
ht. 1. Heat Mars Transfer. Vol. 33, No. 4. pp. 673-681, 1990 0017-9310/90$3.00+0.00 
Primed in Great Britain Q 199OPqamonPmspk 

Two-phase flow and dryout in a screen wick 
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Abstract-Experiments are performed to investigate the use of water-ethanol mixtures as a heat pipe 
coolant. An everted heat pipe structure consisting of a vertical tube, internally heated at the top, and 
around which is wrapped four layers of 325 mesh stainless steel screen, is used to measure the steady state 
and dryout heat fluxes as a function of mixture composition and capillary rise height. For small capillary 
rise heights it is observed that the maximum operating heat flux could be increased by 135% with water- 
ethanol mixtures as compated to pure water. As the capillary rise height is increased the performance of 
water-ethanol mixtures becomes comparable to that of pure water. The measured dryout heat fluxes for 
pure water and pure ethanol are in reasonable agreement with the predictions of an analytical model which 

allows for two-phase flow, boiling, and dryout in the heated section of the wick. 

1. INTRODUCTION 

ADVANCES in miniaturization of semiconductor chips 
have pushed to the limit the ability to dissipate by 
free/forced convection heat transfer the high oper- 
ating heat fluxes that are encountered. Current chip 
heat fluxes of 20 W cm-* are not uncommon coupled 
with chip temperatures of less than 373 K for reliable 
operation [ 11. 

One device which has the potential for meeting the 
needs of the electronics industry for dissipating the 
high fluxes generated during operation of very high 
speed integrated circuit (VHSIC) chips is the heat 
pipe [2]. Its advantages in this regard are that (1) the 
coolant is self-contained in the heat pipe housing and 
therefore separated from the chip, thus mitigating 
problems of hermetic sealing, (2) there are no moving 
parts within the heat pipe, (3) heat pipes can be pro- 
duced in a flat plate configuration [3-S] which is ap- 
propriate for attachment to multichip circuit board 
modules, and (4) the heat pipe is, theoretically at least 
[6], capable of meeting the projected cooling needs of 
future generations of chips. However, to dissipate the 
high fluxes characteristic of those generated in VHSIC 
chips, current heat pipes would require working fluids 
with unacceptably high operating temperatures. The 
problem is how to increase the heat flux without 
significantly increasing the operating temperature. 

The present study explores the potential for using 
a mixture as the coolant within a heat pipe to extend 
its operating limits over that of a single component 
fluid. It is conjectured that the strong dependence of 
heat transfer rates on fluid composition characteristic 
of nucleate pool boiling (e.g. refs. [7, 81) may extend 
to a liquid saturated wick in a heat pipe. While few 
studies have been carried out to explore the use of 
liquid/liquid mixtures in a heat pipe, Brommer [9] in 

particular has shown that mixtures can help the start- 
up behavior of heat pipes as well as create the potential 
for increased power levels. The interest in the present 
study was to examine the effect of fluid composition 
on the maximum or dryout heat flux (DHF). This 
heat flux is the highest steady state heat flux that a 
heat pipe can dissipate. At higher fluxes the mass 
evaporation rate exceeds the rate at which liquid 
can be resupplied by capillary action in the wick. 
The potential then exists for a severe degradation of 
performance of the device being cooled due to the 
subsequent wall temperature excursion above the 
DHF. 

An everted heat pipe was used to examine the per- 
formance of fluid mixtures. This configuration was 
chosen for simplicity of design and because it allows 
direct visual access to the wick during operation [ lO- 
121. The present design consisted of a wicking material 
wrapped around the outside of a vertical stainless steel 
tube which, in turn, was mounted within an outer 
glass shroud. The wick was composed of four layers of 
325 mesh stainless steel screen tightly wrapped around 
the stainless steel tube. The fluid entered the wick from 
a pool surrounding the lower end of the tube, traveled 
up through an adiabatic length, and was vaporized by 
a heating element inside the top end of the wick/tube 
assembly. The fluids studied were water, ethanol, and 
water-ethanol mixtures. The pressure was 1 atm and 
the fluids were at their respective phase equilibrium 
temperatures corresponding to this pressure. 

