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ABSTRACT

Gater, Roger Allen. Ph.D., Purdue University, January
1969. A Fundamental Investigation of the Phenomena That
Characterize Liquid-Film Cooling. Major Professor:

Dr. Mel R. L'Ecuyer.

An experimental investigation was conducted to deter-
mine the net rate of mass transfer (evapoqation plus en-
trainment) from a thin liquid film to a proximate gas stream.
Three different flow situations were }nvestigated: (a) con-
stant velocity, cold gas flow; (b) constant velocity, heated
gas flow; and (c) strongly accelerated, heated gas flow.

The experiments were conducted in a horizontal test section
by passing an air stream over a liquid film formed on the
lower surface. The liquid film was 2-in. wide and was ter-
minated at a length of 10 in. by a knife-edge capture slot.
The flow parameters for the experiments with a constant
vetocity gas stream were: gas stream temperatures of 40F,
400F, and 600F; gas stream static pressures of 75 and 150
psia; gas sircam velocities of 40 to 400 fps; and liquid
conlants of methansl, butanol, water and RP-1 (a hydro-
caribon fuel). The flow parameters for the experiments with

an accelerating gas stream were: stagnation temperature of

400¢; stagnatfon pressures of 50, 75, 100, 125 and 150 psia;
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variation in gas stream velocity of 200 to 660 fps over the
liquid film; and liquid coolants of methanol and water.

The measured rate of mass transfer with a heated gas
stream was found to be as much as 10 times greater than
the rate of mass transfer predicted from the simple (or
classical) theory for mass transfer. In most cases, the
mass transfer due to the entrainment of bulk liquid into
the gas stream was the most significant contribution to the
overall mass trancsfer. In those cases where evaporative
nass transfer was important, the "effective" roughness of
the surface of the liquid film was found to increase the
rate of evaporation by as much as 80 percent over that pre-
dicted by the simple theory.

A1l of the dafa for mass transfer (approximately 600
datum points) was correlated in terms of relatively simple
dimensional parameters, with one parameter characterizing
the phenomenon of entrainment and a second parameter char-
acterizing the phenomenon of film surface roughness. Of
particular significance is the fact that a fifteenfold
variatior in the liquid viscosity was not found to have any
noticeable effect con the rate of entrainment.

‘An analysis was made to extend the results of the
présent investigation to the more gerneral case of an arbi-
trary film cooled length. The utility ot ihe analysis was

investigated by analyzing the data reported in three primary

references. The agreement between the reported data and the
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results predicted from the present theory was good, with the
agreement being to within the accuracy of the ékperimentai
data in most cases.

Photographs were taken of the surface of the liquid
film so that the gross characteristics of the film surface
could be studied as a function of the pertinent flew vari-
ables for the liquid and gas phases.

Measurements were made of the maximum temperature that
a liquid film obtains for the subject flow situation. A
theory was developed for the prediction of the maximum liq-
uid temperature that was in good agreement with the experi-
rental data.

An analysis was made of the heat transfer characteris-
tics for the gas-vapor cooled region immediately downstream
of the liquid film. The aralysis allowed for compressible
gas flow in the presence of a favorable pressure gradient.
Consideration of the limited experimental data that are
reported in the literature for the subject problem indicated

that the analysis was promising.
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F . 1. INTRODUCTION

1.1 General Discussion

Liquid-film cooling refers to the introduction of a
.. thin continuous liquid film onto a given surface for the pur-
- pose of protecting that wetted surface from thermal dJdamage
by a proximate hot gas stream. This technique provides a

means of protecting, for example, the internal surfaces of a

G e Lt "

rocket moto: from the injurious effects of the hot pro-

. pellant gases. The motivation for developing liquid-film

. cooling technology for rocket motors is due to the use of
higher energy chemical propellants, the trend toward higher
combustion chamber pressures, and the development of nuclear
rocket engines. These newer developments are characterized
by a large increase in the heat flux from the working fluid

- to the walls of the combustion chamber and exhaust nozzle,

such that the regenerative cooling of those walls becomes

marginal (1, 2, 3)*.

In the design of a liquid-film cooled system for a
N rocket motor, the two principal problems to be considered
- are (a) that of determining the rate of coolant consumption

that will be required tc wet, and thus thermally protect, a

*Numbers in parenthescs refer to REFEREMNCES.
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specified internal surface area, and (b) that of determining
the effect that the cooling process has on the performance
of the system. In the subject investigation, attention was
concentrated on the first problem only; specifically, with
the investigation of the phenomena that characterize the
c;nvective exchange of heat and mass between a hot gas stream
and a thin liquid film. Although the principal motivation
for this research was the interest in liquid-film cooling,
the investigation is of a much broader interest because it
relates to the basic problem of the interaction of a high
velocity gas stream and a thin liquid film, a situation that

is frequently encountered in engineering.

1.2 A Statement of the Problem

Figure 1 illustrates the process termed liquid-film
coo]fng. Presented in the figure is a hot gas stream flow-
ing aleng a surface A-B. A liquid coolant is introduced at
station x = Xy and is swept downstream over the surface by
the gas, thereby forming a continuous protective liquid film.
As a result of the evaporation of liquid in the film, to-
gether with the possible entrainment of liquid dreplets into
the gas stream, the liquid film will terminate at some point,
say, X = X,. The wall region wetted by the liquid will here-

i be terned the liquid-film cooled region.

Since the gas and vapor mixture which is convectéd down-

stream is relatively cool, the wall region immediately down-

stream of the liquid film will be insulated to some degree
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%rom the hot gas stream. It is convenient to define the

~gas-vapor cooled reaion as that wail region over which the

temperature of an adiabatic surface would increase from that
for the liquid film at x = X, to the recovery temperature
for the mainstream at, say, x = X3. The extent of the gas-
vapor cooled region so defined is thus a measure of the
effectiveness of the gas-vapor céo]ing process.

The basic ana]ytfca] and design problem can be stated
as that of deteﬁhining, for yiven liquid and gas flow param-
eters, (1) the rate ¢¥ coolint injection required to estab-
lish a desived wetted area, and (2) the dearee of the in-
stlating effect of theigas—vapor layer downstream of the
liquid film. The remaining portion of this discussion is
directed tyvard a more detailed consideration of each of

these two problems.

1.2.1 The Liquid-Film Cooled Region

The basic probiem for the liquid-film cooled region is

that of being able to predict the wetted surface area as a
function of the rate of liquid injection and as a function
of the pertinent flow parameters for both the liquid and gas
phases. The sclution to this¢ ¢roblem is difficult to obtain
because of the coniplex phenomena that characterize the flow
ot & high velocity gas over a liauid film.
The subject probtem is cutlined more specifically as

follows: For the case where a high velocity, hot cas stream

ic flowing over a thin {0f the order of a few thousandths of
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an inch thick) liquid film, the mass transfer from that film

is made up of two fundamental contributions: {a) the mass

ALt A U i RS A A A W“"‘(”"‘Y"","""’ ST ”{‘y:".

transfer that results from the transfer of energy to the
liquid film and the resultant evaporation of the liquid; and
(b) the mass transfer that results from a physical breakdown
3 of the interfacial structure such that liquid droplets ara

entrained into the gas stream.

The evaporative contribution to the total mass transfer

rate (item (a) above) can be divided into yet two more dis-

LIS R S YR AC R S L §

tinct contributions: (a-1) that contribution which would

result if the liguid f{lm surface presented a hydrodynami-

3 cally smooth, zero velocity boundary to the gas stream; and

i - (a-2) the remaining portion of the evaporative mass transfer
which results because the surface of the liquid film is
meving at a finite velocity and does not, in general, pre-
sent a "smooth" surface to the gas stream. (The surface of

the liquid film generally exhibits a wavy or pebbled appear-

ance which should serve to intensify the turbulent transfer
of heat anrd mass near the gas-liguid interface.)

Contribution {a-1) Is the same as that prevailing in

o BROMRLi AL A (A i R
)

the case of simple mass tiansfer*. That part of the total
evaporative contribution is refatively amenable to analysis.
Reference (4), for example, presents a recent review of the
extensive analytical and experimental wovk performed on that
problem of simple mass transfer. Although there still

@ ——

*The process termed herein "simple-mass-ctransver cooling"
is equivaient tc the process that ic freguently termed
v “transoiration cooling" in the publisned literature.
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remain some problem areas in the thorough treatment of simple-

mass-transfer ccoling, the effect of mass addition tc a bound-

ary layer upon the rate of heat transfer to the surface has
been adequately described for the purposes c¢f the present
investigation.

No systematic attempt has previously been made to ex-
perimentally determine the individual contribution of each
of the three aforementioned mass traansfer mechanisms (a-1),
(a-2), znd (b) to the overall mass transfer rate. Although
the funcdamental problem is that of being able to predict the
total mass transfer rate for a particular flow situation, it
is evident that in order to develop a satisfactory corre-
lation for that total mass transfer rate, a basic understand-
ing has to be developed of the nature of each of the three

contributions discussed above.

1.2.2 The Gas-Vapor Cooled Region

Figu.e 2 serves to introduce the analytical problem for
the gas-vapor cooled region. Illustrated in Fig. 2 are the
pertinent wall temperature profiles immediately downstream of
the terminus c¢f the ligquid film. The upper solid curve pre-
sented represents the wall temperature profile for the case
whare the wall is adiabatic*. The lower solid curve repre-
>cnvs a characteristic profile for the case wheic hbe wall is
cooled externally. As incicated in the figure, it is con-

venient tc base the heat transfer coefficient for gas-vaper

—— —— —

*fhe term "adizbstic" means that the rate oi heat transfer
through the wall to the surroundings is negliaiole.
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scoiing, denoted °y'hav’ on the temperature difference

(Taw'Tw)’ vhen that is done, the rate of heat transfer te

an externally cooled wall is given by

U * hgv (Taw'Tw) (1-1)

1t follows, therefore, that the basic probiem is to deter-

mine, for given flow parameters, (1) the adizdatic wall tem-
perature profile, ard (2) the loca® heat transfer coefficient

hgv;

1.5 A General Reviéw of the Literature

Research that has been performed that is pertinent to
the subjectlproblem can be conveniently grouped into two
principal areas:
(a) research cencerned primarily with the investigation of
the detsiled rature of the flow of a gas ovar a thin liquid
film; and
(b) research concarned with ar 2:tusl apolication of liquid-
film cooling.

The first area of research includes_the investigation
of such fundamental phenomena as interfacial structure and
film instability* (5, 6, 7, 8, 9), entrainment (10, 11, 12),

wetting characteristics (12, 14, 15), and prescure urop .n

*Film instability is defined as the occurrence of large
scal2 disturbances on the surface of -the liquid film.
These disturbances are often characterized as roll waves.
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annular, two-phase ficw (16, 17). In general, -those investi-
gations were characterized by ambient pressure and tempera-
ture, essentially zero heat transfer rates, and »elatively
low interfacial shear forces. Such conditions are signifi-
cantly di¢“ferent from those that characterize the typical
appiication of liquid-film cooling. Furthermore, few data
exist for the case where the liquid phase was not water,
Although the exp2rimental advantzgas of using water as the
liquid‘phase are obvious, the fact remains that few other
liquids have physical prcperties (particularly surface
tension) that are similar to those of water. Considerable
doubt thus exists regardinoe the application of results that
were obtained with water as the liquid phase to other
liquids. A detailed review of the literature in this first
area of research is ndot presented here because of the ques-
tion as to the relevance of ithe results--particularly in a
guantitative sense--to the present investigation. The
interested reader is referred to the excellent reviews pre-
sented in references (5, 10, 18). Hewever, several specific
references are miade to those experimental results throughout
this report when that reference gives ;ome insignt intg the
interpretaetion of the experimentai results of the present
investigation,

The reseavch of the second area {namely, applications
of ligquiv-film cooling) is characterized by relatively high

rates of heat anc mass transfer betiween the gas stream and

3
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the liquid film (19, 20, 21, 223, 23, 24). Tthe objectives

of those research programs were basically (a) to establish
the feasibility of liquid-fitm <ooling the thrust chambar
aqd/or nozzle of a rocket motoaf and (b) to determine the
relationship between the rate of coclant consumptien and the
vesultant wetted surface ar.a as a function of the g3s stream
Reynolds number, the gas stream pressure aﬁd temnperature,
the properties of the liquid cooslant, etc. Attempts to
develop empirical correlations for the experimentalldata
have met with only limited succecs. The apparent reason for
the lack of success has been the failure to incorporate inte
those correlations the influence of the interfacial phe-
nonena* on the rate of mass transfer from the liquid film

to the gas stream (25, 26). Moreover, theoretical anaiyses
developed for liquid-film cooling (e.g., 20, 21) have either
lacked agreement with the experimental data or have resulted
in correlations that were not justified physically; the pre-
vious analyses for liquid-film cooling heve beon critically
reviewed in Ref. (26). The failure of the theoretical
analyses is apparently due to the fact that they have as-
sumed a direct correspondence between {he problem of liquid-
film c¢ooling and that of simple-mass-trarsfer cooling. Ana-
lytical modeis which fia? reculted in satisfacteory 2n-~lyses
for the case of simple-mass transfer were also assumed to

describe the heat and mass transfer qharacteristics for thne

*That is, the effect of entrainment and of film surface
roughness.
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case of liquid-fiim cooling. Figure 3 aids in an explana-
tion of the motivation for such an approach. Illustrated

in the figure is a control surface "S" placed at the surface

of an evaporating liquid film and at the surface of a

smooth porous wall through which mass is being transferred
into the gas stream. Assume that for each case the flow
paramefers, the boundary conditions, and the rate of mass
transfer across the control surface into the gas stream are
the same. It is then reasonable to argue that the follow-
ing procedure can be employed to analyze the problem of
Tiquid-film cooling. Thus

(a) The simple theory for mass transfer is employed to
calculate the rate at which energy is transferred across

the control surface "S" to the liquid film. The simple
theory suggests that the rate of heat transfer to tne 1iquid
film decreases as the rate of mass transfer from the liquid
film into the gas stream increases. That phenomenon is
sometimes referrad to as thermal "blockage".

(b) Tre rate of mass transfer from the liquid film into the
gas stream is determined by writing an appropriate energy
balance acrcss the gas-liquid interface*. This step is
coupled to step (a) through the "blockage" phenomenon so
that tkere is only one value for beth the rate of heat
transfer to the Tigquid film Aand the rate .7 wu.3 transfer

inte the gas phase that is predicted for any particular

*See Subsection 3.1.2 for a discussion on the interfacial
energy balance.
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Fig. 3 Comparison of liquid-Film Coéling
and Simple-Mass-Transfer Cooling
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sitvcation. The following paragraph discusses how the ex-
perimental data of the primary references agree with the
foregoing argument.

Emmens (20) concluded from his experimentai investi-
gétion that the analogy between simple-mass-transfer cooling
and liquid-film cooling was valid. Emmons suggested that
the rate of heat transfer to an evaporating liquid film was
always less than the rate of hzat transfer to a dry wall,
all other conditions being the same. He attributed this, of
course, to thermal blockage. However, that conclusion drawn
by Emmons is contradicted by the experimental data obtained
by other investigators*. 'Kinney, Abramson, and Sloop (19)
have reported experimental data showing that the rate of
heat trsnsfer to a liquid fiim can be substantially greater
(by a factor of 3 or more) than the rate of heat transfer to
a dry wall**, Luikov (27) obtained similar results from
well controlled experiments in which extreme care was taken
to ensure identical gas flow conditions and surface tempera-
tures for (a) dry surface and (b) liquid surface test
sections. The coefficient of heat transfer to the liquid
film was consistently 20 to 60 percent greater than the co-
efficient of heat transfer to the dr& wall. ﬁermann,

Leitinger and Melnik (24) considered the problem of film-

* Evidence is presented in Section 4.4 of this report that
the data of Emmons do not, in fact, support the analogy
between simple-mass-transfer and liquid-film cooling.

**The data of Ref. (19) are analyzed in Section 4.3.
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cooling a convergent-divergent nozzle with water*. They
found that the amount of coolant required to comp]etély wet
the convergent portion of the nozzle was roughly 2 times
that predicted by the theory for simple mass transfer. They
also estimated that the amount of coolant required for the
divergent portion of the nozzle was 3.3 times that predicted
by the simple theory**,

The foregoing discussion raises a serious question
regarding the adequacy of a simple-mass-transfer model for
the analysis of liquid-film cooiing. The difficulty of ob-
taining an adequate empirical correlation or developing a
satistactory theoretical analysis for liquid-film cecling on
the basis of the previously reported data for the rate of
mass transfer from a thin liquid film to a high velocity gas
stream is due primarily to:

(a) the limited amount of data that has been obtained for
conditions similar to those encountered in an application of
liquid-film cooling; '

{b) the contradictory trends exhibited by the date of the
primary references;

(c) the possibility of appreciable experiﬁental errcr due
to the severity of the flow parameters investigated in many

cases; and

* The data of Ref. (24) are analyzed in Section 4.5.

**The discussion of Section 4.5 (in particular, that o7
Subsection 4.5.5) suggests that the estimates by Herma:
et al. (24) of the mass transfer rates for both the sub-
sonic ard supersonic portion of a nozzle carnnct be gener-
ally applied.
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(d) the scarcity of data for film coelants other than water.
The present research program was initizted because of-

the incomplete understanding of the phenorena that charac-

terize liquid-film cooling, and because of the limited in-

formation that could be obtained from the existing literature.

1.4 The Scope of the Investication

The subject investigation had the primary objective of
experimentally determining the net rate of mass transifer
from a thin liquid film te 2 hign velocity gas stream under
conditions of relatively hich pressure, icmperature, and
interfacial shear forces with significart variations in the
physical propertias of the liquid phase. Twe cases were
investioated: (a) the case where the velocity of the gas
stream was essentially constant over the length of the
film-cooled region, and (b) the case where the gas stream
vas strongly accelerated over the wetted surface. The latter
case was investigated because of the interest in the appli-
cation of licuid-film cooling to cool the exhaust nozzles of
high-energy npropuision devices.

A VTimites number of experiments were conducted for
Case (a) in which the gas stream was rot heated. These
experiments served to (1) isclate the mass transfer that
vas due to entrainmcat from the mass tran, o "hat was due
to the evaporaticn of the lizuid in the film, and to {2)
significantly extend the range of values for the pertinent

fiow paramsters that was investigeted inr the present

=
x
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investigation,

A corrvelation was dcveloped for the mass transfer data¥*,
isolating the coutributicns to the total mass transfer rate
that were due to both {a) the simple mass transfer, and (b)
the interfecial phlenomena. The data correlation gives an
explicit expression for the net rate of mass transfer from

a thin Yiquid film to a high velocity gas ctream in terms

Soritaee Abd AU b e e

of ine pertinent variables for both the gas and the liquid
phases.

The maximum temperature that the liquid film obtains
when it {3 introduced onto the surface of an adiabatic wall
was measured for each experimental test that vas conducted.
A simple {heory was developed for the prediction of the
maximum film temperature tuat was in good agreement with the
"experimental data. The theory can be emoloyed to estimate
the maximum liquid-fiim temperature for the general case
where the film temperature is not a known parameter.

A number of still photographs were obtained in the in-
vestigation for the purpose of making some qualitative
observations about how the pertinent liquid and gas stream
parameters influence the character of the interfacial
structure. Those observations were utilized in the develop-
neat of the aforementioned correlation for the experimertal

mass transfer data.

——

*Approximatelv 600 datum points are repurted herein for the
rate of mess transfer from a thin liquid film to a high
veiocity gas strean.
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The utility of the design formula (i.e.. the corre-
lation for mass transfer) that was develcped for liquid-Tiln
cooling was investigated by attempting to corvelate the
published data of the primary references (19, 20, 24). In
many cases, the values of the pertinent flow pérameters
{e.g., gas stream temperature, preésure, velocity and film-
cooled length) investigated by those references differed
substantially from those of the subject investigation.
Analysis of those data, therefore, jave considerable ‘nsight
into the velidity of the design formula proposad herein for
liquid-film cooling.

A subordinate objective of this investigation was to
present an analysis for the gas-vapor cooled region immedi-
ately downstream of the terminus of the liquid film. The
analysis presented is essentially the same as that previ-
ously reported by Gater, L'Ecuyer, and Warner (26). Sirnce
that original presentation, however, the analysis has been
further evaluated and additional comments regarding its

usefulness can be made.
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2. THE EXPERIMENTAL INVESTIGATION

2.1 The Basic Experimental Apparatus*

Figure 4 illustrates schematically the experimental

apparatus that was employed in the investigation. The basic

components of the apparatus were a hot gas generator and a
two-dimensional mixing section, an adiabatic approach sec-
tion, a film-cooled test secticn, and a variable area ex-
haust nozzle.

The hot gas generator empleyed methyl alcohol and air
as the reactants. Because so much diluent air was added to
the combustion gases before they entered the expnerimental
turnel, the properties of the gas stream were assumed to be
the same as those for dry air.

Prior to entering the test section, the gas stream
pasced through an assortment of fine mesh screens in the
mixing section, thereby apprecickly reducing the turbulence
level and the ron-homogenities of the flow. The gas then
passed thronugh a 36-inch Ylong adizbatic approach section so
that the'remaining irregularities in the gas stream had a

chance to dissipate and the velocity boundary layer had an

*The experimental apparatus is discussed in gre>ter detavl
in Appendix B.
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(The thickness of the velocity boundary layer at the point

of liquid injection was on the order of 0.2 to 0.4 inches.)
- The inside sv~face of the bottor wall of the approach sec-
tion was surface ground so i{hat a hydrodynamically smooth
boundary wds presented to thne developing boundary layer.

Figure 5 shows schematically the test section employed

in the investigation. The nrminal internal dimensions of
the test section are 2 in. by 5.5. in. cross section by 18
in. long. Mounted in each side wall of the test section were
6 circular Pyrex windows of i in. 0.D. A siugle oblong
Pyrex window was rounted i1 the top wall of the test section.
These windows permitted visual and photographic observation
of the liquid film. The photographic technique that was
employed is illustrated in Fig. 5. The test plate to which
the liquid film was confined was recessed into the bottom
wall of the test section. The liquid coolant was introduced
onto the test plate through an 1/8-in. thick piece of
“regimesh" that was 1/2 in. long and 2 in. wide. This in-
jector design provided a uniform distribution of coolant and
alsc kept the normal component of velecity for the liquid
at the injector face to something less than one ft per sec.
The liquid film was confined to the central porticn of the
test plate by means of a trough that was machined into the
plate. The trough was 2 in. wide and 0.030 in. deep, and

j : it -extended from the point of liquid injection to a point

N A T
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10 inches downstrcam. At that point the liquid film was
mechanically terminated by means of a knife-edge capture
slot. The projected area for the capture of the liquid film
was 2.25 in. wide* by 0.060 in. high**. 1In preliminary
experimantation with the effectiveness of the capturz slot
technique, it was found that it was necessary to allow some
of the gas ztream to bleed through the slot with the liquid.
Attempts to withdraw only the liquid film recultaed in spill-
age of the liquid film over the capture slot. The signifi-
cance of this bleed gas flow is discussed in Section 2.5,

In 2déition, it was visually observed that a small arount of
liquid frequently spilled around the outside corners ¢¥ the
capture slot. This was particularly true if the rate of
liquid injection was very high. To eliminate that spiilage,
the streamlines of the gas flow were made to converge
slightly in the immediate neighborhood of the capture slot.
Then, because the {low behavior of the liquid film was

found to be strongly affected by the flow pattern of the

gas stream, the liquid film was made to converge slightly
toward the center of the cepture slot thereby preventing
spillage of liquid around the corners of the slot. For most
of the experimental tests in which the gas stream velocity

was essentially constant over the length of the wetted test

* 0.25 inch wider than the liquid film

**approximately an order of magnitude greater than the
maximum thickness that was investigated for the liquid
film
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plate, the convergence of the streamlines for the gas fiovw
was accomplished by replacing the last circular Pyrex window
in each side wall of the test section with an 1/2-in. thick

by 1-in. 0.D. stainless steel piug to which was welded an

"1/8-in. thick by 1-in. wide by 1-1/2-in. long stainless

steel plate. The degree to which tnese plates deflected the
gas stream was regulated by rotating the plates, thereby
permitting the projected area of each o+ the plates to.be
varied from 1/8 in. by 1-1/2 in. to 1 in. by 1-1/2 in.

These plates vere normally adjusted so that the liquid film
would converge from 2 width of 2 inches at a point approxi-
mately 1/2 inch upstrezm of the l«¢ading edge of the capture
siot to a widia of 1-1/2 inches at the capture slot. The
behavigr of the liquid film for the remainder of the fests
that 2mployed a gas stream of constant velacity and for all
of those tests where the gas flow was accelerated over the
test plate was controlled by mounting two pieces of 1/32-in.
thick stainless steel sheet directly on the test plate on
each side of the capture slot. These sheets were formed so
that they protruded 1/4 in. into the gas stream and caused
the gas flow (and, therefore, the liquid film) to converge
toward the center of tne capture slot in the manner as pre-
viously described. Both of the aforementioned control
devices were equally effective in the control of the be-
havior of the liquid film in the immediate neighborhood of

the capture slot.
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The gas and liquid mixture that was withdrawn from the
tegt plate was passed through a cyclone separator. The gas
phase was vented off and the liquid phase was collected in
a beaker. Thus, by measuring the rate of liquid injection
and the rate of liquid withdrawal, the net rate of mass
transfer from the liquid film to the gas stream was deter-
mined. Also determined during the course of each mass
transfer measurement were the temperatures for the liquid
at the point of injection and at the point of withdrawal.
The liquid temperatures were measured with thermocouples
and they were employed to accurately specify the energy
balance for the liquid film and to determine the values for
the pertinent physical properties for the liquid phase.

For those exneriments where the gas stroam was accel-
erated over the Tength of the wetted test plate, the accel-
eration of the gas stream was accomplished by inserting an
aluminum wedge into the top of the test section (see thse
dashed line in Fig. 5). Five static pressure taps were
installed in the aluminum wedge so that the static pressure
fand, therefore, the gas stream Mach number, velocity, and
static termperature) could be determired as a function of
the coordinate x. In those experiments the nozzle was re-
moved from the test section and the flow was choked at the
minimum area formzd by the wedge.

In the subject investigation, the experimental appara-

tus was designed so that exicanéous heat transfer and fluid

iy

[ Y—
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dynamic effects could be safely neglected, rather than try-
ing to correct for them analytically. The liquid film was
injected so as to wet only the center 2 inches of the £.5-in.
wide lower surface of the test section, thereby permitting
the influence of the complex flow phenomena for the corners
of the rectangular duct on the rate of convective heat
transfer to the liquid film to be neglected. In establish-
ing an energy balance for the liquid film, it is difficult
to determine the amount of energy transferred through the
wetted test plate to the liquid film in a lateral direction.
Therefore, in order to substantially reduce the lateral con-
duction of heat through the test plate to the liquid film,
two insulating grocves (0.060 in. wide) were cut into the
underside of the test plate. The grooves extended to within
0.035 in. of the surface that was wetted by the hot gas, and
were placed just cutside the region that was wetted by the
liquid fiim. The insulation grooves, extending from the
point of liquid injection to the point of liquid withdrawal,
increased the resistance of the plate to lateral heat con-

duction by roughly a factor of 50.

2.2 The Experimental Model

Figure 6 illustrates schematically the experimental
model for the sub;:.l investigation. The figure presents a
high velocity, hot gas stream flowing over a horizontally

mounted flat plate. The film coolant was injected at a
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rate my (1b/sec-ft)* at X, = 40 inches and was ‘withdrawn

at a rate m, (1b/scc-7t) at Xy = 50 inches. Thé fitm-cocied
length, deroted by 10**, was equal to 10 inches threughout
the investigation.

The gas stream 7Yow conditions that were investicated
were such that tne velocity boundary layer developing on the
flat plate could be treated as being fully turbulent from
the 1eading edge of the plate. The wall surface upstream of
the point of liquid injection was essentially adiabatic so
that a thermal entrance length of Xy = %y = 40 inches was
established. The thickness of the velocity boundary layer
at the point of liquid injection was on the order of 0.2 in.
to 0.4 in. Due to the fact that a velocity boundary layer
developed on each wall of the experimental tunnel, a correc-
tion had to be made in the calculation of the gas stream
velocity to account for displacement effects. The calcu-
lations showed that the gas stream velocity generally in-
creased by approximately 5 percent in going from x = 0 to
X = Xgo For those investigations in which the gas stream was

accelerated, the acceleration beagan at a point 6 inches up-

stream of the point of liquid injection and continued to a

* The units (1b/sec-ft) follow from dividing the rate of
}iqgid injection (1b/sec) by the width of the injector
ft).

**In general, the film-cooled length will be denoted by
1", The term }0 refers to the special case of the

present investigation where the film-cooled length was
fixed at 10 inches.

. ' )
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point 2 inches downstream of the end of the film cooled plate.

As inc¢icated in Section 2.1, the liquid film was ter-
minated by means of a knife-edge capture slot. Thus, unlike
previous investigations of liquid-film cooling, the film-
cocled length for the present investication was a fixed pa-
rameter. That characteristic of the experimental model
allowed the influence of the rate of liquid injection on the
cooling process to be investigated independently of the other
fiow paramrters. HMoreover, it enabled the wetted surface
area to be accurately determined so that the experimental
data could be properly evaluated. 1In previous experiments
1e.g., Refs. 20-24j), the wetted surface area was determined
by injecting a film of known width and then estimating the
average film cooled length by mears of thermocouples that
were embedded inte the test section wall. However, in such
experiments it has been found that it is very difficult to
obtain a uniform termination of the liquid film (198, 20, 28).
That is, when the film becomes progressively thianer as a
result of the transfer of mass from the film to the gas
stream, it reaches a point where surface tension effects
and/or tlow non-uniformities in the gas stream cause the
liquid film to break down locally. It is, therefore, gener-
ally very difficult to properly interpret such external wall
temperature measurements.

An;exgerimenta1 technique that was introduced into the

stbject investioation was that of preheating the liquid
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before injection to the maximum {emperature that the Tilm
assumes when it is in equilitrium with the gas stream.
(When the wetted surface is adiabatic, that maximum film
temperature is essentially the wet-bulb temperature for the
ligquid.} The advanatages of this experimental techniqua are2
essentially twofc)d: First, because the yhysical properties
ror the liquiu phase are rather strong functions of the
liquid temperature, it is much easier to accurately spécify
the values for the physical properties of the ligquid if the
liquid film is isothermal. The second advantage to pre-
heating the liquid before injection is that the energy
balance at the gas-liquid interface can then be accurately
specified. In nrevious experimental investigations oniy an
"average" energy balance for the entire film could be pre-
scribed because the liquid was introduced at a relatively
low temperature, thereby making it impossible to ascertain
vhat portion of the local heat transfer resulted in an in-
crease in the sensible enthalpy of the liquid and what
portion resulted in the evaporatior of the liquid. To de-
termine the local rate of heat transfer to the liquid film,
however, it is necessary that the local energy balance be
prescribed more accurately. The probiem of specifying that
energy balance is simplified considerably by injecting the
liquid at the maximum temperature it will assume when it is
in thermodynamic equilibrium with the hot gas stream.

