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ABSTRACT

Crabtree, Jr., Donald Louis. Ph.D., Purdue University, January

1967. An Experimental Investigation of the Velocity and Temperature

Profiles in the Boundary Layer Above an Unstable Evaporating Film of

Liquid Under the Influeice of a Moving Stream of Hot Gas. Major Pro-

fessors: Dr. Cecil F. Warner, Professor Mechanical Engineering, and

Dr. Maurice J. Zucrow, Professor Emeritus of Mechanical Engineering.
This thesis presents the results of measurements of the velocity

and temperature profiles in the boundary layer above an unstabie evapor-

ating film of water. Entrained liquid as droplets was present in the

boundary layer. The measurements were made at one liquid flow rate at

the following gas flow conditions:

Total temperature 980R

Total pressure 250 psia

Gas velocity 100 ft/sec

Axial static pressure gradient tess than 0.02 psi/ft

Photographs taken at 3u sec were obtained of the interfacial structure
of the 1iquid film., The temperature of the film was also measured. The
experiments were conducted in a tunnel with a rectangular cross section
1) in. X 4 in. and 22 in. long, onto one side of which was injected the
liquid as a film. Measurements in the boundary layer were carried out

for both wet and dry walls.
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The profiles of velocity and temperature in the boundary layer on
the wetted wall correlated to power law distributions of 1/7 and 1/6,
respectively; the velocity boundary layer on the dry wall correlated to
a 1/8.3 power law distribution.

The friction coefficient for the wett d wall was determined to be
40 percent greater than for the dry wall. The ratio of the friction
coefficient to the Stanton number for the wetted wall was 2.4 which is

in approximate agreement witn that value predicted by Reynolds analogy.




1. INTRODUCTION

1 1 General Discussion

In the last decade considerable research has been directed toward the
investigation of the interaction of a moving gas stream with a thin
film of liquid. The research has dealt with numerous aspects of
this flow situation, such as film formation, wetting ur coverage,
surface instabi]ity*, effective roughness, heat and mass transfer
coefficients, pressure drop and friction coefficient and liquid en-
trainment in the gas stream to name a few. Under virtually all
circumstances several of the aforementioned items are of interest
simultaneously. Such a situation leads to difficulty in isolating
specific effects and defining with certainty their physical nature.
This situation is born out in the literature which contains numerous
contradictions regarding even the most simple cases of a liquid

film and a mcv'ng gas stream. It is no small wonder then, that in

practical applications involving iiquid films and moving gas streams

*
In the present work surface instability is used to imply the presence
of large wavelength waves traveling over the substructure of the
ligquid film. Entrainment of liquid from the crests of the waves
in the gas stream is a result of the occurrence of such waves.




there exists a degree of arbitrariness and a lack of confidence
regarding what is actually occurring.

The particular practical appiication which motivated the present
investigation is liquid film cooling in rocket motors. In liquid
film cooling a thin film of liquid is utilized to protect the walls
of the combustion chamber and nozzle from the deleterious effects
of the very hot combustion gases. The investigation of film cooling
in rocket motors has been conducted for many years at the Jet
Propulsion Center, Purdue University, as well as numerous government
and industrial installations. VYet, at the present time a workable
understanding of the details of the interphasial interactions which
govern the process of film cooling in rocket motors is not available.
The aforementioned situation arises from two sources. First, as has
been noted, the simultaneous occurrence of intense heat and mass
transfer coupled with the sur.ace characteristics of instability
and concomitant surface roughness make difficult the isolation of
separate effects. Second, direct measurement of the parameters
needed to evaluate the physical situation is impractical in a
rocket motor because of the severe internal environmental conditions.
The regions of filow of interest in the case of film cooling are the
liquid film and the turbulent boundary layers of velocity, temperature
and concentration above the evaporating film. To circumvent the
difficulties of obtaining the measurements in a rocket motor the

present investigation was conducted employing an experimental flow
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configuration involving a moderately hot gas stream f'owing over a
liquid fiim. Measurements could be obtained for the boundary layers
« ¥ velocity and temperature in the gas stream above the surface of
the 1iquid film. There were established several simultaneous
interactions between the gas and the 'iquid which were in many ways
analagous to liquid film cooling in a rocket motor. It is feit
that such an analogy wiil give an insight to the same mechanisms
inherent in liquid film coo'ing ever though the analogy must be
structured at widely different operating cond*t<ons between the
experimental mode! and the actual case of film cooling in a

rocket motor.

The investigation presented herein, being a new experimental
problem, was *n many ways expioratory. Evaluation of the experi-
mental apparatus and techniques of measurement employed went hand
in hand with the determination of the expe~imental results. The

program initiated with the subject resea~:h is continuing

1.2 Objectives of the .nvestigation

The flow conditions for which the bulk of the present investi-
gation was conducted in Table 7. The [-quid was 'njected onto the
test nlate which comprised the f*0or of the tunne? as shown 1in
Figure 1, p. 8. The width of the ‘iquid fi'm was initially that
of the tunnel, namely, four inches. The flow rate of liquid and the
conditions of the gas stream were such that the 1iquid film exhibited
surface characteristics correspond'ng to the 'nception of insta-

bility with bulk entrainment of 1iquid as droplets in the gas stream.




Table 1

Flow Conditions for the Investigation

Gas Air*

Liquid Water

Total temperature 980R

Total pressure 250 psia

Velocity 100 ft/sec

M radiont Lo tess than .02 ES1
Test plate 4 in. x 22 in.
Tunnel cross section 4 in. x 1 1/2 in,

The surface of the liquid film was viewed through glass viewing
ports located in the sides of the tunne'. The boundary layer
measurements were carried out along the center'ine of the test
plate at several selected 'ocations dewnstream from the liquid
injector. The temperature distribut:on ‘n the test plate, below
the liquid film, was measured by means of imbedded thermocouples.
The background of prev ous research and analytical relations
required to evaluate and correlate the results of the investigation
are presented in Section 2, "interact:ons Between a Th'n Film of

Liquid and a Moving Stream of Hot Gas "

The gas was a mixture of the products of combustion of air and
methyl alcouol with additional diluent ai~. The quantities of
combustion products 1n the working fluid were sufficiently low
enough to justify the assumption of air alone




1.3 Closure
The experimental investigation did not produce measurements for
the concentration boundary layer. Further, because of experimental
difficulties, no reliable mass balance of bulk flow of liquid could
be determined between the entance and exit of the test section.
The lack of these results is a disadvantage insofar as the complete

evaluation of data is concerned.




2. INTERACTIONS BETWEEN A THIN FILM OF
LIQUID AND A MOVING STREAM OF HOT GAS

2.1 Introduction

The purpose of this section is to present a background for the
discussion presented later of the results of the subject investi-
gation. The present section is oriented toward the subject
investigation.

A detailed treatment of the flow of a thin liquid film under
the influence of a moving gas stream is not in the scope of the
present work. The fundamental problem will be briefly outlined
but the many details of the treatment of the problem are relegated
to the literature. The discussion does present descriptive and
working relations necessary to the evaluation and correlation of
the results of the investigation.

The scope of the discussion is broadly restricted as follows:

1 The co-current flow of a turbulent hot gas over a flat
plate on which is flowing a thin film of liquid.

2. The gaseous boundary layer is turbulent and there is no
axial static pressure gradient.

3. The evaporative mass transfer leads to effects in the

boundary layer which @arc¢ an order of magnitude less the effects




of momentum and heat transfer.

