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ABSTRACT

A discussion of the physical nature of 1iquid-filmicooling is
presented that gives special emphasis to those phenomena occurring at
the gas-liquid interface. The interfacial mass and heaﬁ balances are
discussed in detail, together with the phenomena of filﬁ instability
and the entrainment of liquid by the gas stream. '

A review is presented of the pertinent heat-mass transfer
analyses for the wall region wetted by the liquid film. The
limitations of those analyses are noted, and an alternate correlation
procedure is suggested that is applicable to the case where the gas
flow is compressible and subject to the influence of a streamwise
pressure gradient. In order to implement that correlation procedure,

a method is developed whereby the temperature at the gas-liquid inter-
face can be approximated analytically. Calculated results are presented
that are noted to agree favorably with the limited experimental data.

A heat transfer analysis is presented for the wall region downstream
of the liquid film. That analysis is based on a relatively simple flow
model, and is applicable tc the case where the gas flow is compressible
and subject to the influence of a streanwise pressure gradient. Two
wall conditions are considered: (a) the case where the wall is adiabatic;
and (b) the case where the wall is cooled externally.

Conclusions and recommendations for further experimental rvesearch

are presented.



1. INTRODUCTION

1.1 General Discussion

Liquid-film cooling refers to the injection of a thin coﬁtinuous
liquid film onto a given surface for the purpose of protectiné that
wetted surface from thermal damage from a hot gas flowing pasf the
film. ?

The motivation for developing liquid-film-cooling technology for
rocket motors has been the development of nuclear rocket engines, the
use of higher energy chemical propellants, and the trend towa}d higher
combustion chamber pressures. These newer developments are character-
ized by a large increase in the heat flux from the working fluid to
the walls of the combustion chamber and the exhaust nozzle, such that
the regenerative cooling of those walls becomes marginal (1)(2)(3).1

A need, therefore, exists for developing a method of cooiing which
will supplement regenerative cooling. While porous-wall coolfng tech~

niques (transpiration cooling which utilizes gaseous coolants. and sweat

cooling which utilizes liquid coolants) are more effective than liquid-
film cooling from the standpoint of the degree of thermal profection
realized per pound of coolant consumed, liquid-film cooling still
appears to be quite attractive for the following reasons: (a) clogging
of the porous wall is still a probiem and leads to localized "burnout,"

(b) a reduction in the structural integrity of large components results

1Numbers in parentheses refer to references listed in the Bibliography.



when they are constructed from porous materials, and (c) the fabrica-
tion problem is simpler in the case of a liquid-film-cooled system.
Considerable attention has also been devoted to studfes con-
cerned with employing a gaseous film coolant Gaseous-film cooling
has the same advantage of simplicity as does liquid-film-cooling, but
the absence of a phase change during the cooling process severely
limits the cooling capacity of gaseous-film cooling in comparison to

that of liquid-film cooling

1 2 Objectives of the Present Investigation

The objectives of the subject investigation were threefold:
(a) to describe the physical nature of liquid-film corling;
(b} to review the theoretical heat-mass transfer correlations for the
lhquid-film-cooled region, and to develop an alternate correlation for
that region; and
(c) to develop a heat transfer correlation for the region downstream
of the terminus of the liquid film

The correlation procedures developed herein are generalized so
as to be applicable to the flow of a compressible gas in the presence
of a streamwise pressure gradient Moreover, the developments consider
boundary layer flow rather than fully developed pipe flow, as have
previous analyses The developments are limited, however, to the case
where the gas flow 1s fully turbulent and the liquid-film coolant is
non-reactive

Assessment of the validity of the correlation procedures developed
herein awaits the existence of accurate experimental data. Such experi-
mental work s being conducted currently at the Jet Propulsion Center,

Purdue University, Lafayette, Indiana.
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2. THE PHYSICAL NATURE OF LIQUID-FILM COOLING

2.1 Description of Liquid-Film Cooling
Fiqure Z-1 presents a schematic diagram illustrating the per-
tinent aspects of the liquid-film ceoling nrocess. There are two
regions of the wall that are of principal interest: (a) the liquid-
film-cooled region; and (b) the gas-vapor-cooled region. The

rhenomena which characterize each of those regions are discussed

in the foilowing sections

2.1 1 The Liquid-Film-Cooled Region
Figure 2-2 i1lustrates a physica® boundary layer model for the
liquid-film-cooled region The phenomena which relate to the develop-
ment of that boundary layer region are discussed in the following

paragraphs

The Nature of Film Development At station x = x, in Fig 2-1,
the liquid coolant is injected onto the solid surface and establishes
a2 spamise cortinuous lwquid firlm  The liquid film interacts with
and is accelerated by the hot gas stream flowing past it The velocity
distribution throughout the liquid film it any streamwise location is
determined bv the solution »f tne momentum equation for the two-
dimensional flow of an incompressible riuia; the latter can be written

in the followira form (4)  Thus

i

e m—— i
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p](u %¥-+ v gﬁo = - %% + %5 (2-1)!
The acceleration terms in Eq. 2-1 are of considerable importance at
and near the plane where the liquid is injected. However, for the
largest portion of the liquid flow regime, because of the extreme
thinness of the liquid fi]m,2 the acceleration terms and the pressure
gradient term in Eq. 2-1 can be considered of negligible importance
in comparison to the viscous term. Hence, if T and T denote the
shear stress at the gas-liquid interface and at the liquid-solid
interface, respectively, then one may write

3u

t X (v-+vt)] W = constant = LI (2-2)

where v is the molecular contribution and Vi is the turbulent or eddy
contribution to the "effective" kinematic viscosity. From Eq. 2-2 it

follows that the velocity distribution for the liquid film is given

by
(2-3)
For the special case where the film is entirely laminar (vt = 0),

Eq. 2-3 reduces to

- S ‘ | (2_4)

1 Refer to Appendix A for a definition of the notation.
2 Typical film thicknesses are of the order of 1 to 5 X 103 in.
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The problem of expressing the parameter (v + ”t)l as a function
of the normal coordinate y, so that the integral term in Eq. 2-3
can be evaluated for the case of a turbulent film, can be circumvented
by assuming that the universal "law of the wall" is valid for the 1-quid-
flow regime. CFigure 2-3 presents the "law of the wall" in graphical
form; the dimensionless parameters u+ and y+ presented in the figure

are defined as follows:

ut o (2-5)
( /o)
o)
y ( /o)
y'o: S (2-6)

Figure 2-3 represents, therefore, a means by which the velocity profile
in the liquid film can be prescribed once the value of the interfacial
shear stiress 's is determincd; the latter must result from the solution
of the momentum equation for the gas-flow regime.

The mass flow rate of liquid per unit spanwise length, denoted
by m', and the thickness of the liquid film, denoted by §¢, are related

due to the continuity condition  Hence,

m oo, ¢ U dy (2-7)
O

For the case where the film is totally laminar, Eqs 2-4 and 2-7

can te combined to yield the following expression for the thickness
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of the liquid film:

(2-8)

To consider the relationship between m' and 8¢ for the case where the
liquid film iz turbulent, it is convenient to rewrite Eq. 2-7 in the

following non-dimensional form. Thus

Wt = f ut dy* | (2-9)

where the parameter W' is termed the dimensionless liquid flow rate,

and is defined by

Wt T%:”T (2-19)

mn

and where 6; is the dimensionless film thickness defined by

1
o | rs/o])2
\)]

(2-11)

s
f

The parameters W and 6; can be related by employing the "law of the

wall," presented in Fig. 2-3, and graphically integrating Eq.2-9.



Figure 2-4 presents wt as a function of 6;, as determined by

Kinney, et al. (5). The figure illustrates, as does Eq. 2-8, that
the thickness of the liquid film is proportional to the liquid flow
rate m' and the kinematic viscosity v|, and is inversely proportional
to the interfacial shear stress Tee The significance of the para-
meter W' in determining the physical characteristics of the flow of

a thin liquid film is discussed in Section 2.4.

Energy Transfer to the Liquid Film. Energy is transferred to

the liquid film from the "hot" gas stream. A small percentage of
’that energy is utilized for increasing the sensible enthalpy of the
liquid in the film. A significant percentage of that energy,
however, causes the evaporation of liquid which was raised to its
saturation state while flowing downstream.

If the solid surface wetted by the film is thermally insulated
from the external environment (i.e., adiabatic), then, after that
surface is heated to an equilibrium temperature which is approximately
equal to that of the liquid film, all of the incident energy not
utilized for increasing the sensible enthalpy of the liquid is utilized
to evaporate it. On the other hand, if the solid surface is externally
cooled, then a portion of the energy transferred to the liquid film
will be transferred through the liquid film and through the solid
surface to the external coolant. Thus, with external-regenerative
cooling of the solid surface, longer film-cooled lengths will be
realized for a given rate of coolant injection than is the case for

an adiabatic solid surface.

et omvd Gwmib GEE D GNP SEe woe e owd MR BN AR R ey



'3

1000 T 7 T 11T -
[ ]

[ FROM REF. 5 —

——1

300 n

+

W ]
100 I
_

-

30 -

ey

0 L1
100

FIG. 2-4. VARIATION OF THE LIQUID FLOW I.ATE PARAMETER

W' WITH THE DIMENSIONLESS FILM THICKNESS 8%




e e J—— - et -

T e et i b RN i S B M. et - ot v 3 i, s o,

12

Heat Transfer "Blocking." The vapor produced by vaporizing the

liquid film coolant is convected and diffused into the boundary layer
of the hot gas wetting the liquid film and establishes in turn a con-
centration (or partial-pressure) boundary layer. In the process of
being transported away from the gas-liquid interface, the vapor
serves an important function, referred to as the "blocking" of the
incident heat flux. In other words, as the vapor moves away

from the gas-liquid interface it "absorbs" sensible heat, so that

it thus represent< a counter-convective heat transfer mechanism.

Film termination. At station x = Xy in Fig. 2-1, the liquid

film terminates, due to evaporation and possible entrainment of liquid
droplets into the gas stream. An undesirably high degree of droplet
entrainment is known to arise when large wave crests, termed distur-
bances, occur on the surface of the liquid film. The phenomenon

of large disturbances on the surface of the film is termed film

instability and is discussed in Section 2.4,

Coupling of the Transport Processes and the Boundary Conditions.

Tha interdependence of the heat and mass transfer processes and the
related boundary conditions for the evaporation process is illustrated
by the following points:

(a) The rate at which energy is transferred to the liquid film and
the physical properties of the liquid (particularly its latent heat

of vaporization) determine the rate at which vapor is "injected" into

the gaseous boundary layer.

oy owy Ooms fml B MR S S U St oo St B BEp o
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(b) The rate of "vapor injection" determines the degree of fhe
aforementioned "blockage" phenomenon and thus the net rate of
energy transfer to the liquid film. :

(c) The concentration of the vapor at the interface is depehdent
on the rate at which vapor is introduced into the boundary-layer
region (see Section 2.2.1, Eq. 2-23). |

(d) The temperature at tke interface is determined by the con-
centration of une vapor at the interface (or, perhaps more cdr-
rectly, the partial pressure of the vapor at the interface).

(e) The rate at which energy is transferred to the liquid film is
‘dependent on the thermal potential which exists between the main
stream and the gas-liquid interface.

The physics of the evaporation process thus require that for a
given set of bulk flow conditions (i.e., working fluids, main-stream
temperature,pressure, Reynolds number, Mach numbe., etc.), unique
values for each of the following must result: the rate at which energy
is transferred to the liquid film; the rate at which liquid is
evaporated; and the concentration of the vapor and the tempefature

at the gas-liquid interface.

