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ABSTRACT

This report discusses an experimental investigation of the mass
transfer (evaporation) occurring during the annular, two-phase flow of
air and water in a vertical pipe, Measurements are made of the mass
transfer (evaporation) occurring during the annular, two-phase flov
of air and water in a vertical pipe. Measurements were made of the
mass transfer rate and the surface characteristics of the air-water

interface as a function of the following flow parameters:

Water Reynolds number: 23 to 1350
Air inlet temperature: 110 to 350 F
Test section length: 8 to 40 in.

A1l experiments were conducted at an air velocity of 48 fps in 1.5 in,
I.D. glass test sections, The mass transfer rate was determined ,by
measuring the increase in the specific humidity of the air stream as it
passed through the test section. The surface characteristics (liquid
film thickness, wave velocity, and surface area) were measured employing
a light absorption technique.

The mass transfer data were correlated satisfactorily by the

following equations for the local heat and mass transfer:

0.75 0.8 0.33
= 0,0205 [1 + (§-588
Nu, %/ d ] Reg Pr
6.75 0.83 0.44
. 0.588



Xi

When the data were correlated by the aforementioned equations, the water
Reynolds number was shown to have no effect on the dimensionless mass
transfer coefficient (Sherwood number).

There was a negligible increase in the area of the air-water
interface due to the presence of waves on the surface of the liquid film.
The measured film thickness and wave velocity values agreed with those

of previous investigators employing a 2.5 in. I.D. test section,



1. INTRODUCTION

For the past several decades there has been considerable interest
in the two-phase flow of a gas and a liquid through a channel of circular
cross section. The regularity and homogeneity of such a flow depends
upon such factors as the size and inclination of the channel , the prop-
erties and flow rates of the two fluids, and the method employed for
injecting the fluids. Certain regimes of flow have been fairly well
defined, including the bubbly, slug, stratified, annular, and mist
regimes. Also, combinations of regimes such as annular-mist may exist.

The annular regime of flow, in which the pure liquid phase continuously
wets the inside surface of a tube and the pure gas phase passes through
the core of the tube, has received considerable attention for several
reasons. The geometry of the flow pattern is convenient for mathematical
analysis, due to the axial symmetry of the flow. Also, a considerable
amount of research on the pressure drop, heat transfer, and mass transfer
in single-phase pipe flow has been conducted, and many of those results
mey be applied to annular, two-phase flow, whereas such is not the case in
other regimes of two-phase flow.

In addition to the usefulness of the annular flow geometry in making
comparisons with theoretical two-phase flow analyses and the experimental
results of single-phase systems, it is prevalent in many industrial processes.

Perhaps the predominant example of annular, two-phase flow is currently found



in nuclear reactor technology , where two-phase flow occurs in heat
exchanging equipment. Another application of annular, two-phase flow is
inthe film cooling of the combustion chambers and nozzles of rocket motors.
It was the latter application which led to the interest in annular, two-
phase flow at the Jet Propulsion Center.

The research reported herein concerns the evaporation of liquid from
the film wetting the wall of a tube into the gas stream. The evaporation
process is driven by the interaction between the two phases, and is
independent of conditions external to the tube (e.g., heat transfer through
the wall of the tube).

In the case of an evaporation process, as opposed to, say, the absorption
of gas by the liquid phase, the rate of mass transfer is primarily controlled
by the properties and rate of flow of the gas phase. Thus the process is
said to be gas-film controlled. Nearly all of the investigations of mass
transfer in annular, two-phase flow systems have been for the most part
concerned with the effects af the gas flow and the properties of the fluids
on the rates of mass transfer. Only recently has the effect of the liquid
flow rate been included in the analysis of observed rates of mass transfer.

The subject investigation was initiated to determine the effect of
the liquid flow rate, and particularly the surface characteristics of the
liguid film, on the mass transfer process. The system investigated comprised
a vertical test section with downward, concurrent flow of the two phases,
air and water.

Since the driving force for mass transfer in such a system is the

difference between the partial pressure of the vapor in the gas phase and
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the vapor pressure of the liquid at the surface of the liquid film, and
the latter is a strong function of the temperature of the surface of the
film, it i1s apparent that heat transfer plays an important role in the
mass transfer process. |t was necessary, therefore, also to investigate
the effects of the heat transferred from the gas to the liquid. Accordingly
the temperature difference between the gas and the liquid was varied from
40 F to 280 F.

It was also of importance to study the variation in the local rates
of heat and mass transfer along the tubular channel ; those rates were
highest near the entrance region of the channel. Such entrance effects
are particularly important in film-cooling applications, where the length-
to-diameter ratio of the film-cooled section is usually quite small, The
subject investigation was conducted, therefore, employing tubular test
sections of different lengths; the-L/d values ranged from 5.7 to 26.6.

Correlation of the data was accomplished employing equations for the
local values of heat and mass transfer along the length of the test section.
The form of the equations was such that the variations in the mass transfer
caused by variations in the liquid, and the length of the test section
were -accounted for,

Simultaneously with the mass transfer studies, a program wes conducted
to determine experimentally the characteristics of the liquid film, including
the film thickness, the wave velocity, and the surface area of the gas-

liquid interface.



2. REVIEW OF THE LITERATURE

2.1 Introduction

The rate of growth of the literature concerned with two-phase,
gas-liquid flow has increased enormously in recent years, due for a large
part to the increasing need for the information necessary for analyzing
and-designing fluid flow systems in which part or all of the flowing medium
Is a two-phase flow. Probably the major impetus has come from tne design
of heat exchangers for nuclear reactors, although other applications such
as liquid film cooling, ablation, refrigeration, and chemical processing
have also required considerable progress in the understanding of two-phase,
gas-liquid flov systems.

May reviews of the literature have appeared in recent years concerned
with various aspects of two-phase flow. Recently a comprehensive index to
the literature was published coverina practically all aspects of gas-liquid
two-phase flow (24,25 The author hopes that the index will be kept up-
to-date since it provides an excellent starting point for a review of the
literature. A pointed out by Gouse (25), if the present rate of growth
of the literature on two-phase flow continues, approximately 750 papers
will appear in the literature for 1965.

Amog the recent reviews of the literature are those of Bennett (5),
Charvonia (10) , and Govier (26), the last of which is concerned with

vertical flow only. Also, an excellent review article by Fulford (22),

*
Numbers in parentheses refer to items in the Bibliography



which is concerned nominally with the flow of thin films, spends a
considerable amount of time on thin films flowing in the presence of a
gas stream, as in the case of annular, two-phase flow. Fulford's article
contains a useful chronological resumé¢ of papers on film flow and related
topics.

The research described herein is concerned with the mass transfer
occurring in annular, two-phase flow, and different factors which influence
that mass transfer. Two factors of particular interest are the character-
istics of the gas-liquid interface, and the effect of the entrance region.
Consequently , the literature review presented herein was restricted to that
literature pertinent to the aforementioned two factors. The literature
review is presented under the following subject headings: Mass transfer,

surface characteristics, entrance effects, and experimental techniques.

2.2 Mass Transfer

The classical work concerned with mass transfer in annular, two-phase
flow was published over 30 years ago by Gilliland and Sherwood (23). Dwe
to the importance of that work, it is reviewed in somewhat greater detail
than are other references. The investigation included an extensive
experimental program, during which measurements were made of the rates of
evaporation of nine different liquids into air flowing in a vertical wetted-
wall column. Both laminar and turbulent air flow .conditionswere investigated,
with both countercurrent and concurrent flow. The test section was a vertical
pipe, 1.05 in. I. D. and 46 in. long. In all of the experiments the liquid
volumetric flow rate was approximately 43 cu in. per min. (For the

experiments with water that flow rate correspdnded to a liquid Reynolds
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number of from 750 to 1200, depending on the temperature.) The air flow
rate was varied over a range of Reynolds numbers from 2000 to 27,000, and
the static pressure was varied from 2.13 to 451 psia, The Schmidt numbers
for the different liquids ranged from 0.60 to 2.26. The temperature of
the air was within 6 Fof the liquid inlet temperature in nearly all of
the runs, varying from 79 to 133 F. Consequently the heat transfer between
the two phases was negligible.

Evaporation rates were determined by measuring the rate of decrease
of the volume of the recirculating liquid in the flow system, the liquid
flow system being closed except for the liquid which evaporated in the
test section and was carried out by the air stream. Also, in the case of
water, the evaporation rates were determined from the difference in the
humidity of the air stream entering and leaving the test section; wet-
bulb and dry-bulb temperature measurements were employed for determining
the humidity of the flowing air. The results obtained by the two methods
for determining the evaporation of the liquid were in good agreement.

The data were correlated by dimensionless equations similar to those
emptoyed in heat transfer correlations. The following equation gave the

best correlation of the data for the case of turbulent flow (23). Thus

. 0.83 0.44
g, = 0023 @97 o (1)

where d = inside diameter of the column, ft
v = effective film thickness of the gas, ft
D
V' = mean gas velocity, fps



gas density, slugs/ft’

p =
w = gas dynamic viscosity, lb-sec/ftz
D = diffusion coefficient for the vapor-gas system, ftz/sec

The effective film thickness of the gas x, is defined by Gilliland and
Sherwood as that imaginary thickness of stagnant gas which would offer the
same resistance to diffusion as the resistance actually measured for the
flowing gas. It can be shown that in equation 1, the term on the left

hand side is equivalent to the following (3). Thus

d = E]_M_d_ (@)
Xp D P (2)
where pgy = log mean partial pressure of the gas through which the
vapor diffuses, psia
P = static pressure of the gas-vapor misture, psia
hy - mass transfer coefficient, fps
The mass transfer coefficient, hys 18 defined by
ev = n A(aC ) (3)
M m
where Woy = weight rate of evaporation, 1b/sec
A = interfacial area, f
e T log mean difference between the concentration of the vapor in

m
the gas stream and the concentration of the vapor at the

interface, ]b/ft3

Substituting equations 2 and 3 into equation 1 yields



f%i (ig;ﬂ) - 0.003 (E_{\ig)o.as (%)0.44 (4)
Let

Sh = Sherwood number = hy,d/D

Re, = Reynolds number for the flowing gas = pVd/u

Sc = Schmidt number = u/pD

Substituting the above relationships into equation 4, one obtains

Pnt
sh(-B) = 0,023 e, 083 5c 044 (4a)

If the partial pressure of the diffusing vapor is very small compared
with the static pressure of the gas mixture P, then Peu/P = 1,
and that ratio can be omitted from equation 4.

Experiments where the gas flow was turbulent indicated that the velocity
of the downward moving liquid film had no influence upon the rate of mass
transfer; the same results were obtained with the air flowing either upward or
downward. Because the test section was relatively short, the aforementioned
results were explained by the velocity profile of the gas stream not having
sufficient time to adjust significantly to the velocity of the surface of
the film. It was also observed that the presence of the liquid film had
no effect upon the pressure drop, across the test section, due to wall
friction.

Chilton and Colburn (13) correlated the mass transfer data of several
investigators, including Gilliland and Sherwood (23) , by means of the

so-called j-factors, which they had shown to be useful for correlating heat



transfer data with wall friction data. The j-factor for mass transfer,

jD, is defined by (13)

. K 0.56
ip= 7B (uy
- (G/) TeD (5)
where G = mass velocity, ]b/hr‘-ft2
K = molar mass transfer coefficient, Ib mo]es/hr-ftz-atm
Mm = mean molecular weight

Py = log mean partial pressure of the inert component, atm
A plot of the j-factor for mass transfer as a function of gas Reynolds
number, ReG, was shown to be approximately similar to the plot of the wall

friction factor (1/2) f as a function of ReG. By definition

(172) £ = {80Ja (3 (6)
e A
oY
where AP = pressure drop, psf
g = gravitational constant, ft/sec2
V = linear velocity, fps
S = flow cross sectional area, ft2
A = surface area, ft2

Chilton and Colburn point out that the exponent 0.56 in equation 5
i s based upon the correlation equation due to Gilliland and Sherwood
(equation 1). They also point out that the exponent 0.67 determined

empirically applying the analog between heat transfer and fluid friction,



10

slightly improves the correlation of the data for water, but slightly
decreases the-agreement in the case of data for organic liquids. Subsequent
investigators generally adopted the exponent 0.67 instead of 0.56,

Considerable experimental data, for example those of Barnet and Kabe (3),
and Jackson and Ceaglske (36), have established the validity of the corre-
lations discussed above. In many cases , however, there are disagreements
in magnitudes-of the empirically determined coefficients. Some of those
discrepancies are discussed later in the present section.

An extensive discussion of the different equations employed for
correlating the data obtained for mass transfer processes are presented
in the text of Sherwood and Pigford (56), and others.

Two papers by Cairns and Roper (8,9) describe experiments on the heat and
mass transfer in a wetted-wall column where the flowing air had large values
of humidity. The object of those experiments was to determine the validity
of the inclusion of the term py,/P on the left-hand side of equation 4. In
the experiments discussed up to this point the concentration of the
diffusing medium wes so small that Pgu/P = 1.0. Accordingly, Cairns
and Roper varied the mole fraction of the diffusing medium from 0.03 to
0.85 and determined the influence of varying p;,/P upon the correlation
of the data by equation 4. Their experimental results indicated equation
4 correlated the data for the mass transfer from the gas to the liquid if
the ratio ppy/P is replaced by (pgy/P) 0.83

Two important contributions were made by Linton and Sherwood (44)
in their-work concerning the rate of solution of cast materials in water

under various conditions of flow and geometry.



11

The materials investigated were benzoic acid, cinnamic acid, and
betanaphtol; the variation in the Schmidt number ranged from 1000 to 3000,
approximately 1000 times the values previously investigated by Gi114land
and Sherwood (23). The results indicated that the exponent on the Schmidt
number, in the Chilton-Colburn correlation equation (equation 5), should be
0.67. Reference 44 also investigated the variation of the rate of mass
transfer with the distance from the entrance to the test section. Those
results will be discussed in Section 2.4

Schwarz and Hoelscher (54) conducted experiments in a 3.33 in. 1. D.
by 4 ft long wetted-wall column; and measured the vapor concentration
profiles at 4 distances from the inlet to the column. From their results
they calculated values for the eddy diffusivities of momenum and mass,
and the local rates of mass transfe(. Rippling of the liquid film was
eliminated by adding a wetting agent to the water. Somewhat similar
experiments were conducted by Dhanak (19) in a horizontal , 1.925 in. hy
12in. rectangular channel 3 ft long, in which one or both of the longer
walls, which were covered with felt, could be wetted. Measurements of
velocity and concentration profiles and turbulence correlations were
employed for calculating values of the eddy diffusivities of momenum and
mass; the diffusivity of mass was found to be significantly higher (about
75 per cent) than that of momentum.

McCarter and Stutzman (46) conducted experiments in a 7.5 cm |. D.
vertical glass tube with the object of determining if the eddy diffusivity
had a significant influence upon the total resistance to mass transfer,

They calculated the thicknesses of the laminar and buffer layers in the
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gas phase, applying fluid mechanics considerations, and compared the calculated
thicknesses with calculated values of effectiwve film thickness based on mess
transfer data. Reasonable agreement was found between the laminar layer
thicknesses and the effective film thicknesses. The results obtained from
their experiments wherein the length of the column wes varied from 14 to 40 in.
indicated that the length of the column had no effect on the effective film
thi ckness.

Several investigators of mass transfer in annular, two-phase flow
have noticed that there are inconsistencies in published results of different
investigators. Kafesjian, Plank, and Gerhard (39) analyzed those
inconsistencies and concluded that in most cases they could be satisfactorily
explained by considerations pertinent to the conditions of the liquid film.
They analyzed the data for the evaporation of water into air reported by
eight different investigators. They classified the experiments into two
cases: (a) rippling films, and (b) non-rippling films. Plots were made

-0.83

of the mass transfer group Sh(pBM/P)ReG as a function of liquid

Reynolds number, Re, , for (@) rippling films, and (b) non-rippling films;

the liquid Reynolds number, Re, , is defined by

L

- 4G
Re - QIJL (7)

inlet peripheral liquid flow rate, 1b/sec-ft
2

=
>
@D
=
@D
[ep]
1

[{a]
[

gravitational constant, ft/sec

dynamic viscosity of the liquid, 1b-sec/ft2
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The gas Reynolds number, Re,, was based upon the velocity of the gas
relative to the pipe for the case of rippling films, and on the velocity
of the gas relative to the surface of the film for the case of non-rippling
films. No dependence of the mass transfer group on liquid Reynolds number
was noted for the case of non-rippling films. The results obtained for
rippling films, however, showed a definite increase in the mass transfer
group with liquid Reynolds number; the logarithmic plot of the mass

-0.83
transfer group Sh(pBM/P)ReG

as a function of the liquid Reynolds
number, (see equation 7), could be approximated by a straight line.
Accordingly, reference 39 proposed the following equation for correlating

the data for mass transfer involving rippling films. Thus

P 0.83 0.15 (8)
B Re
Sh(—5+) = 0.0065 Re L

G

(The Schmidt number was not included because it varied only a few per cent
in the subject experiments.)

With the exception of approximately half of the data of Gilliland
and Sherwood (23), all of the data mentioned in this chapter, as well as
those analyzed by Kafesjian, et al., were obtained under conditions of
countercurrent flow; that is, the liquid was introduced at the top of
the column and the gas entered at the bottom. Kafesjian, et al., state
that equation 8 may be utilized for correlating the data based on
concurrent flow obtained by Gilliland and Sherwood, because it does not

involve the Reynolds number based upon the velocity of the gas relative
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to the' surface velocity of the liquid. Although the logarithmic plot of
the data for concurrent flow, due to Gilliland and Sherwood, also may be
represented by a straight line, the range of liquid Reynolds number for
those data is much too small compared with its scatter to warrant a
conclusion regarding the application of equation 8 as a general correlation
equation for mass transfer with concurrent flow.

As a possible explanation of the results of their analysis, Kafesjian,
et al. (30), suggest that an increase in the surface area of the film may
be at least partly responsible for the results noted, but do not go into any
detail on that subject. Kafesjian (38), however, did give considerable
attention to that matter, based upon the work of Tailby and Portalski (59),
which apparently came to his attention following the submission of reference
39. Those considerations are discussed in Section 2.3.

An experimental program concerned with mass transfer in concurrent,
annular, two-phase flow was conducted at the Jet Propulsion Center by Merey
(48) as a part of the subject research program. Mezey's work comprised a
systematic investigation of mass transfer in a 1.502 in, I. D. vertical

glass tube over the fol lowing ranges of parameters:

Gas (air) Reynolds number 15,500 to 228,000
Liquid (water) Reynolds number 91 to 515

Inlet gas temperature 104to 355F

Test section length 8.5 to 40.5 in.