An analytical model is also presented which 
incorporates and extends previous single phase and 
boiling models for flow in a wicking structure [l 1, 
13, 141. The model provides further insight into the 
effect of wick properties on the boiling process of a 
single component fluid within the heated section of 
the wick. 
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NOMENCLATURE 

inner diameter of annular wick T saturation temperature of the fluid 
gravitational acceleration TW heater wall temperature 
heat transfer coefficient u fluid superficial velocity in the x-direction 
latent heat of vaporization within the wick 
bulk permeability of the wick V vapor superficial velocity in the y- 
relative permeabilities for liquid and direction within the wick 
vapor x, y Cartesian coordinates (see Fig. 9) 
distance from top of the heater to the x ethanol concentration of the liquid 
liquid pool phase 
heater length Y ethanol concentration of the vapor 
local fluid pressures of liquid and vapor phase. 
capillary pressure 
saturation pressure of the fluid outside Greek symbols 
the wick & porosity 
heat flux p,, py dynamic viscosities of liquid and vapor, 
capillary radius of curvature respectively 
local liquid saturation p ,, py densities of liquid and vapor, respectively 
wick thickness u surface tension. 

1 

2. EXPERIMENT 

A schematic of the experimental apparatus is shown 
in Fig. 1. It essentially consists of a wick wrapped 
around the outside of a vertically oriented stainless 
steel tube with the wick assembly in turn mounted 
within a glass chamber. 

The chamber was made of a glass tube (10 cm i.d. 
by 46 cm tall) sealed at the top and bottom with 
stainless steel plates. A screen wick was wrapped 
around the outside of a 34 cm long, 1.28 cm o.d., thin- 
walled stainless steel tube. Physical parameters of the 
wick are listed in Table 1. Details of the heated section 
of the wick are shown in cross-section in Fig. 2. The 
heat source was a 0.64 cm diameter, 6.4 cm long 
electrical resistance heater which was press fit into an 
equal length, 1.23 cm o.d. copper sleeve. This arrange- 
ment approximated a spatially-uniform heat flux. The 

FIG. I. Experimental apparatus for measuring wall superheat 
as a function of applied heat flux. 

J 

heater and copper sleeve were pressed into the top of 
the stainless steel tube, 1 cm from the top, as shown. 
The top of the tube was sealed with a Teflon O-ring 
and a stainless steel cap. The cap was held in position 
with a tension wire running from the chamber base 
plate, across the top of the cap, and back to the other 
side of the base plate. The applied heat flux was deter- 
mined from simultaneous measurements of the volt- 
age drop and current in the heater to an accuracy 
within about 5%. This uncertainty allows for heat 
conduction losses through the support tube and lead 
wires, and for the voltage drop in the lead wires. 
Further details are available in ref. [ 151. Heater volt- 
age was controlled with a variable autotransformer. 

Heater wall temperatures were measured with nine 
chromel-alumel thermocouple probes (0.05 cm in 
diameter) inserted in lengthwise grooves on the out- 
side of the copper sleeve (see Fig. 2). The nine probes 
were equally distributed around the circumference of 

s 
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FIG. 2. Cross-sectional view of heater and support tube. 
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Table 1. Wick properties, four layer, 325 mesh stainless steel screen 

Wick 
thickness, 

t (cm) 
Permeability, 

k (em3 

Capillary 
radius, 

r, (c@ 
Porosity, 

E (%) 

Mounting tube 
diameter, 
D (cm) 

0.0305 4.00 x lo-’ 2.77 x IO-’ 65 1.28 

the sleeve with three each at the quarter, half, and 
three-quarter length positions of the sleeve. Working 
fluid temperatures in the test chamber were measured 
with three chrome&alumel thermocouple probes (0.10 
cm in diameter) extending down from the upper plate. 
The three thermocouples were located at the top of 
the condenser coil (i.e. 2.5 cm down from the upper 
plate), at the midheight of the heated section (13.7 cm 
down from the upper plate), and at the midheight of 
the stainless steel tube (28.4 cm down from the upper 
plate). The uppermost thermocouple was on the 
centerline axis of the test chamber while the latter two 
thermocouples were approximately 1.0 cm radially 
away from the surface of the wick. 

