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Abstract: We suggested a new approach for describing heat transfer in thermosyphons and
determining the characteristic temperatures. The processes of thermogravitation convection in the
coolant layer at the lower cap, phase transitions in the evaporation zone, heat transfer as a result
of conduction in the lower cap are described at the problem statement. The main assumption,
which was used during the problem formulation, is that the characteristic times of steam motion
through the thermosyphon channel are much less than the characteristic times of thermal
conductivity and free convection in the coolant layer at the lower cap of the thermosyphon. For
this reason, the processes of steam motion in the thermosyphon channel, the condensate film on
the upper cap and the vertical walls were not considered. The problem solution domain is a
thermosyphon through which heat is removed from the energy-saturated equipment. The ranges of
heat flow changes were chosen based on experimental data. The geometric parameters of
thermosyphon and the fill factors were chosen the same as in the experiments (height is 161 mm,
diameter is 42 mm, wall thickness is 1.5 mm, ¢=4-16%) for subsequent comparison of numerical
simulation results and experimental data. In the numerical analysis it was assumed that the
thermophysical properties of thermosyphon and coolant caps do not depend on temperature;
laminar flow regime was considered. The dimensionless equations of vortex, Poisson and energy
transfer for the liquid coolant under natural convection and the equations of thermal conductivity
for the lower cap wall are solved by the method of finite differences. Numerical simulation results
showed the relationship between the characteristic temperatures and the heat flow supplied to the
bottom cap of thermosyphon. The results of the theoretical analysis are in satisfactory agreement
with the known experimental data.
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Pestome: IIpednosicen HOBbLIL ROOXO0 K ONUCAHUIO NPOYECCO8 MENTONEPEHOCA 8 MEPMOCUPOHAX U
onpeodenenusi xapakmepHvix memnepamyp. Ilpu nocmamnoske 3a0auu ONUCHIBAIOMCS NPOYECCh
MepMOSpasUmMayUOHHOU KOHBEKYUU 6 Cloe MENIOHOCUMENs HA HUJICHeU Kpbiuike, ¢hazogvle
npeepawenus 6 30He UCNApeHusl, MenIoNepeHoc 8 pe3yabmame KOHOYKYUU 6 HUJCHEl KpbluiKe.
OcHognoe donyujeHue, KOMopoe UCNONb308ANOCy NPU NOCMAHOBKE 3A0adll, — MO NOA0AHCEHUE O
MOM, YMO XAPAKMEPHbIE BPEMEHA OBUICEHU. NAPO8 NO KAHALY MEPMOCUPDOHA MHO20 MeHbule
Xapaxmepuvlx GpemeH Menionpo8oOHOCMU U CB0DOOHOU KOHMBEKYUU 6 Cloe XAa0da2enmd Hd
HudiCHell Kpbiuike mepmocugona. Tlo smoil npuuune He paccmampuganucs npoyeccyl O8UNCEHUs
napa 6 Kamaie mepMOCU@OHa, NieHKe KOHOeHcama HA GepXHell KpuluKe U GepMUKAIbHbIX
cmenkax. Obracme pewenus 3adauu npeocmaesisiem cobolu mepmMocupon, uepe3 KOMOpbil
ocywecmenaemcs Omeo0 Meniombl OMm IHEPSOHACHIUEHHO20 000pydoeanus. Jluanazonvl
UBMEHeHUsL MenjiogbiX NOMOKO8 GblOUPANUCL UCX00 U3  IKCHEPUMEHMANbHbIX — OAHHbIX.
Teomempuueckue napamempvl mMepmMocu@PoHa u Kodpuyuenmol 3an0IHEHUS BLLOUPATUCD
makumu Jice, KaK u 6 dxcnepumenmax (gvicoma — 161 mm, oumemp — 42 mm, moawuna cmeHox —
1,5 mm, €=4—16%) ona nocneoyroujeco cpasHenus pe3yibmamos YUCIEHHO20 MOOeAUPOBaHUs U
IKCHEPUMEHMANbHBIX OaHHbIX. [Ipu nposedenuu YUCIeHHO20 aHAAU3A NPeOnoNd2anoch, YmMo
meniouureckue CE0UCMEA KPbIUEK MepMocupona u xiaddzeHma He 3d6ucsm om
memMnepamypbl; paccmMampusaics IAMUHAPHLIL pedicum mevenus. bespasmepuvie ypasHenus
nepenoca euxps, Ilyaccona u snepeuu Onsi H#HUOKO2O MENIOHOCUMEINSL 8 YCLOBUAX €CIMECMEEHHOU
KOHGEKYUU U YPABHEHUsT MENIONPOBOOHOCU Olisl CIMEHKU HUICHEU KPLIUWKU pPeuleHbl Memooom
Koneunvlx paznocmeil. 11o pe3yibmamam 4ucienHo2o MOOeIUpoB8anus YCmaHo8IeHa 3A6UCUMOCTID
Xapaxmepuvlx memMnepamyp om 6eIutUHbl Meni08020 NOMOKA, NOOBOOUMO20 K HUNCHEU KPblUIKe
mepmocughona. Pezynvmamvl meopemuueckoeo amanuzd HAxoO0smcs 6 YO081emE8OpPUMenbHOM
COOMBEMCMEUU C U3BECTNHBIMU IKCHEPUMEHMATLHLIMU OAHHBIMU.

