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ABSTRACT

Thin liquid wall films flowing under the influence of high-
velocity turbulent gas streams were studied for the purpose of ob-
taining an understanding of the mechanics of film cooling., Conditions
which insure liquid-film attachment to solid surfaces without loss of
urievaporated liquid to the gas stream when simple radial-hole injec-
tors are used were found; the maximum allowable coolant-flow rate
for a stable coolant film was determined (a stable coolant film is
obtained when no unevaporated coolant is entrained by the gas stream
as the result of interfacial disturbances); and a method for calculat-
ing the evaporation rate and the surface temperature for a stable

inert coolant film was found.
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SUMMARY

Thin liquid wall films flowing under the influence of high-
velocity, turbulent gas streafns were studied for the purpose of ob-
taining an understanding of the mechanics of film cooling. The problem
was divided into three parts: (a) the determination of sufficient con-
ditions for the attachment of liquid films to solid surfaces in the pres-
ence of high-velocity gas streams without entrainment of unevaporated
liquid by the gas stream, (b) the determination of sufficient conditions
for the stability of thin liquid wall films flc;wing under the influence of
high-velocity turbulent gas streams (a stable film is a film which
loses no liquid droplets to the adjacent gas stream as the result of
surface disturbances), and (c) the determination of the evaporation
rate from a stable inert liquid wall film into a heated turbulent gas
stream.

Previous systematic studies of the liquid-film-attachment
problem have been limited to the experimental studies by Zucrow et
al on film attachment using an injectién slot around a duct circumfer-
ence in conjunction with the effects of a high-velocity gas stream.
Former studies of the film-stability problem were aléo limited in
scope; available reports (the most comprehensive being that by
Kinney and Abramson) consist principally of descriptions of observed
liquid-film surfaces for various flow conditions and discussions of
mass-transfer data which indirectly reflect the condition of the liquid-
film surfacc;. The evaporation problem has been studied both theo-
retically and experimentally, however; e. g., Crocco has extended

Rannie's approximate theory of porous-wall cooling for inert coolants



to porous-wall, sweat; and film cooling for the case in which the
coolant itself is reactive with the hot gas stream, whereas Kinney
has experimentally investigated liquid-film cooling with water in
straight pipes through which heated turbulent air streams were
flowing.

Studies reported here on liquid-film attachment indicated
that the use of radial-hole injectors in conjunction with the effects
of a high-velocity gas stream for the attachment of liquid films to
solid surfaces is effective over a wide range of operating condi-
tions. Data corresponding to the inception point of inefficient film
attachment (inefficient attachment occurring when liquid droplets
are entrained by the gas stream during the attachment process)
were plotted in dimensionless form; the abscissa was a function
of the gas-stream Reynolds number, the liquid-stream Reynolds
number, and a modified cavitation parameter, and the ordinate
was the ratio of the gas- and liquid-stream momenta.

The studies on liquid-film stability led to the conclusions
that small disturbances with wavelengths of the order of 10 film
thicknesses are present on the liquid-film surface for all liquid-
flow rates, that the scale of the small disturbances decreases as
the diameter Reynolds number of the gas stream increases but
does not vary appreciably when the liquid-flow rate is changed,
that long-wavelength disturbances appear on the surface of the
film for liquid-flow rates larger than some critical value, that
the critical film thickness for long-wavelength disturbances de-

pends primarily on the wall shear stress, and that liquid droplets



~are entrained by the gas stream from the crests (regions where
relatively large quantities of liquid are collected) of the long-
wavelength disturbances. Obviously, the unstable long-wavelength
disturbances are to be avoided when designing for an efficient film-
copling system. The data corresponding to the inception point of
unstable liquid-wall-film flows are presented in dimensionless
form by plotting the dimensionless film thickness corresponding
to the inception point of unstable liquid-wall-film flows as a func-
tion of the ratio of the gas -va.p‘or-mixture viscosity to the liquid
viscosity, where the viscosities were evaluated at the liquid-film
surface temperature.

A theoretical analysis of the evaporation problem was
Based on an extension of the Reynolds analogy to heat, mass, and
momentum transfer in the turbulent core of two-component fully
developed turbulent pipe flow with unidirectional radial diffusion
and on subsequent extensions of the Prandtl-Taylor equation to
heat transfer and mass transfer in the case of film cooling. The
resulting pair of equations, taken together, permits the calcula-
tion of the evaporation rate and the surface temperature for a
liquid film when the fluid properties and gas-stream parameters
are known.

Experimentally determined evaporation rates were brought
into agreement with calculated evaporation rates after corrections
for entrance effects were made. Good agreement was realized

between predicted and measured film temperatures.



I. INTRODUCTION

-I-A: Film Cooling and Its Uses®

Film cooling is the prétection of a given surface from injur-
ioué effects of a proximate heated fluid stream by the interposing of
a thin continuous protective liquid film between the given surface and
theifluid stream. Its use is justified when the proximate fluid stream
is extremely hot and when a more satisfactory method for prot.eéting
the given surface from destruction by heat is not available; or when
the proximate fluid stream reacts chemically with the given surface,
when such chemical reaction is undesirable, and when a more satis-
factory method for separating the injurious fluid stream from the
given surface is-not available; or when the proximate fluid stream
carries with it materials which areAeasily deposited on solid surfaces
and when deposits of this nature are undesirable on the given surface.
Structural members which are likely to be film-cooled include com-
bustion chambers, where the heated fluids are the products of com-
bustion, and external surfaces of high-velocity missiles, where the
heated fluids are aerodynamically heated atmospheric gases. Ina-
bility.to cool these structural members adequately could seriously
limit the performance of the corresponding machines.

Important factors which should be considered before deciding

2Although the flow of thin liquid wall films under the influence of
high-velocity turbulent gas streams and/or the unidirectional turbu-
lent diffusion of one gas through another gas occurs in numerous
engineering applications (e.g., in evaporators, condensers, two-
phase combustion processes, .and film-cooling systems), attention
will be concentrated, for the sake of convenience, on that applica-
tion which motivated the present study -- film-cooling systems.
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to use film cooling as the solution to a given cooling problem in pref-
erence to (or in conjunction with) other cooling methods are the per-
formance and the cost of the finished product. High performance
frequently requires the cdoling system to be designed so that high
working pressures and temperatures can be tolerated and the finished
product will be light in weight and small in size. Low cost is usually
obtained if materials and coolants used are relatively inexpensive
and if fabrication of the product is relatively simple.-

In order to exemplify these comments, consider the cooling
problems involved in the design of a liquid-propellant rocket motor?
which is to propel a long-range missile. Experience indicates that
one should design for combustion-chamber pressures of the order of
1000 psia, combustion temperatures of the order of 6000°R, and
burning periods of the order of several minutes. Experience has
also shown that the use of heat-capacity motors (motors in which
the walls are thick enough to absorb the heat transferred to them
during the running period without structural failure) is not feasible
for these operating conditions. Thus one is left with the following
two possible solutions to the cooling problem: (a) Remove heat from
the outer surface of the motor wall as rapidly as heat is transferred
from the combustion gases to the inner surface of the motor wall.
This process is usually accomplished by passing a relatively cool
liquid having a reasonably large heat capacity (frequently one of
the.-prop'ellants) over the outer surface of the motor wall. If the

- - me we w

®Historical note: It is believed that credit for the first application
of film cooling is due Robert H. Goddard, pioneer of rocketry in
America, who is known to have film-cooled the combustion-chamber
walls of experimental rocket motors in the year 1929. (Cf. Ref. 1,

p- 3).
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liquid is one of the propellants, it is subsequently injected into the
motor. ‘(b) Preveﬁt heat f.rom'entering the motor wall. This state

s usually achieved by interposing a thin protective layer of liquid
having a reasonably large heat of vaporization (frequently one of the
propellants) between the combustion gases and the inner surface of
the motor wall, the liquid evaporating into the heated gas stream.
Disadvantages of the first solution are that not all propellants have
physical and chemical properties suitable for this cooling method;
because of the finite thickness of the motor wall, the temperature |
of the inner surface of the wall (determined by the heat-transfer
rate, wall thickness, wall conductivity, and outer-wall surface tem-
perature) may exceed the prescribed safe temperature even when a
coolant is passed over the outer wall surface; and the pressure drop
through the cooling passages (added to the chamber pressure and
the pressure drop through the propellant injector orifices) may re-
quire an excessively heavy propellant supply system. The principal
disadvantage inherent in the second solution is that the thrust pro-
duced by a film-cooled motor is usually less than that of a similé,r
motor which is cooled by some other method and which has a pro-
pellant-flow rate equal to the combined propellant- and coolant-flow
rates of the film-cooled motor. (An upper bound to this performance
loss is given by the ratio of the coolant-flow rate to the combined
propellant- and coolant-flow rates. For large rocket motors, this
ratio is less than 0. 01,) The manner in which these several disad-
vantages affect the cost and the performance of the missile should be
considered when determining which solution to the cooling problem

is to be employed.
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" The benefits of film cooling are most fully realized when the
liquid film is attached to the surface without loss of unevaporated
liquid to the proximate fluid stream, the attached liquid film is stable
(i. e., no unevaporated liquid is lost to the proximate fluid stream as
the result of disturbances on the film surface), and the evaporation
rate is low. > It is therefore important to know how these three con-

ditions may be obtained.

- - -

2 If the given surface is the inner wall of a rocket motor, it is also
desirable that the liquid be reactive with the combustion products,
thereby acting, at least to some extent, as an injected propellant as
well as a film coolant; that the liquid be one of the propellants, so
that no special supply system is required for the coolant; and that
an inexpensive non-critical, light-weight material (perhaps alumi-
num; ci. Ref, 2) be used in the construction of the combustion-
chamber wall.
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I-B: Previous Studies of Liquid-Film Attachment

Previous systematic studies of the liquid-film-attachment
problem were limited to the experimental determination of the criti-
cal’ 'velocity'of injection when a slot around the duct circumference
is used (Cf. References 3, 4, and 5). The critical velocity of in-
jection was defined as the mraximum obtainable mean velocity of the
liquid in the injection slot with no visible separation of the liquid
film from the inner surface of the test section; it was found to de-
pend upon the liquid density, liquid viscosity, duct configuration,
gas-stream velocity, and injection-slot configuration but not upon
gravity and the surface tension of the liquid. The authors of these
papers asserted that the use of injection slots would provide more
uniform liquid films and more easily controlled liquid-flow rates

_than could be obtained with other film-attachment methods. Re-

marks on these assertions will be made in Parts III and IV.
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I-C: Previous Studies. of Liquid-Film Stability

The stability of thin liquid wall films flowing under the in-
fluence of high-velocity turbulent gas streams has been investigated
experimentally by Kinney and Abramson of the National Advisory
Committee for Aeronautics (Cf. Reference 6) and to a limited ex-
tent by Greenberg of Purdue University (Cf. Reference 5).

Kinney and Abramson visually observed annular liqu:;Ld flow
with concurrent turbulent air flow in 2- and 4-inch-diameter hori-
zontal traﬁsparent tubes. The experiments were conducted with
air-mass velocities from 30. 6 to 108 pounds per second per square
foot, air temperatures of 80, 475, and 800°F, and gas-stream-
diameter Reynolds numbers from 410, 000 to 2,900, 000. The liquid
flows consisted of water, water-detergent solutions, and aqueous
ethylene glycol solutions (which varied surface tension and liquid
viscosity) at flow rates of 0.027 to 0. 270 pound per second per foot
of tube circumference (0.3 to 21 per cent of the air flows). The
surface of the liquid film was observed to Ee relatively smooth at
low liquid-flow rates and markedly disturbed at higher liquid-flow
rates. The authors reported that the liquid flow per circumferential
length at which marked liquid-flow disturbances initially occurred
increased with increased liquid viscosity, increased slightly with
decreased liquid surface tension, and did not vary appreciably with
changes of air-mass velocity.

Kinney and Abramson presented a portion of their data in:
the form shown in Figure 1, where the heat-transfer results from a

report by Kinney and Sloop (Cf. Reference 7) are included as well
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as the research results reported in Reference 6. The curve is the
dimensionless vellocity correlation for adiabatic single-phase pipe
~ flows which was given by Deissler (Cf. Reference 8); the abscissa
is the dimensionless distance y*, defined by y* = Po m (Y//"o)’
and the ordinate is the dimensionless velocity u*, defined by
u¥ = u/m, where T is shearing stress, p is density, y is dis-
tance into the fluid stream measured perpendicularly to the duct
wall, r. is dynamic viscosity, u is axial velocity, and the subscript
o refers to the duct wall. The break in the curve of Figure 1 indi-
cates approximately the transition froin the laminar region to the
turbulent region. The points which have been singled out on the
curve correspond to the values of the dimensionless film thicknesses
at which the liquid-film surface initially became rough; they were
singled out in order to indicate the magnitude of the critical dimen-
sionless film thickness relative to the dimensionless laminar sgb—
layer thickness for single-phase pipe flows. Kinney and Abramson
subscribed to the hypothesis, suggested earlier by Colburn and
Carpenter (Ci. Reference 9), that an annular liquid film flowing
under the influence of a high-velocity turbulent gas stream behaves
as the wall layer with the same thickness and shearing stress in
single-phase liquid flow and that it is essentially laminar when its
thickness is less than the thickness of the laminar sublayer in the
corresponding single-phase flow. Remarks on this hypothesis are
included in Part IV-B.