The superheat values reported are the difference 
between the average of the top three heating unit 
thermocouple readings and the average of the three 
working fluid thermocouple readings. The superheats 
reported are accurate to & 2.5% or better. To monitor 
temporal variations in heater wall temperature the 
output voltage of one of the three uppermost thermo- 
couples in the heated section was recorded on a strip 
chart recorder. 

The chamber was filled with the working fluid by 
first evacuating it with the aid of a vacuum pump and 
then drawing the test fluid into the chamber until the 
fluid reached the top of the heater. The fluid was 
boiled and periodically vented over a period of 2 h by 
using both the immersion and wick heaters, and was 
then allowed to cool overnight. This procedure mini- 
mized the trapping of non-condensible gases within 
the wick during the filling procedure. The fluid was 
alternately boiled and flashed momentarily to vacuum 
until the saturation temperature commensurate with 
the initially prepared fluid composition was reached. 
Fluid was then drained from the chamber until the 
desired L value (Fig. 1) was reached. Compositions of 
the fluid mixtures tested were inferred by comparing 
measured densities with tabulated handbook values 
[ 161 for water-ethanol mixtures. The fluids used (i.e. 
anhydrous ethanol (U.S.P.) and deionized and dis- 
tilled water) were of liquid chromatography grade or 
better. Fluid densities were measured with a precision 
pipette and a digital laboratory scale to an uncertainty 
of 20.6% mol % ethanol. The fluid compositions 
were measured during and after a run. Compositions 
were found to differ from the initially prepared mix- 
ture by less than 3%. 

Vapor produced by the wick and immersion heaters 
(used to maintain the working fluid at saturation con- 
ditions) was condensed on the upper plate and the 
exposed region of the chamber wall. At high heat 

fluxes a condenser consisting of a coil of copper tubing 
supplied with coolant from a variable temperature cir- 
culating bath was activated. The condenser coil was 
designed so that no condensate could drip down onto 
the heated section of the wick. The pressure in the 
chamber was monitored with an electrical transducer 
connected to a digital voltmeter and was held constant 
at 1 atm to within +0.3%. 

The dryout heat flux was measured by increasing 
the power to the heater in steps, insuring that steady 
state conditions had been reached between power 
increases, until either a wall temperature excursion of 
the uppermost thermocouples imbedded in the heater 
was noted, or the variation of applied heat flux with 
wall superheat revealed a noticeable change of slope. 
At low heat fluxes the heater wall temperature would 
eventually reach a steady value for the given heat flux 
as indicated by the one thermocouple output to the 
strip chart recorder. For higher heat fluxes near the 
dryout limit a steady output temperature was not 
achieved. Instead the recorded temperature rose 
slowly. This slow drift is attributed to a gradual 
increase with time of the size of the dryout zone in the 
wick. The rise in temperature of the one thermocouple 
charted was indicative of the overall rise in the average 
superheat with time. These rates were typically of the 
order of 2°C h- ’ for both the pure fluids and the fluid 
mixtures. 

3. EXPERIMENTAL RESULTS 

Mixture compositions of 0,2.3,25,50, and 100 mol 
% ethanol in water were tested. Capillary rise heights 
ranged from L = 0 (i.e. liquid to the top of the heater) 
to L = 30 cm. The range 0 < L < 6.4 cm corresponds 
to partial immersion of the heater. A total of 24 com- 
binations of composition and capillary rise height 
were studied. The 2.3% ethanol-water mixture was 
included because an earlier pool boiling model [ 171 
and recent experiments on boiling from small- 
diameter wires [I81 revealed a maximum in the critical 
heat flux near that composition. 

