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Abstrac~Experiments were performed to provide a critical test of analytical/numerical models for pre- 
dicting evaporation from an open-topped vertical tube partially filled with a liquid. Separate apparatuses 
were used to achieve evaporation under either isothermal or non-isothermal conditions. The experiments 
were performed for water evaporating into air which contained water vapor. The experimental work 
was supplemented by the numerical implementation of the models using the ambient conditions of the 
experiments as input. Excellent agreement was found to prevail between the experimentally determined 
and numerically predicted Sherwood numbers. This finding, along with other comparisons, validated the 
models. For isothermal evaporation, the validation established that account must be taken of natural 
convection in the gas~apor space above the liquid surface and that pure diffusion is an insufficient 
description of the transport process. For non-isothermal evaporation, it was established that in addition 
to natural convection in the gas~apor space, it is necessary to account for thermal radiation at the 

bounding surfaces of the space and for natural convection in the liquid pool. 

INTRODUCTION 

THIS PAPER describes an experimental investigation of  
evaporat ion from a liquid pool, which partially fills a 
circular tube, into an otherwise quiescent ambient. 
The experiments were performed with water as the 
evaporat ing liquid and with water-vapor-containing 
air as the ambient. The tube was vertical and its upper 
end was open to the ambient. Basically, the evap- 
oration was driven by the difference in the water vapor  
concentrations at the surface of  the water pool and in 
the ambient, although different transfer mechanisms 
participated depending on the operating conditions. 

Two generic classes of  operating conditions were 
considered. In one, the system was virtually 
isothermal, so that the participating transport pro- 
cesses were mass diffusion and buoyancy-driven fluid 
flow (i.e. natural convection) in the a i r -vapor  mixture 
in the space between the liquid surface and the top of  
the tube. The buoyancy was created by concentrat ion 
differences. 

The second generic case was non-isothermal evap- 
oration. Here, the temperature of  the liquid surface 
was depressed below the ambient temperature. While 
mass diffusion continued to operate as before, the 
natural convection in the a i r -vapor  space was now 
driven by buoyancy which resulted from both con- 
centration and temperature differences. Furthermore,  
the non-isothermal operating conditions activated 
radiant interchange among the bounding surfaces of  
the a i ~ v a p o r  space and with the ambient. Natural  
convection in the water pool was also activated, as 
was conduction in the tube wall, in the insulation 

surrounding the tube, and in the insulation container. 
The isothermal and non-isothermal operating con- 

ditions were achieved by the use of  different appa- 
ratuses, as will be described later. 

The experimental work to be reported here rep- 
resents the second and final phase of  a two-part  study 
of  the problem of  evaporation from a partially filled 
tube to a quiescent ambient. The first part of  the study, 
reported in ref. [1], was an in-depth modeling and 
computat ional  effort which examined the following 
issues : 

(1) isothermal vs non-isothermal evaporation ; 
(2) interactions between the velocity, mass 

fraction, and temperature fields in the gas-vapor  
space in the tube and in the ambient ; 

(3) natural convection in the gas-vapor  space ; 
(4) radiative interchange in the gas-vapor  space : 
(5) natural convection in the liquid pool ; 
(6) conduction in the insulation surrounding the 

tube, in the tube wall, and in the insulation container. 

These various effects were explored numerically in ref. 
[1] by means of  a number of  typical cases which were 
characterized by realistic operating conditions but 
which were not  specific to any of  the experimental 
runs. 

Here, the appropriate models will be numerically 
implemented for the specific operating conditions of  
the experiments. As a consequence, the presentation 
of  results will include both experimental data and 
numerical predictions, which will be compared when- 
ever possible. The results to be presented are : 
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NOMENCLATURE 

A surface area, red2~4 
D mass diffusion coefficient 
d inside diameter of tube 
g acceleration of gravity 
K mass transfer coefficient, equation (6) 
L distance between liquid surface and top 

of tube 
M mass of water in tube 
AM evaporated mass 
p pressure 
R inner radius of tube 
Ra Rayleigh number, equation (8) 
r radial coordinate 
Sc Schmidt number 
Sh Sherwood number, Kd/D 
T temperature 
T~ temperature at liquid surface 
T~ ambient temperature 
u axial velocity component 
x axial coordinate. 

Greek symbols 
p viscosity 
v kinematic viscosity 
p density 
Ps mixture density adjacent to liquid surface 
P .... density of water vapor adjacent to liquid 

surface 
P . . . .  density of water vapor in ambient 
p~ ambient mixture density 

duration of evaporation run 
¢~ ambient relative humidity. 

Subscripts 
a dry air 
db dry bulb 
s liquid surface 
sat saturation state 
wv water vapor 
oe ambient. 

(1) evaporation rates, expressed in dimensionless 
form via the Sherwood number; 

(2) the temperature at the surface of the water 
pool ; 

(3) patterns of fluid flow in the a i~vapor  space in 
the tube and in the ambient ; 

(4) velocity profiles in the air-vapor space in the 
tube. 

A more extensive presentation of results is available 
in the thesis [2] on which this paper is based. The 
literature survey reported in ref. [1] applies equally 
well here and need not be repeated. 

EXPERIMENTAL APPARATUS A N D  
PROCEDURE 

Laboratory characteristics 
A necessary prerequisite for the successful 

execution of the experiments was that they be per- 
formed in a laboratory in which the air was quiescent, 
the temperature and water vapor content (i.e. the 
humidity) were constant over a long period of time, 
and where both artificial lighting and daylight could 
be fully suppressed. These requirements were com- 
pletely fulfilled. 

