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An Ewaporating Ethanol Meniscus 
Part I: Experimental Studies 

The profile of an evaporating ethanol meniscus was measured as a function of the evapo
rative heat flux using interferometry. A measure of the evaporative heat flux was obtained 
using vapor deposited resistance thermometers. The meniscus profile was found to be sta
ble and a function of the heat flux for the heat flux range of 0 — 1.36w/m of interline. 
These results were used in an analysis of capillary flow heat transfer in Part II. 

Introduction 

It is evident that evaporation and the resulting fluid flow in the 
vicinity of the triple interline (junction of solid-liquid-vapor) and the 
adjacent meniscus can control the change-of-phase heat transfer 
process occurring in various engineering devices such as heat pipes, 
boilers and grooved,evaporators. It is likely that the study of heat 
transfer and fluid flow in a stationary evaporating meniscus will prove 
useful to understanding and improving these processes. However, 
limited experimental data are available for these regions because of 
the associated very small dimensions and the resulting very large 
gradients. The extended meniscus can be divided into three zones: 
(1) the immediate vicinity of the interline—the thin film region— 
where the thickness of the liquid can vary from a monolayer to ap
proximately 5 X 10~8 m and where the fluid flow results from the 
pressure gradient produced in the liquid by the varying force of at
traction between the liquid and solid (disjoining pressure), (2) the 
inner intrinsic meniscus region where the thickness range is ap
proximately (0.05 - 10) X 10~6 m and where fluid flow resulting from 
very large pressure gradients due to curvature is possible, and (3) the 
outer intrinsic meniscus region where the thickness is greater than 
10~5 m and where fluid flow resulting from small pressure gradients 
due to curvature is possible. Because of the large variation of the film 
thickness in the extended meniscus, it is currently necessary to study 
these regions independently. The objective of the experimental study 
described herein was to measure the inner intrinsic meniscus profile 
in the thickness range (0.1 - 4) X 10~6 m as a function of heat flux [1]. 
The optical technique of interferometry was used to obtain the me
niscus profile and resistance thermometry was used to obtain the heat 
flux. The approximate location of the interline was also obtained. This 
experimental design was also used in a preliminary study which did 
not include an independent measurement of the heat flux and the 
interline location [2]. 

In Part II of this study [3], the measured heat flux was used in a 
model of the fluid flow field to obtain optimum agreement between 
the measured and predicted fringe locations. The resulting model 
equation was then used to obtain the curvature distribution, the heat 
flux distribution and the predicted interline location. The results of 
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these coupled studies demonstrate that fluid flow in an evaporating 
meniscus results from a change in the meniscus profile which depends 
on the heat flux distribution. A previous experimental study of the 
outer meniscus region is in agreement with this conclusion [4]. 

Experimental Design and Procedure 
A cross section of the test cell is presented in Fig. 1. A two-dimen

sional, horizontal meniscus was formed at the exit of the gap between 
the glass substrate (microscope slide) and the Teflon insert. The gap 
spacing was adjusted to 1.8 X 10~4 m and the liquid level was posi
tioned at 6 X 10~3 m below the glass surface so that a stable, non-
evaporating meniscus formed in which the pressure difference across 
the meniscus balanced the hydrostatic pressure drop at the start of 
a test run. The pressure was maintained slightly above atmospheric 
by adjusting the liquid storage levels. The glass substrate was cleaned 
in an ethanol vapor degreasing unit prior to installation in the test cell. 
Ethanol was also used as the test fluid because it wets glass very well. 
The dimensions of the glass substrate were 0.025 m X 0.076 m X 0.001 
m. 