4. The liquid film is unstable and some liquid is entrained as
droplets in the gas stream.

5. The 1iquid is inert and non-reactive.

The emphasis on the boundary layer phenomena will be 1imited
to the profiles of velocity and temperature : the boundary layer.
The effect of mass transfer on the aforementioned two boundary
layers was not detectable as a first crder effect as was the heat
and momentum transfer to the liquid film. The presence of mass
transfer will be noted in the discussion where applicable but will
not be treated to the same extent as the exchange mechanisms of

heat and momentum.

2.2 Description of the Physical Situation

in the Subject Investigation

Figure 1 presents a schematic diagram of the tunnel containing
%*
the test section employed in the investigation Air at a total
temperavure of 980R, and a total pressure of 250 psia entered a

straight duct termed the lead section. The air was thoroughly

mixed by several sets of turbulence grids, the last set being
located at the entrance to the lead section. In the lead section a

turbulent velocity boundary layer began forming immediately after the

*
A detailed description of the experimenta® apparatus and the
experimental procedures employea is presented in Appendices B and C.
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turbulence grids; the boundary layer was tripped by spanwise rods
attached to the walls of the lead secticn. The flow in the lead
section was essentially adiabatic.

Located 18 inches downstream of the entrance to the lead

section was the liquid injector. The liquid was injected spanwise

as a thin film onto the test plate. From the point of first contact
between the gas and the liquid a temperature boundary layer began tc
grow. The liquid film flowed over the 22-inch length of the test
plate. The central 50 percent portion of the test plate was
wetted by the film for this length  The flow continued for 10
inches beyond the terminal end of the test plate and exhausted
through a nozzie The axial static pressure gradient in the test
section was mairtained at + 02 ps! per foot by an adjustable roof
hinged at the fore end of the test section The essentially zerc
pressure gradient began 2 inches upstream from the point of
injection of the 1iquid

With the previously described mode! in mind et us now
briefly examine the cond-tions of the gas and liquid flows and
their interactions

The velocity boundary 'ayer in the gas flow deve'’oped on all

four sides of the lead section The thickness o¢ the velocity
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boundary layer, 6*, was approximately 0.35 inches at the terminal
end of the lead section. The small amount of heat lost from the
flowing gas through the walls of the lead section did not cause
the growth of an appreciable temperature boundary layer. Hence,
at the entrance to the test section the flow was characterized as

being isothermal. The turbulence intensity, 5—3 in the core of the
gas stream at the entrance to the test sectionewas approximately
0.02 and decayed to approximately 0.01 at the exit of the test
section (see Appendix B).

The liquid was injected tangentially onto the test plate
parallel to the direction of the gas flow. The liquid covered
the width of the test plate at the point of injection. The mean
velocity of the liquid at the point of injection was approximately
0.4 ft/sec. Immediately at the first contact between the liquid
7ilm and the gas stream several effects occurred simuitaneously to
the liquid film. The liquid was accelerated by the force of

interfacial shear. The film rapidly decreased in thickness,

becoming on the order of one or two thousandths of an inch thick

Appendix A presents the nomenclature for the symbols employed
herein. Most of the symbols are taken for convenience from
“urbulent Boundary Layers in Compressible Gases by S. S.

Kutateladze and A. I. Leont'ev, and correspond to those intro-
duced by the translater, D. B. Spalding (31). The less commen
symbols are defined in the text at the occasion of their first
usage. Where a symbcl represents a turbulent quantity, such
representation is understood to be a time mean quantity.
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or so downstream from the injector slot The surface of the film be-
came unstable and liquid entrainment became established several inches
downstream from the injector slot. Heat transfer and evaporative mass
transfer were present from the injector slct on downstream.

The gas stream underwent a stepwise change in the boundary
conditions of both wall temperature and su-face roughness after
entering the film covered test section A further change in the
boundary conditions was brought about by the introduction of mass
transfer and liquid entrainment. A temperature boundary layer was
initiated and underwent rapid growth in thickness, %,over the first
€ inches of the liquid film, the growth rate then decreased as the
flow moved further downstream. The forege'ng effects required the
readjustment of the shear stress and 'ts distr~ibution in the boundary
layer and, consequently, brought about a change in the growth para-
meters of the gaseous boundary layer

From the preceding discussion it can be seen that the inter-
actions between tile liquid film and the gas :tream are difficult to
evaluate on the basis of cause and effect No clear distinction can
be made, for example, between the effect of roughness of the liquid
film on the growth of the boundary layer, and then, separately, the
effect of heat transfer on the coefficient of friction The re-
sultant effects of the combined causes of interaction are, however,
reflected in the structure of the velocity, temperature and con-

centration boundary layers. The remainder of this major section




12

discusses some of the principal effects of certain gas-liquid inter-

actions and their influence on the structure of the boundary layers.

2.3 Characteristics of the Liquid Film

The present section discusses the bulk and surface characteris-

tics of a thin liquid film. Estimates derived from the i1iterature
are given for the numerical values of the characteristic parameters
of the liquid film associated with the subject investigation. Much
of the discussion material and the numerical estimates are based on

sources relating to annular two-phase flow. In all of the sources

used herein the annular two-phase flow comprised a iiquid film of
water flowing on the inside of a circular duct through which was
flowing air, usually in co-current flow. In some cases the air was
heated but generally the conditions interior to the duct were
essentially ambient. Published results are available for both
stable and unstable films. Since the flow conditions of the
reference sources were substantially different from those in Table
1, Section 1.2, the estimated values of the film parameters are to

be taken as representative predicted values.

2.3.1 Bulk Characteristics
Consider a liquid injected parallel to the surface of a smooth
flat plate over whi_.h is flowing a hot gas. The thickness of the
Tiquid film at injection is no more than an order of magnitude

greater than the value of the thickness which will be achieved
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in equilibrium f?o# with the gas a short distance downstream from the
point of injection. As the liquid and gas €lows adjust to each
other, the following changes occur within some "adjustment dfstance”
downstream of the point of injection:

i. The liquid is exposed to interfacial shear stress arising
from the gas flow, and is accelerated to where the shear stress
distribution in the liquid supports the interfacial shear stress
caused by the gas flow.

2. The temperature of the liquid rises (in the present case)
until an equilibrium temperature is achieved, an equilibrium
temperature brought about by the processes of heat and mass transfer
and the thermodynamic properties of the liquid

3. The transient characteristics of surface instability
associated with the acceleration of the 'iquid and the adjustment
of interfacial! shear stress give way to "steady state" instability
characteristics.

The distance the fiow must travel befo-e each of the various
initial adjustments of the lrquid film is completed depends, of
course, on a combination of factors The effect of these factors
o1 the various adjustments will not be discussed here It will
suffice to say that the adjustment distances in the present investi-
gaticen were on the order of 10 to 20 percent the length of the test
section. If the 1iquid was injected un:formly spanwise, the film

remains free of dry patches {where the surface of the test plate is
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exposed) until near the termination of the film at the end of the test
plate. The discussion which follows deals with the steady state fiim
between the end of the adjustment distances and the onset of
termination.

