gradient slope of the pressure drop ishrateeper for very low aspect ratios especiallizigh
vapor quality. This gradient vanishes gradually apdroaches nearly a constant value at high aspias.
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Fig. 5. Pressure drop versus aspect ratio formiffievapor qualities

CONCLUSIONS

Optimization of two-phase forced convective flow nwodeled in a rectangular microchannel with
variable cross section. The procedure is basechenminimization of entropy generation resultingnfro
viscous fluid effects and heat transfer for a hoemegpus two-phase flow of a pure fluid. Severalatéfe
which are normally neglected in conventional chanae important in microchannels. The entropy
generation rate is obtained by using the consemvadiquations for mass and energy with the entropy
balance.The channel is minimized in terms of channel aspawd, fin efficiency, outlet vapor quality and
total mass flow rate. The contributions of thermegistance include conductance resistance in the fi
convective resistance at the solid-fluid interface the fluid resistance. The present results shatvthe
entropy generation rate is a strong function of¢hannel sizes. The findings indicate that the tiooaof
the lowest entropy generation moves toward thedrigispect ratio for higher outlet vapor qualities.
addition, the slope of the entropy gradient is msigeper for those of aspect ratios smaller tharctitical
one. This is because of more effect of pressuréribotion on the entropy generation than that ef tieat
transfer for smaller aspect ratios.

Nomenclature

channel width

Cross section area

channel depth

diameter

friction coefficient
enthalpy, heat transfer coefficient
Thermal conductivity
channel length

mass flow rate

Pressure, wetted perimeter
heat flux

Reynolds number

entropy

axial velocity

thickness

3 CTXSTTQgoT >

HCU);U-Q;-U
D

57
A. Nouri-Borujerdi



VIII Minsk International Seminar “Heat Pipes, Heatimps, Refrigerators, Power Sources”,
Minsk, Belarus, September 12-15, 2011

T
X
V4

temperature
vapor quality
coordinate system.

Greek Symbols

A difference

¢  friction muliplier

y Slope of channel
H  viscosity

n Aspect ratio,b/a

3 specific volume

o density.
Subscripts

f liquid

fg  two-phase mixture
g gas

gen generation

h hydraulic

[ inlet

0 outlet

sat saturation

TP two-phase

w wall, wetted perimeter
B ambient.

Superscripts

*

dimensionless

References
Brauner N., Moalem-Maron D. Identification of thenge of small diameter conduits regarding two-
phase flow pattern transitionlfit. Commun. Heat Mass Transfé992. Vol. 19. Pp. 29-39.
Kandlikar S. G., Grande W. J. Evaluation of singlese flow in microchannels for high flux chip
cooling - thermohydraulic performance evaluationd ai@brication technology /Heat Transfer
Engineering 2004. Vol. 25, No. 8. Pp. 5-16.
Khan W.A. Yovanovich M.M., Culham J.R. Optimizatiof Microchannels Heat Sinks Using Entropy
Generation Minimization Method /23th Annual IEEE Semiconductor Thermal Measurengert
Measurement Symp., Dallas, TX, Y2B806.
Chen K. Second law analysis and optimization ofraghannels flows subjected to different thermal
boundary conditions Iht. J. of Energy ResearcB005. Vol. 29, No.3. Pp. 249-263.
Galvis E., Culham G.R. Lower entropy generatiomicrochannels with laminar single phases flow //
3rd Joint US-European Fluids Engineering Summer tMgeand 8th Int. Conf. on Nanochannel,
Microchannels and Minichannels, Montreal, Canad@04, August 1-5.
Revellin R., Lips S., Khandekar S., Bonjour B. Lioeatropy generation for saturated two-phase flow /
Energy 2009. Vol. 34. Pp.1113-1121.
Papautsky I., Ameel T., Frazier A. A review of @@ single-phase flow in microchannel$fbc. of
ASME, Int. Mechanical Engineering Congress and Bitjum, 2001. Vol. 2. Pp. 3067-3075.
Ibafiez G., Cuevas S. Entropy generation minimipaiba MHD (magnetohydrodynamic) flow in a
microchannels /Energy 2010. 35. Pp. 4149-4155.
Shah R. K., London A. LLaminar Flow Forced Convection in Ducts, Supplenietd Advances in
Heat Transfer Academic Press, NewYork, 1978.

58
A. Nouri-Borujerdi



VIII Minsk International Seminar “Heat Pipes, Heaumps, Refrigerators, Power Sources”,
Minsk, Belarus, September 12-15, 2011

THE INTENSIFICATION OF HEAT-TRANSFER CHARACTERISTIC
OF HEAT PIPES

Arkady V. Seryakov', Aleksander V. Konkin®
!Scientific Laboratory?22 Department,
Special Relay System Design and Engineering Bureau,
Nekhinskaya Street, 55, 173021, Veliky Novgorods$ai.
E-mail: seryakovav@yandex.ru , E-m&ibnkin_a_v@mail.ru

Vyacheslav K. Belousov
*Computational laboratory,
Joint Stock Company SPLAYV,
Nekhinskaya Street, 61, 173021, Veliky Novgorods$ai.
E-mail: bel_vk@mail.natm.ru

Abstract
The work presents a part of the complex rated éxmatal research of the heat- transfer charadterist
intensification of the heat pipes of medium temperarange. At the butt (axial) direction of helatf at the inlet into
the heat pipe a possibility of the jet nozzle watpecified jet direction appears that intensifieat transfer under the
low heat loads and increases the heat pipe effigiehhe heat tube steam channel realization as clewds a gas
dynamics confuser-diffuser nozzle analogous tolLtieal nozzle and surrounded by a capillary pormgegition, layer
along the whole length, increases the parametérdina heat transfer factor of the heat pipe.

KEYWORDS
Heat pipe of the medium temperature range, capiflarous insertion, capillary steam injectors, Uaxarzle, steam
flow twist.

INTRODUCTION

In this work results of the rated experimental nmimdeof the heat pipes of medium temperature rasge
presented. The problem of the heat- transfer ctexistic intensification of the heat pipes of madiu
temperature range used for cooling of the heatddadlements of electronic technique is at present
exceptionally urgency.

The heat transfer and operating efficiency of thatlpipes with capillary porous insertions are rodi
by a closed rotational motion of the working bodydeargoing to the fluid-steam phase transition kidiat
liberation in the condensation zone and fluid mettinrough the capillary porous insertions into the
evaporation zone of the heat pipe.

At the butt (axial) direction of the heat flow dttetinlet into the heat pipe a preferable constvacti
solution is a flat evaporator made of capillaryqua material tightly adjoining to the flat bottorpc

With small diameters of the heat pipes made ohkdss steel the application of the flat caps assibte
because of their moderate thermal resistance, igitypand technological effectiveness of manufaoigwr
The Fig. 1 shows the heat pipe scheme with the el@porator, confuser-diffuser steam channel and
turbulator.

The steam phase transfer analysis was carriedyautirbulent gas dynamics model.

The steam phase transfer proceeds through the stearmel arranged along the central axis of the
capillary porous insertion, which in its turn ightly set and mechanically fixed in the thin-wal®dindrical
body of the heat pipe with top and bottom caps.

The central location of the steam channel, whicmégle as a gas dynamics confuser-diffuser nozzle,
surrounded with a capillary porous insertion lagieng the whole length of the heat pipe, allowsestdize a
considerable reduction of heat loss. Without thelleaty porous insertion layer the steam nozzleasomes
supersaturated. As a result of the normal behawbuhe steam jet outflow is broken: in the flowtime
diffuser zones near the critical section a preneatarge amount of microdrops of the working fluide
condensate appears.
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Fig.1. 1 — top cap, 2 — cylindrical body of the the#ge, 3 — conic turbulator, 4 —
capillary porous insertion, 5 — bottom cap, 6 —ltay injection channels, 7 — bottom
flat capillary porous evaporator

Simultaneously an important expansion steam jegrgence and fastening of this jet on the wallshef t
capillar porous insertion takes place that redunagimum permissible parameters of the heat pip¢ hea
transfer. The condensation jumps being formed & d@ktending part of the nozzle is followed by heat
evolution and under the influence of two factorsathand geometrical once) loose stability. Thealdei
section of the capillary porous insertion with axineum thickness value near the critical sectionthaf
nozzle and a decreasing thickness in the evapaoratid condensation zone protects the steam flom fro
supercooling in such a manner, that the maximunadeosation takes place on the inner surface of ¢a¢ h
pipe top cap, at the steam jet braking temperaxceeding the condensation temperature. The cosipnes
ratios and degrees of expansion of the gas dynasuitsiser-diffuser nozzle are selected the saniyy dise
Laval nozzle, the confuser part estimated proSl@erformed concave in such a manner, that thectetl
steam jets converge to the critical section cenftenzzle.

Overheating AOof the steam flow on going out of the nozzle depehdn the temperature
exceeding against the working fluid boiling pointthe heat pipe evaporator is rated by means of
introduction of the heat condensation effectivaugah accordance with the formula [1]:

r, =r +CJLIAT 1)

where :1_ — heat condensation effective value, J/kg-heat condensation value, J/kE" — steam heat

capacity, J/(k&K); AT — difference of the overheated steam tempemtieand its saturation temperature
at given pressure. The overheating va@® under high heat loads on the heat pipe reach&s 50

In the preliminary experiments with model equipmigtié determined that the condensation intendity o
the broadening steam jet on the perpendicular cirfd heat exchange is proportional to the steam fl
forticity.

The motion type of the condensate microdrops inwephase dispersed flow is complicated, drops can
be accelerated get additional energy owing to wabaionly coagulation but also crushing of drops istill
smaller ones [2, 3]. The increase of condensatioriens amount of supersaturated steam promotes the
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steam condensation intensification both on the brahange surface and on the drops. The heat assl ma
exchange within heat pipes is determined not oghjhydraulic and gas dynamics features of steam and
condensate motion, but by interaction with solidlyosurfaces as well in order to increase the haaster
coefficient from the steam flow to the inner sudaif the top cap and the intraphase mass exchdrtge o
condensate film, the heat pipe top cap is made avittper turbulator.

The turbulator surface, and the top cap inner sarfare covered with elongated grooves [4—6], the
longitudinal axes of which in the azimuthal plame turned concerning the longitudinal axis of theam
channel at specified angle, which provides maximuwist of the steam wet flow with condensate
microdrops. The twist value effects on the thermeslstance of the layer adjacing to the walls iditlg a
viscous sublayer.

For the steam generation intensification in thepevation zone under low heat loads some injecting
steam outlet channels are used piercing the bdttinmsertion capillary porous insertion tightlgjaining
the flat bottom cap of the heat pipe. The injectatvannel diameter reaches 1 mm, and reduced cgpilla
pressure results in temperature lowering of boilamgl steam generation of the working fluid in these
channels that was found as very important underheat loads of the heat pipe. Fig.2 shows the tzlon
result of velocity distribution at the steam injagtchannels over the bottom flat insertion of tagillary
porous insertion under low heat load. The injectars especially effective with small heat flows and
accordingly with low initial velocities of the stadflow over the evaporator.

Fig. 3 shows the same calculation result, but uhdgr heat load on the evaporation butt surfacief
heat pipe, when operation effects of the jet imetvirtually become not apparent and steam geparat
becomes uniform on the whole section of the nozalduser part. The injecting capillary channelsrassle
as Laval nozzles that increases the fluid workiodybsupply to them on the capillary porous insertayer
along the bottom, the inner surface of which isiwalthlly covered with radial and circular groovd8he
groove profile is selected as a dihedral angleliRd®n of the steam channel of the heat pipe What a
gas dynamics confuser nozzle analogous to the ltepzadle and surrounded with a capillary porousriitse
layer results in the flow velocity increase of #team turbulent jet.

To illustrate the application effectiveness of demfuser-diffuser nozzle as a steam channel oh#a
pipe, Fig. 4 shows differences of velocity, m/gash jet flow in the steam channels of two strudturas a
confuser-diffuser nozzle and in a standard cyltalrichannel, in both cases without use of the fimgc
capillary steam channel. The steam jet velocitiesavealculated at a height of the nozzle critieakisn, the
nozzle diameters in the broad part and of the dyilial steam channel are the same. The axial feataind
initial steam velocities over the evaporators heedame as well.

NODAL SOLUTION
RFR 19 2011

STEP=4 15:07:08
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VEUM (AVG)
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- 33825 1.00% 1.681 2.354 3.028
Heat Pipe

Fig. 2. Steam velocity distribution, m/s, over gteam injecting channels in the evaporation
part of the heat pipe under low axial heat load
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Fig. 3. Steam velocity distribution, m/s, over 8team injecting channels above the evaporator
of the heat pipe under high axial heat load
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Fig. 4. Velocity differences, m/s, steam jet flowthe nozzle critical section and in the standard
cylindrical steam channel depending on the ingtalam velocity over the evaporators (Reynolds
numbers of evaporators)
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The pressure differences, Pa, of the confusergdiffisteam channel and standard cylindrical steam
channel calculated on the height of the nozzlécatitsection is shown in the Fig. 5. One can se¢ tie
nozzle is found as a very effective acceleratdhefsteam flow under low axial heat loads.
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Fig. 5. Pressure difference, Pa, in the criticatiea of the steam channel as a confuser-diffuser
nozzle and a standard cylindrical steam channpkmtting on the initial steam velocity over the
evaporators (Reynolds numbers of evaporators)

The steam channel made as a confuser-diffuser engquasesses a distance action that results in the
velocity exceeding of the steam flow in comparigéih the standard cylindrical steam channel inftbatal
point of the turbulator when come nearer to thd pgge condensation zone. The Fig. 6 shows thecitglo
differences, m/s, of the steam jet flow in thenfed point of the turbulator in the channel witle tonfuser-
diffuser nozzle, and in the standard cylindricalash channel. The Fig. 7 shows the pressure ditferdra,
of the steam jet flow in the frontal point of thebulator in the channel with the confuser-difiusezzle,
and in the standard cylindrical steam channel.

A complex nature of the pressure behaviour in tbetél point of the turbulator, depending on thé&ah
velocity of the steam flow over the evaporatorsyfiRéds numbers Re of evaporators), shows a presahc
some modes of the steam flow in this point, dependin the heat load on the evaporator and thepliygait

This fact means a necessity of some supplementanpy ®ther arrangements of the condensation
intensification on the turbulator including theasteflow twist.
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Fig. 6. Velocity differences, m/s, of the steamwflin the turbulator frontal point in the
confuser-diffuser steam channel and in the stancidnadrical steam channel, depending on the
initial steam velocity over the evaporators (Regsatumbers of evaporators)
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Fig. 7. Pressure difference, Pa, in the turbulftomntal point in the confuser-diffuser steam
channel and in the standard cylindrical steam chlardepending on the initial steam velocity
over the evaporators (Reynolds numbers of evapsjato
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An additional dynamic pressure of the condensatheatnput into the top edge of the capillary parou
insertion enlarges the limiting parameters of thatipipes.