2.1.2 The Gas-Vapor-Cooled Region1

Figure 2-5 illustrates schematically what is defined as the gas-
vapor-cooled region, together with representative profiles of the

wall temperature for the cases where the wall is adiabatic and is

1 The terminology “vapor-cooled region" introduced in Refs.(6) and (7)
would appear to be a misnomer in that the quantity ot relatively
cool gas which exists throughout the boundary layer at x-xi contributes
substantially to the gas-vapor-cooled length, ;
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externally cooled The length of the gac -vapor-cooled region, given
by X Xs in the figure, s defined as that in which the temperature
of an adiabatr: surface, denotea by taw’ increases from the tompera-
ture of the iiquid film at x = o denoted by ts,l‘ to the recovery
temperature feor the main stream

Iv the surface downstream from the end cf the liquid film is
cooled externally, then a wall temperature distribution such as that
denoted by tw in Fig 2-£ results. In general, at any station

X > Xy the rate of heat transfer to the external coolant is given by

where hé is the apprcpriate heat transfer film ccefficient to be

employed with the thermal potential (t_ - tw) in the calculation of

aw
the wall heat flux q, To either design an effective regeneratively-
cooled downstream region or determine the optimum location for intro-
ducing a second liquid-fiim-cooled region, 1t must be possible to
determine the streamwise distribution of a, for a prescribed distribu-
tion of tw Hence, the basic problem is that of determining the
streamwise distribution of the adiabatic-wall temperature, together

with the heat transfer film coefficient h& An analysis for the gas-

vapor-cooled region 1s presented in Section 4 which considers those

two points.
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2.2 Conservation of Mass and Energy at: the Gas-Liquid Interface

The conservation of mass and energy across the gas-liquid inter-
face is considered in Sections 2.2.1 and 2.2.2, respectively. Con-
sideration is given only to the case where the liquid film is non-
reactive and is stable, free from the consequences of large disturbances
(see Section 2.4). It is not assumed that the film is either smooth
(free from waviness) or laminar. Moreover, mass diffusion in the
boundary layer is treated as a binary process; i.e., the evaporated
vapor and the gas entrained from the main stream into the boundary

layer are considered as the two counter-diffusing species.

2.2.1 Interfacial Mass Balance
Figure 2-6 illustrates a general interfacial element for mass-
transfer, together with the several mass fluxes which are discussed
in the following paragraphs. The S- and L-surfaces presented in
Fig. 2-6 are defined as being placed in the gas-vapor phase and in
the liquid phase, respectively, at an infinitesimal distance from
the interface. Additional definitions and subscript notation needed

to clarify Fig 2-6 are as follows:

Definitions:
(ov), = 0¥, = 0, (V*vd’v) - (2-12)
: = = + -13
(ov)g Pq¥q ° Pg (v vd’g) (2-13)
(ov) = (og te,) v (2-14)
Pi _, . N . L
i RTC the partial density for the "i" species; i=g,v
i

A g o ]
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P; * the partial pressure for the "i" species; i=q,v

o= o+ o_ = the density for the gas-vapor mixture

V. - v ¢+ vi,d : the "total" velocity normal to the S- and L-
surfaces for the "“i" spectes; i:g,v

v - the convective velocity normal to the S- and L-surfaces.

v

id” the diffusional velocity normal to the S- and L-surfaces

for the "i" species: i-g,v

Subscripts
v - vapor
g - gas entrained from the main stream
L - evaluated at the L-surface
S ~ evaluated at the S-surface
d - diffusional cornonent of the subscripted parameter

A term having neither "v,"” "g" nor "L" as a subscript refers to the
gas-vapor mixture

Figure 2-6 ~1lustrates that when the 1 quid coolant s evaporating
1nto a medium other than 1ts own vapor, mass transport is due to both
arttusion and convection. The relationships governing the inter-
dependence ot the different convective and diffusive mass fluxes
presented in Frg ¢Z-b are der'ved in the following paragraphs

Fick's law relates the mass transter by diffusion n the y
direction to the concentration gradient 1n the y direction, and is
expressed by

(avd)i -p (U‘Dt) f 3 ) (v v,q) (2-15)

mm 2 A 0 0 O GEEME 090 A0 e
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where

by
C = ﬂl.: the concentration of the "i" species (i = g,v).

(D + Dt) = the "effective" diffusi--n coefricient

In the case of a binary medium, to which the subject discussion is

restricted, the concentration gradients an/oy and acg/ay are

related by
3C oC
I S| -
5y 3y (2-16)

Equations 2-15 and 2-16 show that at any station y the rates of mass
diffusion of the vapor, ’:vd)v, and the gas, (ovd)g. are related by

(de) - (de)v (2'17)

-
Since the interface ic impermeable to the gas, the diffusive flux
of gas towards the liquid surface 1< exactly equal to the convective

flux of gas away from the Tiquid surface; i e ,the net transport of

gas at the surface of the liqurd film is zero.1 Thus

evglgs © = e g (2-18)

Hence

vd,g,S = - Vg (2-19)

Note, however, that the concentration of the gas is always greater
than zero at the interface

T
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Equations 2-17 and 2-19 can be combined to yield
(pvd)v‘s = (l - CV,S)(DV)S (2-20)

Equations 2-12 and 2-20 can be combined to yield
(DV)S = (pv)V,S (2'21)

Hence, Eqs. 2-20 and 2-21 show that at the interface, the diffusive
rate of vapor transport, (cvd)v 5 and the total rate of vapor

transport, (°V)v g» are related by

(Dvd)V,S = (1 - CV,S)(DV)V,S (2‘22)

It follows from the conservation of the evaporating species
across the interface and from Equations 2.21, 2.22, and 2-15, that
lo(0+D,) aC,

(ov), ¢° (ov) = (ov)g = - "T:f;~— 5 [S (2-23)
Equations 2-15, 2-17, 2-19, 2-22, and 2-23 describe, for the
process of evaporation, the pertinent relationships between the several

mass fluxes presented in Fig 2-6 Those equations also can be
written in terms of the partial pressure of the vapor Consider
Eq. 2-15: from the definitions of the concentration of the vapor,
Cv, and the partial pressure of the vapor, pv. it follows that

EE_ = Py R\ . R 3 P, R E! aR
R ay

d
ay ay PR’ PR, 3y (2-24)
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The perfect gas constant for the gas-vapor mixture can be written

as
R=C, R, + (1-cv) Rg - (2-25)
Hence -
aC
R v
3; = (RV - Rg) ;y—' (2'26)

Substituting Eq. 2-26 into Eq. 2-24, solving for aCV/ay; and utiliz-

ing Eq. 2-25 yields

5C 2 ap
v_ R 17y
5 R, Rg 5 3y (2.27a)
1-C ap
- v R v
=y ﬁ; 'R (2.27b)

Substituting Eq. 2-27a intc Eq. 2-15 yields the following expression
for the diffusive rate of vapor transport at any station y:

2 1 ep

v
5 3y (2-28)

. _ R

(ovy), = - o (D*D,) ¢

g

Equations 2-27b and 2-23 can be combined to yield the following
expression for the conservation of mass across the interface:

o(D+Dt) R ap,

2-29
Ey (p-p,) 3 ( )

(DV)S = (DV)L = (OV)V’S = -

S
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2.2.2 Interfacial Energy Balance
Figure 2-7 illustrates a general energy-transfer interface
element placed at the surface of a stable, non-reactive liquid film.

The different energy fluxes involved are defined as follows:

(1) qg T (k g;-s= the rate at which energy is transferred across
the S-surface by conduction

(2) aQ

the L-surface by conduction.

(k %})L = the rate at which energy is transferred across

(3) (°v)v,S hv.S = the rate at which energy is convected across
the S-surface by the evaporated vapor.

(4) (pv)L hL = the rate at which energy is convected across the L-
surface by the evaporating liquid.

(5) A g ° the rate at which energy is transferred across the
S-surface by radiation

(6)

Qp ° the rate at which energy is transferred across the
L-surface by radiation
ug g
(7) (KE)S (ov)S (—?—‘+ —?J = the rate at which xinetic energy

assocrated with the gas-vapor phase crosses the S-surface.

u‘. v pa
(8) (KE)L (cv)L (—% . —%) = the rate at which kinetic energy

associated with the liquid phase crosses the L-surface.

Since the net transport of the gas at the surface of the liquid

1 only the transport of enthalpy associated with the

film is zero,
evaporated vapor (see Item (3) above) needs be considered on the

gas-vapor side of the interface. 1t is desirable, therefore, that

1See discussion léading to Eq. 2-18.
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FIG. 2-7. AN ENERGY-TRANSFER INTERFACE ELEMENT
FOR A STABLE, NON-REACTIVE LIQUID FiLM
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the vapor have a relatively large specific heat so that the vapor
will cause a large amount of thermal “blockage."
In view of Eq. 2-23, the energy balance for the interface

element illustrated in Fig. 2-7 can be written as follows:

ag = a1 (KE)g = (KE) |+ (ov)glh, oh)(a, g=a, ) (2-30)
S § SRR ¢ S Iv v

Term IV in Eq. 2-30 can be rewritten in the form
(ov)S aH,,

where AHv is the latent heat of vaporization for the liquid coolant
which corresponds to the saturation conditions prescribed by the
partial pressure of the vapor at the interface. If the partial
pressure of the vapor at the interface is equal to or greater than
the critical pressure for the liquid coolant, then term IV in

Eq 2-30 is identically zero. In most instances, tem IIIl in

Eq. 2-30 can be considered negligible in comparison to a term

such as term I  Thus, neglecting term I11, Eq. 2-30 can be rewritten

to yield

9@ : QL 9 ° 9,5~ (pv)S AHv (2-31)

Equation 2-31 is the general energy balance for conditions at the
interface. To obtain a better understanding of what is involved

in evaluating the left-hand side of Eq. 2-31, the energy balance for
the entire liquid film must be considered, and that energy balance

is developed in the following section.
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2.3 Energy Balance on the Liquid Film

2.3.1 General Energy Balance
Figure 2-8 illustrates diagrammatically a control volumé
placed within a stable, non-reactive liquid film. The followﬁng
energy fluxes may be defined: f
(1) m'h

o 1,0
volume per unit spanwise length due to the continuous in~

= the rate of enthalpy transfer into the contrnf

jection of film coolant.
(2) q, : (k %%)w = the rate of conduction of heat from the
liquid film to the wall.

QG w = the rate of radiant energy transfer to the wall.

The rate of injection of liquid into the control volume
illustrated in Fig. 2-8 per unit spanwise length is denoted by mé.
From the conservation of liquid film coolant it follows that

X

m = / (ov)S dx (2-32)
X
o

Employing Eq. 2-32, the energy balance for the control volume

presented in Fig. 2-8 is given by

7!1 Y.
[ tv " [
X, (ag *a,. ) ex % Liov)glhy =hy o) + 9, +q_, Jdx  (2-33)

Equation 2-33 is the general energy balance for the liquid film.

For the special case where the summaticn of the terms under



26

Wld dINdIT 3AILOV3Y-NON
*3718V.L1S ¥V NO 3ONVIVE A9HIN3 HOd4 IWNTIOA TTOHLNOD '8-2 "9ld

| 3
aInoi7 oLlllo—zﬁt
]

30V4H4NS TOHLINOD Seoo__ 4
——— .

awntoa ounod” S | === ) .
39V4¥ILNI

/zo_kow_..z_

INVI009 W4
40 3NVd

¢ Ox
Xp Al_ ‘b +|_3.\. xn.fm?n. v.\.
I

«— NWY3IYLS SVO




e B B o B

-

MMM

[r—y

—

ey

-y

each of the integral signs in Eq. 2-33 is independent of x, the
integral signs can be removed and one obtains a local energy balance
for the liquid film. Furthermore, the relationship obtained after
removing the integral signs can be combined with Eq. 2-31, obtaining

thereby a loca’ energy balance at the interface. Thus

Qg * A, =0, +q. + (pv)s(hL- hy ,o)+(°v)5 'L (2-34)

In many liquid-film cooling applications of interest, however,
the terms under the integral signs in Eq. 2-33 are not independent
of the streamwise coordinate x. Of particular interest is the
problem of liquid-film cooling an exhaust nozzle wherein severe
pressure gradients are common, and wherein the various terms in
Eq. 2-33 are most certainly functions of x. In such a situation
it is difficult to appraise the error involved when it is assumed
that Eq. 2-34 is the local energy balance at the interface. In
particular, it is difficult to appraise the error due to assuming
that the portion of the incident heat flux utilized for increasing
the sensible enthalpy of the liquid is equal to (ov)S (hL - hl,o)’
as given by Eq. 2-34., Since Eq. 2-34 is much more convenient to
employ, however, than is Eq. 2-31, further consideration of the
problem is worthwhile. A method for experimentally investigating

that problem is suggested in Section 3.3.1.
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2 3.2 Simplified Energy Balances Employed by Previous Investigators
Knuth (8) simplified the general interfacial energy balance (see

Eq 2-31) by assuming, in essence, that
G,s 9 " 9L

In other words, Knuth equated the radiant energy incident on the sur-
face of the liquid film to the energy utilized for increasing the
sensible enthalpy of the liquid coolant plus the energy transferred
to the solid surface wetted by the film. (In Knuth's experimental
investigation, the wetted surface was approximately adiabatic.)
knuth, therefore, employed the following interfacial energy balance

Thus

qq * (ov)s aH, ‘ (2-35)

Crocco (9) utilized the same interfacial energy balance as
Knuth, but Crocco's reasoning was somewhat different. He assumed
that the rate of radiant energy trarsfer to the liquid film was
negligible and that the wetted surt .ce was adiabatic Crocco
further assumed that in a so-called "first period of existence,"
all of the film coolant was heated to equilibrium saturation
conditions, and that for the major portion of the liquid- flow
regime, all of the energy incident on the liquid film was utilized
for evaporating it. HMoreover, the analysis was concerned only with

that major portion of the liquid-flow regime



29

Graham (10), Sellers (11), Kinney (5), and Emmons {6) employed
an interfacial energy balance which is a simplification of Eq. 2-34.
First, it was assumed that the radiant energy transfer was negiigib]e.
Furthermore, in the experimental investigations conducted by Graham,
Kinney, and Sellers, and in a portion of the experimental investigation
conducted by Emmons, the wetted surfac~ was essentially adiabatic.
Thus, the interfacial energy balance employed by those investigators for

the case where the wetted surface was adiabatic is

qS = (DV)S (hL’ h],O) + (OV)S AHV (2'36)

2.4 Gas-lLiquid Interactions

The specification of the physical characteristics of the gas-
liquid interface is of primary importance in the analysis of liquid-
film cooling. Considerable experimental data are available that
indicate that the interfacial structure has a considerable influence
on the flow rate of film coolant required for establishing a
specified liquid-film-cooled length (5)(8)(10)(11). Of particular

significance is the phenomenon of film instability which causes the

entrainment of liquid coolant droplets by the flowing gas stream.
The physical nature of the gas-liquid interface is discussed in
Section 2.4.1 and the phenomena of film instability and entrain-

ment are discussed in Section 2.4.2.