Due to limitations in the heating capacity cf the heat
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exchanger ihai was dwployed, the Tiquid couid noi always be
nreheated compictely to the maximum film temperaturce., But
the liquid was always injected at a temperature substantially
grecter than the ambient temperaiure so that the afore-

‘}‘ mentioned advanfages to the preheating of the iiquid coolant

%, vere largely realized.

2.2 The Experimental farameters

5 In order to minimize the expcrimental errvor and to ob-
tain experimental data for mass transfer of sufficient accu-
racy to #lucidate the phenomena and the parameters of impor-
tance, some sacrifice had to be made in the severity of the
flow parameters that were investigated, especially the gas
3 stream temparature. A number of datum points exist from
li previous investigetions for the case of relatively high cas
stream temperatures (to 4100R}, but the accuracy of those
jéA datum soints has necessarily suffered because of the mea-
‘ surement prcbiems involved. Moreover, such severe gas
- stream temperatures place a physical limitation on the num-
3 ber of experimental datum »noints that can be obtained with

a reasunable degree of efrort. For those reasons, therefore,
;2‘ since both Aaccuracy and quantily were badly needed for
experimental data on liguid-fiim cooling, the gas stream
temperatucs for the subject research program was limited to
60CF . However, this temcerature still resulted in an appre-
ciable rate ov evaporation of the liquids investigated

E because of the relatively hich gas stream Reynolds numbers
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that were employed.
As mentioned previously, experiments were conducted
for bnth the cose where the gas stream velocity was essen-

tially constant cver the length of the film-cooled test

" section and for the case where the gas stream was accelera-~

ted over the length of the wetted tesi section. Moreover,
2 limited number of experiments were conducted for the
first case for which the gas stream was not heated. Those
exaerimental tests are termed herein the cold-flow experi-
ments.

The liquids employed in the investigation were water,
metharol, butanol, and RP-1 (a -hydrocarbon fuel that is
essentially kerosene). These liquids resulted in a rather
wide variation in the pertinent physical properties*. For
example, the liguid visccsity was varied by roughly 3
factor oy 1E8:1, the surface teansicn by 2:1, and the heat of
vaporization by 4:1. Yhe significant variation in the
physical! properties for the liquid phase enakled an accurate
determination of {Lhe influence that each proverty exerted
on the heet and mess traunsfer process.

Table 1 summarizes the nominal flow parameters for
thqse expeviaents in which the velocity for tha gas stream
was essentially constant over tne length of (he wetted test

plate. The table also serves to iniroduce same pertinent

*Appendix D precents the heat of vaporization, the liquid
viscusity, the survace tension, and the vapor pressure as
a function of the liquid temperature for the liquids that
were inveztigated.

Y a8 iR
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Tabie 1

Nominal* Flow Parameters--Constant Velocity Gas Stream

T., Gas Stream Static Temperature

g’
Hot Flow 490 F, 600 F
Cold Flow 40 F

p, Gas Stream Static Pressure

ug, Gas Stream Velocity

75 psia, 150 psia

Hot Flow 50-400 fps
Cold Flow 40-200 fps
Re, Gas Stream Reynolds Number 106-107 per ft
{o, Film Cooled Length 10 inches
Liquid Film Coolants Hater
Methanol
Butanol
RP-1

(Hydrocarbon Fuel)

*See Table G.1 of Appendix G for a Tabulation of the Specific
Flow Parameters for Each Experimental Test With a Constant
Velocity Gas Stream.
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notation that is empioyed thrcughout the remai.der of this
teport.

Table 2 summarizes the nominal values of the pertinent
flow parameters for the ekperimenta? tests in which the jas

floy was accelerated over the wetted test plate.

2.4 Photographic Davrg foi the Fiim Surface Characteristics

A number of photaaraﬁhs of the surface characteristics
of the liquid film were obtzined for a significant range of
vziues of the pertinert liquid and gas flow parameters. A
35 mm camera with a close-copy lens, togetier with a 3-
microsecond strobe unit for the light source, wss employed
to phcotograph the surface of the Yiquid f§'m. The camera
was focused on the surface of the liquid film through the
Pyrex window that was mounted in the top wall of the test
section {refer to Fig. 5). The strobe unit was focused on
the surface of the liquid film through one cf the side
windows *n tne test section. A1l of the phetographs pre-
sented h(rein were taken at a pcint 6 inches downstream of
the point of liquid injection.

The surface of a thin iiquid film over which flows a
high velecity gas strexm i¢ generally characterized by a
large number of small scaie disturbances {or waves) which
are essentially three dimensional 1. cheracter. Taese small
scale disturbances give the surface of the liquid fiim a
“pebbled” or "ecross-hatched" appearance. If large scale

distuvbences {inztability waves) develoo, they travel over
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Table 2

e P

‘Nominal* Flow Parameters--Accelerating Gas Stream

T, , Gas Stream Stagnation Temperature

0
9
po; Gas Stream Stagnation Pressure

Ug, Gas Stream Velocity**

p, Gas Stream Static Pressure**

Ma, Gas Stream Mach Number**

1, Film Cooled tLength

09
Liquid Fiim Coolants

400 F

50, 75, 100, 125,
150 psia

200-660 fps
50 - 40 psia
75 - 60 psia

100 - 82 psia
125 - .05 psia
150 - 123 psia
0.14-0.51

10 inches
Water

Methano!

* See Table G.2 of Appendix G for a Tabulation of the
Specific Flow Parameters for Each Experimental Test With

an Accelerating Gas Flow.

**The Numbers Indicate the Variation in the Indicated
Parameter Over the Length of the Film Cooled Plate.
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this pebbled substructure at a velocity which is greater than
the velocity of the smaller scale disturbances (10)., A num-
ber of investigators (e.g., 19, 29-31) have proposed a cri-
terion for the onset of these large scale disturbance waves
on the surface of the 1iauyid film. They have proposed that
if the Reynolds number for the liquid f4Tm exceeds a certain
critical value, thén the large scalé disturbance waves will
develop on the surface of the Tiquid film. Furthermore, it
has been suggested (e.q., 9, 20, 21, 22, 29, 30) that appre-
ciable entrainment of liquid from a liquid film into a high
velocity gas stream should océur only if the liquid-film
Reynolds number exceeds that critical value. First it should
be commented that the photographi¢ data of the present in-
vestigation did not allow the suggested criterion for film
instability to be evaluated. It should also be noted, how-
ever, that the data for mass transfer (discussed later in
Section 2.5) did not confirm the existence of a critical
liquid-film Reynolds number with reference to the phencmenon
of entrainment. In fact, it was observed that the liquid
viscosity My (which enters into the definition of the liquid-
film Reynolds number) had no measurabie influence on the

rate of mass transfer from a thin liquid film to a high
velocity gas stream. Indeed, it is significant that the
experimental data for mass transfer could be readily corre-
1ated without making any direct reference to the phenomenon

of film instability.
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The renainder of this section discusses how the
pertinent flow pzrameters for the liquid and gas phases
influence the gruss structural characteristics of the sur-
face of the liquid film. A limited number of photographs of
the surface of the liquid film are presented to illustrate
several important points. It should be noted, however, that
the observations that are made with reference to the influ-
ence of the pertinent flow parameters on the film surface
characteristics are the result of the analysis of nearly 200
such photographs, and not just the analysis of those photo-
graphs that are presented herein. These observations will
be pertinent to the correlation that is developed in Section
3.1 for the experimental dat+ on mass traasfer.

Subsectien 2.4.1, which follows, discusses how the sur-
face characteristics of a liquid film are infliuenced by the
paraneters for the liquid phase; namely, the rate of liquid
injection m, the liquid viscosity My and the surface ten-
sion o. Subsection 2.4.2 discusses how the surface charac-
teristics are dependent on the gas stream velocity ug, the
gas stream mass velocity G, and the momentum parameter Mo’
where the parameters & and Mo are defined Sy

G =9p ug (1bift2-sec) {(2-1)

9
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and

M o=

o = Pgug’ (1bg/ft?) (2-2)

respectively.
2.4.1 The Influence of the Liquid Parameters
on the Film Surface Characteristics

The purpose of the present section is to discuss how
the following parameters influence the characteristics of
the liquid film surface: (a) the rate of liquid injection
m (b) the liqu“d surface tension o, and (c) the liquid
viscosity My

Rate of Liquid Injection m, . Figures 7 and 8 present

photographs of a 1l-inch-square surface element of the liquid
film. The pertinent flow parameters are listed in the fig-
ures for each photograph. The photographs shown in Fig. 7
were obtained for a case where the gas stream velocity had
the reiatively low value of 35 ft/sec. Figure 7 (aj illus-
trates that for the low liquid flow rate of 00,0144 ib/sec-ft,
the film surface is characterized by a uniform distribution
of essentially two dimensional waves. Figure 7 (b) demon-
strates that s the liquid flow rate is increased to 0.0822
1b/sec-ft, with the other parameters remaining constant, the
interfacial structure becomes less ordered. However, that
particular chanue in the character of the liquid film surface

with incroasing rate ¢f liquid injection was observed only
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. ] flow direction —
T =4
- T 2 F
! | p = 82 psia
- = 5
ug 35 fps

G = 15.5 1b/ftl-sec
_ 2
M = 17 1be/ft

Methanol Film Coolant

=4
T 42 F

p = 82 psia
uge 35 ps
G = 15.5 1b/ftl-sec

- 2
Mo- 17 ]bf/ft

Methanol Film Coolant

(b) m1=0.0822 1b/sec-ft

Fig. 7 Influence of m; on Film Surface Characteristics--
Low Gas Stream Velocity
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flow direction ~—e

Ty= 38 F
p =77 ps.a
ug= 115 fps
6 = 50 1b/ftl-sec

= 2
Mo- 178 lbf/ft

Mathanol Film Coolant

T =38 F
p = 77 psia
u = 115 fps
= 50 ?b/ftz-sec

G
M = 178 1b./¢t2
o f

Methanol Film Coolant

(b) my = 0.0816 1b/sec-ft

Fig. 8 Influence of my, on Film Surface Characteristics--
High Gas Stream Velocity
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}r for low gas stream velocities, less than, say, 50 ft/sec.
r figure 8 presents two photographs for thne more important case

where the gas stream velocity is relatively high (115 ft/sec
in this case). Comparing these photographs with those shown
in Fig. 7, it is seen that the size and the wave length of
!; the disturbance waves on the surface of the liquid film has
- decreased significantly with the increase in the gas stream
: velocity. Moreove*, comparison of Fig. 8 (a) and Fig. 8 (bf
] shows that the scale of the disturbance waves is not notice-
ably altered by increasing the rate of liquid injeciion my
from 0.0144 to 0.0816 1b/sec-ft. The study of a large num-
- -~ ber of such photoygraphs indicated that, with the exception
L of those few cases 'that were investigated where the gas
stream velociiy was very low, the conclusion could be drawn
that the basic scale of the small disturbance waves on the

1 surface of ithe 1iquid fiim was essentially independent of

. the rate of liquid injection.

- Surface Tension o. Figure 9 presents two pheotographs

that were obtained under essentially the same flow conditions
with two different liquid-. The liquid shown in Fig. 9 (a)
is RP-1 and the liquid shown in Fig. ¢ (b) is water. The
values of surface tension at the corvesponding liquid tem-
peratures in these phkotographs are anproximately 19 dynes/cm
for the RP-1 and 61 dynes/cm for the water. These photo-
-graphs demonstrate that the scale of the interfacial distur-

bances is generally more ordered for the case <here RP-1 i«
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(b) o = €1 dynes/cm

LA
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RP-7 film coolant
Tg= 431 F

p = 152 psia

ug= 89 fps

G = 41 1b/ft-sec

| . 2
M = 112 1bo/ft

my= 0.036 1b/sec-ft

uy 2.4x10"% 1b/sec-ft

water film coolant
Tg= 495 F
p = 148 psia
ug= 95 fps
82 1b/ft2-sec
2
o 125 lbf/ft

my= 0.058 1b/sec-ft

[]

G
M

uy= 2.1x10"% 1b/sec-ft

Fig. 9 Influence of Surface Tension on
Film Surface Characteristics
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the 1igquid. The surface of the water film is characterized
= by two types of disturbance waves, one having a larger scale

and being more two-dimensional in appearance than the other.

In fact, water was the only liquid that clearly shcwed two
types of disturbance waves. The other liquids that were

R photographed, namely, methanol, butanol, and RP-1, did not

3 = exhibit that characteristic. Since the surface tension for

water was significantly greater in all cases than the surface

[ Gk i e

tension for the other liquids investigated*, it is suggested

that this phenomenon of the existence of two distinct types

E é_ of disturbance waves for the water films was the result of
- the relatively high values of surface tension for that

liquid.

i Liquid Viscosity H, - The photographs of the subject

investigation did not permit a direct observation of the

- influence of the liquid viscosity on the surface character-

% [ istics of the liquid film. For any two photographic experi-
ments for which the liquid viscosity differed substantially,
3 ? there also occurred a substantial variation in one or more

§ _ of the remaining pertinent flow parameters. However, by

crudely interpolating between the results of several photo-
grarhs, it was apparent that if the liquid viscosity had an
influence on the surface characteristics for the liquid film,

it was not pronounced. Relative to the surface tension for

_the liquid and to the pertinent gas stream parameters (which

*See Fig. D.1 in Appendix D.
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are discussed in the following subsection), the liquid vis-
cosity appeared to be of secondary irportance in determining
the structural characteristics of the gas-liquid interface.
2.4,2 The Influence of the Gas Stream Parameters
on the Film Surface Characteristics

The present suﬁsection discusses how the following pa-
rameters for the gas stream alter the surface characteristics
of the liquid fiim: (a) the gas stream velocity Ug> (E) the
gas mass velocity G {defined by Eq. {2-1)), and (¢) %he mo-
mentum parameter M (defined by Eq. (2-2)). Because these
three parameters are interrelated, it was not possible to
conduct a series of experiments wherein any two of these pa-
rameters were held constant while the remaining parameter
was varied. It was possible, however, to obtain photographic
data where one of these parameters was held constant while
the remaining two parameters were varied. It is thus possi-
ble, in an indirect way, to arrive at some conclusions about
how the subject gas stream parameters influenced the film
surface characteristics.

Constant G, Variable u_ and Mo. Figure 10 presents two

g
photographs of a liquid film where water is the liquid phase.

The parcmeters listed in the figure show that the gas mass
velocity G is essentially the same for both photographs while
the momentum parameter Mo and the gas stream velocity ug vary
substantially. Figure 10 shows that the scale of the inter-

facial disturbances decreases as the velocity ug {or the

momentum parameter Mo) increases. It follows, therefore,
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(a) 6 =

(b) G =

Fig. 10.
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direction —»

Tg= 20 F

p =78 psia
ug= 64 fps )
Mo= 65 Ibf/ft

my= 0.0390 1b/sec-ft

Water Film Coolant

T =

g 20 F

p = 15C psia
ug= 31 fps ,
M°= 26 1bf/ft

my= 0.0162 1b/sec-ft

Water Film Coolant

28 1b/sec-ft°

Influence of G, u_, and Mo on Film
Surface Characteristics--G Constant
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that the value for the gas mass velocity G (or, the gas

:
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stream Reynolds number) does not give sufficient information
to characterize the scale of the interfacial waves.

Constant Ug> Variable Mo and G, Figure 11 presents two

photographs of a liquid film for which methanol is the liquid
phase. The paramete}s listed in the figure show that the

gas stream velocity ug is essentially the same for both pho-
tographs while the paraneters Mo and G vary significantly.
Figure 11 shows that the liquid film for which the gas mass
velocity 6 (and the momentum parameter Mo) has the largest
value exhibits the smaller interfacial scale. It fcllows,
therefore, that the value of the gas stream velocity ug does
not give sufficient information to characterize fhe inter-

facial film structure.

Constant Mo’ Variable ug and G. Figure 12 presents two

photographs for a methanol liquid film for which the momen-
tum parameter MO has essentially the same value while the
gas stream velocity ug an# gas mass velocity G vary sub-
stantially. The scale of the interfacial wave pattern in
each photograph is virtually ths same. The photographic
data suggest, therefore, that the moméntum parameter Mo is
the variable for the gas stream that most governs the resul-
tant film surtface characteristics. This observation has not
been made previously in the published literature, due in
part to the fact that very few (if any) detailed investiga-

tions into film surface characteristics have been made for
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; g flow direction —e
é §° Tg= 30°F
1 p = 79 psia
i g 2
f % G = 25 1b/ft-sec
P _ 2
- Mo- 22 lbf/ft
[ my= 0.0138 1b/sec-ft
r
i Methanol Film Coolant
(a) ugs 58 fps
P .
[ T,=30F
.- p = 155 psia
i
L. G = 56 lb/ftz-sec
- - 2
5 Mo- 112 lbf/ft
o my= 0.0138 1b/sec-ft
Methanol Film Coolant
. (b) u_=66 fps
[ g
i Fig. 11. Influence of G, Ug> and M, on Film Surface
L. Characteristics--ug Constant
L
-
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flow direction —e

. 2
(b) M= 112 Tbc/ft

Fig. 12.

Ty 40 F
p = 80 psia

ug= 90 fps
6 = 39 1b/ftl-sec

my= 0.0144 1b/sec-ft

Methanol Film Coolant

T =3
g= 30F

p = 155 psia
ug= 66 fps
G = 56 1b/sec-ft

= 0.0138 1b/sec-ft

2
ny

Methanol Film Coolant

Influence of G, ug, and "o on Film Surface
Characteristics--Mo Constant
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gas stream pressures and temperatures significantly dif-
ferent from ambient. That fact has precluded the in&epen-
dent investigation of the influence of each of the parameters

u M , and G on the characteristics of the surface of the

* o
lgquid film. (That is, for a constant value of the gas
stream density, it is not'possible to hold any two of the
parameters ug, G and Mo constant while the remaining param-
eter is varied.) The foregoing observation, however, is
related in a fundamental way to the correlation for the mass

transfer data that is developed in Section 3.1 of this report.

2.4.3 Summary
The observations made in Subsection 2.4.1 and in Sub-
section 2.4.2 regarding the influence of the pertinent lig-
uid and gas stream variables on the character of the surface
of a liquid film can be summarized as follows:
(a) The interfacial structure is not noticeably altered by
substantial variations in the rate of liquid injection m ,

except for those cases where the gas stream velocity is very

low (less than approximately 50 ft/sec).

(b) The liquid viscosity u, apparently does not influence

1
the surface characteristics to any significant degree.

(c) The surface tension o apparently alters the surface
characteristics in that twu uistinct wave forms wvere gener-
ally observed when water was the liquid phase {relatively
high values for o) that were not observed for either butanol,

methanol, or RP-1 as the liquid phase (relatively low values
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for o).

(d) The scale of the small interfacial disturbances is well
characterized by the value for the momentum parameter M0

(and not G or ug) for the gas stream; the scale of the inter-
facial disturbances decreases as the value for the momentum
parameter Mo increases.

2.5 The Data for Mass Transfer
for a Constant Velocity Gas Stream

The following procedure was employed to obtain experi-
mental data on the rate of mass transfer from the liquid film
to the gas stream. The hot gas generator was started and
preselected values for the gas stream temperature, pressure,
and air flow rate (gas stream Reynolds number or gas mass
velocity) were established. The liquid film flow rate was
established and the electric heat exchanger for preheating
the liquid was turned on. Sufficient time was allowed to
attain thermal equilibrium (normally 10 minutes) before the
mass transfer measurements were made.

Prior to making quantitative mass transfer measurements
it was necessary to insure that the liquid film was properly
wetting the test surface and that the capture slot was func-
tioning so as to remove all the liquid remaining on the test
surface. First a visual observation was made through the
Pyrex window in the roof of the test section to determine
the wetting characteristics o7 the liquid film. During the

course of the investigation it was found that if any
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non-uniformities existed in the fiow field, the liquid film
would not remain in the trough that was machined into the
test plate. Frequently one of the miking screens would fail
(due to the high gas stream temperature and the large pres-
sure drop across the screen), resulting in an irreguiar gas
flow field and a corresponding poorly wetted test plate.

The only experimental data thaf‘are reported herein are
those for which the liquid film remained in the trough and
completely wetted the 2-in. by 10-in. test surface.

Since the rate of mass transfer from the ligquid film
was determined as the difference between the rate of liquid
injection and the rate of liquid withdrawal, the necessity
of an accurate determination of these flow rates is apparent.
The rate of liquid injection was determined by mean. of a
turbine fiowmeter. The flowmeter was normally calibrated
before each experimental test by the time-weight technique.
During the course of an experimental test, the output of the

turbine floumeter was continuously recorded on a stripchart

_recorder. A cyclone separator was employed tc measure the

rate at which liquid was withdrawn from .ne test plate at
the capture slot*., As mentioned previous]&, the effective
operation of the capture slot required that a certain amount
of the gas flow be withdrawn with the liquid, thus producing
a two-phase withdrawal flow. The gas and liquid phases were

separated by means c¢¥ the cyclone separator, thereby

*See Appendix R.4 for the design of the separator.
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enabling the measurement of the liquid withdrawal rate. The
cyclone separator was found to provide effecfive separation
qf the gas and liquid phases. 1In preliminary experimentation;
it wes found that under conditions of negligible mass trans-
fer from the liquid film (cold, low velocity gas flow) the
rates of liquid injection and withdrawal generally agreed to
within less than 5 percent. Even with the effective per-
formance of the cyclone separator, it was recognized that
the direct contact of the gas and liquid phases during the
flow through the separator could result in some error in the
measurement of the rate of liquid withdrawal due to satu-
ration of the gas flow with liquid vapor. Thus, it was
desired to keep the rate of gas flow through the separator
as low as possible while maintaining effective operation of
the capture slot. The procedure emplouyed is described below.
Once it was ascertained that the wetting character-
istics of the film were correct, the liquid flow rate was
set at the maximum value to be investigated. The valve on
the separator vhich controlied the rate at which the agas
phase was vented to the surroundings (and thus controlled
tﬁe rate at which gas was withdrawn at the capture slot) was
opened a sr- ~ amount. A measurement was made of the rate
at vhich the liquid was being captured at the withdrawal
slot, The vent valive was then opened further and a second
measurement of the rate of liquid withdrawal was made. This

procedure was repeated until & further openina of the vent
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valve did not increcase the race of liquid withdrawal.

Figure 13 presents a typical plot of the rate of liquid
withdrawal as a function of the rate at which air was vented
from the cyclone separator. The figure illustrates that the

rate of liquid withdrawal increases rapidly at first with an

-increasing vent flow rate and then reaches a maximum, or

plateau, such that a further increase in the vent flow rate
does not appreciably affect the rate of liquid withdrawal.
The increase in m, with vent gas flow rate reflects an in-
crease in effectiveness of the capture slot in withdrawing
the liquid frem the test surface. Uhen the vented gas flow-
1ate is too low, some of the Tiquid 5pills over the capture
slot and then my is not the total film flowrate at the point
of withdrawal. As the vented gas flowrate is increased, the
spillage is reduced until with sufficient vent fiow the
capture slot collects and withdraws all of the liquid on the
test surface. In all of the experimental tests, the vent
flow rate was always set equal to or greater than the value
required to rea}ize no change in the rate of liquid with-
drawal with an increase in the vent flow rate. For the
magnitude of the vent flow rate normally required, rough
calculations showed that even if the gas phase that entered
the separator was completely dry air, and the gas phase

that was vented from the separator was completely saturated

with vapor at the corresponding pressure within the sepaira-

ter, the amount of mass transier that would have occurred
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within the separator would be negligible in comparison to
the total rate of mass transfer that was normally realized
from the licuid film to the gas stream (not more than 5 per-
cent).

"After the vent flow rate was set, the quantitative mass
transfer data were obtained by decreasing the rate of liquid
injection in incremental stages and making the corresponding
measurements of the rate of liquid withdrawal. Thus, durinj
any one experimental test, the only parameter that was varied
was the rate of liquid injection.

Figure 14 illustrates the typical nature of the experi-
mental data for mass transfer that were obtained in the
present investigation. The data shown in Fig. 14 are for
methanol as the liquid phase and they are for a nominal gas

stream temperature and pressure of 400F and 75 psia, respec-

~tively. Plotted in the figure is the rate of liquid with-

draval, my, as a function of the rate of liquid injection,

mys with the gas stream velocity, u_, as a parameter. The

solid curve shown at an inc]inationgof 45° represents the
condition of no mass transfer; at any point on that curve,
the rate of liquid injection is equal to the rate of liquid
withdrawal. The vertical distance between the solid curve
and any one datum point represents the total rate of mass

transfer from the liquid film for that particular com-

bination of flow conditions. Figure 14 illustrates the

important fact that the rate of mass transfer from the

e o —
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Tiquid film to the gas stream was found to be a funcion of

the rate at wnich liguid was injected onto the tu,:.g1ate;

the theory for simple mass transfer; however, does not pre-
dict any such dependence on the rate of liguid injection.
Figure 14 shows further that, to within the accuiacy of the
experimental data, the total rzte of mass transfer from tre
1iquid film to the gas stream increased linearly with the
rate of liquid injection. This fact was not foreseen before
the experimental investigation was begun, but it greatly
simplified the correlation of the experimental data, as is
discussed in detail in Section 3.1 of this report.

The remainder of this section discvsses how the perti-
nent flow parameters for both the liquid and gas phases
influenced the net rate of mass transfer from the liquid
film to the gas stream. The mass transfer data of some of
the experimental tests is considered in detail. Although
it was not feasible to discuss the data of each experimental

test of the present investigation, it should be noted that

.the illustrative cases that are considered are representative

of all of the tests of the present investigation. That in-
cludes not only those tests for which a coﬁstant velocity,
hot gas stream was employed, but also those tests where the
hot gas stream was accelerated over the wetted test plate
and those tests for which the gas flow was not heated (cold
flow, constant velocity gas stream). An inclusive graphical

presentation of the data for mass transfer is given in
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Appendix G.

Subsection 2.5.1, which follows below, discusses the
influence of the liquid surface tension and the liquid vis-
cosity on the total rate of mass transfer. Subsection 2.5.2
discusses the influence of the gas stream flow parameters on
the reasured rate of mass transfer from the liquid film to

the gas stream.

2.5.1 The Influence of the Surface Tension and
the Liquid Viscosity on the Data for Mass Transfer

Figure 15 serves to illustrate the influence of both

" the surface tension o and the liquid viscosity u upon the
experimental data for mass transfer. Presented in the
figure are the experimental data for mass transfer that were
obtained for the eiperimenta] tests 113, 205, and 37. The
liquids employed in these three tests were methanol, butanol,

- and water, respectively. The pertinent flow parameters for
each test are listed in the figure. The dashed curves pre-
sented in Fig. 15 represent the condition of simple mass
transfer as computed for the pertinent gas flow conditions*,
If there had been no entrainment of liquid into the gas
stream and if the liquid film had presented a smooth bound-
ary to the developing boundary layer, the experimental data
would 1ie alona the dashed curves. Thus, the vertical

distauce bztween any one of the dashed curves and the datum

*Subsection 2.1.2 discusses how the simple mass transfer
rates vwere evaluated. Table G.1 of Appendix G lists the
average value for the simple mass transfer rate for each
experimental test that is reported.
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points for that curve represents the contribution to the
total rate of mass transfer that is due to the interfacial
phenomena (film surface roughness and entrainment).

The three cases presented in Fig. is were chosen for
purposes of illustration because the pertinent flow param-
eters for the gas stream, with the exception of the gas

stream temperature, T_, are essentially the same while the

viscosity and surfacegtension for the liquid phase are sig-
nificantly different*.

Compare first the data that were obtained for water
(test 37) and the data that were obtained for methanol (test
113). Figure 15 shows that the mass transfer due to the
interfacial phenomena is much greater for the case where.
methanol is the liguid phase. Referring to the values for
the pertinent parameters listed in Fig. 15, it is seen that
only the surface tension o is significantly different for
these two cases. These data suggest, therefore, that the
surface tension influences to a considerable degree the rate
of mass transfer from a thin liquid film to a high velocity
gas stream.

Comparing the data for methanol {test 113) and the data
for butanol (test 205) in Fig. 15, we note that the measured
rates of mass transfer are essentially the same for both

cases. Moreover, the simple mass transfer contributioen is

*The temperature employed to evaluate the liquid viscosity
uy and the surface tension o was the average of the liquid

temperature at tihe point of liquid injection and at the
point of liquid withdraval.
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vir;ual]y the same for each case so that the contribution
due to interfacial phenomena is the same. In comparing
these two cases, it is important to note that all of the
paramefers listed in the figure are nearly the same, except
for the liquid viscosity Hy- The liquid viscosity for
butanol for test 205 is roughly 2.5 times that for methanol
for test 113. These data suggest, therefore, that the
liquid viscosity has no appreciable influence on the rate of
mass transfer from a liquid film to a high velocity gas
stream. The significance of that result was previously
commented on in Section 2.4. It was pointed out that a num-
ber of investigators have proposed that a liquid-film
Reynolds number (which is inversely proportional to the
liquid viscosity u]) should be of primary importance in
determining the rate at which liquid is entrained from the
surface of a thin']iquid film by a high velocity gas stream.
The results of the present investigation, however, do not
support that proposal.

It should be emphasized that the aforementioned de-
pendence of the net mass transfer rate on the surface
tension o was exhibited by all of the experimental data of
the present investigation, including those obtained under
cold-flow conditions, and those realized for the case where

the gas stream was accelerated over the wetted test plate.
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2.5.2 The Influence of the Gas Stream
Parameters on the Data for Mass Transfer

Figure 16 serves to illustrate how the pertinent param-

eters for the gas stream (ug, G, and Mo) influenced the

- experimental data for mass transfer. The figure presents

the data for mass transfer that were obtained for the experi-
ﬁental tests 210, 205, and 213. The flow conditions for
each test are indicated in the figure. The liquid phase
employed in each test was butanol. The dashed lines in
Fig. 16 indicate the condition of simple mass transfer.
Compare first the experimental tests 210 and 205.
Figure 16 shows that the total rate of mass transfer for
test 205 was significantly greater than for test 210. The
contribution due to-simple mass transfer, howvever, was
essentially the same for both cases. It follows, therefore,
that the mass transfer due to the interfacial phenomena was
greater for test 205 than it was for test 210. The param-~
eters listed in Fig. 1§ indicate that the gas stream veloc-

ity, u_, and the momentum parameter for the gas stream, Mo’

g
differed substantially for the two cases, while the gas
mass velocity, G, was essentially the same for each case.
Consider next the data shown in Fig. 16 for test 210 and
fo; test 2135. The parameters listed in the figure indicate
that the momentum parawnetesr Mo was the same for both cases,

while the remzining parameters show a varying degree of

difference. The realized rates of mass transfer for the
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two cases are essentially the same. The data of Fig. 16
suggest, therefore, that the momentum parameter Mo for the
gas stream characterizes, to a large degree, the extent of
the contribution to the net rate of mass transfer that is

due to the interfacial phenomena. Again it should be em-

.phasized that this observation was supported by all of the

experimental data of the present investigation, and not by

just those that are presented in Fig. 16.