The condensate return is realized by the capifj@npus insertion, the transient characteristicglath
are expanded by introducing the longitudinal mieggllary channels passing along the whole lengtthef
pipe, the average diameter of which doesn't ext8qdm.

The layers of the sintered granulated materialcagjpthe microcapillary channels form the additiona
porous channels passing along the whole lengtheo€apillary porous insertion as well.

The estimated evaluations of the heat mass traokthe heat pipe carried out with programs CF Besi
(Blue Ridge Inc., USA) and ANSYS and also modellgimevaluations show increase of the heat - fiems
factor of the heat pipe of the selected design.
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Abstract
Researches of influence of porous capillary stmecttharacteristics on parameters of critical haatek in the
conditions typical for functioning of heat pipesdathermosyphons is important thermophysical a @moblSome
experimental results of influence of porosity, heaductivity and thickness of fiber-porous struetuat boiling water
in conditions which are characteristic for worktleérmosyphons, received by the author, are presémthis report.

KEYWORDS
Critical heat flux, two-phase heat transfer, bgliheat pipes, thermosyphons, metal-fiber, poroasillary
structures

INTRODUCTION

There are some specific features in two-phase tiaasfer in heat pipes (HP) and thermosyphons
heating zones withorous capillary structures (PCS) in comparison i similar processes occurring on
technical smooth. The porous materials used in pge#ts as capillary structures, have a set of physi
characteristics, such as porosiB, heat conductivityA., thicknessds that can have an essential
influenceon the critical heat flux@g,in heat supply zones. The limiting (critical) hdlakes researches are
vital thermophysical issues, actual for the twogehheat transfer theory, in particular, for liqlidiling
processes on surfaces with porous capillary magefsructures). The vaporization and heat evacnati
mechanisms typical for the "working" conditions tefchnical smooth and the mechanisms typical for
surfaces with porous structures can essentialfgrdift—4].

Current state of a problem

The most researches in the heat pipe applicatiomtoare carried out to determine the alarm levels
of the heat flow€), transmitted by pipes at their various orientatiospace. It is necessary to distinguish
the critical phenomena in the HP heating zone, ey in conditions with a overliquid-heat-carrigfP
operating mode; «thermophysical» crisis), and thenpmena occurring in the conditions of a defigiil
transported to liquid heating zone (HP operatingleydhydrodynamical” crisis). Different forms ofdie
transfer crises for conditions typical for heat andss transport processes inside thermosyphonssatd h
pipes, are full enough presented in monographiedH&wever, the influence of the main characterssf
metal-fibercapillary structures (porositQ., heat conductivity ;L thicknessd,) on the critical heat
fluxesy.r,arisingon the surfaces with PCSat their superumwid filling, is not presented in [5].

The experimental equipment and technique

The solution of this problem is carried out in fielowing way: 1) the experimental equipment was
created for the heat transfer researches at balingurfaces with porous covering and structures @ in
free liquid movement and capillary liquid transpoonditions; 2) the series of the researching P@fptes
were made with following characteristics: porousidures are made from thin discrete fibers; th&PC
material iscopper and stainless steel; poro®iy= 40-90 %; thicknesd.s = 0,2-10,0 mm; skeleton heat
conductivityAes = 0,1-70 W/(riK). The block-heater allowed to reach the valggs = 26a10* W/n?. The
calibration of testbed system is carried out byawand ethanol boiling research on technical copperoth.
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Fig. 1. The test bed system scheme for the resemrchcritical heat fluxes at boiling on
surfaces with porous capillary structures: block-heater to the sample of porous capillary
structure; 2- liquid boiling zone on a surface with porous dapyl structure; 3- system of
pair condensation; 4 system of electric power and heating regulatioth measurement; 5
system of temperature measurement (with thermoesy— system of condensate cooling;
7 — system of vacuum pumping and saturation pressymeost

The experimental technique consisted of the folhmwiThe researching PCS sample was sintered to a
round copper lining, which had been previously pthevith set of the thermocouples inside. This sampl
was soldered to the butt end of the copper bloektdreThen the block-heater was turned onand theflu
was discretely increased to the limiting valeg®or this PCS sample. The valugsand the difference of
temperatured\t were measured between the surface of lining abdilang liquid. The moment of crisis
approach was fixed on a sharp change temperatuwge ¢fi a lining; afterwards the heater was discotetec

THE RESULTS OF THE EXPERIMENTAL RESEARCHES AND THEI R DISCUSSION

Considerable modifications of the critical phenomamne observed on porous surfaces with metal-fiber
capillary structures (MFCS) as distinct from baglion a technical smooth. The main differences sbmsi
the following:

1) the size of critical values ofessentially depends on basic PCS characteristics;

2) the crises of heat transfer can be carried ouekith steps or smoothly depending on thickness,
porosity and heat conductivity of PCS;

3) limiting values ofqg,, on porous surfaces with metal-fiber PCS can exteedcertain extent (in 2—3
times) similar values dfy,, typical for technical smoothes.

Some results of reserches received by us at watiandon surfaces with metal-fiber PCS, are préseén
in fig. 2—4.
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Fig. 2. Influence of porosity and heat conductiwwfyconcerning "thin" MFCS on heat transfer
intensity at boiling; thickness of G&= 0.8 mm; coppe€S: D- © = 40 %; |- © = 84 %;CS
from stainless steel: £ © = 59 %; M- © = 88 %; N- boiling of water on a smooth
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Fig. 3. Influence of porosity and heat conductivifyconcerning "thick" MFCS
on heat transfer intensity at boiling; copj&s; porosity® = 40 %; CS thickness
0. E-2.0 mm;F - 4.0 mm;® = 84 %; CSd: J - 2.0 mm,K -4.0 mm;N -
boiling of water on a smooth
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Fig. 4. Influence of copper MFCS thickness on cati
heat fluxes at water boiling (atmospheric pressure)

The analysis of experimental data allows ascettadrfollowing.

1. There is an “optimum” MFCS thickness, equal ~08+0m for water, at which

2. values of the first critical fluxj; reach maximal values 2—3 times exceeding similar valuesogf,
typical for technical smoothes (fig. 2).

3. The high-porosity metal-fiber copper structuresgat= 80 %) provide the greatest valueggf.

4. MFCS made from low-heat-conductionmaterials (stsslsteel) with small sizes of frame heat
conductivityA.saccordingly, do not provide the augmentgf critical values, typical for smoothes. At some
combinations of basic PCS characteristics theyth@egalues of heat transfer coefficieatBV/(m?K)] and
Oer1 , Which are even smaller, than similar valaesd g, typical for smoothes (Fig. 3).

It is possible to explain received experimentalitssaccording to the following hypotheses.

1. The porous capillary structures change signifigatiiie heat-conducting path mechanisms, typical for
liquid boiling on smoothes. The PCS "modify" hyditgnamical and thermal boundary layers of liquid,
adjoining with both the PCS and «CS-plane» smoiothlsaneously.

2. Discrete fibrous CS elements well connected to @os¢m (in our case), carry out a role of
"microribes”, which can essentially change the lofauy conditions of heat supply to formed steam-leb
The steam-germs, surrounded by the high-heat-contydibers, enlarge much more quickly, than iase
of the top parts washing of their "calottes" wighatively cold liquid (in case of a smooth).

3. Considerable quantity of the potential centersteam-germ formation on porous surfaces is much
more bigger in comparison with technical smootfid®e steam-germs exist in both the fiber-buttingceta
of smooth and in most fibers. Furthermore, suchrstgerms are faster activated on high-heat-condtycti
elements (fibers) of the CS.

4. Porous structures possess considerable capillapepies. Laplas capillary forces are the greatest
small pores. The pores of this type capable to kediguid-micropellicle from merging into one great
pellicle. Thus, up to the certain valugg, the small pores prevent from great pellicle "doreaiiormation,
typical for the technical smoothes, and this poeadize stunted growth of boiling crisis.

The PCS thickness increasindis(> 1-2 mm) makes hydraulic resistance of steamuzatam grow. It
leads to the increasing influence of two-phase figrodynamic factors and finally to the rapid dase of
Ocr Value. In this case the temperature of surfaceeases slowly (or smoothly), and it is possibléatk not
about critical, but about "limiting" values of hédhix q.
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We receive the empirical formula which generalizgkience of the main characteristics of metal-fibe
PCS on the values of the first critical heat fluxswater boiling in conditions of free movemenheT
formula has a following form:

Qer = cﬂcrlﬂcso'lwcsﬂcsnﬂefo'zy (1)

whereq,; — the value of first critical heat flux at watasiling on smooth (at atmospheric pressure).

The results of calculations realized under the tdam(1) are presented in Fig. 4. The satisfactory
coordination of calculation results with receivegberimental results is accomplished.

We didn't lead experiments with other liquids, heee by known data from the literature, it is
necessary to expect a certain analogy with resultthe water. There is a good reason to think, tieev
organic liquids also could increase the valuesloéa flux 2—3 times at boiling on MFCS surfaces.

CONCLUSION

The following facts are established as a resutheflead experimental researches of water boilimg o
surfaces with metal-fiber porous structures (MF@Sje wide range of MFCS main characteristics gean
(porosity, thickness and heat conductivities):

1. The magnitudes of critical heat fluxes at waterlibgiin conditions of free movement (a mode
typical for thermosyphons with porous capillaryustures) essentially depend on basic physical PCS
characteristics.

2. The high-porous-fiber structures with thickness4-@8 mm created from high-heat-conductivity
metals (for example copper) and qualitatively sideto the heating surfaces, are capable to inertees
critical heat fluxes in 2—3 times in comparisonhatéchnical smooth.
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Abstract

Autonomous passive residual heat removal systenR@&Hor the Pressurizer of NPP with WWER-1000 cowld
presented. The residual heat removed via heat egelmcomposed from two-phase thermosiphons. Thigocherovides
effective pressure decrease in the primary cirdué to activation of natural circulation of Pregser coolant through
emergency gas removal system to thermosiphon hehtaeger and further returning of the condensatk lha the
primary circuit. The results of carried out desigmeodeling showed that the suggested passive systavides timely
injection of boric acid solution from hydroaccuntold and thus sufficient subcriticality during thatire emergency
process simultaneously with keeping subcoolingoofant in the core.

The results of analytical modeling of emergencyldoen of the reactor installation during complelng-term
blackout event presented. It is proved that propgsassive heat removal system provides efficiert lstnk and
decreasing of primary pressure. That provides ¢ondi for actuation of ECCS hydro-accumulators (BCdA) and
maintains adequate subcriticality during the tramisalong with maintaining subcooling conditiongted primary coolant
in reactor core.

INTRODUCTION

One of the most dangerous beyond design basis eatsidBDBA), leading to severe reactor core
damage, is long-term blackout with loss of all egesicy power sources. Loss of emergency power at
Fukushima NPP in March 2011 led to loss of cooluagabilities of reactor cores and spent fuel pools.
Overheating, steaming and further loss of cookahttd fuel uncovery, overheating and fuel claddaityre,
core meltdown, and to the reactor vessel and guntit degradation. As a result large radioactiveeria
releases to the environment occurred that was est¢NES Level 7 (maximum) accident.

For WWER 1000 NPPs the danger of such an accideheiloss of feed water flow to SGs and loss of
primary — to — secondary heat sink, and also l6g®ssibility to inject boron into the primary ciri¢. As the
result, the primary pressure starts to grow, itiitgaloss of primary coolant (LOCA) through presser
safety valve eventually leading to core uncovehulite consequent core meltdown at high primarysoures
conditions.

A method to decreasing primary pressure due toralatirculation (NC) of vapor from Pressurized
(PRZ) through emergency gas removal system (EGRJipes, with its subsequent cooldown in a heat
exchanger and returning of the condensate to ih@apy circuit is proposed to prevent such an actide

To provide reliable heat sink from the reactor camd primary circuit during blackout accident witte
full scope, long term loss of all power, an autonaspassive residual heat removal system (RHRS)
composed of low temperature two phase termosip(l@hS) has been proposed [1, 2]. Analytical modeling
of residual heat removal by the RHRS has proveefiisiency [3].

However, the problem of WWER-440 and 1000 coreitieality due to significant negative coolant and
fuel reactivity effect along with the positive caat density coefficient (at the end of fuel cyckhen the
primary temperature drops below about 220requires boron injection into the primary circuit
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Analysis of analytical modeling of residual heatnsfer of WWER-1000 with the autonomous RHRS
has shown that without boron injection the react@y reach recriticality at coolant temperature abou
225 T [4]. It happens at 16850 s. after SCRAM actua(ib#40 s. after actuation of the RHRS). Therefore,
introduction of the RHRS in scope of WWER safetgteyns requires additional actions to guaranted¢aeac
subcriticality during cooldown.

PASSIVE COOLDOWN SYSTEM FOR PRESSURIZER

Passive system for Pressurizer cooldown may be riapioduring an emergency with complete long-
term blackout, to speed up depressurization of gmymcircuit to the ECCS HA actuation setpoint.
Pressurizer is cooled down simultaneously with RHRRS8ration. Fig. 1 shows the WWER 1000 RI with
autonomous RHRS and Passive cooldown systefrissurizer (PRZ-PCS).

SG RHRS EHE \
PRZ EHE PRZ-PCS Intermediate RHRS Intermediate

Circuit Circuit
/\ _-EHRT
ﬂﬂ— RHRS HEC

PRZ-PCS HEC

e

PRZ RCP Reactor

Fig. 1. Rl WWER withitanomous RHRS and passive cooldown system
fdPressurizer (PRZ-PCS)

RHRS and PRZ-PCS are built of low temperature tlvase thermosiphons (TPTS). Water serves as
intermediate TPTS coolant. RHRS is composed of ective primary coolant loop with natural circulatio
(NC), thermosiphon-based emergency heat exchald¢E)( two-phase intermediate heat removal circuit
that runs out of the Containment and connects EHHeat Exchanger — Condenser (HEC). HEC is placed
into emergency heat removal tank (EHRT) which pitesiheat removal to the final heat repository — EHR
water. PRZ-PCS consists of thermosiphon emergeray &xchanger PRZ-EHE, steam line that connects
Pressurizer to EHE, condensate line connecting EHEeactor Head, two-phase intermediate circuit tha
connects EHE to HEC located in the EHRT.