2.4.1 Interfacial Structures
There appear to be three distinct interfacial structures

associated with the process of liquid-film cooling that are of
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interest. Figure 2-9 presents photographs of each of those inter-
facial structures. The photographs were taken during certain pre-
liminary investigations conducted at the Jet Propulsion Center,
Purdue University (12). The following features of the basic flow
system and of the photographic apparatus are noteworthy: (a) the
gaseous and liquid phases were air and deionized water, respectively;
(b) the gaseous flow was turbulent; (c) a 35 mm camera equipped with
a close-copy lens was employed in conjunction with a stroboscopic
light source, which had a flash time of 2 microseconds, so that the
gas side of the two-phase interface could be photographed; and (d)
the optical line of sight was at an angle of 10° with respect to the
wetted test surface which was a highly polished, flat, stainless
steel plate having avspanwise dimension of 4 ins..

The photographs presented in Fig. 2-9 were taken when the static
pressure and the main-stream temperature had values of 220 psia and
1000 R, respectively. Flow parameters which were not common to all
of the photographs are specified in the appropriate subtitles of

7ig. 2-9; they are the main-stream ve]oéity, u_, the position down-

e*
stream of the point of liquid-film coolant injection at which the
photographs were taken, x - Xg» and the rate of liquid-film coolant
injectiqn per inch of injector slot width, mé.

The interfacial structure presented in Fig. 2-9a is characterized
by its extreme smoothness. In that particular photograph there is
shown a % in. diameter cylindrical plug which protrudes approximately

0.001 in. above the surface of the polished stainless steel surface.

- _— — Lot ———— sm— — —— - [ - - M maw ] ] [ T
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FIG. 2-9. CHARACTERISTIC INTERFACIAL STRUCTURES
FOR LIQUID-FILM COOLING
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The fortuitous presence of that surface irregularity serves to
indicate that a liquid film which has a smooth interfacial
structure is, in general, very thin and sensitive to relatively
small surface roughnesses. The smooth character of the inter-
facial structure is apparently due to the fact that the liquid film
is so thin and viscous that any disturbances imparted to it as a
‘consequence of turbulent velocity fluctuations in the adjacent gas
phase are completely suppressed or "damped out." Because of the
aforementioned sensitivity of a thin film to surface roughnesses,
it is highly improbable that the liquid films employed for liquid-
film cooling the walls of a rocket thrust chamber wiil have an
extremely smooth interfacial structure.

The interfacial structure presented in Figs. 2-9b and 2-9c
is quite common and is characterized by its "pebbled" appearance.
The small disturbances which are evident on the surface of the liquid
film are apparently a consequence of turbulent velocity fluctuations
in the gas phase flowing past thé liquid film (13). The liquid film
is sufficiently thin and viscous that small disturbances which appear
on its surface do not amplify and cause film instability. (It should
not be implied, however, that there may not exist turbulent stresses
in the liquid film.) The difference in the scale of the interfacial
disturbances for the two "pebbled" interfaces presented in Fig. 2-9
is due primarily to a corresponding difference in the scale of the
turbulence in the adjacent Flowing gas; the turbulence scale of the
gzs phase decreases with increasing gas mass flow rate. That relation-

ship between the gas mass flow rate and the nature of the “"pebbled"
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interfacial structure has been observed previously (5)(8)(13X14).
The interfacial structure presented in Fig. 2-9d defines the

phenomenon of film instability; the latter is characterized by

the existence of large-scale disturbances which are turbulent in
nature, and which are superimposed on a "pebbled” interfacial
structure The phenomenon of film jnstability and the related
phenoménon of liquid entrainment are discussed in the following

section.

2.4.2 Film Instability and Entrainment

A large degree of liquid entrainment is known to occur when
large-scale disturbances appear on the surface of a liquid film
(15). Such entrainment reduces the effectiveness of the liquid-
film cooling process in either or both of two ways:
1. If the entrained coolant is convected out of the region which
is to be liquid-film cooled before it is evaporated, then a cor-
responding loss in liquid-film cooling effectiveness arises due to
the incomplete utilization of the available heat of vaporization
associated with the flow of the liquid-film coolant.
2. If the entrained liquid droplets are evaporated immediately upon
leaving the interface, then the corresponding multi-fold increase
in the specific volume of the coolant upon evaporation will have a
disturbing effect on the gaseous boundary layer structure which,
in turn, might tend to promote the degree of turbulent heat, mass,.
and momentum transport near the gas-liquid interface. LuikoQ (16,

17) has termed such a phenomenon volumetric boiling.

et —
Sy .
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Thus, a problem of primary importance is that concerned with
the specification of (a) the physical conditions under which small-
scale interfacial disturbances will amplify and cause film
instability, and (b) the degree of and the effects of liquid
coolant entrainment once transition has occurred. Intuitively,
parameters which may be of importance in a formulation of the
solution to the above problem are as follows:
(i) the interfacial shear stress, T which represents the degree
to which the gaseous flow regime tends to deform the liquid film;
(ii) the dynamic viscosity of the liquid, u,, which is a measure of
the resistance of the liquid film to deformation;
(iii) the thickness of the liquid film, 8cs which represents the
extent to which the gas-liquid interface experiences the stabilizing
influence of the wetted solid surface;
(iv) the kinematic viscosity of the liquid, Vi» which is a measure
of the damping characteristics of the liquid film;
(v) the interfacial density ratio, pS/p], which represents the
relative inertia characteristics of the two phases, and is a measure
of the degree to which a turbulent velocity fluctuation in the gaseous
phase will influence the liquid-flow regime;
(vi) the dynamic viscosity ratio us/ My which is a measure of the
discontinuity in the velocity profile at the gas-liquid interface;
and
(vii) the surface tension of the liquid phase.

References (5)(13)(14)(15) have experimentally investigated the

phenomenon of film instability. Subsequent attempts to correlate the
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inception of film instability have employed the dimensionless liquid-
flow rate W' (see Eq. 2-10). It is of interest to note that Wt com-
bines the individual influences of the parameters (i)-(iv) listed
above into a single parameter.

The motivation for attempting to correlate the inception éf film
instability in terms of the single parameter W' arises from the
following facts which characterize single phase turbulent flow:

(a) a universal relationship between u’ and y+ (the "law-of-the-wall")
characterizes the “inner" region (_y+ < 1000) of the wall turbulent
regionl; and (b) the distance normal to the wall at which turbulent
forces are of the same order of importance as the viscous forces

is defined approximately by 15<y’ <20 and 90 <W' <150 (5)(18).
Thus, the transition state for the liquid-flow regime would be
characterized by corresponding limits of 6; and W if the following

basic hypothesis is physically correct: (1) parameters (v)-(vii),

presented in the foregoing, do not appreciably affect the transi-
tion characteristics of the liquid-flow regime; (2) the liquid-flow
regime obeys the universal "law-of-the-wall" as established for
single phase flow; and (3) transition occurs when the turbulent
forces in the region of the liquid film close to the gas-liquid
interface are of the same order of importance as the viscous forces.
While a large percentage of the experimeﬁtal data tends to
substantiate the foregoing simple hypothesis (5)(15), a limited
amount of data has been obtained which indicates that the simple

‘hypothesis may not give a complete characterization of the phenomena.

1 see Fig. 2-3.
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For example, experimental observations indicate that the critical
value of W increases slightly with decreasing surface tension (5),
and that the parameter uS/u] may also be significant in defining
the transition state (13)(14). Furthermore, at relatively low values
of the gas stream Reynolds number1(<104) it is known that the
critical value of W' can increase significantly (19); i.e., the
transition state is a function of both the Reynolds number for the
gas stream and wt. It would appear, however, that at values of the
.gas stream Reynolds number which are most commonly associated with
the gas flow in a rocket thrust chamber (>105), the dependence of
the critical value of W' on the Reynolds number for the gas stream
is negligible (5)(14)(19).

For the practical design of a liquid-film-cooled system which
is characterized by gas-stream Reynolds numbers greater than 105,
the following generalized results given by Kinney, et al. (5) appear
to be adequate until a more complete theory is formulated and sub-
stantially verified:
1. In the situation where the evaporation rate is negligible, and
wherein m' is thus independent of the streamwise coordinate x, the
inception of film instability is approximately defined by N; = 90

where

%o T ) (2-37)

The viscosity u in Eq. 2-37 is evaluated a%t a streamwise-mean

liquid-film temperature.

1 The Reynolds number referred to on this page is Rd’ defined on
page 57. .
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2. In the case of liquid-film cooling, wherein the value of W'
varies from a nonzero value at x = X, to zero at x =x;, the
onset.of a high degree of liquid entrainment--which accombanies a
corresponding decrease in liquid-film cooling effectiveness--is
approximately defined by w; = 360. :

Graham (10,20) experimentally investigated the re]at{onship
between the effectiveness of liquid-film cooling and the ﬁhenomenon

of liquid entrainment. He introduced a stability effectiveness ¢

3
defined by
m' .
e = FP—" (2-38)
0,a
where
m'0 i T the ideal rate of coolant consumption (zero entrainment) .
m'o a” the actual rate of coolant consumption.

Graham correlated € in terms of w; utilizing the experimental data
of References (5) and (10); the resultant correlation for smooth-
tube flow is presented in Fig. 2-10. It should be noted that the
correlation was developed utilizing the assumption that the heat
transfer film coefficient h; is independent of w;. There éppear

to exist, however, considerable experimental data which indicate

that h; is significantly dependent on w;; the latter phenomenon is

discussed in Section 3.2.
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The stability effectiveness "o represents a measure of an
effect of the entrainment pheriomenon rather than a direct measure
of the actual quantity of coolant which is entrained by a flowing
gas stream. The latter problam has beern experimentally investigated
by Hewitt, et al. (21) for the case of annular two phase flow. in
that subject investigation the quantiiy of ertrained liquid was
determined by employing a sampling probe which traversed the central
core of the two-phase flow field. It was observed that below a
critical value of liquid flow rate, the entrainment was negligible;
the critical state was approximately defined by w; = 90 (15).
As the liquid flow rate increased above the critical value, the
trainment of liquid into the central gas core increased
correspondingly. It was observed, however, that the degree of
entrainment increased with increasing rate of gas flow as well as
with increasing rate of liquid flow. Furthermore, additional
experirents conducied at different system pressures indicated that
the degree of entrainment increased with decreased pressure, the mass

flow rate of gas being held constant. Those two facts would indicate

LXa.

ey AN 0w

T e R et R taa -p

that the interfacial shear stress T in addition to the dimensionless
ligquid flow rate w;, might be of significance in determiring the actual
guantity of coolant which is entrained by a flowing gas stream.

The values ¢f the experimental parameters investigated by Hewitt,
et al. (21) were significantly different from those which would
normally characterize aa application of liquid-film cocling. In
particuiar, th2z temperature and pressure employed were essentially

ambient and the evaporative rate of mass transfer was zero. It is
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impossible, therefore, to determine from those data the relation-
ship which exists between the stability effectiveness €g
and the actual quantity of coolant which is entrained by a flowing

gas stream. It would appear that a need exists for additional

experimental investigation of the phenomenon of liquid entrainment.

