PRINCIPLES FOR COMPUTING THE EFFICIENCY
OF A SYSTEM WITH LOW-TEMPERATURE
HEAT PIPES

G. F. Smirnov UDC 536.248.2

An approach to the computation of the efficiency of a system with heat pipes is discussed.
Conditions are analyzed for the axial transport of heat along the wall and framework of a
heat pipe. A scheme to compute the thermal resistance of a heat pipe is recommended.
Efficiency criteria are formulated.

The computational principle varies depending on the indicator by which the efficiency of a system
with heat pipes is appraised. Computation of the efficiency of a system according to thermal engineering
indices such as the temperature drop and energy consumption is discussed in this paper. In many cases
these indices are governing in the solution of the question of the expediency of using heat pipes.

It will be shown below that central to the computation of the efficiency of a system with heat pipes is
the computation of the total thermal resistance of the heat pipe.

Recommendations on the computation of the total thermal resistance of a heat pipe in the extensive
literature on heat pipes are limited and do not include fundamental cases.

Computation of Heat-Pipe Characteristics

The general diagram of thermal resistances is represented in Fig. 1, and-its corresponding formula
is
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If the connection between the heat pipe and the remaining system elements is set up by means of the

wall temperatures on the heat supply and heat removal sections Tey and T, then
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The quantities Rey and R¢ are determined taking account of the specific thermal conditions between the
heat pipe and the system objects according to known recommendations [2]. As a rule, the quantity Ry is
small, with the exception of those cases when a vacuum is maintained in the operating heat pipe (P = 0.1
aTa).

In these cases Ry can be computed according to [3,4] or other similar recommendations. The main
contributions to Ry and RY: are made by the quantities Rgy and Rg, and in a number of cases by Ry.

It is necessary to compute Rév and R'c by means of the formulas

. 1
Ro= 3
e %y Fey @
. 1
Re=—f " . (4)

Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 28, No. 2, pp. 197-207, February, 1975,
Original article submitted February 15, 1974,

©1976 Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part of this publication may be reproduced,
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming,
recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $15.00.

131



AAAAA ety

Fig. 1. Schematic diagram of the thermal resistances
of a heat pipe.

The quantity aev depends essentially on the heat-transport mode. -In the evaporation mode

Gev= gef (3)
e :

which is not suitable for "thick" wicks and small-diameter pipes. The cylindricity must be taken into

account in a known manner in computing aey. There are relatively few test results on aey in the boiling

modes. Existing correlations can be used only for those structures for which they have been obtained.

The coefficient of heat exchange o on the condensation section can be determined by means of (5)
by substituting the quantities Aef, 0w determined for the condensation section.

_Contradictions exist in the recommendations for the computation of Aef [5-9]. For multilayer,
reticular structures pressed to the heat-pipe wall Agf can be computed according to [5,6], For thin-
layered reticular structures, as well as multilayer structures not pressed, [7] is preferable.

In conformity with the terminology of [10], the quantities Fgy and Fé can be called the "effective"
evaporator and condenser surfaces, respectively. Since axial heat transport exists, Fgy > Fey and Fg
> F¢ always. The latter is valid if the influence of the noncondensing gases is not taken into account.

Otherwise,
E=F 248 4 ¢ 7 ®)
12 dV dV .

should be substituted in place of Fg in 4).

The mass of gas Mg is estimated from an analysis of the priming conditions or from experiment.
Therefore, the correct determination of the resistances Rév and Rg requires taking account of the influence
of heat transfer on the "effective” dimensions of the evaporation and condensation sections in the general
case,

For heat pipes with short adiabatic zones, the axial heat transport results not only in an increase in
the evaporation and condensation surfaces, but also in the appearance of the resistance Ra, which is com~
mensurate with the resistance of the loop Rey + Ry + Rg.

A correct estimation of the role of axial heat transport in the general heat-exchange process in a
heat tube is of substantial value not only for the computation of the efficiency of a cooling system with heat
pipes, but also for the correct decoding of test data and the computation of the hydraulic losses in the
heat-pipe structure,

This question is examined inadequately in the literature. The papers [9-11] are devoted to computa-
tions of the temperature fields for unregulated heat pipes.

Approximate one-dimensional models of the heat conduction in the capillary structure of a heat pipe'
are proposed in [10,11]. A computation of the quantities F'ev and F'c according to [10,11] is impossible,

An analytic solution for the two-dimensional conjugate problem of fluid heat conduction and filtration
in a heat-pipe structure has been obtained in [9].