The results obtained were presented in the form of a correlation equation,
similar to equation 8, for each tube length investigated. The plots

presented the Sherwood number as a function of the gas and the liquid
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Reynolds numbers. Dwe to certain shortcomings of the experimental
apparatus a satisfactory energy balance was not obtained, and although
the over-all results are generally valid, they are not sufficiently
reliable to permit conclusions regarding the effect of liquid flow rate
on tne mass transfer coefficient.

Anderson, Botlinger, and Larmb (2) conducted studies of the absorption
of ammonia for the concurrent flow of air and water in a horizontal pipe,
primarily in the annular-mist regime, Their measurements allowed
calculations to be made of the rates of interchange of droplets from the
film into the air stream and back to the film. The results were correlated
in terms of j-factors which were found to be functions of the gas and
liquid Reynolas numbers. Since the subject investigation is concerned
with annular flow without droplets present in tne gas core, no details of
the work discussed in reference 2 will be presented; it is cited because
it presents data under conditions arising from increasing either the
liquid or the gas flow rate to values higher tnan those investigated oy
the author. It should also pe noted that considerable work on annular-
mist flow has been and is being conducted at several laboratories, and
certain aspects of that work are also applicable to annular, two-phase
flow; an excellent review of tnat work has been presented by Silvestri (57).

Russian investigators of heat and mass transfer from flat plates (21,
45) recomniend the inclusion of the Gukhman number, Gu, in Kusselt-type heat

and mass transfer correlation equations. By definition
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—
1

temperature of the surrounding medium (free stream temperature) , R

—f
1

p = temperature of the state of adiabatic air saturation
(wet-bulb temperature corresponding to free stream conditions) , R

The Russian investigators claim that by including the Gukhman number, to
an appropriate power, in the correlation equations the peculiarities
of heat and mass transfer in liquid-evaporation processes is taken into
account; it accounts for the variations in the free stream temperature
and also the effect of the humidity of the free stream air., In their
correlations the Russian investigators evaluate the transfer coefficients
at the free stream temperature, as opposed to the mean temperature of the
boundary layer.

In the literature concerned with annular, two-phase flow that has been
reviewed thus far, the correlation of the data on rates of mass transfer
has been accomplished by assuming that the driving force is the prevailing
concentration gradient; that is, the difference between (a) the vapor
pressure of the liquid film and (b) the partial pressure of the vapor in
the gas stream, usually a bulk or mixing cup value of the partial pressure.
Such a method of correlation, however, requires an accurate knowledge of
the suface temperature of the liquid film, since the vapor pressure is
usually a strong function of temperature. Most of the experiments reported
were conducted with the two media at near room temperatures and with
relatively large liquid flow rates, so that there was no appreciable change
in the liquid temperature.

Liquid film-cooling experiments, on the other hand, for example as
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reported in references 20 and 41, have generally been conducted with the
gas stream temperatures much higher than the boiling point of the liquid
film; that is, the saturation temperature corresponding to the local static
pressure. In such cases it is generally assumed that the temperature of
the liquid film is that corresponding to the local boiling point, and the
driving force for the mass transfer process is the rate of heat transfer
from the gas stream to the film. The amount of mass transfer, the
evaporation of liquid which occurs, is that corresponding to the equality
between the heat of vaporization for the liquid and the heat transferred to
the film from the hot gas stream.

Knuth (42) points out that the temperature of the liquid film is
actually somewhat below that of the boiling point of the film, due to the
heat absorbed in the evaporation process. The difference, however, has
no significant effect on the evaluation of the driving force (temperature
difference) ; the temperature difference between the gas stream and the
film greatly exceeds the difference between the actual and assumed
(boiling point) temperature of the film. Hence, for the gas temperatures
occurring in rocket motors, it is satisfactory to assume that the film

temperature is the same as the boiling point temperature for the liquid.

2.3 Surface Characteristics

As pointed out in Section 2.2 experiments concerned with the problems
pertinent to mass transfer in annular, two- phase flow have been conducted
for more than 30 years. The roughness of the liquid film, generally referred
to as rippling, has been noted by practically all of the investigators. It is

only recently, however, that quantitative experiments concerned with the
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configuration of the surface of the liquid have been conducted. For the
most part, the investigations of the surface characteristics of the films
have been concerned with determining the effect of the roughness of the
surface on the pressure drop experienced by the gas phase. The results of
such investigations, up to 1958, were reviewed by Charvonia (10), and
subsequent experiments have been reported by Charvonia (11) , Chien and
Ibele (12), and others.

Stirba and Hurt (58) suggested that an increase in the surface area,
due to rippling, might be at least partly responsible for the increase in
the absorption in the case of rippling films. Based upon visual observation
and photographs, they estimated that the increase in surface area due to
rippling was probably less than 50 per cent.

Lilleleht and Hanratty (43) employed a light absorption technique
in their investigation of the interfacial structure of a moving surface
of water over which a stream of air was blown. They presented measurements
of the root-mean-square displacement of the surface and its frequency
spectrum. N information was reporfed on surface area.

Several papers have been presented reporting the work of Portalski
(52). Two of them are of particular interst here.

Tailby and Portalski (59) extended the theoretical study of wave motion
due to Kapitsa in an effort to predict (a) the liquid Reynolds number at
the inception of waves, and (b) the increase in surface area due to the
presence of waves. These theoretical developments are supported by
experimental studies conducted on a vertical flat plate down which a film

of liquid flowed. The apparatus was designed so that a stream of air could
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flow across the free surface in either an upward or downward direction.
The heights of waves were measured by means of capacitance probes, the heads
of which were 2 mm by 4.5 mm. The probes were mounted a small distance
from the flat plate. The presence of the liquid film on the plate changed
the capacitance between the probe and the plate, and by proper calibration
the output from the probe could be related to the thickness of the liquid
film. The resulting wave profiles were recorded on a strip chart
recorder, No mention was made of either the speed of the strip chart or
tow that speed was determined. The only reference made to the chart speed
was that a "synchronized paper feed'.' was employed, As is pointed out in
Appendix E of the present report, it is important to know the scale in
the direction of film flow on a film thickness profile. That scale must
be based upon the wave velocity, which was available to the authors.
Considerable percentage increases in the surface area were predicted
by theory. For example, it was predicted that the surface area of a
water film flowing at a Reynolds number of 1000 experiences approximately
a 19 per cent increase., Furthermore, for a Reynolds number of only 700
the increase in surface area for a film of 2-propanol is nearly 150 per
cent, In support of the theory one experimental point was compared with
the theory (3.3 per cent increase in surface area) for the flow of 82%
glycerin solution at a Reynolds number of 12.0. Two methods were employed
for measuring the length of the recorded thickness-time trace. The ratio
of the measured length of the trace to the straight line distance over
which the length was measured was assumed equal to the ratio of the areas of

the rippled and smooth films. The methods employed were (a) an opiscmeter
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(as used for measuring distances on maps), and (b) fitting a thread on the

curve. The increases calculated by the two methods fell on opposite sides

of the theoretical line.- It is Unfortunate that'experimental results were
not given for-more than-one datum point, since agreement at some of the
more extreme conditions would have given strong support to the theory.

In his discussion of the paper of Tailby and Portalski (59)
Sawistowski points out the wide discrepancies between the results of
Tailby and Portalski and those of Brauer (7). He raised the questions
of whether Brauer's results were completely wrong , or whether Kapitza's
theory perhaps did not apply over the range of viscosities included in
Brauer's work. (Brauer measured the increase in the surface area of
films flowing doamn the outside of a vertical cylinder under the
influence of gravity by analyzing silhouette photographs of the cytinder.)
According to Portalski the photographic technique of Brauer was quite
inadequate, the troughs of the surface waves at the boundary of the
photographic image were always masked. by the crests of waves closer to
the camera, and it was not surprising that Brauer's results for the
increase in surface area were very low. Portalski did not comment on the
question regarding the applicability of Kapitza's theory.

Examination of the papers of Brauer (7) and Belkin, MacLeod, Monrad,
and Rothfus (4), who employed similar techniques for the measurement of
wave profiles, indicates that Portalski's criticism is somewhat justified,
for there is some masking of the wave troughs by the adjacent crests. The
effect of such masking on the determination of the wave geometries is,

however, not nearly as large as was indicated by Portalski. It is the opinion
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of the writer that in most cases the aforementioned masking would not have
a significant effect upon the determination of the surface area of the film.
Consequently, the results of Brauer should not be discounted.

Fulford (22) points out that the theory of Kapitsa is valid only if
the wavelength is more than 13.7 times the film thickness; the corresponding
liquid Reynolds number is approximately 200. On the other hand, the
relationship for the film surface area developed by Tailby and Portalski (59)
was claimed to be valid up to a liquid Reynolds number of approximately
1200.

Finally, it should be noted that the theory set forth by Tailby and
Portalski (59) applies only to wawy laminar film flow, and no account is
taken for the effect of a gas stream flowing in either direction past
the vertical free surface.

In another paper reporting Portalski's research (52), Tailby and
Portalski (60) present the results of experiments conducted on a vertical
flat plate down which a liquid flowed, and over which was passed a vertical
stream of flowing air, Measurements were made of the so-called "depth
of wave inception™ (the distance from the knife edge at the top of the
plate where the liquid flowed onto the plate to the point where waves
first appeared on the film) as a function of liquid (water) Reynolds number,
gas (air) Reynolds number, and the direction of the air flow. At all water
Reynolds numbers, the depth of wave inception was less for the cases with air
flow than for those without air flow. Increasing the air flow rate in a
given direction decreased the depth of wave inception, And in all cases,

for given values of air and water Reynolds numbers, concurrent (downward) air
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flow resulted in a smaller-depth of wave inception than countercurrent (upward)
air flow. )

Kafesjian (38) attempted to correlate the increase in surface area of the
film with the physical properties of the flowing liquid. He introduced
certain simplifying approximations in the\gxpression due to Tailby and

Portalski (59), and developed the following expression for the fractional

increase in surface area aA. Thus

1
aA = 4,2 (10)75 19!%5—2 Re, o3 (10)
where
g = gravitational constant force, ft/sec2
v = kinematic viscosity of the liquid, ft2/sec
pu = dynamic viscosity of the liquid, 1b-sec/ft2
o = dynamic surface tension of the liquid, 1b/ft

ReL = liquid Reynolds number
The general relation for mass transfer in annular, two phase flow then

became (38)
1

3
P -6 (gv)’u 5/3
s = 0.0175 [14.2 (10) g Re I Regh83 g 12 gy

Equation 11 was recommeded by Kafesjian for calculating the mass transfer
in the absence of experimental data.
The motion and frequency of large disturbance waves in the upward,

annular, two-phase flow of air-water mistures were studied by Hall,
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Taylor, Hewitt, and Lacey (28). An extension of that work was reported
by Nedderman and Shearer (50). Large disturbance waves are characterized
by a milky appearance, the ripping of droplets from the crests, and the
fact that the waves keep their identity for the entire length of the
test section. Such waves occur only in the annular-mist regime (when
droplets are present in the flowing gas stream); no further consideration
will be given to them.

In addition to his comments on Portalski's conclusions, Fulford (22)
includes in his review of thin film flow a brief discussion of the
increase of interfacial area due to waves. Most of the references cited
indicated that the increases in the surface area are much smaller than
those predicted by Tailby and Portalski (59). Fulford concludes that
although there must be a measurable increase in the interfacial area
due to the waviness of the surface to the film, it is unlikely that
the increase in that area is of practical importance, An important
phenomenon in the applications of film flow, according to Fulford, is
the mixing effect promoted by the surface waves. He cites numerous
references to different theoretical and experimental studies that indicate,
general, that the waves cause flow fields which would otherwise be laminar
to become turbulent. The resulting increase in the mixing due to the
waves increases the rates of heat and mass transfer. Much of the work

cited includes studies utilizing dye injection; observation is made of the

breakup of a stream of dye in an attempt to visualize the regions of laminar

and turbulent flow.

in
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2.4 Entrance Region

Consider a fluid of uniform temperature and species concentration,
and having a fully developed velocity profile as it flows through a
channel. At a certain cross-section of the channel the transfer of
heat or mess begins due to a ,change in the temperature of the wall, or a
change in the concentration of a species at the wall. The region
immediately following that cross-section is termed the entrance region.

Both theoretical and experimental investigations have substantiated
the fact that heat and mass transfer coefficients are considerably larger
in the entrance region. The increases in the values of those coefficients
are due .to the fact that the rate of heat or mess transfer is proportional
to the gradient of the driving force, and at the cross-section of the
channel where the heat or mass transfer begins, there is a discontinuity
in .the driving force at the wall of the channel, so that the gradient
becomes infinite. Consequently, the local rate of transfer and the local
transfer coefficient based upon that rate of transfer are also infinite.
As either the temperature or concentration field develops downstream from
the entrance, the gradient at the wall decreases, and finally approaches a
constant value as the field becomes fully developed.

The analysis of Deissler (17) extended previous work on fully developed
flow to the entrance region of ‘pipe flow and enabled the prediction of the
Nusselt number as a function of Reynolds number and x/d.

Good agreement is shown between Deissler's theory and the heat transfer

experiments with air of Boelter, Young, and lversen (6). Subsequent
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extensions of that analysis by Deissler to include mass transfer and the
effects of high Schmidt and Prandtl number are reported in reference 18.

Wolf (62) extended Deissler's analysis to obtain a better representation
of the variation of'the physical properties of the flowing fluid for the
case of heat transfer in the entrance region of a pipe. Included in that
work is a review of the pertinent literature up to 1957, Experimental
studies employing air and carbon dioxide show good agreement with the
theory (62).

Hartnett (30) experimented with water and with oil flowing in a
0.652 in. I.D. tube, and obtained good agreement with the analysis due to
Deissler. He found that the local heat ransfer coefficient decreased to
within one per cent of the fully developed value about 15 diameters from
the cross-section where heating began.

Davey (16) conducted experiments on the cooling of air in a 2 in,
I.D. copper tube and also obtained good agreement with Deissler's

analysis. Davey correlated this data over the range 1 < x/d < 8 by the

equation
. : T
_ 0.8 0.4 ,xy -0.2 ,'Gy 0.18 (12)
Nu, = 0.036 Reg Pr () (Tw)
where
NuX = local Nusselt number
Tg = bulk gas temperature, R
TW = wall temperature, R

Experiments indicated that for s/d less than 1, values of the heat transfer
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coefficient were at least 50 per cent larger than the largest value determined
for x/d greater than 1.

Relatively little work has been done concerning local values of mass
transfer. As can be noted from Section 2.2, most of the data obtained for
mass transfer in tubes have been from studies of essentially fully developed
mess transfer, i.e., in tubes of relatively large L/d ratios. As mentioned
above, the analysis due to Deissler (18) also applies to the case of mass
transfer. In fact, he presents identical curves for heat and mass transfer;
they differ only by the substitution of the Sherwood and Schmidt numbers
for the Nusselt and Prandtl numbers, respectively, for the case of mass
transfer.

Linton and Sherwood (44) conducted experiments on mass transfer in
which they measured the rate of solution of cast pipes made of benzoic
acid, cinnamic acid, and betanaphtol into the water flowing through the
pipes. The pipes were constructed from several short cylinders attached
together. Meass transfer in turbulent flow wes calculated from measurements
of the decrease in the weight of the cylinders over a period of time
during which water flowed through the pipe. Thus the effect of L/d could
be determined by noting the different values of the mass transfer
coefficients for the different sections. The authors noted a slightly
smaller decrease in mass transfer coefficient with increased L/d than wes
reported by Boelter, Young, and Iversen (6). The data were correlated
by Jp (see equation 5), and it wes stated that the effect of tube
length on j, was negligible for values of L/d greater than approximately
6.
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Schwarz and Hoelscher (54) in their wetted-wall column studies measured
the mass flux of water vapor in the air stream at 4 different elevations;
of their vertical test section; they computed local rates of mass transfer
at each of those elevations. The results indicated that the rate of mess
transfer was approximately the same at all of the elevations investigated,
including elevations from 5.6 to 25.5 diameters from the gas inlet.

They concluded, therefore, that the rate of mass transfer was constant
for values of L/d > 6, approximately.

McCarter and Stutzman (46), based on their wetted-wall column
investigations, found no appreciable difference in rates of mass transfer
obtained in two columns of L/d values of 4.7 and 13.3. Their data
presented in graphical form, do indicate, however, that there are
differences amounting to as much as 25 per cent for some of the liquids

they investigated,

2.5 Experimental Techniques for-Measuring Surface Characteristics

A broad coverage of experimental methods employed in two-phase
flow experiments is given in a survey article by McdMaws (47). In that
article he discusses the methods which are applicable to making
measurements in the different regimes encountered in gas-liquid flow in
pipes, including the annular regime discussed herein,

Of more pertinence to the experimental investigations of the writer
are several articles written by staff of the Atomic Energy Research
Establishment, Harwell , (14,31,32,33) which are concerned with studies of

films in annular, two-phase flow. Discussions are presented of several
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methods for measuring film thickness, including conductance probes,
contact probes, light absorption, and a recently developed fluorescence-
spectrometer method. For detailed discussions of the several other
experimental techniques, the reader is referred to the afprementioned
works and their cited references. The discussion herein will be

limited to the light-absorption method, the fluorescence-spectrometer

method, and two other methods which were published recently.

2.5.1 Light Absorption Technique

The light absorption technique for obtaining an instantaneous
measurement of film thickness, the method employed in the subject
investigation, was developed by Greenberg (27) at the Jet Propulsion
Center, Purdue University. |t was subsequently employed by Charvonia (11),
Ammann (1), and Miller (49) also at that laboratory. The underlying
principle of the light absorption technique is Beer's law (29). According
to that law the absorption of light by a solution of a solute in a liquid

solvent and may be written in the form

5 =bct
| = Io e (13)

where I, = intensity of the incident light
|

intensity of the transmitted light

b = absorption coefficient for unit concentration of the solute
c = concentration of the solute
t = distance the light passes through the solution
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In the experiments conducted at the Jet Propulsion Center, the solute
(Nigrosine dye) was dissolved in the solvent (water or a mixture of
glycerine and water) which wes the liquid phase of the two-phase flow
system. The light intensities were detected by means of a photo- .
multiplier tube, and the product bc determined by ,calibration. Detailed
descriptions of the theory governing the light absorption technique are
presented in references 11 and 27.