The laboratory was, in fact, a room within a room. 
It was situated in a basement, away from exterior 
walls, and windowless. Neither heating nor cooling 
ducts passed into the room nor were there grilles or 
openings for ventilation. Its walls, ceiling, and floor 
were insulated with a 46-cm-thick layer of cork. The 
total volume of the room was about 70 m 3, and it 
contained various objects having a large aggregate 
heat capacity. 

The unique combination of insulation, isolation, 
and large heat capacity made for unusual thermal 
stability. Furthermore, the moisture absorbing capa- 
bility of the cork walls acted to stabilize the humidity. 

Evaporation apparatus 
As was noted in the Introduction, two different 

apparatuses were used to achieve the desired iso- 
thermal and non-isothermal modes of operation. Dis- 
tilled water served as the evaporating liquid in all the 
experiments. 

The isothermal experiments were performed in a 
specially fabricated aluminum tube which was used 
without insulation. Aluminum was selected because 
of its high thermal conductivity. The combination of 
an aluminum tube and the absence of insulation was 
intended to minimize the thermal resistance between 
the evaporating liquid and the ambient, thereby 
enabling the heat necessary for the evaporation pro- 
cess to be supplied at virtually zero temperature 
difference. 

The tube had an i.d. of 3.80 cm, a wall thickness of 
0.32 cm, and a variable length. The variable length 
feature was achieved by synthesizing the tube from 
either one, two, or three sections. Figures 1 (a) and (b) 
illustrate the one- and three-section configurations of 
the tube. One of the sections was a cup-like container, 
and the others were sleeve-like extensions which were 
fitted atop of it. As indicated in Fig. 1, the water pool 
was always confined to the cup-like portion of the 
tube, regardless of whether one, two, or three sections 
were used. 

The foregoing observation leads into the rationale 
for the composite nature of the tube. It was desired 
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AIR - VAPOR 
M I X T U R E  ~ 

WATER 

I- d . . . .  I 

(a) (b)  
F]o. I. Configurations of the tube for the isothermal evap- 
oration experiments: (a) one-section configuration; (b) 

three-section configuration. 

AIR-VAPOR 
M I X T U R E ~  ~-- TUBE 

FIC. 2. Apparatus setup for the non-isothermal evaporation 
experiments. 

to make use of a highly accurate analytical balance 
with a capacity of 200 g for measuring the mass of the 
tube and its contents before and after an evaporation 
run. Had the tube been one piece, its mass plus that 
of the water would have exceeded the capacity of 
the balance. This suggested a composite tube with a 
properly sized lower portion to match the weighing 
capacity of the balance. 

As indicated in Fig. 1, the distance between the 
surface of the water and the top of the tube is denoted 
by L and the i.d. by d. With the tube empty, the largest 
Lid of the composite tube was equal to about 3.3. 

To prevent electrolytic action between the water 
and the aluminum, the inner surfaces of the cup-like 
portion of the tube were lightly spray-painted and 
then polished to a high degree of smoothness with 
1200-grit lapping compound. Continuity of the tube 
surface at the junctions of the various sections was 
ensured by hand-fitting operations--sanding and sub- 
sequent polishing. 

For the non-isothermal evaporation experiments, 
the apparatus was designed to maximize the 
depression of the temperature of the water surface 
relative to the ambient temperature. To this end, the 
setup illustrated in Fig. 2 was used. The con- 
tainment tube was made of polyethylene (rather than 
from a metal), and the tube was surrounded by a large 
volume of powder-type insulation (silica aerogel) hav- 
ing a nominal thermal conductivity about 20% less 
than that of air. The use of a non-metallic tube and 
low conductivity insulation was intended to force the 
heat necessary for the evaporation process to pass, in 
large part, through the air-vapor mixture, which is a 
high-resistance path. 

The tube had an i.d. of 6.10 cm, an empty internal 
length of 20.29 cm, and a wall thickness of 0.2 cm. 
Thus, the L/d for the empty tube was about 3.3 (vir- 
tually the same as that for the isothermal evaporation 
experiments). 

The insulation was enclosed in a cardboard con- 

tainer the external dimensions of which formed a cube 
30.5 cm on a side. To facilitate handling the fine aero- 
gel powder, it was first poured into plastic bags and 
then sealed therein, after which the bags were placed in 
the cardboard container. A vertical cylindrical cavity, 
centered in the square planform of the insulation 
enclosure, was created to house and position the tube. 
The wall and base of the cavity were made of light- 
weight cardboard cut from a standard manila folder 
having a thickness of 0.1 cm. 

Instrumentation 
Instrumentation was provided to measure six quan- 

tities needed for the evaluation of the evaporation 
rate, mass transfer coefficient, Sherwood number, 
Rayleigh number, water surface location (relative to 
the tube opening), and water surface temperature. The 
measured quantities included temperature, pressure. 
mass, humidity, water surface location, and time. 

Temperature measurements were made at the water 
surface and in the ambient adjacent to the tube open- 
ing. The thermocouples used for these measure- 
ments were fabricated from specially calibrated 30- 
gage, Teflon-coated chromel and constantan wire. 
Chromel-constantan thermocouples were used be- 
cause they do not interact with water and because 
they have the highest thermoelectric sensitivity among 
all common thermocouple types. 

The two thermocouples used for the ambient tem- 
perature measurement were respectively positioned 5 
and 35 cm above the tube opening and about 2 cm to 
the side of the opening. Two thermocouples were also 
used at the water surface. These thermocouples were 
led in from below, and their junctions were positioned 
just beneath the surface (about 0.2 cm beneath the 
surface at the start of a data run) to take account of 
the surface recession due to evaporation. The pos- 
itioning was accomplished with the aid of sensitive 
tweezers. In the non-isothermal evaporation experi- 
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ments, a third thermocouple was placed at mid-height 
in the water pool. 