Thin film nickel resistors—approximately 10 - 7 m thick, 1.27 X 10 - 4 

m wide and 1.25 X 10~2 m long—with a resistance of approximately 
500 ohms were vapor deposited on both sides of the glass substrate 
as shown in Fig. 2. Several of these on the upper surface were used to 
generate heat which was conducted through the glass to the meniscus 
region where evaporation occurred. The remainder were calibrated 
and used as resistance thermometers to measure the temperature 
distribution on the glass surface.2 In addition, thermocouples were 
used to measure the temperature at various locations in the test cell. 
The substrate temperature distribution for four settings of the heater 
power input are presented in Fig. 3. The evaporating meniscus was 
stable during these tests and did not appear to vibrate. However, at 
significantly higher power settings a fluctuating meniscus was ob
served. The tests were conducted by first fixing the shape of the iso
thermal meniscus and then setting the power level so that evaporation 
occurred. The reported data represent the results of one continuous 
test run. No attempt was made to measure the maximum stable heat 
flux for the nonfluctuating case. 

The test cell was mounted on a movable stage of a microscope so 
that the meniscus could be observed and photographed at 350X using 
monochromatic light with a wavelength of 5.89 X 10_7m. Because of 
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Fig. 2 Location of vapor deposited resistance thermometers 

the significant difference between the refractive index of the glass, 
1.5, and the ethanol liquid, 1.36, the interference patterns formed by 
the light waves reflected from the glass-liquid and liquid-vapor 
(ethanol-air mixture) boundaries were easily photographed for the 
various power settings. The photographic negatives were passed be
tween a light source and a fiber optic probe connected to a photom
eter. The amount of transmitted light is an indication of the local film 
density. Using this densitometry method, the fringe locations were 
measured to an accuracy of approximately ±10~7 m. The fringe 
number, No. 1 = first dark fringe, No. 2 = first light fringe, etc., is 
plotted versus the measured fringe location from the interline in Fig. 
4 for the test runs. It is obvious that the fringes moved closer together 
as the heat flux was increased indicating a change in the meniscus 
shape due to evaporation. 

In this experimental design, there is no change in the phase of 
lightwaves upon reflection at the boundaries because of the ever in
creasing refractive index. Therefore, the meniscus thickness profile, 
h(x), can be related to the fringe location as follows: 

minimum 1 (2L + 1) X (cos 8). 

intensity 

maximum 

intensity 
h 

2n£ (1 + cos 0) 

LX(cos0) 

L = 0 , 1 , 2 . . . 

L = 0 , 1 , 2 . 

(1) 

(2) 
ne (1 + cos 0) 

where 8 is the local meniscus slope. The meniscus thickness at the first 
fringe can be calculated using (1) if the slope is neglected: 

h\ = \/4ii£ (3) 

For an ethanol meniscus this gives a thickness of 1.08 X 10 - 7 m. Each 
succeeding fringe, minimum and maximum, represents a thickness 
increase of approximately this amount. Microscope slide roughness 
(Corning glass) was not examined explicitly. However, an evaluation 
of the uniformity of the fringes in the width and length direction did 
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-Nomenclature.. 

H = latent heat of vaporization, J • k g - 1 

k = thermal conductivity of substrate, J m _ 1 

s- 1 K- 1 

JV = fringe number, dimensionless 
Qe - nondimensional evaporative heat dis

sipation 
Q* = total evaporative heat dissipation per 
_ unit width, w — m _ 1 

Q = nondimensional heat flow rate con
ducted in substrate 

T = temperature, °C 
h = local meniscus thickness, m 

k = thermal conductivity of glass substrate 
ng = refractive index of liquid, dimension-

less 

n = local volumetric flow per unit width, m3 

• s _ 1 • m - 1 

n* = total incoming volumetric flow per unit 
width, m3 • s _ 1 • m _ 1 

t = thickness of substrate, m 
* = coordinate along meniscus, m 
w = width of glass substrate 
7 = defined in equations (5) and (6) 

