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MAXIMUM HEAT FLUX IN PLANAR METAL-FIBER WICKS
UNDER CONDITIONS TYPICAL OF HEAT PIPES

A, P, Ornatskii, M. G, Semena, UDC 536.248.2
and V., I. Timofeev

Experimental results of an investigation of the limiting heat flux for surfaces covered with a
metal-fiber wick for different angles of inclination and variable length of the transport section
are presented and discussed.

The investigation of evaporation and boiling of liquids on a plane surface covered with a metal-fiber wick
gives a data base for elucidating the physical conditions for the heat-transfer process in the heat supply zone,
and for choosing the optimal geometric and structural parameters of the wick., The capillary-transport proper-
ties of metal-fiber wicks were studied in [1-3], and the authors were able, to a first approximation, to optimize
the structural parameters of materials made of baked discrete monodispersed fibers., However, to improve
the method of designing heat pipes and heat-transfer agent distributions in film evaporators, additional inves-
tigations are required of the transport capabilities of metal-fiber wicks under heat-transfer conditions.

One of the most important characteristics of heat-transfer devices, including heat pipes, is the maxi-
mum heat flux transmitted under normal operating conditions.

The maximum heat flux Qu,ax in the heat zone of low-temperature heat pipes is very often a limit on
the capillary transport of the heat-transfer agent [4-6], and depends on the structural and constructional
characteristics of the porous material, the thermophysical properties of the working liquid, and also the
heat pipe operating conditions,

The simultaneous solution of the equations of conservation of mass, energy, and momentum for an ele-
ment of a metal-fiber wick [7] can be written in the form

k F. AP
—ay v W 14 gf, .
e Dy O05(Le+L+L, ( AP, @

It can be seen from Egq. (1) that, for correct choice of the working liquid, to ensure a maximum value
of the parameter N = opjr/u;, wicks characterized by good capillary-transport capabilities (a maximum of the
parameter ky/Dgf and of the capillary head AP¢) are more efficient, It is clear also that Qmax is affected by
the cross-gsectional area Fy, of the wick, and the reduced filtration length 0.5 (Le + L¢) + La.
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TABLE 1, Characteristics of Metal-Fiber Wicks
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| | oW mm l Det, #m :Def 0°m !dxmensions,mm
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4 0 | 2 | 60 ) 450%45% 2
5 80 1 | 110 } 3,31 450 45«1
6 80 2 85 2,26 500>45<2
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8 80 ! 2 | 65 ! 0.87 500 45x2
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Fig. 1. Schematic of the experimental equipment: 1) electrical
heater; 2) stainless steel block; 3) copper substrate; 4) evapora-
tion chamber; 5) wick; 6) glass tube; 7) copper tube; 8) electronic
temperature control circuit; 9) control valve; 10) vacuum mano-
meter; 11) condensation chamber; 12) heat exchanger; 13) heat
pipe; 14) spring device; 15) window.

The present authors have investigated the influence of these parameters on Qupyax for wicks whose char-
acteristic are shown in Table 1,

Experimental equipment was made up to simulate the operation of the actual heat pipe and in which one
could investigate the heat-transfer process in the heater zone with capillary-porous structures in various
liquids, for various saturation pressures, various lengths of the transport section, and various angles of in-
clination of the wick,

The experimental equipment (Fig. 1) consisted of 2 unit for supplying and measuring the heat flux, an
evaporation chamber, and a condensation chamber, and it had a glass tube to locate the transport part of the
wick, The heat flux in the evaporation chamber from the electrical heater was transmitted through the steel
block to the copper substrate to which the test wick specimen was attached. A spring device in each case
maintained a constant spring force of 6 + 0,5 kgf/cm?® pressing the substrate to the steel block; the device
allowed specimens to be interchanged. The condensate of working liquid, generated at the outer surface of
the heat exchanger, was supplied to the part of the wick located in the glass tube. A uniform supply of conden-
sate along the wick was accomplished by means of a comb which could be moved along the length of the wick,
varying the length of the transport section. The surface temperature of the glass tube and the evaporation
chamber was maintained at the saturation temperature by means of an automatic temperature control system,
This maintained adiabatic conditions for the transport section of the wick in the glass tube, and also elimi-
nated possible condensation of the working liquid along the walls of the evaporation chamber. The tempera-
ture in the evaporation part of the wick was determined by means of four thermocouples, uniformly distributed



TABLE 2, Maximum Heat Flux Obtained in No., 2 Wick

- Ethanol
Length of transport | Angle of inclina | Acetone } 2
section Ly, mm tion ¢, deg \ max. heat flux Qmay, W
125 0 78.5 64,5
15 60,5 52,5
30 48.4 36,3
45 22,3 14,2
90 10,1 —
175 0 54,5 46,3
15 40,2 30,3
30 16,2 12,1
250 0 40,2 36,3
i 15 22.3 16,1
400 | 0 , 27,2 20,2

