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This paper presents results of an investigation of the characteristics of a 
gas-controlled heat pipe. The experimental results are compared with theory 
of a model with a planar front between the vapor and gas. 

Gas-controlled heat pipes (GCHP) are being applied with increasing frequency in various 
fields of science and technology, where they are solving the problem of temperature stabi- 
lization of heat-emitting objects with variable heat flux Q and coolant temperature to. 
GCHP's with wickless tanks, located both inside the vapor volume and alongside it, provide 
high accuracy of temperature control, react less to a variation of the cooling conditions 
than other types of GCHP constructions, do not require auto-control devices for their opera- 
tion, and are simple to manufacture [1-5]. 

To construct GCHP's with wickless tanks one must take into account the special features 
of unsteady processes, and take steps to avoid the vapor of the working liquid passing into 
the tank of noncondensable gas (NCG). 

This paper describes an experimental study of the steady-state and transient character- 
istics of a heat pipe with an external wickless tank, and the development of methods of cal- 
culating the configuration of GCHP's of this type. The basic parameters of the test heat 
pipe were as follows: the heat-pipe length Lhp = 500 mm; the heating-zone length Levap = 
150 mm; the heat-removal length L c = 290 mm; the external diameter x the wall thickness 
Dex x ~wall =28 x2mm;the material of the shell and wick is copper; the type of wick is an 
individual baked fiber with df = 40 ~; the wick thickness is ~w = 0.5 mm; the porosity ~ = 
83%; the effective diameter of the wick pores is Dav= 0.0916 mm; the effective thermal con- 
ductivity of the wick is kef f = 4.7 W/m.deg; and the ratio of the tank and condenser volumes 
is Vt/V c = 2.1; 4.2. 

The tank of NCG communicates with the condenser volume by means of a connecting pipe 
with din = 6 mm, made of type IKhI8NIOT stainless steel. The diffusion vapor flow time con- 
stant of this system ~d, calculated using the method of [2], is 20 hours. A system of heat- 
ing and cooling the tank is provided to maintain the required temperature. 

The control system characteristics were investigated on equipment shown schematically 
in Fig. i. We determined the temperature field in the body wall twall= f(L) and in the vapor 
stream of the heat pipe t v = f(L) in all the zones, while varying the power supplied Q, the 
coolant temperature to, and the mass flow rate G of coolant liquid. 

The heat flux supplied was generated with a resistance heater wound on a copper block, 
simulating the heat-emitting object, and was varied from 30 to 1200 W. The required tempera- 
ture of the coolant water was maintained using heat exchangers and varied from +i0 to § 
The temperature field in the vapor volume was varied by means of 15 Chromel-Copel thermo- 
couples, of which i was located in the heat supply zone, i0 in the condensation zone, and 4 
in the tank. Thin-walled stainless-steel capillaries were used to insert the thermocouples 
into the internal volume of the heat pipe. 

The temperature distribution in the heat-plpe body wall was determined by means of 5 
thermocouples in the evaporator zone, 2 in the transport zone, and 18 in the condensation 
zone. All the thermocouples were inset in channels milled in the body wall. A type R37/I 
potentiometer was used as a recording device for steady-state measurements, and type KSP-4 
automatic potentiometers were used in the transient conditions. 

Figure 2 shows the steady-state characteristic of a GCHP t v = f(Q, to) for various tem- 
perature levels, determined by the mass of NCG contained in the system. The nature of the 
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Fig. 1. Diagram of the experimental equipment: l )  pressure 
sensor; 2) tank of NCG; 3) type KSP-4 potentlometer; 4) type 
S-0.5 voltage s tab l l l ze r ;  5) voltage regulator;  6) watt meter; 
7) heat pipe; 8) type R37/1 potentlometer; 9) heater; 10) type 
K-50 measuring unit; ii) voltage regulator; 12) type S-0.9 sta- 
bilizer; 13)system for charging the working liquid; 14) stan- 
dard vacuumgauge SVG; 15) vacuum manometer; 16) tank charged 
with NCG; 17) condenser; 18) thermometer; 19) fan; 20) heat ex- 
changer; 21) constant level tank. 

function tv = f(Q, to) varies when a minimum value of heat flux Qmin is reached (see points 
A,, Aa, and A3). This value depends on the form of the transport zone, the level of the 
control temperature, and the cooling conditions, and it marks the beginning of the control 
zone. In our experiments the quantity Qmln fell in the range 30-120 W. Because of the fi- 
nite lenghtof the vapor-NCG transltion zone (Iv_g = 10-15 cm) part of the condenser is not 
used for active vapor condensation, and, therefore, the maximum transmitted power is limited 
(curves II). Curves I show the maximum transmitted power in the case where all of the con- 
denser is actively used. In conditions where the temperature of the coolant liquid (to = 50, 
65~ is high, the slope of the curve t v = f(Q) is increased somewhat, due to the nonzero 
partial vapor pressure in the condenser. 