All thermocouple outputs were read to within 1/~V 
by a digital voltmeter. The meter was situated outside 
the laboratory to enable the readings to be made with- 
out disturbing the laboratory ambient. 

The pressure was read to within 0.1 mm Hg with a 
vernier-equipped mercury barometer, and the read- 
ings were corrected for temperature according to a 
chart which accompanied the instrument. The baro- 
meter was situated within 2 m of the evaporation 
apparatus. 

Either of two balances was used to measure the 
mass of the containment tube and its contents before 
and after an evaporation run. As was discussed earlier, 
the tube used in the isothermal evaporation experi- 
ments was designed to enable the mass measurements 
to be made with an analytical balance having a 200 g 
capacity and a resolution of 0.0001 g. The evap- 
oration-related changes of mass measured with this 
balance were in the 1-2.6 g range. 

The weighing chamber of the analytical balance was 
not high enough to accommodate the height of the 
polyethylene tube used in the non-isothermal experi- 
ments. For that case, the mass measurements were 
made with a triple-beam balance having a capacity of 
2610 g and a resolution of 0.05 g. Since the measured 
evaporated mass was typically about 5 g, the 0.05 g 
resolution was acceptable. Both balances were 
immediately adjacent to the evaporation site, enabling 
the measurements to be made quickly and in the same 
ambient as in the experiments proper. 

A specially fabricated psychrometric unit was used 
for the humidity determination. The unit consisted of 
a 76 cm long, 7.6 cm diameter plexiglass tube equipped 
at its downstream end with a fan which was operated 
in the suction mode to draw air through the tube. 
Dry- and wet-bulb thermometers penetrated the tube 
wall radially and were positioned with their bulbs on 
the tube centerline, with the former upstream of the 
latter and with a separation of 30 thermometer diam- 
eters. The thermometers were ASTM certified and 
could be read to 0.1°F or better. 

The tube diameter and the fan of the psychrometric 
unit were sized to provide near equality of the psy- 
chrometric and thermodynamic wet-bulb tempera- 
tures. Also, the tube was covered with aluminum foil 
to eliminate extraneous radiation. In actuality, radi- 
ation was not an issue because the psychrometric unit 
was operated when the laboratory was in complete 
darkness. 

Preliminary experiments had been performed to 
determine the temperature-time characteristics of the 
wet-bulb thermometer. With this knowledge, the 
experimenter could absent himself from the lab- 
oratory during the transient period and only enter to 
take the steady-state temperature readings, and then 
only with illumination from a small flashlight. 

Two methods were used to determine the distance 
L between the water surface and the top of the con- 

tainment tube. One method, to be described later in 
the section on Data Reduction, was a calculation 
based on mass measurements of the tube with water 
and the tube without water. The other was a direct 
measurement using a rigid aluminum scale with pre- 
cisely ruled subdivisions of 0.5 mm. To facilitate the 
measurement, the scale was suspended from a tripod 
equipped with a leveling adjustment. The tripod was 
positioned so that the scale contacted the water sur- 
face in a region well away from the tube wall, thereby 
avoiding possible meniscus effects at the wall. The 
two methods yielded L values that were within the 
accuracy of the direct measurement. 

The duration of each data run was measured with 
an analogue quartz watch able to resolve 0.5 s. 

Experimental procedure 
Subsequent to the filling of the tube with distilled 

water, an equilibration period was allowed during 
which the temperature of the apparatus passed 
through an initial transient and ultimately became 
steady with respect to the ambient temperature. For 
the uninsulated aluminum tube, the end result of the 
equilibration was virtual equality of the temperatures 
of the water and the ambient. In the case of the insu- 
lated polyethylene tube, the end result was a 
depression of the water surface temperature below the 
ambient temperature. Equilibrium was established in 
about 1 h for the aluminum tube and in about 1-4 h 
for the insulated polyethylene tube, depending on L/d, 
with a longer time required at larger Lid. 

When sequential evaporation runs were performed, 
the water level, characterized by L, was varied from 
run to run by removing a small amount of water. 
This operation caused virtually no disturbance of the 
equilibrium condition. 

At the beginning of the evaporation run proper, the 
positions of the thermocouples used to measure the 
water surface temperature were adjusted with the aid 
of the tweezers mentioned earlier. Also, at the begin- 
ning of the run, measurements were made of the mass 
of the tube and its contents, water level, humidity in 
the ambient, temperatures, pressure, and time, and 
these same quantities were measured at the conclusion 
of the run. During the run, the temperatures and the 
pressure were read with instruments situated outside 
the laboratory. In the longer evaporation runs, i.e. 
those of 8 h duration, the humidity was measured 
midway during the run. 

The durations of the evaporation runs were selected 
to yield mass changes of approximately 2 and 5 g, 
respectively, to be measured by the analytical balance 
and the beam balance. With the prevailing ambient 
humidity levels, the run times ranged from 4 to 
8 h. The corresponding evaporation-related surface 
recessions in the aluminum and polyethylene tubes 
were both about 0.17 cm. 

The overriding objective of all aspects of the exper- 
imental procedure was to avoid disturbing the lab- 
oratory ambient and the equilibrium state of the 
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apparatus. Thus, the presence of the experimenter in 
the laboratory was kept to a minimum, and lighting 
was rarely used and then was confined to a small 
flashlight. To avoid disturbing the thermal equi- 
librium state of the tubes, well-insulated ski gloves 
were used when the tubes had to be touched. 

