MATHEMATICAL MODEL AND EXPERIMENTAL STUDY
OF THE STARTUP REGIMES OF UNCONTROLLED AND
GAS-CONTROLLED LOW-TEMPERATURE HEAT PIPES

V. V. Barsukov, V., I. Demidyuk, UDC 536,58
and G, F. Smirnov

A mathematical model of the startup regimes of uncontrolled and gas-controlled heat pipes is
developed, and the results of experiments are given, The experimental data are compared with
the calculations,

Transient operating regimes play an important part in the operation of systems using low-temperature
heat pipes. Only limited experimental work has been done on these regimes [1, 2], and recommendations for
the calculation of their dynamic characteristics are virtually nonexistent. In the present article we describe
investigations (analytical and experimental) of the startup regimes of uncontrolled* and gas-controlled heat
pipes from a state with a molten heat-transfer medium,

For the development of a mathematical model of the heat-pipe startup regimes we use the familiar meth-
od of modelling of operating regimes of heat-engineering systems whereby the elements of the system are
characterized as lumped-parameter objects [3]. We adopt the following assumptions.

1. The following can be disregarded because of their small contributions: a) heat transfer via structural
elements of the heat pipe in the axial direction; b) thermal resistance at phase interfaces; ¢) the quantity of
energy necessary to raise the pressure in the vapor passage of the heat pipe; d) the transport time of vapor
from the heat-input section to the condenser section.

2. The values of the thermal resistance between elements of the thermal model of the heat pipe are
constant.

*Hereinafter we drop the term "uncontrolled. "

Fig. 1. Thermal model of the heat pipe
(t; = mean temperature of i-th element;
ojj = thermal conductance between mid-
sections of i-th and j-th elements). 1)
Surrounding medium; 2, 7) thermal in-
sulation; 3) heat source; 4, 6, 8) walls
with capillary structure along evapora-
tor, transport, and condenser sections,
respectively; 5) vapor-flow passage; 9)
heat-rejection zone.
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TABLE 1. Scheme of Computation of Coefficients oyj for Heat-Pipe

(HP) Model
Thermal| Heat-transfer I Analytical relations
fonese”| mechanism plane HP | cylindrical HP
O3,  |Heat conduction O3y = 243 S,/8, O3g = —-1—4:?—,’[;”——
n (dy/dy)
1 1
Combination heat conduc~ Ggy =1 / (—-—-———— ——)
Ty ti%q, convection, and # K:_ES,IE-'— Tag
iation
@ Kig=ompg+ o
4ridhl,
Oy |Heat conduction O34 = 2448/, Oy = ’;_(“m,—‘
n (dy/dy)
0y |Heat conduction Ogs = Oy,
Osq Heat conduction Ogg = 21 S,/04 Oge = _ﬂ'_u_l_e_;__
In(dg/dg)
Ogs  |Heat conduction O35 = 204 Ss/85 O = —;—én——;'f—ls”—-
n (dg/dg)
Cgz Heat conduction through Oy = -—-7—2‘5"—— Gpy = _f_‘?fi___
multilayer wall 2 8. 2 In (d:. /4)
ilhg —_—
1=6 s M
Combination heat conduc G 1 / ( ! + ! )
G o = n=
n tion, convection, and k KirSiT Ko
radiation Kyt =epy et
4ndyl.
Kyp = 2,8:/5, Kor = — (‘;j/; )
7/47
Heat conduction through Ggp = _9?:9_9_____ Opp = Ti“_l*!?_
multilayer wall (contact In(d./d
C°°1i“8¥ ( 2 8:/h; 2 in(difd;)
i=8 == M
Og Combination heat conduc 1 {
tion, convection, and O =1 [{—— 4 —
radilqtion (Convective 8 KoSe  0ss
coolin
g Ky=ar+ec
Combination heat conduc= 1 1
ot tion, convection, and Oy =1 / ( K¢ S1c+ Ko )
radiation K
1C= %ct %eC
Ky o= 24 Sy/8, Kye= __I‘:i__’ji/";_;)_
1 (q/Cy

The thermal model of the heat pipe for our calculations is illustrated in Fig, 1, The mathematical model
is conceived as a system of equations of energy conservation (heat balance) written for the i-th element of the
thermal model. The heat-balance equation for the i~th element has the general form

di
GG T2 b= =Ny, X
=1

m
Here C; = gl VikPikeiks Vik, Piks Cik are the volume, density, and specific heat of the k-th component of the

i~th heat-pipe element (m = 1 for homogeneous elements).