Passive RHRS has four independent cooldown trR®@S§ — two. Design of Heat Exchangers for EHRS
and PCS is similar; the difference is only in heansfer surface. Passive actuation of PRZ-PC&gsdon
the same principle that PHRS [1]. Working principtf PHRS and PCS are also similar. The differénce
that heat transfer to the thermosiphon PHRS EHErasvided by convective cooldown circuit, and the
cooldown of PRZ — with two-phase cooldown. PRZ-PLE& as condenser of primary steam coming from
pressurizer. After being cooled down in the EHIE, ¢bndensate flows down to the reactor, where x&ngi
with the primary coolant. Part of the coolant, tha primary hot leg and pressurizer surge lineiragames
to the pressurizer, evaporates and again flowset&HE.

There is a check valve upstream the PRZ EHE, wpiekients injection of the colder coolant from the
reactor to PRZ via EHE in case of inadvertent apgrof isolation valves when RCPs are in operation.
Downstream — isolation valves with the same purpbke

72

Igor Sviridenko et al.



VIII Minsk International Seminar “Heat Pipes, Heatmps, Refrigerators, Power Sources”,
Minsk, Belarus, September 12-15, 2011

In this way, due to permanent cooldown of the stegrPRZ coolant, the passive PRZ cooldown and
primary depressurization and cooldown are provided.

INITIAL STATUS OF THE REACTOR AND INITIAL CONDITION S

Analytical modeling of activation and operation tife PRZ-PCS of WWER-1000/V320 reactor
installation has been performed for BDBA with thétiating Event (IE) — complete long-term blackout
using the WWER-1000/V320 model of Khmelnitsky NPRitlL, with the failure of all the emergency DGs
and failure to provide external power. Modeling basn performed on RELAP5/MOD3.2.

Diameter of the connecting piping to upper parttted PRZ was assumed as Du 32 mm, relative
elevation of the upper (inlet) EHE nozzle is 5 metabove the upper part of the PRZ. The connecting
options were chosen based on existing design, pafisibility to be connected to existing EGRS pipafg
PRZ and Reactor. Heat exchanging surface of the EHZ has been assessed based on preliminary thermal
calculations of heat to be removed — about 1.5 Mweisting range of primary parameters that pravide
required depressurization rate.

IE (total blackout) occurs at 20s s. of the tramsiénalytical modeling was made for three modes of
PRZ-PCS actuation, presenting possible «boundingpesiof the PCS connection to the PRZ:

— Mode “1": opening of the PRZ-PCS isolation vabakes place 10 s. before the IE. This mode is
modeling inadvertent opening of PRZ-PCS valve. & is to analyze reaction of primary side under
inadvertent opening of PRZ-PCS isolation valve. Theck valve in this case remains in closed pasitio
until the RCPs are in operation.

— Mode “2": opening of PRZ-PCS isolation valve at @0@fter opening of PHRS Main Isolation Valve
(MIV), e.g. at 3020 s. of the transient (20+24008-603020 s.). The mode is modeling conditional &gél
(20 min.) of PRZ-PCS valve actuation compare toaan of PHRS MIV. That provides understanding of
conditions of the primary circuit under conditiogatarlier actuation of PCS to PRZ (our understagds
that the mode has to be considered as basic).

- Mode “3": opening of PRZ-PCS isolation valve at B0 after the blackout and after 1800 s. after
opening of PHRS MIV, that means at 4220 s. of tamdient (20+2400+1800 = 4220 s). The mode is
modeling essential “delay” of PRZ-PCS valve actuatiThat provides understanding of conditions &f th
primary circuit under delayed connection of PCh®PRZ compare to PHRS.

RESULTS OF ANALYTICAL MODELING

Analytical modeling has been performed for 42000. s&f the transient. Analyses show that the
proposed PRZ-PCS provides timely discharge of EEG{y8ro Accumulators (ECCS HA) and adequate
subcriticality margin during the whole transient,tbke same time maintaining subcooling of the m@act
coolant. At the same time, the efficiency of theteyn remains quite high and there are no negatigetg,
under wide range of the system actuation — fromly&actuation, at the time of IE, and to “delayedi 30
min. after actuation of PHRS.

Despite small amount of the heat removed by PRZ-RG& primary coolant during the cooldown,
compare to that removed by PHRS, which makes abeooitl5 % (Fig. 2), PCS is fully capable to perform
the required function — it provides efficient primadepressurization to the ECCS HA actuation setpoi
(6.0£1.0 MPa).
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Fig. 2. Heat balance curves: RI, heat removal bR®lENd PRZ-PCS

This is the main advantage of the proposed systepassive depressurization with simultaneous
maintaining the conditions, preventing introductiohpositive reactivity. This advantage is presdnibgy

primary parameter’s behavior (Figs. 3-6).
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Fig. 3. Primary depressurization in different PRZSPactuation modes

Also, during the whole transient prior actuation BECS HA, in all the three considered modes,
subcooling margins remain quite high: 15...44 Ceantilgr— for mode “1”; 15...50 Centigrade — for mode
“2” and 16...54 Centigrade— for mode “3”". A criteriai safe core cooldown for the considered modes is
stable decrease of fuel rod’s cladding temperdfivEL) (Fig. 7).
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Fig. 4. Coolant temperature above Reactor CoreFig. 5. Coolant temperature above Reactor Core
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Efficient depressurization due to PRZ cooldown ftes possibility of earlier actuation of ECCS HA to
the Primary Circuit (Fig. 8). Compare to RI cooldoenly with PHRS (actuation of ECCS HA at 18350)sec
in the considered modes ECCS HA actuation with ¢ementary PRZ cooldown occurs, accordingly, for
7650, 6250 and 5450 sec earlier. Earlier ECCS &tAadion provides sooner PRZ level restoration.(8)g
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Fig. 9. Comparison of PRZ level restoration aft@dS HA actuation
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Fig. 10 presents reactivity evolution for differemodes of PRZ-PCS cooldown. Prior ECCS HA
actuation the characteristics practically do nffiedi After start of boron injection some differesscbecame
evident, reflecting insignificant difference in &mwhen 18 Starts decreasing. The character of that
decrease is practically similar.

Extrapolating upraising part of reactivity curve Fag. 10 is marked by a dashed line), we can rélaeh
criticality line approximately at 17500 s. That m®mponds to a cooldown mode with PHRS, when R,
without additional boron injection, can reach pusitcriticality at 16850 s. [5]. Therefore, the geated RI
model with PRZ cooldown does not contradict to knowclear physics of WWER.

Except that, analyzed cooldown mode with intaangriy circuit presents the worst case from subalitic
prospective. The explanation is that maximum bdimm from ECCS HA to the primary circuit is bounded
comparatively small steam volume of PRZ. Neversgléhe reactor is subcritical during the wholeldoon
process (Fig. 10).
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Fig. 10. Subcriticality evolution for different PRZCS actuation modes

Figs. 11-14 present primary circuit flow through 2Reat exchanger for all three modes of PCS
actuation during the transient. The modes “2” aBtl dre practically identical and can be consideasd
stable. Mode “1”, where PCS is connected to PRZGrsec prior the IE, has specific instability rethto
more intensive primary depressurization (Fig. 6véttheless, this mode with premature opening &-PR
PCS isolation valve under blackout conditions (Ei2), provides efficient Rl depressurization andassary
subcriticality (Fig. 10) for safe reactor core wimin.
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The proposed system provides conditions for eaaliration of ECCS HA and more intensive incredse o
Boron concentration into the primary circuit (Fi¢), for safer primary cooldown.
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Fig. 15. Comparison dfi;BO3; concentration curves into the primary circuit
with operation of PHRSJatifferent modes of connection of PCS to PRZ

Identified fluctuations of steam flow from PRZ t€8 Heat Exchanger have no impact to stability ef th
primary cooldown and do not lead to fluctuationg-o&l Cladding temperature. All three modes of FRZS
actuation in different stages of the blackout tiemtsmay be considered as satisfying from the pafivew of
safe reactor core cooldown and prevention of irsgreaf positive reactivity and returned criticaldy the
reactor.

SUMMARY

Proposed passive cooldown system for Pressurir)(Bf NPP with WWER-1000 reactors provides
efficient primary depressurization due to removehef heat of condensed steam from the steam votdme
PRZ. That provides conditions for advanced prindggressurization compare to primary cooldown, at th
same time maintaining sufficient subcooling ratethie reactor core. That prevents increase of pesiti
reactivity during residual heat removal by autonamd®HRS and provides maintaining of safe core
conditions up to actuation of the ECCS HA.

Results of analytical modeling prove possibilityprbposed scheme for PRZ cooldown by autonomous
thermosiphon PCS and may be proposed as basigVetopment of similar passive systems for NPPs with
WWER-1000 reactors without necessity to up-ratsteyg SCRAM systems or to install additional sysdar
reactivity control.
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Abstract

The efficiency of geothermal heat pipes shall b@rowed due to complete wetting. So amain aim of ghesent

investigations is to identify tube materials whiahe long-lasting and easy to process having opgidhiwetting

characteristics for propane. For the research peréarental facilitywasdeveloped; the setup and fioncprincipal are

described. The facility was designed for opera#ibsaturation pressure of propane. On solid samiplesvetted areaof
a single drop containing a defined volume is deteech and it serves as criterion for wetting. Thisaais documented
optically by a camera and it is evaluated by me#rimage analysis software.First results are pteskrObservation
showed that a liquid propane drop spreads aft&r iitnpinged on a sample because of its low surfaosion. The
wetted area and therefore the contact angle aredependent. On the treated materials propane shawery well

wetting. On the basis of the actual and comingltesus expected to evolve new surfaces for gewttal heat pipes.

KEYWORDS
Geothermal heat pipe,Experiment, Wetting, Propaiseal Observation.

INTRODUCTION

Propane heat pipes constitute a relatively newnigolgy for the use of near-surface geothermal gnerg
(down to 400 m depth) for heating applications gemore effective than conventional U-tube heat
exchangers. Caused by heat transfer to a heat panmpane vapour is liquefied inside the head ofttbat
pipe. A liquid film is formed which flows downwardke inner tube surface where it is vaporized bigp-
step due to heat extraction from the ground.Becafises lower density the vapour arises and coneens
again on the heat exchanger of the heat pump. &sigrdof the probe is similar to that of €ieat pipes(cf.
[1]), socorrugated pipes or welded segments ofdwdre used.This means the principal is a wicklesd h
pipe working gravity driven.

In falling film evaporators a closed thin film iequired for effective heat and mass transfer.Séent
research at existing geothermal heat pipes showatl various technical problems can appear during
operation yielding a reduction of the performariegpecially incomplete wetting of the inner tube Mehds
to a strong decrease of the achievable heat exinadtie to the smaller phase interface and thusidweat
transfer area.In such a case the unwettedpartsgirttbe are not useable and the heat pumps ceeffiof
performancedecreases.

Causes for wetting problems in geothermal heatspip@ be of various types:

— Dry out by falling below the critical film thiclass.

— Counter-current flooding with subsequent reductibthe liquid flow [2].

— Impurities and bad wetting surface of the inmebp surface.

— Asymmetric film distribution through inclinatiarf the probe.

Therefore the investigation of wetting behavioutigfiid propane in geothermal heat pipes is inftoais of
interest. It's especially important to know on thiee hand the location of liquid film break up inistixg
probes [3],in dependence of the extraction perfogea On the other hand new materials and surface
characteristics should be investigated to imprbveewtetting characteristics of the probe-surface.

The minimum liquid film thickness (MLFT) definesetvalue below which a liquid film breaks up into
rivulets [4]. Dry patches form if the mass flowt@ low or the surface wets badly.Various mathecadti
models have been reported for predicting MLFT[4-Al. of them are based on the knowledge of the
equilibrium contact angle.Because of its very lawface tension (7.5 mN/m at 2C [8])the contact angle

79

Tom Weickert et al.



VIII Minsk International Seminar “Heat Pipes, Heaumps, Refrigerators, Power Sources”,
Minsk, Belarus, September 12-15, 2011

of propane on steel is predicted to be below 1G°present no exact values for the edge angle on any
substrate can be found in the literature. Withbet ¢ontact angle, MLFT and also the location of fdry
out cannot be calculated adequately.

Main aim of the current research is the direct ajdntitative comparison of various materials
concerning wetting by liquid propane. Hence firfsalbit was necessary to develop a laboratorylitsci

EXPERIMENTAL

Wetting is essentially influenced by the surfacdéemal, i.e. its characteristic and structure [Bjis was
motivation for design and construction of an expental apparatus, which allows wetting experimemts
various solids.

Description of Experimental Setup
The experiments are done with saturated propameoat temperature and the corresponding vapour
pressure of about,=8.3 bar (see Fig. 1).Propane also is highly flatviman face of these facts the facility
is designed to be pressure resistant and the cangare explosion-proof.
Fig. 2 shows a scheme of the experimental setuphakiconstructed and build under consideration of:
e Ordinance on Industrial Safety and Health,
e Pressure Equipment Directive (PED) and
« Explosion protection guideline.
14
13 ~
12 |
11
10 T
9 et

Pans it bal
[y v o

2 e = Ln

Jindeg C
Fig. 1. Vapour pressure of propane as a functideroperature (data taken from [8])

The key component is al2-3f’pressure vessel (“autoclave”), see Fig. 2 and 3.diflerent gas types
are used for the experiments: propane 2.5 (puit§ %) and technical nitrogen for inerting aftee tiests.
Liguid propane is supplied from a bottle that istalled bottom up. For final inert purging, nitroge added
through a float-typeflowmeter.

Before liquid drops can be deposited on the surfdi¢the samples a saturated vapour atmospherehas t
be generated. Afterwards liquid drops are drippet the samples through a capillary tube and twexdiee
valves. The samples are located on an object shdé is moveable. For observation, lighting and
photographic documentation, two sight glassesrapéeimented on the top and the left side of theciave.

A CCD camera allows taking pictures of the drops.