The variation of measured wall superheats with 
applied heat flux is shown in Fig. 3 with L as the curve 
parameter. The data in Figs. 3(a)-(c) correspond to 
pure water, 2.3% ethanol-water, and 100% ethanol, 
respectively. Note that different scales are used for the 
three graphs. The superheat values reported are the 
difference between the average of the top three 
thermocouple readings within the heated section and 
the average of the three working fluid thermocouple 
readings. 
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FIG. 3. Applied heat flux vs superheat for (a) pure water, (b) 2.3% ethanol-water, and (c) pure ethanol. 
The curve parameter is the capillary rise height, L. 

In Fig. 3(a) each of the individual curves, cor- 
responding to a specific value of L, displays a similar 
behavior. At low heat fluxes the measured superheats 
lie on a linear portion of the curve and at high heat 
fluxes the superheats again lie on a linear portion of 
the curve but with a lower slope. The change in slope 
of the curve is indicative of a change in the heat 
transfer mechanism within the wick and is taken to 
be the DHF. The change is less pronounced when 
the heater is fully submerged (L = 0) and partially 
submerged (L = 2.5 cm). The data for 2.3% ethanol- 
water and pure ethanol (Figs. 3(b) and (c), respec- 
tively) result in similarly shaped curves with the excep- 
tion that the steady state portions of the curves in Fig. 
3(b) (heat fluxes below DHF) are not linear. 

The dryout heat fluxes for pure water, 2.3% 
ethanol-water, and 100% ethanol taken from Fig. 3 
are cross-plotted as a function of capillary rise height 
in Fig. 4. Dryout heat fluxes for 10 cm < L < 30 cm 
were measured for pure water only. The heater length 
of L = 6.4 cm is denoted by large ticks on the abscis- 
sae. For all mixtures studied the largest DHF occurred 
for a partially submerged heater (L = 2.5 cm). The 

dropoff in DHF for L > 2.5 cm is attributed to a 
lower capillary supply of fluid to the heated section. 
As L is increased, more of the capillary action is used 
to lift the fluid against gravity and less is available to 
sustain fluid flow through the wick. The reduction 
in DHF for L < 2.5 cm is attributed to the mutual 
interference of vapor and liquid flows in the liquid 
pool near the submerged heated section. 

Dryout heat flux values for pure water (Fig. 4(a)) 
are considerably above those for pure ethanol (Fig. 
4(c)) due in part to the lower latent heat of vapor- 
ization and surface tension of the latter. The binary 
boiling process appears to overcome the lower latent 
heat of vaporization and surface tension for the 2.3% 
ethanol-water mixture resulting in a peak DHF value 
that is 2.35 times larger than the peak value for pure 
water at L = 2.5 cm. 

In the region below the DHF points in Fig. 3, a 
single curve for each composition adequately 
describes the behavior for all L values. This suggests 
that the steady state heat transfer coefficient h, defined 
by the ratio q”/AT, is independent of L, a trend also 
observed by Abhat and Seban [lo]. Further, for pure 

(a) Pure water 

Capillary flee holght, L (cm) 

(b) 2.3% Ethanot-water (c) Pure ethanol 
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FIG. 4. Dryout heat flux vs capillary rise height, L, for pure water, 2.3% ethanol-water, and pure ethanol. 
Dryout heat flux data are taken from Fig. 3. 
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water (Fig. 3(a)) and pure ethanol (Fig. 3(c)), a linear 
behavior of q” vs AT is observed. The respective 
h values of 0.11 and 0.074 W cm-* K- ’ are thus 
independent of superheat temperature. For the 2.3% 
ethanol-water mixture the heat transfer coefficient 
increases with increasing heat flux; the corresponding 
h values range from 0.080 to about 0.10 W cm- * K- ’ 
as q” varies from 0 to 10 W cm-*. 

The lower heat transfer coefficients for ethanol and 
ethanol-water mixtures as compared to pure water 
lead to higher superheats for a given heat flux, but not 
necessarily to higher heater wall temperatures. The 
heater wall temperature is the sum of the superheat 
and the saturation temperature, and for water- 
ethanol mixtures the saturation temperature drops 
rapidly as small concentrations of ethanol are added 
to water [ 181. To illustrate these effects, the variations 
in heat transfer coefficient and heater wall temperature 
with percent ethanol are shown in Fig. 5. Results are 
shown for q” = 2.00 W cm- 2 and are normalized by 
the corresponding values for pure water. Data were 
taken from Fig. 3, and from similar graphs for the 
other mixture compositions studied. While a mini- 
mum in the heat transfer coefficient occurs at approxi- 
mately 25% ethanol, which agrees with results 
obtained by Tolubinskiy and Ostrovskiy [ 191 for pool 
boiling on a 0.45 cm diameter vertical tube, the heater 
wall temperature monotonically decreases with 
increasing ethanol concentration. 

