HEAT TRANSFER WITH EVAPORATION AND BOILING
OF A LIQUID IN POROUS BODIES
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The heat-transfer characteristics with evaporation and boiling of a liquid in porous evaporators
when power is introduced under boundary conditions of the third kind are examined in this work.

The creation of new types of heat pipes requires detailed information concerning the heat-transfer charac-
teristics in porous evaporators. The process of evaporation and boiling of a liquid in porous bodies is compli-
cated and depends on many variables. Presently available experimental results are often contradictory. De-
creasing the thickness of the porous body, according to data in [1, 2], intensifies heat removal, while according
to data in [3], the opposite occurs. It was established in [4] that the thickness of the porous layer has noeffect
on the maximum heat flux density. .

Experimental and theoretical works on heat exchange in porous evaporators are available for uniform heat
input [1-5]. In constructing physical models, it was assumed that heat removal was uniform along the entire
length of the porous body. However, for high heat flux densities, dried zones were observed to appear [5].

In practice, heat flux can be delivered to different heat-exchange setups with the help of fluid heat ex-
changers, i.e., under boundary conditions of the third kind. In this case, it cannot be asserted beforehand that
heat removal is uniform over the entire length of the porous body. Based on this, it is useful to study experi-
mentally porous evaporators in the case of heat transfer with boundary conditions of the third kind.

1. Porous Evaporators. Evaporators consisting of a porous body, baked onto a copper plate, were the
object of the study, The porous body was obtained from OF-10-1 bronze powder with nearly spherical particles.
The size of the particles is (0.2-0.3)-10~3 m, the permeability of the evaporator is 71072 m?, the average
radius of the pores is 6-107% m, and the overall porosity is 30%.

The heat flux was delivered to the porous evaporator with the help of a fluid heat exchanger (Fig. 1). Rub-
ber packing was used to avoid heat transfer between the surface wall of the evaporator and the housing of the
liquid heat exchanger. The working fluid (distilled water) was fed by two channels which drew the fluid from
basins. The length of the evaporator is 107! m, the width is 5-10~2 m, the thickness of the porous body is (0.65,
1,2, 4)-107% m. The evaporator is placed horizontally. Along the length x0=10'2 m, the evaporator was in
contact with the porous channel, while at Xxmax=4- 1072, it had an open surface for evaporation (boiling) of the
fluid. The evaporator unit was placed in an experimental setup, which simulated the operation of a heat pipe [6].

2. Experimental Results and Their Analysis. During the course of the experiments, the dependence of
the heat flux density on overheating of the evaporator wall ahove the saturation temperature was determined.
Heat transfer between the dry walls of the evaporator unit and the surrounding medium was taken into account
in measuring the no-load power. For small overheating (to 10°K), the porous body is completely wetted with
fluid. Drops were not observed to be ejected from the structure. The temperature along the copper wall and
the porous body is constant. As the overheating increases, a temperature differential appears along the length.
The center of the porous body begins to dry out gradually. This is noticeable both by the jumplike increase in
temperature and visually, since the dried segments differ in color from the wet segments. For maximum
overheating, only the segments near the feeding channels remain completely wetted. Bubbles and spraying of
fluid appear at the point of contact between the channels and the porous body.

The dependence of the heat flux density on the overheating of the wall is shown in Fig. 2. In our opinion,
the mechanism for heat transfer with evaporation and boiling of the fluid in a porous body is as follows. For
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Fig. 1 Fig. 2

Fig. 1. Evaporator unit: 1) connecting pipe; 2) basin; 3) porous channel; 4) porous evaporator; 5)
packing; 6) thermocouple; 7) fluid heat exchanger.

Fig. 2. Dependence of the heat flux density on the overheating of the wall (g-107¢, W/m?; AT, °K):
1) h=0.85-10"% m; 2) 1073 m; 3) 2-1073 m; 4) 4-107° m.
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Fig. 3. Scheme for determining the local heat fluxes: a) change in
temperature along the evaporator wall; b) boundary conditions onthe
wall; T, °K; X, m.

small overheating, heat is transferred through the porous body by conduction in the framework and the fluid
layer, as well as by convection. The fluid will evaporate from menisci on the outer surface. Vapor is not
formed inside the porous body. The temperature in the longitudinal direction both at the wall and at the porous
body is constant. The evaporator ensures uniform heat removal.