The thermal conductances ojj between lumped-parameter cross sections of the i-th and j-th elements
are determined according to the recommendations of {4]. As an illustration, Table 1 gives the scheme of
computation of the coefficient 0ij for the postulated thermal model (without regard for phase-transition thermal
resistance).
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It is important to note that in special cases certain elements of the postulated thermal model, such as
the insulation along individual sections, can be omitted, thereby decreasing the number of equations in the
system. Equation (1) is reduced to the standard form

a9, <
L4 S gty = 4, @
it +,-=1 a; Jj !

where
@ =—0y/Cs a;; = 2 0,/Cis Ay =N,IC,. (3)
i=1
Under the stated assumptions for the thermal model in Fig, 1 the system of equations (1) takes the form
d

N=6 dt

+ Gy (£ — o) + O3y (£ — 1),

di
O (t;— ) = Gy —;1:2" + 0y (fa— 1),

dt
Oy (t,— 1) =G, ‘Ef"‘“&s (f,—1s),

O (fi—15) = 0o (B — 1) + 055 (5 — £5),

dt, .
5o (ts— 1) = G F_:‘ + O (lg— L)y @)

dt.
O (f—17) =G TT' + o, (6 —1),

05 (fs—1,) = C, ‘;’*
T

-+ Oy (15— 1),

dt,

Oy (ts"ts) =Ly ‘d—
T

+ Oy (8, —1)).

Equations (4) form the initial system for calculation of the heat-pipe startup regimes, An appropriate
set of initial conditions is

T=0: #;=14. (®)

It must be emphasized that the indicated approach enables us to take into account the phase-transition thermal
resistance (corresponding to correction of the parameters a,;, 055, and o5 and the energy necessary to in-
crease the pressure in the vapor passage of the heat pipe [by the addition of a term of the form AiSyldp(T;)/dr
to the fourth equation of the system (4)]. Moreover, the thermal conductances ¢jj of the elements of the ther-
mal model can be specified as variable parameters. Thus, within the framework of the postulated mathemati-
cal model of the heat-pipe startup regimes we can reject assumptions 1b, lec, and 2. A solution of (4) as a
system of first-order linear differential equations with constant coefficients can be obtained in analytical form.
However, for a large number of elements n the analytical expressions are cumbersome, and the determination
of the roots of the characteristic equation of order n requires recourse to numerical computations, thereby
relinquishing the prime advantage of analytical solution, Hence, the startup regimes of specific heat pipes

(on the basis of the postulated model) must be calculated with computer assistance. It is essential to note that
the use of a computer permits the implementation of calculations according to the thermal model with variable

thermal resistances.

In elementary situations (as, for example, when the heat-pipe insulation is absent and heating of the
condenser section is negligible) or under additional assumptions (for example, that the mean temperature of
the heat pipe is equal to the saturation temperature or that heat losses are absent in the transport section) the
system of equations (4) for a constant temperature of the heat~rejection zone is reducible to the equation

ty = Aty + Ay + BiN [1 — B, exp (— B,1)], (6)

in which A; and Bj are constant coefficients depending on the thermal resistance and heat capacity of the ele-
ments of the thermal model.
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Expression (6) permits considerable simplification of the analysis of the heat-pipe startup regimes.

The postulated mathematical model and preliminary experimental investigations provide the basis for
modeling of more complex startup regimes, in particular, the startup regimes of gas-controlled heat pipes
(GCHPs). A distinctive attribute of the GCHP is the presence of uncondensed impurities in the vapor passage
in the inoperative state and the formation of a vapor —gas front, which blocks part of the heat conduit during
operation, Clearly, during startup of a GCHP, a vapor—gas front is formed in the vicinity of the boundary
between the transport and condenser sections (since intense radial vapor removal is realized only in the con-
denser section) and then moves to a position corresponding to the steady state, On the basis of this con~
sideration the following assumptions are added to the previous set (exclusive of 1c¢ and 2) in developing the
mathematical of GCHP regimes:

1. The uncondensed gas obeys ideal-gas laws,
2. A conditional interface exists between the vapor and vapor—gas mixture,

3. In startup of the GCHP a boundary forms between the transport and condenser sections and then moves
to a position corresponding to the steady state.

In accordance with the foregoing additional assumptions the system of equations (4) reduces to the form
N, %4wmu—4ﬂ+wﬂt—m.
Oy (t; — 1) = Cz - + Oy (—1,),
Oy (ls—4) =C, —4 + O (f— 1),

Oy (L, —15) = A‘SV(l —+p ’"") + Ogg (5 —15) + 0% (b —15),

0
Ot —1e) = Co 22 4 0y (1, 1),

dt
O (ts— 1) =C; — +°.1 (t;— 1),

ok (s — 1) _C* _8+U (t; —1),

oX, (;—1,) =C% dt” + ok (th— 1),
where

f7] Cex_ G

ot == [l—(lg+1Ir); € === [I—(g+I7)]
/ Ic Ic

Equations (7) do not form a closed system. Invoking the Clausius—Clapeyron equation, a suitable (say, linear)

approximation of the elastically curve for the particular heat-transfer medium, and the ideal-gas equation of
state for the uncondensed gas, we establish the functional relations

o = BT/Ai, 8
, P t
— (1 — __0_) :
: IHP( A+ BT, )

in which Iyp = lgp + VR/Sy.