0 = nondimensional temperature 
0 = nondimensional temperature averaged 

over width and thickness 
8 = meniscus angle, radians 
A = wavelength of light, m 
£ = nondimensional coordinate in x -direc

tion 
pe = liquid density, kg • m - 3 

Superscr ipts 

i = into meniscus region 
j = out of meniscus region 
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not indicate the presence of a roughness effect. Although constructive 
interference occurs for small meniscus thicknesses, the location of the 
meniscus interline, if indeed a finite contact angle meniscus existed, 
was not sharply defined in our studies because of the relative inten
sities of the reflected light and the sensitivity of our equipment. Some 
information concerning the interline could be obtained but in most 
cases it was possible to determine only a right most bound for the 
interline location. That is, the point at which the presence of some 
liquid was detectable by observable interference. The measured value 
of this interline location is plotted versus the predicted value, from 
the model discussed in Part II, for the four power settings in Fig. 5. 
The interline location is given relative to the first fringe location which 
lies to the right of the interline. As expected, this distance decreased 
with an increase in the heat flux. In the nonevaporating case, a me
niscus curvature of 1.6 X 10 - 1 m _ 1 was determined using interfer-
ometry versus an expected value of 2 X 10 - 3 m _ 1 based on hydro
statics. This difference is attributed primarily to insufficient accuracy 
in the measurement of the actual liquid level in the cell. This initial 
difference is not believed to effect the conclusions arrived at below 
because of the relatively large changes in meniscus shape on heating. 
Additional information concerning these experiments are available 
in [1]. 

A n a l y s i s of T e m p e r a t u r e D a t a 
The glass surface temperatures measured with the resistance 

thermometers are plotted in Fig. 3. Each measurement represents the 
surface temperature at a particular location averaged over one half 
of the width of the glass substrate (resistor length = 0.0125 m) and 
the width of the thin film resistor, 1 X 10~4 m. Using a two-dimen
sional analysis the substrate temperature was found to vary ap
proximately 3 percent from its maximum value at the substrate cen-
terline to its value at the edge of the resistance thermometer [1]. The 
precision of each temperature measurement was approximately ±0.1 
°C. This was due to an uncertainty of ±0.05 ohms in measuring the 
resistance of the nickel thin films. Since we are concerned with heat 
flux rather than absolute temperature, the calibration error associated 
with the absolute temperature is of less importance. The temperature 
distribution, T(x), can be made nondimensional by defining 

T-T„ 
™—=r- (4) 

X 

£ = - ; 
w 

where T„ is the ambient temperature, Ti is the temperature measured 
by resistance thermometer No. 2 at that particular power input setting 
and w is the glass substrate width. As a result of this scaling, the data 
for all power input settings become nearly similar. In Fig. 6, the nat
ural logarithm of the nondimensional temperature, In 0, is plotted 
versus distance, £, for power setting No. 3, which is a typical case. Away 
from the evaporating meniscus region, the data indicate that the 
temperature can be assumed to be that of one-dimensional heat 
conduction in a thin slab with natural convection losses from the top 
surface. An analysis of conduction in the glass away from the meniscus 
region confirms this experimental result [1]. The data are well rep
resented by the following equations 

0(O(£) = 0o(i) exp ( -7 ( i ) £) ; £ < 0.3 

!(/)(£) = 0OO> exp ( - 7 0 ) f ) ; i, > 0.4 

(5) 

(6) 

where 6 is the nondimensional temperature averaged over one half 
the substrate width and the thickness. The nondimensional heat flow 
rate, 5(?) = —yO, can be obtained by differentiation of the one di
mensional model equations (5) and (6). A measure of the heat removed 
by evaporation can be obtained by extending the one-dimensional 
model to the location of the meniscus interline. The line £ = 0.3 cor
responds to the location of resistance thermometer No. 4. The line 
£ = 0.4 corresponds to the location of No. 6. Resistance thermometer 
No. 5 is located at £ = 0.36. The temperature measured by sensor No. 
5 is lowered by the proximity of the interline heat sink. Therefore, only 
the first four sensors were used to extrapolate the incoming heat flux 
to the meniscus interline. The heat flow rate out of the glass in the 
meniscus region which is predominately due to evaporation, Qe, is 
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equal to the difference between the incoming and outgoing heat flow 
rates in the glass 