2.5.3 Summary

The foregoing discussion suggests that the contribution
to the net rate of mass transfer that is due to the inter-
facial phenomena:
(a) increases in a linear manner with the rate of liquid
injection, my s
(b) increases with decreasing values for the surface
tension oy
(c) is apparently not a function of the viscosity for the
Tiquid, uys and
(d) is characterized by the momentum parameter for the gas
stream, Mo, vith the rate of mass transfer increasing with
increasing values for Mo.

These observations form the basis for the mass transfer

correlation that 1s developcd in Section 5.1t ur this report.
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2.6 The Data for lass Transfer for an
Eccelerating Gas Stream

The stagnation temperatuie for the gas stream was main-
tained constant at 400F for that phase of the investigation
where the gas stream was accelerated over the wetted test
surface. Moreover, the Macn number profile was fixed, such
that the Mach number increased from 0.14 at the point of
liquid irpection to 0.51 at the point of liquid withdrawal¥®.
The stagnation pressure was varied from 50 to 150 psia in
increments of 25 psia, and both water and methanol were
employed as the liquid phase. The experimental procedure
employed in these investigations was basically the same as
that outlined in the previous section.

Figure 17 presents all of the experimental data that
vias obtained in this porticn of the investigation. Plotted
in the figure is the rate of liquid withdrawal as a function
of the rate of liquid injection with the stagnation pressure,
p°, as a parameter. The experimental data obtained for both
~water 3nd methanol as the liquid phase are shown in Fig. 17.
Again, like the data that was presented in Figs. 14, 15, and
16, the total rate of mass transfer (the vertical distance
between the line for no mass transfer and any cne datum
point) increases linearly with the rate of liquid iniection.
The data in Fig. 17 demenstrate that for the same flow con-

ditions {same total pressure, tetal temnerature, and degree
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of acceleration of the gas stream) the rate of mass transfer
was much greater for the case where methanol was the liquid
phase than for the case where wiater was the liquid phasc.
That.{s due, in part, to the fact that the heat of vapori-
zation for water is roughly 3 times that for methanol, so
that for a given rate of heat transfer to the surface of the
liquid film, the rate of vaporization of methanol is greater
than is the rate of vaporization of water. But, more impor-
tantly, the rate of entruinment of methanol into the gas
stream vas much greater than was thé rate of entrainment of
water becauce the surface tension for methanol is roughly
one-third that of water. The ratherfstrong dependence of the
rate of mass transfer from the liquid film inte the gas
stream on the surface tension was discussed in Subsection
2.5.1 of the present report.

A correlation is developed in Section 3.3 for the mass
transfer data rresented in Fig. 17. 1t will be shown that
the data correlation is 2 natural extension of §he corre-
lation that is developed in Section 3.1 for the experimental
data for mass transfer for the case where the gas stream
velocity was essentially constant over the length of the

wetted test plate.

-




2.7 The Data for the Maximum Liquid

Film Temperature

In general, T], the temperature of the liquid at any
peint within the liquid film, is less than TS, the tempera=-
ture at the surface of the liquid film, and is greater than

T the temperature at the surface of the wetted walil. How-

w’
ever, for the special case where the wetted wall is adiabatic
(as was the case for the present investigation), it is

possible to obtain the condition

That.condition occurs when all of the energy transfer to the
liquid film goes into the vaporization of the liquid in the
film*. Moreover, at the point downstream from -the point of
liquid injection where that condition is obtained, the
temperature T, (=Tw = TS) is a maximum. That maximum liquid
temperature is denoted herein by T],m'

The maximum liquid temperature, T],m’ was determined
experimentally for the present investigaticn by measuring
T],Z’ the temperature for the liquid coolant at the point of
liquid withdrawal. Recall that the attempt was made in the
subject investigation to preheat the liquid before injection
so that the sensible enthalpy rise that would occur for the

liquid after it was introduced onto the test plate would

*That is, none of the energy transfer to the surface of the
liguid film goes to increass the sensible enthalny for the
liquic in the film.
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be minimized., Therefore, for thoge tests where 1t was
ble to completely preheat the liquid before injection, it
follows that the temperatures T],m and T]’zwere equivalent.
Moreover, for those experimental tests wherein the liquid
could not be completely preheated before injection (due to
Timitations in the heating capacity of the heat exchanger
that was emp]oyea), it was found that the measured with-
drawal temperature was not influenced significantly by the
rate at which liquid was injected onto the test plate, there-
by suggesting that the rate of energy transfer to the liquid
film was sufficiently rapid to cause the allowable increase
in the sensible enthalpy for the liquid to occur before the
liquid film reached the capture slot. It follows, therefore,
that the temperaturess T],2 and T],m coulid-be reasonably
equated for all of the experimental tests of the subject
investigation.

The liquid temperature T],Z was measured with a chromel-
alumel thermocouple*, and the indicated temperature was con-
tinuously recorded on a stripchart recorder. Experimental
values for T]’2 were obtained for each of the four liquids
that was employed, and for the entire range of values for
the gas stream parameters that was investigated**. Table
6.1 of Appendix G lists the average value of T].z fer each

of the experimental tests that are reported herein. Also,

* See Fig. B.6 of Appendix B for the physical location of
the thermocouple.

**Refer to Table 1 in Section 2.3.
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there is a graphical way in which the data can be presented
that is of interest. In most previous investigations of
liquid-film cooling (e.g., 20, 22, 23), the maximum tempera-

ture for the liquid film was taken to be the boiling temper-

“ature for the liquid at the prevailing pressure. However,

it is demonstrated theoretically in Refs. (21) and (26), and
in Section 3.4 of this report, that the temperatures of thne
liquid film can never be equal to that boiling temperature.
Figure 18 graphically illustrates this point for the data
obtained in the subject investigation. Presented in Fig. 18
is a plot of the boiling temperature for the liquid at the
prevailing pressure versus T],Z* the measured liquid-film
temperature. Data are presented for water, methanol, butanol,
and RP-1. Figure 18 shows that the maximum film temperature
can be substantially less than the boiling temperature at
the prevailing pressure. The maximum difference between
these two temperatures encountered in the present investi-
gation is approximately 355F, and it was realized for RP-1
at a pressure of 150 psia and a gas stream temperature of

400F.
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3. CORRELATION OF THE EXPERIMENTAL DATA

The present section is concerned with the correlation

3 . of the experimental data that were discussed previously in
Section 2. It should be stated at the outset that it was
the intention of the present investigation to develop for-
mulae that could be employed to accurately design a liquid-
film cooled system but which would not involve excessive
computations.. Therefore, the present investigation sought
to consider the details of the complex phenomena that char-
acterize the interaction of a high velocity gas stream and
a thin liquid film only to the extent nece<sary to develop
those design formulae. These interfacial phenomena have

. been the object of a large number of experimental and/or
analytical investigations reported in the literature. To
illustrate, references (5, 32) were concerned with the ampli-
tude and wave length spectra that the gas-liquid interface
exhibits for various liquid and gas stream flow conditions;

references (33, 34) were concerned, in part, with applying

stability theory to analyze the phenomenon of film insta-
bility; and references (28, 35) invesiigated the structure
of the boundary layer which develops over the surface of a

Tiquid film. It is virtually impossible; however, to

I
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utilize these very interesting data--particularly in a
quantitative sense-~to answer the basic engineering ques-
tion: what is the net rate of mass transfer from a thin
liquid film to a high velocity, hot gas stream? The rela-
tively simple formulae developed herein answer that question
explicitly.

Section 3.1 presents a correlation of the data for mass

transfer with a constant velocity gas stream. Correlation

of the data for mass transfer where the gas stream was
E accelerating over the vwetted test surface is discussed in
Section 3.3 Analysis of the latter data requires first the

consideration of the problem of how the net rate of mass

A b i g ok

transfer varies with the liquid-film cooled lenght 1; Section

3.2 considers that problem. Section 3.4 presents an analysis

SN ».Lu“ it x!}] 1

of the data for the maximum liquid temperature.

3 3.1 Correlation o7 the Data for Mass Transfer
% for a Consta~t Velocity Gas Stream

3.1.1. General Discussion
The experimental data for mass transfer for the subject
investiéation showed that for fixed gas stream flow con-
ditions, the rate of liquid withdrawal, My s could be approxi-

3 mately expressed as a linear function of the rate of liquid
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~injection, ml*. Thus
my = - A+ Bm (3-1)
If my is subtracted from both sides of Eq. (3-1), the resul-

tant expression can be written in the form
my-m, = A + (1-8) my (3-2)

Noting that the quantity (ml - mz) is simply m', the net
rate of mass transfer from the liquid film to the gas stream,

we obtain from Eq. (3-2) the expression
m' = A+ (1-R) my (3-3)

Equation (3-3) expresses the net rate of mass transfer from
the liquid film as a linear function of the rate of liquid
injection.

In the original statement of the problem in Section 1.2,
it was indicated that m' was made up of two fundameatal con-
tributions: (a) the contribution due to the evaporation of
the liquid in the liquid film, and (b) the contribution due
to the entrainment of bulk liquid into the gas stream. The
problem, therefore, is to determine how each of these two

contributions can be evaluated from Eq. {3-3). With

*Pefer to fics. 14, 15, and 1§ and te Appondix €.
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reference to that problem, consider the foilowing twe points:

(a) The phenomen of liquid entrainment generally hag been -
associated with the Zhearing off of liquid droplets from

large scale disturbance waves (instability waves) on the sur-

face of the liquid film. Therefore, it is reasonable to

assume that the rate at which liquid is entrained from the

surface of these large scale diéturbance waves into the gas

stream wculd increase with the frequency of occurrence of

these waves. It has been demonstrated (10) that the fre-

quency of occurrence of these waves increases with m the

18
rate at which liquid is iatroduced onto the wetted wall
surface. Therefore, the rate of entrainment of liquid into
the gas stream should be propertional to m, -
(b) It can be argued that the evaporation contribution to

the total rate of mass transfer from the liquid film to the
gas stream should be largely independent of the flow param-
eters for tha liquid phase. The extent to which the tur-

bulent transport of heat to the surface of the liquid film

‘is intensified because ¢f the effective roughness of the

surface of the liquid film should be primafily a function of
the physical scale of the substructure on the surface of the
liquid film. The photographic data discussed in Section 2.4
suaggested, however, that while the scale of that substructure
is influenced to a considerable degree by the flow parameters
for the gas stream {e.qg., ugs G, and MO), it is not notice-

ably altered cither by si-aifican® veristions in the rate -

v
-~
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~at which liquid is injected onto the test plate or by

significant variations in the physical properties for the
liquid phase. It thus seems reasonable to assume, at least
as a first approximation, that the evaporative contribution
is not dependent on the parameters for the liquid phase.

The foregoing two points and the form of the Eq. (3-3)
suggest the simple hypothesis that (a) the first term on
the right-hand side of Eq. (3-3) represents the contribution
to the total mass transfer rate thet is due to the evapo-
ration of the liquid in the film, aad (b) the second term
on the right-hand side of Eq. (3-3) represents the contri-
bution that is due to the entrainrment of bulk liquid from
the surface of the liquid film into the gas stream. Thus,
it is hypothesized herein that

A

f

the evaporation contribution

"

{(1-8) my the entrainment contributicn

The ultimate justification for this simple hypothesis is
the fact that it resulted in a satisfactory correlation cf
the experimental data. This will be demonstrated in Sub-
secticn 3.1.5 of the present repsort.

Referring again to the statement of the subject problem
presented in Section 1.2, it was indicated that the evapora-
tive contributicen to the total rate of mass transfer m'
could be subdivided into (a} that due to the simple mass

transfer and (b} that due to the intervacial phenomena (the

effective surface roughness}. 7 the term A in Eg. {3-3)
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gives the total contribution to m' that is due to evapo-
ration, and if mg denotes Lhe rate of simple mass transfer,

then a parameter r, termed the roughness parameier, can be

defined such that
A=(1+r) m; (1b/sec-ft) (3-4)

The parameter r is a measure of the degree to which the
interfacial structure intensifies the turbulent transport of
heat from the gas stream to the surface of the liquid film.
For the 1imiting case where the surface of the liquid film
becomes hydrodynamically smooth, the parameter r goes to
zero, and the problem reduces to the classical preblem of
sinple mass transfer.

In addition to the roughness parameter r, it is con-

venient to define an entrainment parameter e, such that

1-8 (3-5)

(1)
1]

where B is defined by Eq. (3-1). The discussion of Section

2.5 suggests that e_ is primarily a function of the surface
g :

0
tension ¢ for the liquid phase and of the momentum parameter

M. for the gas stream. The subscript "e" on e, indicates

that &, was determined fron experimental data for which the

. liguid-film cooled length was maintained constant at 10

inches {1 = 1, = 10 inches). Section 3.2 of the subject

ze
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~ report shows how the experimental results obtained for that
fixed film cocled iength can be utilized to 2nalyze the

general case of liquid-film cocling where the liquid-film

cooled length 1 is arbitrary.
Substitution of Egs. (3-4) and 3-5) into Eq. (3-3)

3 results in the following expression. Thus
t t -
m' = {1+ r) mg + e, my (3-6)
Equation (3-6} is the primary equation that was utilized in

the prescnt investigation to correlate the net rate of mass

transfer frem the liquid fiim to the gas stream. The sig-

nificance of each of the terms in Eq. (3-6) is showr graphi-
cally ir Fig. 19. Thke lower solid curve in the figure
represents a least-squares fit of the data for mass transfer
that were realized for a typical experimental test. The
upper solid curve in Fig. 19 represents the condition of no
mass transfer, and the upper dashed curve is the curve that
is predicted by the simple theory for mass transfer. The
lower dashed curve represents the curve that would be pre-~
dicted by the present theory, accounting for the roughness
of the ¥ilm, if there was no entrainment of liquid into the
gas stream. Figure 19 shows how each of the terms in Eq.
(3-6), m!, rm!

s 3
qraphically.

, and e,m s can be conveniently interpreted

Ficure 1% and £q. (3-6) show that the subject problem
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of correlating the experimental data for m' is reduced to

that of calculating the simple mass transfer rate m; and to

the correlation of the parameters r and e, on the basis of
the experimental data. Subscction 3.1.2 discusses the

method that was employed to calculate m! in the present in-

(3
vestigation. Subsection 3.1.4 and 3.1.5 discuss the tech-

niques for correlating the parameters e_and r, respectively,

o
in terms of pertinent flow parameters. Subsection 3.1.6
then illustrates the agreement of the resultant data corre-
lation with the experimental mass transfer data of the
present investigation.

3.1.2 The Evaluation of the Rate of
Simple Mass Transfer m'!*

s
The net rate of simple mass transfer from the liquid
film tc the gas stream is related to the local rate of mass

transfer by the following expression. Thus

)

m; = J m; dx (3-7)
Xy

= (x2 - xl)ﬁ; = ]o'ﬁg (3-8)

*The primary reference for this section is ihe textbook by
Kays (36) on convective heat and mass trans‘er.




m. = the net rate of simple mass transfer

m; = the local rate of simple mass transfer
1 = the film cooled length ( = 10 inches)

m" = the average value for m; over the film cooled
length lo

A method is outlined in the present section for the
evaluation of the local rate of simple mass transfer m;.
The method consists of two basic steps: (a) writing an
energy balance across the gas-liquid interface so that m;
can be directly related to Gg> the local rate of heat trans-
fer from the hot gas stream to the surface of the liquid
film, and (b) determining qg from the comprehensive theory
that is presented by Kays'(36) for that problem. The
solution for m; is then completed by developing a closed-
form expression for the average rate of simple mass trans-

fer, ms,

The Energy Balance at the Gas-Liquid In*erface. Figure

that appears in Eq. (3-8).

20 illustrates a general interfacial element placed at the
surface of a stable, non-reactive liquid %ilm with the dotted
lines representing the surfaces considered in writing an
energy balance for the element. The different energy fluxes
involved.are defined as follows:
) qq = (x aT/ay)S = the rate at which energy is trans-
ferred across the S-surface by

_ conduction.

'(2) q = (k aT/ay)L = the rate at which energy is trans-

ferred across the L-surface by
conduction,

W




qs qr.s ~m5 h\'.s
S-surface
JE S | 2P L interface
{ v | (s-surface)
| gas-vapor phase | 4
: ‘ 1quid phase '
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\L-surface
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Fig. 20. Control Volume for Interfacial Energy Balance




™ it e LU gt

82 =

(3) m" h = the rate at which energy is convected across
the S-surface by ecvaperated vapor.

(4) m® hL = the rate at which energy is convected across
the L-surface by the evaperating liquid.

(5) q g = the rate at which energy is transferred across
s the S-surface by radiation.
(6) = the rate at which energy is transférred across

r,l the L-surface by radiation.
The energy balance for the interface element illustrated

in Fig. 20 can be written as follows:

9 = 9 7 m; (hv
1

s = h) ¥ (qr,L i qr,S) (3-9)
I Il i

3>
I Iv
Term III in Eq. (3-9) can be rewritten in the form
"
Mg Hv
where Hv is the latent heat of vaporization for the liquid
coolant which corresponds to the saturation condition that

is prescribed by the film surface temperature Ts. Further-

more, for the temperature levels encountered in the subject

investigation, term IV in Eq. (3-9) can be considered neg-

ligible in comparison to a term such as term III. Thus,

neglecting that term, Eq. (3-9) can be rewritten to yield

qg = 9 * mg H, (3-10)

The term q in Eq. {3-10) is that portion of the heat trans-

fer to the surface.of the liauid fitm which crosses the
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interface and éoes into raising the sensible enthalpy of the
liquid and/or is transferred through the wetted plate to the
surroundings. In the subject investiéation, the test plate
Qas essentially adiabatic so that the heat transfer across
the test plate to the surroundings was negligible. Moreover,
an attempt was made in the investigation to preheat the
liquid before injection so that no rise in sensible enthalpy.
would occur for the liquid once it was introduced onto

the test plate. The elimination of the rise in sensible
enthalpy for the liquid would make the quantity . in Egq.
(3-10) equal to zero and thus simplify the energy balance

as mentioned in Section 2.2. However, due to limitations in
the heating capacity of the heat exchanger employed to pre-
heat the liquid, some rise in the sensible enthalpy for the
liquid usually occurred after the liquid was injected. To
correct for that fact, the term q in Eq. (3-10) was approxi-

mated by the expression*

Q= mg (= by y) (3-11)

-
1]

sensible enthalpy for the liquid at the point
of withdrawal, x = Xy

h] 1 = sensivie cnthalpy for the liquia at the point
i of injection, x = Xy ‘

*This approximation is the same as that employed in
Refs. (19, 29). .
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Substitution of Eq. (3-11) into Eq. (3-1C) results in
the fullowing basic expression for the interfacial energy
balance. Thus

= Hv + h].? - h],1 (3-12)

w e

It is convenient to introduce a parameiler ¢ that is termed

herein the energy balance parameter, where ¢ is defined as

the group of terms on the right-hand side of Eq. (3-12).

Thus
$ = Hv + h."2 - h],l ' {3-13)
q
or ¢ = ﬁi (3-14)
s

o RS -

Since the energy balance parameter ¢ is expressed solely

in terms of quantities that can readily be evaluated, the

problem of determining m: thus reduces to that of evaluating

Qg-
The Evaluation of g - It is convenient to express qg

in terms of Sts, the local Stanton number for simple heat

transfer, where Sts is defined by

9
St_ = - (3-15)
s G cpg (Tg TS)
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where
G = the mass velocity for the gas stream
¢.. = the spacific heat at constant pressure for the
Pg gas stream
Tg = the temperature for the gas stream
T, = the temperature at the surface of the liquid film

The complets evaluation of the local Stanton number Sts
requires that the effect of the following on the transport
phenomena be accounted for: (a) the thermal entrance length
Xy = Xps (see Fig. 6); (b) the dependence of the physical
properties for the gas phase on the temperature T and on the
local concentration of the injected vapor C; (c) the rate of
transfer of vapor from the surfﬁce of the liquid film into
the gas phase; and {(d) non-unity values for the Prandtl
number Pr for the gas phase. If StSo denotes the local
value for the Stanton number for the case where none of
these effects are present, then the Stanton number Sts can
be related to Stso through a number of correction factors

that are denoted by F. Thus

StS = Fxt FTFC an FPY‘ StSO (3-16)
where
Fx = the correction factor for therms1 entrance
t length effects (xt = xl)
FT = the correction factor for “he dependence of the

physical properties of the gas on the temperature
T : ' '

e letinadtt g e Lesrardd BASIY B oo
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F~ = the correction factor for the dependence of the
physical proverties for the gas on the concen-
tration of the injected vapor C

Fm" = the cerrection factor for the injection of the
mass (i.e., vaper) into the developing boundary
layer*

FPr = the correction factor for a non-unity Prandtl
number for the gas stream

Kayé (36) suggests that for the case where the gas stream
velocity is coustant**, the correction factors in Eq. (3-16)

can be evaluated by the following empirical equations. Thus

-0.12
. xt
Fxt = (1 - ;(—) (3-17)
T 0.25 .
Fr = (Ti:) ' (3-18)
M 004
Fo = (52) (3-19)
C M
g
1n(1+Bh)
Fm" = .--—-—--—-—-.—Bh (3"20)
-0.
Fpp = (Pr)70:% (3-21)
where
Mg = the molecular weight for the gas stream
MS' = the molecular weight for the. gas-vapor mixture

at the surface of the liquid film

* Fou accounts for the thermal "blockage" effect that was
discussed in Section 1.3.

**This restriction actually applies to only Fx .
. “t
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Bh = a dimensionless nheat-mass transier parameter
T -
= cpg('9¢ ) (3-22)*

To complete the sclution to g, both the term Stsc_in
Eq. (3-16) and the term Mg in Eq. (3-19) must be evaluated.
The following classical expression for turbulent heat trans-

fer to a flat plate was employed to evaluate St . (36). Thus.

- -0.2 -
StSo = 0.0295 Rex (3-23)
where
Rex = the Reynolds number for the gas stream based
on the characteristic length x
= Gx {2.24)
m \
g
M = the dynamic viscosity for the gas stream evalu-
9 ated at T

g
The molecular weight MS is related to Mv’ the molecular

weight for the vapor, and Mg, the molecular weight for the

free-stream gas, by

c (r -¢C) )
%_ = S (3-25)
S v g

*If compressibility effects are important (Mach number
‘greater than, say, 0.5), then the temperature ditference

(Tg - Ts) should be replaced by (T TS), vhere T

g,aw - g,aw

is the adiabatic-wall recovery temperature for the gas
stream.
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wnere

Cs = the concentration for the vapor at the surface
of the liquid film

The vepor concentration CS can be determined by the follow-

ing approximate expression (36). Thus

C. =138 | (3-26)*

The Evaluation of m;. Equations (3-14), (3-15), (3-16)

ani (3-22) can be combined to obtain the following basic
expression for m; as a function of the coordinate x. Thus

mg = G By Fxt Fr Fo Fpo Fpp Ste, (3-27)
For the subject case where the gas stream velocity is con-
stant over the film cooled length 10, it can be reasonably
assumed that only the terms Fxt and St in Eq. (3-27) are
a function of the coordinate x. Therefore, for that specia?l
case, the result of the substitution of Eq. (3-27) into
£q. (3-7) can be written as
*2
mg =GB Fp Fo Fou Foo j Fxt Sty dx (3-28)
X1

tv 1s not pussible to evaluate the integral in t3. (3-28) in

*See the footnote following Eq. (3-87a) of the present
report for an explanation of the origin of this equation.
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c]oSed form if Eq. (3-17) is substituted for Fx . However,
t
Reynolds, Kays, and Kline (37) have developed the following

approximate expression for that infegra] term:

(3-29)

where Stso,? is the value for St,  that is obtained from

£q. (3-23) with x = Xp. For a value of Xy = 40 inches and

a vaiue of Xy = 50 inches, the non-dimensional term inside
the brackets { } in Eq. (3-29) has a value of 1.374. Sub-
stituting that value into Eq. (3-29) and the resuitant
expression into £q. (3-28), one obtains the basic express-on
that was employed in the present investigation to evaluate

the rate of simple mass transfer from the liquid film into

the constant velocity gas stream. Thus

m; = 1.374 G Sh FT FC Fm" Fpr ]0 Stso,Z (3-30)

Table G.1 of Appendix G lists the average value for the
simpie rate of mass transfer, m;, that was calculated for
each experimental L.5.. The rance of values that was com-
puted for each of the dimensionless terms in Eg. {3-30) and

also for the interfacial concentration Cs and the heat-mass
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transfer parameter Bh is summarized as follows:

FT = 1.015 to 1.150

FC = 0.976 to 1.096

Foe = 0.86 to 0.96

Fop = 1.168 (for all cases)
Stso,Z = 0.0021 to 0.0030

C = 0.081 to 0.247

B, = 0.083 to 0.328

3.1.3 The Correlation of the Entrainment
Parameter e

]

The present section is concerned witn the correlation
of the entrainment parameter e, that occurs in the primary
equation (3-6). The procedure that was employed herein to
develop the correlation was purely inductive. That is, the
procedure that was employed was to first note how each of
the pertinent flow parameters influenced the rate of en-
trainment of liquid from the liquid film into the gas
stream, and to then develop a general correlation that would
reflect each of those observations. Thus an analytical
model is not postulated in this report for the approximate
analysis of the entrainment phenomenon. Moreover, the
method of dimensional analysis was not directly employed to
develop the subject correlation for e, The ultimate justi-
fication for the simple procedure that was employed is the
fact that it resulted in a satisfactory correlation of the

parameter e, in terms of the pertinent variables for both

M BT T TWTRGTOA L 3 - - -



?.. . T i T

91

the.gas ard liquid phases. The next subsectioq of this
report, Subsection 3.1.4, does, however, consider in some
detail the possible physical significance of the resultant
correlation that was developed for e, The discussion in
Subsection 3.1.4 suggests a simple procedure for correlating
the roughness parameter "r" that was defined by Eqs. (3-4)
and (3-6). Subsection 3.1.5 presents the correlation for
the parameter r.

The discussion of the experimental data for mass trans-
fer that was presented in Section 2.5, and summarized in
Subsection 2.5.3, showed that the two parameters which most
influenced the net rate of entrainment of liquid from the
liquid film into the.gas stream were the momentum parameter
Mo for the gas stream and the surface tension o for the
liquid phase. The rate of entrainment of liquid increased
with increasing values for M, and with decreasing values for
o. In view of those observations, the attempt was made to
correlate the parameter € in terms of a dimensional entrain-

ment group “Xe“ which is defined as*

a 2
M T, 2
=0 (9 : -
e oo () (3-31)

where "a" is a constant that was determined experimentally.
The term (Tg/TS)a" in Eq. (3-31) arises from the substitution

for the gas stream density pg in the parameter Mo of the

*Evidence is presentezo in Subsection 3.1.4 that Xe is equive-

lent to 2 dirensiconless Vebor nuinber.
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corrected density Pq (Tg/Ts)%' This is a technique that is
. frequently employed in the correlation of heat transfer data
to account for the fact that the density for the gas within
the boundary layer region is inversely proportional to the
temperature for the gas (36)f. It should be noted, however,
that because of the low gas stream temperatures that were
employed in the subject investigation, the term (Tg/TS)a/2
was not crucial to the correlation of the experimental data
for the entrainment parameter e, (discussed immediately
below). It is included in the definition of the entrainment
group Xe primarily to be consistent with the accepted prac-
tice for accounting for variable property effects.

A lengthy trial-and-error procedure employing all of the
experimental data presented herein showed that the form of
the entrainment group presented in Eq. (3-31) resulted in
the best correlation of the data over the complete range of
parameters investigated, and that the parameter e, could be
correlated satisfactorily if the constant "a" in Eq. (3-31)
was set equal to %. Figure 21 presents the resultant corre-
lation of the data for a = %. Presented in the figure is
(1—eo) as a function of X, where (1~eo) was determined for
each experimental test from the slope of the least-squares
fit curve for the experimental data of that test (e.g., as
shown in Fig. 14). The rominal values for tke gas stream

temperature and pressure are indicated in Fig. 21, together

*This technique was emnlored, in part, to derive the ex-
pression {or the afcremertioned correction factor FT (seez
Eq. (3-18)).
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with the four liquids that are represented by the data. Al-
though there is admittedly some scatter in the experimental
results, some of the scatter can be attributed to the fact
that (l-eg) was determined from a least-squares fit of the
"pran® experihental data for mass transfer. Indeed, because
the data presented in Fig. 21 do represent such a substan-
tial variation in both the pertinent parameters for the ligq-
uid phase and for the gas phase, it is somewhat surprising
ithat e, can be correlated so well in terms of the relatively
simple parameter Xe' Perhaps most significant is the fact
that e  was not found to show any dependence on the liquid
viscosity My The data presented in Fig. 21 represent a
variation in U from 1.7x10'4 1b/ft-sec for water at a tem-
perature of 265F to 30x10'4 1b/ft-sec for butanol at a tem-
perature of 40F. The results of the subject investigation
are thus contrary to the suggestion made by some investi-
gators that a liauid-film Reynolds number (which is inversely
proportional to u]) is the parameter that most characterizes
the entrainment phenomenon*.

The curve shown in Fig. 21 is given by the following

expression. Thus

e, = 1.0-exp[-5 x 107°(x, - 1000)] (3-32)

%, Equation

*Refer to the previous discussion on this point in Sub-
section 2.4.1.




95

(3-32) suggests that a critical value for X of 1000 1bf';5
exists, below which no entrainment of liquid occurs. The
critical or limiting value for X_ of 1000 lbf'* was deter-
mined partly from the experimental data of the present in-
vestigation, but also from the experimental data due to
Steen and Wallis (37, 38). They considered in some detail
the problem of determining the critical flow conditions at
which entrainment from a liquid film first occurs. As a
result of their experiments, it was suggested that a critical

gas stream velocity could be defined by ‘the condition that

m, = 2.5 x 107" (3-33)
where
U u 0 0.5
v =4 (5%) (3-34)
P = liquid density
c - denotes critical value

Recognizing that
(3-35)

it follows that tne parameters Xe and 71 are related by the

eugation

‘0.5

P ) V-

S L — (3-25)
r-g
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The data reported by Steen et al. were for cold air flow,
with most of the data obtained for water as the liquid phase.
Assuming that the temperature of both the gas stream and the
liquid film was approximately 60°F, and substituting the
corresponding values for “g fer air and P for water at that
temperature, Eq. (3-26) ines the following relationship

between Xe and © for the data of Steen et al. Thus

X = 3.8 x10% 1 (1b.7%) (3-37)
Substitution of the critical value for 7 that was proposed
by Steen and Wallis into Eq. (3-37) results in the corre-
sponding critical value for Xe of 950 lbf'%. The critical
value of 1000 lbf"si for X, in Eq. (3-32) was selected as »
convenient compromise between the data c¢f the present inves-
tigation and those for the investigation of Steen et al.