DATA REDUCTION 

The methods used to evaluate the evaporative mass 
transfer coefficient, the Sherwood number, the Ray- 
leigh number, and the water surface location from the 
experimental data will now be described. The mass 
transfer coefficient is based on the difference in the 
densities of the water vapor at the water surface and 
in the ambient, while the difference in the mixture 
densities in the ambient and at the surface appears in 
the Rayleigh number. Therefore, the determination of 
these densities is a natural starting point of the data 
reduction. 

The partial pressure p . . . .  of the water vapor in the 
ambient was calculated from the measured dry- and 
wet-bulb temperatures and the barometric pressure by 
using psychrometric equations available in standard 
textbooks (e.g. pp. 393-397 of ref. [3]). The details of 
the calculation are presented in ref. [2], where 
algebraic relations for the participating ther- 
modynamic properties are also set forth. Note that 
within the accuracy of the instrumentation, the inde- 
pendently measured dry-bulb and ambient tem- 
peratures were identical. Then, with the saturation 
pressure Psat(Tdb) corresponding to the dry-bulb tem- 
perature, the ambient relative humidity ~b~ was 
obtained from 

@~. = P . . . . .  /P~t(Tdb).  (1) 

In turn, ~b~. was used in conjunction with the satu- 
ration density at Tab to compute the vapor density in 
the ambient 

P . . . .  = ~b~p~,,(Tab). (2) 

The next quantity to be determined is the density 
p~ of the air-vapor mixture in the ambient. To this 
end, the partial pressure of dry air in the ambient is 
found from Pa.~ = P - - P  . . . . .  in which p is the baro- 
metric pressure. Then, the partial density p~,~ of the 
dry air is calculated using the perfect gas law and, 
with this 

The water vapor and mixture densities at the water 
surface, p .... and ps, respectively, will now be deter- 
mined. For the determination, it will be assumed that 
the liquid and the adjacent vapor are at a saturation 
state corresponding to the measured surface tem- 
perature T~. It then follows that 

P .... = Psat(T~), P .... =Psat(Ts) - (4) 

Furthermore, the partial pressure of dry air adjacent 
to the surface is 

Pa,~ = P - P  .... 

and the density Pa,~ is obtained from the perfi~ct gas 
law. Then 

p, = p  . . . .  +p~.~. (5) 

If AM denotes the mass of water evaporated during 
a data run and ~ is the duration of the run, then the 
mass transfer coefficient K for evaporation may be 
defined as 

K = ( A M / A O / ( p w ~ . ~ - p  ..... ) (6) 

in which A is the surface area rcd2/4. 

The dimensionless counterpart of the mass transfer 
coefficient is the Sherwood number Sh  = K d / D .  where 
D is the mass diffusion coefficient. It is convenient to 
eliminate D by making use of the definition of the 
Schmidt number, Sc  = v /D,  so that 

Sh  = (Kd /v )Sc .  (7) 

The Schmidt number for mixtures of air and water 
vapor is 0.6. 

Since natural convection occurs in the air-vapor 
space between the liquid surface and the top of the 
tube, it is of interest to evaluate a characteristic Ray- 
leigh number. In general, both temperature and con- 
centration differences may contribute to the buoyancy 
which drives the natural convection. Corres- 
pondingly, it is appropriate to base the Rayleigh num- 
ber on a density difference rather than on a tem- 
perature difference or a concentration difference, 
which represent special cases. The Rayleigh number 
definition used here is 

Ra = [ g ( p ~ - p s ) d 3 / p v 2 ] S c .  (8) 

The density p that appears in equation (8) and is 
embedded in v (=  #/p)  in equations (7) and (8) was 
evaluated as (p_,~+p~)/2. With negligible error, the 
viscosity was taken as that of dry air at the tem- 
perature ( T ~  + Ts)/2. 

For each evaporation run, the distance L between 
the water surface and the top of the tube was evaluated 
from 

L = (L, +L2)/2 (9) 

where L~ and L2 denote the respective distances at the 
beginning and the end of the run. This averaging is 
believed to be altogether acceptable, since (1.2-L~) 
was typically about 0.17 cm, which is small compared 
with the 3.80 and 6.10 cm respective tube diameters. 

The values of L~ and L2 were found by direct 
measurement and, independently, by utilizing the 
measured mass. With regard to the latter, let M~ and 
M2, respectively, denote the mass of the water in the 
tube at the beginning and the end of the data run. 
These quantities were obtained by subtracting the 
fixed mass of the tube and its auxiliaries from the 
initial and final measured masses. Then, if H denotes 
the height of the water in the tube and Pw,~ is the 
density of the water 
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Hi = [Mi/Pwt,+ Vt~]/(TM2/4) (10) 

in which Vt¢ represents the volume occupied by the 
thermocouples, and i = 1,2. Furthermore, if Lma× 
denotes the top-to-bottom internal depth of the empty 
tube, then 

L i = Lma x - - H , .  (11)  

The values of L1 and L2 determined from equation 
(11) were used as input to equation (9), which yielded 
L. 

As noted earlier, the two methods of determining 
L provided results which were in agreement within the 
accuracy of the direct measurements. 
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FIG. 4. Sherwood number results for  isothermal evaporat ion 
(iso case 2). 