Cross plots of DHF vs capillary rise height, L, 
and mixture composition are shown in Figs. 6 and 7, 
respectively. For L between 0 (corresponding to pool 
boiling on a vertical cylinder covered with four layers 
of a 325 screen mesh) and about 5.9 cm (partially 
submerged heater) the 2.3% ethanol-water mixture 
DHF values are greater than those for pure water. 

‘.’ I 

Mole poromt *than01 

FIG. 5. Heat transfer co&c&t and wall temperature both 
normalized with corresponding values for pure water, plotted 

against mol % ethanol. 
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FIG. 6. Dryout heat flux vs capillary rise height, L, for 
all ethanol-water compositions tested. Dashed line denotes 

heater length, L = 6.4 cm. 
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FIG. 7. Dryout heat flux as a function of mol % ethanol. 
Horizontal dashed lines for L = 0 and 2.5 cm suggest a range 
of ethanol-water concentrations for which DHF is above 

that for pure water. 

At larger rise heights the significantly lower surface 
tension of the 2.3% mixture as compared to pure 
water results in a lower capillary supply of fluid to the 
heater and thus a lower DHF. In Fig. 7, the ranges of 
concentrations of ethanol that lead to DHF values 
greater than those for pure water are shown by dashed 
lines. For L = 0 the range of concentrations extends 
from 0% ethanol to about 16.7% ethanol ; for L = 2.5 
cm the range extends to 18.0% ethanol. The 2.3% 
ethanol-water mixture proved to be the best of the 
limited set of mixtures tested. 

As previously noted, the 2.3% ethanol-water mix- 
ture was chosen based on prior analytical and exper- 
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imental studies of binary pool boiling [ 17. 181. A pool 
boiling model estimated the peak critical heat flux to 
occur for a liquid phase concentration, X, where the 
associated value of (dT/dX)(Y-X) is a maximum 
[17]. On a graph of saturation temperature vs percent 
ethanol, as shown in Fig. 8 from ref. [18], dT/dX is 
the slope of the liquid phase curve at a concentration 
X, and (Y-X) is the difference in vapor and liquid 
phase concentrations at the saturation temperature 
corresponding to the liquid phase concentration X. 
For ethanol-water at 1 atm, (dT/dX)( Y- X) reaches 
a maximum at roughly X = 3.1%. An experimental 
study of binary pool boiling on small diameter hori- 
zontal wires with ethanol-water mixtures revealed 
that the critical heat flux was a maximum near this 
value of X [18]. For the three smallest diameter wires 
tested, 0.0510, 0.0767 and 0.1016 cm, the respective 
peak critical heat fluxes occurred at an average con- 
centration of 2.3% ethanol-water. Therefore, this 
mixture concentration was selected for inclusion in 
the present study. 

It is noted that of the 24 combinations of com- 
position and capillary rise height tested, 9 were dupli- 
cated more than once with an average deviation in 
DHF of less than 4%. 

4. ANALYSIS 

Several analytical models have been proposed 
to predict the dryout heat flux for single component 
fluids in a heat pipe [lo, 11, 13, 141. We use the most 
recent of these models (141 and extend it to include 
features not previously used in heat pipe models. The 
discussion is restricted to single-component fluids. 

1s !. ’ ’ ’ ’ 
0 20 40 so 60 100 

Mob pored olhonol (IiquY phrrr, X. Vrpor phm v) 

FIG. 8. Saturation temperature (T) vs mol % ethanol for 
ethanol-water mixtures at 1 atm. X and Y denote the mol % 
ethanol in the liquid and vapor phases, respectively. The 
quantity (dT/dX)(Y-X) reaches a maximum value at 

X = 3.1%. 