For safety reasons a gas trough is installed bé&hewapparatus. In case of leakage propane woukd sin
down because its density is larger than that offagas sensor generates an alarm sound if thesotmation
exceeds 20 vol. % of the lower explosion limit (QEEurthermore, the maximum pressure is limited to
13.7 bar by installation of a safety valve and Iflagk of propane is avoided by an additional cheake.
The system can be evacuated by means of a vacuomm. pull valves are operated manually. The satunatio
state can be identified by means of the temperatutlepressure sensor (Fig. 1).
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Fig. 2. Scheme of the experimental setup: 1 — $aMtec2 — propane bottle, 3 — nitrogen bottle waitessure
reducer, 4 — check valve, 5 — ball valves, 6 — Inekdle valve, 7 — low-flow metering valve, 8 —etaf

valve, 9 — vacuum pump, 10 — gas trough, 11 — gtectbr propane, 12 — CCD camera and LED-light; Pl
pressure indicator, Fl — float-typeflowmeter, Tiemperature indicator
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Fig. 3. Autoclave (cross-sectional view) with moieaobject slide and sight glasses: 1 — autoc2vesight
glasses, 3 — horizontal moveable object slide,sfideway, 5 — gas inlet, 6 — connection to outleuum
pump, 7 — connection pressure sensor, 8 — conngtigmocouple, 9 — capillary for drop generating
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Experimental Procedure

The aim is to identify materials and treated sw$awhich have a good wettability by liquid propane.
This is examined with single droplets with a defin®@lume of about 5.6 - £an’. The surface area wetted
by a liquid droplet on the sample is defined aswletting criterion. The larger this area, the lrette
wetting.

]

Fig. 4. Balance of forces of a bendant droplet caglllary

The balance of forces on a pendant droplet (Figis4diven by Eq. (1), wher&: = 2nr oy is the
Interfacial Tension Forceéig =V py g the buoyancy anés =V py g the gravitational force [10]. In these
equations/ is the drop volumeg; the surface tension of the liquish, andpg the densities of liquid and gas,
g the gravitational constant ands the radius of wetting.

F, +F, = F, (1)

Therefore the volume can be calculated with Eq.f(2he radius of the wetting on the capillary is
known.

(o4-p,)0

As seen in the third picture of Fig. 6, the wettnaglius is between the inner (0.325 mm) and o@et5(
mm) radius of the capillary. Therefore the calaedatirop volume lies between 3.3%1dhd 7.5-18 m®. The
determination of the exact drop volume was cardatiby dividing the defined volume of glass cylinde
through the counted drops that were needed ti. fill

In the first part of the research, samples (100x@2Q) of actual geothermal heat pipes are investijate
After a cleaning process to remove oil-residues, shmples are put into the autoclave. Subsequantly
saturated propane atmosphere is generated andle lsguid drop is applied on the sample.

A next step constitutes the optical documentatibthe drop perpendicular from above by the CCD
camera and evaluation of the wetted area by imagh/sis software. The contour line of the drop tuabe
framed manually; the software then calculates th#ed area from a defined scale. To determinesttate
for the conversion of the measured pixel to an ,atei® necessary that a rule is photographed with
sample (see Fig. 5). For comparability the cunefrall samples has to be equal. Therefore allstigated
tubes have an inner diameter between 51 and 53 mm.
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Rule

Drop
dispensin¢
device

Fig. 5. Photo of the typical assembly with sampddgect slide, rule and drop dispensing device

RESULTS AND DISCUSSION

During the experimental procedure a pendant drapgmn the lower end of the capillary and builds a
necking. Fig. 6shows the drop detachment. If tlavitational force exceeds the force by interfatéalsion
and buoyancy, the drop detaches from the capiflag/falls down onto the sample. The drops heiglfialof
is 5 mm.

Fig. 6. Photo sequence of a detaching propaneatr@pglass capillary

First investigations show, that once a propane dmgpnges on a sample it builds a sessile drop. An
important observation result was that the wettezh aaxtends very strong with time, i.e. within thrstf
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seconds. With rising drop age the spreading speetkdses. This general behaviour was observed on al
examined materials.Fig. 7 shows exemplary the medswetting-area in dependence of the drop age.
Therefore not only the wetted area but also itetidependent behaviour has always to be regarded.

_170%
o
= 160% -
& 150% -
< 7
=& 140% -
Tz 130% A
T =
= ;“_'_‘ 120% -
T 110% -
T
I$ 10000 T T T T T
0 5 10 15 20 25 30

drop agein s
Fig. 7. Time-dependent wetted sample-area aftgupiing of a single propane drop

In consequence liquid propane has no static coaragie on the first examined materials and surfaces
(steel, high grade steel, polyamide). The contagteaseems to be always dependent of the drop age.

Furthermore a noticeable contact angle as known fmater does not occur. The appearing angle is very
small and thus not measureable with conservativtaaods.

Further investigations are concentrated on the mij;méehaviour of liquid propane rivulets on inclihe
surfaces and inside of inclined tubes.
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Abstract

The food production manufacturing convective dryessially have been working with great heat carrftow
rates. That is why, waste heat carrier requirest ®fl energy. Besides it, the heat carrier brindstaf food product
particles, such as dry milk, coffee or sugar dtist eThere is presented in the paper the authmmsept of the energy
and product saving using combined system, what lveaged on the using of the possibility of heat pipehermal
siphons heat exchanger (TSHE) as to transfer hethttb collect on their surface a lot of particlediich there are
containing inside the vapor — gas flow. The ideadsnected with the imagination, that vapor — daw tontains the
water. It was leading to the principal possibility connect dust particles different physical natwith water and
successfully to deposit them on the heat exchasgdace and as it result to clean the surface aridctease it heat
transfer level and to be leading to the high amdblstheat and mass transfer coefficients. Therg@sented in the
paper authors theoretical suggestions about pHysare of the heat mass transfer intensity irgirgpin the
mentioned conditions. They are based on the twa mabpositions: 1. The inter — phase limit equilibn state
existence; 2. Inter — phase mass interconnectitegice too.

The authors are proposing the next: There are dpive) by vapor — dust — gas stream flowing over ESidned
surface the next four processes: 1. The heat gafsfm the hot stream to the cooled TSHE surf@celhe vapor
condensation, when there will be reached correspgncbnditions. 3. The particles deposit commonighwvater,
appearing as the condensation result. 4. The ddsta@ndensate flows interconnection. The analyfsiseoengineering
realization of the experiments results shown, thatoptimized designs of these energy and produsiiving system
allowing to decrease energy expenditures on 12 % Hnd to be compensated for the time lower thanyear.

KEYWORDS
Waste heat carrier; dust; exhaust heat carrier;flidn@rmosiphon; vapor — dust — flow; heat and magation
exchanger; thermal siphon heat exchanger; condenshteat mass transfer intensity.

INTRODUCTION

The whole food technologies are differing greatrgpeconsumption in all industrial countries. These
production have to be developing very fast espigdialthe crisis times and to ensure considerahtarpthe
government budget. The matter success is possibefat will be realizing seriously changing ihé whole
chain of food technologies, including their sigogint improvement and modernization combining wiglvn
forms of energy monitoring and energy managemgnt{awever, these industry peculiarities, includibg
conservatism don'’t allow to reach it, don't allow teach new innovation development. First of alisit
relating to the ecology and energy saving problsoccessful solution. Unfortunately, the positiorthe
industry field is considerable worse in the comgami with mentioned food technology production. Many
forms and means of technology food equipment, méhg complex food products and raw materials
structure are leading to appear as any seriougeb#or using in the field many achievements, whiatre
realized in the other industrial directions, indhgl the possibility to use them for industrial peeses
intensity enhancement and energy consumption deogea

The most energy consumption process in the foolintdogy is drying. Namely the process is
determining the whole energy consumption in thetrtygees of food technologies [1, 2]. There is spega
most part of whole energy expenditures during thénd. That is why the problem energy saving in the
different food technologies is connected first tfvaith the problem successful solution for drying.is
spending in 2 — 3 times energy in the most footrelgies processes, than it is requiring fromphygsical
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point of view. The most comfortable method of eyesgving for drying, is connected with known thekma
siphon heat exchangers using for the goal of tla¢ ihnehe waste heat carrier utilization.

THE SCHEMES WITH HEAT AND MASS UTILIZER EXCHANGER
ON THE BASE OF A THERMOSIPHON

The peculiarity of many food technologies is conedavith the waste flows are some mixtures of the
burning products or air with some dusts obtainegraslucts powders and partially with water vapdre T
heat transfer from such complex flow has to taleE@lover two-phase thermo siphon bundle exchanger t
the additional heat carrier Fig. 1.

Heat carrier in outlet
2
] The drying agent The cold air
1
Thﬂ@ The warm air

The product solution The exhaust flow

& -
- -

Fig. 1. The complex heat and dust utilization gysteith use of dryer aeroszole exhaust flow:
1 —dryer, 2 — cyclone, 3 — HMUS cooling sectior; UMUS heating section, 5 — vapor calorifer

The hot flow structure and temperature conditioetednine as it character, both their thermal regime
and transfer processes intensity. The working pstiesn of complex heat and waste products dustatiitin
base is special exchanger [3], which was namedhasigand mass utilize (TMU). The heat transfer utexi
are made as autonomous thermal siphons heat exaisajdy. The exchanger key advantage is connected
with high quality of surface cleaning from dustésiching by it design and finned surface properties

THERMALPHYSIC MODEL

The TMU working concept takes into consideratiornaels waste flow in many of food technologies,
including some of combined heat and mass trangfecegses peculiarities in the thermal siphon heat
exchanger system [5]. The dust flow degree dustinesl heat and mass transfer surface of TMU determi
the quantity and quality of the dust powder deposit the heat and mass transfer surface. The &iaetl
dynamic of food product dust particles movemen iimned surface spaces are depending on the lpartic
physical nature, their sizes and surface propertiyleesides it is connected with any aerodynamid figo
the exchanger. Simultaneously, it is possible teeltgping on the heat and mass transfer surfacewaiter
vapor partial condensation on the surface. It carebding to the formation some mixtures or sohgiof
dust into water. During this flow draining over thiened surface takes place different interactietwgen
drained flow and deposits besides it is take plateraction the solution with hot gas flow washittg
surface. The dust from the hot gas flow can beiglgrtdissolved and it means, that the surface loan
considerable removed from dust. These processeareightly connected each other, they are takiage
combined and simultaneously.

The thermal physic model of these interconnectedgsses block schematic is presented in Fig. 2.

The transfer processes organization into THMU hageiy good influence on corresponding food
technology development and it is leading to thetweseffect. As the system and apparatus actiesslt
the flow absolutely removing from the dust and watgpor. The formed solution is draining from theah
transfer finned surface accompanied by the sudb@ing. There are reaching three positive results

1. The first — a cleaning product realized considerauiology indexes of the processes.

2. The second — the expensive food product partickesrapped and returned into the process saving.

3. The third — the energy consumption reduced verk.hig
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Besides, the apparatus work in the way is reacturthe good apparatus self cleaning. Thereforns, it
reaching the apparatus work with best most atiraatharacteristics. It can be said, that therer@aehing
the apparatus with maximum positive indexes.

The gas — dust — vapor flow by streamline over ftheed surface initiating next four actions: heat
transfer from hot flow to the external surface 6fNU; water vapor partial condensation from the mais
the deposition of many small food product particlgs the spaces of the heat transfer finned serfdee
dust particles and condensate interaction. Theseepses understanding level is now very differéa8].
The third and fourth now are requiring in the etisédevelopment improvement.

The vapor — dust flow

The convective hei The water vapo
and mass transfer condensation The dust mass transfer

\4 \4 \4
The thermosiphon tubes bundle

|, v

The interaction betwee The interactior The interaction betwe:
solution and flow betweel solution and flov
L v v

The solution with dust flow over the external haatl mass transfer surface

Fig. 2. The interconnected heat and mass transfeegses in Thermal Heat Mass Utilize
exchanger (THMU)

THE INTERCONNECTED TRANSFER PROCESSES
IN THERMAL HEAT MASS UTILIZE EXCHANGER MODELING

The authors were trying during some years to saatk develop some initial steps in the theoretical
modeling of the complex interconnected transfercesses in THMU exchangers on the two-phase
thermosiphon base with external finned surfaceluding aerodynamic, heat, mass and dust particles
transfer to the external surface and their demosithenomena. Some key positions of their appreaeh
presented in the paper.

The deposit layer formation model is based on imaipn of the limit equilibrium of mass transfer
existence.

On the point of view: the particles mass flow witite of m is proportional the process velocity
coefficientk, mass product particles concentration in the fldwand running over velocity valug, mass
accumulation on the surface valden and time performance valae The valueAm is determined as the
difference between final mass of the deposif and the deposit mass at the given moment

So, there is in the boundary layer conditions tbpogit layer growth law can be presented by thé nex
form:

5 =av/Re[l - exg- kcwr)) . (1)
The formula (1) has single independent variabl®ne design size, three flow paramet&sw, v) and

two empirical coefficientak(anda). It was obtained on the mentioned imaginationselfar soluble coffee
technology the next law of the coffee powder laywth as some deposit layer:
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5= 0.6310°-exp7510* 1)]. (2)

The modeling next step was the description of titeraction of the food product dust layer with
condensate. The most food products (sugar, cafféea milk and etc.) dust is very good solved by Water
also condensate after partial condensation frons#terated gas (air) flow. That is why it will baused
under partial condensation influence the dust Iagturated by the water. The process model wasmezs
as three zones model. There is take place in thezibne (consolidation) the contact (between prodad
THMU surface) spots area increasing, it is conrteetégh the growth of the adhesion — cohesion farces
There is reaching the maximum adhesion forces enbtirder first and second zones. The second zone
named as “relaxation” comes into third zone cooddily nhamed as “fluidity”. The model and these
imaginations were confirmed on the experimentahase. There were obtained the quantitative depesaden
adhesion forces on the dust moisture content. Tisefdm thickness on the heat transfer surfadbathird
zone is determined by the common action of theimépw, adhesion (Pa) and surface tensidorces. The
final result of the theoretical model using waglieg to the next criteria equation:

Q =pgRnfo =4 (We)' (P)" (3)

The empirical constants were found from the expenial data known method using treatment. They
were determined for the some different productsaedoresented in the Table 1.

Table 1. Equation (3) constants

Product A n m
Starch 410 -0.06 0.89
Sugar 32103 -0.11 0.87
Coffee 3110* -0.15 1.16

It was suggested to calculate the deposit filmkinéss from the valu€ =p gRn/o, which can be

determined from the equation (3). The value is rdditeed as the difference of a film thicknd2a and the
mentioned exchanger surface on the dependence nukive2 and dimensionless rati® = PaRm/c, the
last one meaning is the ratio adhesion and sutéaston forces.