The velocity distribution through the liquid film can be
derived by the solution of the momentum equation for incompressible

*
fiow. Thus (1)

y
ys S J _dy (2-1)

where
U9 = shear stress
v = molecular kinematic viscosity of the liquid
Vit © effective eddy kinematic viscosity of the liquid

density of the liquid

For the special case of laminar flow of the film and where v,y

constant through the film equation 2-1 reduces to

us —3— y (2-2)

For the case where there is a turbulent contribution to the
viscosily term, the assumption generally made is that the universal

law of the wall is applicable to the liquid film. Figure 2 presents

*
Numbers in parentheses refer to references listed in the List of
References.
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the law of the wall for the incompressible turbulent boundary layer
on a smooth surface. The dimensionless parametars ut and y+ are

defined for the liquid as

+ u ¢
u = (2-3)
(Ts;plj
L
ylt./eq) *
e (2-32)

Once the interfacial shear stress is determined, th2 u-y
relationship for the 1iquid film has a solution obtained from the
universal law of the wall. The term (rS/p)Lz is termed the friction
velocity and has the symbol u s ft/sec.

The mass flow rate of liquid per unit spanwise length, ﬁ;, and

the fiow mean thickness of the liquid film, 8¢, are related through

continuity as
o Gf
m = ey [ u dy (2-4)
0
For the case where the film is laminar equations 2-2 and 2-4 can be

combined to yield an expression for the flow mean thickness of the

liquid film. Thus

N
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Equation 2-4 can be written in a nondimensional form. Thus

where the dimensionless liquid flow rate, W', is

W
5

3

and the dimensionless film th'ckness, Gf?, is

The significance of W' relative to the physical characteristics
of the flow of the liquid fi'm is discussed in the next section
A method for predicting the temperature of the gas-liquid
interface is presented in detail by Gater (1) and Knuth (5).
The temperature of the gas-liquid *nterface, TS, can be related
to the bulk flow parameters by specifying i3} an interfacial
energy balance and (b) an analogy between the rates of heat and
mass transfer In Gater's derivation the interfacial energy
balance was specified such that all of the heat incident onto the
surface of the film resulted in the evaporation of the 1:quid,
and the analogy was specified such that the Stanten number for

heat transfer was equal to the Stanton number for mass transfer

(2-6)

(2-7)

(2-8)
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Figure 3 (reproduced from Reference 1) presents the temperature at
the interface. TS, as a function of the static pressure for air in
contact with water for several free stream temperatures. The dashed
lines denote the flow conditions of the present investigation. The
important point brought out by the figure is that the assumption
that the temperature at the interface is equal to the saturation
temperature for the liquid at the prevailing static pressure can
prove to be in considerable error, especially at lower gas stream

temperatures.

2.3.2 Surface Characteristics

Stability and Entrainment. In many discussions of film

stability the characteristic interfacial structures of the liquid
film are used to describe the "stability regime" in which the film
exists, and the regime is then relatad to some parameter of the
liquid flow and/or the gas flow. The following discussion of the
characteristic interfacial structures of the liquid films in the
present investigation is quoted from Gater (1). The discussion
deals with a series of photographs obtained by Gater and the author
during the preliminary phases of the present investigation. Figure

4 presents the photographs* of liquid films of water displaying

*.
See Appendix B for the description of the apparatus empioyed to
obtain the photographs.




Temperature at Interface, T, R

19

IGO0

| | | 1 I
From Reference !
950+ -
900}
Saturation Curve
for Water N
850}

800+

750}

1

700

Assumed GConditions

Free Stream Gas - Air
l.iquid - Water

!
!
I
l
- | —
650 l Tr = Te
|
| P#Sc= |
600} : Te = Free Stream —
| Temperature
I
I
) 100 200 300 400 500 600

Static

Figure 3. Temperature at the Gas-Liquid Interface as a

Pressure, psia

as a Function of the Static Pressure




20

0
x-scala: | i J |

S P b

b."pebbled” (ug=50fps , x-x,=5ins , mz=0-002 Ib/in-sec)

Figure 4. Photographs of the Characteristic Interfacial
Structures for 3 Liquid Film




different characteristic interfacial structures.

"The photographs presented in Figure 4 were taken when the
static pressure and the main-stream temperature had values of 220
psia and 1000R, respectively Flow parameters which were not
common to all of the nhotographs are specifred in the appropriate
subtitles of Figure 4; they are the mainstream velocity, Ugs the
position downstream of the point of liquid injection at which the

photographs were taken, x - x_and the rate of liquid injection

0
per inch of injector slot width, m;

The interfacial structure presented in Figure 4a is
characterized by its extreme smoothness In that particular
photograph there is shown a 1/2 in diameter cylindrical plug
which protrudes approximately 0 001 in above the surface. The
fortuitous presence of that surface ‘rregularity serves to *ndicate
that a liquid f1lm which has a smooth interfacial structure is, in
general, very thin and sensitive tc relatively smal! surface rough-
ness The smcoth character of the ‘nterfacial structure is
apparently due to the fact that the 'iquid film 15 so th'n and
viscous that any disturbances impa.ted to it as a consequence of
turbulent velocity fluctuations in the adjacent gas phase are
completely suppressed or "damped out"

The interfacial structure presented in Figures 4L and
4c is quite common and is characterized by its "pebbled"

appearance. The small disturbances which are evident on the
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surface of the liquid film are apparently a conscyuence of turbulent
velocity fluctuations in the gas phase flowing past the liquid film.
The liquid film is sufficiently thin and viscous that small dis-
turbances 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
scaie of the interfacial disturbances for the two "pebbled" inter-
faces presented in Figure 4 is due primarily to a corresponding
difference in the scale of the turbulence in the adjacent flowing
gas; the turbulence scale of the gas phase decreases with increasing
gas mass flow rate. That relaticnship between the gas mass flow
rate and the nature of the "pebbled" interfacial structure has been
observed previously (3)(4)(5)(6).

The interfacial structure presented in Figure 4d defines the
phenomenon of film instability; the latter is characterized by the
existence of large-scale disturbarces which are turbulent in nature,
and which are superimposed on a "pebbled" interfacial structure."

The study of the stability characteristics of liquid films was
not a part of the subject investigation. The observed results were,
however, correlated to an established stability criterion, namely,
the dimensionless liquid flow rate, W'. Above a certain value of W'
the longer wavelength waves i.e., two dimensional disturbiances appear
as shown in Figure 4d. Entrainment of iiquid in the gas stream occurs

at the crests of these waves. The value of the dimensionless 1iquid




b o n u, -1 ‘ u

!I

23

flow rate at which the larger waves appear is a function of the gas
stream Reynolds number for ‘ower values of this Reynalds number.
For higher values of the gas stream Reynolds number, however, the
value of W for which the 'arger waves appear becomes more o~ less
constant

The use of W' to correlate the stabilrty of the liquid film
is related to the assumption (1)(4)(7) that the veloc 'ty distri-
bution in the liquid film can be related to the law of the wall.
In the snterpretation of the law of the wall, the flow interior
to the liquid fi!m for which y+ 12 is characterized as being
viscous in nature and stable; the flow for which 15 - y* - 20 to
30 is characterized by the presence of both viscous and turbulent
effects, while the flow for which y‘ 20 to 30 1s characterized
by being turbulent. The parameter W as a stab:lity criterion
infers that the first appearance of instab:’'it:es correlates
approximately to the appearance of turbalence 'n the film, i e.,
approximately y‘ : 15 The range of the dimensionless liquid flow
rate for which *nstabylity *s sncipient s 90 - W - 150 which
corresponds to the range !5 y 30, approimately

The foregoing c~ite--on s usefu! in predicting the inception
of instability, but once instabi’'ty 1s present, the surface
characteristics of the liquid fi'm displaying the larger wrves
are influenced by the gas stream conditions The present investi-

gation was conducted in a regime of instability wherein the gaseous
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boundary layer was intimately involved in establishing the surface
characteristics of the liquid fiim as will be shown.