The experimental data of Steen and Wallis (37, 38) for
the onset of entrainment, though obtained under much less
severe flow conditions than those that characterized the
present investigation, are in good agreement with the data
of the subject investigation. It is important to note, how-
ever, that it was found that it was not possible to corre-
late the experimental data of the presenf investigation for
e, in terms of n instead of in terms of Xe. Unlike the
_investigation due to Steen et al., the gas stream viscosity

ya‘for the present investigation varied substantially.
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Although the parameter m does have the advantage over the
parameter Xe of being dimensionless, the successful corre-
lation of the data of the subject investigation suggests that
the parameter Xe better characterizes the phenomena. It will

be argued in the following subsection that although the

parameter Xe is not itself a dimensionless variable, the
correlation of e, in terms of that parameter is equivalent
to the correlation of e, in terms of a dimensionless Weber
number.

It is interesting to note from Fig.” 21 that for the
present investigation the entrainment parameter e, varied
from essentially zero to a maximum value of approximately
0.6. The maximum value for e that is shown in Fig. 21
corresponds to the experimental test 117 where methanol was
employed as the film coolant. For that test, the computed
simple rate of mass transfer was 0.022 1b/sec-ft and the
maximum mass transfer rate that was realized experimentally
was 0.154 1b/sec-ft, a difference of 700 percent. Almost
all of that difference (about 690 percent) was due to the
entrainment phenomenon. In fact, it is important to note
that with the exception of a very smai] number of tests
(most of which employed water as the film coolant which has
a relatively high value of surface tension), the contribution
to the total rate of mass transfer that was due to tne en-

trainment of }iquid into the gas stream was substantially

larger than the conlriburlion thet vac due to evaporation.

[l

H
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This was true consideiring buth the simple rate of evaporative
mass transfer and the evaporctive mass transfer that was due
to the phenomenon of interfacial roughness.

3.1.4 The Physical Significance
of the Correlation for e

0

The physical significance of the satisfactory corre-
letion of € in terms of the parameter Xe is discussed in
the present section. The discussion will suggest a proceduré
that is employed in Subsecticn 3.1.4 to correlate the rough-
ness parameter r.

Since it is generaily accepted that the phenomenon of
entrainment is primarily the result of the shearing off of
liquid droplets from disturbance waves on the liquid film
surface, it is instructive to consider the forces that act
on a viave that develops on the surface of the liquid film,
17 ]s characterizes the scale of those interfacial waves,
then the 2erodynamic drag force that is exerted by the gas
stream on the wave that acts to destroy the wave is propor-
tional to M01§, and the force that is due to the surface
tension that acts to keep the wave intact is proportional
to ols. Tne balance betvieen these two forces should be the
controlling factor in tne breakdown of a disturbance wave on
the surface of the liquid film. Therefore, that balance of
forces should be important in determining the rate at which

liguid is entrained from the tiquid film into the gas stream.

Tnus, if a dimensionless Yeber number, denoted by Ye, is
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defined as the ratio of those two forccs such that
We = --——-—g S (3-38)

it is reasonable to assume that the entrainment parameter e,

could be correlated as

e, = eo(We) (3-39)

The results of the foregoing subsection showed that

e, = eo(xe) _ (3—40)
Upon cemparing the defining equations for Xe and we, and
ignoring for the sake of argument the term (Tg/Ts)%*, it is
seen that the apparent contradiction between Eq. (3-392) and
Eq. {3-40) could be reconciled if a dimensional constant

"K" existed such that
3
K =1_M"7 = constant (3-41)

There is, in fact, some physical evidence presented herein
that supports the assumption that the dimensional constant
K does exist. Recall from the qualitative analysis c¢f the

photographic data in Section 2.4 of this report that the

*The maximum value of this term for the subject investigation
was 1,15, )
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parameter M (and not G or ug or any parameter for the
liquid phase) was the parameter that most characterized the
scale of the waves on the surface of the liquid film. More-
over, fhe photographs showed that the scale decreased with
increasing values for Mo. Therefore, although the validity
of the exponent of % in Eq. (3-41) cannot be argued on the
basis of the qualitative photographic data, there is some
physical evidence to support the form of the equation.

An¢ ner interesting observation can be made with ref-
erence to Eq. (3-41) that gives some insight into the phe-
nomena. It is well documented (18, p671) that the shatter-
ing {or atomization) of liquid drops that are suspended in
a gas stream can be characterized by a dimensionless Heber
number, where the characteristic length (15 in Ec. {3-38))
is choser as the radius of the drop. 117 that Weber number
is greater than about 6, the liquid drop will break down
into smaller drops. HNow, if an analogy is drawn between the
breakdown of such liquid drops and the breakdown of the
liquid waves on the surface of the liquid film, then a crude
calculaiion can be made for the constant K in Eq. (3-41).
Assuming that the critical value for We for the case where
]s characterizes the scale of the waves on the surface of
the liquid film is still 6, and recalling that the critical
value for the parameter Xe below which no entrainment of

_X,
liquid occurred was approxii:ately 1000 ]bf 2, then K can be
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appreximated by the following calculation. Thus

Ye
Me e L _6 . % -

s

Continuing this heuristic argument, it is interesting to use
+he abeve value for K, together with Eq. (3-41), to estimate
the range of values for theé scale 15 for the subject inves-
tigation. From Table G.1 of Appendix G, the maximum and the
minimum experimental value frr the momentum parameter M0 was
1087 1b./ft? and 20 1b./ft?, respectively. Thus, employing
the value for K of 0.006 ]bf%, the maximum and the minimum
value for the scale ?s for the subject investigation can be
estimated from Eq. (3-41). Thus
1 = 0.00135 ft

S ,max

]s,min = 0.00018 ft
While these calculations are admittedly very approximate,

the vaiues obtained for the scale ]s are surprisingly similar
to the dimensions that characterize the structure of a liquid
film that is subjected to relatively large interfacial shear
forces {as is the case in the present investigation). For
example, Ref. (19) shous that the mean thickness of such a

liquid fiim is of the order of 1074

ft. Moreover, the wave
tength of the small scale disturbances can be roughly approxi-
mited as 10 times the mean thickness of the liquid film (8, 5)
or the oracr of 10'3 ft, and the amplitude of those distur-

honce wevoe Je nf "2 gm0 ¢=tep 22 the {bhickness of the
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liquid film (5), or 1074

ft. The preceding calculations,
‘therefore, add some additional support to the assumpt{on
that the dimensional constant K exists. Moreover, they also
suggest that the breakdown of the interfacial waves and the
resultant entrainment of liquid into the gas stream may be

somewhat analogous to the atomization of liquid drops that

are suspended in a gas stream.

To summarize briefly, the above discussion suggests that

(a) the dimensional parameter Xe and the dimensionless Weber
number Ve are physical]& equivalent parameters; and (b) a
constant K = 15 Mo% exists such that the characteristics
(really, the gross characteristics) of the interfacial film
structure can be characterized in terms of the flow param-
eters for the gas stream. The second of these two points,
which follows directly from the first, is most pertinent to
the correlation of the roughness parameter r that is pre-
sented in the following section.
3.1.5 The Correlaticn of the
Roughness Parameter r

The present section is c¢ancerned with the correlation
of the roughness parameter , tiat was defined by Eqs. (3-4)
and (3-6). The primary assumption that was employed to
develop the correlation was that, at least to a first ap-
proximation, the degree to which the effective rcughness of
the surface of the liquid film intensifies the turbulent

transfer of en=ray iroam 11 hed gas strzam to the surface

.
b l

e




103

ot the liquid film is primarily a function of the scale of
the small disturbance waves that develop on the surface of
the film. That is, it was assumed that the roughness param-

eter r could be correlated in the form
3 roo=r(1) (3-43)

Unfortunately, the utility of Eq. (3-43) is limited because
of the problems inherent in trying to measure the scale ]s'
Indeed, there is considerable uncertainty as to what physical
dimension for the waves on the surface of the liquid film
corresponds to the length 15. However, an argument was pre-
sented in the fore,oing subsection that the scale ]s could be
approximately related to the momentum parameter Mo by the

following expression. Thus

- K (3-44)

X, = h % (=8 (3-45)*

Equation (3-43) can be rewritten in the following equivalent

form. Thus

*Again, as for Eq. {3-31) in Subseciion 3.1.3, the term
L
(fq/Ts)‘ is an emnirical correction for the dependence of

the density of the cas in the boundar: *2,er on tewperature.




104

vo= r(Xr) (3-46)

Equation (3-46) is the basic expression that was e .ployed in
the subject investigation to correlate the_roughness param-
eter r. The value of the roughness parameter r was estimated
for each experimental test as follows:

(a) The average value for the simple rate of mass transfer,
m;,
section 3.1.2.

was calculated following the procedure outlined in Sub-

(b) The value of the entrainment parameter e, was determined
from the average value of the entrainment group Xg for that
test, together with the analytical expression given by Eq.
(3-32).

(c) The value of the intercept "A" (see Fig. 19) was esti-

mated by determining which curve having the slope (l-eo)

resulted in the best "eyeball™ fit of the experimental data.
(d) The roughness parameter r was then determined from the

expression

r = — - 1.0 (3-47)

Figure 22 presents the roughness parameter r--determined
by the aforementioned prccedure--as a function of the param-
eter Xr' The various conditions for the gas stream pressure

and temrerature zre listod in the figure. Although the data
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in Fig. 22 do exhibii some scatter, much of the scatter can
be attributed to the fact that the value for the intercept
A was very sensitive to relatively small errors in the mea-
surement of the net rate of mass transfer from the liquid
film to the gas stream. Furthermore, any error in determin-
ing the value of the intercept A was compcunded in the calcu-
lation of the roughness parameter r. To illustrate, assume
that the true value for the parameter A/m; is 1.2 and that
the experimentally determined value is 1.4. From Eq. (3-47),
the corresponding values for the roughness parameter r are
0.2 and 0.4, respectively. Thus, for this example, an error
of approximately 17 percent in the intercept A results in an
error of 50 percent in the evaluation of r. In addition to
that problem, some of the scatter of the data in Fig. 22 is
probably due to the fact that the rather complex phenomenon
pf interfacial roughness cannot be characterized completely
in terms of the relatively simple parameter Xr. However,
considering the wide range of values for the liquid and the
gas flow parameters that is represented by the data in Fig.
22, the correlation of r in terms of the group Xr would
appear fo have some physical justification.

The solid curve that is shown in Fig. 22 is given by

the following analytical expression. Thus

r = (3-48)
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where Xr has dimensions of lbf%/ft. While the experimental
data in Fig. 22 are in general agreement with this analytical
expression, the final form of Eq. (3-48) was arrived at by
considering the following three points, which are listed in
their order of importance:

(a) The correlation of all of the experimental data of the

- present investigation, including those for which the gas

stream was accelerated over the wetted test plate;

1 e ,:

(b) The correlation of the mass transfer data that were
reported by Kinney, Abramson, and Sloop (19) (these data are
analyzed in Section 4.3); and
(c) Th> correlation of the experimental data for mass trans-
E : fer that are reported by Emmons (20) (these data are ana-
lyzed in Section 4.4).

It is important to note that Eq.” (3-48) and the data in

Fig. 22 suggest that the interfacial roughness can contribute

TR ey

substantially to the convective transport of energy from the
hot gas stream to the surface of the liquid film. Indeed,
Fic. 22 suggests thet the simple mass transfer rate m; could
be increased by 100 percent (r = 1), or more, due to the
interfacial roughness. In comparison; for the case of heat
transfer to a dry vough wall, Fig. 7-56 of Ref. {(33) shows
that the value for r can be as great as 2.5. It would seem,
therefore, that a value of r of 1.0 for the problem of
ligquid-film coo]iﬁg is not unreasonable. It should be en-

- A P R - Ity 3 - 3 A~ = se r ~ T +
rhasizel, howgvors w2t in tbh2 znalvsis of the exnerimerta]
H 2 -~
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cata of the present investigation and in the analysis of the
data of the primary references (19) and (20), that the con-
tribution to the net mass transfer rate that was due to the
phenomenon of interfacial roughness was, with very few excep-
tions, substantially less than the contribution that was due
to the entrainment phenomenon. Frequently, the mass transfer
due to entrainment was 10 to 20 times the evaporative mass
transfer that was attributed to the effective roughness of
the suriace of the liquid film.
3.1.6 The comparison of the Predicted and
the Measured Rates of Mass Transfer

A comparison is presented in this subsection of the
rates of mass transfer from the liquid film to a constant ve-
locity gas stream that were predicted from the correlation de-
veloped herein to those that were determined experimentally.
The comparison is presented for both the datum points that
vere obtained for the hot-flow experiments (approximatety
500 datum points) and those that were obtained for the cold-
flow experiments (76 datum points). 1In addition, to empha-
size the utility of the present theory, the experimental
data are also compared with the results that were predicted
from the simple theory of mass transfer. The latter com-
parison serves tc illustrate graphically the general inade-
quacy of the simple theory for the subject problem.

The primary equation that was employed to calculate the
rates of mass transfer from the liquid film to the gas

stream is repeated hcre for convenience. Thus
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m' = (1 +r) m; teymy {3-6)

The simple mass transfer m; was calculated following the de-
velopments of Subsection 3.1.2. The roughness parameter r
was calculated from Eq. (3-48) and the entrainment parameter
e, was determined from Eq. (3-32). The surface tension ¢
that appears in the entrainment group Xe in Eq. (3-32) was
based on the average of the iemperature of the liquid at. the
point of injection and at the point of withdrawal*. Al1l of
the numerica? computations were performed on an IBM 7094
digital computer.

Figures 23 through 26 summérize graphically the results
of the aforementioned calculations for those experimental da-
ta where the gas stream was heated. Each figure represents
one of the four liquids that was investigated (Fig. 23:
methanol; Fig. 24: butanol; Fig. 25: water; Fig. 26: RP-1).
The nominal velues for the gas stream pressure and the gas
stream temperature for each set of experimental data are
indicated in the figures. Part (a) of each figure is a

plot of the simple mass transfer rate, m that was pre-

1

s s
dicted from the theory outliined in Subsection 3.1.2 ver-
sus ‘the measured rate of mass transfer. Part (b) of
each figure compares the measured rate of mass transfer

with the rate of mass transfer that was predicted from

*See Tavle G.1 of Appendix G for a tabulation of the average
inlet and outlet liquid temperatures for. each experinental
tost.
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. Eq. (3~6} for the present theory. Each figure graphically
;;A . demonstrates that, in general, the simple theory for mass
f transfer is a poor approximation to the complex phenomena

that characterize liquid-film cooling. The maxinum differ-

oy

ence between the experimental result and the result that was

predicted from the simple theory is shown in Fig. 23(a) for
methanol as the fi]m'coo1ant. For that figure, the maximum
value for the measured mass transfer rate is 0.154 1b/sec-ft
and the corresponding simple rate of mass transfer is 0.022
1b/sec-ft, a difference of 700 percent. The present theory,
however, accounts for the existence of the interfacial phe-
nomena, and the resu]tant.agreement between the predicted and
the measured mass transfer rates that is shown in part (b) of
each figure is quite satisfactory. The maximum difference
between the result that is predicted from the present theory
and the experimental result is shown in Fig. 26(b) for RP-1
as the film coolant. For a measured rate of mass transfer of
0.0944 1b/sec-ft in that fiqure, the corresponding mass
.transfer rate that is predicted by the present theory is
0.0765 1b/sec-ft, a difference of about 20 percent.

Figure 27 presents the results of tﬁe.computations that
were performed for the case where the gas stream was not
heated. Presented in the figure is & plot of the mass
transfer rate that was predicted by the present theory
versus the measured‘raie of mass transier. The experi-
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Fig. 27. Comparison of Present Theory With Data for Mass
Transfer. Constant Velocity Cold Gas Stream




and water*. It was assumed in the computations that the

rate of simple mass transfer, m;, was essentially zero be-
cause of the low gas stream temperatures. Thus, the realized
rates of mass transfer were assumed to be due to entrainment
only. The maximum value that was computed for the entrain-

ment parameter e was 0.32, as compared to a maximum value

0
of 0.63 for the hot-flow tests. The agreement between the
measured and the predicted rates of mass transfer is quite
satisfactory, particularly in view of the fact that the
pertinent physical properties for both the liquid and the
gas phases differed so significantly betwean the case where
the gas stream was heated.and the case where it was not.
For example, the viscosity for the liquid varied by as much
as a factor of 15:1, the surface tension for the Tiguid by
as much as a factor of 1.5:1, and the viscosity for the gas
stream by as much as a factor of 2:1 between the hot and

cold gas stream flow conditions. It would appear, therefore,

that the relatively simple theory that is proposed herein

_for determining the rate of mass transfer from a thin liquid

film to a high velocity gas stream can be applied quite
generally. The utility of the present theéry is demonstrated

further in Section 4 of this report where the correlaticn of

*The number of datum points that could b2 obtained with water
35 the film coolant woo T1i..ltod because the gas stream was
generally cooled sufficiently by the expansion from the
storage tank pressure of 1000 to 2500 psia to the test sec-
tion pressure c¢i 75 psia that a portion of the water that
w2s injected onto the test plate froze before it reached
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the experimental data for liquid-film ccoling of the pri-
mary references (19, 20, 24) is considered. The gas stream
flow conditions that characterized those investigations will
be shown to be, in most instances, much more severe than
those that characterized the present investigation.

The analyses of the experimental data of the afore-
mentioned primary references requires first the consider-
ation of the problem of how the basic correlation for mass
transfer can be extended to the more general case where the
film cooled length 1 is arbitrary. That is, the case where 1
does not necessarily equal 10 = 10 inches. The following
section presents an analysis of that problem. The result of
the analysis will also suggest a method for correlating the
experimental data for mass transfer that were presented in
Section 2.6 of the present report for the case where the gas
stream was accelerated over the film cooled length 10. The
correlation of these data is then discussed in Section 3.3.

3.2 The Modification of the Basic Correlation
for Mass Transfer to Account

‘; . - for an Arbitrary Film Cooled Lergth

Ei The correlaticen that was developed for the entrainment
: parametér e in Subsection 3.1.3 is necessarily dependent on
é N lo,zthe length of the film-cooled test section for the sub-
E ject iuvestigation. That is, if the film cvui2d length 10

had been, say, greater than the 10-in. length that was em-

ployed, then, for the same fTlow conditiops, there vould have

been nmore entrainment of 1iquid into the gas stream because
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of the prolonged exposure of the surface of the liquid film
to the gas stream shear forces. Iﬁ order to be able to pre-
dict the mass transfer that occurs for an arbitrary film
cooled length 1, the basic correlation for e, has to be mod-
ified. A rather simple model and analysis is developed in
Subsection 3.2.1 to solve that problem. Subsection 3.2.2
then suggests an empirical approximation to the result of

that analysis that is generally more convenient to employ.

3.2.1 Model and Analysis
Figure 28 presents the simple model that is employed
in the analysis. The pertinent notation for the figure is

defined as follows:

x' = X - X

my = the rate of liquid injection at x' = o

1 = the liquid-film cooled length

10 = the length of each film element¥*

n = 1/]0 (assumed to be an integer)

m& = the net rate of mass transfer from the kth
element of the liguid film, k = 1, 2, 3,...n

m; K = the net rate of simple mass transfer for the

kth fiim element, k = 1, 2, 3,...n

*For the purposes of the present aralysis, it is not nec-
essary to specify thet 10 = 10 inches. However #n utj-

1ize the resuli of the analysis to perform any numerical
calculations, it will be necessary to make that speci-
fication.
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The basic assumptions employed in the analysis are. as

fo]]bws:

(a) The flow parameters for the gas stream are independent
of x'.

(b) The roughness parameter r is independent of x'.

(c) The lccal rate of simple mass transfer varies with the

coordinate x' as

m; = ¢ x'P (3-50)

wnere ¢ and p are appropriate constants.
(d) The primary equation (3-6) applies to each of the
elements of the liquid film.
{e) The liquid film terminates when 1 = n ]o’ where n is an
integer, .
Thus, for the first element of the liquid film, the net
rate of mass transfer is given by

] P ' -
m = (1 + r) mg ¥ eo(ml) (3-51)

Similarily, the mass transfer for the second film element is

given by

mé = (1 + r) m;,z + eo(ml - mi) (3-52)

In cencral, for the kih elemeni of the licuid Tilm, the net

1l y

Rraen

E—— St g USSR ¢

s

b“.ﬂv:

ramn
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rafe of mass transfer mi is expressed as
= -m' _-m' o -m! -
my (1 +r) m;,k + eo(ml my -my -... mk-l) (3-53)

Substitution of Eq. (3-51) into Eq. (3-52) gives the

result

mé = (1 + r) m;’z + eo[m1 - {1+ 0r) m;’l- eoml] (3-54)
Substitution of Eqs. (3-51) and (3-54) into Eq. (3-53) with
k = 3 yields

| - ' - ' -
my = (1 + r)ms’3 t e, {ml (1 + r) LMY

e,my (1 +r) LI [ml (1 + r) m g

e,m,1} : (3-55)

This substitution procedure can be continued in a stepwise
fashion so that for the general kth term m., the terms m;,
Mys <.« M _y can be eliminated from the resultant expression.
Moreover, after ro- ~iderable algebra and a fortuitous com-

bining of terms, it is possible to show that

He~-123

n
$ - n ]
me =my - m(l-e )" + (1 +r) kzl m

n-k
1 : L. Ts,k (1-e5)

k
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But, if it is assumed that the i1iqiid in the film is consumed
at a2 point where 1 = n 10, then it folilows from the conser-

vation of the liquid that

(3-57) -

L R e P~

3
xR -

n

3
[

k=1

Equation (3-56), therefore, can be rewritten in the form
n . -k
m o= (1 +r) kzl ms.k(l°eo) (3-58)

From assumption (c) of the model it follows that the

rate of simple mass transfer from the'kgg film element is

given by
klo )
P+l _r(y. ptl
m;,k = I m; x’ =¢ {(k]°) L(k l)]°] }
(k-l)]o (P+1)

(3-59)

Moreover, the total rate of simple mass transfer from the

liquid film is equal to

' dx’ = ¢ —F—— (3-60)
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Finally, substituting Eq. (3-59) into Eq. (3-58) and dividing
through both sides of the resultant expression by Eq. (3-60)

yields the following non-dimensional equation. Thus

n +1 " ptl
3 oeaen Tl - &Y et o
s =

Equation (3-61) is the desired analytical result. For
given gas stream and liquid flow conditions (and, therefore,
given values for the parameters p, r and eo), Eq. (3-61) can
be utilized to calculate the net rate of mass transfer from
the liquid film into a constant velocity gas stream if the
film cooled length 1 is.equal to n 10, where n is an integer.
The obvious dicadvantage of Eq. (3-61) is the fact that it
can be utilized for only those special cases where 1 = n ]o’
Therefore, it is convenient to replace that analytical re-
sult by an approximate empirical expression that is a con-
tinuous function of 1, where 1 can be either greater than or
less than ]o' Such an empirical expression is developed in

the following subsection.

*Note that for the special case where the interfacial

phencmena are not irmportant, i.e., r = e, = 0 then

the RHS of £q. (3-61) reduces to unity as reauired.




s tibowt) S0ttt

a8 3 i\ b AR Y a1

124
3.2.2 An Empirical Approximation
to the Analytical Result

An empirical approximation to the analytical equation
(3-61) can be derived as follows. First note that for the
special case where 1 = ]o’ Eq. (3-61) reduces to the simple
expression '

o -1

L= (14r) (1-e)) : (3-62)

Mg

Now assume that Eq. (3-62) can be modified as follows for

the case where the film cooled length is arbitrary. Thus

- )P

"y
o =(1+7r) (1-e))

(3-63)

-~ The parameter b in Eq. (3-63) is determined by first speci-

fyfng a value for the parameter p that appears in the ana-
“1ytical expression (3-61), and then "matching" the empirical
expression (3-63) and the analytical expression (3-61) at
those points where (]/10) = an integer.

To illustrate the aforementioned procedure for the
evaluation of the parameter b, consider the classical case
of the turbulent transport of heat and mass from a flat
plate where the parameter p in Eq. (3-50) is equal to -1/5.
Figure 29 presents a plot of the quantity (ml/m;)/ (L +r)
as a function of the ratio (1/]0) with the entrainment pa-

rameter e, 3s @ parameter. The solid curves shown in Fig. 29

i
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8 I ] ]
—— empirical equation (b=0.6) o
. O "match" points . e0=0.6
61 from analysis -
[ . "]/5
me = C X
my /mg
4
1+r
2
0 1 | 1
0 1 2 3 4
]
lo
Fig. 29. Matching of Fmpirical Equation

to Analytical Result
-1/5

" -
ms c X
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were calculated from Eq. (3-63) with a value for b of 0.6,
and the circles are the "match" points that were calculated
from the analytical expression.(3-61).

Figure 30 presents another illustrative example for the
case where the parameter p in Eq. (3-50) is equal to 1.3, - -
that is, the case where the rate of simple mass transfer -
increases linearly with the coordinate x'*. The solid curves
were calzulated from Eq. (3-63) whare the value of 0.9 for
the parameter b was employed, and the "match" points were
calcuiated from Eq. (3-61). -

Figures 29 and 30 show that the analytical result of ‘
Subsection 3.2.1 can be approximated with sufficient accuracy
by the relatively simple .empirical formula of the present
saction. Mpreover, these figures show that a substantial
change in the parameter p in Eq. (3-61) requires a relatively -
small change in the parameter b in the empirical expression .
(3-63) in order to obtain an adequate matching of the ana-
lytical and empirical results.

The significance of the foregoing developments can be
further illustrated by writing Eq. (3-63) in a more explicit
form. Substituting the analytical expression (3-48) for
the rouglness parameter r and the analytical expression
(3-32) for the entrainment parameter e_, Eq. (3-63) can be

0

*This example is presented solely for the purposes of
illustration. It may or may not have any physical
significance.
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empirical equation (b=0.9) '
e°=0.6
O ‘“match" points
12 from analysis -
a mg = C X
3 : '
i ml/ms
14r 8 |- 7
=0.4
=0.2
P
/——-———'. =0.0
0
0 4

Fig. 30. Matching of Empirical Equation
to Analytical Result
m; = ¢ X




poc~-a abren S s g

128

written in the form

.M ‘
l - 300 3 - "5 b
-ntg = (1 + " 0.8-) exp i5 x 10 (Xe - 1000) (]/]0) ]

r

(3-64)f
Thus, if the value for the parameter b is approximated from
the aforementioned "matching" procedure, Eq. (3-64) gives
an explicit expression that can be employed to calculate the
net rate of mass transfer from a liquid film of arbitrary
length 1 to a constant velocity gas stream.

The validity of the foregoing analysis {and, therefore,
£q. (3-64)) will be investigated in Section 4 of the present
repori. Considered in that section is the corretlation of
the oxperimental data for mass transfer that were reported

in the primary references (19, 20). The range of values for

‘the film cooled length 1 that is represented by those data

is 3 inches to 35 inches long.
. Equation (3-64) also serves to suggest a method for the
correlation of the experimental data for mass transfer that

were obtained for the case where the gas stream was accelerated

*So that.the reader is not confused, the substitution of Eq.
{(3-32} for the entrainment parameter e, requires tanat the

length 1 in Eq. (3-64) be taken as 10 inches. HMoreover,
the numerical constants in Eq. {3-64) require that the
roughness group X  be substituted with the units (1bf%/ft)

and the entrainment group Xe bz substituted with the units
(15.7%). '
T
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over the film cooled length ]o' Those data were presentgd
in Section 2.6 of the present report. The correlation of
the subject data is considered in the following section.

3.3 Correlation of the Data for Mass Transfer
for an Accelerating Gas Stream

The purpose of the present section is to correlate the
experimental data for mass transfer that were obtained for
the case where the gas stream was accelerated over the length
of the film cooled test plate. These data were shown graphi-
cally in Fig. 17 of Section 2.6. Subsection 3.3.1, which
follows, shows how the simple rate of mass transfer was com-
puted for the subject case. Subsection 3.3.2 then demon-
strates how that simple rate of mass transfer was employed,
together with a 109ica] extension of the developments that
were presented in Sections 3.1 and 3.2, to correlate the
experimental data for an accelerating gas stream. The com-
parison between the experimental and the predicted net mass
transfer rates is presented in Subsection 3.3.3.

3.3.1 The Evaluation of the Simple Rate of
Mass Transfer for an Accelerating Gas Flow

Kays (36) suggests that the following expression can

be employed to evaluate the local rate of simple mass trans-

fer for the case where the gas stream is accelerating. Thus
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. L -.08 -0.12
my o+ @ ByFqFc Fou Fp. [0.0295 Rey™ "% Re;(t j
(3-65)*
where
) ]
Re) = %- J G dx : (3-66). -
g .
x -
Rey = L J 6 dx (3-67) -
t g xt ]

The "F" correction factors in Eq. (3-65) are given by Egs.
(3-18) - (3-21) of Subsection 3.1.2. For the purposes of
the present calculations, the energy balance parameter ¢
—that enters into the definition of the parameter Bh** was
approcimated from Eq. (3-13) of Subsection 3.1.2. Moreover,
because of the limited Mach number range that was investi-
gated, the variation in the gas stream temperature, Tg, over

the film cooled length 10 was so small that the average of

* Kays (36) introduces an additional empirical correction
factor into Eq. {3-64) to correct for acceleration effects
that are not predicted analytically. However, preliminary
calculation of that correction factor showed that it was
¢7 the order of 0.98 for the range of flow cunaiiions fecr
the subject investigation. Therefore, that correction
factor was not considered in the present calculations for

n

"

**See Eq. (3-22).
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_ the values of T. at x = X3 and at x = X, wWas employed to

9

calculate the parameters ,.Bh, and FT in Eq. (3-65). To

comp]ete the solution for zs, it is necessary to determine
the local values for the static pressure p, the gas stream
Mach number Ma’ the gas stream velocity ug, and the mass
velocity for the gas stream G. The procedure employed to
evaluate those parameters is outlined as follows. The static
pressure was measured at the location x = 20 inches in the
approach section and at 5 axial locations (eguispaced at

2 inches) in the test section by wall taps that were located
in the roof of the experimental tunnel. The stagnation
pressure for the gas flow was calculated from the static
pressure that was measured in the approach section, together
with the value that was computed for the ‘gas stream velocity
at the entrance to the test section*. The local value for
the Mach number within the experimental test section was
computed by forming the ratio of the measured static pressure
and the calculated stagnation pressure, and then employing

the following relationship for isentropic flow with a

specific heat ratio y = 1.385. Thus

1 2 I_T
By e TRl (3-68)

*See Appendix F.2 for the procedure that was employed to
calculate the gas stream veloc1ty at the entrance to the
test section. :
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, where the gas stream density,
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The complete profile for the Mach number throughout the
test section was obtained by fitting a third-order poly-
_ominal to the local values for the Mach number that were

computed from the experimental measurements for the static

preséure. The resultant form of the appiroximate expression .

for the Mach number as a function of x', the distance from

the point of liquid injection, was

M, = 0.145 + 0.02x' - 0.0014x'2 + 0.00028x'3  (3-69)

The local v.lues for the gas stream velocity, ug, were com-
puted from Eq. (3-69) and the equation for the acoustic

speed in a perfect gas:

_ 0.5 i
ug =M, (v Ry Ty) (3-70)

Finally, the local values for the gas mass velocity, G, were

calculated from the defining equation

6 = Pg Yg (2-1)

Pg> was evaluated from the

équation of state for a perfect gas:

Pg * ﬁ_BT— (3-71)

Ll

‘&-‘1"‘ {‘M

ﬂ#."":
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_ Figure 31 shows graphically the values that were computed

from the foregoing procedure'for the parameters p/p°, Ma’

apd ug as a function of x'. The solid curves that are pre-
sented in the figure are based on the analytical expression
(3-69) for the Mach number. The circles presented in Fig. 31
represent the static-stagnation pressure ratios that were
realized experimentally. Each circle presented in the fig-
ure represents the approximate range of values for (p/po)
that was obtained at that particular location for the entire
spectrum of gas flow conditions that was investigated.