Recently some criticism of the light absorption technique has |
appeared in the literature, The following comments are, therefore,
pertinent. MdMVans (47) commented that, since with vented air-
liquid systems liquid evaporation is appreciable, constancy of dye
strength is a problem, H stated that in a critical investigation of
the light absorption technique, Heamtt and Lovegrove (32) concluded
that light scattering effects were of such magnitude that the method
was unsuitable for use where thin films are involved, Actually McManus
incorrectly generalized the conclusions of Hewitt and Lovegrove, who
stated (32) "Although this general method has been reported as
satisfactory with falling films, the sharp wave profiles and presence of
spray in the climbing film regime of interest were found to introduce
gross refraction and scattering effects which swamped other signals,”

In other words, the method appeared unsuitable for the study of upwards
annular flow,

Obviously, then, there are situations under which the light absorption
technique gives invalid results. The validity of the method can be established

rather simply, as was done by Charvonia (11). Employing the same method as
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Hewi tt and Lovegrove, Charvonia demonstrated that the technique could be
applied to the system he investigated. The system is operated with clear
liquid rather than dyed liquid, and the resulting output from the photo-
multiplier tube is observed. Ideally that output should remain constant
and be equal to that corresponding to no liquid flow. In practice, however,
the technique is considered to be satisfactory if the fluctuations in

the output of the photomultiplier tube are very small compared with the
fluctuations observed when a dyed liquid is flowing. That the technique
satisfied the aforementioned criterion wes indicated by Charvonia (11),

as well as in the subject investigation.

The question of the effect of evaporation of the liquid upon the
concentration on the dye in the liquid film again depends upon the operating
conditions. Whether or not a significant change in dye concentration occurs
depends upon what percentage of the liquid film evaporated between the
point of injection (where the dye concentration is known) and the point
where the film thickness is being measured. In most instances of the
flow of air and water at approximately room temperatures the percentage
evaporation is so small that the change in dye concentration is negligible. On
the other hand, when the air is at an elevated temperature, and particularly
when the air velocity is high, the tube length long, and the liquid flow
rate small, an appreciable fraction of the entering liquid evaporates, and
consideration of the change in dye concentration is essential to avoid
serious errors in the determination of film thickness. In previous
experiments in which the light absorption technique was employed the dye

concentration was essentially constant. In the subject research, however,
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the change in dye concentration was significant and was taken into account,
by calculating the amount of evaporation which occurred between the point
of injection and the point of film thickness measurement, and adjusting
the value of dye concentration accordingly .

One of the objectives of the subject investigation was the determination
of the geometry of the gas-liquid interfacial surface. As will be
demonstrated later, that geometry may be determined from film thickness-
time traces, such as obtained from instantaneous film thickness measurements
employing the light absorption technique, provided the velocities of the
waves which are present are known. The methods most commonly employed
for determining wave velocities are measuring the time required for waves
to travel a known distance with a stopwatch, and photographing the system
with a high-speed motion picture camera. Miller (49) employed the light
absorption technique with two optical systems, displaced 4 5/8 in. vertically,
in his investigations of film thickness in downward, concurrent, annular,
two-phase flow. He attempted to determine the wave velocity by measuring
the time taken for a wave to travel from one optical system measuring
station to the other. His efforts were successful, however, because in
most cases the waves in question did not maintain their identify suffi-
ciently to be recognized at the two stations. H also reported that the
character of the waves was significantly different at the two stations,
hypothesizing that the presence of the filtn divider required for the
upper optical system disturbed the flow downstream from the film divider.
Both of the shortcomings of Miller's system mentioned above may be over-
come by placing the two beams of light much closer together, as was

accomplished in the subject research.
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2.5.2 Fluorescence-Spectrometer Method

A rew technique for the local measurement of liquid film thickness
has been developed at Harwell during the past few years (14,33). This
technique, denoted as the fluorescence-spectrometer method, shows
considerable potential for applications to film thickness measurement.
The principle of operation will now be described. A fluorescent dyestuff
is mixed with the liquid prior to 9ts injection into the test section,
At the point where the film thickness is to be measured, an incident
beam of light of a certain wave length is' directed into the liquid film.
The incident light excites a fluorescence of a different frequency in
the liquid film, and the fluorescence is detected by an appropriately
filtered photomultiplier device. The amount of fluorescent light
detected is a function of the thickness of the film, increasing with the
film thickness. The method is claimed to overcome the many disadvantages
of other methods, such as placing some foreign object inside the tube
and, as in the case of the light absorption method, having part of the
transmitted light go undetected by the photomultiplier tube due to
scattering and reflection losses. |t was not stated in reference 14
whether the incident light intensity was such that the fluorescence was
saturated, i. e,, the intensity of the emitted light was independent of
the intensity of the incident light for a given concentration of dye and
a given film thickness. If it were not, errors could be produced by the
fluorescence of the dye caused by incident light which reflected from the
gas-liquid interface and passed through the film a second time, Alignment

of the system was said to be very critical, and also the calibration of
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the device; the latter is accomplished by employing a film of knoawn
thickness in a mockup similar to the experimental setup. If the field
viewed by the photomultiplier tube can be made sufficiently small
compared to the dimensions of the waves being studied, the fluorescence-
spectrometer technique appears to be an attractive method for measuring

instantaneous film thickness at one location on the tube.

2.5.3 Miscellaneous Techniques

T™wo recently published papers describe techniques employed for making
different measurements of interest in annular, two-phase flow, and are
mentioned briefly in the following paragraphs.

Persson (51) employed a photographic technique for measuring the
mean velocity, velocity distribution, and thickness of a thin (0.1 to 0.9 mm)
liquid film. Small (20 to 40 wm) aluminum particles were uniformly distributed
in the film, which wes photographed by a camera mounted with its optical axis
perpendicular to the film. The length of the streaks made on the film by the
particles indicated the spectrum of velocities in the film. Assuming that
the velocity distribution was monotonic with the larger velocities being
farther from the solid wall, and employing the continuity equation, the
aforementioned parameters were calculated. The effect of air blowing across
the surface of the film at velocities up to 30 m per sec had no effect on the
film velocity profile, Good agreement was found between the calculated
film thickness and that determined by a needle contact technique. The
above technique is limited to the flow of films having a constant

thickness over the field of the photograph during all of the exposures
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made for a given determination of parameters. (It was indicated that
at least 5 such photographs were necessary per determination.)

Jacowitz and Brodkey (37) devised a method for photographing a cross-
section of the liquid film flowing on the inside of a glass tube for
horizontal , annular, two-phase flow. Ore difficulty encountered in taking
such a photograph is the distortion of the image caused by the refraction
and often by the total reflection of the light rays when they pass
through the curved glass-air and glass-liquid interfaces. According
to reference 37 those problems were solved by approximately matching
the index of refraction of the medium outside the glass tube with the
index of refraction of the glass tube; the tube was surrounded by a
bath of turpentine. The section of the film to be photographed was
illuminated from one side of the tube and was photographed from the
opposite side with a Fastax camera through a microscope, which yielded
a very shallow depth of field, In this manner a photograph of the
section of the film in focus, including the gas-liquid interfacial
profile, was obtained. There were many difficulties encountered,
among them blurring due to the relatively high surface velocity, distortion
of the image due to air bubbles, and, as in the case of the photographs
of Brauer (7) and Belkin, et al. (4), some interference with the profile

in the plane of focus due to the troughs of waves closer to the camera.

2.6 Summary
As the result of substantial research in the area of annular, two-

phase flow much is known concerning the process of mass transfer in such
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a system. The effects of the concentration of the diffusing vapor
(as expressed by the ratio pBM/P), the Reynolds number of the gas phase,
and the Schmidt number have been fairly well established for both
countercurrent and concurrent fully developed flow. Also the effect on
the mass transfer of the liquid Reynolds number has been determined
for the case of countercurrent flow.

However, the case of concurrent flow has received considerably
less attention than has countercurrent flow. In fact, the effect of the
liquid Reynolds number has not been investigated for concurrent flow.
Also, little work has been done concerning mass transfer in the entrance
region of the flow, and heat transfer from the gas to the liquid and its
relationship to the mass transfer process has received little attention.
Finally, although some investigations have been conducted to determine
the characteristics of the free liquid surface in single and two-phase
flows, there has been no attempt to measure those characteristics in a
system experiencing significant mess transfer and to relate those
characteristics to the observed rates of mass transfer.

The subject investigation wes initiated for the purpose of providing
the information required for increasing the available knowledge of mass

transfer in annular, two-phase flow.
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3. EXPERIMENTAL RESULTS

The purpose of the experimental investigation of annular two-phase
. flow discussed herein was to obtain information concerning the following:
1. The effect of the liquid flow rate upon the rate of mass transfer.
2. The effect of heat transfer from the hot flowing gas to the
annular liquid film upon the rate of mass transfer.
3. The rate of mass transfer in the entrance region of the channel,
4. The characteristics of the gas-liquid interface and their effect
upon the rate of mass transfer.
Section 3.1 discusses the experiments concerned with the first three of
the aforementioned topics; Section 3.2 discusses the experiments for

determining the characteristics of the interfacial surface.

3.1 Mass Transfer Experiments

3.1.1 Description of the Mass Transfer Experiments
The mass transfer experiments were conducted to determine (a) the effect
of the liquid flow rate upon the rate of mass transfer in annular, two-phase
flow, and (b) the effect of the entrance region upon the local rate of
mass transfer. The effects of the gas flow rate, as represented by the gas
Reynolds number, and the Schmidt number on the rate of mass transfer in
annular, two-phase flow have been well established by previous work. It

was, therefore, decided not to investigate those aspects of the problem,
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so that the attention could be concentrated upon the aforementioned
objectives.

Since few investigations have been reported i n which the gas
temperature was equal to or greater than the boiling point of the liquid,
the gas temperature was varied to determine whether or not the correlation
equations currently employed were satisfactory for correlating the results
obtained from experiments wherein the gas temperature was varied,

The experiments were conducted with test sections having different
lengths; all of them were constructed from (precision bore) borosilicate
glass tubing having an inside diameter of 1.502 in. A detailed
description of the experimental apparatus is presented i n Appendix B,
and only a brief description is presented here.

Figure 1 is a schematic diagram of the apparatus. Air and
deionized water were the gas and liquid media, respectively.

Heated air from the high pressure supply tanks, after passing
through a 6 ft long approach section having an |I. D. of 1.495 in., entered
the test section. Water from a pressurized supply tank was injected at
the top of the test section onto the inside wall of the test section,
through a narrow (0.01& in.) slot in the injector. At the bottom of the
test section, the water which did not evaporate into the air stream flowed
into the collector; the air was exhausted through a duct to the outside
atmosphere. The temperatures of the air and water entering and leaving
the test section were measured with chromel-alumel thermocouples, and
recorded on a strip recorder. The water flow rate was regulated with globe

valves, and measured by means of calibrated Fischer & Porter Flowrators. The
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HEATED AIR
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L— WATER OUT

1 AIR OUT

Fig. 1 Schematic Diagram of the Experimental Apparatus
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air temperature was automatically held at a preset value by means of a
pneumatic controller, which regulated the fraction of the air passing
through a propane furnace. A pneumatically controlled regulating valve
controlled the air flow rate; the latter was measured with a thin plate
orifice. The humidity of the air entering and leaving the test section
was measured continuously by psychrometric means, and from those measure-
ments the rates of mass transfer were calculated. A water seal in the
collector prevented air from escaping at that location.

Five different test section lengths, ranging from 8 to 40 in., were
employed; each of them had the same I.D. (1.502 in.). Three different
inlet air temperatures were investigated, 110, 230, and 350 F. Since
the static pressure in the test section was practically atmospheric,
the aforementioned temperatures corresponded to values below, approximately
equal to, and above the boiling point of the liquid film.

In all of the experiments the inlet air velocity was 48 fps. It was
desirable to have the air velocity as large as possible to improve the
accuracy of the measurements. The air velocity was, however, limited by
the following considerations. |t was desired to operate over a range of
parameters such that no droplets were entrained in the gas stream,
Preliminary experiments indicated that at velocities higher than 48 fps
droplet entrainment did occur at the higher liquid flow rates investigated.
Also, the collector was found to operate unsatisfactorily (water spilled
over the inlet to the collector) at higher air flow rates. Depending on
the air temperature, the gas Reynolds number varied from 19,800 to 36,500.

The liquid flow rate was varied from 0.00152 to 0.0718 Ib per sec, which
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corresponded to peripheral liquid flow rates of 0.000322 to 0.0152 Ib per
sec-in., and liquid Reynolds numbers ranging from 23 to 1350.

The air approach section, injector, and test section were all
insulated to prevent heat loss from the system. After the flow conditions
were set to the desired values, the system was allowed to reach equilibrium

before readings were taken of the pertinent parameters.

3.1.2 Method of Correlation of the Data

The raw data obtained in the mass transfer experiments enabled the
calculation of the mass transfer which occurred between the inlet and
exit sections of the test section, and also the parameters describing the
prevailing flow conditions for the water and the air,

The method employed for correlating the data was based upon the well
known Nusselt-type equations, which enable calculating a dimensionless
heat or mass transfer coefficient when the Reynolds and Prandtl or Schmidt
numbers are known. Such an equation was first employed for the correlation
of mass transfer data by Gilliland and Sherwood (23), and their equation

is
Sh = 0.023 ReGO'83 5c0-44 (14)

Equation 14 is based on the over-all transfer coeficient, and since it
was obtained from experiments employing a tube of large L/d ratio (L/d = 44),
it would be expected that it would apply for the case of essentially fully

developed mass transfer, and not for tubes of small L/d. In equation 14,
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the Sherwood number is defined by

h.d
. M
Sh = D
where
h-M = mass transfer coefficient

o
1

diameter of the test section

D

molecular diffusivity of the vapor in the gas
In general, the mass transfer coefficient hM is defined by an expression

of the following type. Thus

R = Wey
M A AC
where
wev = rate of evaporation (mass transfer)
A = surface area
AC = driving force for the mass transfer process, represented by

a difference in concentrations

Tne concentration gradient is usually taken as the difference between
(a) the bulk (mixing cup) concentration of the diffusing species in the gas
stream, and (b) the concentration of the diffusing species at the surface
where the mass transfer occurs. In the case of evaporation, the latter
concentration i s based upon the vapor pressure of the liquid corresponding
to the surface temperature of the liquid. A problem arises in that the

concentration difference does not remain constant with the distance from
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the inlet to the test section. The usual practice is to employ a log

mean concentration difference, based on the difference in the concentrations
at the outlet and inlet cross-sections. which is analugous to the log
mean temperature difference commonly employed in the design and analysis
of heat excnangers. Such a representation is satisfactory, providing that
the changes in concentration difference are small. 1f, however, there is
a significant change in concentration difference between the inlet and the
outlet, the extent to which the long mean concentration difference gives
a satisfactory representation depends upon the manner in which the con-
centration difference varies with distance from the inlet section of the
test section. In the case of evaporation from an annular liquid film

into a gas stream flowing in a tube, the manner in which the vapor pressure
(a strong function of temperature) varies alonq the tube depends upon the
liquid flow rate, as well as such parameters as the gas temperature,
velocity, etc. For example, suppose the gas temperature and the flow rate
are such that the liquid is heated as it flows in a film along the tube
wall. If the liquid flow rate is large. the film will be slowly heated

at a fairly uniform rate. On the other hand, if the liquid flow rate is
small, the film will be rapidly neated to its equilibrium temperature
(approximately the wet-bulb temperature corresponding to the gas stream
temperature) within a short distance from the inlet and then remain at
approximately that temperature thereafter, as it flows in the tubs.
Obviously a Tog mean concentration difference based upon the inlet an
outlet conditions will give a fairly goad representation of the conditions

in the first (large rate of flow of liquid) case, but might give a poor
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representation of the conditions in the second (small rate of flow of
liquid) case.

The aforementioned limitation on the application of a correlation
based upon the log mean concentration difference (which is treated in
more detail in Appendix D) necessitated a method of treatment of the
data that took into account the variation in the driving force with the
distance from the inlet. The method employed was the application
of a correlation for the local mass transfer coefficient,

Since the heat transfer from the gas to the liquid plays an
important role in determing the temperature of the film as a function
of distance from the inlet, it was necessary to include the heat transfer
in the equation for correlating the data., The heat transfer correlation
employed was also based upon the local heat transfer coefficient. The
manner in which the data obtained from the experiments were correlated
Is describea briefly in the following paragraphs; a more detailed
description is presented in Appendix D.

The basis for the correlations were the Nusselt-type equations for

the local rates of heat and mass transfer, Thus

(a) Heat Transfer:

Nux = C] F1(x/d) ReG (17)

(b) Mass Transfer:

Sh. = C, F.(x/d) Re “ scl6 (18)
x = Lg Fp g
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In equations 17 and 18 the symbols G through Cg represent constants,

and F, and F, are functions of x/d. Previous work by other investigators
has established the effect of the Reynolds, Prandtl , and Schmidt numbers
upon the heat and mass transfer coefficients. N attempt was made, there-
fore, in the subject research to vary those parameters. Rather, the
previously established exponents were assumed to apply (3). Hence,

equations 17 and 18 can be rewritten in the form

Ni = Cy Fq(x/d) Re0.80 p,0.33 (19)

th

Cq Fz(x/d) Re0.83 gc0-44 (20)

It was assumed that the functions Fl and F, were identical functions of
x/d, as indicated by Deissler (18). Finally, a form of the function Fl
was assumed. Figure 2 (solid line) presents the ratio Nu,/Nug, as @
function of x/d for R = 30,000 and Pr = 1 as determined analytically hy
Deissler (18). Nug, represents the Nussel t number for fully devel oped

flow. The dashed line in Fig. 2 represents the equation

0.75
i 0.15
Nuy/Nugg = 1 + (ﬁla‘ (21)

which is seen to give a good representation of Deissler's results. A
function of the form of equation 21 was, therefore, chosen for the

function F]. Thus
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Fp=fe=1+(4 = (22)

Hence, the expressions for correlating the experimental data are equations
19 and 20, with equation 22 relating the functions Fy and F, with x/d.
There are three empirical constants; C], Cys and |I.
The method employed for selecting the constants Cis Cpo and | is
presented below. Measurements were made of the rates of mass transfer
as a function of the following parameters (nominal values are given):
a. test section length: 8, 16, 24, 32, and 40 in.
b. air inlet temperature: 100, 230, and 350 F
c. water weight flow rate: 0.00152
0.001 88
0.00285
0.00418
0.00609
0.00996
0.01573
0.02649
0.04355
0.07182 1b/sec
The inlet air velocity was 48 fps for all of the experiments. A total of
138 experimental runs was made including nearly all possible combinations
of the above parameters; the data obtained for the 40 in. tube at 110 F
were discarded because a faulty thermocouple. For each experimental
run, the "measured" over-all Sherwood number, Sh, was calculated based upon
the inlet and outlet conditions, employing the log mean concentration
difference as the driving force. (The details of the data reduction
and the correlation procedures are presented in Appendix D, and only a

short description is presented here.) The value of the measured over-
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. all Sherwood number was then compared with a "calculated" over-all

Sherwood number, Sh The following paragraph describes the

calc’
procedure for determining the calculated over-all Sherwood number.