According to [9], the main quantity of vapor is condensed in the initial section of the condensation
zone, which is commensurate with the thickness of the structure. Such a deduction is not verified by the
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Fig. 2, Temperature field in a capillary heat-pipe struc-
ture for outer surface boundary conditions of the first (a)
and third (o) kinds: 1) @;/Q = 0.99; 2) 0.98; 3) 0.95; 4)
0.90; 5) 0.85; 6) 0.75; 7) 0.50; 8) 0.40,

practice of heat-pipe operation. It is known that, other conditions being equal, the linear dimensions of
the condensation section affect the operability of a heat pipe substantially. Analysis of the boundary condi-
tions used in [9] showed the following.

1, The assumption about no mass condensation flux on the inner surface of the steam channel in the
adiabatic zone contradicts physical reality. This is possible only when there is heat insulation on both the
outside and inside of the adiabatic zone. In real heat-pipe constructions, only the outside of the adiabatic
zone, but not the inside, can be considered heat-insulated. Hence, the corrected boundary conditions [9]
will be

for y=0 [, <xL0; oP = —kij;
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2. The assumption about the existence of a condensation flux in the adiabatic zone adjacent to the
condensation section and the approximately identical condensation rate along the length of the section agree
with the solution of the filtration equation if the distribution of menisci is admitted along the length of the
condensation zone,

3. If the wick thickness is assumed substantially greater than the dimension of the meniscus, then
the problem cannot be solved as a conjugate problem, but can be solved separately. A, M. Roizengurt

" simulated the heat-conduction problem with boundary conditions (7) on a plane electrointegrator. Under

actual conditions the wick thickness is substantially less than the diameter of the heat pipe. Roizengurt

obtained the temperature fields in a heat-pipe wick for different 8y,/! relationships by electrical simula-

tion on a plane EGDA 9/60 integrator.

One particular case is illustrated in Fig. 2. It is seen that the temperature distribution obtained on
the boundary with the adiabatic zone in the formulation proposed for the constant condensation rate agrees
qualitatively with experiment. The results of the electrical simulation are represented in Fig. 2 for the
realization of boundary conditions of the third kind on the surface of the condensation section. The influence
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ey of the boundary conditions can be estimated qualitatively by

) - é means of the value of the number Bi = aby,/ Aef.
7 Ordinarily, Bi < 1 for low-temperature heat pipes;

25 |—od ° —5 hence, theheat-pipe surfaces can be considered isothermal on

N the evaporation and condensation section. For Bi > 1 the non-
X%%N 5 isothermy of the-surface will influence the heat transfer. This

a must be taken into account, for example, according to [1].

L3 g ol Processing the electrical simulation results (Fig. 3) permitted
! 2 Aot generalized formulas to be obtained to take account of the axial

g
4y heat transfer:
Q 7 / T T
0= 3 2 —exp(— 1918 (8)
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- C ) Replacement of the true wick thickness 6y by the equiva-
Fig. 3. Depend_ence of the temper- lent thickness dqf permits taking account of the anisotropy of the
ature in the adiabatic zone of a heat heat transfer along the axis and along the normal to the wall.
pipe and the quantity of heat taken If the axial heat conductivity A, is taken as reference value,
off on the geometry of the heat then’ ‘
supply and elimination sections: ' / 7~a -
1) 6f/Li = 0.053; 2) 0.16; 3) 0.314; _ Oe= 8y }/ a0
4) 0.58; 5) 0.89; 6) ® = exp (—1.9 .
x/'6ef); 7) Qq/=0450ef/Li; Ij Formulas (8) and (9) can be used for an approximate com-
=1, 0r ley. putation of the axial heat runoffs taking account of the influence
of the wall. In this case
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Assuming the "effective" lengths of the evaporatlon and condensation sections lév and I, to be re-
ferred to the true lengths [ and ¢ just as the corresponding quantities of heat, it is possible to determine
formulas for Fey and Fg:

Ely= Eyy| 1 +0.45 2t ] (14)
Fo| Loy

F.=F, [1+0.4515£]. . (15)

, | I

Formulas (8) and (9) are valid for a sufficiently long adiabatic zone. An analysis of (8) permits
estimation of the length (i3)min Of the adiabatic zone for which the axial heat transfer can be neglected.
If Iy > (I3)min, then
R, > Reg Ry +Re, ‘ (16)

and Ry cannot be computed. For I, = (I3)min, We obtain by using the principle of superposition of tem-
perature fields [2] for the adiabatic zone