The foregoing equations were programmed for an IBM 7094

digital computer and the integral expressions for the terms

Re; and Re"(t were evaluated numerically.

3.3.2 The Model and Analysis
Figure 32 illustrates the model that was emplioyed in
the analysis of the subject data. The figure shows that the
liquid film was subdivided into a number of incremental ele-

ments of length dx. The pertinent notation that applies to

the general kth film element is as follows:

[t)

the distance from the point of
liquid injection to the beginning of
the kth film element, k=1,2,3,...n.

(a) x,_; = (k-1)&x

(b) UpsPpse-- = the value for the indicated flow
parameter for the kth film element
eviiuated at Xy = 239X, k=1,2,3,...n.

(c) Xe K> Xr K = the value for the indicated dimen-
? : sional group for the kth film ele-
ment evaluated at X, - L6x%,
k=1,2,2....n. ®
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{d) my = the rate of liquid flow into the kth
film element, k=1,2,3,...n. .

(e} My - = the net rate of mass transfer from the
kth film element, k=1,2,3,...n.

(f) m; K = the rate of simple mass transfer from

the kth film element, k=1,2,3,...n.
The primary assumption that was employed in the analysis
is that the net rate of mass transfer from the kth film

element, mé, is given by the expression

my = (1 + rk) m;’k toe m ’ (3-72)*
where
_ 3.0
' T 5.8 (3-73)
r,k
and
= 1.0 - exp[-5 x 107° (X - 1000) (gifd]
€ = P e,k T

(3-74)%

The value for the parameter d in Eq. (3-74) was determined
from the expesrimental data.

The procedure that was employed to calculate the net
raie of mass transfer from the liquid film to the accelér-

ating gas stream for each datum point can be outlined as

* Note that Ea. (3-72) is analoccuys to Er. (3-6).

- T oA LR T 3 2 Y [P D T ! e e a Y T z
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follows.

(a) The pertinent gas stream flow parameters were caiculated
for each location Xy fo]]dwing the procedure outlined in
Subsection 3.3.1.

.(b) The entrainment group, xe,k’ and the roughness group,
xr’k, were calculated for each location Xy from the flow
parameters that were determined in step (a).

(c) The rate of simple mass transfer, m;,k, for each film

element was calculated from the equation

S,k = m;’k GX (3'75)
where m; g was computed at the location Xp - Lk8x from the
procedure that was outlined in Subsection 3.3.1.

(d) A value for the parameter d in Eq. (3-74) was selected.
(e) The net rate of mass transfer for the first film ele-

ment (i.e., k = 1) was calculated from

m, =(1+r

1 e

) Mgty m (3-76)

where my was the experimentally measured rate of liquid
injection.
(f) The net rate of mass transfer from the second film

element (i.e., k = 2) was calculated from

mé = (1 + r2) m;,z t e, m, ) (3-77)
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where

(g) Steps (e) and (f) were continued in a stepwise fashion .

so that for the general kth film element the net rate of

mass transfer was calculated from

(r + rk) m;’k + e my (3-79)

my - my - My -e.. - My_1 (3-80)
(h) When the net rate of mass transfer for each film ele~

ment had been calculated, the net rate of mass transfer from

the entire liquid film was calculated from
n
m' = E . mi (3"81)

where

“—d

_ .0 ' -
n = 5x {3-82)

. (i) The result of step (h) was compared with the experi-

meatal result for m' ( = My - mz). 1f those %wo results

£
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were not in reasonable agreement, then a new value for the
parameter d was selected and steps {(e) through (h) were
repeated until a satisfactory agreement of those results was

obtained.

&; ' The aforementioned procedure was employed to analyze
each of the 50 datum points that was shown in Fig. 17 of
Section 2.6. The computations were performed for values of
éx of 0.1, 0.2, and 0.4 inches to see if that parameter
significantly influenced the results. The calculations
showed that the simple value of 1.0 for the parameter p in
Eq. (3-74) resulted in a good correlation of all of the
datum points for each of the aforementioned values for the
parameter §x.

3.3.3 The Comparison of the Predicted and the
Measured Rates of Mass Transfer

Figure 33 presents the comparison of the experimental
data for the net rate of mass transfer from the liquid film
to the accelerating gas stream with the results that were
pred cted from both (a) the s.mple theory for mass transfer
that was outlined in Subsection 3.3.1, and (b) the present
theory for mass transfer that was developed in Subsection

°, and the film coolant

3.3.2. The stagnation pressure, p
that is represented by each set of experimental data is
noted in the figure.

Figure 33(a) again graphically illustrates that the

simple theory for mass transfer is, in general, a very poor
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approximation to the complex phenomena that charac;erize
Tiquid-film cooling. The maximum difference between the
measured and the analytical result that is shown in the
figure occurs for methanol as the liquid phase at a mea-
sured rate of mass transfer of 0.1668 1b/sec-ft and a
corresponding predicted value of 0.0309 1b/sec-ft, a dif-
ference of more than 500 percent.

Figure 33(b) shows that the present theory, with a
value of 1.0 for the parameter d in Eq. (3-74), resulted in
a satisfactory correlation of the experimental data. The
maximum difference between the measured and the predicted
result occurred for water as the film coolant at an experi-
mental value for the net mass transfer rate of 0.0462
1b/sec-ft and a corresponding predicted value of 0.0620
1b/sec-ft, a difference of less than 40 percent.

The utility of the present analysis is investigated in
further detail in Section 4. Considered in that section is
the correlation of the data that were reported in the pri-
mary reference (24) for the liquid-film cooling of a Mach
number 1.92, axi-symmetric nozzle. Also presented in that
section is an illustrative example of the coolant require-
ments that are predicted by the present theory to cool an
exhaust nozzle for which the gas stream has a stagnation
temperature of 4000R and a stagnation pressure of 500 psia.
These stagnation conditions were chosen as being typical of

those that characterize the gas flow in the exhaust nozzle
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of 2 high-energy propulsion device.

3.4 Correlation of the Experimental Data
for the Maximum Liquid Temperature

The correlation of the experimental data that were
reported in Section 2.7 for the maximun liquid temperature,

T] m? is considered in this section. Subsection 3.4.1 pre-
»

sents a simple theory for calculating that liquid temperature.

The comparison of the theoretical and the experimental re-
sults is shown in Subsection 3.4.2.
3.4:1 A Method for Predicting the Maximum
Liquid Film Temperature*

The maximum liquid-film temperature, T],m’ can be
related to the bulk flow parameters for the gas stream by
specifying (a) the appropriate energy balance across the
gas-liquid interface, and (b) an analogy between the rates
of convective** heat and mass transfer. The discussion of
Section 2.7 showed that the maximum liquid temperature is
obtained when all of the energy transfer to the liquid film
results in vaporization of liquid in the film, with none of
the energy transfer resulting in an increase in thé sensible
enthalpy fcr the liquid in the film. It fellows from the
discussion of the interfacial energy balance in Subsection

3.1.2 that the maximum liquid temperature is obtained when

* This method is essentially the same as that previously
- presented by the author in Refs. (25) and (26).

**Mass transtfer due to entrainment is not considered.
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the energy talence parameter ¢ at the surface of the liquid

film reduces to
) = H (3-83)

where Hv is the heat of vaporization for the liquid eval-

n
»
uated at the maximum liquid temperature T] m

The simplest analogy between convective heat and mass

transfer is that given by (36)

- t -
St, = St (3-84)
where St; is the Stanton number for simple mass transfer

defined by
o (3-85)*

The term Py,m in Eq. (3-85) is the partial pressure for the
vapor at the surface of the liquid film evaluated at the
temperature T‘»
It is important to note that this analogy, although
very simple, should be approximately correct for quite

general flow conditions, including the case of accelerating

*Equation (3-85) can aiso be written in terms of the con-
centration of the vapor at the surface of the liquid film,
C.. Thus .

s
ml‘ l_c

sty = Ei ”‘E"i : (3-86)
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E{ gas flow and the case where considerable entrainment of
liquid into the gas stream is occurring. In other words,
the acceleration of the gas stream and/or the entrainment of

liquid should have a similar influence on the development of

botit the thermal and tihe vapor-concentration boundary layers

ey i wewny  Gosmy NI

over the surface of the liquid film.

Combining Fq. (3-15) with Eqs. (3-83) - (3-85) yields

il (3-87a)*
Puys My °pg (Tg = Ts/ *
= v (3-87b)

g (g - Ti,m) ’

Equation (3-87b) is the desired analytical expression.

J;M

Since a value for the liquid temperature T] m uniquely
b ]

g

determines the value for both the vapor pressure Pv.m and
£

the heat of vaporization Hv m? it foilows from Eq. (3-87L) .

that the maximum liquid te.perature is expressed solely in

*Note that if Eqs. (3-85) and (3-86) are combined to elimi-
nate the left-hand side of Eq. (3-87a), and if the peram-
eter Bh is introduced, then the resultant expression can

be written in the form

Bh
= ———e q?.
C, T (3-26)

Equation (3-26) was introduced in Subsection 3.1.2
without derivation.
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terms of the flow parameters p, Tg, cpg

, and Mg for the gas

stream.

Figure 34 presents, for purposes of illustration,
calculated values of the maximum liquid temperature T]’m for
an air-water system*. Shown in the figure is a plot of Tl,m
as a function of the static pressure p with the gas stream

temperature T_ as a parameter. The saturation curve for

water that isgpresented in the figure illustrates the
approximate error that is introduced by the assumption that
the maximum film temperature is equal to the saturation
temperature for the liquid coolant at the local static
pressure, p. That assumption was employed, for example,
by Refs. (20, 30, 23, 42). References {25), (26) and (28)
suggest that the calculated results shown in Fig. 34 are in
good agreement with the reported experimental data for the
film temperature T],m for an air-water system.

3.4.2 Comparison of the Experimental and the Predicted

Results for the Maximum Film Temperature
Section 2.7 previously discussed the nature of the

experimental measurements for the maximum liquid temperature

T] m**. Presented in Fig. '8 of that section was a comparison
¢

* The calculations were performed by employing Eq. (3-87b)
in conjunction with the tabulated data of Refs. (40) and
(41). A sample ~alculation is presented ir Arpendix F.

**Recall from Section 2.7 that the maximum liquid tempera-
ture T] m Was determined experimentally by measuring the

tempera{ure for the liquid at the point of liquid with-
drawal, T1 2 .
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between the temperature Tl,m and the boiling temperature for
the various liquids* of the subject investigation at the pre-
vailing gas stream pressure. Figure.18 i]]ustrafed that the
difference between those two temperatures was generally
significant, with the maximum difference for the subject
investigation being equal to approximately 35CF. A similar
comparison is made in this section between the experimental
values for the maximum liquid temperature and those that

are predicted by the theory outlined in the foregoing sub-
section.

The primary equation (3-87b) was employed, together
with the thermodynamic data presented in Appendix D of the
present report, to calculate the values for T],m for the gas
stream pressure and temperature corresponding to the experi-
mental tests conducted. Figure 35 iliustrates the results
of those computations. Presented in the figure is a plot
of the measured value for the liquid temperature versus the
predicted value for the temperature T],m' The cross-hatched
areas in Fig. 35 represent the range of the experimental
values for the maximum liquid temperature that were re-
alized for each liquid at a particular value for the gas
stream temperature and pressure**., The agreement between
the experimental »-< -=3lytical results shown in Fig. 35 is

generally quite satisfactory. The only substantial

* water, methanol, butanol, and RP-1

**Several hundred datum points are represented by the
cross-hatched areas in Fig. 35.
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difference between the measured and the predicted values for
Tl,m occurs for some of the experimental data that were ob-
tained with RP-1 as the film coolant. However, part of that
difference may be due to the fact that RP-1 was the liquid
for which the maximum temperature rise occurred after it was
introduced onto the test plate. Therefore, the liquid film
may not have always achieved its maximum temperature by the
time the film reached the point of withdrawal. However, even
if that were not the case, the results of Fig. 35 suggest
that the simple theory presented herein for the prediction
of the maximum film temperature is sufficiently accurate for

the purposes of most engineering-type calculations.




4. CORRELATION OF THE DATA OF
THE PRIMARY REFERENCES

4.1 Introduction

The experimental data for mass transfer that are re-
ported in the subject report are limited in two fundamental
respectg: (a) the liquid-film cooled length was held con-
stant at 10 inches, and (b) the gas stream temperature was
limited to 600F and the gas stream pressure was limited to
1560 psia so that the experimental problems would be mini-
mized. The purpose of the present section is to analyze
those data that have been reported in the literature for the
problem of liquid-film cooling that are not so restricted.
The analysis of those data will give some insight into the
general usefulness of the correlation for mass transfer that
is presented in the subject report.

The experimental data that are reported by the primary
references (19) (20) and (24) are analyzed. The data
reported by Kinney, et al. (19) and those reported by
Emmons (20) were obtained under essentially constant gas
stream velocity conditions. The basic experimental config-
uration for each of those two investigations was the flow
of a hot gas through a horizontally mounted tube with the

liquid film introduced around the circumference of the tube.

o
H
!
f

s
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The experimental data reported by Hermann, et al. (24) are
for the case of a strongly accelerating gas flow. They
investigated the problem of liquid-film cooling an axi-
symmetric convergent-divergent nozzle. For that investi-
gation, the gas stream was accelerated from a Mach number
of approximately 0.07 at the plane of liquid injection to
a Mach number of 1.92 at the exit of the nozzle.

Table 3 presents a comparison of the nominal flow pa-
rameters for the experimental investigation of Kinney, et al.
and of Emmons with those for tha* portion of the present
investigation where the gas stream velocity was essentially
constant over the length of the wetted test plate. Table 3
shows that the experimental parameters for the subject
references represent a substantial extension over those for
the experimental program reported herein. For example, the

maximum gas stream temperature, T_, investigated in both

references is significantly greatgr than the maximum tem-
perature.of 600F for the present investigation. Moreover,
the gas stream pressure that was employed by Emmons is more
than three times that employed in the subject investigation;
the maximum gas stream velocity that was investigated by
Kinney is nearly four times the maximum that is reported
herein; and the maximum film cooled length that is reported
by Kinney is more than three times longer than the 10-inch

film cooled length that was employed in the present investi-

gation.
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Table 4 presents a similar cqmparison of ;he nominal
flow parameters for the experimental investigation of
Hermann, et al. with those for that portion of the subject
investigation where the gas stream was accelerated over the
length of the film cooled test section. Again, the experi-
mental parameters for the referenced investigation represent
a considerable extension over those for the experimenta!l
program reported herein, particularly with reference %o the
Mach number, Ma, the gas stream velocity, ug, and the static-
stagnation pressure ratio, p/p°.

Obviously, any evaluation of the present theory in
terms of the referenced experimental data is only as con-
clusive as is the accuracy of those experimental data. In
that regard, it should be mentioned that the wetted surface
area (and therefore the net rate of mass transfer from the
liquid film to the gas stream) was determined in each of the
subject references by external wall temperature measurements,
Moreover, each reference employed the assumption that the
Tiquid film terminated at that point where the wall tem-
perature just exceeded the boiling temperature for the
liquid at the prevailing local static pressure. Section 3.4
herein showed, however, that that assumption is never ex-
actly correct, with the error in the assumption increasing
with decreasing gas stream temperature and/or decreasing
gas stream pressure. Thus, there is some limitation in

accuracy introduced by the experimental technique employed

e = e e — = ST T
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Table 4

Comparison of the Nominal Flow Parameters of the
Primary Reference (24) *o Those of the Present

Investigation--Accelerating Gas Stream

Methanol

Parameter Present Reference (24)
Investigation

T , Gas Stream Stagnation 860 1460-1940

9 Temperature, R

p° » Gas Stream Stagnation 50-150 69-82
Pressure, psia

p/p®, Static-Stagnation 0.84-0.98 0.14-0.99
Pressure Ratio

T/7°, Static-Stagnation 0.95-0.99 0.58-0.99
Temperature Ratio

Ma , Gas Stream Mach Number 0.15-0.51 0.07-1.92

ug s Gas Stream Velocity, fps 200-660 150-2750

Liquid Film Coolants Water Water
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in the aforementioned investigations.

Furthermore, Kinney, et al. (19) comment that the ex-
perimental data for mass transfer that they reported could
be reproduced in only a few cases to within 5 percent, and
more generally to within only 10 or 15 percent. They also
state that the accuracy of the experimental data for the
short film cooied lengths--less than, say, 12 inches--was
poorer than that for the longer film cooled lengths that
vere investigated. The problem that they experienced for
the shorter wetted lengths was that the liquid film seldom
term:nafed uniformly around the circumference of the wetted
tube. Thus, it was difficult to interpret the external wall
temperature measurements and to accurately determine the
actual wetted surface area. Of the three references con-
sidered in the present section, the research program re-
ported by Kinney, et al. is considered the most compre-
hensive and was conducted under the most well controlled
experimental conditions. Thus the confidence in the accu-
racy of the experimental data for Refs. (20) and (24) is
somewhat less than that for the experimental data of Ref.
(19) because of the short film cooled lengths that were
employed in those two investigations.

One additional prqb]em occurred in the evaluation of
the theory of the present report from the data that were
presented in the subject references. Namely, how to

properly determine the value for the surface tension ¢ that
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enters into the entrainment group Xe‘ In each of the three
subject references, the liquid coolant was injecied at
esseniially tha ambient temperature, so that a substantial
change cccurred in the value for the temperature of the
liquid {(and therefore the value for o) over the length of
the wetted test section. This problem was particularly
acute feor the investigation due to Emmons because the final
equilibr.um fiim temperature at the end of the liquid film
was generally very high. For example, for the film cooling
experiments reporied by Emmons with water as the liquid
phase, the temperature for the water increased from approxi-
mately 70F at the point of liquid injection to something in
excess of 400F at the terminus of the liauid film. The
corresponding decrease in the surface tensiun for the water
coolant was roughly 50 percent. Obviously, the change in
the temperature of the liquid coclant over the length of the
wetted test section creates some uncertainty about how the
paramcter Xe should be evaluated. It is also obvious,
however, that such a variation in the liquid film tempera-
ture would characterize the general application of liquid-
film cooling. Because of the general importance of the
probiem of determining a proper reference temperature for
the calculation of tii. c.rface tension o, thi:z zr:llem is
discussed in greater detail in Section 4.2 that follows.
Sections 4.2, 4.4, and 4.5 consider the analysis of the

date reported in Refs. (19), (20), and (24), respectively.
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The basic assumptions that were employed to analyze those
experimentzl data are listed in each section, and a compari-
son is made in each case between the reported rates of mass
transfer and those that are predicted from the present
theory.

4.2 fn Approximate Methnd for
Evaluating the Surface Tension

An approximate method for the evaiuation of a reference
liquid temperature, which will be denoted by T],r’ that can
be employed to estimate the value for the surface tension in
the group Xe is presented in this section. The method
strictly applies to only the case where the weited surface
is adiabatic*, but it could be readily extended to the more
general case vwhere the film coocled region is also cooled
externally.

For the general case of liquid-film cooling, the bulk
temperature for the liquid increases from a minimum value
at the point oi injection, T],l’ to a maximum value at (or
near) the end of the liquid film. That maximum film tem-

L perature, denoted by Tl,m’ can be estimated from the theory
F outlined previously in Subsection 3.4.1. The basic problem,
therefore, is to determine how the minimum and the maximum
film temperatures should be “"weighted” so as to datermine
the reference temperature Tl,r'

First it is convenient to introduce a new parameter ¢

*This case inciudes the subject references (19), (20), (24).

X VPR
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which is defined as the average value for the energy balance
parameter ¢ over the length of the liquid film. The param-
eter ¢ can be reasonably approximated by the following ex-

pression. Thus*

) B Hv,m * hl,m - hl,l (4-1)

where

h] m - the sensible enthalpy for the liquid evaluated
: at the temperature T] m

The rate at which the bhuik temnerature for the liquid
film approaches the maximum film temperature, T],m’ once
that it is injected onto the test plate is a function of
how much of the total energy transfer to the surface of the
liquid film results in an increase in the sensible enthalpy
of the liquid and how much results in the evaporation of
liquid. That is, it is dependent on the relative magnitudes
of the terms Hv,m and (hl,m - hl,l) on the right of Eq.

(4-1). Thus, a weighting parameter, denoted by "w", can be

*Jt can be shown that in most cases, the group of terms
(Hv t+ hy - hy 1)» where H, and hy are evaluated at any

temperature between T] y and T1 m is essentially a con-
] L]

stant cver that range ot i11quid temperatures (22). Thus
the evziuation of Hv and h] at T] m is mostly a matter of
convenience. :
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defined as follows:
w =H /¢ (4-2)

To illustrate: if the value for w is larye (i.e., near
unity) so that most of the energy traasfer to the liquid
film results in evaporation of liquid, then the reference
temperature T],r should be chosen as nearly equal to the
maximum film temperature T],m' However, if w is very small,
so that most of the energy transfer to the liquid film re-
sults in an increase in the sensible enthalpy of the liquid,
then the average temperature for the liquid over the length
of the wetted test surface will be much less than T],m’ and
the reference temperature T!,r should be weighted mere in
favor of the minimum liquid temperature Tl,l’ Therefore, in
view of the lack of any definitive dita for the precblem, it
is suggested herein that the reference temperature T],m be
appro:imated by the following expression. Thus

T

e s Tyt (W) Ty (4-3)

Equation (4-3) was employed to estimate the surface

tensior for the analysis of the data of the primary refer-

enccs (19) and (20). The values that wers computed for Tl r

are given in the appropriate subsection.
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4.3 The Data Due to Kinney, Abramson, and Sloop*

4.3.1 Introductcry Remarks

Kinney, et al. (19) present experimental data for the
liquid-film cooling of a 2-inch and two 4-inch inside diam-
eter ducts. The 2-inch diameter duct and one of the 4-inch
diameter ducts were seamless tubes having a honed inner sur-
face. These two ducts are termed herein the smooth-surface
ducts. The second 4-inch diameter duct was a 4-inch inside
diameter rolled tube with a longitudinal weld. Although the
inside surface of the tube was machined after welding, some
surface roughness and waviness remained. This tube is
termed herein the rough-surface tube.

Subsection 4.3.2, which follows, describes the basic
experimental anparatus for Ref. (19). The primary assump-
tions that were employed in order to obtain a comparison of
the subject deta with the theory that is developed in the
present report are outlined in Subsection 4.3.3. Subsection
4.3.4 then presents the comparison between the rzported

experimental data and the calculations from the present

theory.

4.3.2 The Basic Apparatus
Figure 36 illustrates schematically the basic evneri-
mental apparatus employed in the irvestigation reported in

Ref. (12). The basic apparatus consisted of a horizontally

*Refer tc Table 3 for the nominal flow parameters for these
data.




FIRETIAMPEC RIS SRS SIS § s 4

doo|S pue ‘uosweuaqy ‘Aauuiy 30 snjededdy jo weabeyrg orjewayds °9¢ °bLJ

S3|338q mcwx*er

‘up § 40 U} 2 =°Q°] *U0}II3S 3533 uo1393s ; !
oSS ST i
pafood-wits Youi-gy ' furwed ~ ./ m
SLLBM D}3RQRIpRN_ (o |
A R S S S S S S S S e e —— ’ * ~\ n
- N :
2 o |V
wyss PenbYL ] <= Moy 526 R _m
'/ ”ocs.o$ \ ~ .w / H
p PR o T . LN | l y X
] H i
uouuuﬁc*Jw / u04339s$ | _ / 4
pinby snodod youp~z Nucumouaum [3UOdU] YdU}-0p 5= _
43udnqg Jie~-dutiosed // !

wosj seb joy—




162

mounted Inconel approach section that was 49 inches long and
a film cooled test section that was 48 inches lorng. The
walls of the experimental duct work were essentially adia-
batic. Mixing baffles and a calming section were installed
upstream of the approach section in order to obtain a uni-
form gas stream having a relatively low level of turbulence.
A gasoline-air combustor was employed to produce the hot gas
strean.

The liquid injector that was employed was fabricated
from a porous wire cloth (36 mesh) that was mounted flush
with the internal flow passage. The porous injector element
was two inches long in the direction of the gas flow. The

data reported were for a water film.

4.3.3 The Assumptions

The basic assumptions that were employed to analyze the
experimental data for the subject reference are as follows:
(a) The gas flow was treated as boundary-layer type flow
over a flat plate. The velocity boundary layer was assumed
to be fully turbulent and to develop from the leading edge
of the 40-inch long approach section.
{(b) The approach section was assumed to be adiabatic so
that a thérma] entrance length Xy = 40 inches existed.
(c) The thermodynamic properties for the'gas siream wvere
assumed to be the same as those for dry air at the prevailing

gas stream temperature. The value for the gas stream
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Prandtl number, Pr, was taken to be 0.7 for all computations.
(d) Radiation heat transfer was assumed negligible.’

(e) The reference temperature T , for the evaluation of

1,r
the surface tension ¢ in the entrainment group Xe, was esti-
mated from the procedure outlined in Section 4.2 to be 165F
for the lowest gas stream temperature that was investigated
(800F), and 210F for the highest gas stream temperature that
was investigated (1600F). The values for the reference
temperature for intermediate values of the gas stream tem-
perature were determined by a lin2ar interpolation between
those limiting values.
(f) The value for the energy balance parameter ¢ was cal-
culated from Eq. (4-1). A
4.3.4 Comparison of the Present Theory
Kith the Experimental Data
The primary equation of the present theory is repeated

here for convenience. Thus

m
1 3.0 -5 b
ﬁ: = (1.0 + 20.8) exp[5.0 x 10 (Xe - 1000) (1/10) ]

r
(3-64)

Equation {3-64) gives the desired relationship between the
rate at which lienid i< injected, My and the resultant film
cooled length, 1. The simple rate of mass transfer, m;, was
computed from the procedure outlined in Subsection 3.1.2,

together with the aforementioned assumptions. Figure 29 of
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Subsection 3.2.2 predicts a value of approximately 0.6 for
the parameter b in Eq. (3-64) for the subject flow situation.
The present subsection will investigate the validity of that
prediction (and, therefore, the validity of the model that
was employed in the analysis of Subsection 3.2.1).

Figure 37 presents a comparison of the experimental
data for mass transfer in terms of the film cooled length
versus the injected liquid flowrate for the 4-inch diameter,
smooth-surface tube with the results that were computed for
both (a) the simple theory for mass transfer (Fig. 37(a)),
and (b) the present theory for mass transfer (Fig. 37(b)).
Figure 38 presents a similar comparison for the 2-inch
diameter, smooth-surface tube. The solid curves presented
in these two figures represent the data that are presented
in Fig. 6 of Ref. (19). Approximately 25 datum points are
represented by each of the solid curves. The values for the
gas stream temperature and the gas s*ream Reynolds number
(based on the tube diameter D) are indicated in the figures
for each set of experimental data.

Figures 37(a) and 38(a) again illustrate how inadcquate
the simple theory is for the problem of liquid-film cooling.
For example: Figure 37(a) shows that at a gas stream
Revnolds number of 4.7 x 105 and a gas stream temnerature of
1600F, the value for iy required to establish a film cooled
length of 2.2 ft is more than threc times the value for m

1
that is predicted from ihe simp'e theory for mass transfer.
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The possible catastrophic consequences of designing a liquid-
film cooled system on the basis of the simple theory are
evident.

Figures 37(b) and 38{(b) present the resultant computa-
tions for the present theory of mass transfer. Because the
values for the gas stream pressure were not indicated explic-
itly for the data that were reported in Ref. (19), a band is
shown for the present theory for each set of experimental da-
ta. For the two-inch diameter duct, p was assumed to vary
from 30 to 35 psia. And for the 4-inch diameter duct, p was
assumed to vary from 25 to 30 psia. The larger values for my
at any particular value of 1 correspond to the lower values
for pressure. (For the same value of gas stream Reynolds
number, or gas mass velocity G, the value for the momentum
parameter Mo increases with decreasing pressure. And the
amount of entrained liquid increases with increasing Mo.)

A value of 0.5 for the parameter b in Eq. (3-64) was employed
to compute the results that are shown in Figs. 37(b) and
38(b) for the smooth-surface ducts. Recall that the simple
theory presented in Subsection 3.2.2 for the extension of
the results of the present investigation to an arbitrary
film cooled length showad that for the classical case of
turbulent boundary layer flow over a flat plate, a value of
approximately 0.6 for the parameter b was predicted. That
value for b resulted in predicted mass transfer rates that

were generally 10 percent greater than the calculated
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results that are shown in Figs. 37(b) and 38(b). However,
as discussed eariier in Section 4.1, that agrecement between
the prodicted and the experimenial results is probably with-
in the accuracy of the experimental data.

Comparison of Figs. 37(b) and 38(b) shows that the
agreement btetween the experimental resuits and the results
calculated from the present theory is somewhat better for
the 4-inch diameter, smooth-surface duct than it is for the
Z-inch diameter cduct. However, at least two reasons can be
suggested as to why the experimental data for the 4-inch
diameter duct should be weighted more heavily in an eval-
uation of the present theory: (a) the gas flow in the
4-inch diameter duct should more closely correspond to the
case o7 boundary layer flow over a flat plate*, and more
importantly, (b} it was stated in the subject reference that
the agreement between the data for any two experiments con-
ducted at the same flow conditions was genreraily much poorer
for the experiments with the 2-inch diameter duct than it
was for the 4-inch diameter ducts.

Figure 39 presents a similar comparison between the
calculated results and the experimental results for the
4-inch diameter, rough-surface tube. The solid curves
shown in the figure represent the data that are presented
in Fig. 6fc) of Ref. (19). Approximately 15 datum points

are represented by =2ach of the solid curves.