R E S U L T S  A N D  D I S C U S S I O N  

Sherwood numbers 
The experiments were performed for three sets of 

ambient conditions, two of which were for isothermal 
evaporation and the third of which was for non-iso- 
thermal evaporation. These conditions are 

isocase 1: T~ = 24.6°C, q~ = 45% (12a) 

i socase2:  Too = 23.1°C, ~b~ = 17.5% (12b) 

non-iso: Too = 24.3°C, ~b~ = 14.6%. (12c) 

The barometric pressure was typically in the range 
735 740 mm Hg. For each of the cases identified in 
equations (12a)-(12c), data were collected for dimen- 
sionless distances between the liquid surface and the 
top of the tube in the L/d range which extended from 
as low as 0.2 to as high as 2.85. 

For each of the isothermal cases, the Rayleigh num- 
ber was a constant, equal to 8.2 x 103 and 9.6 x 103 for 
iso cases 1 and 2, respectively. On the other hand, for 
the non-isothermal case, the Rayleigh number varied 
with Lid in response to the variation of the liquid 
surface temperature with Lid. 

The Sherwood number results will now be 
presented. As noted earlier, the Sherwood number is a 
dimensionless representation of the evaporation rate. 
The Sherwood numbers for iso cases 1 and 2 are 
displayed in Figs. 3 and 4, respectively, while Fig. 5 is 
for the non-isothermal case. In each figure, Sh is plot- 
ted as a function of the dimensionless distance Lid 
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number results for non-isothermal 
evaporation. 

between the liquid surface and the top of the tube. 
In addition to the experimental data, each figure 

contains a solid line representing predictions from 
numerical solutions performed here which were based 
on models formulated in ref. [1]. In particular, the 
predictions appearing in Figs. 3 and 4 are based on 
an isothermal model in which the solution domain 
encompassed not only the air-vapor space in the tube 
but also extended into the ambient above the tube (i.e. 
the ambient-including model). The numerical pre- 
diction in Fig. 5 is based on model NI 4 of ref. [1]. 
That model includes a host of non-isothermal effects 
but did not include the ambient in the solution 
domain. Instead, on the basis of exploratory com- 
putations documented in ref. [1], the omission of the 
ambient was compensated by a 5% correction (an 
increase) of the Sherwood numbers. 

Note that the only experiment-related inputs to the 
computer program were T,,~, q~, Po~, and Lid. In 
particular, for the non-isothermal case, the liquid sur- 
face temperature T~ was not an input but, rather, was 
determined as part of the solution. 

The dashed line appearing in Figs. 3 and 4 rep- 
resents the solution of the Stefan diffusion problem, 
for which Sh = 1/(L/d). In the Stefan problem, the 
only participating transport mechanism is con- 
centration-driven diffusion in the air vapor space. 

An overall inspection of Figs. 3 5 shows that the 
data and the numerical predictions are mutually 
highly supportive. In this regard, it is worth reiterating 
that the models used for the isothermal and non- 
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isothermal cases are significantly different. Therefore, 
the comparisons conveyed in the figures provide inde- 
pendent confirmation of both models. 

Natural convection in the gas-vapor space between 
the liquid surface and the top of the tube plays an 
altogether essential role in both the models, although 
there are different contributions to the buoyancy for 
isothermal and non-isothermal conditions. Other fea- 
tures of the non-isothermal model which contribute 
significantly to the numerically predicted Sh values 
are thermal radiation at the bounding surfaces of the 
gas-vapor space and natural convection in the liquid 
pool. The experimental validation of the predicted 
values of Sh serves to confirm the proper modeling 
and importance of these processes. 

The quality of the comparisons serves to rec- 
ommend the models for subsequent applications. 
Thus, the major goal of the experimental work--the 
verification of the models--has been accomplished. 

The data and the predictions indicate a common 
trend with Lid. For small L/d, the Sherwood number 
(i.e. the evaporation rate) is relatively insensitive to 
increasing Lid. However, at larger L/d, Sh tends to 
drop off more rapidly with Lid. This trend evidences 
the increased resistance which corresponds to a 
longer transfer path between the liquid surface and 
the ambient. 

The moderate scatter of the data reflects deviations 
from the nominal operating conditions set forth in 
equation (12). The deviations occurred because the 
ambient temperature and ambient humidity could not 
be actively controlled. Rather, as described earlier, the 
control was passive (e.g. high thermal inertia in the 
laboratory, thermal insulation and moisture absorp- 
tion by the cork walls, etc.). 

The predictions of the Stefan model (dashed line) 
appear to be altogether erroneous. The main flaws of 
this model are the neglect of natural convection and 

the insufficiency of a one-dimensional treatment, 
especially when L/d is small. 

Liquid surface temperatures 
For non-isothermal evaporation, the temperature 

T~ of the liquid surface varies with the distance 
between the surface and the top of the tube. The 
measured and predicted variations of 7~ with Lid for 
the non-isothermal case identified in equation (12c) 
are presented in Fig. 6. Each data point represents the 
average of the two surface-contacting thermocouples, 
while the predicted values correspond to radial aver- 
ages across the water surface. In addition to the data 
and the solid line which depicts the predictions, there 
is a dashed line representing a linear, least-squares 
fit of the data. For reference purposes, the ambient 
temperature T~ (=  24.3°C) is shown as a horizontal 
dash-dot line near the top of the figure. 

From the figure, it is seen that T~ decreases mono- 
tonically with L/d, which is consistent with the 
expected increase of the thermal resistance between 
the liquid surface and the ambient. The temperature 
depression ( T ~ - T s )  at the surface increases from 
about 2°C to slightly less than 3~C over the inves- 
tigated range of Lid. 

The apparent data scatter in the figure is much 
exaggerated due to the highly expanded ordinate 
scale. On the other hand, the least-squares rep- 
resentation of the data is virtually coincident with the 
numerical prediction. This excellent agreement lends 
further support to the model on which the predictions 
are based. 