When the temperature at the wall is increased above some limit (AT =15°), heat conduction and convection
no longer remove the heat that is fed into the porous body. The fluid, which is in contact with the wall of the
porous evaporator, begins to overheat, which leads to activation of the evaporation centers, appearance of bub-
bles, and creation of conditions for the onset of boiling. As the overheating increases, more evaporation centers
are activated and the overall boiling area increases until it encompasses the entire surface of the evaporator
wall. In view of the intensification of heat transfer, the heat flux, removed from different parts of the evapora-
tor, begins to be determined by the amount of fluid permeating into that location. The heat flux begins to de~
crease from the hard-to-reach region: the center of the porous evaporator.

Since the inner surface of the evaporator, next to the copper wall, has the highest temperature, bubbles
form in the porous body at that location. The vapor escapes to the outside through the largest pores. The fluid
reaches the heated wall through the small pores. As the heat flux density increases, the vapor begins to fill
the small-diameter pores, displacing fluid out of them. The heat flux, brought about by the evaporator, begins
to drop. This is characterized on the curve q=f(AT) by the first inflection. Drying of the porous body is ac-
companied by an increase in its temperature, which decreases the contact angle of the working fluid. The con-
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tact-breaking diameter of a bubble decreases to the characteristic pore size, i.e., vapor extraction improves.
A1l of this causes the fluid to return into part of the pores of the evaporator and intensification of heat transfer.
A new inflection appears in the curve g =f{AT). The evaporator heat flux density increased with increasing
overheating up to the time that hydrodynamic limitations appeared in the fluid flow in the porous body.

The thickness and length of the porous body affect the maximum heat flux of the evaporator with other
conditions remaining the same. The thicker the porous body, the greater is the mass flow velocity of fluid
along the body. This encourages heat removal. On the other hand, the thicker the porous body, the greater is
the temperature differential along it, which has a negative effect on evaporation. In the boiling regime, an in-
crease in the thickness of the porous body inhibits vapor extraction. The experimental results showed that a
porous evaporator with a thickness of 0.85° 1072 m provides the highest heat flux (Fig. 2), i.e., the conditions
for vapor extraction had a dominating effect on heat removal with boiling of fluid in the porous body.

3. Calculation of the Local Heat Fluxes. As indicated, for high heat flux densities, dried zones appear
on porous bodies [5], which indicates nonuniformity in heat extraction along the length of the body. In order
to determine analytically the maximum heat flux density that can be removed by a porous evaporator under
boundary conditions of the third kind, it is necessary to clarify the nature of heat removal along the porous
body. During the course of the experimental investigation of porous evaporators, the temperature field was
measured along the copper substrate, on which porous bronze was baked (Fig. 1). Visual observations and the
results of measurements show that for maximum heat removal, the segment x; is completely wetted by liquid
and the temperature on it is constant; on the segment x5y, the degree of drying and the temperature increased
with increasing distance from the location at which the fluid was injected. Since the heat conduction of a porous
body depends on the degree to which it is filled with fluid and is not constant along the length of the body, the
calculation of local heat flux was based on the change in the temperature of the upper surface of the copper sub-
strate. The experimental data were approximated by a polynomial on a computer using the method of least
squares. The functional dependence for T and x was found in the form (Fig. 3a):

T(x) = Ax®+ Bx + C. 1)

Taking into account the fact that the temperature differential between the water entering and leaving the
fluid heat exchanger did not exceed 0.5K, it may be assumed that the temperature is constant (I} =const). The
average heat-transfer coefficient in the channel of the fluid heat exchanger was calculated according to [7] for
turbulent flow of the heat-transfer agent (Re =27900) and equaled @ =10 W/m?- K. Measurements of the tem-
perature (Fig. 1) in the transverse cross section of the porous body made it possible to assume that 8T/0z=0,
Then, the differential heat-conduction equation for a copper wall is written as follows:

T o) T Y _ @)
dx2 oo

The boundary conditions are (Fig. 3b):
1) the temperature on the upper surface of the wall (y=b) is
T (%, Yly=s = Ax®+ Bx+C;
2) heat transfer at the lower surface of the wall (y= 0) is

oT (x, y) ‘
dy ly=b

—A =al[Ty —T(x i (3)

3) heat transfer on the lateral surfaces of the wall (x=0; x=]) is

oT (x, ¥)

~ —_ 0; — }\/ aT (xv g)
ox

— A .
x=0 ax x=1

=0.