© e e e il e
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3. ANALYZING THE LIQUID-FILM-COOLED REGION

A review of the previous analyses for liquid-film cooling is
presented in Section 3.1, and a review of some pertinent experimental
data is presented in Section 3 2. The latter serves to iliustrate the
lTimitations of those analyses that are reviewed, and provides the moti-
vation for the alternate correlation procedure that is presented in
Section 3.3 for heat-mass transfer data that are obtained in liquid-

film cooling experiments

3.1 A Review of the Previous Analyses

Tahle 1 compares the analyses due to Knuth (8), Sellers (11)(22),
Graham (10}, Rannie (23)}, and Emmons (6). Column I of that table shows
that simiiar sets of equaiions ave employed in the analyses due to
Knuth, Sellers, Granem, and Rannie; consequently, those analyses are
considered concurrently in Section 3.1 1. Because the analysis due
to Emmnon, i, wne most recent analysis developed, and also since it
differs +uegamentally from the earlier analyses, that analysis is
considercuy separately in Section 3 1 2

The fundamental steps that are common to each of the subject
analyses are outlined briefly below:

Step 1. Elementary boundary-layer theory is employed to analyze the

gaseous-flow regime above the liquid film In the analyses due to Knuth,
1

As moditied for liquid-film cooling by Sloop (24).
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It ® taat
2 b was determined from the dota of Ref! &,
,p)"l Cp, (g "tg?
the result was AN
(h.. h|°)*My

b= 310

Emod.fication by Sioop (24)

Mpodif:ication dy S100p (24)
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Rannie, Sellers, and Graham, the Prardtl-Taylor theory (18) is extended
to include the effects of mass transfer. 1In the analysis due to Emmons,
the theory developed by Turcotte (25) for the case of the transpired
turbulent boundary layer on a flat plate is extended to the case of

liquid-film cool’ng  The result of those developments is basically an

analytical expression for the following non-dimensiona; parameterl’z.
Thus
(OV)S va (te-ts)
B - — (3-1)
s
where
Gg = the rate at which energy is transferred across the S-surfare3

by conduction.

(ov)S = the rate at which mass is transferred across the S-surface
by convection

< = the tempecature at the cdge of the boundary layer, or on the

axis of the duct.

tq = the temperiture at the gas-liquid interface.
cp = the specitic heat for the vapor.
v
Step . Anothor expression is deveicped for the parameter g by consider-

v1g the conservaticn of energy across the gas-liquid int2rface 4

1

The

parameter . was denoted by H in the original ane'sses due to Sellers,
and is rZiuted to the Stanton number for heat t-ansfer, defined by
Eq 3-25
¢ See Table 1. coluwn 111
See Section ¢ 2 1 ‘or the definition of the S-surface.
g See Table 1, column V.
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That expression for g combined with the expression for g obtained in
Step 1 yields, in principles a single equation in the single unknown
(ov)g.

Step 3. Finally. from the conservation of mass for the liquid-film

' is related to the liquid-film-cooled

coolant, the coolant fiow rate M

length L by
m' = (pv)e L (3-2)1
0 S

Equation 3-2, which relates mé and L, is what is desired as the result
of each analysis.

In cdmp]eting Step 1, which constitutes the major part of each
analysis, there arises more unknown quantities than there are inde-
pendent equations. To circumvent that difficulty, one of the following
methods 1is emp]oyed:2
(a) Empirical formulae, based on zero mass transfer, are employed to
obtain approximate values for the unknown quantities needed for completing
the solution. The appropriateness of the assumptions employed is deter-
mined by comparing the analytical predictions with experimental data (8)
(23).

(b) Some of the unknown quantities needed for completing the solution

are approximated by means of empirical formulae, and the remainder are

determined experimentally. An obvious disadvantage of the latter method

1 Equation 3-2 follows from Eq. 2-32 and Assumption (1.f) of the analyti-

cal model that is presented in the following section.

2 See Table 1, column IV.
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is that the final analytical expression cannot be applied with confi-
dence to situations that differ significantly from that for which the
unknowns were determined. Sellers determined two unknowns and Graham

and Emmons each determined one unknown from experimental data.

3.1.1 The Analyses Due to Rannie, Sellers, Graham, and Knuth
Discussed in the present section are the fundamental developments
that relate to the completion of Step 1 for the subject analyses.

The Physical and Analytical Models. Figure 3-1 illustrates

schematically a physical model characteristic of those employed by
Referénces (8)(11)(22)(10)(23). The assumptions common to the different
analytical models are as follows:
(1)1 The partial derivatives of the following parameters with respect to
the streamwise coordinate x are zero:
(1.a) the streamwise component of velocity, u;
(1.b) the §tatic temperature of the gas stream, t;
(1.c) the partial pressure of the vapor, Pys
(1.d) the interfacial shear stress, P
(1.e) the rate at which heat is transferred across the S-surface
by conduction, g3 and
(1.f) the rate at which mass is transferred across the S-surface
by convection (pv)s.
(2) The gaseous flow regime is subdivided into an "effective" laminar

sublayer, bounded by y = 0 and y = &, and a turbulent core, bounded by

y =4 and y = A,
1

Assumption (1) is equivalent to either the assumption of fully-
developed-pipe flow or the assumption of Couette flow.

e

o
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FIG. 3-1. A SCHEMATIC REPRESENTATION OF THE
PHYSICAL MODEL EMPLOYED IN THE
SUBJECT ANALYSES
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(3) The wetted surface is adiabatic.

(4) The liquid-film coolant is non-reactive, and the interfacial sur-
face is stable.

(5) The flowing gas is incompressible, and its properties may be
evaluated at a suitable referance temperature.

(6) The effects of mass transfer upon heat transfer and momentim
transfer are important only in the laminar sublayer (except‘in Knuth's
analysis where said effects are also considered in the turbulent core).

(7} The turbulent Prandt) number and 5chmidt number, defined by

/

"Pr

"e

My C u
Lt P and sc, = —L , respectively, are unity.
t kt t "o Dt

(8) The surface velocity of the liquid film is negligible compared to
the main-stream velocicy u,.

(9) Across the "thin" laminar sublaver it can be assumed that

-DRp dpv
(9.a) (pv) = ﬁ;?ﬁ:iz)— 7 constant = (pv)S (3-3)
(9 ) ug! - (pv)cu = constant = ¢ (3-4)
: dy S S
(9.¢) L (ov). ¢, t = constant = q. - {(pv)c C. t (3-5)1
) dy 5P, v S Sp, S

BT is argued in Ref. (26), pp. 10-12, that the specific heat for
the vapor in Eq. 3-5 should be replaced by the specific heat for
the gas-vapor mixture. However, that argument is incorrect due
tn the fact that the diffusive mode of mass transport was not
considered (see the developments leading to Eqs. 2-18 and 2-30).
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The Resistance of the Laminar Sublayer to Momentum Transfer. It

follows that by integrating Eq. 3-4 and substituting the limits u = 0

at y =90 and u = Ug at y = 6, one obtains an equation for the resistance
of the laminar sublayer to momentum transfer. In dimensionless form,
that equation is

u T (pu) (pv)c$
L. _S £ {exp ( S

u 2 (pv) u
e pgl, S

) -1} (3-6)

The Resistance of the Laminar Sublayer to Heat Transfer. It

follows that by integrating Eq. 3-5 and introducing the limits t = t,
at y=0and t = toaty =6, one obtains an equation for the resis-
tance of the laminar sublayer to heat transfer. In non-dimensional
form that equation is

c

te - p, (pVv)
LS. %-{exp (Pr ET!' 3 8) -1} (3-7)
e s p ¥

The Resistance of the Laminar Sublayer to Mass Transfer. Of the

subject analyses, only that analysis due to Knuth includes a speci-
fication of the vapor-partial-pressure field (or its equivalent,

the vapor-concentration field). In general, the specification of that
field may be desirable for one or more of the following reasons: ({(a)
the evaluation of the physical and transport properties; (b) the evalua-
tion of the energy released by chemical reactions in the case where the

liquid-film coolant is reactive; and (c) the determination of the



temperature at the gas-liquid interface--which is uniquely related to
the partial pressure of the vapor at the interface. If that tempera-
ture must be known with a high degree of acciracy, the approximation1
introduced by Graham, Sellers, and Emmons is inappropriate. Knuth
considered the problem of specifying the partial-pressure field for
the latter reason.

For completeness, the specification of the partial pressure dis-
tribution is considered herein. Integrating Eq. 3-3 and imposing the
Timits P, = P

at y = 0 and Py at y = 6, the equation is

"~ Pyss
cbtaized for the resistance of the laminar sublayer to mass transport,

V,$

which in non-dimensional form is given by

- p R (pv)
V’é = - .__V_ _...,_..._IS -
By s exp (Sc R . §) (3-8)

the Relative Resistance of the Turbulent Core to Mass, Momentum,

and Heat Transfer (the Reynoids Analogy). A logical extension of the

Reynolds analogy (18)(27) to heat, mass, and momentum transfer in the

turvuient cove ft e gascuus=riow regilue 1>

(mass f]ux)y =y {momentum f]ux)y -y (heat flux)
y =6 (momentum f]uﬂy - 5 (heat :1ux7} _

(mass flux)

The above relationship can be written more explicitly in two ways:
(a) based on the diffusive rates of transport only, and {(b) based on
the total rates of transport (diffusion plus convection). Rannie,

Seilers, and Graham employed method (a); Knuth employed method (b).
i _

The approximation being that the temperature or the liquid film
equals the saturation temperature .f the film coolant which cor-
responds to the static pressure p.

e -~




The Reynolds analogy which considers only the diffusive mode

of transport can be written as follows. Thus

R dp

O R TRy 5 G NE 50)
(vl ) )
where

95 = the rate at which energy is transferred across the surface

y = 6 by conduction.
(pv)£ = the rate at which mass is transferred across the surface

y = & by corvection.

g T the shear stress at y = §

Integrating Eq 3-9, substituting the appropriate limits at y = §
and at y = A, and introducing Assumption (7), yields
P-Pye (V) (ov)§

R _ - = —..°
RI7 (p - pv,é) B Ts (ue ud) a, (te

(a) (b) (c)

The Reynolds analogy that ccnsiders both convective and diffusive

rates of transport can be written in the following form (8):

Dt R o dp

t v du v
—_ _—— u -+ u
Ry Gp) 4, Tt R e dy T
(pv)‘5 '(5 - (OV 5 Ué
(3-11)
D, o R dp
k dt, t Yoot

g MR e e
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Integrating Eq. 3-11, substituting the appropriate limits aty = §

and at y = A, and employing Assumption (7), one obtains (8)

Pp-p (ov)
S AL WP Al
v P=Pys s

(ug = ug) }

(3-12)

c (ov)
= P 6 -
< In {1+ (te td) va}

Equations 3-10 and 3-12 are the two ways in which the Reynolds
analogy can be employed to describe the relative resistance of the
turbulent core to the transfer of heat, mass, and momentum. It should
be noted that Assumption (9) (see page 47), which was employed to
derive the equations for the laminar sublayer, is a special case of
the Reynolds analogy that considers both-diffusive and convective
transport (Eq. 3-11). To consider two of the analyses due to Sellers,
the Reynolds analogy that considers only diffusive heat and momentum

transport must also be written for the laminar sublayer; i.e.,

kIt ¢ q q
dy _ “p dt _ a constant across the_ 1S _ 76 (3-13)
du Pr du Tlaminar sublayer T T

u dy S é

Integrating Eq. 3-13 across the sublayer and substituting the appro-

priate limits, one obtains1

! sellers states that Eq. 3-14 implies that the velocity and temperature

profiles in the laminar sublayer are assumed to be linear (11, p. 20);
however, since Eq. 3-13 needs not be so restricted, it would appear
that qualifying statemr-t by Sellers is unnecessary.