Flow patterns and velocity profiles 
Numerically determined fluid flow information cor- 

responding to the operating conditions of the experi- 
ments will now be presented. Attention will first be 
directed to the isothermal evaporation cases, iso 1 and 
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FIG. 7. Patterns of fluid flow for isothermal evaporation 
(iso case 1) and Lid = 0.5: (a) in-tube air-vapor space; (b) 

ambient. 
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FIG. 8. Patterns of fluid flow for isothermal evaporation 
(iso case 1) and Lid = 2.5 : (a) in-tube air vapor space ; (b) 

ambient. 

iso 2, as identified in equations (12a) and (12b). The 
flow field results for these cases are qualitatively simi- 
lar, so that only one of them need be considered here--- 
for concreteness, iso 1. 

Figures 7 and 8 exhibit flow patterns in the form of 
streamline maps for iso 1, with Fig. 7 corresponding 
to L/d= 0.5 and Fig. 8 to L/d= 2.5. Each figure 
consists of two diagrams. Diagram (a), on the left, 
shows representative streamlines in the air vapor 
space between the liquid surface and the tube opening 
and, in addition, in a small portion of the ambient 
just above the tube opening. The vertical position of 
the opening is pointed out in the diagram. The right- 
hand boundary of the diagram is the symmetry axis, 
the lower boundary is the surface of the liquid, and the 
left-hand boundary (up to the opening) is the tube wall. 

Diagram (b), on the right, shows streamlines in the 
ambient. The right-hand boundary is the symmetry 
axis, and the portion of the lower boundary between 
the axis and the tic mark (designated tube radius) 
coincides with the tube opening. Thus, the two dia- 
grams have difference scales which are readily related 
by equating the overall horizontal dimension of dia- 
gram (a) with the horizontal distance between the tic 
and the axis on the lower boundary of diagram (b). 

The in-tube flow patterns for the two Lid's, as pic- 
tured in Figs. 7(a) and 8(a), are qualitatively similar. 
Fluid from the ambient enters the tube through an 
annular region adjacent to the wall. The depth to 

which this fluid penetrates the tube depends on its 
proximity to the wall--the closer to the wall, the 
deeper the penetration. The blocking action of the 
water surface requires that the fluid turn about and, 
after the turn, it proceeds to exit the tube through a 
circular core which surrounds the axis. The exiting 
mass f[.ow exceeds the entering mass flow as a result 
of the evaporation which occurs at the water surface. 
Evidence of the evaporation is provided by the stream- 
lines which originate at the surface. 

For the Lid = 0.5 case, the streamlines are more 
rounded and the turns are more gradual than for 
the Lid = 2.5 case. For the former, the flow passing 
through the tube opening possesses a greater trans- 
verse component than for the latter. 

The flow patterns in the ambient, Figs. 7(b) and 
8(b), are markedly different for the two Lid's. For 
Lid = 0.5, there is a significant horizontal flow, a por- 
tion of which turns downward into the tube opening. 
Another portion is turned upward as it is entrained 
by the jet which is formed by the core-like outflow 
from the tube. The jet persists as a coherent entity 
throughout the investigated region of the ambient. 

The ambient flow for the L/d= 2.5 case has a 
strongly vertical orientation. The fluid passing from 
the ambient into the tube is a downflow which pinches 
in as it enters the opening. Between this downflow and 
the upflowing jet which emanates from the core of the 
tube is a zone of recirculation. 

In-tube velocity profiles which correspond to the 
flow patterns of Figs. 7(a) and 8(a) are respectively 
presented in Figs. 9 and 10 for Lid = 0.5 and 2.5 (and 
for iso 1). In each figure, the axial velocity component 
u, embedded in the Reynolds-number-like dimen- 
sionless group ud/v, is plotted as a function of the 
dimensionless radial coordinate r/R. Profiles are 
shown at four axial stations characterized by both x/L 
and x/d, where x = 0 at the surface of the liquid and 
x = L at the tube opening. Note that the x/L stations 
are common to both figures, but the x/d stations are 
different. 

The most noteworthy characteristic of the velocity 
profiles is their two-lobed nature. Over approximately 
the inner half of the tube radius, the velocities are 
positive (upflow), while over the outer half, they are 
negative (downflow). The integral 

f ru dr 

over the cross section is constant for all profiles of a 
given set, with the constant being proportional to the 
rate of evaporation at the surface of the liquid. 

Each set of velocity profiles reflects a decelerating 
flow in the direction from the tube opening to the 
liquid surface, which is in accord with the deployment 
of the streamlines in Figs. 7(a) and 8(a). The decel- 
eration is slight in the upper half of the L/d = 2.5 
space (i.e. straight, parallel streamlines), and only in 
the lower portion of the tube, where there is appreci- 
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FIG. I0. Velocity profiles in the in-tube air-vapor space for isothermal evaporation (iso case I) and 
L/d = 2.5. 

able turning of  the flow, does substantial deceleration 
occur. On the other hand, for L/d = 0.5, deceleration 
is in evidence at all stations. Note  that although higher 
velocities are attained across the opening for the 
Lid = 0.5 case relative to those for Lid = 2.5, the vel- 
ocities for the former drop off more rapidly with 
decreasing x than do those for the latter. 

Attent ion is now turned to the case of  non- 
isothermal evaporat ion for which the operating con- 
ditions were specified in equation (12c). Flow patterns 
and velocity profiles for the non-isothermal case will 
be presented for Lid = 0.5 and 2.5. 