Of the quantitative results for flows in transparent tubes

which were presented by Kinney and Abramson, it is possible that
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those depending upon values of fluid properties which vary appre-
ciably with température changes (especially those depending upon
values of liquid viscosities) may contain slight errors. The authors
calculated fluid properties assuming the film temperature to be the
same as that of the entering fluids (i.e., 80°F); actually, the film
temperature was more nearly the wet-bulb temperature corres-
ponding to the relative humidity of the gas stream (Cf., e.g. Equa-
tion (39) of this paper). Since the gas was virtually dry air (ac-
cording to a personal communication from Kinney), this wet-bulb
temperature was approximately 50°F, a temperature considerably
lower than the 80°F of the entering fluids.

Greenberg, in his MS thesis, included nine photographs of
annular liquid flow with concurrent air flow in a horizontal Lucite
tube. In the first of these photographs (Figure 23 of Reference 5)
the surface of the liquid film appeared to be relatively smooth.

The other eight photographs, taken at higher liquid-flow rates,
indicated varying degrees of liquid-film surface disturbance. No
correlation of the inception points of the marked disturbances was

attempted by Greenberg in the thesis.
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I-D: Previous Studies of Evaporation from Liquid Films

Of the several works published in recent years on evaporation
from annular liquid wall films into heated turbulent gas streams,
only the most comprehensive papers are reviewed here. These are
the theoretical paper by L. Crocco (Cf. Reference 10) and the ex-
perimental paper by Kinney (Cf. Reference 11); both papers appeared
in 1952.

Crocco extended Rannie's (Cf. Reference 12) approximate
theory of porous-wall cooling for inert coolants to pcorous,f‘l sweat,
and film cooling for the casé in which the coolant itself is reactive
with the hot gas stream. The liquid film was assumed to be .stable,
and axial gradients were neglected in comparison with radial gra-
dients, He divided the gas stream into two regions: a central tur-
bulent core where the gases are not affected by the addition of mass
at the boundary and a laminar sublayer adjacent to the boundary
where all the effects of mass addition are confined. (The boundary
referred to may be either a liquid-gas interface or a porous wall,
the choice depending upon the type of cooling which is employed.) In

the turbulent core, the Reynolds analogy was extendeq to read

500-—9; = 'L{!”‘ Ht; = Yo~ %

" i

where @ is the oxidizer specific concentration (weight of oxidizer per

(1)

o

unit total weight'), w is oxidizer transfer per unit area and per unit

time, H is enthalpy, g is heat transfer per unit area and per unit time,

%Crocco defined porous cooling as '"cooling through a porous wall with
a gas or a liquid vaporized before entering the wall" and sweat cooling
as ""cooling through a porous wall where the coolant is liquid through-
out the wall, "
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the subscript « refers to bulk properties or average velocity, the
subscfipt i refers to the junction of the laminar sublayer and the
turbulent core, and the subscript t refers to total (indica.ting that
chemical energy, but not kinetic energy, of the fluid should be in-
cluded). The thickness of the laminar sublayer in the gas stream

& was given by the relation

7/901 ?:{fcn J - K4
o

where the subscript M refers to the mixture of gases, and a bar

(2)

over the symbol for a fluid property indicates that the appropriate
averaged quantity should be used. (Equation (2) was extended, in
the absence of better information, from Prandtl's assumption for
isothermal pipe flows.,) Crocco treated the Schmidt and Prandtl
numbers (equal, respectively, to /u;oo and ¢ u /4 , where D is
molecular mass diffusivity, ¢ is specific heat at constant pres-
sure, and & is thermal conductivity) as invariants with respect to
distance in the laminar sublayer. He further -considered the com-
bustion gases to be diffused as a whole, the driving potential for
mass transfer to be specific concentration, and the reaction times
of the mixtures to be .short in comparison with other times involved.
Remarks are made concerning Crocco's treatment of the turbulent
core and assumption concerning the driving potential for mass trans-
fer in Part V-A. The assumption of negligible axial gradients in
comparison with radial gradients is: discussed in Part V-B.
Crocco subsequently obtained a relation between the tem-
perature of the boundary (either a liquid-gas interface or a porous

wall) and the rate of mass addition at the boundary for given gas-
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stream conditions and coolant properties. This relation permits
the wall temperature to be determined for porous cooling when the
rate of mass addition at the boundary.is given, or the evaporation
rate to be determined for sweat or film cooling if the liquid-film
temperature is known. (Crocco a?sumed the liquid-film temper -
ature to be equal to the boiling temperature of the liqu.id under
the prevailing pressure. A general method for calculating the
liquid -film temperature, based on a proposed extension of the
wet-bulb-thermometer equation, is included in Part V-A.) Re-
sults of numerical calculations for gasoline and for water, both
of which were evaporating into products of combustion of gasoline
and oxygen, were presented.

Kinney reported on investigations of liquid-film cooling
in 2- and 4-inch-diameter straight horizontal tubes having honed
inner surfaces with air flows at temperatures from 800 to 2000°F
and diameter.Reynolds numbers from 220,000 to 1,100,000. The
coolant was water which was injected at a single axial position on
the tube at flow rates from 0. 02 to 0. 24 pound per second per foot
of tube circumference (0.8 to 12 per cent of the air flow). Cooling
effectiveness was determined by means of wall-temperature meas-
urements.. The results of the experiments were plotted on a single
curx}e which relates the length of cooled surface with the coolant-
flow rate when gas-stream parameters and fluid properties are
specified,

In a comment (Cf. Reference 13) on Crocco's paper,

Abramson compared the theoretical results of Crocco with the
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experirental resqlts reported by Kinney. The theory predicts a
greater liquid-cooled length for all coolant-flow rates than were

| observed experimentally; only thé large deviations at high coolant-
flow rates (the result of film instability) were explained by Abram-

son.
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I-E‘: Condensing Versus Evaporating Films

Since this study is preéented with evaporating films upper-
most in mind, comments on the applicability to condensing films

of results obtained from studies of evaporating films are invorder.

| For the paraméter i‘a.nges which were investigated, it was

found that the film stability does not depend on mass-transfer rate.
Hence, the results of the present film-stability investigation may
be applied to evaporating and condensing films alike, provided, of
course, that shearing stresses are large enough to make gravity
forces negligible., Caution should be exercised, however, when
applying the present resuits to cases in which the mass-transfer
rates are much larger than those which have been investigated.

The treatment given the mass-transfer process in the pres-
ent paper cannot be applied to general condensing films, For evap-
orating films of the type which were investigated, the heat transfer
from the liquid film to the duct wall is negligible compared with
‘ fhe heat transfer to the liquid film from the gas stream (gas-stream
temperature and velocity gradients are relatively large); for gen-
eral condensing films, the heat transfer from the liquid film to
the duct wall is large compared with the heat transfer to the liquid
film from the gas stream (gas-stream temperature and velocity

gradients are relatively small).
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I-F: Purpose and Scope of Present Study

.As indicaf:ed earlier (Cf. Part I-A), the benefits of film
cooling are most fully realized when the liquid is attached to the
solid surface without entrainment of liquid droplets by the proxi-
mate gas stream, the attached liquid film is stable, and the
evaporation rafe is low. Little basic information was available
in 1950 regarding the prerequisites for these conditions. Conse-
quently, a study was initiated during that year for the purpose of
obtaining a basic understanding of thin liquid wall iilms flowing
under the influence of high-velocity turbulent gas streams by in-
vestigating the attachment of liquid films to solid surfaces in the
presence of h_igh-velocity gas streams, the conditions which are
sufficient for stability of liquid wall films flowing under the influ-
ence of high-velocity turbulent gas streams, and the rate of evapo-
ration from a stable liquid wall film into a heated turbulent gas
stream.

The essential results of the investigation can be summar-
ized as follows: (a) The attachment of liquid films to solid surfaces
by using radial-hole injectors in conjunction with the effects of
high-velocity gas streams is concluded to be effective over a useful
range of operating conditions. (b) An annular liquid film flowing
under the influence of a high-velocity turbulent gas stream is found
to differ from the wall layer with the same thickness and shearing
stress in single-phase liquid flow in that the dimensionless thick-
ness of a liquid film corresponding to the incepti;)n point of unstable

flow is a function of fluid properties, whereas the dimensionless
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thickness of the laminar sublayer in single-phase liquid flow has a
constant value. (é) The liquid;-film surface temperature is found
' experimentally to agree with surface temperatures calculated from
the wet-bulb-thermometeér equation extended to the case when large
temperature and partial-pressure gradients occur. (d) A method
for treating the effects of mass addition on transport phenomena
in the turbulent core as well as in the laminar sublayer of a gas

stream flowing proximate to an evaporating liquid film is proposed.
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II. EXPERIMENTAL EQUIPMENT

- I-A: Equipment for Film-Attachment Studies

The flow diagram for 'the equipment used 1n the film-
attachmeﬁt studies (Cf. Reference 14) is presented in Figure 2.
The equipment consisted essentially of an air-supply system, a
liqﬁid-—supply system, a Lucite test section, and appropriate
controlling and measuring devices.

The air was. obtained from the standard air-supply sys-
tem in general usé at the Jet Propulsion Laboratory; its flow rate
was measured wit'l:'the aid of a sharp-edge orifice which had
been designed according to ISA specifications, a 30-inch mer-
cury manometer, a Bourdon-type pressure gage, and an iron-
constantan thermocouple. After being passed through the meas-
uring orifice, the air was conducted through the Lucite test
section (located 46 diameters downstream from the measuring
orifice) and exhausted to the atmosphere through a manually |
operated gate valve (located 16 diameters downstream from the
test section). The magnitude of the static air pressure in the
test section, which was controlled by the gate valve, was meas-
ured with a Bourdon-type pressure gage, and the air tempera-
ture in the test section was measured with the aid of an iron-
constantan thermocouple.

The liquid used in the tests was stored in a metal tank
pressurized by nitrogen gas from a commercial compressed-
nitrogen bottle. From the storage tank the liquid was conducted

through a rotameter, a manually operated needle valve, a screen
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filter and finally into the test section through one of the four avail-
able injector openings. The liquid temperature was measured at a
point several inches upstream from the injector with the aid of an
iron-constantan thermocouple; electric potentials from the thermo-
couples were measured with the aid of a hand-balanced potentiom-
eter,

The Lucite test section was fabricated from commercially
available stock having a 3-inch inside diameter and a 1/4-inch wall
thickness. Lucite was selected because of its transparency and
good machining properties. Four radial holes, ranging from 1/16
to 5/32 inch in diameter, were drilled at 90° intervals around the
periphery of the test section. During any given test, liquid was
injected through only one of these holes; the other holes were util-
ized as static-pressure taps and thermocouple sites.

A total-pressure probe attached to a manually operated mi-
crometer screw was used for the purpose of investigating the ve-
locity profile of the air flowing in the test section. Tests were
conducted only after the velocity profile was found to be symmet-

ric with respect to the center line of the duct.
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II-B: Equipment for Film-Stability and Evaporation-Rate Studies

The flow diagram for the equipment used in the film-stability
and evaporation-rate studies. is presented in Figure 3. The equip-
ment consisted essentiaily of a gas-supply system, a liquid-supply
system, several interchangeable test sections, and appropriate con-
trolling and measuring devices.

The gas was in general produced by burning fuel (Union QOil
Company's No. 1 thinlner) and air in a modified turbojet combustion
can. The fuel flowed into the burner from a nitrogen-pressurized
storage tank; its flow rate was measured with the aid of Bourdon-type
pressure gages and a calibrated injection nozzle. The air was ob-
tained from the standard air-supply system in general use at the Jet
Propulsion Laboratory; its flow rate was measured with the aid of
a sharp-edge orifice which had been designed according to ISA spéc-
ifications, a 50-inch mercury manometer, a Bourdon-type pressure
gage, and a chromel-alumel thermocouple. The products of com-
bustion were mixed and subsequently calmed in an insulated settling
chamber having a cross-sectional area eighteen times that of the
approach duct. After passing through the settling chamber, the
combustion products flowed through 27 diameters of insulated,
straight, constant-diameter approach duct and then into the test sec-
tion. The total gas temperature in the settling chamber was meas-
ured with the aid of a shielded chromel-alumel thermocouple; the
magnitude of the static pressure in the approach section immediately
upstrevam from thé injector was measured with a Bourdon-~type pres-
sure gage; and the pressure drop in the test section was measured

with the aid of a 50-inch water manometer.
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* Water (procured directly from the Laboratory water supply
pipe at approximatély 100 psig) and aqueous sucrose solutions (pro-
duced by mixing tap water and reagent sucrose and stored in a
nitrogen-pressurized supply tank) constituted the liquids in the
film-stability tests; water was the only liquid used in the evapora-
tion-rate tests. After leaving the Laboratory water-supply line
(or the supply tank, as the case may be), the liquid flowed (in the
sequence named) through one of two manually operated needle
valves, one of two rotameters, a filter, the coolant-injector plen-
um chamber (Cf. Figure 4), twenty-four (twelve, for one group of
tests) 0. O0ll-inch-square passages (characterized by relatively
high flow resistances and serving to nullify gravity effects in the
plenum chamber), and corresp’on&ing equally spaced, 1/16-inch-
diameter, radial-injection holes. The liquid was attached to the
inner wall of the test section by the action of the high-velocity gas
stream. For tests employing unheéted gases, the film temperature
was assumed to be equal to the wet-bulb temperature in the case
of a water film and the temperature (measured) of the exhausted
liquid in the case of a film of aqueous sucrose solution; for tests
employing heated gases, the film temperature was calculated using
Equation (39) of this paper.