The system of equations (7), augmented with relations (8) and (9), represents a mathematical model of
the GCHP startup regimes.t The calculations based on this model must be carried out in two stages. In the
first stage (formation of the vapor —gas front) the condenser section is completely blocked:

*Equation (9) is valid after formation of the vapor—gas front. Prior to that event I = Ig + lp.
1To impart generality to all the equations it is advisable to use the absolute temperature T (°K) of the elements
of the thermal model.
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Fig. 2, Curves of tg = f(7) for an uncontrolled heat pipe. I) Water-heat-transfer me-

dium, N = 350 W; II) F~113 refrigerant heat-transfer medium, N = 60 W, 1) calculated
according to (4); 2) according to (6); 3) experimental data; tg in °C; 7 in sec.

-

Fig. 3. Curves of t; = f(1) for agas—controlled heat pipe, water heat pipe, water heat-
transfer medium. 1) N = 350 W; II) N = 100 W; 1) calculated according to (7)-(9); 2) ex-
perimental data for N = 350 W; 3) the same for N = 100 W,’

L 0<7=til=lg+l;7=0:Ty=Tig 7 =14: Ty = (I/B)[EHPPYIYyp — (g + i) — AL

In the second stage (propagation of vapor —gas front) heat transfer in all sections of the GCHP is taken
into account:

IL iy <7:l=1pQ — PyA + BTy); T = Ty: Tj = Tjo ( = 8), along with the results of solution of the first
stage: dTi/dr = 0 for 7 —oo,

In calculating the startup regimes of a GCHP with a variable-volume reservoir it is necessary to aug-
ment the mathematical model with the relation th =f(T;) for T = 7{, A special case of variable-volume res-
ervoir is the sylphon bellows, Here the indicated relation is governed by the elastic properties of the sylphon
bellows, the geometry of the structure, and the approximation used for the elasticity curve of the given heat-
transfer medium. For a linear approximation we have the relation

. no,
lyp= lpup+ [IRO—I— Se s (A+ BTs—Po)] Sav/Sv.

To test the mathematical model we conducted experiments and calculations of the startup regimes of a
heat pipe and a GCHP for the following characteristics of the test objects: length of evaporator section Ip = 0,2
m; length of transport section It = 0.175 m; length of condenser section I¢ = 0.1 m; shell diameter dgp = (18 X
1) * 1073 m; shell material, copper; diameter of capillary structure dy = (16 X 2) - 1073 m; material of capillary
structure, brass; mesh size of capillary structure a = 2,37-10~! m; filament diameter of capillary structure
df = 1,24-10™* m; porosity of capillary structure & = 0.716; heat-transfer medium, water or Freon F-113;
volume of reservoir for uncondensed gas V = 6.96- 10~* m3; uncondensed gas, air.

For the calpulations the thermal conductances ojj and heat capacities Cj of the elements of the thermal
model for the experimental object were assumed to be constant and for the most part were determined analyti-
cally with the use of tabulated data [5]. Thethermal conductances of elements with a capillary structure were an X
exception, being determined on the basis of steady-state experimental data, The systems of differential equa-
tions (4) and (7) were solved on a Razdan-2 digital computer by the Runge —Kutta method in the Merson modi-
fication. The experiments were conducted on a test facility a diagram of which is given in [6]. The test stand
was equipped with a PSR1-01 self-writing recorder, an EPP—O9M3 automatic electronic potentiometer, and a
VAS 600/300 rectifier unit. The VAS 600/300 had to be used to decrease the thickness and, hence, the heat
capacity of the electrical insulation in the heat-input zone and to preclude the possible influence of the alter-
nating-electromagnetic field on the EPP-09M3 potentiometer readings. The experimental results, processed
in the form tg = £(7) and t¢ = £(7), are given in Figs. 2 and 3.* (The experimental startup curves for the heat

*Curves II in Fig. 2 represent the results for an experimental heat pipe with asbestos insulation (0,075 m in
diameter) in the evaporator section, In all other cases the insulation was absent.
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pipe were recorded by the PSR1-01 sel-writing recorder and those for the GCHP by the EPP-09M3 automatic
potentiometer.)