Values of the constants Cy,Cq and | were initially chosen based
upon the experience of other investigators., Equations 19 and 20 were
employed for calculating the local heat and mass transfer occurring in
successive 0.25 in. increments along the test section from the inlet to the
exit. The measured values of the inlet air flow rate, temperature,
and humidity and the inlet water flow rate and temperature were used as
the initial conditions for that calculation. Based upon those conditions ,
the heat and mass transfer occurring in the first 0.25 in. from the inlet
of the test section were calculated, yielding conditions 0.25 in. from the
inlet. A calculation was then made of the heat and mass transfer in the
second 0.25 in. from the inlet of the test section, yielding conditions
0.50 in. from the inlet. A calculation of the heat and mass transfer in
the third increment was made, etc., until the outlet of the test section
was reached. The calculation procedure gave the calculated values of
the pertinent parameters at the exit of the test section, as well as
the total mass transfer which had occurred between the inlet and outlet,

From those results the calculated over-all Sherwood number, Sh , Was

calc
computed based upon the measured inlet and the calculated outlet
conditions, again employing the log mean concentration difference as the
driving force.

From the measured over-all Sherwood number Sh and the calculated oyer-

all Sherwood number :Shca]c, the Sherwood number ratio RSh was computed: Thus
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Rep, = Sh/Sh

Sh calc

If equations 19 and 20 with the chosen values of constants C,, €4 and I,
correlated the experimental results satisfactorily, then the Sherwood number
ratio would have the value unity. In practice, the Sherwood number

ratio was either slightly larger or smaller than ,unity.

The value of Re, wes calculated for each experimental run and
the results analyzed, Adjustments were then made to the values of
Cis 4 and |, based upon that analysis of results, and the calculations
were repeated. The procedure wes repeated until satisfactory agreement
was obtained between the calculated and measured values of Sherwood numbers,
and in addition the calculated total mass transfer corresponded to that
obtained in the experiments.

The variation for liquid temperature with distance from the inlet was
approximately the same for the actual and the calculated cases. There-
fore, the effect of changes in the concentration gradient with distance
from the inlet upon the over-all mass transfer coefficient, was the same
for both the measured and the calculated cases,

An IBM-7094 digital computer wes employed for making the aforementioned

calculations, including the initial reduction of the experimental data,

3.1.3 Results of the Mass Transfer Experiments

0.83 Sc0°44

Figures 3 through 7 present the mass transfer group Sh/Req
as a function of liquid Reynolds number Re, for test section lengths of
8.5, 16.5, 23.5, 32.4, 39.9 in., respectively. Each graph includes data

taken at the different temperatures investigated, The temperatures are
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noted on the graphs. The considerable scatter in the data, as well as the
variation in the mean value of the mass transfer group with test section
length, shows the inadequacy of such a correlation for satisfactorily
describing the mass transfer process.

Figures 8 through 12 present the Sherwood number ratio R¢ =Sh/Sh

S
as a function of liquid Reynolds number Re, for the same set of test

calc

section lengths, Again each graph includes all temperatures investigated.

The calculated Sherwood number Sh ., . wes determined by a numerical cal-

culation of heat and mass transfer from the inlet to the exit of the

test section employing the following equations for local heat and mass

transfer:
Nu_ = 0.0205 F, Re.0-8 py0:33 (24)
X 1 G
Sh = 00138 F, Re.0-83 ¢ 0-44 (25)
X ] G
where 0.75
_ 0.588," "
F] =1 + (x/d ) for x/d > 0.166
(26)

5.51 - 11.6 (x/d)  for x/d < 0.166
(see Section p.2.6 for an explanation of equation 26)
The average values of the ordinates and the standard deviations from those

average values are presented below.
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Test L/d Avygrage Standard
Section Sh Deviation
Length
(in.) (per cent)
8.5 5.7 1.000 31
16.5 11.0 1.013 2.8
23.5 15.7 1.000 2.4
32.4 21.6 1.001 4.2
39.9 26.5 0.980 4.5

Figure 13 combines Fig. 8 through 12 into a single graph.
The average value of the Sherwood number ratio is 1.000 with a
standard deviation of 3.6 percent. (The correlation constants were S0
chosen that the average value of the Sherwood number ratio was close to
unity, as discussed in the preceding section and in Appendix D.)
Appendix G presents a tabulation of the data obtained from the mass

transfer experimnts.

3.2 Surface Characteristics Experiments

3.2.1 Description of the Surface Characteristics Experiments

The primary purpose of the experiments concerned with the investigation
of the surface characteristics of the liquid film was the determination of
the surface area of the film under the conditions which prevailed in the
experiments concerned with the mass transfer measurements. Since the
measurements required for determining the surface area of the film also
enabled calculating the mean film thickness and the velocity of the
waves on the surface of the film,those characteristics were also
determined as functions of the flow parameters.

Figure 14 presents a schematic diagram of the apparatus, which is

described in detail in Appendix B. The primary component of the apparatus
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was a dual optical system, by means of which the instantaneous thickness
of the ligaid film could be measured simultaneously at two locations in
the test section, one location being 0.25 in. above the other. Since
the two sets of equipment comprising the dual optical system are
identical, the description of one of them will suffice.

Light from an incandescent bulb passes through a series of
apertures, mirrors, and lenses and i s brought to focus at a point
approximately 0.01 in. from the inside surface of the test section
where the film thickness is to be measured. A small streamlined piece
of bakelite, called a film divider, is located on the opposite side of
the test section where the light beam enters the tube; the film divider
causes the film to break and flow on either side of the film divider.
The incident beam of light passes through a hole in the center of the
film divider. The light beam passes, therefore, through only the single
thickness of the liquid film located where the incident light beam is
focused on the opposite side of the test section, The intensity of
the light transmitted through the film is measured by a photomultiplier
tube. A lens between the point of measurement and the photomultiplier
tube helps direct any divergent rays so that they fall on the surface
of the photomultiplier unit. The output of the photomultiplier tube is
displayed on a dual-beam oscilloscope, and the mean value of the current
flowing through the photomultiplier tube is measured with a mirror
galvanometer, placed in series with the photomultiplier tube.

Since a negligible amount of the incident light is absorbed by a film

of clear water, it is necessary to add a dye to the water, so that small
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changes in film thickness might be detected. Nigrosine dye, which has been
shown to have a negligible effect on the physical properties of water (48),
was used in-the ratio of approximately 0,0005 pound dye per pound of water,
The actual'concentration of dye in the water entering the test section was
determined by calibrating the optical system with samples of the dyed
water taken periodical ly during the experiments.

Aswas pointed out in the Review of the Literature, the dye
Concentration-is a function of the fraction of the liquid evaporated after
its injection into the test section; some of the water evaporates but
not the dye. The change in concentration was calculated for each
experimental run, employing the correlation technique described in the
previous section and the measured inlet conditions for the experimental

run. The dye concentration at the point of measurement is given by

WL'
c=cy WL_I (27)
where ¢ = dye concentration at point of measurement, 1b/1b
c; = dye concentration at inlet, 1b/1b
, = weight rate of liquid flow at point of measurement, 1b/sec

Wy weight rate of liquid flow at inlet, 1b/sec

Experiments for the measurement of film surface characteristics
were conducted for the nominal values for the system parameters presented
below.

a. test section length to point of measurement. 5, 20, 34 in,

b. air inlet temperature: 110, 230, and 350 F
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c. water weight flow rate: 0.00152
0.00188
0.00418
0.00996
0.02649
0.07182 1b/sec
In all of the experiments, the inlet air velocity was 48 fps. A total of
41 experimental runs was made, covering nearly all of the possible
combinations of (a), (b), and (c),with the exception of the data taken
at a water temperature of 350 F with the 24 in. test section; these data
were not obtained due to breakage of the 24 in. long test séction.
During each experimental run the following data were taken:
a. the measurements for determinating the inlet flow conditions
b. the reading of the mirror galvanometer
c. the photographic record of the film profile; obtained by photographing
the dual-beam oscilloscope
Also, a sample of the dyed water was taken during each series of
runs; a series comprised the runs made with a given test section at a
given inlet temperature, The samples were used for calibrating the

optical system.

3.2.2 Results of the Surface Characteristics Experiments

Figure 15(a) presents some typical oscillograph-record camera strips
obtained during the investigation of the surface characteristics of the
liquid film. The records shown are for liquid Reynolds numbers of 35,
185, and 1290, respectively. The pertinent parameters of the gas streams
were approximately: inlet air tem[\)erature = 226 F, air velocity = 48 fps,

air Reynolds number = 25,900. The distance from the point of liquid
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injection to the point-of measurement was 5.38 in. Figure 15(b) presents
strips taken under approximately the same conditions, but with the point
of measurement 33.94 in. from the point of injection. The photographic
film speed wes 600 in./min. Appropriate time and liquid film thickness
scales are shown for the lower trace.

Visual observation of the traces obtained for the different experimental
runs indicated that there was essentially no difference between the traces
obtained with the different air temperatures. Consequently, due to the
relatively large amount of labor required for complete reduction of the
data, the detailed results were computed only for the runs where the
inlet air temperature wes approximately 230 F. Three test section lengths
were investigated, and three water flow rates were analyzed for each length
of test section.

An oscillograph-record camera strip approximately 12 in. long, wes
obtained for each combination of length of test section and water flow
rate. Three typical lengths of film 1 in. long were chosen from each strip
for analysis. Fom the measurements made from each of those three lengths,
the mean film thickness, the average wave velocity, and the surface area
factor (calculated surface area of rough film divided by surface area of
equivalent smooth film) were calculated. A detailed description of the
method employed in the calculations is presented in Appendix E. It is
sufficient to say here that the traces on the film were numerically
analyzed to yield the geometry of the surface of the film, from which the
desired parameters were calcul ated.

Table 1 presents the results of the calculations. In the runs included
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TABLE |

Results of the Surface Characteristics Experiments

Run Distance Water  tean Men  Wae Average Surface Average
No. from Reynolds Film  Ffim. Velocity Wae  Area Surface
Injection Number Thickness Thickness Wdocity Factor Area
(calc) égalvo) Factor
(in.) = (in.) (fps) (fps)
s22la 538 35 0024 .0026 .68 60 11,0001 1.0001
b .0026 .65 1.0001
C .0023 57 1.0001
$225a 538 185 .0053 .0057 105 122 1.0008 1.0008
b .0056 1.31 1.0009
C 0053 1.30 1.0007
S22%9a 538 1290 -.@162 .0169 3.73 337 1.0005 1.0006
b .0164 3.2% 1.0006
C .0149 3.09 1.0007
S521a  20.25 35 ,0037 ,0038 .74 77 10001 1.0001
b .0043 .77 1.0002
C .0031 .80 1.0000
$525a 20.2% 188 .0059 .0059 148 145 1.0005 1.0004
b .0055 1.36 1.0004
o .0064 1.52 1.0008
$529a 2025 1315 .0135 .0136 3.02 357 10005 1.0003
b ,0159 4,19 1.0002
C .0134 3.49 1.0003
59232 33.94 77 .0042  .0041 1.08 1.2 1.0002 1.0003
b .0049 1.11 1.0003
c 0057 1.18 1.0005
S925a 33.94 185 .0DpS6 L0061 1.62 164 1.0004 1.0004
b .0067 1.59 1.0004
c .0065 1.72 1.0004
S929a 3334 1308 .0123 .0127 345 3.33 1.0004 1.0005
b .0098 3.01 1.0006
¢ .0146 3.54 1.0004
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in that table the air velocities ranged from 46.8 to 48.2 fps and the
inlet air temperature ranged from 225 to 242 F. The mean film
thicknesses presented in the column headed "mean film thickness {galvo)”
were determined from the galvanometer readings, whereas the values in the
column headed “"mean film thickness {¢alc}® were obtained by analyzing the
oscillograph-record camera strips.

Figure 16 presents a logarithmic plot of the mean film thickness, as
determined fram the galvanometer readings, as a function of the water
Reynolds number for three test section lengths (x/d = 3& 13.5, and 22.6)
at a nominal air inlet temperature of 230 F,

Figure 17 presents the average value of wave velocity (average of
a, b, and ¢ calculations far each run) as a function of the water
Reynolds number for the three test section lengths at'a nominal air inlet

temperature of 230 F.
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4.  DISCUSSION OF RESULTS

Figures 3 through 7 demonstrate that the experimental mass trans-
fer data cannot be correlated by means of the conventional correlation
equation (equation 14) based on the inlet and outlet conditions. It
is worth noting here that in the preliminary attempts to correlate
the data the transport properties were evaluated at the average value
of the inlet and outlet air temperature, and the scatter of the data
was increased; those obtained at the highest temperature falling far
below the other data. |t appeared that changes in the liquid flow
rate affected the mass transfer group in an inconsistent manner for
the different inlet ais temperatures; the effects were probably
caused by variations in the water inlet temperature (see Appendix D).

W the data were correlated by the technique described in the
preceding section, however, the effects of both the air inlet tempera-
ture and the water flow rate were eliminated (see Fig. 13), as may
be seen by the greatly reduced scatter and the nearly horizontal
slope of the curve. Also, the proper selection of a function describ-
ing the variation in heat and mass transfer coefficients with distance
from the inlet to the test section made it possible to correlate the
exprimental results with a single curve, for the different test

sections (L/d varying from 5.7 to 26.5).
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When the F, terms in equations 24 and 25 are replaced-by unity,
the equations then apply to the case for fully developed flow; i.e.,
with x/d approaching infinity. The latter case is approximated
experimentally by employing a test section having a large L/d. Since
most of the experimental work published in the literature is for test
sections with large values of L/d (approximately L/d = 40), by setting
F=1 in equation 25, the following equation is obtained for comparing
the experimental results reported herein with those of other
investigators. Thus

0.83 0.4
Sh = 0.0138 ReG sC (28)

(Actually, for L/d = 40, setting F, equal to approximately 1.1 would
be a more nearly correct representation, because f; = 1 Is valid only
for the case where L/d = =. Such a substitution would result in
slightly better agreement between the results reported herein and the
nonrippling case of reference 39, as will be seen later.)

/A noted in the Review of the Literature (see Section 2.2),
Kafesjian,Plank, and Gerhard (39) analyzed all of the available data,
including their own, and concluded that the following two correlation
equations were applicable to (a) rippling and (b) nonrippling films,
respectively. Thus

0.83 o, 0.15
(a) Rippling film: Sh (pgy/P) = 0.0065 Reg L (29)
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0.83
(b) Nonrippling film: Sh (pBM/P) = 0.013 Re; (30)

G

The prime on the gas Reynolds number in equation 30 indicates that the
gas velocity upon which the Reynolds number is based is the velocity
relative to the surface of the liquid film. To compare equation 28
with equations 29 and 30, the substitutions Sc = 0.60 and pgy/P = 1
are introduced into equations 28, 29, and 30;the latter substitutions
closely approximate the conditions prevailing in the subject experi-
mental investigation. The results of that investigation are denoted

by JPC results. Accordingly, one obtains

JPC results: Sh = 0.0110 Re,3 (31)

Rippling (39): Sh = 0.0065 Rey %3 Re 12 (32)
ool . i , 0.83

Nonrippling (39): Sh = 0.013 Re G (33)

Figure 18 presents a logarithmic graph of equations 31 through

33, plotted with sh/Re "%

as a function of the liquid Reynolds
number Re . The length of the individual curves correspond to the
range of liquid Reynolds number investigated in the pertinent
experiments .

The JPC results are seen to lie on a curve parallel to and about
15 per cent below the curve for the results of Kafesjian, et al.,
for nonrippling films. The JPC data are in approximate agreement with
the Kafesjian curve for rippling films at low liquid Reynolds numbers,

but at other liquid Reynolds numbers they do not agree with the
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Kafesjian curve; the JPC data do not show the pronounced increase
in Sherwood number with increasing liquid Reynolds number,

With the exception of approximately half of the data due to
Gilliland and Sherwood (23), all of the data analyzed by Kafesjian,
et al., were obtained for the case of countercurrent flow (39); that
is, with the liquid flowing downward and the air flowing upward.

The estimates of the percentage increase in the surface area of the
liquid film ranged from negligible to more than 20 per cent. There
are no reliable data, however, for substantiating those estimates of
the increase in the surface area of the film under the flow conditions
investigated by the author.

It is seen in Fig. 18 that the curve correlating the JPC results
Is substantially parallel to the correlation curve for nonrippling
films. This is not surprising in view of the results obtained at
the JPC in the experiments for determining the surface area of the
liquid film under different flow conditions. Those results (see
Table 1, Section 3.2.2) show that in all cases the percentage increase
in surface area was less than 1 per cent.

The data of Gilliland and Sherwood for concurrent flow (23) lie
within the ellipse drawn in Fig. 18. The countercurrent data also
fall in te same area; no significant difference can be observed
between the two sets of data. The range of liquid Reynolds numbers
investigated was of the same order of magnitude as the scatter of
the data, precluding any meaningful determination of the slope of

the data for the two types of flow. No explanation can be given for
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the disagreement between Gilliland's results for concurrent flow and
those of the author. The experiments due to Gilliland were conducted
at near room temperature, and there was little change in the liquid
temperature due to the relatively large liquid flow rate. The method
of correlation he employed, therefore, based upon inlet and outlet
conditions , was satisfactory.

The results of the measurements of surface area indicated that
there was a negligible increase in the surface area under the condi-
tions investigated by the author. The measured increase in surface
area ranged from 0.01 to 0.08 per cent. Dwe to the large amount of
labor required for reading the photographic records, only a limited
amount of the experimental data wes reduced. Consequently, the con-
sistency of the results was unsatisfactory. The increase in the amount
of data that would have to be reduced to achieve consistency would be
at least an order of magnitude. The limited amount of data that was
reduced was sufficient, however, to establish that under all of the
conditions investigated the increase in the surface area was negligible.
Hence, it was concluded that the analysis of additional data would
not yield a significant increase in meaningful information.