As noted earlier, the solution domain for the non- 
isothermal case did not include the ambient. There- 
fore, streamline patterns for the ambient are not  avail- 
able. The streamline patterns in the a i r -vapor  space 
between the liquid surface and the opening of  the tube 
are presented in Fig. 11, with diagrams (a) and (b) for 
Lid = 0.5 and 2.5, respectively. The dimensions of  the 
two diagrams were chosen for presentation com- 
patibility. In reality, the ratio of  the horizontal dimen- 
sions of  diagrams (a) and (b) should be five. 

The major  novelty conveyed by Fig. l I is that the 
direction of  the fluid flow is reversed compared with 
that for isothermal evaporat ion (see Figs. 7(a) and 
8(a) for comparison).  Now, the ambient fluid enters 
the tube through a core-like region which encore- 
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FIG. 11. Patterns of fluid flow in the in-tube air vapor space 
for non-isothermal evaporation: (a) L/d= 0.5; (b) 

L/d = 2.5. 

passes the axis. The fluid exits the tube through an 
annular region adjacent to the tube wall. 

This reversal, relative to the isothermal case~ reflects 
the rearrangement of  the buoyancy field which is 
brought  about  by the participation of  the tempera- 
ture. It is believed that the vertical upward tern- 
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perature increase at the tube wall is a major factor in 
establishing the direction of the fluid flow. The 
upward acceleration at the wall demands an upflow 
there, and the remainder of the flow field must arrange 
itself in accordance with continuity. 

One consequence of the reversed pattern is that the 
air vapor flow sweeps radially outward across the 
surface of the liquid. This flow direction was verified 
experimentally by placing chalk dust at the center of 
the liquid surface at the beginning of a non-isothermal 
evaporation run. At the end of the run, it was observed 
that the dust had migrated to the tube wall. 

Aside from the reversed flow direction, the stream- 
line patterns of Fig. 11 are qualitatively similar to 
those of Figs. 7(a) and 8(a). However, in Fig. 11, the 
streamlines are perpendicular to the tube opening, 
while those of Figs. 7(a) and 8(a) deviate somewhat 
from the perpendicular. The perpendicularity was, in 
fact, a feature of the model used to disconnect the 
tube from the ambient in the non-isothermal case. 

Velocity profiles that are the counterparts of the 
flow patterns of Fig. 11 are presented in Figs. 12 and 
13, respectively for Lid = 0.5 and 2.5. The profiles are 
again of the two-lobe type, but now with negative 
velocities (downflow) in the inner lobe and positive 
velocities (upflow) in the outer lobe. 

FIG. 12. Velocity 

As before, the largest velocity magnitudes occur at 
the tube opening, with lesser magnitudes encountered 
at axial stations that are situated progressively farther 
from the opening (i.e. decreasing x). For Lid = 0.5, 
the velocity decrease is appreciable over the entire 
range of axial stations considered, reflecting the decel- 
eration associated with the early turning of the flow, 
On the other hand, for Lid = 2.5, the decrease of the 
velocity magnitudes is moderate for the considered 
stations. This is in accord with the fact that the turning 
is primarily confined to axial stations adjacent to the 
surface of the liquid. 

C O N C L U D I N G  REMARKS 

The experiments reported here were undertaken to 
provide a critical test of analytical/numerical models 
formulated to predict evaporation of a liquid which 
partially fills an open-topped vertical tube. The 
models, described in ref. [1], encompassed both iso- 
thermal and non-isothermal evaporation. Cor- 
respondingly, separate apparatuses were employed to 
achieve these two modes of evaporation. The experi- 
ments were performed for the evaporation of water 
into air which contained water vapor. In addition to 
the experimental work, the models were numeri- 
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profiles in the in-tube air vapor space for non-isothermal evaporation and L / d  - 0 .5.  
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FIG. 13. Velocity profiles in the in-tube ai~vapor space for non-isothermal evaporation and L/d = 2.5. 
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cally i m p l e m e n t e d  for  the  a m b i e n t  cond i t i ons  o f  the  
exper iments .  

A c o m p a r i s o n  o f  the expe r imen ta l ly  d e t e r m i n e d  
a n d  numer ica l ly  p red ic t ed  S h e r w o o d  n u m b e r s  re- 
vealed excel lent  ag reemen t ,  t he reby  va l ida t ing  the  
mode ls .  T h e  va l ida t ion  o f  the  mode l s  set t les  a n u m b e r  
o f  key issues. F o r  i so the rma l  e v a p o r a t i o n ,  it is n o w  
es tab l i shed  tha t  d i f fus ion-dr iven  t r a n s p o r t  a lone,  as 
in the  Stefan di f fus ion p r o b l e m ,  is insufficient,  and  
tha t  na tura l  convec t ion  in the gas v a p o r  space  m u s t  
be t aken  in to  account .  F o r  n o n - i s o t h e r m a l  evap-  
o ra t ion ,  in add i t i on  to na tu ra l  convec t i on  in the  g a s -  
v a p o r  space,  a c c oun t  m u s t  be t aken  o f  r ad i a t ion  at 

the  b o u n d i n g  surfaces  o f  the  g a s - v a p o r  space  a n d  o f  
na tu ra l  c o n v e c t i o n  in the  l iquid pool .  
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EXPERIENCES SUR L 'EVAPORATION ISOTHERME OU NON A PARTIR DE TUBES 
VERTICAUX PARTIELLEMENT REMPLIS ET OUVERTS AU SOMMET 