For higher temperature levels and increased NCG mass mg, the heat-pipe sensitivity o = 
dQ/dt v increases. For example, at to = 23~ the sensitivity for all temperature levels, de- 
termined by the masses mg = 0.049, 0.3, and 0.52 g, was 115, 170, and 280 W/~ respectively. 
The range of variation of the vapor temperature increases somewhat with increase of NCG mass, 
because of the increased pressure in the heat pipe. An increase in the tank volume leads to 
a reduction in the slope of the curves t v -f(Q, too), i.e., the system has greater potential 
for thermal control of objects. 

The basic technique used to compute the heat pipe is a planar vapor--gas front model [5]. 
A comparison of the calculated results with experimental data obtained on the test heat pipe 
without a tank showed that the vapor-gas transition zone has an appreciable influence on the 
accuracy of the computatlon. Because the mass of gas concentrated in the transition zone is 
a small fraction of the total amount of NCG in the system, for pipes with a reservoir, one 
expects good agreement between the calculated and experimental data. The working character- 
istics of the heat pipe can be calculated using the following system of equations, based on 
the conservation equations for energy and NCG mass: 

Q = 1 ' 

O = xLeVap Dekevap(~va p- ~); (2) 
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Fig. 2. Steady-state characteristics t v = f(Q, to): I) maximum 
transmitted power with all of the condenser surface operating; 
II) limit of transmitted power, obtained when the vapor--NCG front 
lies in the condenser zone; III) region where the NCG mass devi- 
ates from the theoretical value by • IV) region where the co- 
efficient kz deviates by • from the theoretical value; the 
variation in vapor temperature at mg = 0.52 g for to = 65aC (i) 
and 10~ (2), the variation in vapor temperature at mg = 0.3 g 
for to = 50~ (3) and 10~ (4). The experimental data: a) to = 
10~ b) 23; c) 50; d) 65; e) theory; B is the heat pipe without 
NCG; t v and to are in ~ and Q is in W. 

Q=k/,[nLe(tv--tc)(l---~) ;, (3) 

kevap= f(P' 6w ~eff' Dar 6wall, %waR); (4) 

L~_= mgRp(to+273) Vt . t 0+273  P - - P t  . (5) 

Le MVe (P - -  Po) Ve /t q- 273 p - -  p 

p = f ( t  O. (6) 

F i g u r e  2 shows t h e  r e s u l t s  o f  c a l c u l a t i o n s  u s i n g  Eqs. ( l ) ,  ( 5 ) ,  and (6 ) .  The e x p e r i m e n -  
tal data agree well with theory. There is some disagreement for low heat flux Q ~ Qmin, aris- 
ing from the fact that the model does not account for heat transmission through the heat- 
pipe body wall. For Q < Qmin the front is located in the transport zone. If one assumes 
that a large part of the heat flux is transmitted by conduction through the body walls to 
the condensation zone and is then removed by the coolant liquid, Eq. (i) then takes the form 

Q = ]/~exHe ~eFe (/v - -  [o). (7) 

1 @ L c ~r Ftr 
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Equation (7) shows that the minimum heat flux depends appreclably on the shape of the trans- 
port zone (Rtr, Ftr) and the levels t v and to, and this is confirmed experimentally. 

The system of equations (1)-(6) enables us to study the influence of the individual 
p@rameters on iv. Region III on Fig. 2 shows a mass divergence of • relative to the cal- 
culated value mg = 0.14 g. Region IV shows the influence of the coefficient of heat trans- 
fer from the vapor to the coolant liquid k I on t v. The boundaries are formed by the curves 
for which k I is 20% greater and less than the theoretical value. Variation in the amount of 
NCG in the system leads to displacement of the t v = f(Q, to) curves, and a variation in k l 
changes the slope of the curves. It is clear that the influence of mg on t v is very large, 
and, therefore, charging of the heat pipe is a very important operation. In the experiments 
the filling mass of gas was equal to the amount of NCG in the system, determined from re- 
suits of measuring the temperature field in the vapor stream: 

L c 

mg=M(p--pt)Vt ' f FvM[p--p~ dx, 
R~ (t t -{- 273) r . R~[tv(x) q- 273] 

0 

where tv(X) , po(x) are the temperature and partial pressure of the vapor in the vapor--gas 
mixture along the condenser. 

The experimental data as shown were obtained at constant tank temperature t t = 20-25~ 
Curves 1-4 on Fig. 2 show the variation of t v in the case when the tank temperature is equal 
to that of the coolant medium. 