—— e e s

*See assumption (a) in Subsection 4.3.3.
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Figure 39(a) again shows the poor agreement between the
experimental results and the results that were computed from
the simple theory for mass transfer. The mass transfer
rates that were realized experimentally are shown in Fig.
39(a) to be as much as 400 percent greater than those pre-
dicted by the simple theory.

The computed results shown in Fig. 35(b)} for the pres-
ent theory were calculated from Eq. (3-64) with a vaiue of
0.6 for tne parameter b. The band that is presented for each
set of experimental data represents a variation in the static
pressure of 25 to 30 psia. In general, the agreement be-
tween the experimental data and the results that are calcu-
lated from the present theory is satisfactory. The greatest
difference occurs for the experimental data at the larger
rates of liquid injection, my . However, even for those data,
the present theory is in agreement to within the reported
accuracy of the experimental data.

The following conclusion is drawn from the foregoing
comparison of the computed results of the present theory
with the experimental data of Ref. (19) for botih the smooth-
surface ducts and the rough-surface duct: to perfourm con-
servative engineering calculations so as to allow for un-
known fTactors such as the physical condition cof the wetted

surface, the value of 0.6 for the parameter b in Eq. {3-64)
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should be ewployed*, That conclusion is in good agreement
with the result that was predicted by the analysis of.Sub-

section 3.2.1 and Subsecticn 3.2.2.

ialelitie

4.3.5 A Comment on the Presentation of Data for
Licuid~Film Cooling in Terms of Dimensionless Paremeters

Consider the presentation of the experimental data of
Ref. (19) in terms of a Nusselt number-Reynolds number type

of plot. The effective** averige Nusselt number, denoted

T XTTen 27

by Nue, can be calculated from the 7following expression.

7 Thus
]
-
t,/1 Re, Pr
F - 1 D
; Nu, = — 5 (4-4)
% rigure 12 of Ref. (19) presents plots of Nu, as a function

: of ReD showing some of the experimental date for both the

smooth-surface tubes and the rough-surface tube. Figures

40 and 41 of the present report show a comparison between

those data and the results that are calculated from the

* Note that this conclusion applies to only that case
where the gas stream velocity is essentially constant
over the length of the ligquid film.

**The term "effective" is introduced because Nue incliudes

the mass transfer due to entrainment in addition to that
due to evaporation.
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present theery*. Figure 40 shows the results for the

smooth-surface ducis, and Figure 41 presents the results for

the rouch-surface duct. MNote that each set of experimental

data is characterized by a certain value for the rate of ¥
liquid injection, mys the values for my, are listed in the

figure. The interrupted curve shown in both Fig. 40 and

Fig. 41 correspords to the case of simple mass transfer,

where the various "F" correction factors (see Subsection

3.1.2) were employed in the evaluation of the average .
Nusselt number. Because these correction factors are de- -
pendent on parameters other than the gas stream Reynolds

number, the curves for simple-mass transfer are labeled

"approximate". In evaluating the net mass transfer rate,

my, a value of 0.5 for the paramster b in Eq. (3-64) was

utilized in the calculations for the smooth-surface ducts

and a value of 0.6 was employed for the rough-surface duct.

*In the calculation of the Nusselt number in Ref. (19),
the thermal conductivity for the gas stream, k_, was

introduced. However, the values for kg-that were employed

in those calculations were generally 10 percent to 15 per-
cent greater than those listed, for example, in Ref. (40).
To illustrate, Appendix C of refercnce (19) gives a value

for kg = 15.Gx10'6 (Btu/sec-ft-F) fer a gas stream tem-
perature T = 2000F. But Ref. (40) gives a value for
kg = 13.1x1078 (Btu/sec-ft-F) at the same temperature.

Thevrefore, to make some correction for this fact, the
values Tor Nue present2d in Figs. 40 and 41 arc greater

than those presented in the original reference by 2 factor
of 1.10.
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The bands shown in Fig. 40 and Fig. 41 for the theory that
was developed in the present report correspond to the gas
stream pressure variation indicated in the figures. Figures
40 and 41 demonstrate again the poor agreement of the simple
mass theory and the much fore satisfactory agreement of the
present theory with the experimental résults. However, a
more important point should be noted from the comparisons
illustrated in the figures. Investigators of the problem
of liquid-film cooling have commonly presented their experi-
mental data in the form of such a Nusselt-Reynolds number
type of plot (19, 20, 24). Thé experimental data of the
present investigation, however, together with the data due
to Kinney, et al. (19), show that this is generally a very
poor way to present such experimental dsta because it does
not account for the considerable importance that the param-
eters Mo’ g, and m, can have on the net rate of mass trans-
fer from a thin liquid film to a high velocity gas stream.
This type of data presentation can be very misleading for
the practicing engineer who is concerned with the problen
of designing a liguid-film cooled system, but who is not
cognizant of the importance of the interfacial phenomena,
particularly the entrainment phenomenon. It is hoped that
the results of the experimental investigation reported here-
in clearly demonstrate the general importance of the inter-
facial phenomena in the calculation of the net rate of mass

transfer from a thin liguid film to @ hot gas stircam.




4.4 The Data Due to Emmons?

4.4,1 Introductory Remarks

Emmons (20) presents experimental data for liquid-film
cooling of a cylindrical rocket motor combustion chamber.
Experimental determinations were made of the effects of
changes in the gas stream temperature, pressure, and Reynolds
number upon the required flow rate of a single liquid {water)
needed to establish a range of Tilm cooled lengths (1 = 4 to
8 inches). Experiments were also conducted with other
coolants**, at one gas stream flow condition, to study the
influence of the physical property values for the liquid on
the rate of mass transfer from the liquid film to the gas
stream. Most of the data presented in Ref. (20) were ob-
tained for a gas stream temperature of 4100 R and a chamber
pressure of 500 psia. Only those data are reviewed herein.

Subsection 4.4.2, which follows, describes the basic
experimental apparatus that wes employed by Emmons. The
primary assumptions employed in the ca]cu}at%on of the mass
transfer rates from the theory of the present report are
discussed in Subsccticon 4.4.3, and the comparison is shown
in Subsection 4.4.4 between the meacured and the predicted
results.

* See table 3 for the nominal flow psremeters for these
data.

**anhydrous ammonia, ethyl alcohol, and Freon-113
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4.4.2 The Basic Apparatus

Figure 42 illustrates schematically the basic exberi~
mental apparatus employed by Emmons in his study of liquid-
film cooling. The experimental rocket motor burned gaéecus
hydrogen and air as the propellants. The inside diameter of
the chamber was 3.14 inches. Two convectively cooled cylin-
drical sections were installed upstream of the adiabatic
film cooled test section. The first convectively cooled
chamber was 9.42 inches long and the second convectively
cooled chamber was 1.48 inches long. Emmons utilized the
1.48-inch long section to calorimetrically estimate the heat
transfer to the dry wall immediately upstream of the film
cooled test section. An observation will be made in Sub-
section 4.4.5 regarding the measurements that were obtained
for that 1.48-inch long section.

The liquid coolant was injected through 72 V-shaped
grooves that‘were milled into the downstream face of the
film coolant injector. The liquid was -introduced onto the
test surface with a component of velocity in the tangential,

or circumfererntial, direction.

4.4.3 The Assumptions
The primary assumptions employed to analyze the experi-
mental data of Kef. (20) are summarized as follows:
(a) The gas flow was treated as boundary-layer type flow

over a flat piate. The boundary layer was assumed to be
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fully turbulent and to develop from the leading edge of the
9.42-inch long convectively cooled section.
(b) The temperature for the liquid filim at the point of
injection was much less than the wall temperature immediately
upstream so that a thermal entrance length Xy = 9.42 + 1.48 =
10.90 inches existed.
(¢) No chemical reactions occurred between the vapor for
the film coolant and the main stream gas within the boundary
layer that developed over the liquid film.
(d) The valuc for the energy balance parameter ¢ was cal-
culated from Eq. (4-1). The computed values for ¢ are shown
in Table 5 below.
(e) Radiation heat transfer was neglected.
(7} The properties of the gas stream were estimated from
the results presented by Rannie in Ref. (43)*. For a gas
stream temperature of 4100 R and a chamber pressuie of 500
psia, the pertinen. thermodynamic properties that were
estimated from Ref. (43) are as follows:

Mg = 23.0 1b/1b-mole

c..= 0.43 Btu/1b-R

Yy = 1.255
hg = £.75 X 1072 1b/ft-sec

*Emmons (29) does not lict ihe values that he assumed for
the thermodynamic preperties of the hot gas stream.
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(g} The reference temperature for the evaluation of the

surface tension o was estimated from the procedure that was
suggested in Section 4.2. Table 5 presents the values for
the pertinent paremeters that entered into that evaluation,

together with the computed valuecs for T and ¢ . Also

1,r
listed in Table 5, for completeness., are the values for the
heat transfer parameter By and the interfacial vapor con-
céntration Cs. By Was calculated from the right-hand side
of Eq. (2-27b), and C, was calculated from Egq. (3J26)f.

0f the aforementioned assumptions, Assumption (3) that
the heat transfer due to radiation is negligible is probably
one of the least valid. The products of combustion of air
and gaseous hydrogen contain z substantial quantity of water
vapor which is a strong radiator, particularly at the tem-
perature level of 4100 F. Perhaps 25 percent or more of
the net hect flux to the surface of the liquid Tiim was due
to radiation hezt transfer. An attempt was not made, however,
to estimate that radistion heat transfer. Significant con-
clusions can be drawn ebout the usefulness of the thenry
developed in the present réport for the prediction of the
rate of mass transfer from a Tiquid film to a het, high
velocity gas stream without trying to solve that complex

problem.

*Appendix D.2 presents Hv, Py.s? and o as & function of
3

the liquid temperature for the liquids that were investi-
gated by Emnorns.
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4.4.4 Comparison of the Present Theory
With the Experimental Data

The aforementioned assumptions were employed in con-
junction with the primary equation (3-64) to analyze the
data of Ref. (20). The results of those computations are
summarized in the following paragraphs.

Figure 43 shows the comparison of the computed results
and the experimental data for the case where the gas stream
Reynolds number was a variable and water was the film cool-
ant. The gas stream Reynolds numbers are listed on the
figure. Part (a) of the figure presents a plot of the mass
transfer rate that was predicted from the simple theory for
mass transfer versus the measured mass transfer rate. Part
(b) of Fig. 43 then shows the comparison between the experi-
mental data and the present theory. A value of 0.6 for the
parameter b in Eg. (3-64) was employed to compute the re-
sults for the prasent theory.

Figure 43(b) shows that the present theory for mass
transfer predicts a mass transfer rate that is consistently
less than that realized experimentally. However, Fig. 43
also shows that the present theory is a substantial improve-
ment over the simple-theory for mass transfer. Moreover,
if the radiation heat transfer was accounted for, the agree-
ment between the present theory and the experimental data
would be improved. Indeed, if one also accounts for the

likelihood of considerable experimental error in the




. SA3qunN Sploukay Weau3S SeY SNOoLJep  *SUOWWI 03 BNG 43ssSubudl
H sseyl 404 °3eQ Y3l A403Yyl 3Juasadd pue Auoayl aldwiS Jo uostaedwo) gy ‘*Oi4

L4090y} uasaud  (q) Aiaoay) sidurs (e)

{34-393/81) pasnseaa ¢ lu (e295/q1) paunsedn * tu

oto ot v0°0 200 10° % 0179 70°0 @ ‘e0 ﬁ_
X T ITT T T T T 10°0 — N N N A 10°8 ]
=}
3 . R - . |
e H
m s _,
@ |- - 20°0 - o) -4 20°9 |
q ~ } ~ = _
e Q - - T 0 Q -4 -,
B a _ “.., - o] - T
o o o -1 m I 0% -1 Mu |
- Oom ~tsw0 2 - & 1y & __
8 . 2 - & - g -
— Oxmu 0f X £8°( < —130°0 w - © - m |
= o F S ke - - gL¥idiie o |
- o gurseo. 0 T - N JLPE0 . 0 - 7 _
- O Srxssoty o ] g - T I z _
- . s oo 3 - § =foe G |
UPL00I-GL 4 Ja3R 2 IUP1003 uly, JolEe 2 ‘
i 05005 o d 4 . 130005 « ¢ - ."
6 i
¥oaty « 1 £,
» 020 a 2001y o2 I S
5 . . -
A B N I N AU R 02°0 - Ll e _ : ) ,




A
At}
£ e € S o< Mmoot ATs e b Wbt v & ¢ e o

i Mods A adons a}g’,":m{mwwxvﬂrﬁﬁnw{.rmww S il S ol

184

reported data*, it could probably be argued that the agree-
ment between the present theory and the reported experi-
mental data is quite satisfactory.

Figure 44 presents a similar comparison for the data
that were obtained for the film coolants water, ammonia,
ethanol, and Freon-113 at a gas stream Reynolds number of
0.68 x 105. Again, part (a) of the figure compares the
experimental data for mass transfer with the mass transfer
that was predicted from the simple theory; and part (b)
of Fig. 44 shows the comparison between the theory that was
developed herein and the reported data. Figure 44 demon-
strates further that the proposed correlat%on for msss trans-
fer is an improvement over the simple theory. 1If the
neglect of the radiation heat transfer and the probable
experimental error is taken into consideration, the agree-
ment between the present theory and the experimental data
shown in Fig. 44 is quite satisfactory.

4.4.5 An Additicenal Comment of the
Research Due to Emmons

It was indicated in Subsection 4.4.2 that the 1.48-inch
long convectively cooled section** (just upstream of the
film cooled test section) was employed to determine the rate

oY heat transfer to a wy wall as & Tunction of itne pertinent

* Sge the discussion of Section 4.1.
**Refer to Fig. 42.
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~gas stream flow conditions. Emmons compared those dry-wall
measurements to the mcasurements he obtained for the liquid-
film cooled wall region and concluded that the rate of heat
transfer to the liquid film was less than the rate of heat
transfer to the dry wall for the same gas stream conditions.
In essence, he concluded that the analogy between simple-~
mass-transfer cooling and liquid-film cooling was valid.
However, the experimental data reported herein, together
with those reported by Kinney, et al. (19), show rather con-
clusively that the analogy between the simple-mass transfer
process and the process of liquid-film coeling is generally
very poor. In fact, the computed rcosults shown in Fig. 43
and Fig. 44 suggest that the experimental data reported by
Emmons do not support the analogy. This apparent discrep-
ancy is discussed in the following paragraph.

Emmons found that the dry-wall heat transfer data could
be correlated by a Nusselt-Reynolds number type of corre-
laticn that was suggestied by Humble, et al. (44) for fully-
developed turbulent tube flow. That particular corre-
Tation, however, snecifies that the properties for the gas
that enter into both the MNusselt number and the Reynolds
number be evaluated at the wail temperature. The evaluation
of the properties at .z wall temperature 1S a cuiwauon pro-
cedure emploved to correlate heat transfer data for the case
vhere heal is transferred from the wall to the gas stream

(36) {i.e., the wall is at a higher temnerature than the cas
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stream). That was the case that was investigated by Humble,
et al. (44). However, for the case where the heat transfer
is from the gas stream to the wall, as is the case fcr the
data reported by Emmons, the standard procedure is to eval-
uate the physical properties for the gas at some inter-
mediate temperature between that for the gas stream and that
for the wall. The choice of the reference temperature for
the evaluation of the properties for the gas can be very
important. To illustrate, Kays (36) suggests that the
Nusselt number for the case of turbulent heat transfer from
the wall to the gas stream is greater than the Nusselt
number for the case of turbulent heat transfer from the

gas stream to the wall, all other conditions being equal,

0'25. For the dry-wall experiments of

by the factor (Tg/TS)
Emmons, a characteristic value of (Tg/TS) would be 4 with
the resulting value for that factor being 1.41. It would
appear, therefore, that the heat transfer rates that were
realized for the dry-wall test section were approximately
40 percent greater than those that would be predicted by a
standard correlation for fully developed, turbulent gas

flow with the direction of heat transfer being from the ga§

to the wall of the tube. Part of that eoxcess heat transfer

‘could probably be attributed to radiation heat transfer.

More significantly, however, it can be argued that part

(or perhaps most) of that excess heat transfer was probably
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due to the fact that the assumption of fully-developed tube
flow was a poor approximation to the flow over the 1.48-inch
convectively cooled test section, particularly as regards
the thermal flow field. Reference to the schematic illus-

tration of the experimental apparatus presented in Fig. 42

- : . , ‘ .

shows that for the 9.42-inch long convectively cooled sec-

tion, the external coolant (water) was introduced at the up-

PR

stream end. It follows, therefore, that because of the heat
transfer from the combustion chamber to the external coolant, I
both the temperature for the wall and for the coolant would

increase in the flow direction until the coolant was with-

drawn at a point just upstream of the 1.48-inch long con-
vectively cooled test section. Assuming that the temperature
of the external coolant was the same at the inlet to the ;
9.42-inch long section and at the inlet to the 1.48-inch _
long section, it then can be argued that there existed a

decrease in wall temperature (that could have been substan- F
tial) in going frém the downstream end of the 9.42-inch
section to the 1.48-inch section. Such a change in wall
temperature would cause the rate of heat transfer to the
1.48-1inch section to be significantly higher, and it makes
the assumption of a fully-developed thermal flow field much
poorer, than if the wall temperature was everywhere iso-
thermal. Emmons did not attempt to determine what the
pertinent thermal boundary conditions were. Thus the valid-

ity of the above argument cannot be investigated further.
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The argument is presented here solely as a possible expla-
nation for the apparent high rates of heat transfer that

were measured for the dry-wall test section. It is unfor-
tunate, however, that Emmons arrived at such an important
conclusion that the liquid-film cooling process and the
process of simple-mass transfer were analogous without hav-
ing considered the interpretation of the dry-wall heat trans-
fer data in greater detail. Also it will be shown in Appendix
A.4 of the present report that the major conclusion that
Emmons drew with reference to his experimental data for the
gas-vapor cooled region immediately downstream of the ter-
minus of the liquid film is open to some question because of
the possible incomplete interpretation of the experimental

data for the dry-wall heat transfer experiments.

4.5 The Data Due to Hermann, Leitincer, and Melnik*

4.5.1 Introductory Remarks

Hermann, et al. (24) experimentally investigated the
feasibility of liquid-film cooling the nozzle of a hyper-
sonic wind tunnel. For the preliminary experiments reported
in the subject reference, the film cooling of a Mach number
1.92 axi-symmetric Laval nozzle was considered. They were
not primarily interested in obtaining quantitative data on
the rate of mass transfer from a liquid film to an acceler-

ating gas stream. In fact, only threce datum points are

*Refer to Table 4 for the nominal flow parameters for
these date.
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presented that can be employed to evaluate the present
theory. Moreover, the accuracy of these data points is
questionable, primarily due to thé fact that the instrumen-
tation was limited. Specifically, only 15 thermocouples
that were welded to the external surface of the film cooled
wall were utilized to determine the average film cooled
length. The thermocouples were distributed both axially
along and circumferentially around the nozzle. Only 9 of
the 15 thermocouples were installed downstream of the throat
of the nozzle where the liquid film usually terminated.
Thus, due to the non-uniform way in which the liquid film
usually terminates, it would be impossible, in general, to
accurately determine the actual wetted area (or average film
cooled length) from only 9 thermocouple readings. However,
in spite of the foregoing limitations, it is still of some
interest to compare the reported data for mass transfer with
the mass transfer that is predicted by the present theory
for the case of an accelerated flow.

Subsection 4.5.2 pra2sents a discussion of the basic
apparatus, and Subsection 4.5.3 outlines the primary as-
sumptions that were employed to analyze the experimental
data. Subsection 4.5.4 presents a comparison between the
predicted and the experimental results.

To obtain some idea of the possible film coolant re-
quirements for the cooling of the same axi-symmetric nozzle

if it were installed on a high-energy propulsion device,
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Subsection 4.5.5 presents an illustrative calculation based
on the present theory for the case where the stagnation

temperature Tg = 4000 R and the stagnation pressure p° =

500 psia.

4.5.2 The Basic Apparatus

Figure 45 illustrates schematically the experimental
apparatus of Ref. (24). The figure presents a Mach number
1.92, axi-symmetric Laval nozzle having a 3-inch long sub-
sonic section and a 5-inch long supersonic section. The
diameter at the inlet to the nozzle was 8 inches; the di-
ameter at the throat of the nozzle was approximately 2.7
inches; and the diameter at the exit of the nozzle was
approximately 3.5 inches. The walls of the nozzle were
essentially adiabatic.

A J-47 jet engine combustor was employed to precduce the
hot gas stream. The maximum stagnation temperature that was
investigated was 1940 R.

The film coolant (water) was introduced at the inlet
to the subsonic portion of the nozzle. The coolant was in-
jected onto the walls of the nozzle through 48 holes that
were evenly spaced around the circumference of the nozzle.

For most of tFr- avestigation, the diameter of each hole was
0.011 inches.
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4.5.3 The Assumptions
The primary assumptions employed to analyze the experi-
mental data of Ref. (24) are summarized as follows.
(a) The theory outlined in Subsection 3.3.1 for predicting
the rate of simple mass transfer from a liquid film to an

accelerating gas stream was employed to determine the simple

mass transfer rates for the subject case. The boundary layer

was assumed to be fully turbulent and to develop from the
leading edge of the 3-inch long subsonic portion of the
nozzle. 1In addition, the adiabatic-wall recovery tempera-
ture for the gas stream was assumed to be equal to the stag-
nation temperature Tg.

(b) Except for the thin boundary layer region next to the
nozzle wall, the gas flow was assuwmed to be isentropic with
a specific heat ratio of 1.33. With that assumption, the
values for p, Tg, and ug were computed as a function of the
position along the axis of the nozzle. No corrections were
made in the calculations for displacement effects.

(c) The thermodynamic properties for the gas stream were
assumed to the same as those for dry air at the same
temperature.

(d) The average temperature for the liquid film throughout
the nozzle was estimated from Fia. 28 of Red [(34) to be
220F for the case of the three datum points that are ana-
fyzed herein.

(e) A value of 1090 Btu/1b for the energy balance parameter
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¢ was estima?ed from Eq. (4-1) with the subs;itution of the
pertirent thermodynamic properties for water.
(f) Radiation heat transfer was neglected.

The foregoing assumptions were employed, together with
the solution technique that was outlined in Subsection 3.3.2
for the present theory, to analyze the subject experimental
data. The value for the parameter d in Eq. (3-74) that was
employed in the calculations was 1.0. That value for d was
found to correlate the data for the present investigation
for the case where the gas stream was acce]er;ted over the
wetted wall region.

4.5.4 Comparison of the Present Theory
With the Experimental Data

Reference (24) presents, for three different gas stream
conditions, the approximate film coolant flow rate required
to wet the first 4 to 5 inches of the nozzle. The compari-
son between the experimental results and the results pre-
dicted from both the simple theory for mass transfer and

from the present theory (assuming d = 1.0) is as follows:

Point 1 : rg = 1460R, p® = 69 psia.
experimental: m = 0.037 1b/sec
simple theory: my = 0.017 to 0.021 1b/sec
present theory: m, = 0.023 to 0.028 1b/sec
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Point 2 : Tg = 1470R, p® = 82 psia.
experimental: my = 0.037 1b/sec
simple theory: my = 0.019 to 0.23 1b/sec
present theory: m, = 0.028 to 0.033 1b/sec
Point 3 : Tg = 1940R, p° = 82 psia.
experimental: m, = 0.097 1b/sec
simpie theory: my = 0.029 to 0.036 1b/sec
present theory: m, = 0.043 to 0.053 T1b/sec

The foregoing results show that the agreement between
the experimental and the predicted results is satisfactory
for Point 2, is less satisfactory for Point 1, and is rather
poor for Point 3. However, for each point, the result pre-
dicted by the present theory is better than that predicted
by the simple theory for mass transfer.

It is unfortunate that additional experimental data
were not presented in the subject reference in such a form
that the present analysis could be further evaluated. More-
over, it is unfortunate that the accuracy of the three datum
points that are reported is uncertain. One question that
remains to be answered is to what degree (if any) compress-

ibility effects for Mach numbers greater than, say, 0.5

-alter the form of the correlation proposed herein for the

rate of mass transfer from a thin liquid film to an acceler-

ating, hot gas stream.
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4.5.5 An ITlustrative Example for

Tg = 4000 & and p® = 500 psia

To illustrate further the present theory, an example is
presented in this section to show the film coolant raquire-
ments (predicted) for the cosling of the above axi-symmetric
nozzle for the case where the gas flow has a stagnation tem-
perature of 4000 R and a stagnation pressure of 500 psia.
These stagnation conditions are characteristic of the flow
conditions that might be encountered in the application of
film cooling to thermally protect an exhaust nozzle of a
high-energy propulsion device. This example serves to indi-
cate the type of deviation from the simple theory for mass
transfer that can be expected in the liquid-film cooling of
such an exhaust nozzle.

The assumptions emploved in the calculations are the
same as those listed in Subsection 4.5.3. Again, the value
of 1.0 for the parameter d in Eq. (3-74) was employed in the
computations. )

Figure 46 presents a plot of the net rate of coolant
injection as a function of the film cooled length of the
exhaust nozzle (measured along the axis of the nozzle). The
pertinent parameters that were employed in the calculations
are summarized in the (igure. Tho interrupted curve shown
in the figure represents the result that ic predicted from
the simple theory for mass transfer. The two solid curves

represent the result that is predicted from the present
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theory for two different values of surface tension o. The
larger value for o (50 dynes/cm) represents roughly the case
where water is emrioyec¢ as the film coolant. Most of the
other film coolants that might be of interest (e.g., alco-
hols, hydrocarbon fuels) are approximately represented by
the smaller value for o (25 dynes/cm). Figure 46 shows that
ihe present theory predicts, for the case where ¢ = 50
dynes/cm, a coolant flow rate to cool the subsonic portion
of the nozzle that is approximately 50 percent greater than
that predicted from the simple theory. And, for the case
where o = 25 dynes/cm, the present theory predicts an in-
crease in the coolant requirements to cool the subsonic
portion of the nozzle of 100 percent. More interestingly,
'owever, Fig. 46 shows that to cool both the subsonic and
the supersonic portions of the nozzle, by injecting the
coolant at only the leading edge of the subsonic portion,
the coolant requirements predicted from the present theory
become substantial. For the case where o ="50 dynes/cm,
about 6 times more coolant is required to cool the entire
nozzle than is predicted by the simple theory. For the
cgge where o = 25 dynes/cm, the amecunt of coolant required
to cool the entire nozzle is rcughly 30 to 40 times that
predicted by the simr'~ theory. Although thec~ p»-Zicted
coolant flow rates are considerably greater than those pre-
dicted oy the simple theory, the three datum points dis-

cussed in Subsection 4.5.4 suggest that the estimates from
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the present theory may even be low.

It is worthy of note that almost all of the difference
between the results predicted by the simple theory and those
predicted by the present theory is due to the entrainment
phenomenon. That is, except for the very leading edge of
the subsonic portion of the nozzle waere the gas stream
velocity is relatively low, the roughness parameter r is
small, less than, say, 0.10.

It also is interesting to note the local rates of mass
transfer from the liquid film to the gas stream that are
predicted by the present theory for the subject illustrative
case. Figure 47 presents a plot of the predicted local rate
of mass transfer from the liquid film into the gas stream as
a function of the axial location throughout the nozzle. The
pertinent parameters employed in the calculations are listed
in the figure. Only the one value for surface tension of
50 dynes/cm was employed in the computations. The result
that is predicted by the simple theory is indicated in
Fig. 47. 1In addition, three curves are presented in the
figure to illustrate the result that is predicted by the
present theory for three values of the net rate of coolant

injection, My . The coolant flow rates shown are 0.5, 1.2,

-and 3.0 1b/sec. From Fig. 46, those coolant flow rates

correspond to predicted film cooled lengths of approximately
4, 6, and 8 inches, respectively. Figure 47 illustrates

that for all cases, the maximum value for the local rate of
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mass transfer occurs at (or very near) the throa; of ;he
nozzle. The figure also shows that the local rate of mass
transfer predicted by the presént theory can be substantially
greater than that predicted by the simple theory. Of course,
if the Tiquid coolant has a surface tension less than the

50 dynes/cm that is represented by the calculated results

in Fig. 47, then the local rates of mass transfer would be -
substantially greater than those shown.

In summary, the illustrative example presented in this
subsection suggests that the simple theory for mass trans-
fer can lead to a catastrophic design of a liquid-film
cooled exhaust nozzle. In most cases that are of practical
importance, the entrainment phenomenon would completely
dominate the mass transfer process.

It also follows from the results of the foregoing cal-
culations that it is not practical, in general, to introduce
the film coolant at only one location. The net rate at
which liquid is entrained into the gas stream can be re-
duced substantially if the coolant is introducéd at several
axial locations. It would seem that this particular problem

needs further experimental investigation.
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5. CONCLUSIONS

The following principal conclusions are drawn from the
results of the subject investigation.
1. The scale of the small disturbance waves on the surface
of the liquid film is principally characterized by the momentum
paramete» Mo for the gas stream, with the scale decreasing
with increasing values of Mo.
Z. The surface tension apparently affects the film surface
characteristics because with water as the liquid phase
(relatively high values of o), a second type of disturbance
wave was frequently observed (two dimensional, long wave-
length) that was never observed with either methanol, bu-
tanol, or RP-1 as the liquid phase (relatively low values
of surface tension).
3. The basic interfacial structure is not altered apprecia-
bly by substantial variations in the liquid viscosity. Also
it is not noticeably influenced by a significant variation
in the rate of liquid flow in the liquid fiim so long as the
gas stream velocity is greater than about 50 fps.
4. The rate of mass transfer from a thin liquid film into
a high velocity, hot gas stream can be substantially greater

(typically 5 to 10 times greater) than that predicted by the
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simple theory for mass transfer, with the phenomenon of
entrainment normally accounting for the bulk of the mass
transfer.

5. The mass transfer due to entrainment is a function of
the rate of liquid injection m;, the momentum parameter Mg s
and the surface tension o, with the amount of liquid en-
trained into the gas stream increasing with increasing
values for my and Mo and decreasing values for o.

6. The liquid viscosity was not found to influence the rate
of entrainment, thereby contradicting the proposal by many
observers that the liquid-film Reynolds number is a primary
parameter characterizing the phenomendn of entrainment.

7. The "effective" roughness of the liquid film can result
in an inc¢rease in the evaporative transfer of mass of as
much as 80 percent or more over that predicted by the simple
theory for mass transfer.

8. The data for mass transfer with a constant velocity gas
stream was satisfactorily correlated in terms of two dimen-
sional parameters, one characterizing the entrainment phe-
nomenon and one characterizing the phenomenon of film sur-
face roughness. The comparison of the experimental data
with the present theory showed that the agreement was gen-
"erally to within 5 tn 10 percent.