FIG. 9. Geometry of heat pipe considered in the analytical 
model. 

A Cartesian, two-dimensional geometry as sketched 
in Fig. 9 is used as a basis for the present model. 
Such a model is a satisfactory approximation of a 
cylindrical wick when the wick thickness/diameter 
ratio, z/D. is small [15] (which corresponds to the 
present experimental condition as shown in Table 1). 
The wick is shown in cross-section and is of wick 
thickness t, with an impermeable boundary at y = 0 
and a permeable boundary at y = r. Fluid from the 
liquid pool enters through the permeable face and is 
drawn vertically upward against gravity to the heated 
section by the capillary action of the wick. A uniform 
heat flux applied over the heater length, L,,, boils the 
liquid. The ensuing vapor flows horizontally out of 
the wick. 

The model assumes that all system variables are 
functions of the x coordinate only and that all fluid 
properties are constant. The one-dimensional flow of 
liquid in the adiabatic section is of constant velocity 
throughout the adiabatic length and is governed by 
the Darcy momentum equation 

U= -Wp,W,/dx-p,gl (1) 

where CJ is the Darcy or superficial fluid velocity. 
Two-phase flow occurs in the heated section. 

Following Singh and Shaubach [14]. liquid flow is 
assumed to be one-dimensional in the vertical direc- 
tion, with a one-dimensional crossflow of vapor in the 
y-direction. The governing equations are the con- 
tinuity, energy, and Darcy momentum equations for 
two-phase flow in a porous structure, equations (2) 
(3) and (4), respectively 

pvV = p,tdU/d.r (2) 

4” = Py%g (3) 

CJ = -(kk,l~,)[dP,ldr-p,gl (44 

v = W”l~“)~(P” - P,t,i4. WI 

The heating rate q” is assumed to give rise to a vapor 
velocity V through equation (3). With q” constant, V 
is constant over the vertical height of the heated 
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section. The velocity U and the pressures P, and P, 
must satisfy equations (2) and (4) locally. Of course, 
overall continuity requires that the vertical flow rate 
of liquid in the adiabatic section must balance the 
production of vapor in the heated section. 

Additional information is needed to prescribe 4, 
k,, P, and P,. Frequently used functional forms are 

WI 

k , =S’ 64 

k, = (1 -S)’ (5b) 

P,-PI = PC = 2alr,. (6) 

Several fluid and wick parameters must be specified 
in equations (l)-(6). Physical properties for water and 
ethanol were taken from ref. [ 161. The capillary radius 
of curvature r, was determined from independent 
static ‘hold up’ height experiments, and the bulk per- 
meability k was inferred from measured dryout data 
at large values of the capillary rise height. Under 
conditions of large capillary head, the pressure drop 
due to two-phase effects (i.e. mutual interference of 
liquid and vapor flows in the heated section of the 
wick) can be neglected in comparison with the pres- 
sure drop due to pure liquid flow in the adiabatic 
section. This assumption results in a single phase 
model relating DHF to the quantity l/(L-L/2) plus 
fluid and wick properties. With the other wick prop- 
erties known this single phase model can be fit to the 
experimental data to determine the bulk permeability, 
k. Also, a porosity E can be inferred from k and r, 

with the Kozeny-Carman formula [21]. The measured 
and inferred physical parameters for the four layer 
screen wick used in the experiments are listed in Table 
1. Further details are given in ref. [15]. 

Equation (1) was solved analytically in the adia- 
batic section, and equations (2)-(6) were. solved 
numerically in the heated section. Finite difference 
methods were used with an adjustable step size to help 
ensure uniform spatial accuracy. The solution was 
marched from the base of the heated section (where 
the saturation was 100% and liquid velocity and pres- 
sure were known from the solution of equation (1)) 
to the top of the heated section. Dryout heat flux 
conditions were assumed to exist when the liquid satu- 
ration was 1% or less at the top of the heated section. 