For use in tests employing heated gases, a test section was
fabricated from a 5-foot length of 347 stainless-steel tubing having
a 0.063-inch wall and a 3-inch outside diameter. The inside diam-
eter of the tube was honed to 2.90 inches (leaving a wall thickness
of 0.050 inch), and 120 thermocouples were spot-welded to the out-

side of the tube, one every inch (measured axially) at the 12 o'clock



-20-
position and one every 3 inches at the 3, 6, and 9 o'clock positions.
For use in tests employing gaées at ambient temperature, several
lengths of Lucite tubing having a 3-inch inside diameter and a 0. 25-
inch wall were procured.

The electric potentials from the thermocouples which were
used in order to facilitate the measurement of the gas temperature
and eight of the test-section-wall temperatures were recorded on
a 12-point, 50-millivolt-range Brown recorder located in the control
room. The remaining 112 thermocouples were connected in turn to
a continuously recording, single-channel potentiometer located at
the Jet Propulsion Laboratory central recording room by means of
a 25-point, 10-level, telephone-type automatic electric stepping
switch capable of scanning the 112 thermocouples in less than 2 min-

utes,
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II,- LIQUID-FILM ATTACHMENT WITH RADIAL
INJECTOR HOLES AND A HIGH-VELOCITY GAS STREAM

III-A: Experimental Results

An experimental study was conducted in order to determine

~ the critical velocity of injection for attachment of a liquid film to the
inside of a circular duct when radial injector holes and effects of a
iligh-velocity gas stream are used (Cf. Reference 14), The critical
velocity of injection was defined as the maximum mean velocity of -
the liquid in the injector orifices obtained with no visible separation
of the coolant film from the inner surface of the test section.

3 to 10.69 x 10.5 pound

Liquid viscosities from 1.59 x 10~
second per square foot, liquid densities from 1.94 to 3. 02 slugs per
cubic foot, and liquid vapor pressures from 0.15 to 3.85 pounds per
square inch absolute were secured by using water, aqueous zinc
chloride sol;ltions, aqueous sucrose solutions, and carbon tetra-
chloride. Test-section air densities from 2.26 to 9.58 x 10-3 slug
per cubic foot were provided by a gate valve at the discharge end of
the air duct; no other appreciable gas-property variations were re-
alized. Injector-orifice diameters varying from 1/16 to 5/32 inch
were achieved by using differeﬁt injectors; no gas-duct diameter
variations were realized. (Cf, Part II-A for description of equip-
ment,.)

For each test point, the air-supply system was operated at
the desired output until a stable air-flow rate was obtained. When
this condition was realized, the liquid-flow rate was increased slowly
from the no-flow value to a value when the critical velocity of injec-

tion was reached. At that instant the air-flow rate, the injected-

liquid-flow rate, ‘and the appropriate temperatures and pressures
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were recorded. The data taken at the critical injection velocity are
given in .Table I of‘ Reference 14.

Incidental to the obtainment of attachment data, the circum-
ferential spread of the liquid film corresponding to liquid flows at
twenty-one different critical injection velocities was measured at
a point arbitrarily located 1. 25 inches downstream from the injec-
tion point. The spread appeared to be chiefly a function of the liquid-
flow rate; i.e., the fluid properties, the air velocity, and the injector-
hole diameter apparently had a minor effect on the spread for the
range of fluid properties and air velocities tested. Typical values
of the spread were 0.75 inch for 1.5 x 10—4 slug per second and 1. 50
inches for 6.0 x 10—4 slug per second of liquid flow. Since the spread
would vanish as the liquid-flow rate approached zero, the data would
seem to indicate that the circumferential spread is proportional to

the square root of the liquid-flow rate.



-23-

III-B: Discussion of Data

Since no theoretical analysis of the film-attachment problem
' has been made, the data were plotted in dirmensionless form (Cf.
Figure 5); the abscissa is a function of gas-stream Reynolds number
Re G? liquid-stream Reynolds number Rej .» and a modified cavita-
tion parameter CaLi’ and the ordinate is the ratio of the gas~ and
liquid-stream momenta pwu_Z/pLiVZ. Here Re is Reynolds number
based on diameter, Ca is a modified cavitation parameter defined
by Ca = pLiVZ/(p—pV), p is pressure, V is liquid velocity averaged
over the cross-sectional area of the injection orifices, and the sub-
scripts G, Li, and V refer to gas, liquid in the injector orifice, and
vapor, respectively. The exponents of the dimensionless paramefers
were determined from.crossplots on log-log paper of liquid- and
gas-stream parameters for a constant value of the momentum ratio.
(The line drawn in Figure 5 has a scope of 0.8,.) The dimensionless
parameters used are speculative to the extent that the gas viscosity
and test-section diameter were held constant and the vapor pressure
of the liquid was varied over only a small range during the tests;
e. g., with available data it was not possible to discern whether the
significant gas-stream Reynolds number is that (based on gas ve-
locity u_) which describes the gas stream in general or that (based
on friction velocity m) which describes only the gas flow near
the duct wall,

Figure 5 indicates that efficient film attachment is obtained
when liquid-stream inertia forces are small, gas-stream inertia
forces are large, ligquid- and gas-stream viscous forces are large,

the liquid-stream vapor pressure is small, and the gas-stream
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static pressure is large. These requirements for efficient film
attachmént are in .general agreement with those which one would
‘ intuitively expect.

It is concluded that effective film attachment may be ob-
tained with simple radial-hole injectors in the presence of a high-
velocity gas stream over a useful range of operating conditions
so that the study of more complex means of injection (such as
porous walls and circumferential slots) and of insuring film at-
tachment is probably not required. It is furthermore concluded
that the critical velocity of injection is a definite function of cer-
tain parameters of the system; thus it is possible to predict be-
forehand whether a given film-coolant stream will attach to the
wall or will continue on into the gas stream.

Figure 5 should be a useful guide in the design of film-
cooling systems for turbulent flat-plate flows as well as for tur-
bulent duct flows. Until further information is obtained, it is
suggested that twice the local boundary-layer thickness be taken
to be the characteristic gas-stream dimension in the case of flat-
plate flows; this dimension corresponds to the duct diameter
which was used in the case of pipe flows. Obviously, caution
should be exercised when extending the presented results to pa-
rameter values outside the investigated range. |

Since the calculation of streamlines for viscous fluid flows
around sharp corners is an extremely difficult talk, it seems un-
likely that an analytical study of the film-attachment problem would

be a rewarding undertaking at the present time. Experimental
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methods, on the other hand, have already been successfully used
for the determinafion of the relative importance of several param-
eters involved in the film-attachment process. Therefore, if it
should be deemed necessary to obtain further information concern-
ing liquid-film attachment, it is suggested that (at the present time)
experimental studies might be most profitable,

As stated before, the dimensionless parameters which
were used in the presentation of the data (Cf. Figure 5) are specu-
lative due to the restriction on the variation of test parameters.
(These limitations were imposed upon the study by the equipment
and liquids which were used. .) For more complete information it
will be necessary to do experiments covering wide ranges of gas
viscosities, test-section diameters, and vapor pressures.

As mentioned in Part I, it is possible that film cooling will
be used for (among other things) the protection of the external sur-
faces of guided missiles and the internal surfaces of rocket-motor
nozzles. If simple film-coolant injector holes are to be located on
these surfaces, it would be necessary to study the film-attachment
phenomena at supersonic gas velocities and for various surface

geometries.
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IV. STABILITY OF LIQUID FILMS FLOWING UNDER
THE INFLUENCE OF TURBULENT GAS STREAMS

IV-A: Experimental Results

The dividing line between the areas of stable and unstable
flow of annular liquid wall films in the presence of high-velocity
turbulent gas flow in a duct has been detected both indirectly, by
inspection of mass-transfer data, and directly, by examination of
the liquid film itself (Cf. Reference 6). During the present investi-
gation, the first method was used when heated gases were employed,
and the second method was used when gases at room temperature
were employed.

Data concerning the rate of mass transfer into a turbulent
heated gas stream from a liquid wall film (averaged over the length
of the film) were obtained for sPecified operating conditions by
operating the test apparatus at the desired gas-flow rate, gas tem-
perature, and liquid-flow rate until steady-state conditions were
é,ttained and then by recording (together with other pertinent data)
the electric potentials created within thermocouples which were
spot-welded to the exterior of the metal test duct. The axial posi-
tion along the duct at which the wall temperature varied rapidly
from a value below that of the boiling temperature of the liquid to
a value approaching that of the hot gas stream was assumed to co-
incide with the axial position along the duct corresponding to the
end of the protective liquid film. Tests were conducted for gas-
stream-diameter Reynolds numbers from 105, 000 to 433, 000, gas-
stream temperature from 1103 to 2239°R, water-flow rates from

0.012 to 0. 20 pound per second per foot of tube circumference, and
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ambien't_ pressures. (Cf. Part II-B for a description of the equip-
ment which was used. )

Results of the mass-transfer tests (Cf. Table 1) are pre-
sented in raw form in Figures 6 and 7, where the protected-surface
area is plotted on the abscissa and the corresponding water-flow
rate is plotted on the ordinate. (Note that the mass-transfer rate,
averaged over the film length, may be readily calculated for a
given set of operating conditions by dividing the ordinate by the
abscissa for the appropriate test conditions,) Figures 6 and 7, re-
spectively, indicate the effect of gas-flow rate and gas-stream
temperature on the mass-transfer rate. The points at which the
slopes of the curves drawn through the data change abruptly were
located with the aid of auxiliary plots of test-section pressure drop
(Cf, Table I) vs area of protected surface and test-section pressure
drop vs liquid-flow rate. Curves with abruptly changing slopes
were also drawn through the points on the auxiliary plots, and it
was assumed that the slopes of the three curves (liquid-flow rate
vs protected-sﬁrface area, pressure drop vs protected-surface
area, and pressure drop vs liquid-flow rate) changed abruptly
at the same value of protected-surface area or, as the case may
be, liquid~-flow rate.

For the direct study of the character of liquid wall films,

a Lucite test section was installed in the test apparatus; study me-
diums included high-speed motion pictures, spark photographs,
and visual observations aided by stroboscopic lighting,

High-speed motion pictures were taken for gas-stream-

diameter Reynolds numbers from 239, 000 to 664, 000, water-flow
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rates from 0. 031 fo 0.12 pound per second per foot of tube circum-
ference‘, ambient.pressures, and ambient temperatures. The pic-
* tures make manifest the following facts for the range of variables
in.vestiga_ted:

1. Small disturbances with wavelengths of the order of
10 film thicknesses are present on the -surface of the
liquid film for all liquid-flow rates.

2, The scale of the small disturbances decreases as the

- diameter Reynolds number of the gas stream increases;
the scale does not vary appreciably, however, when
the liquid-flow rate is changed.

3. For liquid-flow rates larger than some critical value,
long-wavelength disturbances appear on the surface of
the film,

4. The inception point of the long-wavelength disturbances
is independent of the gas-stream Reynolds number,

5. Liquid droplets are entrained by the gas stream from
the crests (regions where relatively large quantities
of liquid are collected) of the long-wavelength disturb-
ances.. ‘

Spark photographs were taken for gas-stream-diameter
Reynolds numbers from 310, 000 to 560, 000, water-flow rates from
. 0.021 to 0.097 pound per second per foot of tube circumference,
ambient pressures, and ambient temperatures. They confirmed
items 1 through 4 of the preceding paragraph and presented addition-
al detailed qualitative information concerning the structure of the

disturbances. Figure 8 indicates the effect of varying the liquid-flow
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rate for given gas-stream parameters; Figure 9 shows the effect
of varying the gaé -flow rate for given liquid-film parameters.
" (Photographs of the type presented in Figures 8 and 9, incidentally,
do not reveal any film non-uniformities which may be attributed to
the fact that the film was injected through discrete holes. This
state of affairs is good; circumferential film non-uniformities are
undesirable in most film-cooling applications.)

Visual observations aided by stroboscopic lighting were
made for gas-stream-diameter Reynolds numbers from 307,000 to
595,000, test-section pressures from 14.1 to 28.9 psia, viscosity
ratios (,uM /f’“Lf.) from 0.0052 to 0.0140 (obtained by using water
and aqueou: sucrose solutions), and ambient temperatures. For
given gas-stream conditions and given fluid properties, the liquid-
flow rate corresponding to the observed inception point of unstable
liquid-film flow was determined in nine separate trials. The median
of the flow rates corresponding to the nine trials was accepted for
comparison with data obtained by other study mediums.