S sobrs o Pr 6 (3-14)
C

Comparing the Analyses. Equations 3-3 through 3-8 plus Eqs. 3-10,

3-12, and 3-14 represent the relationships from which the analyses due
to Rannie, Sellers, Graham, and Knuth have been developed Tatble 1,

p. 42, indicates the specific equations that ar¢ employed in each of
the subject analyses (column I), together with the unknowns that are
eliminated between those equations (column II) and the resultant
analytical expression for the parameter 8 (column III) Also presented
in that table are the empirical formulae and/or experimental dJata that
are employed in each of the subject analyses (column IV), and the

interfacial heat bhalance that is employed {column V)

312 The Analysis Due to Emmons’

Physical and Analyticai Models. The physical and aralytical

modeis presented in Section 3 1 1 are applicable to the analysiz duc

to Emmons, with the exception of Assumptions (2) and (9). Assumption (2)

chould be rowritton a5 foliuws: The gasevus-fiuow regime is subdivided

into a turbulent core and a viscous sublayer region wherein the following

eddy-viscosity relationship proposed by Turcotte (25) applies:

g£-= sinh2 (Tgxggﬁ (y+a6*; 6§ - 25.4) (3-15)

I . — — e

To improve the clarity, completeness, and correctness of the original
analysis due to Emmons, the developments and the final solution
presented herein differ from that orig:nally presented by Emmons;
however, the analytical and physical models are the same,

- L ] L [
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The parameter b inAEq. 3-15 must be determined experimentany.1
Assumption (9) should be modified slightly in accordance with the
new definition of the sublayer region; i.e., the molecular thermal
conductivity k and dynamic viscosity u should be replaced by their
"effective” values, denoted by k + kt and u + Mys respectively.
An additional significant assumption employed by Emmons is that

uc :
the molecular Prandtl number, defined by Pr = —F-E , is equal to unity.

T Related to qg (The Reynolds Analogy). To relate the inter-

facial shear stress T to the heat flux qgs Emmons assumed that the

basic Reynolds analogy, written as follows, is valid for the entire

gascous-flow regime:

dt . u“t:,
S AN TN R T (3-16)
bty duoow g pdu “p du Ts

Integrating Eq. 3-16 and substituting the appropriate limits at y = 0

and at y = A, one obta{ns
¢ S S22 o (3-17)

Evaluating s To evaluate the interfacial shear stress 1.

Cmmons employs a relationship that was derived by Turcotte (25, Eq. 15)

for the case of the transpired turbulent boundary layer on a flat plate.

! The parameter b was introduced by Turcotte into the relationship
originally proposcd by Rannie (28) for the case of zero mass
transfer; the parameter b accounts for the fact that it is not
completely clear as to whether r_ is the correct shear stress to

employ in the calculation of y+.s



Thus

| Vo 13 8§i
1% 1 exp |- ———p— (2-18)
P (rg/0) b |
_ s B
where
1 = the shear stress at the wall in the absence of mass transfe

S’O

As indicated in Table 1, Eqs 3-17 and 3-18 constitute an analytical

solution for the parameter 8. Since Emmons misquotes and misinterpret52

Fq. 3-18, it is of value to ouvtline Turcotte's derivation of that
equaticn. By combining Eqs. 3-43 and 3-15, Turcotte obtains the follow-
ing equation for the shear stress distribution in the sublayer region.

Thus
+

%g?gg)} %& T (ov)_u (3-19)

2 ( )

1 =u {1+ sinh

Integrating Eq. 3-19 and substitutinc the 1wmit u =0 at y = 0, one
obtains the equation due to Turcotte for the velocity profile in the

viscous sublayer. Thus

V. +

. S > 13.89 b ) 2
S { exp {(Y i tanh (525)} -1 (3-20)
S

Combining Eqs. 3-19 and 3-20, one obtains the following equation for

the shear stress profile in the viscous sublayer:
1

Emmons writes Eq 3§18 incorrectly He replaces ‘he quantity
(14/0)% by (1, /o) (see Ref (6), Eq B-11)
2 see Ref (6), pp 84, 85, 91

3 With u replaced by u + My

- AN G owee

o o
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Tyrcotte then int-oduces the assumpt on that the turbulent core ex-
tern3! to the v'scous sublayer region is unaffected by the mass
transfer at the wall Since, in the absence of mass transfer,

the wa'l region defined by y* 1000 is a constant-stress layer

(18), it follows that

C7 s (3-22)
and that
- y.b . ]
Timit tanh (13 g5 ) =1 (3-23)
y+ LT 22504

Equations 3-22 and 3-23 thus reduce Eq 3-21 to Egq 3-18.

Comparison ¢f Emmons’ Analysis with the Analyses OJue to Sellers,

Graham, Rannie, and Knuth  Table 1, p 42, compares the analysis due
to Emmons with those ana'yses d'scussed in Section 3 1.1 Column 111
o1 that table presents two analytical expressi~us for the paramber 8
under the analysis due to Emmons: (a) the expression due to Emmons

(6, Eq B-19), and (b) the corrected expression derived by the writer

32 A Review of the Pertirent Experimental Data
The analyses review2d 'n Section 3 | are vased on the premise that
when the lrqurd f11m s stable, the analytical (nd physical mode's fur

Tiquic-film cooling and transpiration cooling may b considered
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substantially identical. That is, the surface of the liqhid £ilm may
be treated as a zero-velocity, aerodynamically smooth pofous surface
through which the vapor is "injected" into the adjacent boundary layer.
Moreover, the concept of the viscous sublayer is introduced, that
concept having been employed with success in the analysis of trans-
piration cooling. A review of some pertinent experimental data is
preserted here to demonstrate .that .there is-a serious question regarding
the validity of that premise. Discussed in Section 3.2.1 are heat-
mass transfer data that indicate both the limitations of those theories
reviewed in Section 3.1 and the complex nature of the phenomena that
characterize the evaporation process. Data that present an explana-
tion for anomalies that are noted in the heat-mass transfer data are

discussed in Section 3.2.2.

3.2.1 Heat-Mass Transfer Data

The following items are discussed in the present section:
(a) the agreement between the heat-mass transfer rates predicted by
the theory due to Knuth (8) and the data reported by Refs. (5) and (8);
(b) the physical significance of the correlation that was obtained by
Emmons (6) for his experimental data; and
(c) the data obtained by Luikov (17) in an investigation of the basic
phenomena that characterize the evaporation of a liquid in the presence
of a "hot" gas stream

A Comparison of Knuth's Theory with Experimental Data. Knuth

observed that the‘average1 heat-mass transfer rates predicted by his

1 Averaged over the liquid-film-cooled length.
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theery were significantly smaller than those he obtained expérimentally,
and those Kinney, et al. (5) reported; the difference was at%ributed by
Knuth to "entrance length" effects.1 These were not accountéd for in
any of the other analyses reviewed in Section 3.1. Xnuth embloyed an
empirical correction to bring the theoretical and experiment;l heat-
mass transfer rates into agreement; that empirical correctioﬁ consisted
of multiplying the theoretical heat and mass transfer rates Ly the

following expression. Thus

Y
1d,*
(1+30Ry)
Ry = the Reynolds number for the gas stream based.on the diameter of
the tube and the bulk flow parameters.
d = the diameter of the tube.
L = the liquid-film-cooled length.

Typical values of Rd and d/L for the data analyzed by Knuth were 106

and 10'1, respectively. Hence, the empirical correctior employed bv

Knuth was of the order of
1+ 1/3 107! 110%)% = 2.05

The average heat-mass transfer rates predicted by Knuth's theovy were,

therefore, typically one half of those observed experimentally.

1

* In the experimental investigations conducted by Knuth and Kinney,
et al., the velocity profile at the plane of liquid injection was
essentially fully -developed, whereas the temperature and concentra-
tion profiles were flat.
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By way of comparison,
and the thermal boundary conditions are such that the velocity profile

at the entrance to the test section is fuliy developed while the tempera-
ture profile is flat, the empirical correction for the "entrance length”
effects is given by the following expression (8):

d o 4%
1+0.1 T Rd

where L is the length of the test section over which heat transfer occurs.

Taus, if Ry = 10% and a/L = 107}

transfer over the test section length L to the heat transfer rate that

, the ratio of the average rate cf heat

would obtain if the temperature profile also was fully developed is
1+ 1070 (10%)% = 1.3

It would appear, therefore, that the presence of the evaporating liquid
film in the experimental investigations conducted by Knuth and Kinney,
et al. resulted in a substantial increase in the average heat transier

rate over that which would obtain if the mass transfer was zero, that

H

ratio being typically 2.05/1.32 = 1.55. Basic mass transfer theory,
however, would predict that the "injection" of the vapor into the das
stream would act to "block" the heat transfer to the liquid film, thus
reducing the observed rates of heat transfer to the film over those

that would result for the case of zero mass transfer; the data for
transpiration cooling presented in Fig 3-3 in Section 3.3.2 illustrates

that point It would appear, therefore, that a significant anamolie

exists in the data reported for liquid-film cooling by Refs. (5) and (8)
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Tne Physical Signiticance of the Correlation Due to Emmons (6).

As noted in Table 1, the value of the parameter b with which Einmons
was able to correlate his experimental data was 0.110 However, con a

physical basis, Turcotte (25) argued that b must be bounded as follows:

Turcotte was able to obtain satisfuctor, correlation of experimental
data for the transpired turbulant boundary ‘ayer by employing the

median value of b; thus

Obviously, the value cf b employed by Emmons for correlating his
experimental data disagrees significantly with the values of b that are
physically justified. Some of the discrepancy may be due to the in-
correct quotation of Eg 3-18 by Emmons, as discussed in Section 3.1 2
It would appear, however, that a portion of the discrepancy is attribut-
able to an incorrect assumption in his analytical model! The discussion
presented in the following section, Section 3 2 2, indicates that the
eddy-viscosity law given by Eq. 3-15, which forms the basis for Emmons’
correlation, does not generally apply to the gaseous-flow regime ad-

jacent to the surface of the liquid film

F’n e epps g
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The Evaporation Data Reportec tv Luikev (17] The following £oints

concerning the experimental apparatus and the experimental procedure
employed in the subject investigetion are worthy of ncte:

{a) A dry body which was internally cooled and a shaliow pan--having
similar overall dimensions as the dry body--containing a liquid were
placed side by syae on the flcor of a large wind tunnel.

(L) Tne liquid in the evaporating pan wac continucusiy replenisnec

so that the free surface of the liquid was always flush with the top

of the pan.

(c) Both the free surface of the liquid in the evaporating pan and

the surface of the internally cooled dry body were fully instrumented
with thermocouples; in all of the experiments, the rate of coolant flow
through the dry body was adjusted so that the temnerature of the free
Tiguid surface and the surface of the dry body were the same

(d) Four liguids were employed in the investigation: ULenzol, acetone,
butanol, and water.

(e) The static pressure in the wind tunnel! was essentially ambient

and the temperature of the main stream varied from 40 C to 120 C,

and the velocities from 5 meters/sec tu 14 meters/sec.

The experimental results were as follows: in all cases, the
observed average heat transfer coerficient for the free liquid surface
was larger than the average heat trancfer coefficient for the dry body.
The ratio of the two heat transfer coefficients varied from 1.2 to
1.6--the larger values corresponding to the laraer evaporatic.. rates.

As indicated in the foregoing paragraphs, that trend in the experimental
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data is opposed to the trend which would be predicted by mass transfer
theory. Moreover, the similarity in the thermal boundary condition
that was established in the subject investigation for both the dry
surface and the surface of the evaporating liquid discredits to a large
degree the proposal by Knuth that the disagreement between his theory
and experimental liquid-fiim cooling date is attributable solely to

"entrance length" effects.

3.2.2 Correlation of Velocity Profile ta

In the present section the data reported by Refs (19) and (21)
are noted; they relate to the phenomenon of gas-liquid shear inter-
actions in tne absence of evaporative mass transfer The experimental
apparatus employed in each of the subject investigations were signifi-
cantly different; for a complete description of either experimental
apparatus the reader is referred to the references The experimental
results, however, were in qualitative agreement and may be summarized
as follows When traverses were made with a pitot probe across the gas-
flow regime adjacent to a "pebbled" gas-liquid interface,1 the resultant
velocity profile data correlated in the same manner as velocity profile
data for rough-pipe flow It was ooserved that the "effective roughness"”
of the liquid film surface increased with increasing values of the
dimensionless liquid flow rate W (defined by Eq. 2-10)

Because the viscous sublayer affords the bulk of the resistance of

the boundary layer to the transport of heat from a hot gas stream to a
1

Refer to Fig 2-9, presented in Section 2-4, for a photographic
definition of the “pebbled" interface structure.
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solid boundary (18),-and since the sublaver region becomes less
influential and less well defined as the surface roughness increases
(4) (18), it would appear that the interfacial phenomenon discussed
above may account to a large degree for the anomalies in the heat-

mass transfer data discussed in the previous section.