T, =T, —,L(TeV—Ts)exp(— 19 a—¥ >-(Tev-Tc)exp (_ 1.93‘_) 17)
Sef . Bet,

For ig = 0 we obtain the maximal axial heat flux by using (17), (8), and (9):

(G max =20.45 2 o T To) (18)
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The minimum resistance to heat transfer along the axis (Ra)min
2.2

(Ry)min = 7;@_“ i (%9).
corresponds to this quantity. _
Computations of Rg)min by means of (19) show that in the overwhelming majority of cases
(Ro)min > Rert- Ry + Re. (20)

However, the quantity Ry can turn out to be commensurate with the sum Rev + Ry + R'c for short heat
pipes or heat pipes working against gravity with a partly drained evaporation surface and a thick wall.
Approximate formulas to compute the effective axial heat conduction without taking account of the mass-
transfer process can be obtained from (18) and (19):

For Vla' =0
lu

hoef= 1.8 - V' A, - : (21)

(o]
For ig »> Oef
, LAl v Toy—T
hoep= 1.8 22 V) p, —L¥_“c .
°c do ° ev TC
lo = 0.5 (leyt o).

Comparing the values of Agf computed by means of (21) and (22) with test data

(22)

4Q(, = 1)
SN . AL B YR 23)
nidy (Toy—T¢)

we can estimate the contribution of the axial heat conduction in the general heat-transfer mechanism in a
heat pipe.

Not taken into account in the Rg computations was the heat-transfer component associated with the
transfer of the supercooled fluid mass over the framework., Taking correct account of this factor is a
complicated problem. Hence, attention was turned to the following considerations. If Rg is commensu-
rate withR'ev + Ry + Rg, then heat transfer in the form of latent heat of phase transition is commensurate
with the heat transferrable by heat conduction, and the heat of the supercooled fluid will be substantially
less. Otherwise, this has no value.

The exception are cases when [r/Cyra(Tey — Te)] — 1 (higher temperature drops and higher working
pressures). .

Therefore, by using (1)-(6), (14)-(16), (18)-(20), the thermal resistance of a heat pipe can be com-
puted approximately.

General Statements on the Computation of the

Thermal Engineering Efficiency of a System

with Heat Pipes

Let us introduce the concept of the criterion of the relative efficiency of a cooling system with heat
pipes Ky. The "content" of the criterion is determined by the approach which is proposed for the computa-
tion of the efficiency.

The crux of the approach consists of comparing two cooling systems (a cooling system with a heat
pipe and a cooling system without a heat pipe) by means of some thermal engineering index Z; {the thermal
resistance, the energy expenditure, the pressure drop, etec.). The selection of this index is determined
by the specifics of the system. Some fundamental cases will be examined below.

The computation of the criterion Ky is performed by a comparison with some quantity (Kz)min.
Compliance with the inequality
Kz > (Kz)min‘ (24)

is the foundation for the assertion about the expediency of using heat pipes in this system,
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Fig. 4. Comparative diagrams of cooling systems

with and without heat pipes: a;) the heat-pipe-radiator
2, the object being cooled 1 is on the outer surface of
the heat pipe; by) heat-pipe-radiator 2, the object being
cooled 1 is within the heat pipe; c¢;) heat-pipe heat-
conductor 2 of a bulk source of heat evolution 1; d;)
heat-pipe heat-conductor 2 from the object being cooled
1 to the centralized cooling system; a,,b,, ¢y, dy) cor=-
responding cooling systems without heat pipes; 3 are
metal radiators.

If Zpp is the value of the thermal engineering index in the system with the heat pipe by which the
comparison is made, and Z, is the index in the system without the heat pipe, then
Zo , (25)
Zyp
In the simplest case (Kz)min = 1. However, if it is taken into account that an analysis of the relative
efficiency of a heat pipe is approximate in nature, and that the use of heat pipes may not be logical for each
positive effect but only for some minimum AZmin, then

K,=

(K g)min = (26)

1
AZmin
ZO
Let us note still another circumstance., An estimate of the expediency of using heat pipes according
to the inequality (24) can be correct if the systems being compared are under almost optimal conditions.
Hence, an optimization procedure should precede the computation of the criterion Ky.