Quantitative results of the tests at ambient temperatures
are presented in Table II, where the median of the results for water-

air flows given in Reference 6 is included as well as present data.
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IV-B: ‘Discussion of Data

Flows with Heated Gaées. Results of studies on film attach-

" ment (Ct. Part III) indicate that if, for given gas-stream parameters,

the product (pLiVZ)I' 25

(ReLiCaLi)o' > is greater than some critical
value, then a portion of the injected liquid will be entrained by the
ga,s stream without serving to protect the test-section wall. Hence,
the possibility of inefficient film attachment at high liquid-flow rates
causing (for a given set of gas-stream conditions) the incréased
averaged mass-transfer rate from a liquid filmm when the liquid-flow
rate exceeds some particular value (as evidenced by the increase of
the slope of any given curve in Figures 6 and 7) should be investi-
gated. Such an investigation reveals that, if the straight line drawn
in Figure 5 can be extended as a straight line to higher gas-stream
parameters, then the critical velocity of injection was exceeded in
only five of the tests for which data are given. (These five tests

are represented by the filled-in circles in Figure 6;) More specif-

‘ ically, Figure 5 indicates that the critical velocity of injection for
the curve corresponding to tests 107 through 118 should occur at a
liquid—fléw rate of 0.10 pound per second. Hence, the abrupt change
in the slope of the curve for tests 107 through 118 which occurs at
approxirnateljf 0.10 pound per second of liquid flow is interpreted.
‘to be the result of inefficient film attachment for flow rates higher
than 0.10 pound per second. The critical injection velocity was ex-
ceeded in tests 107 through 118 and not in tests 31 through 44 because
for tests 107 through 118 alternate passages in the injector (i.e.,
twelve pa.ssages) were closed, whereas in the other tests all twenty-

four passages were utilized for liquid injection.
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" The other abrupt changes in the slopes of the curves of
Figures 6 and 7 (one abrupt change for each curve) are interpreted
to mean that two different types of flow are encountered in film-
cooling applications. One type of flow, found at relatively low
liquid-flow rates, apparently leads to low mass-transfer rates,
‘whereas the other type of flow, found at relatively high liquid-flow
rates, apparently leads to high mass-transfer rates. Obviously,
the latter type of flow is to be avoided if efficient coolant usage is
desired.

The fact that the curves of test-section pressure drop vs
liquid-flow rate (or vs protected-surface area) possess abrupt
changes in slope which are related to film-attachment efficiency
and film stability can be accounted for if one examines the equa-
tions of steady one-dimensional gas flow as developed by Shapiro
and Hawthorne (Cf. Reference 15). For further discussion of
this topic, see Appendix A.

Inspection of available data (including those presented by
Kinney in Figure 4 of Reference 11) for the flow of heated air over
a thin water film reveals that data corresponding to the inception
point of unstable liquid-film flows (flows which are accompanied
by high mass-transfer rates) may be presented in dimensionless
form (Cf. Figure 10) by plotting the dimensionless film thickness
corresponding to the.inception point of unstable liquid-film flows
as a function of the ratio of the gas-vapor-mixture viscosity to the
liquid viscosity; the dimensionless film thickness is defined by
’(* - /1;“7/; ( )7//4“) and (assuming a linear velocity profile
to exist in the liquid film) is calculated from )?* = VE—F_;/:(_L:
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(Cf. Table III), [ is liquid flow per unit time and per unit length
| of tube éircumferénée, ¥ is average film thickness, the subscript
'Lf‘ refers to the liquid in the film, and the viscosities are evaluated
at the liqqid;film surface temperature. The film temperatures
were calculated (Cf. Table III and Figure 11) using Equation (39),
ahd the mixture viscosities were calculated using the procedure
suggested by Bromley and Wilke (Cf. Reference 16).
Since the liquid viscosity appears in both the.abscissa and

the ordinate of Figure 10 and the gas-vapor-mixture viscosity did
not vary appreciably for the tests, it is interesting to replot the
data after dividing the ordinate by the viscosity ratio (Cf. Figure
12). Further comments on Figures 10 and 12 are withheld until

later in the discussion.

Flows with Unheated Gases. Data for gas flows at ambient
temperatures (Cf. Table II) have been added to ‘Figures 10 and 12;
the film temperature was assumed to be equal to the wet-bulb tem-
perature in the case of a water film and to the temperature (meas-
ured) of the exhausted liquid in the case of a film of aqueous sucrose
solution,

The data presented in Figures 10 and 12 are for gas-stream-
diameter Reynolds numbers from 105, 000 to 2,900, 000, duct diam-
eters from 2 to 4 inches, test-section pressures from 14.1 to 28.9
psia, temperature ratios T /T0 f‘rom 1.0 to 3.5, and mass-~flow
ratios r'no/p,,u” from zero to 0.0015 (where T is temperature and
m is mass transfer per unit area and per unit time). Since the vis-

cosity ratio / did not vary monotonically with any of these
Mo!/"1Ls Yy
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parameters, the curves presented may be taken to be general curves
which are valid for liquid-gas combinations other than those investi-
| gated (provided, of course, that the several parameter values do not
vary too greatly from the ranges investigated).

The hypothesis that an annular liquid film flowing under the
influence of a high-velocity gas stream behaves as a part of a single-
phase boundary layer is now seen to be incorrect. Whereas the lam-
inar sublayer thickness in a single-phase boundary layer is completely
defined by the dimensionless thickness y*, Figure 10 indicates that
the maximum allowable thickness of a stable liquid wall film flowi‘ng
under the influence of a high-velocity gas stream depends upon both
the dimensionless thickness n* and the viscosity ratio /aMo//‘Lf'

The basis for this observed dissimilarity has not been established;

it is suspected, however, tﬁat the velocity profile as influenced by

the viscosity discontinuity at the liquid-gas interface has an appreciable
effect on the stability of the liquid wall film (Cf. Figure 13 for a sketch
of a velocity profile typical of that encountered in the case of a stable
liquid wall film flowing under the influence of a turbulent gas stream).

Although dimensionless parameters (e. g., the ratio /s )
other than those used in Figures 10 and 12 have been examined, only
those used in Figures 10 and 1; were found to be satisfactory for data
presentation.

Summarizing, examinations of data concerning mass transfer
from liquid wall films, inspections of high-speed motion pictures and
spark photographs of liquid wall films, and visual observations of

liquid wall films led to the conclusion that the presence of unstable
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long-wavelength disturba.nces on a liquid-film surface was accom-
panied bsr relatively high massb-transfer i‘ates (due, at least in part,
to the loss of liqp.id droplets from the unstable film surface to the
gas. stream);'hence, the unstable long-wavelength disturbances are
to be avoided when designing for an efficient film-cooling system.
All available data corresponding to the inception point of instability
for liquid wall films flowing under the influence of high-velocity gas
streams are presented in dimensionless form by plotting the dimen-
sionless film thickness corresponding to the inception point of in-
stability as a function of the ratio of the gas-vapor-mixture viscos-
ity to the liquid viscosity, where the viscosities were evaluated at
the liquid-film surface temperature.

The dimensionless parameters which were used in the pre-~
sentation of the data obtained at the inception point of film instability
(Cf. Figures 10 and 12) are speculative inasmuch as the Hquid
dgnsity PLs and gas ViSCOSitY/( M, were not vatried appreciably
during the tests. Experiments with various liquid densities and
various gas viscosities are revquired for the complete confirmation
of the dimensionless parameters used in Figures 10 and 12.

Since the small disturbances which have been observed on
the surface of a liquid film flowing under the influence of a turbu-
lent gas stream appear to be related to the gas-stream turbulence,
a complete analytical investigation of their origin would be difficult.
However, much useful information could perhaps be obtained from
an analysis of the stability of Couette flow with two layers of fluid

of different densities and viscosities. Such a flow might be stable
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to small oscillations for all Reynolds numbers, but the wavelengths
and velo.cities of tize least-da.ndped oscillations are possibly related
closely to the small disturbances observed on the surface of a Hquid
film. The fact that the wavelength of the small surface disturbances
has been observed to be approximately 10 film thicknesses makes
the suggested analysis appear promising; a .typical result of stability
analyses is that the least-damped oscillations have a wavelength of
the order of ten times the characteristic length of the flow field.
Previous analytical studies of polygonal velocity profiles in
viscous fluids by Tietjens (Cf. Reference 17) and Wuest (Cf. Refer-
ence 18) provide useful background material for the analysis sug-
gested. Tietjens examined broken linear velocity profiles for flows
of homogeneous fluids near solid boundaries for the purpose of de-
termining the origin of turbulence in fluid flows. He considered vis-
cosity to affect small disturbances only in a thin layer close to the
solid boundary and specifically neglected viscous effects in the
neighborhood of the plane where the propagation velocity of the dis-
turbance equals the velocity of the mean flow; he obtained no lower
limit for unstable flows, Wuest studied several velocity profiles
(including linear velocity profil_es) for flows of gas streams of infinite
height over liquid streams of infinite depth for the purpose of de-
termining the origin of wave motion at such a gas-liquid interface,
He considered viscous effects on small disturbances throughout the
entire flow field; he presented conditions for neutral stability of
gravity and capillary waves for the several velocity profiles inves-

tigated.
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'The present in‘}estigator has carried through a preliminary
analysis (unpublished) for the éase of a gas stream of infinite height
flowing rapidly over a thin liquid film flowing slowly along a solid
boundary for the purpose of determining the origin of wave motion
at a gas-liquid interface when gravity and capillary forces are nul-
lified by high shearing stresses. The main-stream velocity was
assumed to be constant in the gas stream and in the liquid film (giv-
ing a velocity discontinuity at the liquid-gas interface), but viscous
effects on small disturbances were considered throughout the entire
flow field. The only neutral stability which was found occurred for
disturbances having a propagation velocity equal to the main-stream
velocity of the liquid; no effects of liquid-film Reynolds number on
the stability of infinitesimal disturbances were determined.

The stability analyses mentioned in the preceding several
paragraphs might possibly lead to useful information concerning
the origin of the small disturbances observed on the surface of a
lliquid film flowing under the influence of a turbulent gas stream;
however, these analyses would most likely not lead directly to a
determination of the origin of the long-wavelength disturbances which
are characterized by entrainment of liquid droplets by the gas stream.
It is possible that the origin of these long-wavelength disturbances
is related to an interaction of the small finite-amplitude disturbances
with the gas stream which results in destabilizing axial shearing-

stress gradients.
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V.. EVAPORATION FROM STABLE LIQUID WALL
FILMS INTO HEATED TURBULENT GAS STREAMS

V-A: Theoretical Analyéis

A theoretical analysis of the mass-transfer process from a
stable annular liquid wall film flowing under the influence of a fully
developed turbulent heated gas stream in a duct is presented. The
purpose is to show the relative importance of the several parameters
which affect the evaporé.tion rate and to determine the magnitude of
the evaporation rate for given fluid properties and gas-stream param-
eters. It is believed that the analysis presented here differs from
previous analyses in that the effects of mass addition on transport
phenomena are given consideration in the turbulent core as well as
in the laminar sublayer of the gas stream and that the surface tem-
perature of the liquid film is calculated instead of estimated. Al-
though the case in which the coolant itself is reactive with the hot
gas stream is not explicitly analyzed here, the results obtained may
be extended in a manner analogous to that employed by Crocco to
‘extend Rannie's work.

Assumptions. In order to facilitate computations (and still

obtain useful results'), a model will be considered which has the fol-
lowing characteristics:
1. Variations with respect to time may be neglecfed.
2. The effects of body forces may be neglected in com-
parison with the effects of viscous and inertia forces,
3. Work done by viscous and pressure forces may be
neglected in comparison with heat transferred be-

cause of temperature gradients.
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Mass transfer due to temperature gradient may be
neglected in comparison with mass transfer due to
partial-pressure gradient.
The liquid-film surface velocity may be neglected
in comparison with the average gas velocity.
The gas stream may be divided into two regions:
a center core in which the fluid flow is predomi-
nantly turbulent and a laminar sublayer (adjacent
to the liquid film) in which the fluid flow is predomi-
nantly laminar. (Comparisons of heat-transfer rates
obtained for turbulent pipe flows with heat-transfer
rates predicted by the Prandtl-Taylor equation jus-
tify such a division into two regions when the Prandtl
and Schmidt numbers do not vary from unity by more
than a factor of 2. Most gases satisfy this restric-
tion, ) |
Axial variations in the gas stream are small com-
pared with radial variations, and the laminar sub-
layer thickness of the gas stream is small compared
with the pipe diameter. These features permit the
assumption that transfer processes in the laminar
sublayer are one-dimensional,
The heat which is transferred to the liquid film from
the hot gas by convection and conduction is equal to
that required for vaporization of the liquid. (This

characteristic is attained if all liquid which leaves
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the film is in the vaporized form, i.e., the film is
stable,‘ and if the net heat which is transferred to
the liquid film by radiation is equal to the heat which
is transferred from the liquid film to the duct wall
plus the heat which is required to warm the liquid
from the injection temperature to the evaporation
temperature. In many cases, these three heat quan-
tities are negligible in comparison with the heat re-
quired for vaporization of the liquid..)