3.3 An Alternate Correlation for Heat-Mass Transfer Data

Consider the following recapitulation of the experimental informa-
tion presented in Sections 3 2 and 2 4 For the case where the liquid
film is stable, the effectiveness of Jiquid-film cooling apparently
decreases with increasing values of the dimensionless liquid flow rate
w*, due to a corresponding increase n the "effective roughness" of the
gas-liquid “nte-face At a critical value of W the inception of film

. +
instability occurs, and a further increase in W causes the phenomenon

of conlant entrainment which results in an even more pronounced reduction

in the effectiveness of liquid-film cooling Because of these points,
and since the heat transfer phenomena characterizing liquid-film
cooling and transpiraticn cooling would appear to become progressively
more similar as W' is decreased, the following correlation is suggested

for experimental heat-mass transfer data that are obtained for liquid-

film cool'ng Inus
St fruty (ot
o It 0
where

limit f(W') = 1

+

W 0
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The notation and subscripts in Eq. 3-24 denute the following:
St = the Stanton number for heat transfer
f(w+‘= a function that must be determined experimentally.
1f - evaluated for the case of liquid film cooling
t - evaluated for the case of transpiration cooling

0 - evaluated for the zero-mass transfer case

The Stanton number for heat transfer is defined by the following

expression (29). Thus

- Qg
) A T—— (3-25)
(ou), Cpe (t, - t)
where
g
t, : te tros— (3-26)
Pe

the recovery temperature for the main stream.

s
1]

the recovery factor.

As siown by Spalding (29), the recovery factor r can be determined in
most instances with sufficient accuracy from the following empirical

equation due to Squire. Thus

« - pry/3 (3-27)

*

The subscript notation { ), introduced in Eq 3-27 means that the

subscripted quantity is to be evaluated at an appropriate reference stata.

The reference state suggested herein is that defined by the reference
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temperature t, due to Eckert (30), and.the reference concentration Cv *

due to Knuth (31). Thus

2
t=l(t+t)+ru° (3-28)
* 2 ‘e S 2 ¢C
pe
21 P
cv’, 5 (cv,e + cv’s) (3-29)

The function f(w+) in Eq. 3-24 must be determined experimentally.
Procedures are outlined in Section 3.3.4 for evaluating f(w+) given
either (a) bulk heat transfer data (i.e., m'o as a function of L for
various main-stream conditions and liquid-film coolants), or,
preferably, (b) the streamwise distribution of (St)]f as determined
from detailed measurements of the structure of the boundary;layer region
adjacent to the surface of the liquid film.

to facilitate implementing the correlation procedure suggested by
Eq 3-24, Section 3.3.1 presents a method for obtaining an approximate
evaluation of the temperature at the gas-liquid interface, and Sections
3.3.2 and 3.3.3 suggest methods for evaluating (St/Sto)t and Sto,
respectively.

It should be noted that the correlation procedure developed herein
differs from the semi-empirical correlations reviewed in Section 3.1

in that it is applicenle -o tlows in the presence of pressure gradients,

to the flow of a compressible fluid, and to either stable or unstable

1 In the developments which follow, it is assumed that the concentration
of the vapor in the main stream is zero. Hence, Cv « =) (Cv s).
9 ]
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liquid films Moreover, "entrance length" effects and streamwisc
variations in Ag and (ov)S are considered. The developments are
limited, however, to the case where the gas flow is turbulent and the

Tiquid-film coolant is non-reactive.

3.3.1 A Method for Predicting the Temperature at the
Gas-Liquid Interface

The temperature at the gas-liquid interface, t_, can be related to

S
the bulk flow parameters by specifying (a) an interfacial energy

balance, and (b) an analogy between the rates of heat and mass transfer.
In the derivations that fcllow, the generalized energy balance given by

the following equation is employed for convenience:

o (ov) (3-30)

95 - S

The parameter ¢ 1is defined by tqs. 3-30 and 2-31. Thus

¢ cH e e g - ap g)/(ev)g

The analogy between heat and mass transfer employed herein is that
qiven by

-2/3

Pr) (3-31)

St = St' (g-c'*

where St' is tne Stanton number for mass transfer defined by

(cv) p-p R
' S v,S v )
St - e L - (3'32)

! Equation 7-32 also can be written in terms of the concentration of the

vapor 3s follovs (29) Tnus (ov) 1-C
S v,S$
U e
DU-;e CV,S
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Experimental verification of the validity of Eq. 3-31 for incompressible

flows is presented in Ref (32), and for compressible flows in Ref (29).

It should be noted, however, that at and close to the plane where the
liquid coolant is injected, Eq 3-31 is strictly applicable only if the
growths of both the thermal boundary layer and the partial-pressure

(or vapor-concentration) boundary layer start at that plane.

Combining Eqs 3-30, 3-31, and 3-32 yields

¢ p-p R Pr -2/3

= o~ {ez) (3-33)
cpe(tr - ts) p R Sc’*

In Eq 3-33 there are three unknowns: ¢, p and t_  Tabulated data

V,S
presenting the saturation pressure of the liquid coolant as a function
of its saturation temperature represents a second independent relation-
ship for Py s and t Thus, by specifying ¢, t (or its equivalent,
pv,s) can be related to the bu'k flow parameters

Figure 3-2 presents, for an a.r/water system, calculated values
of tiie interface temperature ts as a functior of the static pressure p

1 The riow condytigns assumed in

and the main-stream temperatur-e te
the calculations are 'ndicated in the figure The saturation curve
for water presented in the fygure illustrates the approximeie crror
ntroduced by the assumption that ts is equal to the saturation tempera-

ture for the liquid coolant unc r the prevailing static pressure, p,

that assumption having been employed by Refs {6)(10)(11}{22)(24)

' The calculations were performed by employing £Eq. 3-33 in conjunction

with the tabulated data of Refs (3?) and (33) A sample calculation
is presented 'n Appendix B

- -
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The calculated results presented in Fig. 3.2 agree within
+ 10F with the data reported in Ref. (8) and that obtained in the
preliminary investigations of 1iquid-film cooling conducted at the Jet
Propuision Center, Purdue University (12); the flow conditions presented
in the figure apply closely to those experimental investigations.

The values of p and t, employed in the subject investigations were

e

as follows:
Ref. (8): ty = 1000-230CR; p = 1 atm
Ref (12): t. = 1000k, p = 220 psia

It was stated in Section 2.2.2 that there is a question (especially

" for the case where a streamise pressure gradient is imposed on the flow)
regarding the fraction of the energy incident to the surface of the liquid
film that is utilized for increasing the sensible enthalpy of the liquid
coolant. The method presented herein for evaluating ts affords a means

by which that question can be investigated experimentally. The experi-
mental measurement of the streanwise distribution of ts can be related

to a streamwise variation in the parameter ¢ by means of £q. 3-33.
Moreover, if the radiant and wall heat fluxes are reduced in importance,
by proper design of the experimental apparatus and selection of the

experimental parameters, then the definition of ¢ reduces to

¢ = AHV + (the increase in the sensible enthalpy for the liquid
coolant)

Thus, for that case, the fraction of the incident heat flux utilized

for increasing the sgnsib]e enthalpy of the liquid can be determined

as a function of x
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3.3.2 Correlation of (St/Sto)t for Transpiration Cooling
%
Analytically and/or experimentally it has been established satis-

factorily that if transpiration cooling data are presented iﬁ the general

7

torm i I —

S ‘pv)
as a function of ;- = --
L f.t 0 0 (Du)

v~ e 5t()
- I -
the resulting correlation is essentially independent of the Reynolds
number for the main stream, based on the streamwise coordinaie x, the

flach number for the main stream, and thé ratio of the main-sfream

“temperature to the temperature at the wall (34)(35){36). “Fu;thermore,

the correlation is independent of the streamwise pressure'gradient
imposed on the flow (36). Because of the significance of those facts,
such a correlation for transpiration cooling data is employed in the
present developments. %

Figure 3-3 presents the correlation for transpiration caoling data
due to Brunner (37). The curve presented in the figure is given by the

following equation. Thus

St p (evlg -3
(&) =1+ v ] (3-34)
St0 t Sto (pu)e
where
c 0.6
2 pv
L (E =) (3-35)
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The data surveyed by Brunner were for the case where either nitrugen,
or helium, or water vapor is injected into an 4ir stream As a con-
sequence, there is no assurance that the empirical correlation given

by Eq. 3-34 is applicable to all flowing gases and injected fluids that
might characterize a transpiration-cooled system. The fluids N2’ He’
and Hzo do, however, represent a significantly wide cross section of
physical property values. It appears reasonable, therefore, that

Eq. 3-34 can be extended with some degree of confidence to other fluids

3.3 3 A Method for Evaluating Sto

ldea'ly, in an investigation of liquid-film cooling, the streamwise
distribution cf the Stanton number for heat transfer in the absence of
mass transer, denoted by Sto, would be determined experimentally. There
are, however, many instances where experimental determination of Sto is
impractical. In those cases, the metnod suggested herein can be
employed for r~valuating St0 analytically

The method suggested has been developed and/or employed by numerous
investigators (36)(38)(39)(40)(41). It is based on the assumption that
the empirical heat-transfer law for turbulent flow over a flat plate,
when written in the following form, is alsc applicable to turbulent flows

in the presence of streanwise pressure gradients. Thus

Sto z St0 (Rg)
where
Pe Ug 3
R‘£ Pt the Reynolds number for the main stream based on
e

the characteristic length .

T T T R e e T T —————————————
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t fawy (30 - %
: . . '“:-t?_ uy : (3-36)
0 (ou}e (t, t;T '

: the enerqy thickness .
8,7 the thermal boundary layer thickness .
2
t% t+ L= the stagnation temperature .

2cp

The heat-transfer law suggested ir Ref. (36), and employed in the

followina developments, is that aiven by

‘3/4 R '1/4 (3_37)

Sto = 0.0128 (Pr) £

tquation 3-37 and the developments that follow can be employea to
analyze a compressible qas flow by introducing the concept of the ref-
2rence state, and making the following transformations for the Stanton

sumber St and the Reynolds number R, (42). Thus

. e
St, Sto’* 25 St (3-38)
o Ox
Ry * Ry ;:B—; R, (3-39)
The energy integral equation is given by (38)
St = de (;-T—- :Ue + % lt d(tr;tw) + 1 -gf-g-- (3-40)
o dx :ue X e w) X P X

Equation 3-37 substituted into Eq. 3-40 results in an explicit equation
for Sto that can be solved stepwise by numerical integration. To start

the numerical calculations, however, the value of X, and the value of
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St0 at x = X, must be ether known (determined experimentally) or
approximated In many applications of liquid-film cooling that are

of interest, the temperature of the liquid film is significantly less
than the temperature of the solid surface upstream-of the plane at which
film coolant is injected. In those cases, it is suggested that Sto

be calculated as if the growth of the thermal boundary layer began

at x = x_. In other words, assume that the boundary condition

0

Sto =« at x = Xy applies.
In the special case of an incompressible gas flow over an iso-

thermal wall surface, Eq. 3-40 can be simplified to the form

U dRE
St (ou5e dx (3-41)

Substituting Eq 3-37 into Eq 3-41, integrating ihe resultant
expression, and imposing the limit Sto = o3t x = X, sone obtains

the following, relatively simple expression for Sto. Thus

0.02923 pe3/3 g "1/

St0 z - ) 1773 (3-42)
1 : :
I .
' G;; X e * |
3 0 R

where

0g Up X

Rx o F the main-stream Reynolds number based on the

characteristic length x.

Equation 3-42 reduces to the following expression for the case
where the main-stream velocity Ug is constant in the streamwise

direction. Thus
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X
Sty = 0.02923 pr™Y/° g "1/3 (. 0y ~1/8 (3-43)
X =-1/5
The term (1 - i") in Eq. 3-43 is the correction for "entrance

length" effects due to the dynamic entrance length xo.

3.3.4 Methodology
The principal equations required for the correlation procedure

suggested herein are summarized below. Thus, by definition

whoe (2-10)
u
1
From the conservation of film coolant cne obtains
X
mo=mo- (ov)S dx (3-44)
X
Combining Eqs 3-25 and 3-30, one obtains
(DV)S
St]f = (357;—-J (3-45)
where
’ ( )
J = » 3-46
cpe tr - ts
Furthermore, combining Eqs 3-24, 3-34, and 3-45, yields
_ -3
|
G =fwy el (3-47)
“To If ! olf ‘
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In the discussion that follows, it is assumed that the streamwise
variations for the quantities listed in Table 2 are either determined
experimentally, or can be approximated from knowledge of the experiment-
al apparatus and parameters, or can be determined analytically from the

procedures presented in Sections 3.3.1 and 3.3.3.