Figure 5 presents a schematic diagram of a liquid film indi-
cating certain characteristic thicknesses defined for the liquid

fi'm. The continuous sublayer thickness of the Tiquid film, SB’

is the thickness of liquid film immediately adjacent to the wall
which is not penetrated by the troughs of the surface waves. The

maximum wave amplitude of the interfacial waves, §1s is the height

of the crests of the instability waves above the boundary wall.

The flow mean thickness, S¢ is the thickness in which the liquid
would flow for some specified velocity distribution (laminar or

law of the wall) in the film if it were free of surface disturbances.

The modal thickness, 6m’ is the distance from the wall at which the

wave frequency is a maximum. The differe.ice between the modal
thickness and the continuous sublayer thickness, (Gm - GB), is

termed the net disturbance amplitude.

*
Figure 6, based on data obtained by Charvonia (7) , presents
the continuous sublayer thickness, the net disturbance amplitude,
the maximum wave amplitude and the flow mean thickness of a liquid

film as a function of the gas velocity for the liquid flow rate of

*
The experiments of Charvonia were conducted for vertical downward
co-current flow of water and air at near ambient conditions.
The diameter of the cuct was 2 1/2 inches.
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0.0016 1b/in-sec. The curves were interpolated from the reference data
at the above flow rate in order to agree in va®ue with that of the
subject investigation. In Charvonia‘s investigation the liquid film
for that particular flow ~ate was stable, displaying no droplet breaka-
way. The values of the various thickness parameters indicated by the
curves in Figure & must be interpreted as representative The con-
tinuous sublayer thickness is approximately 0.002 in. or less for gas
velocities in excess of 100 ft/sec. In the same range of gas
velocity the net disturbance amplitude varies between approximately
0.002 and 0.004 in. The flow mean thickness var-‘es between 0.003
and 0.004 in. for gas velocity from 100 to 200 ft/sec while the
flow mean thickness o€ the subject 'nvestigation was approximately
0.00" to 0.002 in. One interest'ng point brcught out in Figure 6
is the fact that the wave disturbances on the su-face of the liquid
film can be several times large-~ than either the fiow mean thickness
or the continuous sublayer thickness.

Roughness  The flow of a gas over a liquid film on which
surface waves are present is recognized as being simi‘ar to a
gas flow over a rough su~face (7 thrgugh i3). The ~oughness of
the liquid film in the subject investigation was only est*mated
from the photographic results It is,therefore,worthwhile to
establish some estimates based on other sources fo- qualitative
comparison

Gill, et. al. (10) report vaiues of apparent roughness




28

height for an annular film of water in a i 1/4 in. diameter tube
flowing air.* The average gas velocity was varied between 75 and
200 ft/sec while the peripheral liquid flow rate was varied
between 0.0021 and 0.014 1b/in-sec. The static pressure and
temperature in the tube were near ambient conditions. Entrainment
of liquid from the film was present except for the lower Tiquid
flow rates. Although the flow conditions are not equivalent to
those of the present investigaion in regard to pressure and
temperature, the results will be employed for want of more
suitable data. The apparent roughness reported in Reference 10
was calculated from pressure loss data measured for the gas flow
in the tube. The results were compared in Reference 10 with
similar results reported elsewhere (11)(12)(13) and were found

to be in relatively good agreement. Figure 7 presents the curve
of apparent roughness height, 2, as a function of the relative

film thickness, § The relative film thickness is defined (11)

rc
for annular flow as

‘s @
5, - gif .5 [ (2-9)
| d Reg "!"ch”

* Apparent roughness implies that uniform surface roughness which
would yield the same pressure drop in the tube as observed for
the liquid film.
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where
d = diameter ot tube
8¢ = liquid film thickness
Reg = Reynolds number for the gas
Ce = value of friction coefficient over the dry wall
u = average velocity of gas in the duct

The second term in the parenthesis relates to the thickness of the
viscous sublayer in the gas flow over a dry wall. For purposes
herein equation 2-9 can be rewritten tn eliminate the diameter

of the duct by noting that Reg = d u/v. Thus

=g -2 1 2-9a
6, = g - = ¥ (2-9a)

Introducing the values of the parameters pertinent to the subject
investigation and substituting the free stream velocity Us for u,
the relative film thickness is calculated to be approximately
6. =1t 2 x107 in.

Reading from Figure 7 the apparent roughness for a liquid
film for which §.= 1t 2 X 1073 in. is approximately 0.003 to
0.005 in. Charvonia's results for the same liquid flow rate as
employed herein, the net disturbance amplitude, (6m - GB), is

approximately 0.0025 ir. for gas velocities above 150 ft/sec.

If the net disturbance amplitude is multiplied by two to
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approximate a mean height of the waves on the film, i.e , roughness
elements, the result of 0.005 in. is seen to agree well with Gill
et. al. (based upon the necessary modifications of equation 2-9).

It will be noted that the maximum wave height interpolated from

Charvonia's results for h{ = 0.0016 1b/in-sec at the same surface

shear stiress as found in the prosent investigation was 0.006 to

0.007 in.

Provided that the different operating conditions of the
present investigation do not fundamentally alter the characteris-
tics of the surface instability, the apparent ~oughness of the
liquid film in the test section may be predicted to be from 0 003
to 0.006 in.

Surface Area  The increase 0f the su~face area of the

liquid film caused by surface waves *s sometimes mentioned in
connection with the calculation of heat and mass transfer, i e ,
the necessity of knowing what area *s involved 'n the transfer
process. Schneiter (14) perfy-med a study of annula~ two-phase
flow 1n which one of the objectives was to measure the increase
in surface area due to the presence of waves In his survey of
the literature he repo-ts the wide d:.ergence of results of both
experiments and analys's  The results vary from practically a
negligible increase to '50 percent as oredicted by one theory

and 50 percent as measured in one experiment On the basis of
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his research Schneiter concluded that the increase in surface area
of the film due to waves was negiigible for stable films (the limit
of his investigaticn).

As to the present investigation the point made by Fulford
(15) seems pertinent, namely, that the increase in turbulent
mixing caused by the presence of the waves (and certainly here,
entrainment) would far overshadow the effect of an area increase
in regard to the processes of heat and mass transfer.