Figure 19 compares the mean film thicknesses measured in the
subject investigation with those measured by Charvonia (11). The
thickness parameter employed by Charvonia, is defined by

2 1/3
wmesrl (5] (34)
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where
§ = mean liquid film thickness, ft
g = gravitational constant, ft/sec2
v, = specific weight of the liquid, 1b/ft*

w_ = dynamic viscosity of the liquid, 1b—sec/ft2

Figure 19 presents the thickness parameter plotted as a function
of the liquid Reynolds number. The results of the subject investiga-
tion are seen to be substantially parallel to the curves obtained by
Charvonia for constant gas velocity. Furthermore, the datum points
are near the line Charvonia's results indicate for a gas velocity of
45 fps. The gas velocity in the subject investigation was 48 fps.
Thus, there is good agreement between the present film thickness
values and those observed by Charvonia.

The data plotted in Fig. 16 do not indicate any significant
variation in the mean film thickness with distance downstream from
the point of injection of the liquid film. That result is in
agreement with the data obtained by Chien and lIbele (12); their
results show no significant variation in the mean film thickness
with distance from the point of injection for liquid Reynolds numbers
less than 1250.

A mentioned earlier, and also shown in Appendix E, it was
necessary to kow the wave velocity in order to calculate the sur-
face area of the liquid film from the continuous measurements of
film thickness as a function of time, It is of interest to compare

the wave velocities measured in the subject investigation with
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those determined by other investigators.

Figure 20 presents the wave velocity as a function of the flow
parameter (G‘z/yLuL) which was employed by Greenberg (27) in his
correlation of wave velocity data, The parameter appeared
originally in an analysis of the flow of a vertical, laminar film
due to Nusselt. Nusselt's analysis, which is derived in reference 27,
results in an expression for the maximum velocity in the film (velocity
at the free surface). The Nusselt equation for the maximum film

velocity is given hy

o U3
1 9 G'
-1 : 35
where

Vinax ~ medmum velocity in the film, fps
G' = peripheral liquid flow rate, 1b/sec-ft
y, = specific weight of the liquid, 1b/ft°

. o 2
wo= dynamic viscosity of the liquid, 1b-sec/ft

Equation 35 is plotted in Fig, 20, along with the data obtained by
Greenberg for the flow of water on the inside of a 2 12 in. 1.D.
vertical tube with no air flow, (It should be noted that in Fig. 21
of reference 27 the curve representing equation 35 is 'located
incorrectly.) The bulk of the data due to Greenburg, which includes
the results obtained with 8 different liquids, falls along Nusselt's

curve. At the larger values of the flow parameter, however, they
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tend to fall below the Nusselt curve, as do the data for water (see
Fig. 20) obtained in the subject investigation.

As one would expect, the data obtained in the subject investi-
gation with concurrent air flow fall above those obtained by Greenberg
with no air flow, because of the shearing action of the gas, which
accelerates the liquid film, The wave velocity tends to increase
somewhat with increasing distance from the plane of injection, but
that effect is not very pronounced over the range of distances
investigated. It appears that the waves approach their terminal

velocity shortly (within a few diameters) after injection.
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5. CONCLUSONS AND RECOMVENDATIONS

5.1 Conclwsions
The conclusions presented below are based upon the results of
the research reported herein.
1. The experimental data obtained in the subject investiga-
tion were correlated by the following equations, for the local

values of heat and mass transfer coefficients. Thus

Nu, = 0.0205 F, ReGO'8 pr0-33 (24)
Sh, = 0.0138 F, ReGO'83 sc0-44 (25)
where
)
0 0.75
Fpo= g1+ (22887 for xid > 0.166

(26)
5.51 - 11.6{(x/d) for x/d < 0.166
All of the transfer properties were evaluated at the temperature which
Is the mean value for the average gas and liquid temperatures.

2. Correlation of the data by equations 24 and 25 indicates that
for liquid Reynolds numbers in the range Re = 23 to 1350, there is no
effect of Re upon the mass transfer.

3. In all cases, the measured increases in surface area of the
liquid film, caused by waves on the surface of the film, were less

than 0.1 per cent.
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4, For a given gas stream velocity the mean film thicknesses
were approximately the same as those measured by Charvonia (11)in
a test section of larger diameter (1.67 times that employed in the
subject research). The mean film thicknesses were essentially con-
stant for values of x/d ranging from 3.6 to 22.6.

5. The velocities of the waves on the surface of the film in-
creased with increasing liquid flow rate, and were larger than those
measured by Greenberg (27) with no air flow, Over the range of liquid
Reynolds numbers investigated, the wave velocities exceeded the values

of maxdimum velocity calculated by Nusselt’s analysis for laminar

film flow.

5.2 Recommendations

The experiments reported herein show that there is neither an
appreciable increase in the surface area of the film nor an effect
due to the rate of flow of liquid on the mass transfer in downward,
concurrent, annular, two-phase flow. According to the literature
(39), however, there is a considerable increase in the rate of mass
transfer with liquid flow rate for the case of countercurrent flow.
No data are available concerning the increase in surface area of
the film for countercurrent flow; the latter type of flow appears
to be a fruitful area for further research,

It is recommended that a research program be initiated for
investigating characteristics of the surface of the film and the

rate of mass transfer in countercurrent, annular, two-phase flow.
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De to the apparent limitations of the light absorption technique

for an investigation of that type of flow (32), it is further recom-
mended that other methods of instantaneous film thickness measurement,
including the fluorescence-spectrometer technique, be investigated

to determine their feasibility as measurement techniques for counter-

current, annular, two-phase flow.
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AFFENDIX A

NOMENCLATURE

surface area of the gas-liquid interface, ft2

fractional increase in the interfacial surface area.
absorption coefficient of the dyed water, £l

concentration of dye in the dyed liquid, at the point of
measurement, 1b/1 b.

concentration of dye in the dyed liquid at the plane of
injection , 1b/Ib.

specific heat of the liquid, B/1b-R.

constant pressure specific heat of the gas, B/1b-R.

constant.

concentration of the diffusing vapor at the gas-liquid interface,
1b/Ft3.

log mean concentration of the diffusing vapor, 1b/ft3.

inside diameter of the test section, ft.
molecular diffusivity of the diffusing vapor in the gas, ft2/sec.
friction factor.

function of x/d.
gravitational constant, ft/sec2.
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mass velocity, 1b/hr-ft2 .

peripheral liquid flow rate, 1b/sec~ft.
Gukhman number, (Ta- Tb)/Ta"

specific enthalpy, B/1b.

heat transfer coefficient, B/sec-ft2-R.
mass transfer coefficient, ft/sec.

reading of the gal vanometer or osci1lograph.
constant.

intensity of transmitted light.

intensity of incident light.

mass transfer j-factor.

thermal conductivity of the gas, B/sec-ft-R.
molar mass-transfer coefficient, Ib moles/hr-ft2-atm.
length of the test section, ft.

mean molecular weight.

over-all Nussel t number, hyd/ke.

local Nusselt number, hiyy 4/ kg -

Nusselt number for fully-developed flow.

log mean partial pressure of the diffusing vapor, (pBi"pso)”“
(Pgi/Ppo)» Psia.

vapor pressure of the liquid, psia.
pressure, psia.

pressure drop across the test section, psi.
Prandtl number, ugp/ kg

rate of heat transfer, B/sec.



Sh

ReG

Re.'

Re

SC
Sh
Shca]c
Sh

95

Sherwood number ratio, Sh/Sh . 1c:
gas constant of the diffusing vapor, ft/R.

Reynolds number of the gas phase, based upon the gas velocity
relative to the test section, oVd/ug.

Reynolds number of the gas phase, based upon the gas velocity
relative to the velocity of the surface of the liquid, eV'd/ug.
Reynolds number of the liquid phase, 46'/gu, .

cross-sectional area of the test section, ft.

Schmidt number, u./eD.

measured over-all Sherwood number, hy,d/D.

calculated over-all Sherwood number, hy,d/D.

local Sherwood number, hy, d/D.

thickness of the dyed liquid through which the beam of light
passes, ft.

temperature, R.

free stream temperature, R.

adiabatic saturation temperature, R.

temperature of the liquid, R.

temperature of the wall, R.

thickness parameter, a[(yL/uL)z/'g] 173

mean gas velocity , fps.

maximum velocity in the liquid film, fps.

wave velocity, fps.

weight rate of flow, 1b/sec.

distance from the inlet of the test section, ft.
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effective film thickness for mass transfer,

Greek Symbols

Y

é displacement of a wave on the oscillograph,
$ mean thickness of the liquid film, ft.
u dynamic viscosity, 1b-sec/ft2,

v kinematic viscosity, ft2/sec.

p density of the gas, s]ug/ft?’.

o dynamic surface tension, 1b/ft.

T time, sec.

w specific humidity, 1b water/1b dry air.
Subscripts

1 plane 1.

2 plane 2.

a air.

ev evaporating liquid.

G gas.

i inlet of the test section.

L liquid.

m mean.

0 outlet of the test section.

v diffusing vapor.

specific weight, 1b/ft3.

ft.

ft.
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APPENDIX B
DESCRIPTION OF THE EXPERIMENTAL APPARATUS

The experimental apparatus employed in the subject investigation
Wwes quite similar to that employed by Charvonia (11). M of the
changes in the apparatus were to enable measuring the rate of mass

transfer; mawy of the changes are described by Mezey (48).

B.1 Air Flow System

The air used in the experimental investigation wes drawn from
the high pressure supply tanks which comprise the blow-down air supply
for the Jet Propulsion Center. (Figure 21 presents a schematic diagram
of the air flow system.) The tanks have a volume of 900 cu ft and were
charged to a maximum pressure of 2400 psig by a Worthington 4-stage
compressor. By operating a 4 in. gate valve (valve 1in Fig. 21) the
tanks could be isolated from the apparatus when the apparatus wes not
in use. The absolute humidity of the air drawn from the supply tanks
was always less than 0.0006 |b moisture per 1b dry air, as determined
by psychrometric measurements.

The air pressure was reduced from the tank pressure to approxi-
mately 140 psig by means of a Grove Powereactor Dove Regulator; the
latter was loaded by an Atlas hand-loaded pressure regulator. The

flow regulating valve was a Harmd -Dahl Pressure Loaded Balanced
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Diaphragm Control Valve (valve 2, Fig. 21), and it was loaded by a
Moore Nul Imatic hand-loaded pressure regulator.

The control of the temperature of the air entering the test
section was achieved by causing a part of the air to bypass valve 2
and flow through a heat exchanger comprising a helical coil located
inside a propane-air furnace. In the heat exchanger the bypassed air
was heated to approximately 1600 F before it rejoined and mixed with
the main air stream, The proportion of the air passing through the
heating coil wes regulated by a Honeywell Diaphragm Control Valve
(valve 3), which was controlled by a Honeywell Electronik strip chart
pneumatic controller. The pneumatic output of the controller was
proportional to the difference between the desired air temperature,
as set on the controller, and the temperature of the air measured at
the entrance to the test section, At the highest temperature investi-
gated, 350 F, it was necessary to vent some air to the atmosphere,
through valve 4, in order to maintain the aforementioned air tempera-
ture at the entrance to the test section.

The air flow rate was measured by means of a thin plate orifice
constructed according to A.S.M.E. specifications (53). The 1 1/8 in.
diameter orifice plate was constructed from 1/8 in. stainless steel
plate and was located in a section of 2.930 in. LD. stainless steel
tubing. The approach section of 20 diameters was preceded by a flow
straightener. The exit section was 12 diameters. Because of its
large sire it was not possible to calibrate the orifice meter, and the
discharge coefficient presented in reference 53 was employed in making

flow calculations.
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The test section was preceded by a 6 ft length of 1.495 in,

I.D. stainless steel tubing, which was carefully aligned to within
1/32 in. of the vertical. Total pressure traversing measurements (48)
established that the velocity profile of the air entering the test
section was that of a fully developed turbulent flow. After leaving
the test section, the air was exhausted through ducting to the outside
atmosphere.

All of the air flow system downstream from the propane furnace
was insulated with Johns-Manville Superex Insulation, 85%Magnesia
Insulation, or insulating cement, depending upon the air temperature
and piping geometry.

Continuous samples of the air entering and leaving the test
section were run to the two humidity measuring stations (described
in Section 6.6) employed for measuring the inlet and outlet humidi-
ties. The rate of flow of the air to the inlet humidity measuring
station was controlled by valve 6. A butterfly valve in the air ex-
haust ducting, valve 5, controlled the flow to the outlet humidity
measuring station and also the static pressure in the test section.
Cooling jackets, using tap water as the coolant, served to cool the
air samples to approximately room temperature before they flowed into

the humidity- measuring stations.

6.2 Water Supply System

Figure 22 is a schematic diagram of the water supply system.
Deionized water at approximately room temperature was supplied to the

liquid injector from one of two pressurized supply tanks, termed the
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DEIONIZED WATER SOURCE
D4 §§ DK1—$Ei>G——-DRAW
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FILTER
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PUMP
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Fig. 22 Schematic Diagram of the Water Flow System



102

dyed water tank and the clear water tank (see Fig. 22). The tanks
were pressurized by shop air which entered the tanks through Grove
Powereactor Dome Regulators. The dome regulators were loaded to the
desired pressure with a Moore Nullmatic hand-loaded pressure regulator
and an Atlas hand-loaded pressure regulator, respectively.

Water flow rates were measured employing two Fischer & Porter Flow-
rators, which were calibrated in place by the weight-time technique and
were capable of measuring water flows from 0.0015 to 0.1 1b per sec.
Flow rates were controlled by two parallel globe valves, one pro-
viding course and the other fine regulation. A sampling tap provided
a means for extracting a small quantity of dyed water from the system
for use in calibrating the optical system employed in the film thick-
ness studies.

After leaving the test section the water flowed into a reservoir,
from which it was pumped to a drain. It was also possible to return
the water from the reservoir into any of the three tanks shown in
Fig. 22. This capability was utilized when introducing dyed water into
the system, the dye being mixed with water in the reservoir and then
pumped into the dyed water tank.

Any of the tanks could be filled with deionized water from the
building's tap water system. Deionization was accomplished employing
a Culligan Duo-Bed Deionizing Unit. Water could be transferred from
one tank to another, as during the mixing of the dyed water solution
prior to conducting the experiments concerned with the film surface

characteristics.
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B.3 Test Section Assembly

Figure 23 presents an assembly drawing of the test section assembly,
shown with an 8 in. glass tube in place. This drawingwill be referred
to in the subsequent description. Figure 24 is a photograph of the test
section assembly, including the optical system described in Section 8.7.
The test section assembly comprised three components--the injector assembly,
the test section (glass tube), and the collector assembly--and will be
described accordingly. The test section assembly was located in a light-
tight room which could be completely darkened, as was necessary during

the experiments employing the optical system.

B.3.1 Injector Assembly

The injector assembly, (e) in Fig. 23, was similar to that employed
by Greenberg (27) and other investigators at the Jet Propulsion Center.
Water from the supply system entered the injector through nine equaliy-
spaced holes along the outside of the injector (f) and flowed past a
baffle and into a circular manifold. The manifold was connected with
the inside wall of the test section by a thin slot. The slot, formed
by two conical surfaces, made a 45° angle with the axis of the test
section. With the two large plates of the injector bolted together,
the two conical surfaces forming the slot touched. By inserting shims
between the two large plates at the points where the bolts were located,
the plates could be held a known distance apart, resulting in a slot
of known width. Due to the angle made by the slot with the test section
axis, the slot width was equal to the shim thickness divided by /2.
Preliminary experiments established that a slot width of 0.018 in.

(0.025 in. shims) was optimum for the range of flow rates investigated.
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The upper injector plate was bolted to a rigid frame constructed
of welded steel I-beams and aligned with the .air approach-section (a),
which fitted into the top of the upper injector plate. - The inside di-
ameter of the upper.injector plate was 1.495 in., matching that of the
air approach section. Since it was necessary to disassemble the injec-
tor assembly periodically for cleaning, dowel pins were employed to
insure proper alignment of the upper and lower plates.

The transition between the injector plates and the glass tube (g)
was made with the stainless steel transition plate, which was screwed
to the lower injector plate, The inside diameter of the transition plate
formed the first 0.5 in. of the test section, and it wes of 1.502 in.
I.D. to match the size of the glass tubes. O-ring seals were located
between the various mating parts wherever pressure seals were required.

Figure 23 indicates where the chromel-alumel thermocouples (b,d)
for measuring the air and water inlet temperatures were located. Also
shown is the upstream pressure tap (c) employed for measuring the static
pressure at the entrance of the test section, A correction to the
measured pressure to account for the distance between the location of
the pressure tap and the point of water injection (test section Inlet)
was made assuming a friction factor corresponding to a smooth pipe and
the prevailing air Reynolds number and properties.

As mentioned above, the actual test section length was 0.5 in.
longer than the glass tube length due to the portion of the transition
plate over which the film flowed before it reached the glass tube

itsel f.
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B.3.2 Glass Tube

The primary component of the test section assembly was the
glass tube (g). As noted previously, glass tubes of different lengths
(nominally 8, 16, 24, 32, and 40 in.) were employed, The tubes were
all precision bore borosilicate glass tubes having measured inside
diameters of 1,502 + 0.001 in. and outside diameters of 1 27/32 in. To
facilitate mounting and aligning a tube in the test section assembly,
the outside diameters of the upper and lower portions of each tube
were ground to a diameter of 1.785 + 0.001 in., concentric with the
inside diameter, far a distance of 1 1/2 in. from each end of the tube,
During the course of the investigation some inadvertent chipping and
cracking of the ends of the tubes occurred, necessitating cutting off
a small amount from the faulty end, Such modification resulted in the
shortening of some of the tubes. In all of the calculations, the
actual tube dimensions were employed,

'As indicated in Fig, 23, the glass tube was mounted between the
injector and-collector assemblies in a manner that resulted in a
smooth transition between the transition plate and the top of the tube,
The method of mounting also, allowed for small changes in the position
of the various components, such as occurred during instaliation, with-
out danger,of’excessively stressing the tube, Accordingly, there was
a metal to glass junction at the top of the tube, and the O-ring which
served as a seal also was used for obtaining axial aligament. A cork
or rubber gasket was fitted between the lower end of the tube and

the top piece of the collector assembly, allowing for some relative
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shifting of the components. Axial alignment was again established

by the sealing O-ring.