9. There is some physical evidence that the dimensional
entrainment group Xe is equivalent to a dimensionless

Weber number if the characteristic length for the latter
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is taken as the scale of the small disturbance waves on ihe
surface of the liquid film. Moreover, there is some evi-
dence that the phenomenon of entrainment of liquid from the
surface of a thin liquid film is analogous to the phenomenon
of atomization of liquid drops suspended in a gas stream.
10. The data for mass transfer with an accelerating gas
stream was satisfactorily correlated by locally applying
the correlation that was developed for the mass transfer
data with a constant velocity gas stream and then numeri-
cally integrating over the length of the liquid film to
obtain the total mass transfer.

11. The analysis that was developed to extend the results
of the present investigation to the general case c¢f arn
arbitrary film cooled length was shown to agree favorably
with the experimental data of Refs. (19) and (20). This
favorable comparison also suggests that the relatively sim-
ple mass transfer correlation developed herein has consider-
able utility because the flow parameters that characterized
these two investigations were substantially differént from
those that characterized the subject investigation.

12. The liquid coolant requirements for cooling the nozzle
of a high energy propulsion device can be reduced substan-
tially by injecting the liquid coolant at several axial
locations, and by selecting coolants which have a high sur-

face tension.
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13. Correlation of the data for the maximum iiquid tempera-
ture showed that the simple theory developed herein pre-
dicted that temperature with sufficient accuracy for most

engineering-type calculations.
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NOTATION

acoustic speed {Eq. (3-69))

constant (see Eq. (3-1))

constant {Eq. (3-63))

constant (see Eq. (3-2)) ‘
heat-mass transfer parameter (Eq. (3-22))
mass concentration of vapor

skin friction coefficient (Eq. (3-20))
specific heat at constant préssure
specific heat at constant volume

constant (Eq. (3-73))

tube diameter

entrainment parameter (see Eq. (3-5))
denotes a furction

correction factor (see Eq. (3-16))

mass velocity for gas stream (Eq. (2-1))
specific enthalpy

heat transfer coefficient (Eq. (1-2))
latent heat of vaporization

thermal conductivity

dimensional constant (Eq. (3-41))
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liquid-film cooled length
10-inch long film cooled length

measure of scale of waves on surface of liquid
film

rate of coolant injection or withdrawal

rate of mass transfer from liquid film (see Egs.
(3-2) and (3-6))

local rate of mass transfer from liquid film

rate of gas fliow through the boundary layer per
unit spanwise length (Eq. (5-6))

molecular weight
Mach number
Momentum parameter (Eq. (2-2))

parameter in the power-law velocity profile
(Eq. (5-3))

Nusselt number (Eq. (4-1))
static pressure
stagnation pressure

partial pressure for vapor

Prandtl number = ~E~E

energy transfer due to conduction
energy transfe- due to radiation
roughness parameter (see Eq. (3-4))
perfect gas constant

Reynolds number based on D

Reynolds number based on x

see Eq. (3-65)
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see Eq. (3-66)

Reynolds number based on 6 (Eq. (5-21))

corrected Stanton number for simple heat
transfer (Eq. {3-15))

uncorrected Stanton number for simple heat

transfer (Eq. (3-23))

Stanton number for simple mass transfer
(Eqs. (3-85) and (3-86?)

static temperature

stagnation temperature
streamwise component of velocity
weighting parameter (Eq. (4-2))
Weber number (Eq. (3-38))

distance measured from effective starting
point of velocity boundary layer

distance measured from point of licuid injection

thermal entrance length
entrainment group (Eq. (3-31) with a = %)
roughness group (Eq. (3-45))

distance normal to the wall or the liquid
film surface

specific heat ratio

dynamic becundary layer thickness
thermal boundary layer thickness
disnlacement thickness (Eq. (5-14))
momentum thickness (Eq. {5-15))

dynamic viscosity

LI i

Ll

b=




u

dimensionless entrainment parameter (Eq. (3-34))

density
surface tension

energy balance parameter (Eqs. (3-13) and (3-14))

Subscripts

1

aw

evaluated at the plane of liquid coolant
injection

evaluated at the terminus of the liquid-fiim
cooled length

evaluated at the terminus of the gas-vapor
cooled length

adiabatic wall

critical

effective

main-stream state (y = §)
main-stream gas

gas-vapor cooling
summation index

liquid

evaluated at the gas-liquid interface but
in the liquid phase

maximum

reference

evaluated at the gas-liquid interface
simple

evaluated at the gas-liquid interface but in
the gas phase

vapor
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3 w wall
Superscripts
0 stagnation conditions
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APPENDIX A

AN ANALYSIS FOR THE GAS-VAPOR-COOLED REGIO-

A.1 Introduction

It is difficult, if not impossible, to make a complete

rathematical analysis of the boundary layer and heat trans-
fer characteristics of the region immediately downstream
from the end of the liquid film. Moreover, an involved
analysis would not be generally warranted because of the
large number of assumptions that must be made concerning
the velocity and temperature profiles, the form factor or
factors, the skin-friction law, the heat-transfer law, etc.
As a consequence of this fact, the analysis presented here-
in is based on an idealized and relatively simple flow model.
It will be shown that the analysis cannot be completely
developed until more definitive experimental data are ob-
P tained for the subject problem. However, the limited data
F that do exist show that the analysis presented herein has
considerable promise. These data are discussed in Sub-
section A.2.4.

Both Emmons (20) and Guinn (45) developed semi-

empirical analyses for the gas-vapor-cooled region; these
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analyses were based on the flow model suggested by Hatch
and Papell (46) for gas-film cooling. The analysis pre-
sen:ed here differs from those due to Emmons and tc Guinn
in the following fundamental respects:

(a) boundary-layer type flow rather than fully-developed
pipe low is considered;

(b) the analysis is generalized so that it can be applied
to a compressible jas flow in the presence of a streamwise
pressure gradient; and

(c) no direct similarity between gas-vapor and gas-film
cooling is assumed.

As discussed in Subsection 2.1.2, an aralysis for the
gas-vapor-cooled region requires the consideration of two
cases: (a) the case where the wall is adiabatic; and (b)
the case where the wall is externally cocled. These two

cases are considered in Sections A.2 and A.3, respectively.

A.2 The Case Where the Wall is Adiabatic

A.2.1 The Flcow Model
The flow model employed for the analysis of the gas-
vapor-cooled region is defined by the following conditions.
(1) The wall is adiabatic.
(2) The boundary laver flow is fully turbulent
(3) The thermal, the diffusional, and the dynamic boundary

layer thicknesses are equal; the latter is denoted by y = §.
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(4) The stagnation temperature for the main streanm, Tg, is
a constant in the streamwise direction.

(5) The specific heat for the gas, cp, is a constant.

(6) Radiation heat transfer ard chemical reactions within
the boundary layer are not impcrtant.

(7) The velocity profile and the stagnation-temperature

profile for the boundary layer are of the function forms:

U . -

T ° fl(%) (A-1)
g

and
10 -1
a

1° Tw = Tal§) (A-2)

g = aw

where Taw is the temperature of the fluid adjacent to the

adiabatic wall. To illustrate, fl could be assumed of the

power~-law form:

£, = (H/n (A-3)

1

and f2 could be assumed of the form

3

2
£, = A+ B + (%) + 0(f) (A-4)

The constants in Eq. (A-4) can be evaluated from the
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following boundary conditions that apply to f2. Thus

f2 (0) =0
f, (1) =1
of

2
of

2
3y (1) =0

The resultant expression for f2 is

2 3
f, =3(%) - 2(%) (A-5)

For the present analysis, however, the actual forms of f1

and f, need not be assumed, only the assumption that fy and

f2 exist for the gas-vapor-cooled region is required.

A.2.2 The Energy Balance

Ffgure A.l1 presents, schematically, a control volume for
the gas-vapor-cooled region; the control surface of the con-
trol volume is defined by x = Xos X = X, y = 8§, and y = o.
The following energy fluxes, written in accordance with the
flow model defined in the foregoing section, are presented
in the figure:

82
(a) J pu ¢y T% dy = the rate at which thermal and ki-

° netic energy is transferred i %0 tne

control volume per unit spanwi-c

length at the station x = Xpe
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fm" _ it 0
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the rate at which thermal and ki-
netic energy is cransferred out of
the control volume per unit span-

wise length at the station x

X,

the rate at which thermal and ki-
netic energy is transferred from
the main stream into the control

volume per unit spanwise length.

The parameter m" in term (c) is defined as follows:

]
m" = I pu dy =
o

the rate at whicih mass is trans-
ferred through the boundary layer
per unit spanvise length at the

station x = X

(A-6)

The energy bdalance for the control volume in Fig. A.1l

can be written as follows. Thus

P

I pu cp T° ay + (m" - m%) c. 1% = I pu cp 7° dy

0

(A-7)
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Employing Eq. (A-6), and dividing through by Cps Eq. (A-7)

can be written in the form

) 8
IpuTody 'jpur°dy
n’ o + (m" - m") TO = m" L
2 62 2 g - ? )
[ pu dy J pu dy
0 (V]

(A-10)

In order to realize the desired simplicity of the present
analysis, the following approximation is introd.:ced con-

cerning the integral terms in Eq. (A-10). Thus*

u 7° dy

Thus, Eq. (A-iO) can be written in the following form by

introducing the above approximation and assumptien {7) of

the flow model:

*Note that this approximation is not equivalent to and is
less restrictive than the assumption of constant density.
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o+
Lo )
3
=2
[ab X
b
-
(=]
i

I f1 dy
0

The latter expressior can be rewritten in the form

1
£, f, d(Y)
m2 (Tg B Taw,Z) - m (T; - 1‘.aw,z) 1 N
] £1 (¥
o
1
] £ f, dl¥)
m" (Tg - T - (Tg - T 1
[ £, a
o

(A-11)

Finaliy. the terms in o ‘%-11) canr be combined to yield
the follcwing energy balance for the control volume pre-

sented in Fig. A.1l. Thus
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1° -7 m,
;%~__JHL_. = £ (A-12)
- mll
g aw,2

The relatively simple form of Eq. (A-12) is due principally
to assumption (7) of the flow model.
Equation (A-12) enables the determination of the

adiabatic-wall temperature Ta as a function of x once Taw 2

W Y
and T; are specified and m" as a function of x is known.
The parameter Tg is normally known from the statement of the

problem, and the parameter Taw o Can be estimated from the
developments presented in Subsection 3.4.1. The evaluation

of m" as a function of x is considered in Subsection A.2.3.

A.2.3 The Evaluation of m"
Equation (A-6), which defines the parameter m", can be

rewritten in the form

*
"o ed) (8.8
o= (o) (2 -8 6 | (A-13)
where
)
*
§ = [ (1 - TBETH) dy = the displacement thickness
¢ Mg

(A-14)
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§
= u - 9_ = i
9 = I T%UTE (1 "g) dy the momentum thickness
0

(A-15)

Equation (A-13) shows that m" can be determined as a function
of x if %, %—, and 6 are known as functions of x. The eval-
uation of these quantities is considered in the following
paragraphs.

The Evaluation of &6/6 and 8*/6. Persh and Lee (47)

have tabulated the values of §/9 and 6*/6 as functions of

the main-stream Mach number and the wall-to-main-stream
temperature ratio. It is suggested, therefore, that these
tabulated data be employed for evaluating 6/6 and 6*/6 when
the variation in the density for the gas stream across the
boundary layer is significant. However, for the more general
case where that density variation is not significant, it is
suggested that the subject parameters be calculated by
applying the power-law velocity profile (see Eq. (A-S)). The

resultant expressions for 6/0 and §*/0 are (48, p. 536)

§ _ (1 +n) (2 +n)
s = - (A-16)
and
* \
g = 2 ; n, ’ (A-l7)
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The Evaluation of 6. To determine the value of the

momentum thickness 6 as a function of x, one must solve the
momentum integral equation. That equation can be written in

the form (4°9)

c * du dp
1l
fi = %% + of(2 + g—) %— Efl + o 372'] (A-18)
9 g )
Or in the form (50)
*
Ce  de p dm o {(s /e)+2-M§}
z " ax * ol BTN, (A-19)
a O {1+ (5= g}
vhere -
Ct Tw
7= S = the skin-friction coefficient (A-20)
p.u
g g

To solve* either Eq. (A-18) or Eq. (A-19) for 6, one
must specify the form of the skin-friction law; the latter
is denoted functionally by .

c c
2t =7 (Rey)

*A numerical solution is generally required for either
Eq. (A-18) or (A-19).
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where
p.u_=6
Re3 = _ﬂﬁ_ﬂ__ = the Reynolds number for the main
g

stream based on the characteristic
length 6
Several empirical skin-friction laws are presented in
Chapter 22 of Ref. (48) for the case where the gas flow is
turbulent, incompressible, and over a flat plate. 1In the
analysis of gas flows with favorable pressure gradients,
it is normally assumed that the skin-friction law is
the same as that established empirically for the flat-
plate case (49, 50, 48). Furthermore, the case where
heat transfer effects and/or compressibility effects are
important can be analyzed by evaluating the thermodynamic
properties for the gas stream at an appropriate reference
temperature. For example, the reference temperature, denoted

by T.» can be determined from (36):

2
T, = 0.5(T +T,) + (pr)t/3 Y (A-21)
r g W 7

Y

It is suggested that in the evaluation of the physical
properties that the composition of the gas be assumed uni-
form throughout the boundary layer and equal to that for the
main stream; i.e., assume that a reference temperature is
sufficient to define the reference state.

To complete the solution for 6, the boundary condition
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on 6 at the station x = Xos denoted by 65 must be specified.
An approximate technique for the evaluation of that boundary
condition was proposed in Ref. (25). However, subsequent
analysis of ithe availaiple experimental data suggests that
that proposal is not satisfactory. In order to illustrate
that point, an analysis of the data that are presented in
Ref. (19) is discussed in Subsection A.2.5. However, to
facilitate that discussion, it is convenient to first con-
sider a special case for which the foregoing deQeIopments

are simplified substantially.

A.2.4 A Special Case
Consider the special case that is defined by the
following conditions.
1. The gas flow is incompressible, constant density, and
over an adiabatic flat plate,

2. The skin-friction law is that due to Prandtl {48, Egq.

22.7). Thus
c
f _ -
5 = 0.0128 Ree (A-22)
3. The velocity profile for the boundary layer is given

by Eq. (A-3). Thus

1/n
:‘,—g = (1) (A-3)

P i A v . G e Sl oy - el ey e S e ——
= = e P a4
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For this special case, Eq. (A-12) reduces to the form

T -7 m ’
9. aw -
Tg - Taw,2 m" (A-23)

Equation (A-13) reduces to (refer to Egs. (A-16) and (A-17))

m' = (2 +n) pug 6 ' (A-24)

Equation (A-18) simplifies to the form

c dRe
fi - g% N dRee (A-25)
X
where
p u_ x

Rex = n——g—— = the Reynolds number for the main
stream based on the characteristic
length x
(A-26)

Note that due to assumption (1), the distance x is measured
from the "effective" starting point for the growth of the
turbulent bcundary layer over the gas-vapor cooled region.
It follows from the discussion presented belnw that the
specification of that starting noint is equivalent to the

specification of the parameter €,-
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Upon combining Eqs. (A-23) and (A-24), one obtains

I&_;;EHL_. = gg (A-27)
T -7 -
g aw,2

In addition, substitution of Eq. (A-22) into Eq. (A-25)
yields

- pa¥
0.0128 dRe, = Rep dRe, (A-28)

Integrating Eq. (A-28) and substituting the limit Rey = Re

%2
at x = Xo, One can readily show that
Re62 0, X, 4/5
R, -5 - &) (A-29)
Substituting Eq. (A-29) into Eq. (A-27) results in
_ 4/5
Tg Taw _ (xz)
T - T .° A (A-30)
g aw,2

Equation (A-30) presents, for the subject special case, a
simple expression for the calculation of the adiabatic-wall
temperature T as a function of the distance from the end
of the liquid film (x - xz). The problem, therefore, is to
determine Xg Th- dita of Ref. {(19) give -om7 insight into

the problem of the evaluation of that parameter. Those data

are considered in the following subsection.
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A.2.5 Experimental Data for the Adiabatic-Wall
Temperature From Reference (19)

Kinney, Abramson, and Sloop (19) present some data for
the temperature for an adiabatic wall immediately downstream
of a liquid-film cooled wall region*. To the author's
knowledge, these are the only such data that appear in the
published literature. The experimental apparatus that was
employed in the subject investigation was discussed previ-
ously in Subsection 4.3.2. The reported data were obtained
with the 4-inch diameter smooth surface tube at a nominal
gas stream temperature of 1400F and a nominal gas stream
Reynolds number of 5.3 x 10°. The length of the liquid-film
cooled region was approximately 19.0 inches.

To obtain an evaluation of the present analysis, it is
assumed that Eq. (A-30) that was developed for the afore-
mentioned special case is applicable to the subject data.
The determination of the value for Xo (and thus the effec-
tive starting poiﬁt for the growth of the boundary layer
over the gas-vapor cooled region) for these data gives some
insight into the phenomena involved.

Figure A.2 presents a plot of the left-hand side of
Eq. (A-30) as a function of (x - X,), the distance measured
from the end of the liquid film. The circles shown in the
figure were calculated from the data presented in Fig. 4 of

Ref. (19). The solid curves shown in Fig. A.2 were calculated

*See Fiqure 4 of Ref. (19).
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from Eq. (A-30) with values for x, of 0.5, 0.8, and 1.0
inches. For the wall region immediately downstream of the
liquid film (say, x - x, < 10.0 inches), Fig. A.2 shows that
a value of 0.8 inches for Xo resuits in an excellent corre-
lation of the experimental data. The small value of 0.8
inches for Xy, however, is difficult to interpret physically.
This small value suggests that the boundary Tayer phenomena
are complex, with perhaps a considerable change in the
boundaryllayer structure occurring at (or very near) the
terminus of the liquid film. The basic analysis, however,
shows zonsiderable promise. Even the complex case where a
compressiblie gas is strcngly accelerated over the gas-vapor
cooled region can be reduced to the problem of determining
the "effective starting point (x = o) for the growth of
the boundary layer over the subjcct wall region. The task
that remains, therefore, is to obtain experimental data on
the adiabatic wall temperature for a wide range of flow
conaitions so that the effective starting point can be
correlated in terms of the pertinent variables. Unfortu-
nately, since such data are not now available, the analysis
proposed herein for the gas-vapor cooled region cannot be

completely formulated.

A.3 The Case ¥Whcre ithe Waiil is Cooled Externally

For the subjoct case, the basic analytical problem is
that of relating the local values for the wall temperature

and the wall heat flux to the main-stream conditions. It
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can be inferred from several mass transfer cooling (and
heating) studies that are reported in the literature (e.g.,
Refs. 51-55) that heat-transfef data for the gas-vapor
cooled region should correlate satisfactorily in the follow-

ing manner. Thus

Stgv = StG {A-31)
where
q
st = W (A-32)
gv d €ng (Taw - %)
St v ° the Stanton number for heat transfer for the
g gas-vapor cooled region
Sto = the Stanton number for heat transfer in the
absence of gas-vapor -ooling, assuming that
the heat transfer begins at the leading edge
of thc gas-vapor cooled region
T = the temperature the wall would obtair if it
aw . )
was adiabatic
Tw = the temperature the wall obtains due to the
fact that it is cooled externally
Gy = the heat flux from the hot gas stream to the

external coolant
Equation (A-31) reduces the present problem to that of
determining the Stanton number Sto as a function of the
distance measurec downstream from the end ui che liguid film.
The theoretical methods that were outlined in Subsection

3.1.2 and in Subsection 3.3.1 can be employed to calculate
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that Stanton umber*. In that calculation, however, it is

important to note that the following boundary condition

applies (51-55)**;

L ' . N
Ay Cg Yy B Wontly et e Sl ke o

The task remains to obtain experimental data for the
.3 rate of heat transfer to an externally cooled surface that
. is 10catéd immediately downstream of the terminus of the
iiquid film so that the validity of Eq. (A-31) can be deter-
% mired. Although Emmons (20) and Guinn (45) did obtain some

experimental data on that rate of heat transfer, the validity

ef E£a. {A-31) cannot be investigated with those data because

: neither Emmons nor Guinn determined the adiazbatic wall tem-

- perature Taw that enters into the eguation. There is, how-

ever, an important observation that can be made with ref-

erence to the experimental results due to Emmons. That ob-

servation is discussed in the fellowing subsection.

* With Fo = 1.0 and 7, = 1.0

**Guinn {45) developed a semi-empirical analysis for the
gas-vapor cocled region. Guinn, in essence, utitized
Eq. (4-31) in that an2lysis. Hhowever, he did not
recognize that the above bouadary cendition applied in
the sveluaticn of the Stanton number Sto, As a con-

sequerce, his analysis is not valid at the leading edge
of th2 gas-vapor couwiid region.
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A.4 An Obs2rvaotion on tne Data of Emmong
fer Gas-Vapor Tooling

r Emmons (20) investigated exp=2riiientally the rate of

é heat tran_fer to an externaily cooled test section that was
lccatcd immediately downstream of the liquid-film cooled

4 test section. Those hcat transfer rates, which were dater-
é mined calermetrically at several locations downstream of the
: €ilm ccoled region, were compared with the heat transfer

E‘> rates that were realized for the afcrementioned 1.48-inch

cenvectively cooled test section that was located immedi-

R g TN TV

ately unstream 0" the liquid filie*. As a result of that

Comparison, Emmons drew the following two conclusions {p. 67,

Ref. (20)):

"A large nortion of the film coolant vapor forms a

A

mass 0F cooi gas which remains adjacent to the wall for a
considerable distance downstream from the liquid film. As
a result the heat fluyx to the wall protected by the vapor
is significantly reduced;" and

"Heat transfer rates measured approximately 9.0 in.

F——

downstream from the liquid film were reduced by 30 to 70

percent from the corresponding values measured upstream

gt d el

from the liquid film. Ammonia, with the lowest boiling
temperature {163F) effected the largest heat transfer re-
ductions for the coolants investigated.”

These two conclucions imply that the rate of mixing of

*See Fig. 42.
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the relatively cool boundary layer gases with the mainstrecam
gas 1s slow. However, the data of Ref. (19) that were dis-
cussed in Subsection A.2.5 for the adiabatic wall temperature
suggest that the rate of mixing is quite rapid. That is
implied by the small value for Xo (or 02) that was found to
result in a satisfactory correlation of the experimental
data. That small value for Xg suggests that the rate of
entrainment of the hot mains.ream gas into the boundary
layer (or the rate of growth of the boundary layer) is very
rapid for the subject wall region. The data presented in
Fig. A.2 show that at a point approximately 10 inches down-
stream of the liquid film, the cool boundary layer gas and
the hot mainstream gas are essentially completely mixed.
There appears to exist, therefore, some inconsistency in the
aforementioned conclusions that were drawn by Emmons and the
experimental data that were rcported in Ref. (19). However,
an explanation for that inconsistency can be suggested: It
was argued in Subsection 4.4.5 that the measured rates of
heat transfer to the 1.48-inch convectively cooled test
section were apparently about 40 percent higher than those
that would be predicted for fully-developed tube flow at the
same bulk flow conditions. HMoreover, it was argued that
part (or perhaps ali) ~f that difference could k=ve “een due
to a discontinuocus thermal boundary condition at the leading
edge of the 1.48-inch test section. For the convectively

cooled test section immediately downstream of the end of the

i sy

it

Hom

o o
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liquid film, however, there would be a continuous transition
in the wall temperature from the end of the film cooled test
section to the gas-vapor coo1ed region. Therefore, because
of the fundamental difference between the thermal boundary
conditions for those two test sections, it would appear that
the aforementioned conclusions that were drawn from the
direct comparison of the heat transfer rates for the two
test sections may not have been completely valid. If, in
fact, an isothermal-wall boundary condition for the 1.48-
inch long test section would have resulted in heat transfer
rates that were 40 percent lower than those that were actu-
ally realized, then the comparison of the experimental data
for the two convectively cooled test sections would have
showed that the heat transfer rates measured approximately
9.0 downstream of the liquid film wculd have been reduced

by 0 to 20 percent from the corresponding values measured
upstream from the liquid film, as compared to the 30 to 70
percent reduction that was quoted above from Emmons (20).
That particular result would appear to be in agreement with
the data that were discussed in Subsection A.2.5. However,
it cannot be argued concliusively that the significart con-
clusions that were drawn by Emmons with respect to the sub-
ject wall region are in error. That question cannot be
completely answered until considerable mcre experimental
date are obtained under well controiled experimental con-

ditions for the gas-vapcr cooled wall region. Perhaps the
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foregoing discussion will serve as an impetus for that

resecarch.
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APPENDIX B

DESCRIPTION OF APPARATUS

B.1 General Description

The gas source employed in the subject investigation
was an air blowdown wind tunnél in which a portion of the
air flow was heated by ¢ombustion with & liquid fuel. The
principal features of the apparatus wére that it had a wide
range of operating conditions, i.e., Tlow rate, gas temper-
ature and pressure, reproducibility of operating conditions
from run to run, low drift about the operating point over
run times up to ore hour, and was safe and reiiable enough
to work with in the test cell during operation of the
apparatus.

Figure B.l presents a photograph of the basic con-
figuration of the experimental apparatus for that phase of
the investigation where the gas stream velocity was essen-
tially constant over the length of the wetted test plate.
Figure B.2 presents a similar photograph of the basic con-
figuration that was employed in that phase of the invosti-
gation where the gas stream was accelerated over the wetted
test plate. The various components of the apparatus are

described as follows. The numbers refer to eitheir Fig. B.1
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or Fig. B.2.
(1) The air and fuel flow rate control valves. A separate
valve was utilized to cornirol (é) the air flow rate to the
primary combustor, (b) the air flow rate to the secondary
mixer, (c) the fuel flow rate to the primary combustor for
ignition, and (d) the fuel flow rate to the primary com-
bustor during full-scale operation.
(2) The primary combustor wherein a high-temperature com-
bustion zone was established.
(3) The secondary mixer wherein diluent air was added toc
the hot gases from the primary combustor so as to obtain
the desired gas stream temperature in the experimental
tunnel.
(4) The 10-inch long mixing section which contained one
10-mesh screen and one 30-mesh screen that were spaced 10
inches apart, and which reduced the non-homogeneities of
the gas stream flow substantially.
(5) The 36-inch long adiabatic approach section.
(6) The experimental test section which contéined the
film cooled test plate.
(7) The variable area nozzle which controlled the gas
stream pressure for a given gas stream Reynolds number.
(8) The 35mm Nikkorex camera that was employed to photo-
graph the surface characteristics of the liquid film. The
camera lens was a Micro-Nikkar f55mm lens with a close-copy

adapter.
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(9) The stroboscopic light source that was employed in
conjunction with the camera (8). The strobe had a flash
duration of 3 microseconds.

(10) The cyclone separator that was employed to separate
the liquid and the gas phases that were withdrawn at the
capture slot. The details of the separator desian is given
in Appendix B.4.

(11) The vent valves that centrolled the rate at which the
gas phase was vented to the surroundings {and, therefore,
the rate at which the gas phase was withdrawn at the capture
slot).

(12) The electronic timer that was employed to measure the
sample time for the mass transfer measurements.

(13) The 500 psia air solenoid valve that served as the
on-ofi control for the capture slot. The activation of the
electric solenoid valve resulted in the flow of a high
pressure jet of air in the withdrawal passage in the reverse
direction through the capture slot into the test section,
thereby stopping the capture of the liquid film on the test
plate. This solenoid valve and the electric timer (12) were
controlled simultaneously so that the length of time that
the gas-liquid mixture was withdrawn from the test section
through the capture slot was accurately controlled.

(14) The heat exchanger that was employed to preheat the
liquid pnase before it was irtroduced onto the test plate.

The heat exchanger consisted of two 3/4-in. 0.D. stainless
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steel tubes of length 36 inches with a calrod heater located
along the centerline of each.  Each calrod had a maximum
capacity of 1000 watts, and ;he electrical energy that was
supplied to each was controlled by a variable reostat.

(15) The mercury manometers that were employed to measure
the streamwise static pressure profile for those experi-
mental tests in which the gas flow was accelerated over the
wetted test ,ate.

(16) The film coolant flowmeter that was employed to mea-
sure the rate at which the coolant was introduced onto the
test plate. The flowmeter was a 1/8-inch Potermeter. The
frequency output of the flowmeter was displayed to the
operator by the milliampmeter (39) and recorded on a strip-
chart recorder.

(17) The air flow meter. The total rate of air flow through
the experimental apparatus was measured with a Brooks tur-
bine {ype flow meter {(model HP-321-6). The frequency output
of the flow meter was displayed on a milliampmeter in the
control roem and was simultaneously recorded on a strijchart
recorder.

(18) The precisior needle valve that was amployed to con-
trol the rate of film coolant flow thrcugh the heat ex-
changer and then onto the test plate.

(19) Milliampmeter utilized to moniter the cooclant flow

rate.

otnan oy
v
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Figure B.3 shows the control room. The primary com-
ponents of the control room are as follows. The numbers
refer to Fig. B.3. .

(1) The automatic sequencer that was utilized to start
the hot gas generator. The operation of the sequencer is
discussed in greater detail in Appendix B.2.

(2) The 3 small volume Nullmatic pressure regulators that
were employed to control the flow rates through the three
Annin Domotor control valves: (a) the primary air control
valve, (b) the secondary diluent air control valve, and (c)
the primary fuel control valve for full-scale operation.
(3) The stripchart recorder that y:as employed to continu-
ously monitor the gas stream temperature.

(4) The Bourdon tube pressure gage that was employed to
continuously monitor the gas stream pressure.

(5) The variable reostat that was utilized to control the
temperature for the Tiquid coolant at the point of injection.
(6) The milliampmeters that continuously monitored the
pertinent sysvem flow rates and system pressures. These
various parameters were also recorded on stripchart re-

corders located in an adjoining roomnm.

B.2 The Gas Generator

Figure B.4 nresenrts 3 simplified sectional drawing of

the gas generator portion ¢f the experimental apparatus.

won sl o i
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Table B.1 Tists the components of the gas genirator

and describes the function of each.

Table B.1

Components of the Gas Generator

Component Function
- Prinary Injector To inject the fuel and air to
1 be burned into the primary
combustor.
Flameholder To mix the fuel and air after

injection and provide tur-
bulence to hold the flame.

] Primary Combustor To provide a contained volume
: for combustion.

Secondary Injector To inject difuent air to re-
duce temperature of working
fluid to the desired value.

Perforated cone and To thoroughly mix the diluent
turbulence grids air with the combustion

s products from the primary

3 combustor in order to estab-
3 lish a uniform temperature
throughcut the gas flow.
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Table B.2 presents the output characteristics of the

gas generator for the overall allowable range of operation.