Evaporation. 7he evaporation of the liquid comprising the
film occurs in two ways, namely, evaporation from the exposed
surface of the film and evaporation of the droplets entrained
in the gas flow above the film. Luikcv (16)(17) has perhaps
identified an effect in the evaporation from the surface of a
film which influences the heat and mass transfer processes.
The effect is the result of the so-called "dynamic theory of
evaporation and condensation". The essence of the hypothesis
is the presence of extremely fine liquid droplets in the
boundary layer. The droplets referr=d to are not necessarily
those resulting from disturbance instabi'ity According to
Luikov (16): The basic cause of droplet separation from the
exposed liquid surface is the existence of point condensation
and the interaction of the gaseous stream with the liquid

surface (entrainment). According to the dynamic adsorption
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theory of De Bur, the evaporation process is a dynamic desorption
and sorption process. The liquid molecules not only leave the
surface (evaporation) but also continuously ~eturn {condensation};
thus the evaporation rate (net) is proporticnal to the difference
between these two molecu'ar streams

Evaporation of droplets in the boundary layer {whether
produced by condensation or entrainment) is te-med volumetric
evaporation. Volumetric evaporation provides a source for
vapor and a sink for heat It is hypothesized by Luikov) that
volumetric evaporation 'ntensifies the process of heat exchange
1n evaporation. In evaporation there is a many-fold increase in the
volume of the matertal! whi'e -n condensation there is a zorresponding
decrease in the volume of the material  These two processes
disrupt the structure of the boundary layer, and particuiarly, the
viscous sublayer 1f it exists, i e , an effect analogous to
turbulence

If the forego'ng hypothes's :s correct, the following
comments are made relat:ve to the present investigation: (1) the
physical sttuation investigated herein supp’ es al! the require-
ments for volumetric evaporat:'on, and (2} the magnitude of the
effect of volumetric evaporation ccmpared to other disrupting

influences s not known
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2.4 The Boundary Layer

In the present section are presented the basic differential
equations for the boundary layer which take note of the presence
cf an unstable evaporating film of liquid. The aforementioned
equations are compared with a similar set of equations written
for the boundary layer above a rigid porous plate with mass
addition at the wall (simple mass addition). The result of this
comparison is a di<!tneation of the basic differences in the two
cases, and hence, a clearer understanding of the influence of
the liquid film on the boundary layer*.

The remainder of the section is devoted to a discussion
of the description of the turbulent boundary layer and the

various interactions between the gas stream and the liquid film.

The use of the cxample of transpiration cooling through a porous
wall is employed here, first because much work has been performed
in this area and its description is well documented (Reference 18
lists 97 papers dealing with transpiration cooling), and second,
because it bears the similarity of surface mass transfer to the
case of the evaporating liquid film. The intention is not to
eventually show that the evaporation of a liquid film and porous
wall cooling are the same in physical terms Quite to the
contrary, the present investigation as weil as others (17)(19)
show there is a significant difference between the two cases
insofar as transfer coefficients are concerned.




Estimates of the order of magnitude of the various interactions
on the heat and momentum transfer coefficients are made with

respect to the same coefficients for flow over a dry wall.

2.4.1 The Boundary Layer Equations

The assumptions applicable to the most general case of
gas bounaary-layer liquid film flow to be discussed in this and
subsequent sections are:

1. Two-dimensional steady flow of a turbulent boundary
layer.

2. There 1s no axial static pressure gradient, i.e ,
constant pressure flow.

3. The bourdary layer f'ow s compressibie but no effects
associated with high speed flow such as frictional dissipation
are present and the spec*fic heat of the gas i< constant

4. Heat transfer is from the higher temperature gas
stream toward the liquid ff1m o~ wal?

5 There are no radiation effects

6 The vapor from the !iquid fiim (o~ other mass addition)
and the gas in the free stream are the only twn components present.

7 A portion of the 1'quid film s entrained as droplets
in the boundary layer.

In regard to assumptioins 3 and 6, the change 1n property values

through the boundary layer in the subject investigation wac due
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principally to a variation in gas temperature in the boundary layer

as opposed to the presence of vapor {(the partial pressure of the vapor at the
at the surface of the film was 12 percent of the free stream static
pressure). Hence, throughout the present discussion mixture

properties are not taken into account and the gas in the boundary

layer is treated as if it were air,

In regard to assumption 7, the presence of entrained drop-
lets in the boundary layer is not treated quantitatively but the
qualitative aspects of such a phenomeron are examined relative to
the boundary layer.

The equation of motion governing the boundary layer is (see

Reference 20 for basic equations)

g U TR T 1 u - ]
U * oV 5y (Y T oSyt Fy (2-10)

~v

where

eddy viscosity

™
1"

= a term expressing the influence of form drag of the

-
—
]

entrained droplets and the momentum deficit caused
by the vapor eminating from the droplets as evaporaticn
occurs

The equation of sensible energy is
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h = sensible enthalpy of the gas-vapor mixture
C pDv

L = laminar Lewis number, 'EE"_Q
Dvg = binary diffusion coefficient of vapor into the gas
k = eddy conductivity
¢, oD
Lt = turbulent Lewis number, —E—;——E
Cv = mass fraction of vapor, pv/p
Q] = a term expressing the influence of the volumetric

absorption of heat by the entrained droplets

In the present case it would be most direct at this point to
eliminate the next to the last term of equation 2-11 by observing:
(1) La Lt x 1 and (2) in the present case the maximum mass
fraction of vapor (which occurs at the surface of the liquid film)
is relatively low. Hence, the bracketed term in equation 2-11 may

be assumed negligible. Thus,equation 2-11 now becomes




3h dh _ 23 u € |[3h
pu X + DVW = W JL[jp' + 'p—ilw} + Q] (2']]3)

+ W (2-12)

Nv = a term expressing the influence of the volumetric generaticn

of vapor by the entrained droplets

The equation of continuity for the gas-vapor mixture is

'a(gg) + a(g;) = W (2-13)

where
w; = contribution of mass to the gas-vapor mixture by the

evaporation of the entrained droplets

The boundary conditions placed on the foregoing set of equations,
as dictated by the physical situation described in Section 2.2, are:
at x - x, <0, upstream of the Tiquid injector
Cy = (cv)e

)

v'e

y=0:u=0, =Ty h =h

el

nv

v
yEsiu=u, 1= 0, h = he’ Cv = (C

at x = X, >0, downstream of the liguid injector

y=0:u-= Uger PV (pv)_ =m

s s T Y

st
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where
Ted © shear stress at the wall for a dry wall with no mass
transfer
T = shear stress at the surface of the liquid film

Ugg = velocity of the surface of the liquid film

( )e = free stream conditions

! The terms relating to entrainment which appear in equations 2-19
through 2-13 bear the following comments. First, all four terms
F], Q], wv, and w; appear in the equations proper as opposed to
being boundary conditions, and second, all four terms are functions
of both x and y. Although a functional representation of these
terms is a relatively straight forward matter, the explicit x-y
dependence must be known before their effect on the corresponding
boundary layer profiles can be determined. The x-y dependence

was not determined experimentally in the subject investigation

and is not derivable from an analytical approach. Hence, the
influence of entrainment on the boundary layer profiles can only

be discussed qualitatively.

The differential equations for the boundary layers of velocity,

enthalpy and concentration above a porous wall with mass addition
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are the same as equations 2-10 through 2-13 except that (1) no
analogous terms appear accounting for the entrainment of liquid,
and (2) the boundary condition in x-x<0 at 'y = 0 of u = uge
becomes u = 0. Another difference between two cases not explicit
in the boundary layer equations o the boundary conditions is the
increase in surface roughness associated with gas flow over a
Tiquid film. Finally, the mechanism of evaporation of liguid
from a free surface has no direct analogy in porous wail cooling
with gas where no phase change occurs. The four differences
just noted between the physical situations of the evaporating
liquid film and porous will cooling with a gas are the principal
ones.