The interconnection heat and mass transfer insidM internal volume is the extremely complex
separate problem to study. It is necessary to sthdyinteraction of the draining on the thermo eiph
surface condensate with aerosol flow. The reality required to determine interaction between vapgas
— dust flow and the solution drops, which are regctwith dissolved in the condensate product dust
particles. The mass transfer intensity in the pgeds characterized an influence of eleven paramelbere
are the mentioned flow parameters: the velogitythe viscosityV ; the densityp; the particles average
diameterd; and their concentratio@y; the condensate drops parameters such as: tlesageydiametedy
densitypx and their concentratio@x into in-tube volume. Besides them there are catmd the mass
transfer intensity and diffusion coefficienfisand D and take into consideration gravitational constant
Using the similarity theory and dimensional anaysncluding therrtheorem with some simplifications
earlier the authors was obtained the next genedexperimentation formula, what is connected tbe f
and particles main parameters:

Sh =A(P&,)“ R&"K™. (4)

The diffusion Peclet number fe vd;/D is characterizing the diffusion boundary layemiation and
Reynolds number (Re) is characterizing the hydradyn position inside THMU. The complex K shows the
flow dusting degree(;) and it washing - off degre€y) ratio. The equation (4) constants determinatias w
requiring the wide experimentation conduction. Hsarecreating experimental set-up, including itaely
gas loop with fan, electric heater, some devicah goal to organize dosing dust and condensatetiao
vapor — gas — dust flow and working element to @rpental modeling of the thermosiphon external acef
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The experimental set — up allowed to change inntlde ranges main working regimes of proposed hedt a
mass transfer apparatuses. The set-up measuregmaisdetermined into the wide ranges such main
parameters as inlet and outlet temperatures, sutéacperaturestoo, the main gas and vapor flow r&é,

the dusiG2 and wateiG3 flow rate, which were incoming into the main flow.

TECHNO-ECONOMIC INDEXES OF THERMAL HEAT MASS UTILIZ E EXCHANGER

The working out apparatus is acting simultaneoaslylust filter, gas scrubber and heat and maszeutil
exchanger. It is determining its high performancealijes. The apparatus high effectiveness is regch
thanking by the thermosiphon principle using. lail®ewing to organize inside the exchanger vergdtfie
counter — current both gas flows with cross stre@mmbf the finned surfaces. As the result it ischaag
inside the exchanger very high transfer intengtyel and very high corresponding heat and massfaan
coefficients. Coefficients values relating to theds surface of the base are reaching such meaasnt30—
150 W/(nfK), inside conventional exchangers the same valgaally are equal only 30-40 WATK).

The apparatus can be producing from the simpldicldrmodules with cross — section finned thermo —
siphon tubes. Such manufacturing technology isnatig to realize extremely simple and reliable desig
with very high heat transfer intensity especially ficcount cross finned tubes for both gas flowoas
heating heat carrier both for the heated one. iihjgossible for the conventional heat exchangee.tyfhe
life time of the apparatus can be more than sieigry. It is considerable more than for the trad#@imnes.
The expenditures time is lower than one year oohatcount of the energy saving and the fuel copsiom
is decreasing. In the case of using also the wastguct the time can be decreased even more amdth
lower than 3—-6 months.

The self cleaning peculiarities of the technologyem wide perspective it can be using in the differe
food technology processes, including such of therich are containing itself the drying and stove
equipment. The key idea is consisting in the usihte food technology natural property — existeimside
waste food product flow water vapor commonly witte tsoluble food powder particles. Using of the
thermosiphon exchangers unique advantages is aljpvaaching new high level in the food technology
considerable improvement. It means, that it isizew the new type of very effective heat and mass
exchanger with reliable self cleaning propertygiltes some guarantees to stabilize during a loinoé the
technology main positive indexes.

TECHNO-ECONOMIC INDEXES OF THERMAL HEAT MASS UTILIZ E EXCHANGER
USING AT THE DRYING TECHNOLOGY
Techno-economic indexes are given in Table 1.

Table 2. Techno-economic indexes

Production
Indexes Units Shugar Dried milk Concentratofs

Cylinder dryer| A1-OP4 | P3-OCC Absent
The drying agent temperature °C 90 150 150 140
The exhaust heat carrier temperature °C 55 80 75 100
The heat carrier flow rate. s 18.9 5.7 0.22 4.5
The heat carrier temperature after heat °C 40 57 50 57
and mass utilizator
The utilized heat flux KW 272 140 5 140
The energy economy per year GigalJ 7850 4020 140 95 40
The necessary electricity power. W 450 130 5 110
The electric additional power per yeakWHour 11650 3370 150 2800

Therefore the original transfer processes in f@athmologies organization is coming to the posiéiae
perspectives in the food technologies differerttiiemprovement.
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CONCLUSIONS

It is shown, that new type of technology exchangeiMU using allow to considerable improve of
important indexes in the different food technolsgi@s the result of combined interaction of muchmptex
heat — mass transfer processes using it can béleoss use not only waste energy but waste prothat
commonly with of self cleaning of the exchangereex&l surface. These technical decisions allowhiegc
three positive results:

1. Cleaned gas — air flow to ensure the food techryolbg ecology high level.

2. The expensive food product particles are catching.

3. The energy consumption is decreasing essentiatlgidgs it, the apparatus work in the mentioned
regime is leading to the appearance of such nevapparatus property as self cleaning. Therefoeretis
realizing the unique new type of exchanger withagqerspective in the different food technologiefds.
The optimized design of the mentioned exchangewalireducing energy consumption on 12-15%.

4. The reliable working time is considerable incregsin

5. The expenditures compensation time can be lower time year and for the case with using waste
product, it can be even more decreased up to s@n&s)
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Abstract

The results of developing and investigating therafiregy characteristics of a copper-water loop h@pé with an
effective length of 330 mm are presented. The pipe equipped with a flat-oval evaporator 7 mm thidth an active
zone measuring 30x30 mm and a condenser with aldpining and a cooling jacket. The tests weredtmted at
horizontal and vertical orientations of the devionethe gravity field in a heat load rage from 51400 W at water
temperature, cooling a condenser, varying in tingegrom 10 to 80 °C. The dependence of parametkasacterizing
the operating efficiency of a LHP, was studieddst$. The research on a start-up of the deviaaahd moderate heat
loads was also carried out.

KEYWOWDS

Loop heat pipe, evaporator, heat load, thermastaste, start-up.

INTRIDUCTION

A loop heat pipe (LHP) is a high-performance heamsfer device. The main parameters, characterizing
the operation of these devices are a range oflbads, a thermal resistance and an operating teryer
One of the factors, which influence the valueshee parameters, is a condenser cooling temperature

The results of the experimental studies of a copmger LHP with a flat evaporator at the cooling
temperature of the condenser by running water,ingrin the range from 40 to 95°C, are presentethén
paper [1]. In the range of heat loads from 10006 B temperature dependences f(Q) have a linear
form. It is also shown that at the same heat |&wddperating temperature of a LHP increases wih th
growth of the condenser cooling temperature.

There are few papers, describing a LHP start-upfacidrs, which influence its process. It particlyla
concerns copper-water devices. The paper [2] pte$kea research results of a start-up processopper-
water LHP with a flat rectangular evaporator attHead in the range from 10 to 300W. The author® no
that the process of the device start-up at low logats is going with significant temperature ostitins. It
is also noted that with increasing heat load thplande of these oscillations is reduced. In thpgrd3] the
influence of a wick barrier layer thickness of gper-water LHP with a flat evaporator on the stgut-
process at heat loads of 6-8 W is studied. It asvsh that with the increase of a barrier layerkhess heat
flow-over is decreasing in the compensation chamibes resulted in the reduction of the LHP opergt
characteristic and disappearance of the temperaswilations during the startup process.

In this paper the influence of cooling temperatifréhe LHP condenser on the operational charatiesis
of the device in the range from 20 to 1400 W atizwotal and vertical orientations of the devicethie
gravity, and also the dependence of a start-upegofrom a heat load and a heat sink temperature.

DESCRIPTION OF AN EXPERIMENTAL DEVICE

Within the context of the paper a copper-water Ib@at pipe, shown in Fig. 1, was designed and
manufactured. The LHP was completely made of coppeluding a wick with porosity of about 67% and a
break-down pore radius of 21 microns, sintered froypper powder. A flat-oval evaporator measuring
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80(L) x 42(W) x 7(H) mm was equipped with a thernmaérface - a copper plate of &Dx1 mm. The use

of the thermal interface was explained by the remgsof temperature measurements right on the
evaporator wall. For this purpose the plate hadoawe 1 mm wide, where a thermocouple was placed.
Comparatively short liquid and vapor lines 120 a@&) mm in length respectively, made it possible to
minimize a hydraulic resistance and a thermal tasce of the LHP. A sufficiently long condenser,
equipped with a spiral finning and a plastic wateoling jacket, was enable to remove heavy heatefu
The vapor line and the condenser had the samenattdiameter of 5. 4 mm, and the internal diametehe
liquid line was equal to 3.4 mm.

Liauid line

Compensation Teool in

chamber

Cooling Water'r
inlet

Thermal
interface

Cooling
jacket

Tcool out

Cooling water
outlet

Fig. 1. Scheme of the copper-water LHP: horizontal positionb — vertical position.

TESTING PROCEDURE

The LHP tests were carried out at vertical andzuatal orientations of the device in the gravigidias
it is shown in Fig. 1.

A copper cylindrical block, in which 6 heating cadges with power of 250W each were positioned
parallel to the longitudinal axis, was used as @ Beurce (Fig. 2). A heater had a square heatirfgce,
which dimensions provided uniform distribution afat load on the whole surface of the evaporatontake
interface. The whole copper block was in thermaliation, limited from the outside by a thin-wallegtal
shell. Three thermocouples were located at thd shdhce, and their readings made it possiblevaduate
the heat losses from the heat source into thedmutsinbient. The electric power supplied to thedrsavas
measured by a wattmeter and changed stepwise vétbpaof 20 W to a value of 100 W, and then with a
step of 100 W to the maximum magnitude. The magdeitof the maximum power was limited by the vapor
temperature in the LHP equal to 110°C, at whichitiernal pressure reached 140 kPa. A further asaén
the pressure was liable to cause deformation othilnewalled body of the evaporator.

The LHP condenser was cooled by running thermestattater. The tests at the LHP horizontal
orientation were carried out at the cooling tempeeaof 10, 20, 40, 60 and &0°and at the vertical
orientation at 10, 20, and 40°

The LHP operating temperature was measured withhide of copper-constantan thermocouples
“OMEGA” TT-T-30, the placements of which is showmkig. 1. To measure the vapor temperature three
thermocouples were used: two of them were placethemrxternal wall of the vapor line; one was itesgr
into the vapor line. The sufficiently large diantetsf that line allowed doing it without any essahti
changes in the local hydraulic resistance to thmprvélow. Two thermocouples were also installedtiom
liquid line. The readings of the thermocouples weadrded by a data acquisition unit Agilent 34970A
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Fig. 2. Scheme of the heat source

To calculate the total thermal resistance of a ith#following formula was used:
Tev _(Tv +TI1)/2
Rinwp = Q

(1)

TEST RESULTS AND DESCRIPTION

In LHP tests a study was made of all the main tlaéparameters that characterize the LHP operation a
different condenser cooling temperatures and atents in the gravity field. The heat load depemnaeof
the evaporator temperature and also the total tlemsistance of the LHP were determined. Invetiga
were also made of the LHP behavior during stanpugeesses at low and moderate heat loads.

Operating characteristics

Horizontal orientationThe LHP operational characteristics in the formheét load dependence of the
evaporator’'s wall temperature for different condensooling temperatures are shown in Fig. 3. THeesm
of heat load are presented with the heat loss fhenheater and the vapor line into the environment.
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Fig. 3. LHP operating characteristicadtorizontal orientation

The test results show that with an increasing lueat a slope angle of dependence Tev=f(Q) is clthnge
It also can be seen that the LHP operation modegesaat heat loads above 500W.
In the first mode there is a gradual increase efahaporator temperatures with an increase of ¢a¢ h
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load, and curves for different cooling temperatuaes equidistant at that. The distance between them
corresponds to the difference in the cooling terajuees of the condenser. There is an obvious depeed
showing that with an increase of the cooling terapee, the LHP operating temperatures are growing.

In the second mode of the LHP operation the typthefoperating temperature dependence on the heat
sink temperature changes. It can be seen thatHifedperating temperature increases when the tetopera
of the condenser cooling is falling. The intersectof the curves takes place at high heat loadkftere is
an area in which the temperature of the evaponatl has the same value at different heat loads and
cooling temperatures of the condenser.

The change of the LHP operation mode is explaingdhe formation of the vapor phase in the
compensation chamber and the redistribution of &g fluid in the LHP.

Vertical orientation.The heat load dependence of the LHP operationatackeristics for different
cooling temperatures of the condenser at a vertigahtation is shown in Fig. 4. The figure showattall
three curves have a quasihorizontal area, at wdnehthe condenser temperature remains constarwiaea
range of heat loads. The reason is that the sudlaevapor-liquid boundary in the condenser miggatith
an increase of heat load, at the same time enfatgm condensation surface. The redundant working f
is displaced in the compensation chamber, sliglatlyering the temperature of the evaporator. Aftex t
compensation chamber is completely filled, thevacsurface of the condenser becomes constant, and a
further increase of heat load leads to the righ@LHP operating temperature.

The previously observed dependence of the operdticharacteristics on the condenser cooling
temperature remains the same for a vertical oriilemtaf the LHP. The direct dependence is obsented
low and average heat loads: the lower a coolingp&ature, the lower a LHP operating temperature. At
high values of supplied load (from 500W) this degerce becomes opposite: the lower the cooling
temperature of the condenser, the higher the apeedtcharacteristic of the LHP.

The maximum value of heat load reached in the Lel?stat a vertical orientation was 820W at the
cooling temperature of the condenser of 40°C.
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Fig. 4. LHP operating characteristicsaatertical orientation

Fig. 5 shows a comparison of the LHP operating sratpre at the horizontal and vertical orientatiohs
the device for the cooling temperature of the cosde of 20C. The figure for the condenser cooling
temperature of 10 and 40°C are the similar. It t@nnoticed that a LHP works at relatively high
temperatures at the vertical orientation in theaarklow heat loads. At this orientation, the caomghy is
inundated with a working fluid and for the start-ofpthe device it is necessary to produce a presthat
would not only compensate for losses during the anmnt of the working fluid on a vapor path, but the
hydrostatic pressure of a working fluid columnlie tondenser.