TABLE 3. Maximum Heat Flux Transmitted by the Test Wicks in

Acetone
Wick |, @, Quax’ Ay Wick| L,,mm d
. ' ¢.de; R q
Jmo. | |deg | WY lwrem? |nos | ® S D
1 125 1 o | 2.2 | 1.0 6 125 0 153 7.55
15 15.1 | 0.75 15 97 4.8
175 | 0 13,2 | 0.65 30 72,5 3,58
175 0 ! 109 5.4
3 125 | 0 | 131 6,5 15 60,5 | 3.0
15 | 60.5 | 3.0 30 20.2 1.0
30 | 46,5 | 2.3 250 0 85 3.21
175 0| 831 | 4.1 15 22,3 1.1
151 32,5 1{ 1.6 400 0 4.5 | 2.3
250 0| 705 | 3.8
15 24,2 | 1,19 7 125 0 238 11,7
400 0] 465 | 23 15 17 5.8
30 46,5 | 2.3
4 1256 ' o | o0 4,9 175 0 182 9.0
15 | 585 | 209 15 80.8 . 3.98
30 42,5 | 2.1 250 0 162 } 8.0
45 | 201 ! Lo 400 0 80,8 | 3.98
175 | o | 577 | 2085 | 8 125 0 95 | 47
15 | 46,5 | 203 15 75 | 3.7
30 | 323 | 159 30 606 | 3.9
250 0] 363 | 1.7 45 32,4 1.6
15 182 | 09 175 0 707 | 348
400 | 0| 202 | 1.0 15 52,5 | 2.6
| 30 304 1.5
5 125 ' o | 141 7.0 250 0 4.5 ’ 2.8
15 20,2 1.0
175 | o [ 109 5,4 30 101 0.5
400 0 28.3 l 1.4
15 12,3 | 068

in the substrate at a distance of 0.5 mm from the point where it was welded to the wick, All the thermocouples
were calibrated to an accuracy of £0,1°K, along with the measurement system,

The heat flux was determined by means of three pairs of differential thermocouples, stamped into the
steel block. The discrepancy in determining the heat flux from the power supplied and from the temperature
drop in the calibration did not exceed % 5%,

The limiting value Qmax was determined from the sharp increase in substrate temperature. The wall
temperature tgg is an average between the readings of the two thermocouples which are farthest from the zone
in which the working liquid is supplied. Supply of working liquid to the filter from the condensation chamber
was accomplished by means of a throttle valve, and corresponded to the flow rate of evaporating liquid. The
investigations were conducted at constant pressure P = 400 torr in the evaporating chamber.

Acetone and ethanol were the working liquids used.

Analysis of the results in Table 2 shows that acetone is a more efficient heat-transfer agent in compari-
son with ethanol, This is due to the fact that the parameter N for acetone is larger than for ethanol (e.g., for
tg = 40°C Ngc = 31,5 10° W/em?, Net = 20-10° W/em?), The data of Tables 2 and 3 also indicate that Qg% de-
pends appreciably on the angle of inclination ¢ of the specimen filters to the horizontal (the heating zone is
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Fig. 2, Typical shape of the relation Q = f(AT) for acetone with ¢ =
15° and Lg = 125 mm, The numbers onthe curves and the points show
the wick number,

Fig. 3. The limiting heat flux as a function of wick thickness: a) ¢ =
0°; b) 15° ¢) 30°; 1) Ly =125 mm; 2) 175; 3) 250; 4) 400,
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Fig. 4. Comparison of the ex-
perimental values of Qp,ax With
those calculated using Eq, (1):1-
8) wick number; A = [4K, - 10%/
Deglyt] (1 — APg/AP ).

above the liquid supply zone) and the length of the liquid transport section Lz, However, with appropriate
choice of working liquid, structural parameters and filtration length, metal-fiber wicks can operate in heat
pipes against the force of gravity (e. g., No. 2 with L; = 125 mm in acetone).

The values of Qmyax shown in Tables 2 and 3 were determined graphically from graphs of the functions
Q = f(AT). Figure 2 shows a typical correlation of the heat flux supplied as a function of the temperature drop
AT = tgs—tg for all the test wicks in acetone with La = 125 mm and ¢ = 15° (operating against the force of
gravity), Because the metal-fiber wicks have good thermal conductivity and active open porosity, the limit
of normal function of the wicks sets in smoothly, without abrupt discontinuities in wall temperature.

All the limiting values of Qp, 4 in this investigation were reached by limiting the capillary-transport
capability of the wick. This was shown by visual observation, and also by the fact that the limiting heat flux
increased sharply when the wick specimen was inclined.

Visual observations and photographs were not able to determine the attainment of limiting heat flux, and
therefore, the value of Q44 Was determined graphically in this investigation, corresponding to the beginning
of departure from the bubble boiling curve. The relative error in determining Qmax is + 15%. However, the
visual observations made it possible to fix the transition from the evaporating to the bubble boiling regime,
with horizontal location of the wick (¢ = 0 + 5°) (the appearance of vapor bubbles at the wick surface for a heat
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flux density of q = 0,5-1 W/em?, and the formation of vapor channels with further increase in the heat flux),
and also to observe fluctuations of liquid in the wick and the drying out process, The slope of the function

Q = f(AT), also equal to q = f(AT), depends on the structural characteristics of the wick, and primarily on

the effective pore diameter Def. For example, Wicks Nos, 7 and 8, which have the same porosity I = 8% and
thickness 6 = 2 mm, differ appreciably in the slope of the curve, since they differ in the quantity Def by almost
a factor of 2 (Fig. 2).