At this point the foilowing hypothesis will be given
relative to the comparison of the 1iquid film and porous wall
cooling. If it is accepted that, for steady unchanging free
stream conditions, the interactions occurring at the wall in
the two cases under consideration are re“lected in the boundary
layer parameters, then any difference in the boundary layer
parameters reflects the influence of one or a combination of
the four differences in the two cases as presented in the previous
baragraph. Only one of the four differences noted was associated
with the outer regions of the boundary layer, namely, entrainment.
The remaining three differences are all associated with surface

characteristics. The influence of the aforementioned differences
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on the boundary layer and transport mechanisms is discussed in sub-
sequent sections. As a basis for the subsequent discussion the
following characteristics associated with porous wall cooling are
noted (18)(21)(22)(23):

1. The description of and the correlations applicable to the
boundary layer profiles over a porous plate with mass addition
(gas) are not substantially different from the description and
correlations pertinent to the boundary layer profiles over a
smooth flat plate.

2. In the presence of heat transfer and simple mass addition
the velocity and temperature boundary layers are similar in shape.

3. The Reynolds analogy relating the momentum and heat
transfer coefficients is substantially unchanged from that Reynolds

analogy applicable to a smooth flat plate.

2.4.2 The Velocity Boundary Layer and Friction Coefficient
Definitions. Two characteristic thicknesses associated with

the velocity boundary layer are the disturbance thickness or simply,

thickness, and momentum thickness. These two parameters are defined

as usual for a compressible boundary leyer as
disturbance thickness

§ =y for which u = 0.99 Ug (2-14)
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and momentum thickness

N
6=r01_ il
¢ pu (- u) dy (2-15)

The characteristic lengths of x, the distance measured in the
direction of flow from the starting point of the boundary layer,

and momemtum thickness, 8,5 can be incorporated in Reynolds numbers.

Thus,

Re, = e (2-16)
Ve
and
S,
R35 -.2e (2-16a)
2 Ve
where

Vo * kinematic viscosity evaluate. for free stream conditions.

The shear stress at the wall or surface, Teo is incorporated

*
into the skin friction coefficient

%*
The friction coefficient and Stanton number for flow over a liquid

film are defined herein on the basis of the free stram velocity and not

the relative velocity between the gas and the surface of the liquid.
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= > (2-17)

If the local value of shear stress is employed then equation 2-17
gives the local friction coefficient, and if an average vaiue of
the shear stress over same increment A is used, then equation 2-17

gives an average local friction coefficient. If the average value

of T is used based on the length x measured from the start of
the boundary layer, then equation 2-17 gives the overall friction
friction coefficient.

Integral Momentum Relation. For the same assumptions

presented in Section 2.4.1, the equation of motion, equation 2-10,

may be rewritten for the case of no entrainment as

puUZ + ooV = o (2-18)

where the right hand side of equation 2-10 has been contracted
to a single term and entrainment has been neglected. Equation

2-18 is subject to the boundary conditions

s’ S

n
o
| =

n

at y 0, opv (pv)S = ﬁ

0, =

n
O
| =

n

at y u pv

el

Taking into account the above boundary conditions and the equation
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of continuity, equation 2-18 can be integrated to obtain the integral

momentum equation in the form desired herein*; Thus

d62 m; 7
dx

)
7 (2-19)
Pele Pele
where 8, is defined by equation 2-15. The right side of equation

2-19 can be rewritten with the aid of equation 2-17 as

= (2-19a)

where c% = local friction coefficient

It should be noted that equation 2-15 is applicable at any length,
x, along the flat pilate on which the boundary layer is formed, i.e.,
no boundary conditions containing x are prescribed. Further, equation
2-19 is applicable for compressible flow with heat and mass transfer at

the wail, but cily for constant pressure.

The application of equation 2-19 tu the liquid film does not take into
account the surface velocity of the film Equation 2-17 and the right
hand side of equation 2-19 are, however, consistent in the use of the
free stream velocity, and hence, relate to the same surface shear
stress. The value of the mass transfer parameter, mg/peu » Was more
than an order of magnitude less in the subject investigation than the
other two terms of equation 2-19. As a result, the use of the free
stream velocity or the relative velocity of the gas with respect to
the liquid for this term is of no significance numerically.

P ———1 B [ g

R———
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Although the derivation of equation 2-19 neglected the influence
of entrainment, a derivation based on a control volume of the
integral momentum equation can be made which includes an entrainment
term (see Reference 24 for & representative control volume derivation).
Such a derivation shows that the influence of entrainment on the
growth of the momentum thickness is analogous to an additional sur-
face shear stress. Hence, the integrai momentum equation presented
in equation 2-19 remains valid except that the term Tg must be
thought of as an "effective" surface shear stress including the
effects of entrainment.

Velocity Profiles. The velocity profile in a turbulent

boundary layer is subject to correlation by several different
methods. The two methods which will be employed herein are:
(1) correlations based upon the friction ve]dcity, u_, and (2)
the power law relation.

In the correlation of the velocity profile by the first
method the boundary layer is divided into three regions. These

three regions are: (1) the viscous sublayer which is immediately

adjacent to the wall, (2) the wall regicn which extends from the
edge of the viscous sublayer to approximately 0.10 to 0.20 the

thickness cf the boundary layer, and {3} the cuter region or

wake region which extends outward from the wall region to incor-
porate the remainder of the boundary layer.

Figure 2 in Section 2.3.1 presents the universal law of
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the wail for an incompressible turbulent boundary layer on a smooth
surface. Figure 8 presents the generalized velocity distribution or
the law of the wall for a compressible turbulent boundary layer on

a smooth surface. The curves presented were taken from Deissler

and Loeffler, Reference 25. The dimensionless velocity parameter,

u+, and the dimensionless distance from the wall, y+, are definad as

= ‘lj— (2-20)

T

[~
n
-
w
©
w
N

and

yt = - T (2-20a)

for compressible flow.

The symbol g appearing in Figure 8 is termed the heat transfer

parameter and is written as

T L (2-21)

s's

“p

where 9 ~ heat flux at the surface, B/ftz-sec A positive value of
B implies heat addition to the boundary layer and a negative value
of 8 implies heat loss (cooling) from the boundary layer. The

three curves appearing in Figure 8 show the representative influence
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of heat transfer on the law of the wall profile. The viscous sublayer

is representea by the.equation

u =y (2-22)

and it extends to y+ = 5 for the adiabatic case. The law of the
wall extends from the viscous sublayer outward to y+ = 1009 to
3000, with y+ increasing for increasing Reynolds number.

The law of the wall for the adiabatic boundary layer was
empleyed herein to judge the accuracy of the measurements cb-
tained in the boundary layer over the test plate in the subject
investigation. Of the parameters appearing in equations Z-20 and
2-20a, the velocity, u, the distance above the surface, y, and

the shear stress, t_, were experimentally derived parameters.

S
Correlation of the boundary layers measured above the wetted
test plate further incorporated the heat flux, Q-

Figure 9 presents the velocity defect parameter for

turbulent boundary layers at constant pressure as a function of
the ratic of the distance fror the wall to the boundary layer
thickness (27). The curve is termed the universal velocity pro-
file for a turbulent boundary layer. The correlation represented
by the curve of Figure 9 is applicable to the correlation of the

outer region of an isothermal boundary layer beyond the extent of

TIPSR AAS. T TEEETREE TN
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the law of the wall (the curve of Figure 9 also overlaps a portion
of the law of the wall).