9. The eddy heat diffusivity, eddy mass diffusivity,
and eddy viscosity are equal in magnitude.

10. Mass diffusion in the laminar sublayer may be
treated as a binary process even when more than
two molecular species are present. Such a treat-
ment is nearly correct unless the gas stream con-
tains large concentrations of species having widely
different molecular weights, e.g., large quantities
of hydrogen and carbon dioxide. (This simplifying
assumption is not necessary for the turbulent core
since the mass diffusion in the turbulent core is
the result of macroscopic mixing rather than mo-
lecular processes,)

Solution of the Problem. Steps in the solution of the problem

will include (a) the derivation of heats, mass, and momentum-
transfer relations in the laminar sublayer, (b) the postulate of an

extension of the Reynolds analogy to heat, mass, and momentum
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transfer in the turbulent core of two-component turbulent pipe flow
with unidirectional radial diffusion, and (c) the combination of re-
sults of 2 and b in order to obtain the desired relations between
evaporation rate, fluid properties, and gas-stream parameters,
applicable to stable annular liquid wall films flowing under the in-
fluence of fully developed heated turbulent gas streams when en-
trance effects are negligible.

First, consider the laminar sublayer. Since evaporated
coolant is not being stored in the laminar sublayer, it follows im-
mediately that m is not a function of y in the laminar sublayer,
where y is distance into the gas stream from the liquid-gas inter-
face measured perpendicularly to the film surface. Furthermore,
assumption 8 implies that heat transferred by conduction across
the liquid-gas interface is equal to -r'nOAH, where AH is coolant
latent heat of vaporization. Hence, one may write the heat, mass,

and force balances for the laminar sublayer in the forms

"k, aZT/d/ PG T aH g T (3)

e _a;/,,éb//a—/@v) = 4, (4)

KT

//(Mé_{.ﬁc f‘/?},ﬂ = - 7_: (5)
4

where K is the gas constant. (Note that the driving potential for
mass transfier is properly taken to be partial pressure instead of

specific concentration; this treatment is essential when the
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molecular weight of the coolant differs greatly from that of the hot
gas.) Rearrangement of Equations (3), (4'), and (5) and integraﬁon

between the limits » and s vyield the relations
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where £ is Prandtl number, Se is Schmidt number, and
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Equations (6) through (9) compietely describe the relationships be-

(9)

tween conditions at the liquid-gas interface and conditions at the
junction of the laminar sublayer with the turbulent core.

Second, consider the turbulent core. A logical extension of
the Reynolds analogy (Cf. Reference 19 for Reynolds' statement of
the hypothesis) to heat, mass, and momentum transfer in the turbu-
lent core of non-reacting, two-component pipe flows with unidirec-
tional radial diffusion must specify that the rate of radial momentum
transport at any point of the flow field under consideration bears the
same relation to the gradients which produce momentum flow as the

energy-transfer rate bears to the gradients which produce energy
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flow and as the mass-transfer rate bears to the gradient which pro-
duces mass flow. | Whether heat and momentum carried in the radial
" direction by the diffusing vapor should or should not be included in
an analogy of this type is not immediately apparent. However, since
velocity, temperature, and partial-pressure profiles are joined most
smoothly at the junction of the laminar sublayer and turbulent core
when heat and momentum carried by the diffusing vapor are consid-
ered in the turbulent core as well as in the laminar sublayer, it
seems reasonable that the effects of mass diffusion on heat and mo-
mentum transfer in the turbulent core should be included in the pro-
posed Reynolds analogy extension. (Obviously, as was the case for
Reynolds' original hypothesis, the merits of this suggestion can be
conclusively established only by experimental means.f) Following
this suggestion, the extension of the Reynolds analogy to heat, mass,
and momentum transfer in the turbulent core of two-component turbu-

lent pipe flows with unidirectional radial diffusion is postulated to be

ey - Gs * Py 5 a5

2}/‘”/”/%) Ve ‘/v,y,:;fj * %, 7# T 4y 2, A ) o)
i} ~Te + &« pa

f/”:}i}“f A’]'/é,”gﬂcb/o”)

{Cf. Appendix B for the identification of m, g, and 7 with time
averages of turbulent fluctuations,) Equations (10) differ from Croc-
co's extension of the Reynolds analogy in that consideration has been
given the effects of mass addition on transport phenomena in the turbu-

lent core and that the driving potential for mass transfer is taken to
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be partial pressure. For given boundary conditions, Equations (10)
completely prescribe relations between heat, mass, and momentum
transfer in the turbulent core of the model being considered,
The combination of the results of the previous two para-
graphs will now provide the desired relations between evaporation
rate, fluid properties, and gas-stream parameters. Noting that

at )/: s Egquations (3), (4), and (5) read

g = - eatl = g (T -70) (11)
w =, (12)
o=+ om, (13)

one may rearrange Equations (10) to read

Ec, d,&rl_ /%—/‘V'j: ZM/A[A/l/-2/:?(7-‘7;‘}‘7:&(,&(’7;%#'1‘“)(14)
which, when integrated between y=4 and a point far into the tur-

bulent core, yield

?ﬂﬁ P frw o G M 08812, TeT) | g T+ 84, (15)
& gy T WIRAET) hi

Substituting from Equations (6), (7), and (8) in Equation (15),
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Ro b 1r Prpe) - /ﬂn//f 'v“w)+ (55,7) 5" )

“ e 7. S,
(Note that when /‘7;;, = -;:M = | , Equations (16) and (17) are identical
with the results which one obtains when the Reynolds analogy is ap-
plied to the entire gas stream including the laminar sublayer. This
state of affairs is in accord with the premises upon which the Rey-
nolds analogy was extended.) Equations (16) and (17) provide the de-
sired relations between evaporation rate, fluid properties, and gas-
stream parameters.

However, before Equations (16) and (17) can be used conven-
iently for the calculation of the evaporation rate for given fluid
properties and gas-stream parameters, the shear stress at the liquid-
gas interface 7%, , the gas-stream laminar sublayer thickness s,
and the vapor pressure at the liquid-gas interface /7,,‘ must be
related to easily manipulated parameters. Consider the shear stress

7%, . Not enough experimental data concerning turbulent pipe flows
with mass addition at the wall are available to permit one to make a
precise prediction of the value of 7, for given gas-stream and mass-
addition parameters. Hence, assume (with Rannie; cf. Reference 12)

that the shear stress 7 at the junction of the laminar sublayer with

the turbulent core is unaffected by mass addition at the wall and is
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the same as for ordinary turbulent pipe flows, i.e., that T; can be

related to the gas-stream parameters and the ordinary pipe flow

friction coefficient C; by

e 2

f (18)

r]

The consequence of this assumption is that 7, is now related to gas-

stream and mass-addition parameters by

o e, S
_ A >
L TG et (19)
1.; 2.

a relation which includes a simple correction for mass-addition
effects and which reduces to the ordinary pipe-flow relation when
the mass-~addition rate vanishes. It is suggested that C:r be taken

to be the friction coefficient corresponding to ordinary turbulent
flows in smooth pipes when performing calculations for stable films.
(Abramson's remark in Reference 13 implying that friction coeffi-
cients for stable liquid wall films are greater than those for smooth
pipes is not well founded; the investigations referred to by Abram-
son, namely, those examined by Liockhart and Martinelli in Refer-
ence 20 and Bergelin in Reference 21, were conducted with liquid
flows considerably out of the range found in stable liquid wall films..)
This treatment of the shearing stress ¥, will most certainly have

to be modified (especially for large evaporation rates) when more
complete information is available concerning the effects of mass
addition on turbulent flows. In the meantime, Equation (19') indicates
the trend of the effects of mass addition on shearing stress at the

wall,
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In analogy with ordinary turbulent pipe flows, identify &’
with the dimensionless laminar sublayer thickness 5 by means of

the defining relation

»*

s 7 L Vri/f,, 5’ (20)
S m,

so that the factor m, :'//tM which appears in Equations (16) and:
-]

(17) may be written in the form

. , . *
”_'_’n__f‘ = M, 2 g (21)
A, e l’ <

Here & is a parameter which cannot be evaluated except by experi-

ment. But the laminar sublayer thickness for flow when mass is added
at the wall has not been experimentally determined. Hence, a simple
extension from results of ordinary pipe-flow experiments will be made.
Prandtl (Cf. Reference 22) found that, for ordinary turbulent pipe
flows, the assumption

ve

“ - /G /o\/ﬁ/z & _ srx Re (22)
“, z a

fits the experimental results; this assumption has led to the use of

£ 7://0 $ = ST ¢
v {
S

for ordinary turbulent pipe flows. The simplest assumption for flows

(23)

with mass addition at the walls which reduces to Equation {(23) in the

case of flow with no mass addition is

_(ﬁ&@gfr 5*2.5‘.'( (24)
om,
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In the absence of better information, it is suggested that this rela-
tion be used. Note that the treatment of variable viscosity in the
| gas-stream laminar sublayer provides for laminar-sublayer-
thickness corrections due to the effects of variable fluid proper-
ties in the direction suggested by Reichardt (Cf. Reference 23).

From the kinetic theory of gases (Cf. Reference 24) the re-
lation connecting the vapor pressure fr. the surface temperature

7, , and the evaporation rate #;, from the surface is

w, = (P, - ) f (25)
Ver &, 7;

where { is the evaporation coefficient (equal to or less than unity),

and the subscript 5 refers to saturation conditions corresponding
to the surface temperature 7, . In order to indicate the relative

magnitudes of /v and /v » Equation (25) may be rearranged into

the form

Po = ) 4 (%) Var I,  (253)
F, v f

where v is the diffusion velocity in the b/ direction of the vapor
relative to the evaporating surface, and z., is the velocity of sound
in vapor. Parameter values typical of those encountered in a film-

cooling application are f = 0. 04 (Cf. Reference 22), b’v = 1.3, and

“/a)y = (1/1750). For these parameter values, Equation (25a)

reads

%«, /7570 °.6 ¥
Vo

so that one may write to good approximation

= Py

K-‘rs = /7 # __’_ ‘2T/‘X/-3 = /. o ¥ (25b)

(26)
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where P, is a known function of 7, (Cf., e.g., Reference 25 for
tables of experiméntal data or use Clausius-Clapeyron equation‘).

~ The relating of the unwieldy parameters % , s  , and v, to easily

manipulated parameters is now completed, and Equations (16) and (17)

may be written in the convenient form

z 5 _ )

& ,L(,f c;,,/z;-/:/)s/.@/,f iy 2 Rl f(%,-f/f:[/.z 5T (27)
= - « ¢
fue 7

py sH

D
EN
a®

n, VT.‘ x
- — V-«
. « Y = .

Ra bufi v Profors) = Sufrpte 2 L5 ’)ﬂ%“’)b Vg 5" (28)

< u JC
R, /4—/41” /g’”“{ o= "%
They provide the desired relationship (implicit, to be sure') between
evaporation rate (or, alternatively, liquid-film surface temperature),
fluid properties, and gas-stream parameters.

Discussion of Solution. Since Equations (27) and (28) reduce to
I 2 * -
L.z sz (P-1) (29)
A G -

-z, J*Vg (se, 1) (30)
¥

as M, and /], approach zero, where the gas-stream, heat-transfer

coefficient C;' and the gas-stream, mass-transfer coefficient €,

are in this case defined by

- 7 o H (31)

(p“’k“’ 5;6(7-”'7:) /‘d“'““’ C;G (Ta-70)
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Cm = aa: (32)
“w(/’v, - /’v,,)//evﬂ
it is proposed that Equations (27) and (28) are extensions of the
Prandtl-Taylor equation to heat transfer and mass transfer in the
case of film cooling.
Note also that, for relatively small temperature and vapor-
pressure differences, one may eliminate the evaporation rate from

Equations (27) and (28) to obtain

< * =
7 P = Rv G,T-Te) VE s (Se,=r)
? A, PP, Ry . su (+V;§ 5*(10:,4 ~/)

(33)

Compare this approximate equation with the semi-empirical, wet-
bulb-thermometer equation (valid for small temperature differences

and small vapor pres sures)

2,56

o . P - Re 5, T) (5, (34)
Fre  Fhv. Re 04 @

where

ﬁg _ Zv,, & C;M(T“-Z) (35)
pro P e en

is the wet-bulb-thermometer equation presented by Lewis (Cf. Refer-

1]

ence 26), and

o T (36)
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is a moldifying function based upon the correlation presented by

| Bedingfield and Drew (Cf. Reference 27) for data which were ob-
tained with Schmidt numbers from \0. 60 to 2.60 and Prandtl num-
ber equal to 0.70. (Although Klinkenberg and Mooy have given
the name Lewis number to the ratio 56/ Pr in Reference 28, this
nomenclature is not generally used in current literature,) If the
derivation leading up to Equation (33) is correct, then the the-

oretical factor

M (37)
!/ + V??,; s //O;M-/}

should be approximately equal to the empirical factor
— @ 5&

=4 (36)

for the parameter values upon which the exponent 0. 56 was based.
A precise comparison of factors (36) and (37) cannot be made since
C; is not precisely known for the test conditions corresponding
to the data examined by Bedingfield and Drew. However, one can
make a reasonable approximate comparison by noting that, for
adiabatic pipe flows at relatively low Reynolds numbers with no
mass addition at the wall,

Yg

- *
C o.0?7%/ I S
V.—f- S = e‘J = ﬁe& s
PR
. aw 2

(38)

and then by accepting this approximation as being also a reasonable
approximation for general flows when low mass-transfer rates and

small temperature gradients exist (as was the case in the tests
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corresponding to the data examined by Bedingfield and Drew). Sub-
sequent calculations based on this approximation (Cf. Figure 14)
indicate that the value of factor (36) differs by only an insignificant
amount from the value of factor (37) for Schmidt numbers from
0.60 to 2.60 and Prandtl number equal to 0.70. Hence, it is pro-
posed that Equations (27) and (28), taken collectively, constitute
an extension of the wet-bulb-thermometer equation to the case when
relatively large temperature and partial-pressure gradients occur.