Table 2

The Parameters That Are Considered Known As a Function of x

In Qutlining the Methodology

P O S S B S

Symbol Definition

cpe the specific heat for the main-stream gas

cpv the specific heat for the vapor

I non-dimensional parameter defined by Eq. 3-35

J non-dimensional parameter defired by Eq. 3-46

L the liquid-film-cooled length

p the static pressure

St0 the Stanton number for heat transfer in the absence

of mass transfer

te the main-stream temperature

ts the temperature at the gas-liquid interface

ug the velocity of the main stream

X, the plane at which liquid-film coolant is introduced

A suggested procedure for evaluating the function f(N+) is outlined

below for the following two cases: (a) the case where the streamwise
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distribution of (S'c)]f is determined from detailed measurements of
the structure of the boundary-layer region above the liquid film;
and (b) the case where only bulk heat transfer data are obtained
(i.e., m'0 as a function of L for various main-stream conditions

and liquid film coolants).

Case (a): (S'c)]f Determined Experimentally The procedure for
this case can be outlined as follows. Thus
(1) Determine the streamwise distribution of (pv)S from Eq 3-45.

(2) Determine the streamwise distribution of m' and W from Eqs. 3-44
and 2-10, respectively
(3) Determine the streanwise distribution of f(w*) from Eq. 3-47.

From steps (1), (2), and (3) one obtains, for each set of input
data, a plot of f(w+) as a function of W'. Hence, for n sets of input
data one obtains n such plots If the basic premise upon which the
correlation suggested herein is correct, that is, if f(w+) is an
universal function, each of those plots would be identical If,
however, the curves differed significantly, it would indicate that
the function f(w+) is not sufficient to characterize the difference
between the heat transfer phenomena for liquid-film cooling and trans-
piration cooling However, even if that was found to be the case, if
f(N+) differed from unity in any instance, the inadequacy of employing
solely transpiration cooling theory in the analyses of liquid-film
cooling would have been established

Case (b): mé and L Determined Experimentally In this case the

functional form of f(w‘) is assumed; i e , the function f(N*) is assumed

AR W W o R SEn e

~ m—
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to be linear, exponential, etc By studying several sets of input data,

it can be determined whether or not the assumed form of f(w+) was

satisfactory. The complete procedure is outlined below. Thus

(1) Assume the functional form of f(w+).

(2) Determine m' and Whoat x = Xq

(3) Calculate (St)]f at x = X, employing Eq. 3-47.

(4) Calculate (ov)S at x = Xq by means of Eq. 3-45.

(5) Determine m' and Woat x = Xo * X, employing Eqs. 3-44 and 2-10,

respectively.

(6) Repeat steps {2) through (5), replacing x = X, by x = X, t 8X,

and continue the reiteration until x = Xp =Xt L.

(7) If m'#0at x = X1 then changes must be made in step (1). To

illustrate, if f(W') was assumed to be linear in step (1), so that

f(w+) = l*CN’, then a differert value must be assumed for the constant

C and the computation repea*ed until m' = 0 when x = Xy
For a single set of input data, regardless of the assumed func-

ticnal form for f(w+), the condition m' = o at x = X will be

realized By considering several sets of input data, however, it

can be deduced wnether that form for f(w ) satisfies the condition

of universality Note that if one experiences difficulty in obtain-

ing a form for f(w*) that simultaneously satisfies several sets of

input data, it is nearly impossible to determine whether that difficulty

is due to a lack of insight into the physics of the problem (i.e., the

inability t ‘'guess" at the correct f(H’)). or to the fact that f(H*)

does not physically exist.
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4. AN ANALYSIS FOR THE GAS-VAPOR-COOLED REGION

4 1 Introduction

It is difficult, if not impossible, to make a complete mathematical
analysis of the boundary-layer and heat-transfer characteristics for
the region immediately downstream “rom the end of the liquid film.
Moreover, an involved analysis generally is not warranted because of
the large number of assumptions that must be made concerning tle velocity
and temperature profiles, the form factor, the skin-friction law, the
heat-transfer law, etc As a consequence of this fact, the analysis
presented herein is based on an ‘dealized and relatively simple flow
mode |

Both €mmons (6) and Guinn (7) developed semi-empirical analyses
for the gas-vapor-cooled region; tiose analyses were based on tne flow
mode! suggested by Hatch and Papell (43) for gas-film cooling The
analysis presented here differs from those due to tmmons anc to Guinn
in the following respects: (a, boundary-'ayer fiow rather tnan fully-
developec-pipe flow s consigered; and (b) tne analysis is generalized
so that it can be applied to a compressible gas flow in the presence
of a streamwise pressure gradient The analysis 15 dependent, however,
on tne analysis for the i'quid-film-coolel region preserted in

Section 3.3.

ess DI GEN SE T OB W o= 0

-——————
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As discussed in Section ¢ 1.2, @ complete analysis for the gas-vapor-
cooled region requires the consideration of two cases: (a) the case
where the wall is adiabatic; and (b) the case where the wall is externally
cooled. Those two cases are considered in Sections 4.2 and 4.3,

recpectively.
+.. The Case Where the Wall is Adiabatic

4.2.1 The Flow Model

The flow model emplcyed for the analysis of the gas-vapor-cooled
region is definea by tne followina concitions
(1) Tne wall is adiatatic.
(2) Tne boundary layer flow is fully turbulent
(3) The ther.al, tre diffusional, and the dynamic boundary layer
tnicknesses are equal . the iatter 1s denotec by y = 4.
v+)  Tne stagnation enthalpy for the main stream, denoted by hg, 1s @
constant in tne streamwise direction,; the stagnation enthaipy for the
gas stream s defined, in general, by

0

no - cpt + ‘2‘ {4-1)

(5) The velocity profile and the stagnation-enthalpy profile for the

bouncary layer are of the functional forms

oo () (4-2)
“e 1 7

ang
no - ha y
e, () :
I 2\ (4-3)
e aw
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whe re hdw 15 tre Crthaipy tor the fluia adjacent to the adirabatic

wall. Tc illustrate, f1 could be assumed of the power-law form:

In addition, f2 could be assumed of the form

fo=hes () v c@ieny (4-5)

£

The constants in £q. 4-5 can be evaluated from the following boundary

conditions that apply to f2. Thus

f2 (0) = 0
f, (1) = 1
5f,

(0 = 0
}fz

—£(1) = 0
S

2 'S

;({) - 2({) {4-6)

v

Fer the present analysis, however, the actual forms of fl and fz
nee” not be assumeg, only the assumption that f, ana f, exist for the

gas-vasor-cocoied re,icn 1s reguirec.

sy G GE 2o
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4 2.2 The tnergy Balance
Figure 4-1 presents, schematically, a control volume for the gas-
vapor-cooled region; the control surface for that control volume is
defined by x - Xp» X 2 Xy =0, andy <o, The following energy
fluxes, written in accordance with the flow model defined in the fore-

going section, are presented in the figure:

2
1
{a) ou h° dy = the rate at whic’ thermal and kinetic energy is
o}
transferred into the control volume per unit
spanwise length at the station x = Xy
(b) cu h° dy = the rate at which thermal and kinetic energy is
° transferred out of the contml volume per unit
spanwise length at the station x = x
(c) m" - m'l)hg = the ~ate at which thermal and kinetic energy 1is

transferred from the main stream into the control
volume per unit spanwise iength
The parameter m" in term (c) is detined as fclliows:

'

m* o ou dy (4-7)

= the rate at which mass s transferred througn the bouncary
layer ;e= uni1t spanwise length at the station x © .
The energy balance for the control volume 'n Fig &-1 can e

written as foliows Thus

"t Y h. = T :uh dy (4-8)

P - —— W
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Employing Eq. 4-7, Eq. 4-8 can be written in the form

Al A
; ouh® dy / ou h® dy
w 2 T 0O_ wo
my 57 + (m -ml) hy = m" 2 (4-9)
[ ou dy £ ou dy

In order to realize the desired simplicity of the present analysis, the

following approximation is introduced concerning the integral terms in
£q. 4-9. Thusl

A )
Jouh®dy Jun®dy
o = 0

A A

[ ou dy fudy

Thus, Eq. 4-9 can be written in the following form by introducing that

approximation and Assumption (5) of the flow model:

0
! flt(he - haw,l)f2+haw,1} dy

" 0
™

W _ oo o _
8, + (m"-my) hg =
; fl dy

[s]

A
t 0
: fl ((he - haw)f2+haw} dy

w O

m

[
-+
[y
Q.
<

The latter expression can be rewritten in the form

1 Note that this approximation 1is not ecquivalent to and is less
restrictive than the assumption of constant density.
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[ £, £, 4@
" o " 0 . 0 -
m (he = Nay,1) =™ (hg = gy ) =
f y
St )
| (4-10)
[
C o f, d(Y)
m (g - hy,) - (hS - b, ) Stk
r
Q

Finally, the terms in Eq 4-10 can be combined to yield the following

energy balance for the control volume presented in Fig. 4-1. Thus

h -h m'

€ _aw = _%. (4-11)
h - h m

e aw,1

The relatively simple form of Eq 4-11 is due principally to Assumption
(5) of the flow model.

Equation 4-11 enables the determination of the enthalpy for the
fluid adjacent to the adiabatic wall as a function of x once hg and haw,l

and m" as functions of x are known. The parameter hg is normally

known from the statement of the problem, and the parameter h can be

aw, 1
determined from the developments presented in Section 3 3.1 The
evaluation of m" as a function of x is considered in Section 4 2.3

To evaluate the temperature distribution for tne adiabatic wall
from the distribution of haw’ the specific heat for the fluid adjacent

to the wall must be known. Excluding the recion close to the station

X = Xy it is sufficiently accurate to take that specific heat to be

A—
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that for the main-stream gas because of the low concentration of the
vapor in comparison to that of the main-stream gas. Moreover, since

the temperature of the adiabatic wall at x = Xy can be independently
determined from the developments cf Section 3.3.1, it follows that the
adiabatic-wall teimperature distribution for the entire gas-vapor-cooled
region can be determined with sufficient accuracy once haw as a function

of x is known.

4.2.3 The Cvaluation of m"

Equation 4-5, which defines the parameter m", can be rewritten in

the form
4
m" = (pu)e (%- - %—) 8 (4-12)
where
A
a* = [ (1 - 1927 )dy = the displacement thickness. (4-13)
0 pu e
A
= f u - _u_ = ] -
o = é T%UTQ (1 ue)dy the momentum thickness. (4-14)

Equation 4-12 shows that m" can be determined as a furction of x if
a/6, A*/6, and 6 are krown as functions of x. The evaluation of those
quantities is considered in the following paragraphs.

The Evaluation of 4/6 and A*/e. Persh and Lee (44) have tabulated

the values of a/6 and a*/e as functions of the main-stream Mach number
and the wall-to-main-stream temperature ratio. It is suggested, there-
fore, that these tabulated data be employed for evaluating 4/6 and

A*/6 when the variation in the density for the gas stream across the
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boundary layer is significant. If, however, that density variation is
not significant, it is suggested that the subject parameters be calculated
by applying the power-law velocity profile (see Eq. 4-4). The resultant

expressions for a/6 and a*/¢ are (4, p. 536)

8 n )
and

*

L. iz (4-16)

The Evaluation of 6. To determine the value of the momentum

thickness 8 as a function of x, one must solve the momentum integral

equation. That equation can be written in the form (45)

o du do
f . de a*v1 e 1 " e -17)
77 dx t® [(2+6 ) ! o dx ] (4-17,
e e
Or in the form (46)
Lu, gl ot v 2 (4-18)
Lo I g (5h v

= T ¢ the skin-friction coefficient. (4-19)

M = the Mach number for the main-stream flow.