Output Characteristics ¢f the Gas Generator

Parameter

Gas Stream Pressure, psia

Cold flow
Hot flow

Gas Stream Temperature, R

Cold flow
Hot flow
Gas Flow Rate, 1b/sec
Cold flow
Hot flow

Fuel Flow Rate, lb/sec

o
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Table B.2

Overall Range

up to 400
50 - 350
500

750 - 1100
up to 15
0.75 - 10.0
0.02 - 0.25

N .
R . T T LR TR P e W
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The air flow entering the gas generator was divided
such that approximately 30 pércgnt of the total flow entered
the primary combustor to be burned with the fuel while the
remaining 70 percent of the air flow was injected into the
secondary mixing chamber. Approximately five percent of the
fuel was injected from the ignition fuel injector located in
the center of the primary injector while the remaining fuel
was injected from the main portion of the primary injector.
The fuel and the primary air (representing approximately 200
percent excess air) were burned in the primary combustor at
a temperature of 2500F with a thermal efficiency of approxi-
mately 50 percent. Smooth stalble combustion rather than
high thermal efficiency was desired. The low thermal effi-
cency was the result of insufficient volume in the primary
combustor to permit complete combustion of the fuel.

The primary injector comprised three princisal parts,
as shown in Fig. B.4, rnamely, the face plate, the hat section
air manifold and the cap plate. Ninety-five percent of the
methyl alcohol fuel was injected through two concentric
rings having a total of 30 separate fuel injector buds
located on the face plate (see detail in Fig. B.2). The
face plate was fabricated from a circular piece of stainless
steel plate % in. thirk. On each side of the fuel injectsrs
vere two 0.100-in. diameter injector.orifices for air di-
rected at 45° to the direction of the fuel flow, the com-

bination forming a triplet. The primary air was introducgd

bt Bnd  Femad e ey e

a
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into the injector manifold by a single 1.0-in. tube fitting.

The fuel was manifolded by %-in. 0.D. stainless steel tube

to six clusters of hcavy wall tubing, each with tubes welded‘
into the back of the face plate; these clusters fed fuel to

the 30 fuel injectors. The ignition fuel which was required
as part of the start sequence was manifolded directly to the

center of the face plate and was injected through four small

catbesnadie Lustiieaiboo

orifices against a copper splash ring. Air for the com-

bustion of the ignition fuel was supplied through a ring of

small orifices concentric to the ignition fuel injector
orifices.

The flameholder consisted of a‘central perforated disc
of stainless steel supported by eighteen %-in. tubes of the
same material which ran radially to an outside ring. Cool-
ing water was intrcduced through a 1.0-in. tube fitting
located 180° from the output fitting. The flameholder was of
all welded construction. In the assembled gas generator the
flameholder was sandwiched between the primary injector and
the primary combustor.

The orimary combustor and secondary mixer chambers were
of similar design and construction, differing only in length.
The former was 10 in. long and the jatter was 20 in. long.
The inner wall was a cection of 13-in. I1.D. milcd cteel pipe
having a wall thickness of ¥ in. Welded .t each end of the

pipe section were one-inch thick mild stecel flanges with

twenty-four 1-in. nomiral bolt holes equispaced on a boit
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%vé circle of 20 in. The coolant passages were formed from ex-
e truded lead stripping with a %-in. by 3/4-in. cross section

which was wrappad in a spiral around and soldered to the

pipe. The outer jacket of the coolant passages was formed

from half-sections of 1/8-in. wall, 16-in. I.D. stainless

steel tube with an cxpansion joint located in the middle.

The jacket was sealed all around by weldments. Inlet and

Pr——

outlet fittings for the coolant, which was water, were

welded over holes in the outer jacket and located at ejther

o . ¥ : s : o » : o + “h*

end of the lead spiral. All cooled parts were incorporated

bt L o

in a single pass coolant path.
The secondary air injector was fabiicated from seven
parallel 3/4-in. 0.D. stainless steel tubes set in a 13-in.

% I.D. outer ring which served as a distribution manifold.

Each tube was drilled with a 0.125-in. 0.D. hole every 3/8

3 m
5 in. along its length in such a way that two rows of orifices i
3 were formed directed downstream 45° off from the direction -

of gas flow from the primary combustor (see detail in <

Figure B.2). This arrangement enhanced turbulent'mixing
immediately downstream from the injector tubes. The injec-
5 tor tubes were fed from the outer ring which in turn was
- fed secondary air through a 2-in. pipe fittinc located on
the outermost part of the ring.

Downstream of the secondary air injector was locatod
i ' a stainless steel cone perforated with %-in. diameter holes.

The cone pointed upstream and was clamped between the end
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piate and the aft fiange of the sgcondary mixer chamber.
Turbulence grids were mounted just ahead of the Z-in. x 4-in.
exit port located in the center of the end plate. The per-
forated cone and turbulence grids induced miking of the
secondary and primary gases. The end plate was fabricated
from 1-in. thick mild steel plate reinforced by gussets
welded on the outside.

The Tlanged sections of the gas generator were bolted
together with twenty-four 1-8 studbolts. The gaskets be-
tween the separate sub-assemblies were either 1/32-in. thick
aluminum or 1/16-in. thick composition asbestos. Concentric
serrations to aid sealing at the gaskets were machined on
the injector face plate, the end plate and the flanges; no
serrations were present on the flameholder or secondary air
injector.

Operation. Figure B.5 presents a simplified schematic
diagram of the flow system for the experimental apparatus.
The air used in the experiments was drawn from the high
pressure supply tanks which comprise the blowdown air supply
for the Jet Propulsion Center. The tanks were charged with
a maximum pressure of 2400 psig. The compressed air was
delivered to an isolating valve located on the roof of the
test cell by a pipeline from the supply tanks. Tha iso-
lating valve on the roof was a 2-in. 1500 ASA Annin pneu-
matically operated open/closed valve. It was present as a

safety feature to isolate the high pressure air from the

P ———
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test cell housing the apparatus in the event of a severe
mechanical malfunction of the gas generator.

The air supply was passed through a Fluid Dynamics high
pressure air filter. The filter element removed particles

from the gas stream that were larger than 10 microns. The

air was then reduced from the supply line pressure by a 2-in.

Grove Powereactor dome regulator located immediately down-
stream from the air filter. The Grove regulator was loaded
by means of a small volume Grove pressure regulator. The
volume flow rate of air was measured with a 2-inch Brook's
turbine flowmeter located after a straight section of pipe
downstream of the regulator. The weight flow rate of air
was detarmined from the frequency output of the flowmeter
and the static pressure and temperature of the air measured
immediately ahead of the flowmeter. The static pressure
was measured with a Wiancko static pressure transducer anc
the temperature was measured with an iron-constantan ther-
mocouple. The three aforementioned parameters were re-
corded during an experiment on Brown self-balancing strip-
chart recorders.

The air flow to the gas generator was controlled by
two Annin Domotor valves, a 2-in. valve for the secondary
air and a {, .-in. valve for the primary air. Control air
for ihese pneumatic valves as well as for other pneumatic
functions in the system was supplied at pressures of 400,

100, 45, and 30 psig from either Grove Powereactor

plEgpcpectecar e |
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regulators or Nullmatic -mall volume requlators.

The methyl alcohol fuel was stored in 55-gallon ship-
ping drums and transferred to two 6-cu. ft. run tanks located
outside the building housing the test cell. The fuel was
pressurized with air by means of a small volume Grove pres-
sure regulator. The fuel tanks were isolated from the
building by a pneumatically operated Annin valve located
beneath the fuel tanks. The flow rate of fuel was measured
with a 1/8-in. Potter turbine flowmeter, the frequency out-
put of which was recorded on a Brown recorder. The fuel
flow rate was controlled by means of a modified 3/4-in.
Annin Domotor valve which was rebuilt to control with pre-
cision the relatively small flow rate of fuel.

Before the gas generator was started in hot flow, the
air pressure and fuel tank pressure were set to the desired
value. Coolant water was supplied to the gas generator by
a YWorthington turbine pump driven by an electric motor. The
three Annin Domotor valves were pre-set using Nullmatic
control regulators (see Fig. B.3) to give the proper start
flow rates of primary air, secondary air and fuel.

The ignitien source for the gas generator was a small
combustor {see Fig. B.4) which burned gaseous methane and
air ignited by -~ spark plugs.

The ignition sequence was controlled by an automatic
sequencer (see Fig. B.3). The ignition sequence was as

follows:

o Jgt
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1. The methane-air ignitor was started.

2. When the ignitor reached the desired temperature,
the automatic sequence was initiated.

3. The ignition fuel and primary air valves opened
simultaneously and a pilot flame was established
in the center of the primary injector off of the
ignition fuel injector.

4. Two seconds later, the primary fuel and secondary
air valves opened simultaneously.

5. The ignitor combustor was shut down and a second
or two later the mainstage ignition was accom-
plished by the pilot ignition flame.

The whole automatic start sequence required approxi-
mately six or seven seconds. Once mainstage ignition was
accomplished (usually at reduced flow rates), the operator
brought the gas generator up to the desired run point using
the controls 7or the Arnin Domctor valves.

Puring operation of the gas generator, monitoring of
the various pressures associated with the system was accom-
plished either by Bourdon tube pressure gages or Hiancko
pressure transducers. The outputs of the latter were dis-
played to the operator by milliampmeters* and were also
recorded on Brown stripchart recorders. Flow rates of fuel
and air were also displayed to the operator by millianp-
metersf and recorced on stripchart recorders. The temper-
ature of ithe gas leaving the gas ccenerator was measured by
two chromel-alumel thermocouples located ipi..Jdiately down-

stream of the end plate at the entrance to the approach

section. The output of one of the thermocouples was

*Shown in Fig. B,3.
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displayed to the operator on a direct reading milliampmeter

while the other output was recorded on a stripchart recorder.

The pressure of the gas in the lead section was the value
employed to set the pressure of the run point. The gas
stream pressure was measured, displayed and recorded in the
manner as previously described.

After the desired operating point had been achieved,
approximately ten minutes were required for the test section
to achieve thermal equilibrium. Only then were the experi-
ments begun. During run point operation the gas generator
exhibited a random drift about the run point of * 20F of gas

stream temperature and + 2 psi of gas stream pressure.

B.3 The Test Section and Test P]ate

Figures B.6 and B.7 present sectional drawings of the
experimental test section. The basic internal dimensions
of the test section were 2 in. by 5.5. in. cross section by
18 in. long. The test section consisted of 4 side walls and
the wetted test plate. The side walls weré made from 9/16-
in. thick stainless steel plate and the upper and lower
walls were made from 3/4-in. thick stainless steel plate.
The test plate was %-in. thick stainless steel plate. All
of the internal wall surfaces were surface ground. A single
Pyrex window of dimensions 11/16 x 1-5/1€ x 9-7/8 in. long
was mounted in the top wall of the test section, and 6 cir-
cular 1l-in. 0.D. Pyrex windows 9/16-in. thick were equr-

spaced at 2 inches in each side wall. A1l of the Pyrex
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windows were sealed by Viton-B o-rings, as indicated in thne
drawings. _

Tne dashed line shown in Fig. B.6 represents the pro-
file for the aluminum wedge for that phase of the investi-
gation where the gas stream was accelerated aver the wetted
test plate.

Figures B.6 and B.7 show that the test plate to which
the liquid film was confined dropped into a recess that was
machined into the bottom wall of the test section and
“flcated" on an o-ring seal. The liquid injection and 1lig-
uid withdrawal manifolds are shown bolted uirectly to the
test plate in Fig. B.6. The passage for the high-pressure
air jet that was employed for on-off control of the knife-
edge capture slot is shown in the withdrawal manifold. The
locations of the two chromel-alumel thermocoupies that were
employed to measure the inlet and outlet liquid temperatures
are indicated in the figure. Figure B.6 shows the porous
stainless steel injector element that was constructed from
a 1/8-in. thick by Z2-in. long piece of "regimesh”. The
cross-sectional vicew of the knife-edge capture slot is also
shown in Fig. B.6. Figures B.6 and B.7 show the 2-in. wide
by 0.0&0-in. deep trough that was machined into the test
plate tc which the liquid film was confined  The Z-in. by
10-in. wetted test surface was hand pelished. Figqure B.7
also shows the two 0.060-in. wide insulating grooves that

vere cut into the underside of the wetted test plate so as
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to substantially reduce the lateral conduction of heat
through the test plate to the liquid film.

The four side walls of the test section were bolted
together with 3/8-24 stainless steel bolts. Viton-B cord
was employed to seal the test section along each of the four
edges. Two flange pieces were welded to each of the four
test section walls so that a continuous flange surface ex-
isted at each end of the test section when the tes? section
was assembled. The upstream approach section and the
transition section between the test section and the exhaust
nozzle were bolted to those flanged ends of the test section
with %-20 bolts. Extreme care was taken to align the in-
ternal flow surfaces for the test section with those for the
approach section.

Figure B.8 presents two photographs of the assembled
test section. Figure B.8(a) shows the configuration for
that part of the investigation where thé gas stream velocity
was constant. The figure shows the location of the 35 mm
camera that was employed to photograph the surface of the
liquid film. Figure B.8(b) shows the test section configqu-
ration for the studies with an accelerated gas stream. For
those experimental tests, the Pyrex window in the upper wall
ﬂf-the test section wzz r..oved sc :s to have access to the
manometer leads employed to measure the static pressure
along the aluminum wedge. The tubing for one of the 5

static pressure taps is shown in the figure.
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(b) Accelerated Gas Flow

Fig. B.8.

Photographs of Test Section
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B.4 The Separator

Figure B.9 shows a sectional drawing of the cyclone
separator that was employed to separate the liquid and gas
phases. The gas and liquid mixture that was withdrawn from
the test section through the capture slot entered the sepa-
rator at top of the main chamber in a tangential direction
through a %-in. 0.D. stainless steel tube. The centrifugal
forces on the liquid drops caused them to form a film on
the outer wall of the separator and to eventually drain to
the lower chamber. The gas exhausted to the surroundings
through the center chamber. The rate at which gas was
vented to the surroundings {and, therefore, the rate at
which it was withdrawn at the capture slot) was controlled
by tws precision Hoke needle valves that were mountec on the
center chamber.

Figure B.10 shows a photograph of the separator and the
support stand. Also shown in the figure is the graduated
beaker employed to collect the liquid sample from the sepa-
rator and the electric timer that measured the sample time.
The on-off control for the capture slot (an electric sole-
noid with a 500 psia air supply) is shown located under the
test section. The aforementioned timer and the on-off
control were simultanzously regulated by one o7 v switches
that is shown on the front panel of the support stand for
the separator. Tae procedure for operating the cyclone sep-

arator was as f2llows. First the high-pressure air solenoid
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Fig. B.9. Sectional Drawing of Separator
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Photograph of Separator

Fig. B.10.
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was activated so that nc gas or liquid entered the capture
slot. Then the bottom drain valve on the separator was
opened so that any liquid that remained in the separator was
removed. The drain valve was closed. Then the timer was
started and the high-pressure air jet was shut off simulta-
neously, thereby beginning a mass transfer measurement.
After a certain length of time, normally one minute, the
switch was thrown to both stop the electric timer and to re-
activate the electric solenoid for the high-pressure air
jet. The drain valve on the bottom of the separator was
then opened and the liquid in the lower chamber of the sep-
arator was collected in the graduated beaker. The size of
the liquid sample that was collected ranged from epproxi-
mately 100 to 800 ml/min, depending on the rate at which the
liquid was injected onto the test plate. The temperature of
the liquid in the beaker was frequently measured with a
mercury thermometer so as to determine the specific gravity
of the liquid at the time of coliection. Knowing the spe-
cific gravity for the liquid and the volume of the liquid
that was collected, the average rate of liquid flow out of

the test section during the sample time could be determined.
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APPENDIX C

EXPERIMENTAL PROCEDURE

C.1 Pre-Run Preparation

The pre-run preparation of the experimental apparatus
encompassed three major items, namely, (1) the preparation
of the gas generator and instrumentation systems, (2) the
calibration of the instruments, and (3) the establishment of
the start-up configuration for the entire apparatus prior
to the start of an experimental run.

The air storage tanks having a total volume of 2500 cu.
ft. were charged with air to a pressure between 1500 and
2400 psi which was sufficient for operation of the gas
generator for a ncriod of from 2000 to 4000 seconds. The
fuel tanks were filled with methanol. Also the film coolant
tank was filled. Several hours prior to an experiment the
instrumentation was turned on to allow for warm-up and sta-
bilization. The camera, if employed, was loaded with film
and mounted on the camera support. The strobe unit was
cuecked tu ensure proper functioning and was paiched intu
the synchronization system of the camera. The combined sys-

tem was then checked again to ensure correct functioning.

R
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The pressure transducérs monitoring the operation of
the gas gencrator were cajibrated in 5 psi increments around
their normally recorded values émploying a precision Bourden
tube pressure gage as a standard. The precision gage was
periodically calibrated employing an Ashcroft dead weight
tester. The calibration of the turbine flowmeters monitor-
ing the air, fuel, and liquid flow rates was accomplished by
means of a 100 cps reference signal available at the Potter
flowmeter electronic tachometers. The tachometers supplied
a d.c. analog output propertional to the rotative speed of
the flowmeter elements. All of the aforementioned pre-run
calibrations were recorded on the same stripchart recorders
which recorded the pasrameters during an experiment. The
Pottermeter that measured the rate of liquid flow onte the
test plate was normally celibrated before each run by the
time-weight technique.

The establishment of the start-up configuration for the
entire apparatus was performed just prior to ignition. The
stripchart recorders, which were all set to run at 4 inches
per minute, were synchronized. The propellant air and fuel
and liquid tank pressures wvere set to the desired values.
The propellant air and fuel were then bied up to the main
contrel valves. The flow rates desired at ignition were
established by cpening ore valve at a time and setting the
desired flow rate of either fuel, primary air or secondary

air. Five seconds prior to ignition all of the strinchart




recorders were started and ran for the duration of the
experiment.
The start~up of the gas generator was accomplished with

the aforementioned automatic start sequencer.

€.2 In-Run Procedure

After mainstage ignition was secured, the operator
brought the gas generator up to the nominal operating point.
A period of time from five to ten minutes was required for
the apparatus to reach thermal equilibrium after the operat-
ing point h%d been reached. During the warm-up period the
film-coolant flow rate was started and the heat exchanger
for preheating the liquid was turned on. The film of 1lig-
uid on the test plate was visually inspected to ensure
proper coverage. After thermal equilibrium was established
and the desired operating point was set, the experimental
measurements were begun. The mass transfer measurements
followed the procedure outlined in Section 2.5 and Appendix
B.4. The following tasks were performed during each mass
transfer measurement: (a) three photographs of the liquid
film were taken (if the camera was employad duri.ig the
test), (b) the static pressure in the approach section to
" the test section (that was displayed on the precision
Bourdon tube gage in the control room) was recorded, (c)
the readings on the 5 mercury manometers for the static
pressure taps in the aluminum wedce were recorded (if

applicable), and (d) the inletl and cutlet tewperatures for

V— — r—vy
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the liquid, that were displayed on their respective strip-
chart recorders, were noted and the reostat for controlling

the inlet temperature was adjusted accordingly.

C.3 Post-Run Procedure

Upon the completion of an experimental test the gas
generator was shut down. An afterbleed of pro ¢liant air
was allowed to flow through the gas generator and test
section to reduce the temperature of the equipment. The
electric heat exchanger for preheating the film coolant was
turned off. The liquid continued to flow onto the test

plate during the cool-down period.
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APPENDIX D

PHYSICAL PROPERTIES CF FILM COOLANTS

D.1 Subject Investigation

Figures D.1-D.4 present the surface tension o, the
liquid viscosity My the heat of vaporization Hv, and the
vapor pressure p_ as a function of the liquid temperature

T A separate plot is given for each of the film coolants

1°
of the subject investigation, namely, methanol, butanol,
water, and RP-1. Because the film coolant RP-1 is a mixture
of complex hydrocarbons, the properties for this coolant can
be specified only approximately. The property values that
are given herein for RP-1 assume, where necessary, that none
of the volatiles.have been removed. The circle that is
presented for each curve in each of the figures represents
the maximum withdrawal liquid temperature that was measured
for that coolant during the course of the investigation.
Each of the curves thal is presented in Fios. D.1-D.4 was
obtained from one or more of the references (56-60).

The molecular «.iguis of the subject fitwm cuuiants
(employed in the calculation of the maximum liquid tempera-

ture T] m-see Subsection 3.4.1) are as follows: metha-

nol : 32; butanol : 74; water : 18; RP-! : 172.

ot oy
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D.2 Investigation Due to Emmons

Figures D.5-D.7 present the surface tension o, the ﬁeat
of vaporization Hv’ and the vapor pressure Fy 25 @ function
of the liquid temperature T] for each of the film coolants
that was employed ly Emmons (20), namely, ethanol, water,
ammonia, and Freon-113. The values for the calculated maxi-
mum liquid temperature, T],m’ and for the liquid reference

temperature, T » are indicated for the coolants in each of

1,r
the figures. Figure D.5 shows considerable extrapolation
of the data for the surface tension o. The extrapolation of
the data for o was guided by the critical temperatures for
the coolants; i.e., at the critical temperature the surface
tension for the liquid is zero. The values for the critical
temperature for the various coolants is given in Fig. D.5.

Each of the solid curves that is presented in Figs. D.5-D.7

was obtained from one or more of the references (56, 58-61).
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APPENDIX E
A SAMPLE CALCULATION FOR THE MAXIMUM LIQUID TEMPERATURE

To illustrate the manner in which the calculated re-
sults presented in Fig. 34 and in Fig. 35 were obtained, a
sample calculation for the maximum liquid temperature T],m
for an air-water system (Fig. 34) is presented below.

For the flow conditions represented by Fig. 34, Eq.
(3-76b) reduces to the form

Hv’m - .b_d.g. P - pv’s
T - 7T
Cpair ( g l,m) v pv,s
p-9p
= 1.61 V.S (E-1)
pv,s

Solving Eq. (E-1) for the partial pressure of the vapor at

the interface, one obtains

P
p = (E-2)
vV,S H .

u
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For purposes of illustration, assume that

T 2000 R (c = 0.2772 Btu/1b-R)
g air

p
For that case, Eq. (E-2) reduces to

500 psia

500 .
Pv.s - T34 H psia (E-4)
v,m
] + 1
(2000 - T],m)

70 initiate the trial-and-error calculations, assume that

T = 400F = 860R (the accuracy of the first approximation

1,m
for T] m is not critical). For Typ © 960R, the data in
Ref. 41 gives Hv m 826.0 Btu/1b and Py.s = 247.3 psia.

Substituting those data into Eq. (E-3) one obtains

R

il

: . ? 500 .
E 247.3 psia 1670 + 1 Psia

# 190.5 psia

For the second calculation, assume that Py s = 190.5 psia.

Corresponding to p = 190.5 psia, the data in Ref. 41

V,S$

gives H = 846.7 Btu/1b and T] m 837.6R. Substituting

v,m
those data into Eq. (E-3) one obtains

500 )
1633 + 1 Psia

L2

180.5 psia

# 189.2 psia
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Continuing this procedure, we assume for the next calcula-

tion that p = 189.9 psia. Corresponding to Py.s = 189.9
3

V,S
psia, the data in Raf. 41 gives Hv n - 846.9 Btu/1b and
T] m = 377.4F = 837.4R. Substituting those data into Eq.

(E-3), one obtains

? 500 .
189.9 = T:—GW psia

189.9 psia

Thus, for T] m o 2000R and p = 500 psia, and for the flow
conditions represented by Fig. 34, the calculated value of

the maximum liquid temperature is T] m - 377.4F = 837.4R.
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APPENDIX F

DATA REDUCTION

F.1 General Data Reduction

The pressure transducers that were employed to measure
the static and total pressures in the gas generator system

and the test section were calibrated against a precision

pressure gage prior to each experiment. The calibration was

in the form of discrete pressure steps both ascending and
descending; the maximum value of the largest calibration
step was in excess of the value recorded during an experi-
ment. The calibration and the corresponding run data were
both recorded on the same Brown stripchart recorder. The
numerical value of the particular pressure parameter re-

corded during an experiment was determined by linear inter-

polation of the recorded transducer output against the caii-

bration. The estimated error resulting from the transducer
hysteresis and data transcription was estimated at * 2 per-
cent at the nominal run value of pressure.

A11 of the iemperactres menitored during an experiment
were recorded either on direct reading Brown recorders or
on pre-calibrated Brown recorders. The values of tempera-

ture recorded during an exnerinent were correspondaingly




.
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read off directly from the recorder chart or determined with
aid of a calibration curve. Tﬁe estimated error in the
temperatures read from the Brown recorders was from % 2 to
+ 4 percent at the nominal run value of the temperature.
The volume flow rates of air, %uel and film coolant
were measured with turbine flowmeters. The flowmeters which
measured the flow rates of the fuel and film coolant were
calibrated with the respective liquid in terms of frequency
output as a function of weight flow rate. In this manner a
calibration constant was established for a particuiar flow-
meter through which the weight flow rate and frequency out-
put were related. The flowmeter employed to meter the flow
rate of air to the gas generator was calibrated by the com-
pany supplying the instrument as volume rate of flow versus
frequency at a static pressure of 600 psig. The flowmeter
was subsequently calibrated again at the Jet Propulsion
Center, Purdue University, against ASME standard orifices
at flow pressures of 400, 600, and 800 psig. The latter
calibration and the calibration supplied with the meter
agreed within + 5 percent at the nominal run value. The
weight flow rate of air measured during a run was evaluated

as

(F-1)




(e !!’"% £ L it W) TR v

where
Q = 1indicated volume flow rate at the frequency out-
put of the flowmeter
Pa = density of the air determined from the measured

static pressure and temperature of the air
immediately upstream of the flowmeter. and em-
ploying the equation of state for a perfect gas

The output circuit of the flowmeters was calibrated
prior to each experiment against known frequencies available
in the flowmeter instrumentation. The estimated error in
the measurement of the film coolant flow rates was * 2 per-
cent or less of the nominal run value. The estimated error
in the measurement of the air flow rate was taken as the

deviation of the two aforementioned calibrations, that is,

+ 5 percent.

F.2 Gas Stream Parameters

The procedure that was employed to compute the values
for the gas stream parameters G, ug, and Mo at the leading
edge of the experimental test plate is outlined as follows:
(a) A first estimate for the gas mass velocity, G, was
obtained by assuming one-dimensional flow in the experi-
mental tunnel, in which case it follows from the conserva-
tion of mass that (neglecting the fuel flow rate into the

gas generator)

Wo=G6A, (F-2)




T

289
where
¥ = measured air flow rate
Arr = cross-sectional area of the experimental tunnel

(b) The displacement thickness for the turbuient boundary
layer on ecach side wall of the test section at the leading
edge of the wetted test plate was computed from the classi-

cal expression (36)

* -0.2
§ = 0.048 Xy Rexl

1 (F'3)

where
G x
Rex = 1
1l ug
u = viscosity for the gas stream evaluated at the
g measured gas stream temperature
Xy = 40 inches
(c) A corrected cross-sectional area for the flow at x = Xqs
denoted by Aér’ was computed from
At = A _ - 6*-(wetted perimeter of tunnel) (F-4)
cr cr 1l v

(d) The final value for the gas mas. velocity was computed
by multiplying the result of step (a) by the ratio of the
uncorrected to the corrected cross-sectional area for the

tunnel at x = Xq-
(e) The gas stream velocity, ug, was computed from the

result of step (d) for the mass velocity G together with
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the expression
8 | )
ug =2 (F-5)

where the gas stream density pg was computed from the equa-
tion of state for a perfect gas and the measured values for
the gas stream pressure and temperature.

(f) The momentum parameter, Mo’ was computed from
M =p u (F-6)

The accuracy of the computed values for the foregoing
parameters is estimated as + 5 percent for ug and 6, and 5
to 10 percent for M,

For those tests in which the gas stream was not accel-
erated over the wetted test plate, the values for the pa-
rameters ug, G, and Mo were assumed constant throughout the
test section. For those tests where the gas stream was
accelerated over the wetted test plate, the local values
for the gas stream parameters ug, G, and Mo for x > Xy were
computed from the static pressure measurements that were
made down the length of the test section. 7lhose calcula-
tions and neasurements were discussed previov~ly in Sub-
section 3.3.1 and will not be repeated here. The accuracy
of the values that were computed for those local ! pa-

rameters is estimated as + 5 percent for ug and G, and

&
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% + 5 to 10 percent for Mo‘

F.3 Mass Transfer Data

" The procedure that was employed to measure the net rate

of mass transfer from the liquid film to the gas stream h:s
been described in detail in Section 2.5. Moreover, the
operation of the separator that was utilized to measure the
rate of liquid withdrawal from the wetted test plate has
been. adequately described in Appendix B.4.

During the course of any one experimental test, a
tumber of consecutive measurements of the rate of liquid
withdrawal was normally made for one or more fixed rates of
liquid injection in order to check the reproducibility of
the data. The measured rates of liquid withdrawal could
always be reproduced with an accuracy of 5 percent or better.

A concerted effort was not made to try to reproduce the
experimental data of any one experimental test by conducting
- an independent experimental test at the same flow conditions.
It was very difficult to operate the hof gas generator at

the same run point for two different experimental tests.

L The primary problem was that of establishing the same rate
| of air flow (and, therefore, gas mass velocity or gas stream
Reynolds number) on two different occasicns. However, a
matching of the run conditionus was realized for two differ-
ent sets of experimental tests, and in each case the measure-

ments of mass transfer were found to reproduce to within an

accuracvy of 10 pércent or better.
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APPENLIX G

EXPERIMENTAL DATA

Tabkle G.1 lists the measured or computea values for
the pertinent flow parameters for the experimental tests
with a constant velocity gas stream. The letter that fol-
lows the test number indicates the film coolant for that
test; 1i.e., M - methanol; B - butanol; W ~ water; and
R - RP-1. The parameter values 1isted in the table are the

average of the values that were measured for each of the

P W et s e 4

datum points for mass transfer during an experimental test.

e ottt

From 6 to 15 datum points were obtained for each test. Not
listed in Table 6.1 are those experimental tests that were
concerned only with photographic data, those tests which
were purely exploratory as regards experimental technique,
etc., or those tests for which some failure ot the experi-
mental apparetus voided the test.

Table G.2 presents a similar listing of the average
values of the pertinent Tlow parameters for the experi-
mental tests with an accelerating gzs stream.

Figures G.1 through G.13 present graphically the mass
transfer data for the experimental tesis listed in Tebln

G.l. Figurs G.i4 presents the nesc transier data for the
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experimental tests that are listed in Table G.2.
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Table G.2
Average Values of the Pertinent Flow Parameters During

the Experimental Tests With An Accelerating Gas Stream

0 0 '

Test Tg p T],l T]’z me

. 1b
F psia F F Fi-sec
401-M 442 74 139 142 0.0219
402-M 434 52 140 126 0.0168
403-M 440 103 144 154 0.0267
405-M 447 126 135 173 0.0314
502-W 444 103 118 195 0.0102
503-U 435 54 78 163 0.0062
505-¥W 405 99 78 188 0.0093
507-U 480 125 71 213 0.0132
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