In the startup of a heat pipe with a water heat-transfer medium (curves I in Fig, 2) there is clearly un-
condensed gas present in the experimental object, as evinced by the relatively steep climb of the experimental
curve and the high steady-state level of tg.

The discrepancy between the calculated and experimental values of t¢ in Fig. 3 are attributable to the
fact that the calculations were carried out for the mean temperatures of the sections, whereas the tempera-
tures in the condenser section during the GCHP transient process were recorded from the readings of thermo-
couples situated at a distance of 20 mm from the boundary with the transport section. Nonetheless, the local
experimental values obtained for t¢ = f(7) illustrate the fact that the temperature of the condenser section is
constant for a certain time and then climbs abruptly, confirming the hypothesis of the formation of a vapor-—
gas front in the GCHP at the boundary between the transport and condenser sections. The steeper growth of
the calculated temperature of the condenser section is elicited by the neglect of axial heat conduction in the
structure in the calculations,

On the whole, the comparison of the calculated and experimental data leads to the conclusion that the
postulated mathematical model can be used for calculation of the transient operating regimes, startup in partic-
ular, of heat pipes and GCHPs. Calculations based on the indicated model are best carried out with the aid
of a computer in general. It must be emphasized that the assumption of a negligible contribution of axial heat
conduction in the structure induces a certain error in the calculations. That error increases with the axial
conductivity of the shell and capillary structure of the heat pipe. An analytical relation of the type (6) can be
derived (for an uncontrolled heat resistance of the shell and capillary structure in the axial direction (in this
case the derivation of the equation involves the mean temperature of the heat pipe, i.e., instant heating of the
entire heat pipe is postulated), Consequently, under certain conditions (for example, a thick-walled copper
shell) calculation of the heat-pipe startup regime according to Eq. (6) can yield a more accurate result,

It does not appear possible at the present time to ascertain more specifically the limits of application
of the two proposed versions of the mathematical model, because to do so requires either a more rigorous
statement of the problem, which presents patent difficulties, or the accumulation of a vast quantity of experi-
mental data (over a wide range of variation of the parameters), which are not available to the authors at this
time,

Our analysis of the startup characteristics of heat pipes and GCHPs leads to the conclusion that the pres-
sence of uncondensed gas promotes faster heating of the active length of the heat pipe.

NOTATION

is the power;

are the temperatures;

is the excess temperature;

is the time;

is the thermal conductance;

-is the total heat capacity;

is the thermal conductivity;

is the heat-transfer coefficient;

is the total heat-transfer coefficient;

is the vaporization;

is the pressure;

is the density;

is the volume;

is the length;

is the thickness;

is the cross-sectional area;

is the number of corrugations of sylphon bellows;
are the coefficients of linearized elasticity curve for heat-transfer medium.

-
or

> s mm“<bw2mn>‘oqq¢oez

o]

Indices

E is the vaporator section;
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T is the transport section;

C is the condenser section;

\% is the vapor-flow passage;

HP is the heat pipe;

R is the reservoir;

e is the end of sylphon bellows;

av is the average (for siphon bellows);
0 are the initial parameters;

c is the conduction;

r is the radiation.
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MAXIMUM HEAT-TRANSFER CAPACITY OF A
VERTICAL TWO-PHASE THERMAL SIPHON

M. G. Semena UDC 536,27:669,214

A survey of the experimental data on the maximum heat-transfer capacity of a two-phase thermal
siphon is presented; a physical model that describes many of the experimental data on the heat-
transfer limits for thermal siphons is proposed,.

A two-phase thermal siphon works with an evaporation —condensation cycle and represents an efficient
heat-transfer device that can often compete successfully with other heat exchangers.

The limiting heat flux carried by such a siphon is a major working characteristic; however, at present
there is no agreed view on the limit to the heat transfer through a vertical two-phase siphon. This limit may
be called the critical heat transfer, Various types of crisis should be distinguished [1} in terms of the physical
principles, There is a deterioration in the heat transfer if the layer of liquid at the wall is disrupted by the in-
teraction between the phases (type I crisis). The film of liquid evaporates on account of inadequate supply in a
type II crisis, Here we consider the crisis arising from interaction between the phases, which disturbs the
countercurrent flow in the two-phase boundary layer. Many of the experimental results are qualitative rather
than quantitative, )

For example, the drying occurring at the heating surface has been discussed [2, 3] in terms of interac-
tion between the countercurrents of vapor and liquid. A qualitative description of this phenomenon has been
given [3], while the relationship given in [2] applies only for the conditions considered in that paper, and it
cannot be used, for example, to explain the heat-transfer limit due to instability in the liquid film [4]. In [5],
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