Using the analytical-numerical model described in 
the previous section, DHF values for single com- 
ponent fluids were determined as a function of the 
capillary rise height, L. The results are shown by 
dashed lines in Fig. 10. Also shown are experimentally 
measured DHF values for pure water and pure etha- 
nol from Fig. 4. The solid lines are best fit curves 
through the experimental data. The experimental and 
theoretical results are in reasonable agreement. The 
analysis overpredicts the DHF for water when I!, c 18 
cm and slightly underpredicts in the range 18 cm < 
L < 30 cm. The theoretical DHF values for pure 
ethanol slightly underpredict the experimental results, 
but the trends are otherwise similar. Previous single 

5 10 15 20 25 20 

Caplllwy rlw hdght , L (cm) 

FIG. 10. Theoretical and experimental DHF values as a 
function of capillary rise height, L, for pure water and pure 

ethanol. Experimental data are taken from Fig. 4. 

phase analytical models [ 11, 14 which assumed a fully 
saturated wick were found to substantially over- 
predict the DHF values for water and for ethanol for 
small L’s as compared to the present model. 

Dryout heat flux predictions from the analytical 
model depend on three geometric parameters of the 
wick; namely, the wick thickness. t. permeability, k, 
and capillary radius of curvature, r,. For a wrapped 
screen wick there is uncertainty in all three 
parameters. Accordingly, a sensitivity study was 
carried out. A change of 10% in any one of these 
parameters was found to influence the analytical 
curves in Fig. 10 by 10% or less. 

The analytical results are also sensitive to the form 
of the relative permeability and capillary pressure 
equations used. For the wick tested, equations (5) and 
(6) appear to be the most appropriate formulations. 
The differences between the analytical and exper- 
imental results shown in Fig. 10 are likely due to dis- 
similarities in the internal geometry of the screen wick 
and a truly uniform porous structure (on which the 
analysis was based). Additional work with sintered 
copper wicks shows better agreement between analy- 
sis and experiment and will be presented in a future 
paper. No attempt was made to extend the current 
analysis to ethanol-water mixtures due to a lack of 
theoretical models for the binary boiling process com- 
patible with the one-dimensional boiling-flow model 
used here. 

5. CONCLUSIONS 

The present experiments provide information on 
the effect of ethanol-water mixtures on heat pipe per- 
formance. Under certain conditions a significant 
increase in the maximum heat transfer rate can be 
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achieved by adding a small amount of ethanol to 
water. Although the binary boiling process may lead 
to an improvement in the heat transfer mechanism, 
any reductions in surface tension for the mixture 
should be avoided as this reduces the capillary pump- 
ing capability of the wick and limits heat pipe. per- 
formance at large capillary rise heights. 

The present analytical model allows a prediction of 
the maximum heat transfer rate for heat pipes filled 
with a single component fluid. Predictions from the 
model are in reasonable agreement with experimental 
results. Future work should include an extension of 
the model to binary boiling systems. 
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ECOULEMENT DIPHASIQUE ET ASSECHEMENT DANS UNE MECHE EN GRILLAGE 
SATUREE PAR UN MELANGE DE FLUIDES 

R&un~Des experiences sont conduites pour ttudier I’utilisation des melanges eaudthano! comme liquide 
de caloduc. Une structure de caloduc consiste en un tube vertical chauffe en bout de facon interne et 
entoure de quatre couches de grillages en acier inox est utiilise pour mesurer des flux thermiques d’ttat 
stationnaire et d’assechement en fonction de la composition du melange et de la hauteur de la montee 
capillaire. Pour les faibles ascensions capillaires, on observe que It flux thermique maxima! o!seratoire peut 
etre augment& de 135% avec des melanges eau--&hano! par rapport ti I’eau pure. Lorsque la hauteur 
augmente, la performance des melanges eau-&hano! devient comparable 8 celle de l’eau pure. Les flux 
thermiques d’as&chement mesures pour l’eau pure et pour I’tthanol pur sont en accord raisonnable 
avec les predictions dun modele analytique qui, pour l’ecoulement diphasique, conceme I’Cbullition et 

I’assechement dans la section chaude de la meche. 