B. 3.3 Col 1ector Assembly

The purpose of the collector assembly (m) was to separate the
water which had not evaporated into the air stream from the air stream,
without letting air escape from the apparatus, an essential require-
ment for insuring that the air sample removed for determiningthe outlet air
humidity was a valid sample for the entire air stream.

The design of the collector assembly (m) was similar to that of
Collins (15). A circular knife-edge formed the entrance of a slot 0.1
in. wide into which the liquid film flowed. The liquid then flowed
over a baffle into the outer section of the collector, from which it
drained into the reservoir through three holes in the bottom of the
outer section (n). The level of the liquid in the collector could
be observed by means of a sight glass (1). By holding the liquid at
the proper level in the collector, as could be done by regulating the
flow out of the collector, a liquid seal was kept in the slot, pro-
hibiting all but a minute amount of air from escaping,

During the experiments concerned with the surface characteristics
of the liquid film the room in which the test section was located was
darkened, making it impossible to visually dectect the level of the
liguid in the collector. For those experiments a supplementary
collector reservoir (not shown in Fig. 23) of volume several times
that of the collector was mounted at the same approximate height as

the collector and connected to the collector by tubing. A sight
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glass outside the darkened room was connected to the supplementary
reservoir, and a solenoid valve connected the supplementary reservoir
to the drain, Due to the large additional volume of the supplementary
reservoir, the level of the liquid in the collector fluctuated less,
and as a result the level could be held satisfactorfly by occasionally
draining water from the supplementary reservoir through the solenoid
val ve.

A Pitot-static tube (j) was employed for measuring the center-
line velocity and the static pressure of the air leaving the test
section. A chromel-aijumel thermocouple (i) for measuring the outlet
temperature of the air was located in the air exhaust line just below
the knife-edge, It was preceded by a perforated plate which mixed
the air stream prior to measurement of its temperature,

The temperature of the water leaving the test section was meas-
ured employing a chromel-alumel thermocouple (h) cemented to the inside
of the. glass tube about 1/2 in. above the lower end of the tube, The
thermocouple was constructed from 0.003 in. diameter chromel and alumel
wires welded together, with the resulting bead flattened to a thick-
ness of about 0.002 in. The bead was then cemented to the tube with
epoxy glue, being held in place during hardening of the glue by a
piece of teflon with a 0.75 in. radius on one side. The teflon served
both to support the bead until hardening of the glue and also to in-
sure that no excess gtue extended out from the wall causing a flow
disturbance, The resul ting installation was sufficiently smooth that
the film failed to completely wet the thermocouple bead only in a few

instances.
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The collector assembly was mounted on-a platform which provided
for adjustment of the position of the collector assembly for proper
alignment with the glass tube. The platform could be raised and lower-
ed to accommodate the various lengths of test sections investigated.

The main body of the collector assembly (m) was constructed
froma9in. billet of aluminum (donated by the Aluminum Company of
America) and was anodized following machining. O-ring seals were

employed wherever .pressure seals were required.

B.4 Temperature .Measurement

During each .experimental run, five temperatures were measured
and recorded: the air inlet temperature, the water inlet temperature,
the air outlet temperature, the water outlet temperature, and the air
temperature measured 15 in. downstream from the orifice. Chromel-alumel
thermocouples were employed for the temperature measurements ; all of
the cold junctions were located in a commmn ice-water bath (32 F). The
thermocouples were connected to a manually operated stepping switch ,
with which each could in turn be connected with a Honeywell Electronik
strip recorder. A1l of the leads connecting the thermocouples to the
ice bath and to the stepping switch leads were made from chromel
and alumel wire, Copper wire was used for all other connections, All
of the junctions between the thermocouple wire and the copper wire
were located within a thermally insulated box, so that all of those
junctions would be at the same temperature. A beeds & Northrup
potentiometer was connected to the recorder through the stepping

switch; the potentiometer was employed for calibrating the recorder.
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The thermocouples were all calibrated against a precision
thermometer in a constant temperature water bath over a range of
temperatures from 60 to 180 F. The resulting calibration curves
were fitted with straight lines which were employed in the data re-

duction computer program.

B.5 Pressure Measurement

A11 pressure measurements were made with U-tube manometers,
using either mercury or Meriam Indicating Fluid (Sp. Gr. 1.00).
The static pressure drop across the test section was measured employ-

ing a National Laboratories precision manometer,

B.6 Humidity Measuring Stations

Figure 25 is a photograph of the two humidity measuring stations
employed for measuring the humidity of the air entering and leaving
the test section.

Each station contained a dry-bulb and a wet-bulb thermometer
over which the sample of air flowed continuously. Total and static
pressure taps in each station allowed the velocity of the air flow-
ing across the thermometer bulbs to be measured employing an inclined
tube manometer. A minimum air velocity of 15 fps across the bulbs
wes set for all measurements. Thermometer Corporation of America
precision thermometers with 0.1 C graduations were employed in the
stations. The wicks of the wet-bulb thermometers were moistened with
distilled water, and new wicks were used each day to avoid errors due

to possible contamination of the wicks.
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B.7 Optical System and Associated Equipment

Figures 26 and 27 present schematic diagrams of.the optical
system and the associated electronic equipment employed in the meas-
urement of the surface characteristics of the liquid film.

The light sources were General Electric No, 605 light bulbs
rated at 6.1 v. The bulbs were connected in parallel across the
output of a Sorensen Nobatron D.C. power supply, (see Fig. 27),
which was operated at 12 v. A 0-5 ohm variable resistor was placed in
series with each bulb to allow the relative brightness of the bulbs
to be varied.

The: bulbs were .mounted-in opaque light holders each with a
0.0135. in. diameter- aperture through which the beam of light emerged
(see Fig. 26). The focusing lenses were approximately 21 1/2 in. from
the light holder apertures; each focusing lens consisted of two
double convex lenses of 7 in. focal length mounted adjacent to each
other on the same axis, resulting in an effective focal length of
3.5 in. Apertures of 0.125 in. diameter preceded the focusing lenses,
First-surface plane mirrors were employed to bring the axes of the
two light beams to within 0.25 in, of each other, Light gates operated
by 24 v. D.C. solenoids provided a means of blocking the light beams
without disturbing the voltage applied to the bulbs.

Figure 28 1Is a photograph of the test section showing the location
and configuration of the film divider. The film divider was cut from

11/2 in, 0.D. by 1/16 in. wall bakelite, and was cemented to the
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inside wall of the tube at the location where the light beams entered
the glass tube. The film divider, which was 0.53 in. long and 0.20 in.
wide, had streamlined front and back edges to minimize disturbance of
the flow of the film. A hole in the center of the film divider allowed
the beams of light to pass through. To minimize the tendency of drop-
lets of water to deposit in this hole under some flow conditions,

a shield 0.73 in. long and 0.40 in. wide was. cut from 0.012 in. brass
sheet and cemented on the inward side of the flow divider.

The optical system and the tube were aligned so that the light
beams came to a focus 0.01in. before they reached the inside wall of
the glass tube, on the side opposite where they entered the tube. The
focal points corresponded to the approximate position of the surface
of the film; the diameters of the beams at the focal points were
theoretically 0.0025 in. The diameter of each beam increased at the
rate of 0.036 in. per inch distance from the focal point in either
direction along the optical axis. Actually the curvature of the glass
tube where the beams entered it caused some distortion of the image.
Calculations indicated that horizontal rays of light would focus 0.037
in. beyond the focal point for the vertical rays, Ata point half-
way between.the two.focal points calculations indicated that the
diameter of the beam was approximately 0.0034 in. In the-investigation
the latter,diameter is quite satisfactory for describing the geometries
of the waves, because the wave lengths were much larger than 0.0034 in.

Refraction phenomena at the surface of the film caused the light

beam to-be deflected from the optical axes. It was necessary, therefore,
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to redirect the refracted rays so that they fell on the sensing
elements of .the photomultiplier tubes. The redirectioD Was accom-
plished, by means of two collecting lenses, plano-convex lenses of

6 mm diameter and 7 mm focal length, which were positioned with their
plane surfaces located 5/32 in. from the outer surface of the glass
tube (see Fig. 26). Preliminary experiments indicated that the
selected location for the collecting lenses resulted in the least
signal distortion due to refraction.

RCA type 931A photomultiplier tubes were employed for detecting
the intensity of the transmitted light beams (see Fig. 26). Since the
output of that type of photomul tiplier tube is strongly dependent
upon the position where the light beam strikes the sensing element of
the tube, and that position varied somewhat due to the aforementioned
refraction phenomena, the transmitted light beams were directed onto
a double thickness of ground glass placed in front of the sensing
element. The sensing element then detected the light impinging on
the ground glass, and was much less sensitive to slight variations in
beam posi tion.

Power was furnished to the photomultiplier tubes from a Furst
D.C. power supply at 750 v (see Fig. 27). Further details regarding
the tube circuitry for the photomultiplier tubes are presented in
reference 11.

The output of the photomultiplier tubes was displayed on a
Tektronix Type 502 dual-beam oscilloscope. The 1 megdm input

impedance of the oscilloscope served as the load impedance for the
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photomultiplier tubes. Records of the outputs from the photomultiplier
tubes were obtained by photographing the screen of tbe oscilloscope
with a Dumont Type 321-A Oscillograph-Record Camera; 35 mm Kodak Tri-X
film wes used and wes developed in Baumann Diafine developer, resulting
in an effective ASA. film speed rating of 2400.

Two double throw switches were connected in the output circuits
of the photomultiplier tubes so that a Leeds & Northrup mirror
galvanometer could be placed in series with either circuit.

All of the electrical leads were shielded, and the photomultiplier
tubes and switches were encased in grounded aluminum shields to

minimize the effects due to extraneous signals.
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AFFENDIX C
EXPERIMENTAL PROCEDURE

The present appendix describes the procedures followed during
the course of the experimental investigation. Subsequent appendices
explain how the experimental data were reduced and converted into
experimental results. All of the experiments were conducted in the

Gas Dynamics Laboratory, Jet Propulsion Center,

C.I Mass Transfer Experiments

Prior to starting a series of experimental runs (a series of runs
includes all runs made with a test section of given length) the supply
of propane and also the deionizer were checked to insure they were
adequate for conducting the experiments of that series. The test
section was thoroughly cleaned with a solution of concentrated
sulphuric acid and sodium dichromate and then washed with a solution
of Alconox detergent and water, Prior to installation of the test
section, the injector assembly was disassembled and also washed with
the detergent solution. The test section was then installed between
the injector and collector assemblies , being carefully aligned with
the vertical employing a plumb line.

The Honeywell Electronik control ler and the recorder were

energized at least 12 hours prior to the time of running.
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D to its larger capacity, the dyed water tank was employed
during the mass transfer experiments; it was filled with deionized
water and pressurized to 35 psig,

W the outside temperature was slightly above freezing, a
significant amount. of condensed moisture accumulated inside the
high pressure air storage tanks and-the lines that connected them to
the laboratory. If the flow rate of air through the experimental
apparatus was sufficiently high, some of that moisture was picked
up by the air stream, was carried through the apparatus, and con-
taminated it. Since relatively high air flow rates were required
for heating the lines between the heating coil and the apparatus
before conducting a run at the higher temperatures, it was necessary
to purge the tanks and the air lines of all accumulated mosture.
Consequently, before each series of runs, air was blown through one
of the supersonic wind tunnels located in the Gas Dynamics Laboratory
at a flow rate ofapproximately 10 Ib per sec until the air pressure
in the storage tanks had been reduced approximately 100 psi. Ay
moisture condensed in the tanks and lines was thus exhausted through
the wind tunnel, and subsequent operation of the experimental apparatus
could be conducted without the danger of moisture contaminating the
apparatus.

A flow rate corresponding to an air velocity of about 100 fps
wes established, and the propane furnace wes ignited. The bath of
ice water which served as the cold junction for the thermocouples was

prepared and the Honeywell Electronik controller was set at the desired
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air inlet temperature. When that temperature had been reached, the
flow rate was reduced to that corresponding to an air inlet velocity
of 48 fps, and the system was allowed to stabilize at that temperature
and flow rate.

The Honeywel I Electronik recorder was calibrated against the
Leeds & Northrup potentiometer for the range.of temperatures to be
measured (usually 32 to 600 F). The emf values tabulated in
reference 55 were employed in the calibration. Following the runs
made each day, the recorder again wes calibrated against the potentio-
meter. 1t was unnecessary to calibrate %heHoneywell Electronik
controller each day, since its calibration remained approximately
constant. After the air inlet temperature was approximately stabilized,
the temperature setting for the controller was adjusted until the
recorder indicated the desired air inlet temperature,

During the aforementioned heating operation, a film of water was
always maintained in the test section to prevent the impurities in
the air stream from contaminating it. Deionized tap water was
employed for maintaining that film during the warm-up period; the
water in the dyed water tank was used only when data were being
recorded. Care was taken at the highest air temperature to insure that
there were no pressure surges in the tap water system, Such surges
caused a momentary cessation of the water flow to the test section,
usually resulting in cracking of the test section, due to the sudden
heating and chilling experienced by the inside wall of the test

section.



123

Fresh wicks were fitted to the wet-bulb thermometers employed
in the humidity measuring stations. The rates of air flow through the
humidity measuring stations were adjusted so that the air velocities
at the thermometer bulbs were approximately 20 fps. The flow of tap
water was initiated in the heat exchangers located in the air sampling
Tines.

The flow of water: from the collector assembly was adjusted to
create and maintain the water seal in the collector assembly (see
Section B.3.3 for a discussion of the seal). The outside of the test
section was covered with thermal insulation.

The zero reading of the precision manometer was taken, and the
atmospheric pressure was read from a mercury barometer.

W the air inlet temperature had stabilized at the desired
value, the flow of tap water to the test section wes stopped, and
simultaneously the flow of water from the pressurized dyed water
tank (containing clear water in this case) was begun. The water flow
rate was set at the desired value. The wicks of the wet-bulb thermo-
meters were wet with distilled water, and the thermometers were inserted
into the humidity measuring stations. Preliminary experiments indicated
that a five minute wait was sufficient for the different temperatures
and pressures which were to be measured to attain their equilibrium
values. During that period the air and water flow rates and the air
temperature were monitored to insure that they remained at the desired
values. If any variation occurred, the conditions were corrected,

the wicks were again wet, and the five-minute waiting period was begun
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again. In addition, the readings of the wet-bulb thermometers were
carefully monitored. After its wick was wet and a thermometer was
inserted into the humidity. measuring station, its temperature decreased
until it reached the wet-bulb temperature. It remained at that tempera-
ture until the wick began to dry. |If at the end of the waiting period
the wick had not yet reached its equilibrium (wet-bulb) temperaturé’r',w
the waiting period was extended until the equilibrium condition was
reached, |If, on the other hand, the wick reached‘its equilibrium "
temperature and then began to dry before the end of the waiting periéd,
it was again wet with distilled water, and the waiting period wes
concluded when the equilibrium temperature was reached.

At the conclusion of the waiting period, the following parameters
were recorded: the orifice pressure drop, the test section pressure
drop, the orifice upstream pressure, the static pressure at the exit
of the test section, the centerline velocity head at the exit of the
test section, the reading of the water flowrater, the wet-bulb and
dry-bulb temperatures at both humidity measuring stations, the air
temperature downstream from the orifice plate, the inlet air and water
temperatures , and the outlet air and water temperatures.

The foregoing procedure was repeated for each water flow rate to
be investigated. Wm the experiments had been conducted over the
entire range of water flow rates, the temperature of the air was
increased to the next air inlet temperature. The runs at that tempera-
ture were then conducted, and the entire procedure was repeated until

all of the runs for the test section being investigated had been
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completed. At that time the air and water flows were stopped, and
the recorder was post-calibrated. .The data-taken were transcribed
onto punched BM cards, and the desired calculations were made

employing an IBM 7094 digital computer.

C2 Experiments Concerned with the

Fi Im Surface Characteristics

The operation of the part of the experimental apparatus concerned
with the flow of air and water was essentially the same for the mass
transfer and the surface characteristics experiments. Consequently,
that aspect of the operation of the apparatus is not repeated here.
The primary differences between the two sets of experiments were the
measurements which were made.

The power supplies for the photomultiplier tubes and the light
bulbs were turned on, and the covered photomultiplier tubes were
energized at least 12 hours before the start of the experiments.

The oscilloscope and the light bulbs were energized several hours
before the experiments were initiated.

The dyed water solution was prepared in the following manner
(see Fig. 22). The reservoir was half filled with deionized water,
and approximately 100 g of finely ground Nigrosine dye were slowly
dissolved in the water, which was continuously stirred. After all
of the dye had been dissolved, the solution was pumped into the
empty dyed water tank, The reservoir was then rinsed several times

with deionized water; each time the water was pumped into the dyed
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water tank. Finally the dyed water tank was filled with deionized
water, resulting in a solution of approximately 0.0005 Ib dye per Ib
water. The dyed water solution was circulated to the storage tank
(see Fig. 22) and back to the dyed water tank several times to insure
complete mixing of the dyed water solution.

Both the clear water tank, which was filled with clear deionized
water, and the dyed water tank were pressurized to 35 psig.

The injector assembly and the test section (with the film divider
installed) were cleaned (see Section C.1 for the method of cleaning),
and the injector assembly was installed. The optical system was
mounted and aligned with respect to the injector assembly. The glass
test section was then installed between the injector and collector
assemblies, with the film divider positioned so that the light beams
entered the test section through the hole in the film divider, The
room housing the apparatus was then darkened, and the covers removed
from the photomul tiplier tubes.

After the air temperature and flow rate had stabilized at the
first operating point, the flow of tap water was cut off, and the
water was taken from the supply in the clear water tank. The
variable resistors in the light bulb circuits were adjusted so that
the outputs from the photomultiplier tubes, as viewed on the oscil-
loscope, were approximately equal. The apparatus wes then allowed to
run for another ten minutes after which the initial readings were

made with the optical system.
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Three different types of photomul tiplier current readings were
of interest. They will be referred to as the zero, the infinity,
and the run readings. The zero readings corresponded to zero liquid
film thickness. Experiments demonstrated that the output of the
photomultiplier wes essentially the same for either no flows of water
and air, or when the rate of flow of clear water was approximately
0.025 Ib per sec and the air velocity was approximately 48 fps. Due
to the inconvenience of shutting off the flows of air and water, and
the risk of breaking the test section during such a shutdown, the
latter mode of operation (clear water and air flows) was chosen for
taking the zero readings. The infinity readings corresponded to a
liquid film of infinite thickness; i.e. ,with no light reaching the
photomul tiplier tubes. The infinity readings were, therefore,
accomplished by activating the light gates to that the beam of light
was blocked off immediately after it left the source. The run
readings were taken with dyed water and air flowing through the test
section. The light gates were not used when taking zero or run
readings .