Confusion exists in current literature concerning the value
of the surface temperature of a liquid film flowing under the influ-
ence of a heated gas stream, (It is especially important to know
the value of this tempeérature when calculating values of the fluid
properties at the gas-liquid interface,) Several authors have as-
sumed the liquid-film surface temperature to be equal to the boil-
ing temperature of the liquid under the prevailing static pressure
in the duct; this assumption is perhaps an erroneous generalization
of the observation that the surface temperature of a film evapora-
ting into an atmosphere consisting of only its own vapor is very
nearly equal to the boiling temperature of the liquid under the pre-
vailing pressure. Such a generalization is not valid when the at-
mosphere into which the liquid film is evaporating contains gases
other than the vapor corresponding to the liquid in the film (as is
usually the case for film cooling); actually, the following statements
hold:

1. The liquid-film surface temperature is very nearly

equal to the boiling temperature of the liquid when

under a pressure equal to the prevailing interfacial



-52-
vapor pressure (Cf. Equation (25a)).

2. The prevailing interfacial vapor pressure is less than
the static pressure in the duct (and consequently the
liquid-film surface temperature is lower than the boil-
ing temperature of the liquid when under a pressure
equal to the static pressure prevailing in the duct),
provided that the ratio m,«,_ /7% is not infinite and
that /01,:. is not equal to # (Cf. Equation (17); do not
forget assumption 8).

To indicate the effects of several parameter variations on

the evaporation rate n;, and the liquid-film surface temperature

T, » the curves which are presented in Figures 15 and 16 have been
prepared. The figures indicate that, when efficient coolant usage is
required for given gas-stream parameters, it is desirable that the
coolant have a high specific heat and a large heat of vaporization.

Since it is not possible, in general, to obtain explicit rela-

tions for either the evaporation rate s, or the film surface temper-
ature 7, from Equations (Z7)and (28), curves such as are presented
in Figures 15 and 16 are found to be useful aids in the determination
of th and/or 7, for given fluid properties and gas-stream param-
eters. The following procedure is suggested for obtaining the solution

to a general evaporation problem:

1. For the given fluid properties and friction coefficient,

<

and a curve of Vho//,,, U, VS //ﬂvs “fyw}///ﬂ'fvg /s
calculating E/"VCT“ -7)/8 H and (/”v, - fvw)/(/”'}év;)

for selected values of ”;'o //0,,, KL,y -

prepare a curve of m, //ow «,_ Vs C?V (Te-Te)78 H
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‘2. Estimate the value of 7, and calculate &, (Ta-T)/8H
based on this es.timation. [Note, for relatively large
values of 7_ , ‘that % (Ta" T, )/ 46 4  varies much
more slowly with variations in 7, than does
P, fra) G fi;). ]

3. Read m, //ow «, from the appropriate prepared
curve, using the value of &, (Ta-T.)/ 8 4 cal-
culated in step 2.

4. Read /f{,:-/é% )/{/-%Vr} from the appropriate pre-
pared curve, using the value of Vh.//%, P ob-
tained in step 3.

5. Calculate 7, corresponding to the value of
//’VJ " A, }/9&-%,,‘ ) obtained in step 4.

6. If the value of C;V/Z:,—Ta} /BH based upon the
value of 7, as calculated in step 5 is appreciably
different from the value of C;V (Ta-T) 7AW
based upon the value of 7. as estimated in step 2,
then repeat steps 3, 4, and 5 using the corrected
value of <, (7o-7.)/8# , Such iteration is
usually unnecessary when 7, is relatively large;
then E;V(Ta 7.)/8 # is a very slowly varying func-
tionof 7, , and /4 —//Vm }/96-/‘,:_} is a very rapidly
varying function of 7, .

Note that calculations are greatly simplified in the event that the
Prandtl and Schmidt numbers are nearly equal. In this case the
following procedure is suggested for obtaining the solution to a given

evaporation problem:



1. Eliminate the evaporation rate from Equations ‘(27)
and (28) to obtain a relatively simple relation between
7; and functions of 7_ (which relation is independent

of flow parameters)

Sre /“// ¢ T d) 2 Ry Af)e ﬁ%‘f’vm) (39)
v BH R, P,

Prepare curves of 7, vs 7. and a curve of Wo//o.»”m
VS E/;V(C’ 7.) /B H  for the given conditions, calcu-
lating 7, for selécted values of 7. and &;‘,(7;'71)/13/‘(
for selected values of 1, /f’w Lp -

2. Read 7, from the appropriate prepared curve, using
the given value of 7; .

3. Calculate &p (7,7.)/8 4 using the value of 7. ob-
tained in step 2.

4. Read m, //4,,, «,, from the appropriate prepared
curve, using the value of c;,v( Ta-7s) /84 calculated
in step 3.

Evaporation rates predicted by Equation (27) of this paper

o P (T3 p¥
b e RO ol 2 S Jol e |E e

= <
C/’p- o ﬂ"kﬂ" f

are compared in Figure 17 with those predicted by Crocco's extension
of Rannie's equation to the case of film cooling, which equation (in the

present nomenclature) reads
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The divergence of the two curves is due to the fact that effects of
mass addition on transport phenomena in the turbulent core have
been treatéd differently in the two analyses.

Summarizing, a method has been found for determining the
evaporation rate and the surface temperature for a stable inert
liquid wall film flowing under the influence of a high-velocity, fully
developed turbulent gas stream in a duct. The method is based upon
extensions of the Prandtl-Taylor equation to heat transfer and mass
transfer in the case of film cooling which collectively constitute an
extension of the wet-bulb-thermometer equation to the case when
large temperature and partial-pressure gradients occur. An at-
tempt has been made to take into account the effects of mass addi-

tion on transport phenomena in the turbulent core.
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V-B: Experimental Study

The data which were presented in Figures 6 and 7 (Cf. also
Table I) and discussed in Part IV with respect to film stability are
discussed in this part with respect to evaporation rate. The evapo-
ration rates which are examined are those which correspond to the
longest stable films obtainable for the several sets of gas-stream
conditions. It is useless to examine the evaporation rates from
unstable films since the mass-transfer rate from unstable films has
not been analyzed theoretically; shorter films will not be examined
since they are more susceptible to large experimental errors than
are long films,

Theoretical values of m /2, «, (Cf. Table IV) were obtained
with the aid of Figures 11 and 18, prepared in accordance with Equa-

for given

-

tions (39) and (27_), respectively. To obtain //w «
gas-stream conditions, read the film surface temperature 7,
from Figure 11 for the given gas-stream static pressure and bulk
temperature, then calculate the heat-transfer parameter e, (T-7207/8H
(2 function of 7, and 7, ), and finally read the mass-flow ratio
from Figure 18 for the appropriate value of &p (72-7)/4 # and
the given value of C'{ . (Figure 11, incidentally, emphasizes that;
in general, although 7, may be much greater than the boiling tem-
perature of the liquid at the prevailing pressure, the boiling point
of the liquid is not necessarily reached at the liquid surface; cf.
Part V-A.)

A preliminary examination of the available data (that re-

ported in this paper and that summarized by Kinney in Reference 11)

discloses that the realized evaporation rates consistently exceeded
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the predicted values (Cf. Table IV). The reason for this discrep-
ancy becomes appa,rent when assumption 8 of Part V-A is compared
 with the test conditions which existed. Whereas it was assumed
that axial variations in the gas stream were small compared with
radial variations, test conditions were such that extremely large
axial variations occurred at the point of liquid injection, i.e., at
the test-section inlet; although the velocity profile at the test-
section inlet was essentially that of fully developed turbulent pipe
flow (since approach duct lengths of 10 and 20 pipe diameters were
employed by Kinney, and approach duct lengths of 27 pipe diam-
eters were employed in the current tests), the partial-pressure
and temperature profiles at the test-section inlet were essentially
square (since the air was virtually dry upstream from the test-
section inlet and the approach duct was thermally insulated). Con-
sequently, one would be surprised if the experimentally determined
evaporation rates did not exceed the predicted values.

Calculations by Latzko (Cf, Reference 29) and experimental
data by Boelter, Young, and Iverson (Cf. Reference 30) indicate
that, when the temperature profile at the test-section inlet is that
for fully developed turbulent pipe flow, then the ratio of the average
heat-transfer coefficient for a finite-length heated test section
(whose length is at least five times its diameter) to the localheat-
transfer coefficient far downstream from the inlet of an infinitely

long heated test section may be given by an expression of the form

2,25

| + CONSTANT X ﬁeé (,[/L)

where & is the duct diameter and L is the test-section length. (For
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air flows in polished tubes with no mass diffusion, Boelter et al

determined the value of the constant to be approximately 0.L) These
results motivated Figure 19, where experimentally determined values

of - m, //x “, are plotted as a function of calculated values of s, /y «

0.25
G

(Gas properties have been evaluated at the bulk temperature 7, ;

which have been multiplied by the parameter 1 + (1/3)Re (d/L).
in the event that the bulk temperature is extremely large compared
with the wall temperature, it may be necessary to evaluate the gas
properties at the average of the bulk and wall temperatures instead
of at the bulk temperature, as 'suggested by Deissler in Reference
3l.) Figure 19 explains the excessively large evaporation rates
found to occur for the very short films (Cf. Figures 6 and 7 of this
paper and Figure 4 of Referénce 11) and implies that even greater
modifications of evaporation rates as predicted by Equations (27)
and (28) will be necessary if the velocity profile at the test-section
inlet is square as are also the partial-pressure and temperature
profiles (Cf. Reference 30 for experimental data on the effects of
various entrance conditions on heat-transfer coeificients for turbu-
lent flows of gases in ducts).

The relative merits of Equation (27) and Crocco's equation

cannot be compared with existing experimental data since (a) the

parameter E’-’v (T )/ 8 H did not exceed unity in either the NACA

or the present tests and (b') the evaporation rates predicted by Equa-

tion (27) and Crocco's equation do not deviate appreciably until the
parameter C";V (Ta~Te)/A W exceeds unity (Cf. Figure 17).

Since the combined thickness of the duct wall and the liquid

L]
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film wasf relatively small (less than 0.1 inch) and the heat-transfer
rate from the test section to its environment was small, the duct
wall temperature was taken to be approximately equal to the film-
surface temperature. Hence, the measured wall temperatures have
been plotted in Figure 11 for comparison with predicted film-surface
temperatures at 1 atmosphere (test pressures ranged from 14, 2 to
16. 7 psia; cf. Table V). The data agree with the theoretical curve
with a maximum error of 6°R. Inasmuch as the data were taken at
relatively lérge partial-pressure and temperature gradients (the
parameter (pv - Py Yi(p - Py ) exceeded 0.7, and the parameter

s 0o s

CPV(T“ - To)/AH exceeded 0.9 in some of the tests), it is concluded
that the data support the proposal of Section V-A that Equations (27)
and (28), taken collectively, constitute an extension of the wet-bulb-
thermometer equation to the case when relati\;ely large temperature
and partial-pressure gradients occur,

Summarizing, experimental data concerning evaporation rates
from stable liquid wall films into heated turbulent gas streams were
brought into agreement with calculated evaporation rates after cor-
rections for entrance effects were made. Good agreement was re-
alized between predicted and measured liquid wall film temperatures.