Kniouesvie cnoea: 08yxghasnviii mepmocudon, mamemamuieckoe MOOeauposanue, meniosou
HOMOK, MENIONEPeHOC, UCNApeHUe, KOHOCHCAYUsl, MePMOSPABUMAYUOHHASI KOHBEKYUSL.

bnazooapnocmu:  Vccnedosanue  nposedeHo 68 — paMKAX — NpOSPAMMbL  NOBLIUEHUS
KOHKYpenmocnocobnocmu Hayuonanvnoeo ucciredogamenvckoco ToMCKO20 nOIUMEXHUUECKO20
YHUBepcumema cpeou 6e0yWUxX MUPOBbIX HAYYHO-00paA308amenvHbix yeHmpos (npoexm BHY-
HI1113-300/2018).

Introduction

The prerequisite for successful operation of modern energy-saturated equipment (ESE) is
the removal of heat from heat-generating parts and modules [1-3]. Utilization of traditional air
cooling systems using various kinds of superchargers is not always possible. Failure of such
auxiliary equipment leads to an emergency operation of energy-saturated equipment. For this
reason, the use of heat transfer devices that are independent of power sources is relevant.
Closed two-phase thermosyphons (TS), which can be used for thermostating and thermoregulation
of various technological processes are the autonomous (independent of energy sources) heat
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exchangers [4, 5]. Evaporation and condensation in heat exchangers of this type are spatially
separated, which makes it possible to transform heat flows by changing the ratio of evaporation
and condensation surfaces. But at present, thermosyphons are almost not used in industry due to
the fact that the physics of heat transfer processes and phase transformations in the steam channel,
evaporation and condensation zones, and the condensate film flowing along the side walls in the
thermosyphon case is not well understood. For a detailed analysis of these processes, information
is needed on the temperature fields in the characteristic zones of the thermosyphon. But due to the
difficulties of sealing such heat exchangers when installing temperature sensors, the majority of
publications present the results of recording the temperatures of the external surfaces of the
thermosyphon walls. Such measurements are insufficient for the analysis of heat transfer
processes, because the heat flow through the TS case is intense both along the longitudinal and
transverse coordinates. The few results of temperature determination in a closed two-phase
thermosyphon [6-8] show its change only at individual points on the inner surface of the heat
exchanger under consideration. To analyze the operation efficiency of thermosyphons, one needs
information about the temperature distributions in the areas corresponding to the evaporation,
transport, and steam condensation zones [7-9].

Analysis of the relevant literature shows that various heat transfer models are currently used
for calculation of thermosyphons [10-14]: original researchers' codes [10-11] and commercial
software packages [12-13]. Models and methods [10-14] have certain advantages (the
completeness of description of hydrodynamic and thermophysical processes in all zones of the
thermosyphon; the possibility of solving spatial problems in the conjugate formulation, the
mathematical interpretation of various options for structural solutions, taking into account the
temperature and steam dependences of the characteristics of steam and condensate, and some
others). But the use of commercial packages and original codes for calculation of heat transfer
processes in thermosyphons is associated with the solution of a number of complex problems. For
example, working with packages of the ANSYS FLUENT type implies a highly-skilled user,
which is almost impossible in many cases when such packages are used by heating engineers to
solve specific problems. In addition, numerical simulation using such packages involves time-
consuming computations even when the processes are described in two-dimensional statements. A
well-proven and simple method for calculating heat transfer using balanced models [5, 9] does not
allow determining the temperature in the characteristic sections of the thermosyphon. For this
reason, it is necessary to develop a mathematical model less complicated than [10-14] and a
method for calculating unsteady heat transfer in a two-phase thermosyphon in order to describe
heat transfer processes taking into account phase transitions at media interfaces.