All of the measurements of film thickness were based upon readings
obtained with the lower optical system; that system had the lower
noise level and showed the least signal distortion because of losses
due to reflection and refraction. Both optical systems were employed
for determining the wave velocities. W zero and infinity readings

were made, the current of the lower photomultiplier tube was read on
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the galvanometer and a photographic record of approximately two in.
was taken with the oscillograph record camera, When the run readings
were made, the readings of the lower galvanometer were recorded, and
photographic records were taken; the latter varied from about 12 to
24 in.

Infinity and zero readings were taken after a 10 minute stabiliza-
tion period. The water flow was then changed from clear to dyed water,
and its flow rate adjusted to its maximum value (0,07182 Ib per sec).
The output of the photomul tiptier tubes decreased when the dyed water
reached the test section. Wm the output had reached an equilibrium
mean value, as noted by the galvanometer reading, indicating that all
of the clear water had been purged from the system, the run and
infinity readings of the galvanometer and oscilloscope were taken.
The following parameters were recorded: the orifice pressure drop,
the test section pressure drop, the orifice upstream pressure, the
static pressure at the exit of the test section, the reading of the
water flowrater, the air temperature downstream from the orifice
plate, the inlet air and water temperatures, and the outlet air and
water temperatures, A sample of the dyed water was collected through
the sampling tap, and the liquid flow rate was reduced to the next
value. After all of the flow parameters had attained their steady
values, another set of readings was taken. The water flow rate was
again reduced, and the entire procedure repeated until the investi-
gation had been conducted over the complete range of water flow rates

for the desired air temperature, The water flow was changed from dyed
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to clear water, and after the output of the photomultiplier indicated
that clear water was again flowing in the test section,. the zero and
infinity readings were taken. The above procedure was then repeated
for the next air temperature. After all of the desired constant air
temperatures has been investigated, the air and water flows were shut
off, and the optical system was calibrated.

Calibration of the optical system was necessary since the exact
concentration of the dyed water solution was not known. It was
calibrated by observing the decrease in the intensity of the trans-
mitted light beam when a sample of dyed water of known thickness was
inserted in the path of the light beam, and the result was compared
with the corresponding decrease in intensity caused by a geometrically
identical sample of clear water; the first and last samples of dyed
water taken for the series of runs were employed, and in all cases
gave practically identical results. The results of the calibrations
indicated the concentration of the dyed water entering the test
section wes constant throughout all of the runs made during a given
day.

In all the experiments reported herein, a calibration cell with
a 0.00984 in, space between two optical flats was employed in the
calibration of the optical system. The cell was filled with dyed
water from the first sample. Infinity, zero, and "run" readings
were taken employing the galvanometer; the run readings here refer

to the readings with the calibration cell in the path of the light
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beam (a specially constructed mount held the calibration cell in the
same position each time it was .inserted in the path of the light
beam). The cell was thoroughly cleaned with distilled water and then
filled with distilled water. Infinity, zero, and run readings were
taken. The cell was then rinsed with dyed water taken from the final
sample, and filled with dyed water from that sample. Readings were

again taken, completing the optical system calibration.
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AFPENDIX D
ANALYSS OF THE MASS TRANSFER DATA

The mass transfer data were correlated by means of relations for
the local values of heat and mass transfer. The empirical constants
in those relations were selected so that, for a given set of inlet
conditions for the flow of the gas and the liquid, the calculated
value of the dimensionless mass transfer coefficient, the Sherwood
number Sh, was the same as that measured experimentally. The present
appendix presents the methods employed for calculating the Sherwood
number (a) from the experimental data and (b) by analysis based on the

inlet conditions for the flow.

D.1 Calculation of the Measured Value of Sh

The over-all Sherwood number Sh is defined by

Sh - M
D (D-1)
where hM = over-all mass transfer coefficient, ft/sec
d = test section inside diameter, ft
D = molecular diffusivity of water vapor in air, evaluated at the

average of the average bulk temperatures of the gas and liquid,
ft2/sec
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The over-all mess transfer coefficient appearing in equation D-1 iS
defined by

W

. eV
"m = dL (aC) (D-2)
where Wy = weight rate of evaporation of the liquid in the test section,
1b/sec
L = length of the test section, ft
AC =

. = 100 mean vapor concentration difference between the gas

and the gas-liquid interface, 1o/t
The weight rate of evaporation of the liquid is calculated by taking the
difference between the weight rate of flow of vapor in the gas stream
crossing the outlet section of the test section and that crossing its

inlet. The weight rate of flow o f vapor in the gas stream is given by

W, = ull (D-3)
where W, = weight rate of flow of the vapor in the gas stream, 1b/sec
w = specific humidity of the vapor in the gas stream, Ib vapor/1b
dry air
W= weight rate of flow of dry air in the gas stream, 1b/sec
A

The specific humidity is determined by psychrometric means from the
wet-bulb and dry-bulb temperatures of the samples of the air entering
and leaving the test section, (For details of the calculation procedure,

including the equations employed, see Appendix F.)
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The concentration difference employed in equation D-2 is the
difference between (a) the concentration of the vapor in the gas stream,
and (b) the concentration of the vapor at the gas-liquid interface. The

latter is calculated by means of the perfect gas law. Thus

C, = ¥
i R, (D-4)
where C; = concentration of the vapor at the gas-liquid interface, 1b/ft3
p, = vapor pressure of the liquid, corresponding to the temperature
of the liquid film, 1b/ft?
g = 9as constant for the vapor, ft/R
v
1. = temperature of the liquid film
L

The concentration of the vapor in the gas stream is obtained by
multiplying the specific humidity of the air by its specifice weight.
Bulk (mixing-cup) values of temperature are employed for calculating

properties of the gas stream.

D.2 Calculation of the Analytical Value of Sh

D.2.1 Introduction
An analysis was developed employing- the equations of conservati o
of mass and energy, and the expressions for the local dimensionless heat
and mass transfer coefficients Nu and Sh,. That procedure enabled
calculating the heat and mass transfer that occurred in concurrent annular,
two-phase flow in a vertical pipe. The starting point for the analysis
comprised the inlet conditions of the gas and liquid flows; i.e., the

flow rates and temperatures of the air, the vapor, and the liquid, Fom
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the analysis the corresponding conditions at the outlet of the pipe
could be computed. Employing the aforementioned inlet and outlet
conditions, the over-all dimensionless mass transfer coefficient Sh

wes calculated by the method described in Section D.1.

D.2.2 Assumptions

The following assumptions were made in calculating the analytical
values for the heat and mess transfer in concurrent, annular, two-
phase flow in a vertical pipe:

1. The test section is a vertical, right circular hollow cylinder
having an inside diameter of 1.502 in.

2. There is no heat transfer through the test section wall.

3. All properties of the gas and liquid phases are axisym-
metrical , with no gradients in the tangential direction.

4. The perfect gas law applies to both the air and the vapor,
in the gas phase.

5. There is perfect mixing of the liquid film so that the liquid
temperature is independent of its distance from the inside wall of the
hollow cylinder, so that the surface and bulk temperatures of the liquid
are identical.

6. 'Equilibrium exists at the gas-liquid interface, Consequently,
(a) the gas temperature at the interface equals the liquid temperature,
and (b) the partial pressure of the vapor in the gas phase at the
interface 1is equal to the vapor pressure of the liquid.

7. The flow is steady and frictionless.
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8 No external work is performed by the two fluid media.
9. The potential andkinetic energy terms in the energy equation
are negligible.

10. The static pressure is constant through the test section.

D.2.3 Model

Figure 29 presents a schematic diagram of the physical model employed
in the analysis. Liquid is injected onto the inside wall of a test
section of diameter d, at section i. The liquid flows down the inside
of the test section, partially evaporating into the gas stream flowing
through the test section. At the outlet from the test section, which
is denoted as section 0 and located at a distance L below the inlet,
the liquid is separated from the gas.

Consider the increment Ax of the test section bounded by planes
land 2. Plane 1 is located at distance X below the inlet plane i;
plané'z is located Ax below plane 1. Figure 30 presents,a schematic
diagram of the fluids crossing plane 1 and crossing plane'2. The gas
temperatures indicated are the bulk (mixing-cup) temperatures. D to
the axisymmetric nature of the flow, the diagram in Fig. 30 represents
the assumed model. The rate at which heat is transferred from the gas
to the liquid is Q B per sec, and the liquid evaporates into the gas stream

at the rate W, Ib per sec.

D.2.4 Equations

Based upon the assumptions and the model presented in Fig. 30,

the following equations may be written. Thus
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Gas Phase:

Conservation of mass

W =W

al al

W = |

ve W

vl ev

Conservation of Energy

Wa1 Cp (Tgo = Tgy) + HyphypmHyghyy = Hoyhe -0

Liquid Phase:

Conservation of Mass

L2 = L1 T Tev

Conservation of Energy

wLZCL (T, - TLl) T wevhev *+Q

Rate Equations:

Heat Transfer

(D-5)

(D-6)

(D-7)

(D-8)

(D-9)

(D-10)
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Mass Transfer

W

Subscripts :

1
2

a

ey

= hy 7 d (ax) (aC ) ~ (D-11)

weight rate of flow, 1b/sec

constant pressure specific heat of the air, B/1b-R
temperature, R

enthalpy, B/1b

rate of heat transfer, B/sec

specific heat of the liquid, B/1b-R

heat transfer coefficient, B/sec-ft2-R

mess transfer coefficient, ft/sec

average concentration difference between vapor in gas stream
and at interface, 1b/ft>

test section diameter, ft

plane 1

plane 2

air

vapor

gas

liquid

liquid evaporating into the gas stream

average of values at stations 1 and 2.
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Two equations relate the local values of the heat and mass transfer
coefficients to the flow conditions; the latter are represented by the

dimensionless groupsx/d, Regs Pr, and Sc. The two equations are as follows.
Thus

Nu

Cy puC
C; Fy(x/d) Res"2 Pr"3 (D-12)

CS C6
Sh, = C, Fz(x/d) Res ~ Sc (D-13)
where G through C, are constants and F](x/d) and F‘z(x/d) are functions of
the ratio x/d.

The dimensionless groups in equations (D-72) and (D-13) are defined

by the following equations. Thus

h,. d
H
= (0-14)
hy. d
sh, = M (D-15)
o
Reg = 2. -8 (D-16)
" 66 ™ 99 Mg
HA~C
ro= 8P (D-17)
kg
_ wm '
sc = pg (D-18)

where Kg thermal conductivity of the gas, B/sec-ft-R
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Mg = dynamic viscosity of the gas, evaluated at the average
between the average gas temperature and the average liquid
temperature, 1b~sec/ft2

Meg - dynamic viscosity of the gas, evaluated at the average
gas temperature, lb-sec/ft>

We = weight rate of flow of the gas, 1b/sec

As was pointed out in section 3.1.2, no attempt wes made in the subject
research to evaluate the constants C,, Cs, Ce and Cee Instead, published
values for those constants were employed (3). Furthermore, based upon
the analysis of Deissler (18), the functions F; and F, were assumed to

be identical and of the form

Fpo=fp= Lo (o) 07

%/d (D-19)

Substituting from equation D-19 into equations D-12 and D-13 one obtains

0757 g, 080 py 033

I
Nu, = C, 1+ (ﬁa (D-20)

shy = €, [0+ (oo 7 1Reg 0.83 g 0.44 (D-21)

D.2.5 Application of the Equations to the Calculation of the Heat
and Mass Transfer in Ore Increment of the Test Section
The equations listed in the previous section were employed for
calculating the heat and mass transfer in a given increment of the test

section, according to the method outlined below.
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1. Values were chosen for the constants C], C4 and | in equations
D-20 and D-21, initially based upon the work of other investigators.
Those constants subsequently were adjusted until the chosen values
yielded satisfactory correlation of the experimental data.

2. The inlet conditions of flow for the increment were established.
The inlet conditions required were air, vapor, and liquid flow rates,
and the bulk temperatures of the gas stream and the liquid film. For
the first increment, those conditions were the measured inlet conditions
for the test section. For all other increments, those conditions were
the calculated outlet conditions for the increment immediately preceding
the increment being considered.

3. Based upon the inlet conditions, the dimensionless parameters
ReG, Pr, and Sc were calculated, and equations D-20 and D-21 were
employed for obtaining values of NuX and th,, Equations D-14 and D-15
were then employed for evaluating th and hMX; the latter were used for
calculating Q and wev employing equations D-10 and D-11.

4. The outlet conditions for the increment were calculated, based
upon the inlet conditions and the calculated values of Q and Wev’ employing
equations D-6 through D-9.

5. The parameters ReG, Pr, and Sc were again evaluated, this time at
the average of the inlet and the outlet conditions, and the dimensionless
heat and mass transfer coefficients NuX and th were computed. Employing
the new values of Ny and th, the heat and mass transfer coefficients
th and th were calculated. They in turn were employed for calculating

Q and wev, again using the average of the inlet and outlet conditions for
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evaluating the properties and the temperature and concentration differences
appearing in the rate equations, equations D-10 and D-11.

6. The values of Q and W, calculated in part 5 were employed for
computing the outlet conditions, which were compared with the outlet
conditions calculated previously. If there was a negligible difference
between those two sets of outlet conditions, the calculation of the
heat and mass transfer for that increment was considered correct. If
however, there was a significant difference between the two sets of
outlet conditions, the calculation of part 5 wes repeated, employing the
most recently determined outlet conditions. This procedure was repeated
until the outlet conditions employed for the calculations matched those
resulting from the calculations. The calculation was considered correct
when the values of Q and Wey for two successive computations each changed
less than 0.1 per cent. A more precise agreement between successive

calculations had no significant effect up on the results.

D.2.6 Calculation of Sh

Section D.2.5 outlines the procedure for calculating the heat and
mass transfer in one increment of the test section. The heat and mass
transfer for the entire test section were determined by applying that
procedure to all of the increments into which the test section was
divided, beginning at the inlet and proceeding to the outlet. The
outlet conditions for the final increment were the outlet conditions for
the test section. The total rate of evaporation of the liquid into the
gas stream for the test section wes the am of the rates of evaporation

of the increments.
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The method of Section D.1 was finally employed for calculating the
analytical value of Sh.

Several additional comments regarding the analytical determination of
Sh are pertinent.

For small values of x (near the inlet to the test section) the
function F](x/d) wes very large, approaching infinity as x approached
zero. It must, in fact, behave in that manner, as was pointed out in
Section 2.4, That behavior, however, made the calculations extremely
sensitive to increment size, Therefore, particularly since no
experimental data exist for small values of x/d, it was decided to
employ a straight line for the function F for values of x smaller than
0.25 in. The straight line was defined to be tangent to the function

F, at x = 0.25 in, It can be shown that the equation for such a line is

1
given by

Fto= 1+ 495 1975 - 1275 4 075 (}é) (0-22)

Equation D-22 was employed for calculating F, for values of X smaller
than 0.25 in.

Several considerations influenced the choice of the size of the
increments employed in the calculations. The increment size should be
small , because in the .calculations the conditions controlling the heat
and mass transfer in each increment were approximated by the conditions

at the two ends of the increment. The smaller the increment, the better
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such an approximation would be, since there were nonlinearities involved
in the calculations. A lower limitation was imposed on the increment
size by the amount of time required for the calculations on the digital
computer; the time required was approximately inversely proportional to
the increment size. Accordingly, since the calculations were repeated
several times for all of the data, the increments should be no smaller
than necessary.

The use of increments 1/8 in. in length yielded calculated results
essentially the same as those obtained with 1/4 in. increments. There
was a significant (nearly 1 per cent) difference between the calculations
with 1/4 and 1/2 in, increments, however. Consequently, 1/4 in.

increments were employed for the final calculations.

D.3 Determination of the Correlation Coefficients

The object of the analysis wes the determination of values of
the constants C,, C,, and | such that the calculated values of Sh
agreed with those measured experimentally. The coefficients were
determined by a trial and error procedure, Values of the coefficients
were assumed, and the calculations of Section D.2 were performed.
The results of the calculations were compared with the experimental
values, Based upon that comparison, the values of the coefficients
were adjusted, and the procedure repeated, The effects of varying the
constants were as follows:

Varying €, primarily influenced the outlet temperatures of the gas and
the liquid. It had some effect upon the total amount of evaporation, although

it changed the value of Sh only slightly,
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Varying C, primarily influenced the amount of mass transfer; it had
a pronounced effect upon the value of Sh.

Varying | primarily influenced the relative values of Sh calculated
for test sections of different lengths.

The Sherwood number ratio Ry, was defined for comparing the cal-

culated and experimental values of Sh. Thus

Rsh = SN/Shcarc (D-23)
where Sh = experimentally determined value of Sh
Sheate = analytically determined value of Sh

The constants Cy and | were chosen to yield an average value of Rsp,

as near unity as possible for all of the experimental data for each test
section length. Cy was chosen to yield the best agreement between the

analytical and experimental values of the total mass transfer.

D.4 Illustration of the Effect of the Water Inlet Temperature
on the Over-All Sherwood Number

It was noted in Section 3.1 that correlation of the experimental

0.83 SCO.44

data by plotting Sh/Reg, as a function of Re , as was done
in Fig. 3 through 7, was unsatisfactory. |t was stated that the log
mean concentration difference was inadequate for representing the
driving force for mass transfer, because of the varying temperature of
the liquid, That effect is illustrated by employing the analysis

described in this appendix for calculating the parameter Sh/ReGO°835c0°44
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for sets of inlet cenditions which are identical, except for
differing liquid inlet temperatures.

The calculations were performed for a test section of 1.5 in. ID.
and 40 in, long. The static pressure of the gas was 15 psia, and initially
dry air and water were the two fluid media.

AlIr inlet temperatures of 110, 230, and 350 F were considered. The
flow rates were 0.045, 0.037, and 0.032 Ib per sec, respectively,
corresponding to a velocity of approximately 48 fps in all cases. Water
flow rates were 0.0015, 0.0019, 0.0042, 0.0100, 0.0265, and 0.0718 Ib
per sec, and water inlet temperatures were 60 and 80 F. Equations 24
through 26 were employed for calculating the local heat and mass transfer.