Two-phase Bow and dryout in a screen wick saturated with a fluid mixture 

ZWEIPHASENSTRGMUNG UN0 DRYGUT IN EINEM MIT EINEM 
FLUSSIGKEITSGEMISCH GESATTIGTEN DRAHTDGCHT 

Zuwnmmf~s~~~g-Es werden Experimente durchgefiihrt, urn die Verwendung von Gem&hen aus Wasser 
und Ethanol als Arbeitsmittel IIIr Wgrmerohre zu untersuchen. Es wird eine nach aul3en gewendete WIr- 
merohrstruktur verwendet. Die Anordnung besteht aus einem senkrechten Rohr, welches am oberen Ende 
innen beheizt wird und urn welches vier Lagen eines Edelstahlgewebes mit 325 Maschen je Zoll gewickelt 
ist. Es wird die Wiirrnestromdichte im stationgren Zustand und beim Dryout in Abhgngigkeit von der 
Zusammensetzung des Gemisches und der kapillaren SteighBhe gemessen. Es wird festgestellt, da0 hei 
kleinen kapillaren Steighiihen die maximale Betriehswiirrnestromdichte mit Wasser-Ethanol-Gemischen 
urn 135% gegeniiber reinem Wasser gesteigert werden kann. Mit zunehmenden kapillaren Steighiihen 
wird der Wirkungsgrad bei Wasser-Ethanol-Gemischen iihnlich dem hei reinem Wasser. Die gemessenen 
Wiirmestromdichten hei Dryout stimmen fiir reines Wasser und reines Ethanol gut mit den Berechnungen 
nach einem analytischen Model1 iiherein, welches die Zweiphasenstriimung, das Sieden und den Dryout 

im beheizten Bereich des Dochtes berticksichtigt. 

ABYKaA3HOE TEYEHHE H KPM3HC KHfIEHIUf B @WTkiJIP, HACbIIQEHHOM 
CMECbIO XC~KOCTER 

~ffpoaenerro 3xcnepntuemmtbrme nccnenoaamre ~o3~0ricxocrB rrcnonbsoBamrrr Bono- 
?TaHOJlOBblX CMCCd B KSIUXBC TCIIJIOHOCHTCJE ti NM TCllJlOBOfi Tpy6I4. ‘rkpCBCp_” KUIHJUUPH- 
CTpyKlypa TmJlouool Tpy6bl COCTOUT in BCpTlWbHOit Tp@CiI, IWpC~C?dO~ BrryrPeHtUlM iBXO’tB8iKOM 
renna y ~epxtrero ropna R o6cptryroII 4 cnol~p cerzn c 325 axfkzaxu na OJIHH nrorei4udi nrofi~, 
EurOTOBJlCHHOit 113 ~XaBCKUldi CTUIH. ti3MCpWlHCb BCJlPlHl5l TCJlJlOBblX IIOTOIIOB 8 CrWJiO~pHOM 
&lCZKHMe H UPH ~iI3ilCC XRllCMHI B 311BHCliMOrm 01 COCT8Ba CMCCR H BblCOTbl lraIlHnn~HOr0 llOil%CMB 

ZSHLtKOCTH. Haflateno, ‘rro lqnr xa.nbm 3HaWHHlX I’IOCJWlHd MIUlCHMBJB ~ylo mmxy returoBor0 
IIOTOKB MOXHO YBWEWTb WL 135%. cun! l MCCTO SACTOii BOJlbl HCllOJlb3O~lb BOXO-3TaBOJrOBylO 
U#cb.CpocroM~ uunwmpuoro nonxehfa 328 pewmu rm~emrpyercn. H3~eperirrbre 3sraleirsta 
TelUlOBJslX llOTOKOB llpll K&BEXlCC IHIICHIU qHCTOii BOllbl H ‘XCTOrO 3TMOJIa XOpOWO CornacyrorCn CO 
3rra~eBBmbnr, paccq~rbm~erbibt~B no a Hamrm’rUXOg MOJWIH C )“UTOM JIB)‘X@iUHOrO XapUTep nOTOKa, 

KBtleBRB II KpBX%X KHlRHAl B HarpCBWfOii WCTR &iTllJlS. 
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