5 , = 5 ( i ) - 3 a > I = meniscus 

location 
(7) 

The actual evaporative heat loss from the glass due to evaporation 
per unit width can be calculated using 

kt 
Q* • (T2 - T„)Qe (8) 

The above analysis demonstrates that the heat flux based on the in
terline length varied from zero to 1.36 w/m in our tests. This maximum 
level of heat flow can be averaged over the first 10_B m to obtain an 
estimate of the average heat flux based on the area equal to 1.36 X 10B 

w/m2. The results show that the ratio Qe/Q^ decreases from 0.31 to 
0.22 as the power input setting is increased [1]. This indicates that 
substrate conduction limits the amount of heat delivered to the me
niscus for evaporation. The incoming volumetric flow rate which must 
be evaporated per unit width to account for this heat flux can be 
calculated using 

: Q*(peH (9) 

where pe is the density of the liquid and H is the latent heat of va
porization. The results obtained for all power input settings are given 
in Table 1. 
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Table 1 

Heat Flux Setting 

9o(i) 

0ou) (£ = 0.4) 

yU) 

y(j) 

£ meniscus 

(J(i) (£ meniscus) 

<5^ (£ meniscus) 

5. 
5e/Q ( i> (£ meniscus) 

Q* [w/m] 

n* [m3/m - s X 1010] 

1 

1.42 

0.31 

3.75 

2.72 

0.360 

1.38 

0.94 

0.44 

0.31 

0.18 

2.60 

2 

1.42 

0.31 

3.75 

2.96 

0.362 

1.37 

1.03 

0.34 

0.25 

0.37 

5.35 

3 

1.43 

0.30 

3.80 

3.10 

0.365 

1.36 

1.04 

0.32 

0.24 

0.79 

12.74 

4 

1.44 

0.29 

3.95 

3.20 

0.368 

1.33 

1.03 

0.30 

0.22 

1.36 

20.48 

The error in the determination of Qe can be obtained from esti
mates of the error in determining the one dimensional heat flux into 
and away from the meniscus region. The relative error for the non-
dimensional heat flux can be calculated as 

The estimates for these quantities are A7 = ±0.025 and A0a = ±0.05. 
The uncertainty in determining the interline location is insignificant 
in this case. Using equation (10) for both the incoming and outgoing 
heat flux, an error estimate of 13 percent for the evaporative heat flux 
is obtained for the worst case. 

Discussion and Conclusions 
The experimental results presented above significantly increase 

the available data concerning the steady-state evaporating meniscus. 
In order to complete the study, a mathematical model is now needed 
to relate the observed change in the meniscus profile to the evapora
tive heat flux obtained from the temperature measurements. The 

model must relate the shape of the evaporating meniscus to the 
pressure gradient needed to supply the volumetric flow rate to 
maintain steady-state evaporation. The solution to this involved 
problem is discussed in Part II [3]. Briefly, we can say that the mea
sured fringe locations for all heat flux settings were analyzed using 
the measured heat flux in a nonlinear parameter estimation technique. 
By assuming a mathematical model for the meniscus profile with 
adjustable parameters, the fringe location data were used to select 
those parameters which yielded the best agreement between the 
measured and predicted fringe location in the least squares sense. The 
results of this analysis demonstrated that a model which included 
fluid flow resulting from a curvature gradient represented the data 
better than a constant curvature model. 

Using only the experimental results, we can state that: 
1 the average evaporative heat flux in an evaporating meniscus 

has been measured for the range 0-1.36 w/m of interline using resis
tance thermometers vapor deposited on the galas substarte; and 

2 the profile of an evaporating meniscus has been measured in 
the thickness range (0.1-4) X 10~6 m using the optical technique of 
interferometry. 

These measurements lead to the conclusion that the evaporating 
meniscus profile is stable and that it is a function of the evaporative 
heat flux. 
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