C

\ o ER = the specific heat ratio.
v

aamn e TOEE OO T S N O aw Em e
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To so]ve1 either kq. 4-17 or Eq. 4-18 for ¢, one mus< specify

the form of the skin-friction law; the latter is denoted functionally

by
c c
f f
7 =7 (Ry)
where
Pa Ugb
Re z = the Reynolds number for the main stream based

on the characteristic ienatn e. (4-20)

Furthermore, the boundary condition on ¢ at the station x = X]s
denoted by 8s also must be specified before 8 as a function of x
can be determined from either Eq. 4-17 nr £q. 4-18.
Several empirical skin-friction 1.ws are presented in Chapter 22
of Ref. (4) for the case where the gas flow is turbulent, incompressible,
and over a flat plate. In the analysis of gas flows with pressure
gradients (particularly favorable pressure gradients), it is common
to assume that the skin-friction law is that established empirically
for the flat-plate case (45)(46)(4). Furthermore, the case where the
gas flow is compressible can be analyzed by introducing the following

transformations into the form of the skin-friction law for incompressible

flow (42):
c Cc p. €
£, L% f )
) 5 2 (4-21)
and
1

A numerical solution is generally required for either Eq. 4-17 or
4-18.
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o] H
* & o (4-22)

The reference state denoted by ( ), in Eqs. 4-21 and 4-22 was discussed
in Section 3.3. It is suggested that, in evaluating the physical
properties, the composition of the gas be assumed uniform throughout
the bouadary layer and equal to that for the main stream; i.e , assume
that the reference temperature given by Eq 3-28 is sufficient to define
the reference state

A sufficiently accurate approximation to 6, can be obtained in
the following manner First, assume that the Colburn analogy, given
by the following equation, applies at x = Xy Thus

Ce -2/3
(St)]f = 2" (Pr)* (4'23)

o
Then, employing the skin-friction law which relates 3i»and 8, one can

approximate the vaiue of 6, once (St)]1r at x = x nas been determined
from the analysis presented in Section 3 3 for the liquid-film-cooled

region

4 2 4 A Special Case
To illustrate the developments presented in the foregoing, consider
the specia'! case defined by the following conditions
1 The gas flow is 1ncompressible, constant-density, and over an
adiabatic flat plate

2 The skin-friction law s that due to Prandtl (4, Eq 22 7). Thus

Cf _
L.oo= e
2 0-01‘.& Re

1/4 (4-24)
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3. The velocity profile for the boundary layer is given by

u y 1/7
ag = (A) (4-25)

4. The specific heat for the vapor and for the main-stream gas
are equal and are not functions of temperature

For that special case, Eq 4-11 reduces to the form

fe-taw
t -t

m
= mr (4-26)
e “aw,l

Equation 4-12 reduces to (refer to Eqs. 4-15 and 4-16)

m" =9 pu, © (4-27)

Equation 4-17 simplifies to the form

c dR
7 B ® (4-28)
X
where
pUy X
Rx T — = the Reynolds number for the main stream based

on the characteristic length x (4-29)

Upon combining Eqs 4-26 and 4-27, one obtains

t -t )
e aw | 8_1 .1 (4-30)

In addition, substitution of Eq. 4-24 into tkq. 4-28 yields
.ph _
00128 de : Re d R6 (4-31)
Integrating £q. 4-31 and substituting the limit RexR6 at

1
X = xl' one obtains
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5/4 _ X1 5/4
Re = 0.016 Rx (1- ;—) + R61 (4-32)
It follows from Eq. 4-30 and Eq. 4-32 that for the special case in
question, the adiabatic-wall temperature as a. function of x is given

in non-dimensional form by the following equation. Thus

R
t -t o
oI 1 X 574075 (4-33)
etaw,l  [0.016 R (1-21) + r. /%
X X 81

Finally, to complete the solution, R, can be related to (St)]f 1’

)
1
the Stanton number for heat transfer at x = Xqs by combining Eqs. 4-21

and 4-24. The resultant expression is

_ _ 4
ANCITRA

| 00128 K

R
%

(4-34)

4.3 The Case Where the Wall is Cooled Externally

For the subject case, the basic analytical problem is that of
relating the local values for the wall temperature and the wali-heat
flux to the main-stream conditions. It can be inferred from several
mass-transfer cooling (and heating) studies reported in the literature
(Refs. 47-51) that heat-transfer data that are obtained for the gas-

vapbr-cooled region should correlate satisfactorily in the following

manner  Thus

t., -t

- aw W .

Stgv St o, (4-35)
’ e

w
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where
q
" - (4-36)

Stgv ‘Oﬁ)e (taw'tw)

= the Stanton number for heat transfer for the gas-vapor-

cooled region

St_ = the Stanton number for heat transfer in the absence of

gas-vapor cooling.

taw = the temperature the wall would obtain if it was
adiabatic,
tw = the temperature the wall obtains due to the fact that it

is cooled externally
q = the heat flux from the hot gas stream to the external
coolant
Equation 4-35, together with the developments preserted in
Sections 4-2 and 3 3 3, which enable the determination of taw and

Sté as functions of x, respectively, thus represents the solution for

the subject case

! It is important to note that in the evaluation of St in Eq. 4-35,
the boundary condrtion St = = at x = x, applies (47-51). -
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5  CONCLUSIONS AND RECOMMENDATIONS

Having studied the physical and theoretical nature of liquid-film
cooling, together with the pertinent literature, the following general
conclusions are drawn:

1 The feasioility of liquid-f11m cooling a rocket thrust chamber has
been established experimentally (5)(6Y(8)(10){11)(52'(53)(54).
dowever, the fundamuntal phenomena characterizi..g that ..)cess are not
well understood. In particular, the interfac-al , henoner. (film
instability, droplet entrainment, and the “effective” film roughness)

2 1ot well defined. especially for the case where the pressure and/or
main-stream temperature 1, substantially gr-ater than ambient [t 1s
generally agreed, however, that those phencmena significantly influence
the effectiveness of liquid-film cooln
2 A need exists for accurate neat-mass transfer data for the liquyd-
rtrIm-cooled region, especially for the case characterized by one or more
of tne to'lowing concrtions: (a) the gas flow s compressible; (b) a
pressure gradient is ‘mposed on the flow; and (c) a film coolant otner
tnan watesr s employed
3 Tne andiyses presentec tc date for liguid-film cooling have ertrer

lackeg agreement witn the experimental data ur have resulted 'n correla-

tions that ure not Justifiec physically utwviously, further experirental

evaluation of tne Lasic pnenomena would enable the postulaticn of more

-
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realistic analytical modeis and the develop.ent of mcre complete
analy;es
& Additional experimental investigation of the gas-vapor-cooled
region is needed Boundary layer measurzments would aid in deftning
the mixing characteristics for that region, and would enable the
postulation of a more realistic fiow model than those postulated
previously (6)(7), and that presented in the subject report

In view of the aforementioned conclusions, and in accordance
with the foregoing developments presented in the subject report,
some recommendations for further research are presentec below:
1. Conduct cold-flow studies (i.e , zero evaporative mass trans*~r)
of film instability and entrainment to determine the influence, if
any, of the dimensionless liquid flow rate H;, the dimensionless film
thickness 5;, the Reynolds number for the gas stream, the pressure,
etc on those phenomena For these studies, and for those
recommended below, several fluids in add tion t~ water should be
studied, and pressures significantly greater than ambient should
be employed.
¢ Conduct additronal co'd-flow studies utilizing a pitct probe to
determine the velocitly profile across the boundary layer ¢s & function
0¢ x Use thcse cdata to study the "effective” roughness of the gas-
Tiquid interface
3 Con-uct heat-mass transfer stucres to cbtain Jata that can be
employec to evaluate the correlation profedure suggestec in Section 3 3

Initral studhres shculd be concductes to obtayn bulk heat-mass transfer

L]
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data ¥for a significantly wide range of experimental parameters.
Subsequently, more sophisticated studies should be conducted to
obtain boundary layer data that would aid in the understanding

of the phenomena occurring at the gas-liguid interface

4 Experimentally investigate the region downsiream of the liquid
film for the case where the wall 1s adiabatic. Iritial studies
should be zonducted wherein onily the wall temperature distribution
and the bulk flow paramcters are determined Thoie data can be
employ~d to evaluate the analysis preiented in Section 4.2.
Subsegquently, experimental studies should be conducted to obtain
boundary layer measuremei.(s that would aid in the postulation of a

realistic flow model for the subject wall reg.on
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APPENDIX A

NOTATION

specific concentration of "i" species

skin friction coefficient (Eq. 4-19)

specific heat at constant pressure
specific heat at constant volume
tube diameter

diffusior coefficient

denotes a function

specific enthalpy

heat transfer coefficient
stagnation -enthalpy (Eq  4-1)
latent heat of vaporization

- 2 tquation 3-35

~ee _quation 3-46

thermal conductivity

liquid-film-cooled length

rate of Yiquid cooiant Tiuw/unit spanwise length (Eq 2-7)

rate of gas flow through the boundary layer/unit spanwise

Tength (Eg 4-7)
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Mach number

parameter in the power-law velocity profile (see Eq. 4-4)

static pressure
partial pressure for "i" species

u C

Prandtl number = _F—n

turbulent Prandtl number = Eﬁrfﬂ
energy transfer due to conduct%on
energy transfer due to radiation
recovery factor (Eq. 3-20)

perfect gas constant

Reynolds number based on d

Pa Yo X
Reynolds number tased on x = .
e
Po Ug &
Reynolds number based on ¢ = S
e
e Yo 8
Reynolds number based or 8 = -
e
Schmidt number = —-
o D
Mt
turbulent Schmidt number =
0 Dt

Stanton number for heat transfer (Eq. 3-25)
St evaluated in the absence of mass transfer
Stanton number for mass transfer (Eq. 3-32)

static temperature

recovery temperature for the main stream (Eq.

stagnation temperature

3-26)

- 0 W s
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saturation temperature for the liquid coolant which cor-
responds to the static pressure p

streanmwise component of velocity

dimensionless velocity (Eq. 2-5)

normal component of velocity

dimensionless liquid flow rare (Eq. 2-10)

see Equation 2-37

distance downstream from the effective leading edge of the
dynamic boundary layer

distance normal to the wall or the liquid film surface

dimensionless normal coordinate (kq. 2-6)

dynamic poundary layer thickness
diffusicnal t-undary layer thickness
thermal boundary layer thickness
disprace.ent thickness (Eq. 4-13)

heat transfer parameter (Eq. 3-1;
specific heat ratio

viscous sublayer thickness

liquia film thickress

dimensionless viscous sublayer thickness
gimensionless liquid film thickness (Eq. 2-11)
stability effectiveness (Eq 2-38)
momentum thickness (Eq. 4-13)

dynami¢ viscosity

R A b 2. on ]
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kinematic viscosity

energy thickness (Eq. 3-36)

density

shear stress

wall shear stress for zero mass transfer

energy balance parameter (tq. 3-30)

Subscripts

4]

1
d

aw

1f

evaluated at the plane of liquid coolant injection
evaluated at the terminus of the liquid-film-cooled length
evaluated 1t the terminus of the gas-vapor-cooled length
adiabatic wall

diffusional comporent

main-stream state

main-stream gas

gas-vaoor cooling

ligquid

evaluated at tne gas-iiquic interface but in the liquid phase
Tiquid-fiim cooling

evaluated at the gas-liquid interface

vvaluated at tne gas-liguic interface but in the gas phase
transpiration cooling

turtulent contribution

vapor

wall

ovaulated at y =

A T~

— -

-
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* evaluated at the reference state defined by Eqs. 3-Z8 and

3-29

Superscripts

] stagnation conditions
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APPENUIX B
A SAMPLE CP!CULATION FOR THE INTERFACE TEMFERATURE

To illustrate the manner in which the calculated recults [ resented
in Fig. 3-2 were obtained, a sample calculation for the interface
tamperature tS is presented below.

For the flow conditions presented in Fig. 3-2, Eq. 3-33 reduces

to the form

AH R L-p
Pair \te L5 'q Py.s
(8.3 PPy,
3.3% Py s
PP, ¢
= 1 552 (—p-—’—) (B-1)
v,S

Sclving Eq. B-1 for the partial presscre of the vapor at the interface,

one obtains

)t

1.562 cp (te - ts

air
For purposes of illustration, assume that
te = 2000 R (c = (0 2772 B/1b)

air
p = 500 psia

A gl AN i
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For tia. case, Eq. B-2 recuces to

] 500 . 53)
Py,s = TTZ7282) TAHV) P33 3

!
32P00-tSlR§ )

To iaitiate the trial-and-error calcuiations, assume that t = 400F = 860R
(the accuracy of the first approximation for ts is not critical). For

t,© 960°R, the data in Ref. 33 gives aH = 826.0 B/1b and Py = 247.3
psia. Substituting those data into Eq. B-3, one obtains

N

o e o 500 C s

247.3 psia = 1570 + 1 psia
# 190.5 psia

For the second calculation, assume that Py s * 160.5 psia. Corresponding

to p = 190.5 psia, the data in Ref. 33 gives AHV = 846.7 B/1b and

V,S
ts : 837.6R. Substituting those data into Eq. 8-3, one obtains

500

.2 .
190 5 psia @ TR+ Psia

# 169 9 psia

Continuing that procedure, assume for the next calculation that Py ®
189.9 psie. Corresponding to Py s ™ 189.9 psia, the data in Ref. 33
gives AHv = 846.9 B/1b and ts = 377.4F = 837.4R. Substituting those

data into Eq. B-3, one obtains
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: 500 .
189.9 = 1637+ 1 + 1 psia

189.9 psia

Thus, for tS = 2000 R and p = 500 psia, and for the flow conuitions
presented in Fig. 3-2, the calculated value of the temperature at the

gas-liquid interface is ts = 377.4F = 837.4R.
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