One can see that there is a rather wide rangeatfib@ds at which the operating temperature of_the
is practically independent of an orientation.
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Thermal resistance

The total thermal resistance of a LHP for differennditions of a condenser cooling at a horizontal
orientation of the device is shown in Fig. 6. Thlgufe shows that at the increase of the conderms®ing
temperature the thermal resistance is lowerings Tégularity is connected with the following: whainthe
increase of o the raise of pressure in the LHP takes place, &p@wvelocity reduces and, consequently,
pressure losses at its movement. It results irddweease of the temperature drop between the eatapor
and the condenser. The minimal value of the LHPntlé resistance equal to 0.024W was obtained at
heat load of 1278W and the cooling temperaturé®fcondenser of 8.
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Fig. 6. Heat load dependence of the LHP thermadtaasce at a horizontal orientation

The heat load dependence of the LHP total theresastance at a vertical orientation was shown gn Fi
7. At low heat loads it exceeds the similar valaethe horizontal orientation in some times. Howeae
heat loads above 700W the thermal resistancesriabhtal and vertical orientations become praclyctie
same. The minimal value of the total thermal resiseé of the LHP equal to 0.0%9W was obtained at the
heat load of 819W and the condenser cooling tenyeraf 40C.
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Fig. 7. Heat load dependence of the LHP thermadtaasce at a vertical orientation

3anmyck
Horizontal orientationA start-up study was carried out at the condenseling temperatures of 10, 20

and 40C. A start-up processes for a LHP horizontal origotaat heat loads of 5, 10, 20 and 100W, which

correspond with heat load density of 0.6, 1.1,&h@ 11.1W/cm2 are presented in Fig. 8. Accordinthéo
criteria, suggested by the authors of the paperti first three from them should be related tova heat
flux, the last one to the moderate heat flux.

In the analysis of start-up characteristics we dafine the following features:

— The higher a heat load, the faster a heating amekstart-up of the device. For example, at a eardr
cooling temperature of 10°C and the heat load of 8W actual start-up of the LHP begins in 1700
seconds and at 100W — in 90 seconds after thddazhsupply.

- If the condenser cooling temperature is above theient temperature, a start-up is always going with
overshoot. Actually, when the LHP condenser hasghen temperature, its release takes place since
before the device start-up, a working fluid is té&ed in the compensation chamber and the evaporato
Vapor-removal channels in the evaporator are sufpaderand there is no ready-made vapor-liquid
boundary. To make such a boundary it is necessatfyotl-up the working fluid, which process is
accompanied by overshoot. The start-up procesariyiog according to the scenario described in [5].
However, the "absolute ceiling" of temperature stent for the evaporator for such cooling condiion
remains approximately the same at different hesddand is within 55-56°C.

— At the condenser cooling temperature which is lothan the ambient temperature there is no a definit
regularity in the start-up nature. Both start-upghwhe overheating and smooth start-ups are obderv
This can be explained by the random nature of ibtiloution of a working fluid in the LHP. If the
working fluid is distributed in such a way that thapor-removal channels are free and there is dyrea
evaporation surface, the start-up takes place diyodf for some reason vapor-removal channels are
filled, the start-up begins with overshoot.
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Fig. 8. Start-up of the LHP at a horizontal orid¢iaiax 1 — evaporator (), 2 — vapor (7), 3 — liquid (Ty).

Vertical orientation.Fig. 9 shows the process of the LHP start-up aemical orientation for the
condenser cooling temperature of 10°C. FiguregHerother cooling conditions have a similar forns. i
can be seen from the figure, the startup proceasaliftieat loads was coming smoothly, without okiers.

It confirms the above reason of smooth start-uptudlly, at this orientation of a LHP in the grational
field when the evaporator is placed above the casele all working fluid flows down and fills the
condenser, at that vapor-removal channels areutmharged. Vaporization process begins immediatety a

heat load supply to the evaporator.
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Fig. 9. Start-up of the LHP at vertical orientation
1 — evaporator (), 2 — vapor (1), 3 — liquid (Ty)

CONCLUSION
A copper-water LHP equipped with a flat evaporatanm thick with an active zone measuring 30x30

mm was developed and tested. All functional comptmef the device were entirely made of copper.

The tests of the device were carried out at hotaasnd vertical orientation in the gravity fieltl the
intensive condenser cooling by thermostatted watéo, 20, 40, 60 and 80°C.
It is established that:

1. There is no an unambiguous dependence of an opesmhtiemperature on the condenser cooling
conditions in the range of heat loads at both LiHEntations.

2. The LHP thermal resistance decreases with thedseref the cooling temperature of the condensalt at
orientations of the device in the gravity field.

3. There is no an unambiguous dependence of a staprogess on the cooling temperature of the
condenser at a LHP horizontal orientation. At tbeling temperature which is higher than the ambient
temperature, the start-up at all heat loads pagssdovershoot. When the cooling temperature was
lower than the ambient temperature, both a smdatktgp, and a start-up with overshoot were obgkrve

4. At a LHP vertical orientation a start-up processsea smoothly, without overshoot at all heat Icauts
cooling temperature of the condenser.
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NOMENCLATURE

H — height, mm;

L — length, mm;

Q — heat load, W,

R — thermal resistance, W/°C,;
T — temperature, °C;

W — width, mm.

Subscripts

¢ — condenser,

cc — compensation chamber;
cool — cooling water;

ev — evaporator;

hs — heat source;

| — liquid,;

vV — vapor.

Acknowledgements
This wok was supported by the Russian FoundatioB&sic Research, GraNt 11-08-00369-a.
References

1. YepnsimoBa M.A., baprymu 2.®., Maiinanuk 10.®. TemnooOMeHHBIE MPOLECCH B IIEIEBOM
KOHJICHCATOPE ME/b-BOASHON KOHTYpPHOU TeIioBoi TpyOsl /| Tennosvie npoyeccol 6 mexuuxe,
2010,T. 2,N\e 8, ¢c. 354-363.

2. Li J., Wang D., Peterson G.P. Experimental studrea high performance Loop Heat Pipe with a
square flat evaporatorApplied Thermal Engineerin@010, Vol. 30, pp. 741-752.

3. Wang S., Zhang W., Zhang X., Chen J. Study on-sfatharacteristics of loop heat pipe under
low-power //International Journal of Heat and Mass Transf2011, Vol. 54, pp. 1002-1007.

4. Maydanik Yu, Vershinin S., Chernysheva M., Yushak®&: Investigation of a compact copper-
water loop heat pipe with a flat evaporatohpgplied Thermal Engineerin@011 (in print).

5. Maydanik Yu., Solodovnik N., Fershtater Yu. Invgation of dynamic and stationary
characteristics of a loop heat pipe Btoceedings of the ™ Int. Heat Pipe Conference
Albuquerque, USA, 1995, pp. 1002-1006.

100
S. Yushakova et al.



VIII Minsk International Seminar “Heat Pipes, Heatimps, Refrigerators, Power Sources”,
Minsk, Belarus, September 12-15, 2011

COOLING SYSTEM FOR HERMETIC COMPRESSOR
BASED ON THE LOOP THERMOSYPHON

V. A. Aliakhnovich, D. G. Kireichik, L. L. Vasiliev
S. V. Konev, A. B. Zikman
Luikov Heat and Mass Transfer Institute
National Academy of Sciences of Belarus
15, Str. P.Brovka, 220072 Minsk, Belarus
Tel: +375 17 2842133/ Fax: +375 017 2322513;
e-mail:leonard.vasiliev@gmail.comaliakhnovich@gmail.com

Abstract

One of the simplest solutions to ensure the theomalrol of a hermetic reciprocated refrigerationheat pumping
compressor is related with the loop thermosyphauliegttion. This paper presents experimental dataioéd on two
innovative loop thermosyphons - one with capillatjuctures and second without it. These thermosyplaoe prime
candidates for small hermetic compressor coolingtisms to replace typical oil-cooled and air-cabkystems, where
commercially available heat exchangers cannot leel usie to the high power and transport length diticihs. The
performance characteristics of two loop thermosypzhare discussed: (a) with vertical flat evaporgtove of its
heat loaded wall has the sintered powder coatind)laop condenser, made from mini tube, sprayethbycooling
oil inside the compressor, and (b) horizontal ntithe evaporator embedded into the copper plate,beralable
transport lines and flat condenser (box) with famsits outer surface. Air is the cooling media.

KEYWORDS
Cooling system, loop thermosyphon, hermetic congares

INTRODUCTION

When used for cooling and heating compressors,hehelassified as positive displacement compressors
or dynamic compressors, are used in air conditgpniafrigeration, and heat pump systems. As the key
of these vapor compression system applicationscongpressor raises the pressure of the working flui
so that it can be condensed to liquid at the hedt ®mperature, expanded or throttled to reduee th
pressure, and evaporated into vapor to absorb fmeat the refrigerated source. In these systems,
refrigeration compressors are a component in aedldsop system, which is tightly sealed (often
hermetically) to prevent refrigerant loss. Whenduseair-conditioning, refrigeration, and heat punihey
must be designed for a variety of refrigerants andhpatible lubricants. Commonly used refrigerants
include hydrochlorofluorocarbons such as R-22,yardfluorocarbons such as R-410A, R-407C, R-404A,
and R-134a, or ammonia and various hydrocarbonsthén design of such compressors its thermal
management is one of the most important comporteatsdetermine overall performance and reliabikity.
proper understanding of heat transfer and the teatye distribution of various components in thenpeessor
helps in determining the parts' geometry and malteselection. A small hermetic compressor ususlly
placed in the back of a refrigerator or air comtigr. R 134a and R600a are used as refrigeranicallyp
the refrigerating capacity goes from 60 W to 350mMhen these systems are operating at low evaporating
temperatures (- 20°C to -35°C). In the past theistiaal application of loop thermosyphons was coersad
in details by Pioro L. S. and Pioro I. L., 1997 fihd Rossi, L., Polasek, F., 1999 [2]. The ordi
design of “Vapor-dynamic” horizontal thermosyphohigh has a split vapor and liquid (coaxial) lineras
suggested in 1985 by L. Vasiliev et al. [3]. Exteddelectronics applications of heat pipes and
thermosyphons require transport of the dissipatedntal energy in horizontal orientation or horizdty
oriented evaporator and condenser surfaces, apidatly, capillary structures in the evaporators tioe
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heat transfer enhancement, Ptacnik J., PolaseR3S [4]. The basic concepts related to the operation of
vertical loop thermosyphons are well known and barfound, for example, in |. Rossi and F. Polasek
(1999) [5]. The horizontal and vertical thermosypbalternatives were considered in 1994 by L.L.
Vasiliev [6]. Chu et al. (1999) [7] presented onigi test data for a traditional-design loop therypb®ns
with flat vertically oriented evaporators. GarnerdaPatel (2001) [8] outlined in detail a number of
electronics applications where use of loop thermpbsys would be technically and commercially
appropriate. However, some further improvementstagtinical innovations are needed for a variety of
loop thermosyphons to possibly become accepted atradard by refrigeration and heat pumping
industry.

Generally in the loop thermosyphon the heat trarisfeonsidered to be affected by many factorshsuc
as type of the working fluid, quantity of the wanrgi fluid, pipe diameter, pipe length, and ratiocobled
surface to heated surface, adiabatic length betweated and cooled sections, heat flux and opegratin
temperature. The evaporator and condenser of tpetleermosyphon can be made of carbon-steel, cupper
or aluminum. Propane, R 134a, R 600, or ammoniabsamsed as working fluid. When the copper is
allowed to be applied water is the best workingdflérrom the experimental data a reasonable filtegp
of working fluid and heat transfer coefficients fraporator and condenser sections need to beneftdn
order to establish heat transfer correlations foe @pplication in the design program for the loop
thermosyphon heat exchanger, regression analysigl @ applied to experimental data for heat tremsf
coefficients in evaporator and condenser. The vevia heat pipe and thermosyphon heat exchangers was
published by L.L.Vasiliev in 2005 [6]. There are mgadifferent types of thermally driven two-phaseps.
They can be used in devices for the heat trandferpumpless loop thermosyphons or Two Phase Loops
(TPL) [7], which are working in a steady-state maafein a periodic state if are gravity or antigtgvi
assisted [8], in devices like as Pulsating Heae®i°HP) and lastly in devices for the mass trarigde
bubble pumps (BP), experimentally investigated ksing different fluids in connection with the
development of non-compression refrigeration systeifhe application of miniature heat pipes and
thermosyphons heat exchangers for compressor goalas mentioned in [9]. In the loop thermosyphon,
various types of flow instabilities occur dependomgthe system geometry, the working fluid fillinatios
and the operating conditions, and often lead tooabal behavior such as limit cycle oscillations or
premature dry-out. Due to the coupling between nmdaore and energy transport the theoretical analyfsis
the loop performance is very complicate; therefdreis necessary that these problems be solved
experimentally. There are several physical mecmasigestricting the "low-thermal-resistance” transpo
of the thermal energy from the evaporator to thendanser of the loop thermosyphon: (a) fluid
circulation limitation, (b) capillary limitation irthe evaporator, and (c) critical heat flux limioat in
the capillary structure of the evaporator. The méiermal characteristics of the thermosyphon aee th
maximum capacity, the heat flux in the evaporattmme and thermal resistance. For the characteristic
temperature one can use the temperature of theomtap wall or the vapor. The thermal resistance of
thermosyphon is usually written as:

R = e C (1)

where Tand T.are the mean wall temperatures of the evaporatbitecondenser respectively, and Q
is the heat flow transferred from the evaporatortiie condenser. It is also necessary to know the
temperature of the condenser wall.

1 EXPERIMENTAL SET-UP

The experiments with developed loop thermosyphoas warried out on the experimental set-up
(Fig.1), which represented the heat pump with teealntable compressor. This set-up was performed t
reproduce the mode of the device applications ¢tsealistic.
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Fig. 1. Experimental set-up for the compressotingsystem testing

1.1 Loop thermosyphon (LTS) with sintered powder wck on the flat evaporator heat loaded
wall

The photo of the thermosyphon is shown on Fig.2.