Analysis and generalization of the experimental results [15-16] made it possible to develop
a new approach to the mathematical modeling of heat transfer processes in two-phase
thermosyphons. An important difference between the mathematical model formulated in the article
and the known ones [10-14] is that when setting the problem, only thermogravitational convection
processes in the coolant layer on the lower cap, phase transformations in the evaporation zone, and
heat transfer as a result of conduction in the lower cap are described. The main assumption that
was used during the problem formulation is the provision that the characteristic times of steam
motion through the thermosyphon channel are much shorter than the characteristic times of heat
conduction and free convection in the coolant layer on the bottom cap of the thermosyphon. For
this reason, the processes of steam motion in the TS channel, the condensate film on the top cap
and the vertical walls of the thermosyphon were not considered. Further the problem statement is
presented.

Problem statement and solution method

The problem solution domain is a thermosyphon, through which heat is removed from
energy-saturated equipment. At the initial moment of time, the TS case and the coolant have a
constant and uniform temperature at all points. The ranges of heat flows variation were selected
based on experimental data [16]. Geometrical parameters of the thermosyphon and the filling
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factors were chosen the same as in the experiments [15-16] (height is 161 mm, diameter is 42 mm,
wall thickness is 1.5 mm, £ = 4-16%) for subsequent comparison of the results of numerical
modeling and experimental data.

In this formulation, hydrodynamic processes (steam motion) in the steam channel were
excluded from consideration, but the processes of conduction and convection in the coolant layer
were considered, and the processes of thermal conductivity in the lower cap of the thermosyphon
were taken into account. Based on the results of previous experiments [15-16], it was also
assumed that in the range of heat flows up to q=1.8 kW/m? all water steam formed on the surface
of the coolant layer rises very quickly, where it condenses on the lower surface of the top cap of
the thermosyphon and manages to return to the evaporation zone when draining along vertical
walls. The solution of the heat transfer problem in a thermosyphon in this formulation reduces to
solving the system of equations of continuity, motion, and energy for the coolant layer on the
bottom cap and thermal conductivity for the plate (Fig. 1) in an axisymmetric formulation.

X7
x7 3 2

‘Ul‘HqH‘I“I‘ X

Fig. 1. The problem solution domain: 1 - metal case; 2 - layers of condensate;
3 - steam channel; 4 - evaporation surface

The dimensionless equations of vortex transfer, Poisson, and energy for the liquid coolant
under conditions of natural convection and the heat transfer equation for the lower cap wall have
the form [11]:
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va
the Fourier number; X, Y are the dimensionless system coordinates corresponding to X, y; a is the
thermal diffusivity, m%s; v is the kinematic viscosity coefficient, m/s; B is the volume
expansivity, 1/K; g is the gravitational acceleration, m/s’, H =y, -y, is the characteristic
dimension, m; t, is the time scale, s; t is the dimensionless time; u, v are the motion rates, m/s; U,
V are the dimensionless rates corresponding to u, v; V;, is the rate scale, m/s; T, is the
thermosyphon temperature at the initial time, K; T, is the boiling temperature of coolant, K; © is
6

. . . t, .
where Pr=-is the Prandtl number; Ra= is the Rayleigh number; FO:% is
a
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the dimensionless temperature; v is the flow function, m%s; vy is the flow function scale, m%s; ¥
is the dimensionless analog of y; o is the vorticity vector, 1/c; o, is the vorticity vector scale, 1/s;
Q is the dimensionless analog of .