In order to solve the partial differential equation (2), we used the Fourier cosine transformation. Knowing the
temperature distribution T(x, y), it is possible to find the local heat flux - removed on the segment from x; to
X; .4 under given boundary conditions:

X1
Q,=w ‘g 5 9T Y)

(
dy

y=0b
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The local heat fluxes were calculated using Eq. (4) for porous bodies with different thicknesses. The change in
local heat fluxes on the segment from x; to x+x,,,, is described by a quite complicated function. For con-
venience, the computed curve can be approximated with adequate accuracy by a simple function of the form

dx X2

Then, the magnitude of the heat flux, removed with a phase transition in the porous body, can be represented
as the area bounded by the coordinate axes and the curve B'/x%. The heat flux on the segment from 0 to x; is

QO = B/x(h
while on the segment from xy to Xy +Xmax
Xf"“"xmax
Qx = S BZ dx = ——————B xma’x .
X %o (Xo + ¥max)

*g

4. Derivation of Working Equations for Maximum Heat Flux. In deriving the working equations for deter-
mining the maximum heat flux, removed by a porous evaporator, the following conditions were assumed:

1) the fluid moves in the porous body due to surface tension forces;
2) the fluid practically completely wets the material of the porous body;

3) the segment of the evaporator with length x,is completely saturated by fluid, and constant heat removal
is established on it;

4) on the free segment of the evaporator with length x5+, the nature of the heat removal is appreximated
by the function B'/x%;

5) in any cross section of the porous body, the change in capillary pressure equals the increase in drag;

6) at the point X =x,, the contact angle is maximum: @ =90°; at the point X =x,-+xmax, the contact angle
is minimum: 6 =0°.

Evaporator Segment with Length x,. The equation for balance of pressure in the porous body is

dp, cap . __ fli (5)
dx dx
The change in drag is described by Darcy's law )
_ mE
b, = TkAw )

where A(x) =wh; m(x) =0.5Q/r* (the coefficient 0.5 is introduced due to the uniform input of fluid into the
porous body along the segment x,).

The change in the capillary pressure in the porous body is

dP.

cap

sin ©d0. (7)
cap
Then, the heat flux on the segment x, is found by integrating (5) taking into account (6) and (7):

0=0, Xo

j sin ©dO = j m’j‘l(%;"“ dx,
x) r
=900 3P 0 p
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Qs = AN, Kwh cos 0, , ®)
xORcap
where
N, = cpr*/y; . 9)

Evaporator Segment with Length x,,,,.. In this case, in Eq. (6), the terms mx) and A(x) vary along the
evaporator, For X=x; and A (x) =wh,

fh(xo) — Qx o B’_’Cmax . (10)

¥ (% + *max)

With the onset of maximumheat removal, all of the fluid fed into the evaporator evaporates along the porous
body and, in addition, at the section X =x;+Xqx, the area of the transverse layer of fluid A (x) =0.

The mass consumption of fluid in any section x is

n'z(x)zﬂ[ ons __ * J (1)
r* | X (X0 + Xigax) X (%o + %)

At the same time,

_ B _ g (12)
X (X0 4 ¥max)
Finally,
;ﬁ(x):-Q,—x 1_@:@@&}, 13)
r¥ ¥mag (o - %)

The areaofthefluid flux in any section of the porous body is A (x)=wd(x), dx) =h—h(x). The part of the porous
body with length x ... is separated into m elementary segments (Fig. 4). The volume of the fluid evaporated
in the first elementary segment is:

Bt X,

Vi=—
pr¥ (X 1 X1) X

The volume of fluid evaporated in the i~th segment is:

- B’T Xi—X; 4
pr¥ (% -+ X;4) (%o + X:)

The volume of the porous body occupied by vapor in the first segment equals the volume of the evaporating
fluid in this segment; in the second, it equals the sum of the volumes of fluid evaporating in the first and
second segments, etc. In the general case, the volume of the porous body filled with vapor at the i-th segment
is:

vi= 22 [#‘Jr e it S E— (14)
pr* | xo (%o -+ X1) (%o + Xi_4) (X0 + X;) _l
The vapor volume in the n segments of the porous body is
Vnzi: vi:f_‘ {_’@_L___,_ \ F—x)(n—i+1) . (15)
o pr# | xo (% -+ %) s (Yo + X1 4) (%o + 1))
The vapor volume in the part of the porous body with length xmax is
v :B_’r_[ Frma Y () (m— i ) ] (16)
AR orr | %o (% 4 X9) (%0 4 x4} (%0 + x3)

=2
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On the other hand (Fig. 4):
V.=Kpwrh(9 e, )
Viax = Kp wxhe. 18)

Simultaneous solution of Egs. (15)-(18) permits determining the quantity h(x):

xyn O i — 5 ) (n—i D)
Xo (X -+ X1) Z (%o + X5_1) (%0 - X3)

{=2

19)

h(x) = p Zmex.
X

m l
Xmax WY (6 —xg) (m— 1 4-1) |
Lx(ro+ %) sad (to+ xig) (o + )

After substituting expressions {13) and (19) into Eq. (5), it takes the form

20

{I
J sinedo — = &J.,
Kp r*wh

where
“max (1 X+ xma&)_] dx

. 5 o151 |
| Y (=) (n—i+ 1) ]
+ (20)
5 i E

1 — max %o (xo + xi) ;) (XO + xi—i) (xO + xi)

X m

Xmax N (G —x ) (m—i4 1)
—Tmax WY :
L %o (% - %4) 2‘ (o + Xig) (%o + x;)

The final equation for the magimum heat flux in the evaporator segment with length Xmax 18

2N KRR ) cosey), 1)
iR 1

cap

Qx:

where f is a coefficient that takes into account the effect of the phase transition on the motion of the fluid in the
porous body. From the experimental results, we determined the values of the angle ®, =85.9° and coefficient f:
for h-107% m equal to 4, 2, 1, and 0.85, f equals 40, 24.5, 18.5, and 16, respectively.

The maximum heat flux extracted by the porous evaporator is

Qmax == Qo ”‘f" Qu\

or
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The maximum heat flux density is

23)

Gmax =

2N; Kh [ 2cos B, 1 —cos B, J
-+ : .
xmachap xO f[

The results of the calculation and experiment for a porous body with thickness 4°10~% m and length varying
from 1072 to 5- 1072 m are shown in Fig. 5. The mean-square deviation of the computed data from the experi-
mental data was 5.8%.

NOTATION

A(x), area of the transverse layer of fluid in the porous body at section x; A, area of the transverse cross
section of the porous body; A, B, C, and B', coefficients; b and w, geometric parameters of the porous evapora-
tor; d(x), height of the fluid layer in the porous body at section x; h{x), height of the vapor layer in the porous
body in section x; I, a definite integral; Kp, a coefficient that takes into account the distortion of the volume oc-
cupied by the vapor; I, length; th, mass flux of the fluid; N, characteristic of the working fluid; P, pressure; Q,
heat flux; Qg, heat flux, provided by the porous evaporator at the segment xy; Qx, heat flux, provided by the
porous evaporator on the segment from x, to x;+xmax; 4, heat flux density; R, radius; r*, latent heat of vapori-
zation; T, temperature; x, y, and z, coordinates; V';, volume of the fluid, evaporating in the i-th segment; Vi,
volume of the porous body, filled by vapor in the i-th segment; K, permeability; @, heat-transfer coefficient;
®, contact angle; A, thermal conductivity; u, viscosity; o, surface tension; £, porosity; 7, time; the indices are:
h denotes hydraulic; I denotes liquid; cap denotes capillary; max denotes maximum; i is an order number; x
indicates the cross section of the porous body.
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