Fig. 2. Experimental loop thermosyphon with ttextlcal heater (on the evaporator)
and the liquid heat exchanger on the condenser part

To determine the characteristics of LTS, the indests consist of LTS, plate electric heater, gelteegulator,
power supply, liquid heat exchanger (tube in tube)l data acquisition. The schematic diagrams of the
experimental set-up is shown on Fig. 3. The loof iSfmade from a copper and has a flat evaporatiorvthin
layer (0.3 mm) of the copper sintered powder witkh® one of its inner surface. LTS evaporator@mtenser
were connected to each other by two small diam@mm) bendable tubes (one for vapor and second for
liquid), Fig.2. The evaporator is contacted witk treat-loaded cylinder head of the compressor. 8pehof
porous coating ensures the heat transfer enhantemén5 times to compare with the plain tubertiwsyphon.

A vacuum pump was used to remove air from the ispace of the thermosyphon. No thermal insulatias w
used on the heater block to closely simulate tla¢ eperational conditions. The flat evaporatog(E)
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has a good thermal contact with a cylinder heacbaipressor, the condenser is cooled by the ouileition
inside the compressor shall. In the preliminary eskpents the electric heater was used instead ef th
compressor cylinder head to calibrate the heat &dddlr'S. The flat thermal insulating block pressikd
electric cartridge heater to the evaporator anérdral hole for the thermocouple measuring the dekat
wall temperature.

The general aim of this experiment was to estirtta¢epossibilities of the internal oil circulatiegoling
technology to reduce the temperature of the cylihdad :
- Determine the temperature distribution along thaagefor different heat loads;
- Estimate the device maximum heat transport capacity
- Evaluate the dependency between the device theesigtance and the rate of heat dissipation.

T=32"C §
from the system Y I ' fi
.|l|=. ,g ;| '\“\ H
— i
E‘l “ll.‘l'I!%E
/ W
= - _%l
51_' 4 ;‘-;:'f Inside shell temporaiure

Fig. 3. Compressor body cross with LTS (blue cahsra cooler for the cylinder head.

The test data in terms of the characteristic teatpees of the copper block and LTS components are
shown in Figs. 4, where the temperatures are plotesus the time. To evacuate and fill-charge ingrituid
of the LTS, the three-way valve was installed. Adkof filling working fluid was water, ethanol (C8@H) and
binary mixture of water and ethanol. The heat laas turned on from zero to the nominal level. TA&SL
started to work without a temperature overshoaotgidor conventional thermosyphons. The tempeegur
of the heater block stabilized within five minuti$er the heat load was turned on. During the catifg
tests the multi-rings (cylindrical coil) condenges cooled by the water in the liquid heat excharigaring the
tests of LTS inside the compressor the oil sprai@gegnology was used. The oil spraying coolingosaptimal
and efficient and needs to be further redesignedpmve the intensity of condenser cooling. Thiewation for
the heat transfer between the condenser and thedtibg oil of the compressor is complex since ofle
is circulated for lubrication purposes.

The flat copper evaporator with the footprint of fs@h by 80 mm had a sintered copper capillary stinect
on the one inner surface that was 0.3 mm thick with effective pore radius of about fén. The heat
transfer coefficient in the porous structure of évaporator was 30 000 Wi [9]. The thermal resistance of
this thermosyphon was R = 0.03 K/W. Unfortunatel ¢condenser cooling by the oil spray was notcefft and
limited the overall heat transfer rate throughttie@mosyphon, Fig.4.
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Fig. 4. Temperature evolution in the cylinder hahdrmosyphon evaporator, thermosyphon condenser,
evaporator of the cooling machine, gas in the sachkne of the compressor as a function of time

The experimental LTS after the preliminary tests wat in the compressor and all the necessary taiope
measurements were performed. Fig. 4 shows us theetature evolution on the cylinder head (insidd an
outside), thermosyphon evaporator, thermosyphordestwser, oil and ambient. The temperature difference
between the evaporator wall and condenser walllegasthan £C. It means that the temperature drop and heat
transfer resistance between the oil and the LT&ish more.

When we analyze the temperature difference betwreethermosyphon evaporator and condenser and
compare this difference with the temperature diffee between the condenser and the oil, we caructac
that the heat transfer intensity inside the thegpben is at least 100 times more., Fig.4. Thidus to the
low heat transfer between the condenser surfacahandil sprays. If the oil spray cooling technofogill
be improved the thermosyphon cooler could be cemneilas a good solution to improve the compressor
thermal efficiency. The alternative is to use thddiional heat exchanger between the thermosyphon
condenser and the air outside the compressor.

1.2 Pulsating loop thermosyphon (PLT) as a compressortinder head cooler

The experiments with above mentioned loop thermioggptestify that more efficient mean of
compressor cooling is direct contact of the theyphen condenser with additional air heat exchanger
(instead of the oil cooling inside the compressiotalled above the compressor shell. For sucsa there
is a possibility to use less expensive pulsatimg thermosyphon (PLT). The evaporator of thermoseygh
made from the capillary pipe embedded into the eopfate, Fig.5. The plate is contacting with tncler
head.
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Aluminium
radiators

Fig. 5. Cross section of compressor with pulsaiiag thermosyphon (PLT)

The design and parameters of PLT are describetiOii]]. Such PLT is made from the copper U- tube
with the condenser box disposed on the upper pasrtical PLT, Fig. 6, 7.

Fig. 6. PLT evaporator and transport zone with pipes
for vapor and liquid transport between the evaporahd condenser

Two coils of vapor and liquid lines (as vibrati@olator), Fig.6, prevents the PLT from destructiluming

the compressor vibrations. R-22 as the workingdfltor the preliminary PLT tests was chosen. The

thermophysical and thermodynamic properties of Ra22 close to propane and propylene — vacant fluids
for PLT. The schematic of the PLT and its photosiewn on Fig.7. The vapor and liquid lines are
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connecting the evaporator (inside the compressuat)tlae condenser box disposed outside the compresso
The compressor box is in good thermal contact veilbiminum-finned plates, just forming the heat
exchanger, Fig. 5, 8.

Transport
Zone

—— =

—
Evaporator

Fig. 7. Scheme and photo of PLT for the compresginder head cooling

Two different tests of PLT as the cylinder headlepavere done. The first set of tests was realized
using PLT cooled by natural convection of air (a0) Fig.8a. The second set of experiments wastelévo
to the heat transfer enhancement between the Phdeoser and the ambient using the forced convection
cooling technology, Fig.8b.

a) "

Figure 8. Photo of compressor with PLal+ free convection coolindp,— cooling with fan
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The PLT condenser consisted of the flat copper Witk the footprint of 48 mm by 12 mm and 25
heightwithout any capillary structure inside, connecteithwhe evaporator by two bendable tubes. The
smooth-wall transport lines were 2x38 cm long. €T was filled with 6.5 crhof the working fluid.
Thermocouples were pressed into small diameter hahethe aluminum plates of the condenser.
Thermocouples also were located in the middle efvdgpor and liquid line of PLT. The test data dreven
on Tables 1-2. Thermocouple number 6 was locatetth@mop portion of the far end of the condenser.
The tests of the compressor were performed with pacameters:
ambient temperature — 26;
gas outlet pressure — 23 bar;
gas sucking pressure —1,5 bar;

An Agilent 34970A data acquisition system was usedecord all temperature measurements. This
device has a resolution of 0.02°C. The data adtisunit and T-type thermocouples were compared to
precision digital resistance temperature devicén witrated accuracy of 0.03°C. The system accurasy w
found to be within 0.2°C over the range being stddin the steady state, the readings of the thesoples
fluctuate within 0.2°C. The uncertainty of the efexal power through the power analyzer amount3.58o
of the reading.

The temperature measurements were made as:

Thead— CYlinder head;

Tshen— compressor shell;

Toi — oil;

Tgis— gas temperature at the compressor exit;
Tsuc— 0as temperature at the compressor entrance;
Te.on— PLT condenser entrance;

Tewp— PLT evaporator entrance;

Qrerr — heat flow at PLT evaporator (cooling rate);

The experimental data were obtained for three diffecases: traditional compressor cooling system,
compressor cooling system with PLT (natural coneectn the heat exchanger) and compressor cooling
system with PLT and forced convection cooling af tteat exchanger. The summarized experimental data
are recollected in the Tables 1-2.

During the experiment we can see on the monitaresctthe data collected in the tables or the graphic
the temperature field at a given time or the dymaphithe temperature field change in time. The hesd Q
of the PLT is determined by the computer programpedeing on the heater electric resistancg. @
determined as follows. For a fixed PLT orientatinorspace the electric heater is switched on. Adtane
time the temperature field along a PLT becomesostaty and is recorded in the file. Then the PL&the
load is increasing by the st&® and the temperature field along PLT is fixed ommge. The Q. is fixed
when there is a non proportional dependency betweetemperature change (thermocouples data didpose
below the electric heater) and the heat load chahgé¢his case we testify a sharp increasing of the
temperature. For the precise measurements of tii<Rsis value we use a small step of the heat Q.

Table 1. The experimental data of the temperatisteilslition inside the compressor for three différmodes
of compressor cooling and three values of the nggliower

Thead, °C Tshell, °C ToiI ’ °C Tdis, °C Tsuc, °C Tcond, °C Tevp, °C Qrefr, W

Without | ) 5 5 765 | 931| 1280 26.1 63.3 7.9 136
cooling

With

PLT 119.5 75.2 89.5 117.6 26.0 60.1 -7.8 138
cooling

PLT

. 110.3 72.4 85.9 112.6 26.3 59.9 -8.1] 13y
with Fan
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Table 2. The temperature difference between thepketg of the compressor working
without PLT and with PLT cooler

AThead, °C | ATspen, °C ATg, °C ATy, °C
WIth PLT | 535 13 36 _10.4
cooling
PLTwith | 454 41 72 154
Fan

Following the data of the Table 1-2 it is interegtito apply the PLT cooler with fan to reduce the

temperature of the cylinder heat down to 30 °C @ampare with the traditional compressor oil cooling
system. The results of this study could be apptiedctual compressor design in industry and have
resulted in improved compressor performance.

CONCLUSION

N =

1. The heat transfer analysis aimed to predictingy experimentally check mean temperature of the
principal heat loaded components of hermetic reciting refrigeration compressor was performed to
decrease the temperature of the refrigerant amdase its density in the compressor piston.

2. Two loop thermosyphons, as a two-phase cooler egmsidered as the alternative to solve this
problem.

3. The Loop Thermosyphon with porous coating of éwaporator (LTS) ensures the heat transfer
enhancement up to 5 times to compare with the pldie thermosyphon and started to work without a
temperature overshoot typical for conventional thesyphons.

4. The heat transfer coefficient in the porouscstime of the LTS evaporator was 30000 W/(&). The
thermal resistance of this thermosyphon was R 3 K/QV.

5. As an option to théoop thermosyphon (LTS) an advanced pulsating lbepmosyphon (PLT) was
developed. This PLT was investigated on the expanal set-up and demonstrated the cylinder head
temperature drop above 30 to compare with the traditional oil cooling.
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Abstract

The idea of construction of the so called undergdoalosed geothermal heat exchanger presents amresting
concept of energy extraction from the resourcesatoed in the Earth’s crust. Such exchanger cansisa system of
pipelines founded at a significant depth throughcWhiquid is pumped extracting energy from surrdimg rocks and
transporting heat to the Earth’s surface. It rasfittm the accomplished analyses that the leaisierff element from
the efficiency point of view is the vertical paftsuch heat exchanger. As a result significant cédn of temperature
of the energy carrier fluid at the outflow is obsat leading to reduction of the overall efficierafithe heat exchanger.

Bearing in mind that application of the passivaulagon in the extraction part of exchanger is tecally difficult
the authors proposed the concept of the activddtisn. The idea is based on the formation in tkieagtion part of
two concentrically positioned channels, namelyitimer circular channel through which the princiffalv rate of fluid
flows and the external annular channel, where gfditjuid flows serving as insulation layer.

In the paper, in brief presented is the calculatimwdel with the active insulation enabling deteration of the
influence of the liquid flow rate in the externakulation channel on temperature distribution ef blasic flow rate of
the heat carrier flowing in the inner channel. Téaabled conduction of the assessment of the mfli@f application
of the active insulation on the improvement of dffiiciency of operation of the entire geothermadthexchanger.

KEYWORDS
Geothermal energy, utilisation of geothermal enetgylerground closed geothermal heat exchangéveadnsulation,
active insulation of the extraction element.

INTRODUCTION

One of the ways of extraction of geothermic eneigyapplication of closed or open installations
enabling indirect or direct introduction of wateta the Earth’s crust as an energy carrier whiceixes
heat from the surrounding rocks and transportstihé surface. It is estimated that in Poland thesibilities
of acquisition of geothermic energy relate to thettis ranging from 2000 to 5000m and are greaser tthe
possibilities of acquisition of geothermal energyiained in underground resources of hot waterai@étl
in such a way heat can be used for heating pur@ssell as production of electricity-{3].

An interesting idea of a closed extraction installahas been developed at the Technical Univeddity
Berlin, where developed was the prototype of theated underground closed geothermal heat exclhange
in brief UCGHE [4, 5]. The exchanger consists ofsed of connected in series vertical and horizontal
pipelines positioned at a significant depth througtich the liquid receiving heat from the surroumgdirocks
is flowing and transporting it to the Earth’s sudawhere it is further distributed to the recesvef thermal
energy. It is estimated that the present tech@idahncement enables construction of the UCGHE thith
length of the horizontal part up to 15 km foundéetha depth down to 5 km [6].

It results from the analysis of operation of specgarts of the underground closed geothermal heat
exchanger accomplished at Department of Heat Eagingg West-Pomeranian University of Technology in
Szczecin, using in-house calculation modelsg7that from the thermal efficiency point of viewetheast
efficient part is the extraction channel where ctdun of temperature of heat carrying fluid frometh
exchanger is observed.

One of the ways to alleviate that issue is appboabf adequate insulation of the extraction part.
Bearing however in mind that application of thegdas insulation is technically problematic in thegent
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paper as well as in [1, 2, 7, 10] examined andyaeal was the possibility of application of the aeti
insulation, formed by a part of the liquid flow egpbumped through the exchanger and adequately ieddif
design of the extraction channel.

In relation to that in the further part of the papeesented is (in an approximate manner) the tioaly
calculation model of such exchanger which enabletrchination of the influence of applied active
insulation on temperature field of the heat carfierd used later for heating purposes. The catcuia
accomplished using that model show the possilsliéEcontrolled influence on temperature distribatof
the heat carrier fluid and in particular on itsleutemperature from the exchanger. That permésatialysis
of the influence of application of active insulation the improvement of the efficiency of operatajrthe
entire UCGHE. Additionally, postulated design canused for obtaining required temperature of theg he
carrier, consistent with temperature of the netweaker supplying heat receivers.