The initial conditions for equations (1 — 4) are:

Y(X,Y,0)=Q(X,Y,0)=0, ©,(X,Y,0)=0,(X,Y,0)=0, (5)
Dimensionless boundary conditions for equations (1 — 4) are:
X =0, 0<Y<Yl:@=o, (6)
oX
2y
X=0, Y, <Y<Y,: 6@2:0, 0 2 =0, )
oX oX
150)
X=X, 0<Y<Y,: —?»axlzo, (8)
Y=0, 0<x<X,:-%_i ©)
oY
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oY MT,-T,)
00
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2nRT
M
where Ki=—————is the Kirpichev number; Bi= is the Biot number; Q. is the
}\’1(Th _To) }"1

evaporation heat; W, is the evaporation rate; q is the heat flow; 4 is the accomodation coefficient;
P, is the saturated steam pressure; Py, is the partial steam pressure above the liquid surface; R =
8314 J/kmol-K is the universal gas constant; M is the molecular weight; 1 is for the cap material; 2
is for liquid.

For numerical analysis it was assumed that the thermophysical properties of the
thermosyphon and coolant caps are independent of temperature; the laminar flow regime was
considered. The fluid was assumed to be Newtonian, incompressible, and satisfying the
Boussinesq approximation [11, 18].

The system of equations (1-4) with the corresponding initial and boundary conditions was
solved by the finite difference method [18]. Mass rates of evaporation and condensation were
calculated by the Hertz — Knudsen formula [19]. When solving the Poisson equation for the flow
function, the implicit method of variable directions was used, similarly to [18-20]. In determining
the boundary condition for the velocity vortex, the Woods formula was used.

Numerical studies of heat transfer in TS under conditions of energy removal from energy-
saturated equipment were carried out in typical ranges of heat flow changes corresponding to
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operating modes of energy-saturated equipment [21]. Heat flows to the bottom cap of the
thermosyphon ranged from 0.3 kW/m? to 1.8 kW/m?.

Results and discussion

Figures 2—3 show thermograms obtained from numerical simulation of heat transfer process
and conducting experiments when filling the thermosyphon cavity with distilled water in the range
of heat flows q=0.4-1.8 kW/m?.

It can be seen from Fig. 2 that the time to reach the steady-state regime of characteristic
temperatures obtained in numerical studies and experiments is quite large in the entire range of
changes in heat flows. Temperatures grow rapidly in the first 5000 - 6000 s, and then slowly. This
is due to the fact that within 2.5 hours the walls, the TS cap and the coolant itself are evenly
heated.
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Fig. 2. Relationship between temperatures in the coolant layer on the bottom cap of the thermosyphon
(x=0 mm, y=6 mm) and time for a thermosyphon fill factor of 8%
and heat load g, kW/m?: a) 0.3; b) 0.4; ¢) 0.9; d) 1.8.
1 - experiment (-); 2 - numerical modeling (model taking into account
thermal conductivity and free convection) (- - -); 3 - numerical modeling
(model taking into account only conduction) (-----)
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As the heat flow increases to 1.8 kW/m? the changes in T in the coolant layer on the
bottom cap increase both in numerical simulation and in experiment. In the initial period of time
(up to 500 s), the growth dynamics and temperatures are the same for two cases of numerical
simulation (Fig. 2, curves 2, 3) and are in good agreement with experimental data (Fig. 2, curve 1).
This is explained by the fact that during this period of time convective flows are just beginning to
form, their intensity is minimal (Fig. 3, a), and they do not significantly affect the heat transfer in
liquid (Fig. 3, b).
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Fig. 3. Isolines of velocities (isotaches) (a, ¢) and temperature fields (b, d) in the coolant layer
on the bottom cap of the thermosyphon at q=300 W/m? and time: a, b - 100 s; ¢, d - 3000 s.
Temperature, K; velocity, cm/s

The energy transfer in this case is predominantly conductive. Over time, the forces of
thermogravitational convection increase, which leads to the formation of intense circulation flows
in the studied area (Fig. 3, ). The heated liquid rises up to the free surface, where heat is removed
due to evaporation (Fig. 3, d), the cold one drops down. The temperature difference (curves 2 and
3, Fig. 2) increases with time up to reaching the stationary mode. The temperatures (curve 2, Fig.
2) obtained from numerical simulation (using a model that takes into account thermogravitational
convection) are in good agreement with experimental data (discrepancy of not more than 5%),
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while the temperatures obtained taking into account only conduction in the bottom cap and the
coolant layer differ from experimental ones up to 50%.

Conclusion

Modeling of heat transfer processes in TS can be performed with a fairly high reliability,
without description of processes of steam motion in the steam channel, when solving the problem
of heat transfer in the heat transfer layer on the bottom cap of the thermosyphon and heat

conduction in this cap.
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