1~

Analysis of the Efficiency of Systems with Heat

Pipes for Some Particular Cases

A. The Heat Pipe Is a Radiator of Part of a Radiator (Fig. 4a,b). The temperature drop can be
chosen as the main thermal engineering index. Then Zpp = Athp, Atpp = QRY, for the diagram in Fig. 4a,

and
Zy=(1—E ATy,
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Use of a heat pipe in direct contact with the heat-evolving elements in Fig. 4b permits the reduction
of the internal thermal resistance by a quantity Aty. Then :

K, =158t 8y (28)

B. The Heat Pipe Is an Internal Heat Drain 1r; Ehlky Heat-Evolving Modules (Fig. 4c). Just as in

the first case, the pressure drop

7, =AMy (T
hp hp ce ‘e
(29)

Zy=Teg— Ty Kgp= %‘e—n
o C M T T

is taken as the comparison index,

C. The Heat Pipe Is a2 Heat Conductor from the Heat~Evolving Source to the Centralized Cooling

System (Fig. 4d). If the temperature mode is taken as fixed, then the energy expenditures can be the

thermal engineering index for the comparison, i.e.,

th = th Af%p; Zy = G APy,
OB,
GhpArhp

(30)

z

It can be assumed that the proposed approach to the computation of the relative efficiency is con-
served even for other cases. Depending on the system operating conditions, mass-scale characteristics
of a system, reliability, etc., can be used as indices for the comparison. If necessary, the efficiency
can be estimated according to several indices, and in a first approximation the mean efficiency criterion

K=YKg, : (31)

can be used, where gj is the "weight" of the i-th index in a general analysis of the system characteristics,
In the simplest case when the indices, the mass, and reliability, say, are equivalent {for weightless con-

ditions)

The approximate scheme proposed for the computation of the relative efficiency of a system with
heat pipes permits clarification of the domain of expedient application of heat pipes and a correct estima-
tion of their advantages and disadvantages. '

Ry

Ra
Rev and R c

Ry, and Rg

v

Ry
7‘ef

l5V/
Fe a'nd Fev

Mg

Rg

NOTATION

is the total thermal resistance of a heat pipe, including the contact resistances Rgy
and Re;

is the thermal resistance of axial heat transfer;

are the thermal resistances of a heat pipe in contact with the objects of the system on
the evaporation and condensation sections;

are the radial (normal) internal thermal resistances of the heat pipe on the evaporation
and condensation sections;

is the thermal resistance equivalent to a reduction of the temperature in the steam chan~
nel because of hydraulic drags; -

is the total thermal resistance of a heat pipe without taking Ry and R into account;

is the coefficient of effective heat conduction of the wetted capillary structure of a heat
pipe;

is the wick thickness;

are the surfaces of the heat-drain and heat-supply sections of a heat pipe;

is the mass of gas in the heat pipe;

is its gas constant;

137



Ps, Tg are the vapor saturation pressure and temperature in the heat pipe;
dy, dy are the inner diameters of the heat pipe and the vapor channel;
Tev, Te, and Ty are the temperatures on the heat-supply and heat-drain sections and variable tempera-

ture in the adiabatic zone;

Pe is the pressure in the fluid on the phase interface;
la, lev, lo are the lengths of the adiabatic, heat-supply, and heat-drain zones;
Nows Ar are the coefficient of effective heat conduction in the structure along and normal to the
wall of the heat pipe;
Ay is the mean coefficient of effective heat conduction taking account of the wall along the
heat-pipe axis;
Am, 6m are the coefficient of heat conduction and thickness of the wall metal;
fw: fm are the cross-sectional areas of the structure and the wall;
X, ¥ are the coordinates along the heat-pipe axis and along the normal to the wall;
Aef is the effective coefficient of axial heat conduction referred to the total cross section of
the heat pipe;
)\;)ef is the total effective coefficient of heat conduction of the heat p1pe referred to its total
cross section;
Q is the total quantity of heat transferred by the heat pipe, including on the adiabatic sec-
tion ‘Qa;
Athp is the temperature drop in the heat pipe;
ATyg, Epg are the temperature drop and efficiency of a radiator replacing the heat pipe;
Atgy is the temperature drop between the surface of the object being cooled and the wall of the
o heat pipe;
Tee is the maximum temperature at the center of the object being cooled;
Ty is the temperature on the surface of the object being cooled;
Ghp: 4APhp are the coolant discharge and hydraulic drag on the heat-drain section of the heat pipe;
Gop, App - are the same, on the surface of the object;
Pei> Rii» Rog are the pressure and principal radii of curvature on the surface of the i-th fluid layer;
o is the coefficient of surface tension on the vapor — fluid boundary;
j is the mass flow of fluid normal to the surface of porous structure of the heat pipe;
k is the proportionality coefficient between the pressure gradient in the porous structure
and the mass flow under the assumption of correctness of the Darcy law.
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