Figure 31 presents the mass transfer group Sh/ReGO'83 504 as a
function of liquid flow rate, (The liquid flow rate was employed rather
than the liquid Reynolds number to simplify the calculations. The range
of the liquid Reynolds numbers shown is approximately 25 to 1300.)
Figure 31 indicates a large variation in the mass transfer group with
liguid flow rate, even though all of the calculations used the same
expressions for the local heat and mass transfer, The conclusion that
this variation is caused by the different liquid inlet temperatures
IS supported by the different values of the mass transfer group

corresponding to the different liquid inlet temperatures.
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APPENDIX E
METHOD OF MEASUREMENT OF THE SURFACE CHARACTERISTICS

Three characteristics of the surface of the liquid film were
measured, employing the light absorption technique of film thickness
measurement. Those characteristics were the mean film thickness,
the wave velocity, and the surface area, The apparatus employed for
measuring those characteristics is described in Appendix B, and the
experimental procedure is outlined in Appendix C. The present
appendix describes the measurements which were made and the calculations
necessary for determining the aforementioned characteristics of the

surface of the liquid film.

£.1 Film Thickness

Measurement of the film thickness was based upon Beer's law (29),

which mey be written

| = Ioe'bCJc (E-1)
where

I, = intensity of the incident light

| = intensity of the tramsitted light

b = absorption coefficient for unit concentration of the solute

c = concentration of the solute
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t = distance the light passes through the solution

It was pointed out in the description of the apparatus (Section
B.7), that a beam of light reflects from a mirror, passes in through
the wall of the glass test section, passes through the liquid film,
passes out through the test section wall, passes through the collecting
Tens, and reflects from a mirror before it impinges upon the diffusing
surface of the photomultiplier. A small portion of the Incident light
Is lost due to reflection losses at the glass-air interfaces, and some
of the light is absorbed and reflected by the foreign matter on the
surfaces of the mirrors, lenses, and the walls of the test section.
Those losses are assumed to remain constant during any set of
experimental runs. The intensity of the incident light I, IS
defined as the intensity of the light detected by the photomultiplier
tube when there is no film flowing in the test section, and there are
no other obstructions to the light beam.

The method for calculating the film thickness t will row be
illustrated. It is assumed initially that the factor bc in equation
E-1 is known. It will be shown subsequently how the factor bc is
evaluated by calibrating the optical system, and from the calculation
of the fraction of the injected liquid which has been evaporated
upstream from the station where the film thickness measurement is made.

Two different types of film thickness measurements were made,
average and instantaneous, The average film thickness was obtained
from the average ouput current of the photomultiplier tube, employing

a galvanometer, The instantaneous film thickness was determined from
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the photographic record of the output of the photomultiplier tube
which was displayed on a cathode ray oscilloscope. Regardless of the
type of film thickness measurement, the following types of readings
were of interest; (a) the zero reading, (b) the infinity reading, and
(c) the mn reading. Those readings correspond to (a) no obstruction
to the light beam with no liquid flowing, (b) complete obstruction of
the light beam with no liquid flowing, and (c) the only obstruction
to the light beam being the film of dyed water flowing in the test
section. A more detailed explanation of the aforementioned three
readings is presented in Section C.2. Fur convenience the three
readings are denoted by the following symb\ols: zero, i

o} infinity, i

and run, i Again, the latter readings may correspond to either

"
gal vanometer readings or oscilloscope scale readings , depending on
whether the average or the instantaneous film thickness is being
measured.

The values of the two light intensities appearing in equation E-1

are given by

| = ir - iy , (E-2)
and

1= i, " iy (E-3)

Substituting equations E-2 and E-3 into equation E-1 and solving for
the film thickness t, the following expression is obtained. Thus
-1,
n (+—1)
t = - o7
be (E-4)
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The unit of t is the inch, the inverse of that for bc.

The magnitude of bc for the liquid entering the test section,
denoted bc; , was obtained by calibrating the optical system with
no air or liquid flowing through the test section. _A sample of the dyed
liquid, taken from the liquid supply system during the experimental
runs, was placed in a calibration cell, which consisted of two optical
flats 0.00984 in. apart. The construction of the cell was such that
the space between the flats was filled with the liquid. Be measuring
the fraction of the light absorbed by the thickness of liquid in the
cell, bc was calculated by applying equation £-1. Ore additional
complication was introduced, however, due to the presence of two more
pieces of glass through which the light beam passed, namely the two
optical flats, To account for the light losses occuring at the surfaces
of the optical flats, it was also necessary to measure the fraction of
the light absorbed by the calibration cell when it was filled with clear
water. The nomenclature employed for the pertinent readings of the
galvanometer or the oscilloscope is as follows:
i, = reading with dyed water in the cell , units on the galvanometer

r
scale or the oscilloscope scale

reading without the cell

reading with the light beam blocked

—ta
1

rc = reading with clear water in the cell

b
|

oc = reading without the cell during the series of readings with

clear water
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.= reading with the light beam blocked during the series of
readings with clear water
In the calculations for the calibration of the optical system the light

intensities | and Iy in equation E-1, are given by

- i-i) (E-5)

and o
1..-1.
(i s rc ic
Io = lig-iy) (=) (E-6)
oc ic
Substituting equations E-5 and E-6 into equation E-1 and solving
for the factor be, yields
(?r'Ti) (ioc'iic)
bc; = = In (10-11) ('rc'1ic)

i
t

(E-7)

The calculation of the factor bc, which applies at the point of
measurement, requires introducing an adjustment to account for the
increase in the dye concentration c caused by evaporation of water

from the liquid film. Hence

bc = bci(;%i) (E-8)
where
Wy = weight rate of flow of liquid entering the test section,
1b/sec
" = weight rate of flow of liquid at the point of film thickness

measurement, 1b/sec



154

Wy 4 was measured during the experiments, and W, Wes calculated by applying
the correlation equations for heat and mass transfer as discussed in

Section D.2.6.

£.2 Wae Velocity

The velocity of a wave appearing on the surface of the liquid film
was measured by measuring the time required for that wave to travel the
distance (0.25 in.) between the two light beams of the optical system.
Assuming that the wave velocity remained sensibly constant, between
the two beams of light, the velocity of the wave is given by

vV

W 0.0208/at

where

V,, = velocity of the wave, fps

Aot = time required for the wave to travel 0.25 in,, sec

Figure 32 presents a sketch of a typical oscillograph-record
camera negative. The upper trace in Fig. 32 corresponds to the output
of the upper optical system photomultiplier; the direction of the motion
of the photographic film is indicated in the figure, The time for a
wave to travel the distance between the two light beams was determined
by measuring the horizontal displacement of the wave on the photographic
record of the two oscilloscope traces of the wave. In all of the
experiments the speed of movement of the film in the oscillograph-record
camera was 600 in. per min. Hence, if ar is the time in seconds and ¢

Is the horitontal displacement, then

At = 0.1 6 (E-10)
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where
6 = displacement for a given wave on the two traces, in.

Accordingly, the wave velocity is given by

\lw = 0.208/s (E-11)

If the traces are enlarged so that they can be more easily read, as was
done in the subject investigation, the numerator in Equation E-11 must
be adjusted accordingly. The original 35mm film was projected onto

the screen of a Recordak Library Film Reader Model C (Eastman Kodak)
with an enlargement ratio of 1:15.2. The projected profiles were traced
on rectangular coordinate graph paper having 10 lines per cm. The

corresponding equation for determining the wave velocity is

where

8, = wave displacement on the enlarged tracing in mm. On each
length of negative examined, it was possible to measure the displacements
of several waves. The displacements for each length of negative exam-
ined were averaged, and the average value of the displacement was employed
for calculating the average wave velocity for that particular length,

employing equation E-12.

E.3 Surface Area

The enlarged traces of the waves, referred to in the previous section,
were also employed for determining the surface area of the liquid film,

The method employed for calculating that surface area was based on the
following two assumptions :
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1. All points of the surface of the liquid film mowe with the
same velocity; the film velocity being the average wave velocity as
determined in the previous section.

2. The surface of the liquid is two-dimensional; i.e., at a
given time, the geometry of the surface for any section of the liquid
film intersected by a plane passing through the axis of the test section
is identical to the geometry of the surface as determined herein.

Assumption 1 is necessary for converting the distance on the
photographic trace of a wave to distance onthe liquid film. Assumption
2 results in the fractional increase in surface area being equal to the
fractional increase in the length of the profile of the surface of the
liquid film.

To determine the shape of the surface of the liquid film, the
scale of the photographic trace presented in Fig. 32 had to be changed,
that is, the ordinate which measures the output voltage from the
photomultiplier tube had to be converted into the units for measuring
the thickness of the liquid film, and the horizontal scale had to
be converted from the distance of the trace of the oscillograph-
record to distance along the liquid film.

To facilitate the calculations, a trace, such as that presented
in Fig. 32, was approximated by a series of straight line segments. The
end points of the segments, lying on the trace, were given X and y coordinate
values, as read from the graph paper on which the enlarged tracing was
made. The y coordinates of zero and infinity readings (see Section €.2)

were also read from the graph paper. They are denoted by y, and y;.
respectively.
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Refer to Fig. 32 and consider point 1, havingthe coordinates X4 and 2
on the enlarged trace. The transformed ordinate y]‘, which is the film

thickness in inches for point 1, is determined by the method of Section

E.1. Thus
Y=Y
Gy
v o"i _
Y15~ (E-13)

where bc is determined as before.

The transformed abscissa xi, measured from some arbitrary
reference, is determined as follows: First, based upon the photographic
film speed and the scale factor, the coordinate X1 is converted to a

time, measured from a reference corresponding to the reference of Xqe Thus

- _xl (E-14)
T T30
where
T = time coordinate of point 1, sec

The time scale is then converted to a scale corresponding to the
distance in inches along the liquid film. That conversion makes use

of the average wave velocity, Thus

xj =12 V1 (E-15)

Hence the transformation from X to x]‘ becomes

R YRS
X1 = 33— (E-16)
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Each coordinate point describing the oscillograph-record trace
was transformed to an equivalent point describing the geometric
profile of the liquid film. The result of that transformation was
a series of end points of line segments, approximating the surface of
the liquid film. The increase in the surface area of the liquid
film was then obtained by determining thé increase in the length of the
line segments, compared with the axial straight line distance they
represented. The surface area factor aA for the segment between

points 1 and 2 is given by

2 2
- (x5=%71)" + (y5~y7)
12
Hence for a given oscillograph-record camera trace,
N b ob 2 8y, 2
YES) U i oxD2 + o)

where

N = the number of straight line segments approximating the trace
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APPENDIX F
SAMPLE CALOULATIONS

The sample calculations presented here illustrate the procedures
employed in calculating the pertinent paramenters from experimental data. The
calculations given are those for determining the measured and calculated
values of the Sherwood number, the mean film thickness, the wave velocity,

and the interfacial surface area.

F.I' Measured Sherwood Number

The following subscripts are employed in this section:

a air

vV vapor
w  water
I inlet
0 outlet

All of the symbols employed here are either self-explanatory or are
presented in Appendix A.
For the calculation of the dimensionless groups the properties
were evaluated at the following temperatures:
Rea: (Tai + Tao) /2
wi ¥ Two) /2

Re : (7
Sc, Sh: (Tai + Tao + Tm. + Two) /4 -
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The values of Mo My and D were taken from the references indicated below.

Myt Reference 34
L Reference 35
D: Reference 56

The following measured variables were employed in the calculations;

for example, from Run No. 623. Thus

Test section diameter, d 1.500 in.
Test section length, L 23.53 in.
Metering orifice pressure drop, BP 10.2 cm H,0

Metering orifice upstream static pressure, Por 8.5 en H gage

Inlet air sample dry bulb temperature, Tabi 256 C
Inlet air sample wet bulb temperature, T, . 89 C
Outlet air sample dry bulb temperature, T, 35.25 C
Outlet air sample wet bulb temperature, T . 18.6 C
Metering orifice air temperature, T . 3764 F
Inlet air temperature, T, 226.6 F
Outlet air temperature, T, 1954 F
Inlet water temperature, T ; 83.8 F
Outlet water temperature, T, 90.9 F
Test section average static pressure , P, 15.93 psia

Atmospheric pressure, P, 29.43 in. H abs

0.00418 1b/sec

m

Inlet water weight rate of flow, W .

Air weight flow rate (Reference 53):

W, = KA, Y FL29 v, (8P ]
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flow coefficient
orifice area, ft2
velocity of approach factor

thermal expansion factor

specific weight of the air upstream from the orifice,

0.004243 aP

1b/Ft3

0.07997 (1 - 63934+ 0-4912p—) [1 + 0,000018 (T, - 70)]

atm

8P, (01934 P, ¥ 0A0I2P, )

atm

T ¥ 460

0.0378 1b/sec

Inlet air specific humidity (Reference 63):

Cha (t2 - t]) *

“fgz Ra T

(Py "Pg2)Vg2

where

N o
" 1

- N2

at the dry-bulb temperature

at the wet-bulb temperature

53.35 (1.8T, + 491.7) (he )y
On4‘3]5 (TWb-Tdb) +(Vg)wb [70@73 Pat ]4‘4 (p )Wb]

(hglap = (el
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043]5(8"9—2506) + 53.35(1.8°8.9 + 491.7)1066.7

;i T
1629(70.73° 29.43-1 44°0.165)

1095.6-16.0

Outlet air specific humidity:

_ i 53.35(1.8°18.6 + 491.7)1056.7
wo = 0.4315(18.6-35.25) + 555907372943 = 14470, 311)

= 0,000443 1b/1b

= 0.006800 1b/1b

1103.1 = 335

Vapor weight flow rate:

w];Wa .
wvi = 1+—0~Li = 0.000017 1b/sec
. - Wy = 0.000257 1b/sec

- T+ =
VO 1 w3

Weight flow rate of evaporation:

wev = Nvo - wvi = 0.000240 1b/sec

Inlet vapor concentration difference:

Y LS P
RV (TV + QGD)W (va + Ra) (Ta + 460)
oL e (py), 18w (P) | .
TW + 460 (85.78w + 53.35) (Ta + 460)
AC. = 1.679(0.5734) - 144(0.000443)15.93
i 83.8 + 460 (85.78°0.000443 + 53.35) (226.6 + 460)

= 0.00176 1b/Ft>
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Outlet vapor concentration difference:

AC - J_g%qé_o__u_%%)_ _ 144(0.006800) 15.93
0 g+ 4 (85.78°0.006800 + 53.35) (195.4 + 460)

0,00169 1b/ft>

Log mean vapor concentration difference:

AC,; —AC,‘

_ 3
o = TTAEC,7AC) - 0.00173 1b/ft

Mass transfer coefficient (equation D-2):

45.83 Way
hM - d—L(-EE;)— = 0.1805 ft/SEC

Measured Sherwood number (equation D-1)

th 0.1805(1.500)

Sh = 155~ = —12(0.000326)

= 69.2

Air Reynolds number (equation 4):
0.475 W,
Rey = g = G080 oy = 2630
Schmidt number (equation 4):

Ha - 0.000000423 = 0.589

SC = o1 0.00220(0.000327)

Mess transfer group:

Sh/Re 0.83 .0.44 _ g 515
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Water Reynolds number (equation 7):

_ 1491 (g = 05 Mey)  9,491(0.00418 - 0.50.000240)
W ndy,, 3.1416 (1.500) 0.00001646

Re

= 78.0

F.2 Calculated Sherwood Number

De to the large number of computations involved in the step-by-
step calculation, it is not practical to give a complete example here,
Therefore only the results of the calculation for Run Nk 623 are
presented, including a comparison of the results with the experimentally

measured values.

Parameter Measured Value Calculated Value
Tao 195.4 F 195.7 F
Two 90.9 F 91.0 F
wev 0.000240 1b/sec 0.000239 1b/sec
Sh 69.2 67.8

The Sherwood number ratio Rg, is then (equation D-23):

RSh = Sh / Sh = 1,020

calc

The agreement between the measured and calculated values of air and water
temperatures for Run No. 623 is somewhat better than that obtained for

most of the runs. Generally the values agreed within approximately 2 F.

F.3 Men Film Thickness

The calculations presented in Sections F.3 through F5 are based
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upon Run No. 5525. The nomenclature is the same as that employed in
Appendix E.

The pertinent data for the calculation of the mean film thickness
are as follows:

Distance from test section inlet to

point of measurement 20.25 in.
Inlet air temperature 2422 F
Inlet water flow rate 0.00996 1b/sec
Outlet water flow rate (calculated) 0.00976 1b/sec
Calibration cell thickness 0.00984 in.
Calibration galvanometer readings : i, = 890
= 14.34
i, = 1.20
i = 1280
ioc = 14.48
PP 1.20
Run gal vanometer readings: i, = 880
ior = 10.95
iir = 1.05

Inlet calibration factor (equation E-7):

(i-15) (-ias (8.90-1.20) (14.48-1.20
. ln'(_L)_io—ii (’rc"icg’ _ " 1433120y (12.80-1.26)
c, = =

t 0.00984

407 in. !
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Calibration factor at point of measurement (equation E-8):

b = be, (W j/W,) = 40.7 (0.00 996/0.00976) = 415 in. "

Mean film thickness (equation E-4):

Iy

i -i.
rr ir 8.80-1.05
1n N n 10.95-1.05
§ = - — BE ir _ _ TS = (0.0059 in.

F.4 Wae Velocity

The following values of wave displacements were measured on the
enlarged tracing of Run No. 525a:

54, 63, 50, 52, 50, 57, and 53 mm
The average value of the wave displacement is then 54.1 mm.

Wae velocity (equation E-12):
v, =803 /s, = 8.3 / 54.1 = 1-48 fps

F.5 Surface Area

The surface area factor will be calculated for a single segment only.
The segment between points 42 and 43 of Run No, 525a will be employed.
The pertinent data are:

Yo = 161.0 mm
Yy = = 7.0 mm
Ygp = 105.0 mm

= 1235 mm
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Xgp = 24.0 mm
Xg3 = 27/5.0 mm
v, = 1.48 fps
be =415 in. "

Transformed y coordinates (equation E-13):

In (427 n 106.0 + 70,
, Yo -V ) (61.0+ 70
Ygo =+ be = 1.5
" oo
b= - - " = 0.00608 in.
y43 mns

Transformed x coordinates (equation E-16):

Lo ez | 1.48 (254.0)

42 322 322 =
v 1.48 (275.0) .

X43 - 322 - 10304 in.

1.168 in.

= 0.0097/6 in.

Surface area increase factor for segment 42-43 (equation E-17):

2
AA =

J (xg3-x4p")" * (Y43"¥42')2 =\/ (0.136)° + (0.00368)°

42’43 X43l ‘X42l

1.0004

0.136
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APPENDIX G
TABULATED DATA

Table 2 presents the experimental data and the pertinent

calculated parameters for the mass transfer experiments.
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