R~sumg--Des exp6riences sont conduites pour fournir un test critique /t des mod61es analytiques: 
num6riques qui prbdisent l '6vaporation pour des tubes verticaux ouverts au sommet et partiellement emplis 
de liquide. Des appareils s6par6s permettent l'6vaporation, dans des conditions soit isothermes soit non 
isotherrnes, d'eau duns Fair constant de la vapeur d'eau. Un accord excellent est trouv6 entre les nom- 
bres de Sherwood exp6rimentaux et calcul6s. Cela ajout6 5. d'autres comparaisons valide les mod61es. 
Pour l'6vaporation isotherme, la validation &ablit que l'on doit prendre en compte la convection naturellc 
dans le mblange gaz-vapeur au dessus de la surface du liquide et que la diffusion pure est une description 
insuffisante du mbcanisme de transfert. Pour l'6vaporation non isotherme, en plus de la convection naturellc 
duns l'espace gaz vapeur, il est n6cessaire de prendre en compte le rayonnement thermique des surfaces qui 

limitent l'espace et la convection naturelle duns le bain liquide. 

VERSUCHE ZUR ISOTHERMEN UND NICHT-ISOTHERMEN V E R D U N S T U N G  AUS 
TEILWEISE GEFULLTEN,  NACH OBEN OFFENEN,  SENKRECHTEN ROHREN 

Zusammenfassung--Um eine kritische [)berpriifung eines analytisch-numerischen Modells zur Berechnung 
der Verdunstung aus mit F1/issigkeit geffillten, nach oben offenen, senkrechten Rohren vorzunehmen, 
wurden Versuche durchgeffihrt. Unterschiedliche Apparaturen wurden benutzt, um die Verdunstung 
sowohl unter isothermen als auch unter nicht-isothermen Bedingungen ablaufen zu lassen. Die experi- 
mentelle Arbeit wurde durch die numerische Implementierung des Modells, ffir das die Umge- 
bungsbedingungen der Versuche als Eingabedaten benutzt wurden, erg~nzt. Zwischen den experimentell 
bestimmten und den numerisch ermittelten Sherwood-Zahlen ergab sich eine sehr gute Dbereinstimmun~. 
Diese Erkenntnis bestfitigte zusammen mit anderen Vergleichen das Modell. Ffir isotherme Verdunstung 
wurde durch die Validierung festgestellt, dab die nattirliche Konvektion im Gas/Dampf-Raum fiber 
der Flfissigkeitsoberfl/iche berficksichtigt werden mug, und dab reine Diffusion die Transportprozesse 
unzureichend beschreibt. Fiir nicht-isotherme Verdunstung wurde die Notwendigkeit festgestellt, zusatz- 
lich zur natfirlichen Konvektion im Gas/Dampf-Raum die Strahlung an den Begrenzungsfl/ichen des 

Raumes und die natfirliche Konvektion in der Flfissigkeit zu berficksichtigen. 

OKCFIEPHMEHTbI HO H 3 O T E P M H q E C K O M Y  H H E H 3 O T E P M H q E C K O M Y  
HCHAPEHHIO H3 q A C T H q H O  3ArIOJIHEHHbIX BEPTHKAYlbHbIX TPYB C 

OTKPbITblM BEPXHIdM TOPI_[OM 

AnxoTauHg--Flpose~enb~ 3KCHepHMeHTbl n o  npoBepre anaJiHTnqecKl~x rl qHCJIeHHblX MO~eJleH pac~eTa 
ncnapennfl n3 BepTnKaJlbnblX qacTnqHo 3anoJIHeHHblX ~KH/IKOCTbtO Tpy6 C OTKpblTblM BepxHItM TOplIOM. 

I/[30TepMnqecKne n Hen3oTepMnqecKne ycaosna ncnapeHna noay,~eHb~ c noMommo pa3JInqHhIX yCTaHO- 
BOK. ~)KcnepnMeHTbl nponoan,qnCb C BO/IO~, ncnapmomefica a ao3ayx, coaepmamn~ napbl BO2Ibl. 9Kcne- 
pHMeHTa.abHble HCC.rleaOBaHHR ,/IOBOXHIIJIHCb npHMeHeHneM 'tHcaenHoro MO/Ie.~npoaarlna, a KOTOpOM 
yCJIOBHII orpyxxaLomefi cpeabl RpHHHMa.IIHCh B KaqecTBe BXO/IHblX /IaHHblX. IIoJlyqeHo OqeHb xopomee 
COOTBeTCTBIte Me>Klly 3Ha~IeHH~IMII qncaa llIepay/la, no.~yqenHmMn 3KcneprlMenTaJIbHO n qrlC.rlenno. ~)TO 
coanaaenne Hapany c ~apyrnMn ~OBOaaMrl O6OCHOSblaaeT np~lrOaHOCXb Mo~e.qn. ~Jl~l cayqaa H3OTepMri- 
qecroro ncnapeu~fl noraaana neo6xoanMOCTb y~eTa ecxecTaenaofi ronaeKann n raao-napoaoM npocx- 
pancTBe nan noaepxnocTbm xn~rOCTn n neaocTaTOqnOCTb ~nCTOfi anqbqbyann ~ f l  onncanns npouecca 
nepeHoca. ,~.afl c.ayqafl HeH3oTepMHqeCKOFO ncnapeHHa Hafi~aeHo, qTO KpOMe ecTecTneHHO~ KOHBeKIIHH B 
F a 3 o - n a p o B o M  HpocTpaHCTBe Heo6xoaHMO HpHHHMaTb BO BHHMaHHe Ten.lioBoe H3.rlytleHHe Ha FpaHHq- 

HbIX HoBepXHOCTflX H eCTeCTBeHHylO KOHBeKI~HIO B O6"beMe ~KHJ1KOCTH. 