Table 2, reproduced here from Reference 2,presents the values
representative of the thickness or extent of the various regions
relative to the thickness of the boundary layer at several
Reynolds numbers for incompressible flow. The values shown in
Table 2 are approximately correct for the boundary layers studied

in the present investigatiorn at a Reynolds number of 107°

Table 2

Values of the Thicknecs Ratios for an Incompressible
Turbulent Boundary Layer for Various Length
Reynolds Numbers on a Flat Plate (1/7th power law)

Viscous Buffer Law of the

sublayer fayer Wall
R‘:"x ‘slam'l6 ‘sbuf/5 lelé
10° 0.025 0.152 -
106 0.005 0.030 1.000
107 0.001 0,006 0.201
108 0.6002 0.001 0.040
107 0.00004 0.0002 0.008

7

§ =0.4 in., Rex * 10" in subject investigation.

The "thinning down" of the various regions for an increase in

the Reynolds number is quite apparent. Reynolds numbers of the

6

order of 5.10" to 107 are representative of the values encountered
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in the present investigation.

Turning now to the power law correlation for the velocity

profile this well known relation is

1
u n
LI (ZQ
ue 6

The exponent 1/n varies between one third and one tenth

(2-23)

(constant pressure flow) depending on the surface characteristics

of the wall and the Reynolds number. For a single appropriate

value of the exponent equation 2-23 may correlate as much as

99 percent of a boundary layer, failing to do so only very close

to the wall. Such a range includes the entire outer region as
well as much of the wall region of the boundary layer. Since
virtually all constant pressure turbulent boundary layers can
be correlated by equation 2-23, the power law relation offers
not only a convenient representation of experimental data but

also suffices to evaluate the scatter of such data.

2.4.3 Influence of Various Wall Effects on the
Velocity Profile and the Friction Coefficient

Roughness Effects. Where & viscous sublayer {s present

the shear stress and heat flux at the wall are given as

= ,(9u
TS - u(dy)y’o

(2-24)
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and

.

qS a;.')y=0 (2'243)

The magnitude of the shear stress and heat flux are dependent on
the molecular properties of viscosity and thermal conductivity.
If the viscous sublayer is not present to act as a buffer to the
adjacent turbulent region, then the macnitude of the shear
stress and heat transfer will increase in general. The increase
~rises from the eddy contributions to the viscosity and thermal
conductivity. The relative thinness of the viscous sublayer
as noted in Table 2 makes this region susceptible to the effects
of surface roughness, and this in turn, leads to an influence
on the transport processes and the velocity profile in the
boundary layer.

In dealing with the influence of a uniform surface roughness
o the velocity boundary layer and the corresponding skin friction,
it is necessary to consider three "regimes" of roughness. The

three regimes are ciscribcd by the magnitude of the roughness

parameter defined as

Kpu, (2-25)

AY
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where

kr = effective height of the roughness protrusions.
For roughness generated artifically by sand glued to the inside
of a pipe the regimes of roughness are defined as follows (28):

1. Hydraulically smooth regime:

The size of the roughness is so siall that all protrusions
are contained within the viscous sublayer.

2. Transiticn regime:

h < rr-f_70
- v

Protrusions extend partly outside the viscous sublayer and the
additional resistance as compared with the smooth wall is mainly

due to form drag experierced by the protrusions in the boundary

layer.
3. Completely rough regime:
k u
LIo5 70
\Y)
All protrusions reach outside the viscous sublayer and by far the

largest part of the resistance to flew is due to form drag which

acts on them.

(2-25a)

(2-25b)

(2-25¢)
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The ratio of the height of the roughness elements, kr,to tie

radius the pipe is termed the relative roughness. The corresponding

definition for the case of rough plates is the ratio of kr to the
thickness ¢f the boundary layer §. Then, the foregoing delineation
of the regimes of roughness in pipes is applicable to flow over
rough flat plates if relative roughness is based on kp/8-

The roughness generated by the surface disturbances on a
liquid fiim is amenable to treatment by the roughness criteria
just discussed provided ;ome suitable value of kr can be obtained
(see Section 2.3.2).

The influence of surface roughness on the shape of the
velocity profile and on the magnitude of the friction coefficient
is well established (27)(28). The friction coefficient for a

particular boundary layer on a flat plate is unaffected by roughness

so long as the flow is hydraulically smooth. The friction coefficient

increases, however, as the effect of the roughness elements is felt
outside the viscous sublayer. Where this effect is present, the
influence of the roughness elements on the boundary flow is such

as to increase the friction coefficient and cause the velocity
profile to become less full, all other variables constant. The
recession of the velocity profile, which is caused by the increased
friction coefficient, is manifest by the decrease of n in the

exponent of the power law distribution
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The relative roughness of the liquid film in the subject investigation

can bo predicted qualitatively from the estimate of surface roughness

presented in Section 2.3.2. Assuming a surface roughness, kr of 0.005
yu
in. and a buffer layer thickness of 0.003 in. (for which —;1 = 30)

based on Table 2 for a Reynolds number of 107, the value of the
k. u
roughness parameter, —531 , 1s approximately 50. This corresponds

to the transition regime of roughness. The increase in the friction
k u
coefficient at the 1imit of the "rough regime" at ~I;1 = 70 is

approximately 65 percent for incompressible flow at the nominal
Reynolds number of 107 of the subject investigation (28). Hence,
the increase in the friction coefficient due to surface roughness

of the liquid film can be estimated to be approximately 40 to 50
K.u
percent based on the ratio of the predicted value of —Icﬂ-for the
k u

rv’ for the fully rough regime.

lig.id film to the vaiue of

Figure 10 presents the influence of the roughness parameter,

kruT

, on the law of the wall for incompressible flow. As the
value of the roughness parameter increases the law of the wall
shifts to lower values of the dimensionless velocity parameter
but remains parallel to the law of the wall for a smooth wall.

The amount of the shift of the curve for the previously predicted
roughness parameter of 50 is seen to be significant.

An investigation of annular flow with a hot ,°s in which the

friction coefficient was measured was performed by Mezey (30).

Mezey reports results obtained for annuiar film flow of water in a 1.5 in.
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diameter tube in co-current flow of heated air. The static pressure
was varied from 1 to 2 atm, air velocity from 40 to 207 ft/sec and
air temperature from 104 tc 355 F. Entrainment was present in a
portion of the investigation. For an air Reynolds number of 105
which is approximately one-third the equivalent value of the
subject investigation and an air temperature of 314F, Mezey re-
ports an increase in the friction coefficient for the liquid
fiim compared to the dry tube of from 10 to 60 percent for an
initial dimensionless liquid flow rate, W', from 30 to 120.
Entrainment was reported for those values of W in excess of 80
or 90 for the aforementioned conditions. Mezey noted one further
result of significance relative to the subject investigation,
namely, that the ratio of the wet wall to the dry wall friction
coefficient decreases with an increase in the temperature of the
air for a constant gas Reynolds number and dimensionless liquid
flow rate.