The influence of wick thickness &y, on the limiting heat flux is shown in Fig, 3, which gives values of
Qmax Nos. 1, 2, and 3 with the same porosity I = 60% and effective pore diameter Def = 60 4. With increase
of 8y and horizontal location (Fig, 3a) the maximum heat flux increases, as follows from Eq, (1). However,
for angles of inclination such that the wick operates against gravity this increase is practically imperceptible,
since, when the heater zone is raised above the condensation zone, the main pores are not in a state to retain
liquid, because of the nonuniformity of the pore dimensions, and thus, the effective thickness of the wick de-
creases (Fig. 3b, c¢).

With horizontal operation of the wicks a single-valued monotonic dependence of Qmax on the parameter
kw/Def is observed (e.g., for wicks Nos. 8, 4, 7, with thickness 6w = 2 mm and Lg = 125 mm, Qmax and kw/
Def are 95, 99, and 238 W and 0.87-10% 1,21-10% 3,31°10° m, respectively). In the case when the heater
zone is raised, the mutual influence of the parameters ky/Def and the ratio APg/APcap have an influence
on Qmax, and the function becomes uniquely dependent on kw/Def. For the wicks investigated, an increase
in Qmax with increase of ky/Def is observed only up to an inclination angle of ¢ = 20 + 5°, Further elevation
of the evaporating section above the liquid supply zone leads to a decrease in Qmax with increase in ky/Def.

Figure 4 compares the experimental data obtained on the maximum heat capability of Wicks Nos, 1-8 in
acetone and ethanol, in the heater zone, Qmax" 109N Fy,, withthe result of an analytical determination of 4Ky/
DgsLy (1 — APg/APcap). The physical constants of the working liquid required for the calculation were deter-
mined from the saturation temperatures at a pressure of p=400 torr in the equipment. In the calculation
L3t=0.5 Le +Lg [8], since the condensation zone was immersed in the working liquid and did not take part in
the heat-transfer agent filtration circuit. As can be seen from Fig, 4, the deviation of experimental data from
theory does not exceed +35%

NOTATION

Q is the heat flux transmitted, W;
g is the surface tension, N/m;
kw is the permeability, m?;
Fw, 0w are the cross section and thickness of the wick, m? and mm;
Des is the effective pore diameter, um;
r is the latent heat of evaporation, J/kg;
Ul is the dynamic viscosity, N - sec/m?;
Pl is the density, kg/m?;
Le is the length of evaporator, m;
La is the length of adiabatic zone, m;
Le is the length of condenser, m;
APg is the gravitational head, N/m?;
APcap is the capillary head, N/m?;

is the parameter accounting for the properties of the working liquid, W/cm?;
d is the heat flux density, W/cm?;
Tg and tg are the saturation temperature, °K, °C;
AT is the temperature drop, °K;
@ is the angle of wick inclination, deg;
n is the porosity, %.

Subscripts

max is the maximum;

ss is the substrate;
1t is the limit;

ac is the acetone;
et is the ethanol.
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TWO-DIMENSIONAL LAMINAR BOUNDARY LAYER IN FLOW
OF THERMODYNAMICALLY EQUILIBRATED WATER VAPOR

R. A, Rakhimzyanov and V., G. Zharinov UDC 533.6.01

This paper examines the boundary problem of a laminar boundary layer in flow of thermodynami-
cally equilibrated water vapor. Anapproximate method of solution is proposed, based on an approx-
imation for the density and the coefficient of dynamic viscosity across the layer,

At present only experimental investigations are known of flow in a boundary layer formed in a nozzle
with motion of water vapor [1, 2]. In particular, it is noted that the boundary layer in a Laval nozzle, when
it has spontaneous condensation, when the liquid phase is finally dispersed, consists of two sublayers: an
upper vapor-drop layer and a lower heated vapor layer (adjacent to the wall),

Below we present results of a theoretical investigation of flow in a two-dimensional laminar boundary
layer with motion of water vapor along a solid impermeable surface.

Statement of the Problem. For the water vapor we assume that the liquid phase is in a finely dispersed
state and that the velocities of the phases are the same: the thermodynamic equilibrium of the phases is not
perturbed, and the temperature and pressure obey the vapor pressure curve. With these assumptions water
vapor can be regarded as some kind of imperfect gas,

In considering the equations of motion and continuity of the laminar boundary layer, derived, e.g., in
[3], no assumptions of any kind are made concerning the gas being perfect, Therefore, these equations will
be valid in our case.

Having made the transformations usually applied in boundary layer theory, we obtain the energy equa-
tion for a two-dimensional steady-state laminar boundary layer inan imperfect gas

oh oh dp | Ou )3 d ( 07')
U — — U — =u—— —p | — --— [A—1}.
ox dy dx ( dy dy dy

To determine the dynamic viscosity of a two-phase medium we use the "Einstein correction" {3]:

w L
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