The present investigation has re-emphasized the fact that
information concerning the effects of entrance conditions on the trans-
fer of heat, mass, and momentum in pipe flows is scarce. It would
be useful to extend previous studies (Cf. References 29 and 30) of the

effects of various entrance conditions on transport phenomena in pipe

flows énalytically and experimentally,
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Reynolds-analogy extensions of the type proposed in Part
V-A are potentially useful in the analyses of several important
processes (e. g., combustion, evaporation, and jet mixing) which
involve transport phenomena in turbulent gas streams. However,
the proposed treatment of mass-addition effects on transport phe-
nomena in the turbulent core of pipe flows has not been confirmed;
i.e., the relative merits of Equation (27) and Crocco's equation
have not been established. Cohsequently, further studies are re-
quired to determine the correctness of hypotheses of the type ex-

pressed by Equation (27).
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APPENDIX A

It has been noted that, for the case of evaporation from an
annular liquid wall film into a heated gas stream flowing in a duct,
~curves of the test-sectior; pressure drop vs liquid-flow rate (or vs
protected-surface area) possess abrupt changes in slope which are
related to film-attachment efficiency and film stability. This phe-
nomenon is explained by the equations of steady one-dimensional
gas flow as developed by Shapiro and Hawthorne (Cf. Reference 15).
(Although pipe flows are not identical with one-dimensional flows,
the two flows are similar to the extent that many of the properties
of pipe flows are qualitatively described by results of an analysis
of one-dimensional flows, ). With the assumptions that no heat is ex-
changed with the surroundings by conduction, no area change occurs,
flow is one-dimensional, the gas obeys the perfect-gas law, and no
molecular-weight change occurs, one may write (with Shapiro and
Hawthorne) the variation of pressure in the axial direction in the

form

Z
Lo v, Me, ¥ __‘_'f[/ *(;,;'-/)Ma,M]

A7 !~ /Vfa.z a z
n

e , — ~ _ 7 _ z
+ 0,17, 1 g ::'e/ﬂ”f‘ (T T )"2 %, s “/zj] (A-1)
z 174 c 7
- Md;w o« ﬂq fM oo
where ANz is Mach number, [ is specific heat ratio, and g is ac-
celeration of gravity. The presence of the second term on the right

side of the equation indicates that, when vapor is added to the gas
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stream and A/ + tf;v_('/; 7)o 2 ‘pm7; - '“z/’—j (as was always the
case for the tests described in this paper), the pressure drop for the
?est section is less than when no vapor is added to the gas stream;
i.e., the effect of the addition of mass is to decrease the momentum
oi the gas stream as a direct result of the transfer of heat from the
gas stream to the added mass. Thus Equation (A-1) implies that the
magnitude by which the pressure drop for the test section is decreased
by the addition of vapor depends upon the rate at which vapor is added
to the gas stream and the extent to which the vapor mixes with the
gas stream, i.e., ultimately, on the coolant-flow rate, the efficiency
of the film-attachment process, and the gas-liquid interfacial condi-

tions.
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APPENDIX B
MATHEMATICAL REPRESENTATION OF TRANSPORT

PHENOMENA IN TURBULENT CORE OF TWO-COMPONENT
PIPE FLOWS WITH UNIDIRECTIONAL RADIAL DIFFUSION

The mass-transfer rate m, the heat-transfer rate (due to
temperature gradient) q, and the shearing stress 7 will be identi-
fied with time averages of turbulent fluctuations for the case of
unidirectional diffusion of a vapor into a gas flowing in a pipe.
The procedure which will.be followed is similar to that which
was used by Reynolds when he identified the turbulent shearing
stress with time averages of turbulent fluctuations for the case
of turbulent one-component flows {Cf. Reference 32).

Neglecting static-pressure variations, the conservation
of vapor molecules in axially symmetric flows of gas-vapor mix-
tures in pipes may be described by the partial-differential equa-

tion

I 4 . (¢, 7, ) = ° (B-1)
JL

where T is time, <_ is the mean velocity of the molecules of

species k, and ¥, (defined by m_ = P« 7#) is the relative con-

centration of molecules of species « (Cf. Reference 33, Equation

8.1,4). To facilitate the distinguishing of terms arising as the

result of molecular processes from terms arising as the result

of turbulent processes, add the identity ¢. ( Sé'"—,, - £a 7’})—: a

to Equation (B-1), thereby obtaining

dﬂ—y- + V'[ﬁ_v'(s\f_gé) t 9 56] = o (B-2)

J ¢
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or, in rnore convenient form,

I 4 V-[D vl (1-T) + 55] - . (B-3)
dt : '

The fluctuating parametei's for fully established turbulent flow are
My = gt Ty, =&t e’ and v, = v', where u and v are
respectively, the axial and radial components of ¢ g » the barred
quantities are quantities averaged with respect to time (functions of
position alone), and the primed quantities are turbulent fluctuations.
Substituting in Equation (B-3), averaging with respect to time, and
neglecting derivatives with respect to time, one obtains

2 d /g"-/””' )+ T,A, + mhwt
d«;c I

—_— (r- J/&v(/'ﬂj‘*” ] = o
+r~ a;[ Y ‘ (B-4)

where x is distance in the axial direction and ¥, is the pipe radius.
(Note that terms arising as the result of molecular processes are
now easily distinguishable from terms arising as the result of turbu-
lent processes.) For convenience, divide the flow within the duct
into two regions, a center core in which the fluid fléw is predomi-
nantly turbulent and a laminar sublayer (adjacent to the duct wall)
in which the fluid flow is predominantly laminar. (Comparisons of
heat-transfer rates obtained for turbulent pipe flows with heat-
transfer rates predicted by the Prandtl-Taylor equation justify

such a division into two regions when the Prandtl and Schmidt num-
bers do not vary from unity by more than a factor of 2. Most gases

satisfy this restriction. ') Considering the turbulent core only, one
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may neglect the terms

[) d 4 G- ’Tv)] and L (Ta-)[p d L q-7 Vyf
/ r-y Jy

of Equation {B-4) in comparison with other terms since mass transfer

by molecular diffusion is overshadowed by turbulent effects. One

may also neglect the term J%‘(Tr,’, u) in comparison with other terms
if the axial partial-pi'es sure and velocity gradients are small com-
pared with the radial gradients. The remaining derivative in the x
direction must be retained, however, in order to allow for the addi-
tion of vapor molecules at the wall. Then the equation for conserva-

tion of vapor molecules reads

Noting that the vapor balance for a cylindrical portion of the turbulent

core with lengih dx and radius (ro - y) may be described by

ooy
’hv em n-y) Lx = # J.II'(V;-])_J (ff,,-u_a)&gté((’a']) (B-6)
R, T /s I

one may integrate Equation (B-5) with the result

m, = £ 7y v (B-7)

24

A similar treatment of the continuity equation for gas molecules leads

to the result

KT (B-8)
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where #, is equated to zero since no gas crosses the duct wall.
Equations (B-7) aﬁd (B-8) constitute the first of the three identi-
fications which are sought.
Neglecting body forces, one may describe the conservation
of energy in axially symmetric flows of gas-vapor mixtures in

pipes by the partial-differential equation

kl 71—”—77;”,(1—7-(2—_‘fzﬂ.‘”kfk-/“":f,p%(B-‘))
Je¢ KT RT e

where f represents terms arising as a result of viscous dissipa-

tion (Cf. Reference 33, Equation 8.1,8). Neglecting viscous dissi-

pation and pressure terms and writing diffusion velocities in terms

of partial-pressure gradients as before,

_OLZ £ T H & 7.( PL H, Vv L 1-T0)
R, T

(B-10)

It is assumed that the effect of the fluctuations of the ratio p/T due
to turbulence are negligible compared with the effect of concentra-

tion fluctuations. Noting that /- 7, = %, , substituting m, - i «m’
: V)
Ho = Her b e = &, +e Ve = v° and 7T =T+7'in

“ 3 P & ’

Equation (B-10), averaging with respect to time, and neglecting de-

rivatives with respect to time,
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o[ £2 /[ H, d w7, + H,d (/7 —
—_ v —= & v = ) t# — —~
b i o i 4-‘) + élr(%;HQccé
, 771/4,“, r ,‘7“7,:‘“' *t o, 7Y H, - ,'éf;f]

(B-11)

In comparison with other terms, one may neglect the terms

(/./ M T, 4 M, D (Tl ST
J,¢ (7‘ c/?‘

and

- G, )[ d A T +H d(m,/ 7 )
-JJJ K Yy T ]]

since molecular processes are overshadowed by turbulent effects,

and the terms

J (" -f- . — ///’ — —é =
dy A /(r(rr How + He mia T s T "J ”zdoc r

if the axial partial-pressure, temperature, and velocity gradients
are small compared with radial gradients. The remaining deriva-
tive in the x direction must be retained, however, in order to allow
for the addition of heat at the wall. Now the heat-conservation equa-

tion reads
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¢ 7 7)) = - (5-12)

Noting that the heat balance for a cylindrical portion of the turbulent

core with length dx and radius (:|ro - y) may be described by

P4
m(v.-y )o’( F:IZ 0[,4&((/‘/.) (B-13)

(?'+;»‘1/7V),_,r(nj}/7< Zz e

one may integrate Equation (B-12) with the result

7’+//¢,,A’,, = Z ;é (ﬁ Hov + He 7 v) (B-14)
KT
But from Equation (B-8), 77 T, 7' v’ =o; hence,
?"1"/4;/,,. /'7[/ :/ZM //,97,//’ 7"% ,7’V.v’l[/_v ' (B-15)
/ Kv_r

so that the radial heat-transfer rate (due to temperature gradient)
q is identified with time averages of turbulent fluctuations, after

substituting from Equation (B-7), by the relation

, —_— e 4 4 (B —16)
? /0,,, Aoy v
This equation is the second of the three identifications which are
sought,

Conservation of axial momentum in axially symmetric flows

of gas-vapor mixtures in pipes may be described by the partial-
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differential equation

J_Z,f} o, * (Z_#T )=-\7,e+r7-(/aMVu) (B-17)

Lx-

(Cf. Reference 33, Eqﬁation 8.1,7). Writing diffusion velocities in

terms of partial-pressure gradients as before,

D3 /za.(/-w,,)+<'/1 w4, t7-| PADvbi-m,)
[@J Jr L AT RoT ’

RuT

Neglecting fluctuations of p/T, substituting 7, : 7, +n,  w =& +u)

+ S pe ng]: - + V() (B-18)

’
7

=

L4
/arf +/4: apd w:& +«' in Equation (B-18), averaging with respect to

time, and neglecting derivatives with respect to time,

_‘)._[ /“‘;%"’7 te'd (ng/7g) ? (Eﬁ',‘cfé
3/}( /?7' 'F eur

S

NP I Ay 3 {J)],L_/_ ﬁ{(r,-ﬂ[k’@(a;_ L7

vy Y

(B-19)
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In corﬁparison with other terms, one may neglect the terms

i D u_()/éu.rr + e (”6/”6)
a,‘[({’r( ¢ )]

and

P e e AR

since molecular processes are overshadowed by turbulent effects,

and the terms
[ 5 (F e v a T T U
d# J ¥
if the axial partial-pressure and velocity gradients are small com-
pared with radial gradients. The term 3p/9x must be retained,
however, in order to allow for effects of shearing stress and mass
transfer at the wall. Now the momentum conservation equation

reads

9 /n]/\ (wﬂkvwm“'///--“"j’?‘i‘-’ (B-20)
Jy

Noting that the force balance for a cylindrical portion of the turbulent

core with length dx and radius (:c'0 - y) may be described by

Yoy
(-T + i, &) LT (Vamy) Ax =f 2 (r-y) c_)j"‘ Ay df"?ry) (B-21)

one may integrate Equation (B-20) with the result

“P+ W, L = Z‘fr (T &v i) (B-22)
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But from Equation.(B-S'), 17’6 ¥ = = ; hence,

T+, & = (?,,, we'+ p V& (B-23)

so that the shearing stress 7 is identified with time averages of
turbulent fluctuations, after substituting from Equation (B-7), by

the relation
-7 = /5_”_ 2% (B-24)

This equation is the last of the three identifications which are sought.
Summarizing, the mass transfer rate m, the heat-transfer

rate (due to temperature gradient) q, and the shearing stress t

have been identified with time averages of turbulent fluctuations

for the case of unidirectional radial diffusion in the turbulent core

. of two-component pipe flows with the result

my = £ ALV (B-7)
2’ = /M /‘VM"/’ (B-16)
T g, T (B-24)

As one would expect, the latter two terms are essentially the same
as obtain for ordinary turbulent pipe flows with heat transfer but

no mass transfer.
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NOMENCLATURE

velocity of sound

mean velocity of molecules

specific heat at constant pressure
modified cavitation parameter
gas-stream friction coefficient
gas-stream, heat-transfer coefficient
gas-stream, mass-transfer coefficient
duct diameter

molecular mass diffusivity

evaporation coefficient

acceleration of gravity

enthalpy

coolant heat of vaporization

thermal conductivity

liquid-film or test-section length

mass transfer per unit area and per unit time
Mach number

pressure

Prandtl number

heat transfer per unit area and per unit time by conduction
distance from the center line of the pipe
gas constant

Reynolds number

Schmidt number
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© time

temperature

velocity in the x direction

u/} 2’01 Po
velocity in the y direction

liquid velocity averaged over cross-sectional area of injection
orifices

oxidizer transfer per unit area and per unit time
distance along the duct axis

distance into gas stream from gas-stream bounding surface
measured perpendicularly to bounding surface

po)z'o:po Y/""o
specific heat ratio

liquid flow per unit time and per unit length of tube circum-
ference

gas-stream laminar sublayer thickness
)
fo (hpg Tepg) Ay
o &
P VZ57P, fo (1/py4)dy
film thickness averaged with respect to x and t
Prs Yoo TPy /by = T 7R,

oxidizer specific concentration (weight of oxidizer per unit
total weight)

dynamic viscosity
3.14

P /p

density

shearing stress

viscous dissipation terms in general energy equation
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Subscripts

.G = gas

k = summation index

Lf = liquid in the film

Li = liquid in the injector orifice

M = mixture of gas and vapor

s = saturation conditions corresponding to To

t = total

vV = vapor

o =  bounding surface of gas stream (a liquid film surface or
a duct wall)

6 =  junction of turbulent core and laminar sublayer in gas
stream

0 = bulk property or average velocity
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TABLE I