UCGHE — UNDERGROUND CLOSED GEOTHERMAL HEAT EXCHANGE R

Presented in Fig. & horizontal closed geothermal heat exchanger dsnsisa set of pipelines founded
as a significant depth through which liquid is pwdpvhich is the heat carrier for extraction of geomic
energy from the surrounding rock bed.

a) . A, b)

Fig. 1. Scheme of UCGHE withowt)(and with b) active insulation

Effectiveness of operation of such exchanger depesl several parameters of which the most
important are:

- overall heat transfer coefficient,

— geometry of exchanger, related to the heat trassiidace,

— dept he of location of the horizontal part of exuder, related to temperature of surrounding rocks,

- flow rate of liquid through the exchanger,

- temperature of liquid pumped to the exchanger,

— energy losses in the extraction part of the exchang

In order to assess the influence of the above pateamon the effectiveness of energy extraction in
underground closed geothermal heat exchanger théstimal calculation model has been developed,
presented in detail in [8, 9]. The model regardsréference design presented schematically inlFig.

In development of the model for each constituent pé the exchanger the relevant approach to
determine the rate of heat transferred from thd tocthe liquid has been applied. In order to deire
elementary rate of energy taken up by the heaiecdrom the rocks the following relation was used:

dQ =k, [T, (h)-T, (h)|dA (1)

The common feature of the model is assumption lopats of the UCGHE of a linear temperature
change of the rock at a significant distance frtv@ ¢onsidered elemenﬂ'g(h) as well as knowledge of

varying in time overall heat transfer coefficiertrh the rock to the heat carriky. Scheme of heat transfer
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in particular channels of the exchanger togethén @mperature distributions of heat carrier flaitd rocks
is presented in Fig. 2.

a) b) h
T TsD pr | | Tsa Tp.’iN
- I_ y
h1 1 .
T(hy)/ [r.m) | 1 9,(h)dh, i . 2
oh| = |i@mdq codes. | B oh,  \rn) \T.h)
20 WY ama AR 1
dT,,(h,) & I . dT,.(h)
/ | | |
H Y | y |
T, T. ! | To Tl T
h™ ¢ dQ
e e e
al,
T 1 |2
1 dl
T. T.
T | T
taT,0)
T}720=Tp1H

L1

Fig. 2. Scheme of UCGHE with temperature distritnusi of heat carrier
fluid in thea) pumping backb) extractionc) horizontal channels

Specific calculations of temperature distributioinsthe UCGHE have been presented ir-q[¢
Presented below are only the final relations, whéclable determination of temperature distributifors
particular constituent elements of the exchangethat light the reduced temperature differenceslet and
outlet from the particular parts of UCGHE are deti@ed from relations:

— for the case of vertical pumping back channel

T, -T
0, = =Py 1—¢[€1+ 1 j expl-4,N.) @
TsH _TplO ¢nN1 ¢nN1
— for the case of horizontal channel
T, —-T
eZL =" P2 zexd_¢n¢LnN2) (3)
TsH _Tle
— for the case of vertical extraction channel
T, -T
Oy =2 =P oy~ g, N,) -2 f1-exp(- ¢,N,)] (@)
. Ty _TpZL N4 ’ v PN, ’

Therefore the relation describing adequately defitganperature difference at inlet and outlet from t
UCGHE, which accounts for the influence of tempamatof the fluid supplied to the exchanger (pumping
temperature) assumes the form:

O Oy Oz =0y 5 O3y %)
where elH oL = {(1_ (P) @Xd_ ¢n Nl) + ¢LN [ﬁl_ exr(— ¢n Nl)]} @Xd_ ¢n¢LnN2) (6)
n' 1
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In relation to that

Ty —T
Opatan = % = Oy o #% + exd_ ¢nN3)_W+N [[ﬂ-_ exd_ &, Ns)]} (7)
H p10 n' '3

S|

or

G)]H oan 0T e1H 2L @Xd— ¢n N3) - p (PN [ﬁl_ exd_ ¢n N3)] (7a)
n' 3

In the analysis equal rates of heat capacities wsseamed as well as same diameters of pipelines and
same heat transfer coefficients in particular paftdCGHE. The meaning of particular quantitiessgr in
the above equations is presented in detail in18, 1

In order to determine temperature distribution bE theat carrier fluid through the exchanger
indispensable is knowledge of the variable in towerall heat transfer coefficiekt (1). In literature there
can be found different relations enabling determmmaof that quantity [12]. On the basis accomph
calculations and analyses it can be concludedtieatighest changes of the value of that coefftadegsur in
the initial period of installation operation. Withe time lapse its value decreases and after mpsfia
specified period of time (about 1000 hours) it ¢#n assumed thdt, stabilises and does not undergo
significant changes.

I I
120 | (d=0,212 m
1156 || ¢, = 4,18 kJ/(kgK) / |t
110 —| H=4000 m
106 || @L=2 i /ﬁ ..--"‘"“\
100 - Tey =120 °C T
= k, = 15 WI(m?K)
=N \ O\ ke =12,6 Wim2K) [
k, = 10 Wi(m2K)
K, = 7,5 Wi(mZK) b
k,= 5 W/(m?K) \
25 ofrock | \
20 T T T
p T T T
10
Vertical pumping channel . Vertical extraction
of UCGHE 4000m LG RIER LGS S channel of UCGHE 4000m

Fig. 3. Temperature distributions of heat carriaidffor different values of the coefficiekt

In Fig. 3 presented are the results of calculatiohsemperature distribution of heat carrier fluid
function of different values of the overall heartsfer coefficienk,. It results from the diagram that this
coefficient bears a significant influence on cadtians of energy extracted in the geothermic hecttanger.
Therefore, bearing in mind variation in timelgf in the design process of the exchanger theretdabhghbe
envisaged its real values at a given rate of hiedteoheat carrier fluid. In the case of too smaié of heat as
well as significant losses of heat in the extracipeline there can arise a situation where thdri value
of coefficientk, renders extraction of a greater amount of enangyé pumping pipeline as well as in the
horizontal part of exchanger as well as more enesdgst in the extraction pipeline. Due to thas tiotal
amount of energy acquired in the exchanger at igifeelt value of coefficienk; is in effect smaller than in
the case of the coefficient with the smallest value
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UCGHE WITH THE ACTIVE INSULATION OF THE EXTRACTION  PART

It results from the analysis of temperature distitns of particular parts of UCGHE that the least
efficient element, from the thermal point of viem,the extraction part of the exchanger (see FigTBe
process of heat transfer taking place there betweefiuid and colder rock surrounding the systemders
reduction of temperature of the heat carrier flaid outflow from the exchanger and reduction of
effectiveness of operation of the entire exchangberefore in order to improve effectiveness ofrgpe
extraction there ought to be reduced heat losses tine extraction part of the exchanger. Due tddbethat
the use of typical thermal insulation is technigadroblematic hence the idea of application of atled
active insulation [10] seems to be attractive aléve.

The idea is based on introduction to the extracfimeline of the additional circular duct forming i
effect the external annular channel serving adatism layer with the aid of fluid flowing insidé-ig. 1b).

It ought to be noted that modification of UCGHEatek only to the extraction channel leaving theicadr
pumping back part and horizontal part unchanged.

Modified extraction part of UCGHE consists of thatraction pipeline, where inside located is
concentrically the additional duct with smaller dieter. As a result obtained is a tube-in-tube cabnn
consisting of inner circular duct, carrying to theface the predominant part of the heat carned fland the
annular external part, which together with thedliriside forms the active insulation layer to thigpal
flow rate of fluid in inside duct in the arrangerhen

Values of flow rates flowing inside annular andenchannels are cross-correlated and equal intttal
the amount of liquid pumped back to the UCGHE. Wfagythe proportions of flow rates in annular flovd a
circular duct we can influence temperatures of lioth rates leaving the UCGHE. Due to that, aftéxing
of two flow rates possible is obtaining of requitedperature of heat carrier fluid tailored to temgure of
network water feeding the heat receivers.

x! ht L6,
]
1 H N\dT,., «:
AN
dh i YSr iTak
h et !
o o ! |
ol T

Fig. 4. Scheme of extraction part of UCGHE and terafure distributions of fluids

In order to show the effect of presence of activeuiation on temperature of the fluid leaving the
exchanger the model described in detail in [2, &8 been applied. The model was developed based on
energy balance equation for the fluid flowing inén duct (Fig. 4):

Wdep3k =-K, (Tp3k -T )dX 8

p3r
as well as the fluid flowing in external annulaaohel:

er dTp3r = Kk—r (Tp3k _Tp3r )dX— K r-s (T

o —T.)dx 9)

S

Whereng, K =k_ndH, K_=k_nd H, W =mTl, W =mlt,

w3

Following introduction of notation:

Gk:Tpsk—T, 6,=Tp3r -T,, T,=Ex+F, a=

S

—K‘f", b=—kr ¢=
Wk Wr Wr

the system of equations (8) and (9) can be rediactde form:
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db, _

E a@k —a@r -E (10)
‘f}: =bo, —-ch, -E (11)

The above system of equations has been solved tiseng’Alambert method [8] and the details of
solution are presented in [10]. In effect, thedwaling functions describing temperature differenagehbeen
obtained:

_C exp(vfx)— C, exp(vzzx)+ EG

O
R

(12)

1 qu
0,=C, edefX)‘%(q expyix)- Cé exslyix)+ EG] + ( i PJe (13)
1

Vl
Mathematical definitions of particular quantitieegent in equations (12) and (13) are given in g4dbl
On the other hand the meaning of respective qiest# discussed in detail in [10, 11].

Table 1. Selection of auxiliary quantities

Symbol Expression Symbol Expression
)2 —(c-a)+(c+a)’-4ab| & vZ-a
! 2 Py b
v2 ~(c-a)—4/(c+a)* - 4ab 92 vZ-a
2 P2 b
a
G v3 _Vlz{l_bj R GG
V2 Pr P2

Integration constants present in expressions (A@)(43) are indispensable in unanimous descripifon
temperature field and are expressed in the form:

C; = [1+ij(e'zo —EZJ , (14)
p1 Vi
C, =C; -@,R+EG. (15)

These constants were determined using the apptept@undary conditions G{z(xzo):e'zo;
Oy(x=0) = Oz(xzo))-

RESULTS OF CALCULATIONS

Using the mathematical model presented above theoppate calculations have been accomplished
and the relevant diagrams depicting the influerfch® active insulation on temperature of the lozatier
flowing out of the underground closed geothermaitiexchanger.

Calculations were calculated in such a way as tmeparisons of the effectiveness of operation of the
exchanger with and without insulation could be pmes With respect to that it has been assumedtheat
exchangers operate under comparable conditionsuéiized were output data for construction of the
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diagram in Fig. 3. Analysis has been referred eéodaise where highest temperature reduction ofdliguais
present in the extraction part of UCGHE £ 15 W/(nf[K). Additionally in calculations were assumed the
following quantities:

— inner diameter of annular extractidgs; = 212 mm,

— external diameter of circular chanmil; = 134.5 mm,

- overall heat transfer coefficient between fluid aackk, = 15 W/(nfK),

— overall heat transfer coefficient between fluid dimcular channel and fluid in annular channel

ker = 30 W/(MTK).

— length of vertical extraction channdl= 5000 m,

- length of horizontal part of exchandere 8000 m,

— rock temperature at the depth of 4000 4n= 120 °C,

— rock temperature at the Earth’s surfage= 10 °C,

— pumping back temperatufig,o = 40 °C,

— total mass flow rate of fluid flowing through th&changer (total flow rate of fluid in annular and

circular channels)m=8kg/s.

Obtained results of calculations have been predegtaphically in subsequent figures. In Fig. 5
presented is the influence of flow rates flowingcircular and annular channels on outlet tempegatitam
the exchanger. It stems from the diagram that & dbnsidered case the highest outlet temperatuse wa
obtained when about 80% of the flow is presenh@dircular main channel. Remaining 20% flow indioke
annular channel forming in that way the active lagan. Obtained proportions of flow rates are dejmnt
on individual conditions and therefore the locatidmaximum change.

90 . 77
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86 ~— /T
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[ / ™\ // Pl
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Share of the flowing stream by circular channel

Fig. 5. Temperatures at outflow from the extractant of UCGHE of fluids flowing in annular
channelT g, (insulation) and circular channéls, together with fluid temperature after mixing
of two flow ratesT,s in relation to the flow rates of fluids in resgige channels

On the other hand in Fig. 6 presented is tempegatistribution of fluids in the best case, i.e. tne
where highest liquid temperature of the fluid lemyvthe geothermal heat exchanger is found.
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Fig. 6. Temperature distribution of fluids flowimg annular Tgsr) and circular Tya«) channel
for the case where highest temperature of thedipasing the heat exchanger is found

CONCLUSIONS

It results from the analysed case that by appticatif the active insulation the temperature of itiqu
leaving the exchanger can be increased. For exainplee case without insulation the liquid tempera at
outlet was 72.7C. After application of the active insulation temgt@ire of liquid increased to 88.C. The
increase of liquid temperature is at the expenghepart of the flow rate serving as insulatioalléwing
the role of insulation that flow rate is directeath to the pumping back pipeline.

The above solution can be used in order to ob&dunired temperature of the heat carrier fluid taib
to the required temperature of network water supglyhe heat receivers to obtain the balance betwee
rate of extracted heat and the rate of heat dendaloyléhe heat receivers. In that case the flow ftateing
in the annular channel, serving earlier as actigelation, is used to obtain required temperatyrentxing
with the flow rate flowing in circular channel. Algaing the obtained results it can be concluded tha
varying proportions of the flow rates in annuladagircular channels the temperature of fluids can b
influenced. Therefore there can be found suchia oathe flow rates at which the maximum temperaiof
the fluid in the circular channel (main channelplgained.

Nomenclature
a; —thermal diffusivity, n¥/s
Cv —specific heat, J/(KK)
d -—pipeline diameter, m
H —length (depth) of vertical channel UCGHE, m
k, —overall heat transfer coefficient, WAil)
L —length of horizontal channel of UCGHE, m
m —mass flow rate if fluid, kg/s
N —number of transfer units, -

Q —rate of heat, kW

T —temperature, °C
® —temperature difference, K

W —rate of heat capacity, W
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Subscripts

10.

11.

12.

k,r —relates to fluid in the inner chann&) r annular channet)
s —relates to the rock
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