A study of the temperature profiles in the vapor and the wall has shown that there is 
an appreciable drop between the vapor and the wall, both in the active condensation zone and 
in the vapor--NCG transition zone. This is evidence that the heat-transfer coefficients for 
the inner and outer surfaces (kZ,in and k~ ex ) of the condenser are of the same order. It 
was noted also that the vapor-gas front os~illates about some position. The amplitude of 
the oscillations increases with increase of the heat flux supplied. The cause of this phe- 
nomenon probably lles in the special features of boiling in the wick of the heat-pipe heat- 
supply zone. 

In studying the starting characteristics we determined the time for the test system to 
reach a steady-state from a state where the whole structure has the temperature equal to 
that of the coolant liquid. Figure 3a shows the starting characteristics of the system t v = 
f(~) (curves 1), and also the variation of the transport-zone temperature with time ttr = 
f(~) (curves 2). A characteristic feature of the function ttr is the presence of the sec- 
tion AB, where there is an appreciable variation in the quantity dttr/dT. An increase in 
the curvature of the curve in this section is apparently due to intensified heating of the 
transport zone, associated with movement of the vapor plug. Figure 3b shows a generalized 
dependence of the time for the heat pipe to reach conditions ~v, as a function of the heat 
flux supplied, the coolant temperature, and the nominal evaporator temperature =evap,n. The 
time T v depends appreciably on to, tevap,n in the low flux, 30-250-W region. This in- 
fluence diminishes with increase of the initial value of Q. 

Thus, the following conclusions may be drawn: The heat pipe has quite a good control 
capability at various temperature levels, determined by the NCG gas, over a wide variation 
of the power supplied. For example, for a nominal evaporator wall temperature of tevap,n = 
I12~ with simultaneous variation of the power supplied from 120 to 900 W and coolant tem- 
perature to from i0 to 65~ a given wall temperature can be stabilized in the range 
0.bAtevap = •176 

Going to a lower level of temperature tevap,n reduces the maximum transmitted power. 
The range of variation of vapor temperature At v when the front moved from the beginning of 
the condenser to the end is somewhat reduced. At a level tevap,n = 56.5~ a variation of 
evaporator wall temperature of •176 was obtained with variations of Q = 70-400 w and to = 
i0-23~ 

The vapor-NCG transition zone has a substantial length, because the heat-pipe body is 
made of material with good heat insulation [6], and, therefore, part of the condenser is not 
used for vapor condensation. 
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Fig. 3. Transient characteristics of the heat pipe: a) vapor 
temperature variation in the transport zone (QI = 200 W, Q2 = 
i00 W, Q3 = 30 w, tevap,n = 56~ to = 23~ i) vapor tempera- 
ture; 2) transport-zone temperature; b) starting characteristics 
T v = f(Q, to, tevap,n) [I) to = 10~ 23; III) 40; IV) 65; V) 
tevap,n = i12~ vl) 56~ Tv is in min; tevap,n and to are in 
~ and Q is in W. 

In the low heat-flux region Q = 30-250 W, the time for the heat pipe to reach steady 
conditions depends appreciably on the coolant temperature and on the nominal temperature. 

The method of computation, based on the planar front model, gives good agreement with 
the experimental data. 

NOTATION 

Q, transmitted power; p, tv, Po, to, Pt, tt, partial pressure and temperature in the 
evaporator zone, the nonactive part of the condenser, and the tank, respectively; tevap~_tc, 
temperature of the body wall in the evaporator zone and in the vapor condensation zone; to, 
average temperature of the coolant liquid; tevap,n, nominal evaporator temperature; Atv, 
Atevap , variation in the vapor and evaporator temperatures; o, sensitivity of the heat pipe 
to change in heat flux; mg, M, the mass and molecular weight of the noncondensable gas; 
kl ex, kl in, linear heat transmission coefficients for the outer and inner surfaces of the 

, ! 
condensatlon zone; kevap , heat-transfer coefficient in the evaporator zone; kz, linear coef- 
ficient of heat transfer from the vapor to the coolant liquid; %well, %tr, kc, thermalconduc i 
tivity of the body wall material in the evaporator zone, the transport zone,and the condenser; 
Ftr, Fc, Fv, cross-sectional area of the body in the transport zone, condensation zone, and 
vapor channel; ~, Sex , perimeter and coefficient of heat transfer from the outer surface in 
the condensation zone; Lc, Lg, length of the condenser and the vapor plug; 6well, Dav, leff, 
thickness and average diameter of the pores, and effective thermal conductivity of the wick; 
Vt, Vc, volumes of the tank and condenser; R~, universal gas constant. 
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