DATA FROM TESTS MADE FOR PURPOSE OF
DETERMINING PROTECTED SURFACE AREA
VS COOLANT-FLOW RATE IN 2.90-INCH ID
FILM-COOLED CIRCULAR DUCT

Protected - a
Test Water-Flow Rate Surface Area Pressure Drop
Number (lb/sec) (sq. in.) (in. Water)

Air-Flow Rate = 1,70 1b/sec Static Pressure = 15.7 psia; Bulk
Temp = 1103°R

20 0.0617 523.5 32.2
21 0.0506 454.5 36.0
22 0.0444 424.7 39.8
23 0.0425 424.1 41.6
24 0.0361 371.7 44.3
25 0.0303 321. 4 47.1
26 0.0244 280.1 47.3
27 0.0217 231.9 48.6
28 0.0172 138.5 49.17
29 0.0117 67.2 -

30 0.0092 49.6 -

Air-Flow Rate = 1. 65 lb/sec; Static Pressure = 16.7 psia; Bulk
Temp. = 1499°R

(psi)
31 0.130 411.6 1.8
32 0.122 394.7 2.0
33 0.110 365.9 2.2
34 0.104 350.7 2.3
35 0.0944 331.5 2.4
36 0.0867 315.4 2.7
37 0.0772 290.0 2.9
38 0. 0680 272.5 3.0
39 0.0583 225.0 3.1
40 0.0492 . 187.5 3.1
41 0.0397 186. 6 3.2
42 0.0328 88.2 3.1
43 0.0222 60.3 3.1
44 0.0139 45.1 3.2

2 pressure drop'" is the pressure differential between stations
P4 and P5; cf. Figure 2.
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TABLE I (Cont'd)

Protected -
Test Water-Flow Rate Surface Area Pressure Drop
- Number (Ib/sec) (sq. in.) (in. Water)

Air-Flow Rate = 0. 86 1b/sec; Static Pressure = 14. 6 psia; Bulk
Temp. = 1621°R

(in. Water)
45 0.0522 486. 8 11.3
46 0.0475 457.5 11.7
47 0.0417 419.1 12.1
48 0.0383 404.5 12.3
49 0.0339 360.5 12.6
50 0.0272 277. 4 13.1
51 0.0233 248, 2 13.4
52 © 0.0194 199.0 13.8
53 0.0133 57.6 14.3
54 0.0097 49.0 14. 6

Air-Flow Rate = 0.85 lb/sec; Static Pressure = 14,7 psia; Bulk
Temp.,= 1584°R

61 0. 0492 501.4 13.0
62 0. 0444 449.2 13.0
63 0.0378 415.9 13.3
64 0.0322 360.8 13.7
65 0.0267 270.8 14.1
66 0.0228 218.9 14. 4
67 0.0172 98.8 14.7
68 0.0108 46.3 15.0

Air-Flow Rate = 0.65 lb/sec; Static Pressure = 14,4 psia; Bulk
Temp. = 2214°R

89 0.0617 523.0 9.0
90 0.0553 486. 4 8.7
91 0.0492 432.4 8.7
92 0.0439 427.0 8.7
93 0.0375 353.6 8.7
94 0.0326 307.2 8.8
95 0.0276 248. 4 9.0
96 0.0226 195.0 9.0
97 0.0171 88.7 8.9
98 0.0136 49.3 8.8
99 0.0094 42.2 8.8

Air-Flow Rate = 0.43 1b/sec; Static Pressure = 14. 2 psia; Bulk
Temp,= 2239°R

100 0.0294 350.0
101 0.0264 321.6

w W
oo
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TABLE I (Cont'd)

Protected-

Test Water-Flow Rate Surface Area Pressure Drop
Number (Ib/sec). {sq. in.) {(in.Water)
102 0.0225 258.7 4.0

103 0.0193 224. 6 4.0

104 0.0160 137.9 4.0

105 0.0126 50.0 4.0

106 0.0092 48. 4 4.0

Air-Flow Rate = 1. 54 lb/sec; Static Pressure = 15.8 psia; Bulk
Temp.= 1514°R

107 - 0.151 499.9 28.7
108 0.135 465.0 32.5
109 0.127 453. 2 34.6
110 0.116 425.1 37.0
111 0.107 405.4 39.0
I12 0.0912 365.0 42.5
113 0.0803 -- 44.5
114 0.0679 297.3 47.0
115 0.0585 270.7 48.5
116 0.0417 205.3 -~
117 0.0348 151.4 -

118 0.0247 41.7 --
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TABLE III

CALCULATION SHEET FOR PARAMETER VALUES AT
INCEPTION POINT OF UNSTABLE LIQUID-FILM FLOW
(WITH HEATED GASES)

Experimental Data Calculated Parameters

Data Static Liquid Gas Film  Mixture Liquid Viscos- Film
Source Pressure Flow Bulk |Temp. Viscosity Viscosity ity Thick-

Temp. Ratio ness
r Te 7, /“M, Ay ./'(Md%f ‘4
(psia) (1b/ o o (1b/ft sec) (lb/ftsec)
ft sec) (R) | ("R) x105 x104 xlOZ

This 15 7  0.044 1103 595 1.25  3.26  3.84 16.5
paper

This 107  0.065 1499 613 1.23  2.80 4.39 21.6
paper

This 14. 6 0.049 1621 617 1.21 2.72 4.45 19.0
paper

This 147  0.047 1584 616 1.21  2.75  4.40 18.5
paper

This 4.4  0.055 2214 630 1.16  2.47  4.70 21.2

paper .

This 15.8  0.065 1514 614 1.23 2.79  4.41 21.6
paper

R§£”]1 25%  0.056 1360 629 1.26  2.50 5.04 21.2

Fig. 4

" g 0.074 1360 629 1.26  2.50  5.04 24.4

Y L 0.063 1360 629 1.26  2.50  5.04 22.5

" " 0.092 1860 646 1.23  2.23  5.52 28.8

" L 0.101° 2060 650 1.22 2.16 5.65 30.6

" " 0.082 1460 634 1.26  2.40  5.25 26.2

7 " 0.083 1660 641 1.25  2.30  5.43 26.8

" " 0.086 2060 650 1.22  2.16  5.65 28.2

" " 0.066 1260 624 1.27  2.59  4.91 22.6

" " 0.070 1260 624 1.27 2.59 4.91 23.2

2Based on boiling point given in Ref: 11



-83-

*(1/P) i«wmm:m\ I) + 1T ST 298D SIY} UI UOI}D2II0D noﬁ%noouvon.mﬁnmn.
*sadid yjoows ur smofy juarngany Axeurpio o} Surpuodsaizod 950y} 9q O} UINE} 2I' SJUSTOIFIO0D UOHOTLIA

1°s 2 2 G8°1 9°12 00 °2 G2 Z°¢ ¥9 °g 0921 "
A 1'% LG ° 1 0°0¢ 00 °2 9°2 ¥°¢ A 4 0921 "
G°Z1 Z2°21 G8°1 G*LI 00 °2 9°9 L°€ 162 0902 "
9°g 6°L 6L°1 9°02 00°2 ¥ g°¢ LY '€ 0991 "
€L G°9 96°1 ¥°81 00 °2 €°¢ €°¢ €6°'¥ 09%1 "
6°%1 0°L1 ¥6°2 0°81 00 ¥ 8°¢g €°¢ oL'¥% 0902 "
6°21 2°¥%1 682 0°61 00 '¥% 6% Z°¢ 6g2°g 0981 "
8°G 2°9 122 9°0¢ 00°'¥% 8°2 2°¢ 00°9 09€1 "
¥°9 '8 ¥1°¢ L°61 00 ¥ 9°2 6°'2 06°6 09¢1 "

. . 60°€  Z°61  00°'% L°2 0°¢ g1°8  o09¢1 7 oW
0°9 £°8 11 “Jou
9°8 2°L 68°1 0°LZ 06°2 6°¢ 9°¢ Li‘g F161 " "
9°01 1°21 6£°1 0 %% 06°2 L°8 8 4 60 °1 ¥122 " "
8°9 6°9 o1 0°S¥ 06°2 8% 0¥ 69°1 861 " "
€L 2°L 9% °1 8°2% 06°2 6°¥ 0°¥% 69°1 1291 i "
G'8 €°L 26°1 G6? 06°2 8°¢ ¢ 19 °¢ 66¥%1 ¥ "
9°¢ €°¢ £€9°1 9°6¢ 06°2 0°2 ¥c €€ ¥ €011 xoded siyy
01 X 01 X 01 x 01 X orx (¥,.)

/4 4 A.ﬁ..nv A.ﬂ..nv 14 13 g- -0
=, %/ =y %/ quon 1 p Y o) REY
T w -231109 YjSuarg o gIURTY  IaquunN ‘dwa g,
’ UOTIIpPUO) W[IJ JI233wWelr(g 18901 -1J320D sproulay ng . 20aIN0¢Q
Tejudwriadxy pa1091I07) -aduerjuyg -pmbr 1ong ~32I109YyJ, UOIIDIIJ sen sen ejeq

(1912 M = pbrT fa1y = sen {morg 21qeisup jo jurod uordaoul o3 puodsaiIod SUOTIIPUOT) 3637 )

SOILVYE MOTJA-SSVIN 904 LATHS NOILVINDTIVD
Al ITdV.L



-84-

TABLE V

DATA FROM TESTS MADE FOR PURPOSE OF
DETERMINING WALL TEMPERATURE OF FILM-COOLED DUCT

(Gas = Air; Coolant = Water; Duct Diameter = 2.90 Inches)

Test Gas-Stream Test-Section Minimum

Number Bullé Temp. Static Pressure Wall Temp.

(°R) (psia) (°R)

20 1103 15.7 . 595
31 1499 16.7 616
45 1621 14.6 620
55 1453 14.5 607
56 1634 14.6 620
57 1786 14,7 625
58 1972 14.8 629
59 2118 15.0 633
60 2277 15.2 637
61 1584 14.7 616
89 2214 14.4 629
100 2239 14.2 629

107 1514 15.8 612
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Figure 4. Exploded Views of Coolant Injector Used in Research on
Liquid Wall Films
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HaLi = Reynolds Nurmber of the Liauid, 46 to 2880
CaLi== miodiiisd Cavitation rervanmet:r of the Lirnuid,
V00450 to 0.0LL0
ReF = Reynolds Fumber of the Gas, 122,000 to 787,000
I .
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Figure 5. Dimensionless Plot of Film-Attachment Datea Taken at Critical
Velocity of Injection




~90-

- _

.: Test Ho.

‘6 ~68

SJL-J#} |

(1
1.65
_ e.sﬁ

- Gaa-!lev Rate

).

fas Eogyorature

1599

1621

1584

otewW |

- lof-us

;1L5lt

151&

e

" Vator-Flow Rate (

; oot :

£

‘f’.o_, .

»vignra 6."

Wbtar~rlow Rate
Gasarlov Bates

20

W |
. Area of Frotected Sunface (eq in.)
s Area of Prntanted,Snrtace tar Suvntaligt

qu‘




;V-91_;% .],

| fest ¥o. |

31

61-68

Gas-Flov Rate
m.Lm

) ;

aaa‘!euporaxnro

1.70
~1.65
85

1303

1499
1584

@ +HO

8999 -

2;1#

* Water-Flov Rate

&

i \ a\

5

. |

580

~ Area of Protected Surface (11 in.)

, !&garc 7 Whtorbllnv Rate vs Area of
Lo Gns !eqporutnreg : =

toetgd auttseq !or saveral_f._ L




-92-

Dimensionless Film Thickness n¥ = 7.1

Dimensionless Film Thickness n¥ = 9.2

Figure 8a: Representative Spark Photographs of Annular Two-Phase
Adiabatic Flow in 3-Inch ID Lucite Duct (Gas = Air;
Liquid = Water; Gas-Stream Reynolds Number = 452, 000)
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Dimensionless Film Thickness n* =12.0

Dimensionless Film Thickness n* =15.2

Figure 8b: Representative Spark Photographs of Annular Two-Phase
Adiabatic Flow in 3-Inch ID Lucite Duct (Gas = Air;
Liquid = Water; Gas-Stream Reynolds Number = 452, 000)
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Gas-Stream Reynolds Number, 282, 000

Gas-Streamn Reynolds Number, 503, 000

Figure 9: Representative Spark Photographs of Annular Tw?-Phaae
Adiabatic Flow in 3-Inch ID Lucite Duct (Gas = Air;
Liquid = Water; Dimensionless Film Thickness n* = 7.6)
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Pigure 10, Dimensionless Film Thickness vs Ratio of Viscosity of Gas-Vapor
Mixture to That of Liquid at Inception Point of Long-Wavelength
Disturbances
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Turbulent Gas Stream

u_ ~ 200 ft/sec |

ANARNY Z\\?’“\“i“i\\\\\\*\

Liquid-Film Surface Velocity u, ~ 3 ft/sec

Characterigstic Length of Small Disturbances =~ 0.1 in.

Figure 13. Velocity Diagram for Typical Stable Liguid Wall Film Flowing
Under Influence of Turbulent Gas Stream
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Figure 14, Comparison of Experimental with Theoretical Function of Scy
and PrM Which Apvears in Wet-Bulb-Thermometer Equation
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