Discontinuous Surface Roughness. Related directly to the

nrevious topic of roughness is the aspect of a stepwise change
in surface roughness found in the present investigation. The

flow leaves the smooth surface of the lead section and enters

the test section where the surface of the film is rough. For

the transition from the smooth to the rough wall the variation
in shear stress in the boundary layer has the following

characteristics: (1) the shear stress at the wall increases
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stepwise to almost the value which will be identified with the fully
developed flow further downstream, and (2) the shear stress adjusts
to the new value at the wall by increasing from the wall outward

as the flow proceeds downstream, finally achieving a new distribution
at some location dewnstream. The preceding two points can be ex-
pressed in an equation for flow in a channel after Jacobs as

summarized in Reference 28. Thus,

T(xy) = g, - (1 - r,)e'”‘ay/"} ﬂ,;l (2-26)
where
B = shear stress for the flow in the smooth lead
section
Ta T shear stress for the flow in the rough section
y = distance from the wall
h = height of the channel

A qualitative estimate of the length required for a boundary layer
to adjust to a stepwise change in surface roughness can be obtained
from equation 2-26 by setting h equal to &§. If this is done, com-
plete adjustment of the shear stress distribution is achieved at

a length downstream of the stepwise change of approximately x = 20s.
This length corresponds to approximately 8 inches downstream of the

1iguid injector slot in the subject investigation.
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In the completely rough regime in incompressible flow the overall

friction coefficient is given by (28)

ce = (1.89 + 1.62 log %)72°3 (2-27)
£ k.

The similar expression for the overall friction coefficient for flow

over a smooth flat plate (turbulent from the leading edge) is

cq = 0.455(log Re ) 4+ (2-28)

On comparing equation 2-26 to equation 2-28 it can be seen that

as the roughness increases from hydraulically smooth to completely
rough, the friction ccefficient becomes a function of the roughness
of the wall as expressed by kr as well as a function of the history
of the flow as expressed by the Reynolds number or x. The foregoing
fact is of consequence in the present investigation where an initial
boundary layer was formed over a smooth plate and the boundary
layer was subseguently subjected to the influence of the surface
roughness of the liquid film. The above indicates that caution
must be exercised in relating the friction coefficient associated
with the fiow ovar the liquid fiim to the Reynoids number based on
an overall length of flow where a stepwise change in surface rough-
ness is present.

Heat Transfer Effects. The friction coefficient (and hence,

the velocity profile) is influenced by the temperature profile in
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the boundary layer through compressibility effects. The magnitude
of the influence in turn depends not only upon the temperature ratio
across the boundary layer but also on the ratio of the thickness of
the velocity .oundary layer to the thickness of the temperature
boundary layer, 6/a. Reference 31 presents in tabular form the
ratio of the local friction coefficient for flow with heat transfer
to the local friction coefficient for isothermal flow for Tow

Mach numbers at large Reynolds numbers and affinely similar 1/7
profiles of velocity and temperature. At the value of the ratio

of surface temperature to free stream temperature of the subject
investigation, namely 0.75, the increase in the friction co-
efficient is approximately 12 percent for &/aA ratios of 1 to 5.

The latter range of thickness ratios includes that range encountered
in the subject investigation. The predicted relative magnitude

of the influence of heat transfer on the friction coefficiznt is
seen to be approximately 25 percent of the corresponding influence
predicted for surface roughness.

iass Addition due to Evaporation. It was noted previously

that the case of simple mass addition is quite well documented
both analytically and experimentally. The value of friction co-
efficient decreases as the magnitude of the mass addition in-
creases. The velocity profile tends to become less full (power
law n decreases) and near the wall the velocity gradient becomes

less than for a flow over the same surface without mass addition.
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The magnitude of the mass addition due to 2vaporation of the
liquid film in the subject investigation was relatively small. 1In
the momentum integral equation, equation 2-19, the magnitude of the
ﬁ:/peue was approximately an order of magnitude or more, less than
the right hand side of the equation. If the evaporative mass
addition influences the friction coefficient for the flow over the
liquid film to the same extent as the same mass flux in simple
mass addition would, then the friction coefficient would be reduced
approximately 5 percent or less. The corresponding influence on
the velocity profile beyond the wall region would be slight.

It should be noted, however, that the addition of mass by evaporation
from the rough surface of the liquid film which also has a surface
velocity may present a situation entirely different from that of
simple mass addition (see Evaporation, Section 2.3.2).

Entrainment. The dray effects on the boundary layer caused
by entrained 1iquid result in an apparent increase in the friction
coefficient as was noted in the discussion of the integral momentum
equation. The velocity profile responds by receding as with an
increase in surface roughness but the recession of the velocity

profile is dependent on the x-y distribution of the entrained 1iquid.
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2.4.4 The Temperature Boundary Layer and the Stanton Number

Definitions. Analogous to the defining of characteristic
thicknesses in the veiocity boundary layer, two characteristic
thicknesses associated with the temperature boundary layer are:

thickness of temperature boundary layer

A =y for which T = 0.99 Te (2-29)

and enthalpy-deficit thickness

=g h-h
by = J e (1= Mhey g (2-30)
0

Lr—
Pele h-Ne
For the assumption of constant specific heat and a single
constituent gas the enthalpy terms of equation 2-30 can be

represented by their corresponding temperature.

The Stanton number is

q

s
peuecp(Te'Ts;7

S = (2-31)

If the heat flux term in equation 2-3! represents the local heat
flux, then the corresponding Stanton number is the local Stanton
number, Sx’ Similarity, if the heat flux term represents the average
value over some increment of flow length, then equation 2-31 gives

an average Stanton number, S.

Integral Energy Relation. Irn a manner similar to that

described for the integral momentum equation, the energy equation
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for the boundary layer, equation 2-1la, may be integrated subject to
the assumptions of Sectisn 2.4.1 to obtain the integral energy
equation. Thus (31)

ffg + o | 'd{aT) 1_ Mg -
dx 2 | a7 dXqu

q

s
peuecp(Te-Ts) (2-32)

The bracketed term on the left hand side of equation 2-32 accounts
for a changing temperature potential with length. The right hand
side of equation 2-32 is recognized to be the Stanten number. Like
the integral momentum equation, the integral energy equation above
is applicable for compressible flow with mass transfer but is
restricted nerein to a constant pressure and low speed flow.

The integral energy equation relates the change in the
enthalpy-deficit thickness to the Stanton number. The enthalpy-
deficit thickness can be determined experimentally, and hence,
equation 2-32 written in finite difference form can be employed to
determine the Stanton number once values have been ascribed to the
second and third terms on the left hand side of equation 2-32.
This technique was employed to evaluate the data obtained in the
subject investigation.

Tenerature Profiles. Two correlations applied herein to

the temperature profiles ave: (1) a dimensionless correlatior
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analogous to the law of the wall for the velocity profile, and (2) the

power law relation.

Figure 11 presents the dimensionless temperature parameter for

the temperature boundary layer as a function of the dimensionless

distance from the wall for a smooth surface. The curves presented

were taken from Deissler and Loeffler, Reference 25. The

dimensionless temperature parameter, T+, is defined as

T
1- o
* o (TS-T)C;TS _ T

qgu, B

where B is defined in equation 2-21. The dimens.onless distance

(2-33)

from the wall, y+, is defined by equation 2-20a for compressible flow.

The three curves in Figure 11 display the influence of heat trans
on the dimensionless temperature profile. The profiles in Figure
11 have corresponding regions based on y+ similar to the viscous
sublayer, the buffer layer and the law of the wall.

The dimensionless profile of Figure 11 was employed to
correlate the temperature profiles measured above the wetted test
plate. As in the case of the law of the wall such a correlation
involves several experimentally determined parameters and thus,
affords a check on the consistency of the experimental data.

The power law correlation for the temperature profile is

defined as

fer

(2-34)




J3J0JANS YIOo0WS ° U0 43A2

Aaepunog Jua|nNG4an] 3|qLssaudwo) ® JOJ UOLINGLAISLQ 34NJRUIAUI| PIZL|RAAUIY [ MnbLd
+K ‘a93wnidg 35uDI8IQ 1I0OM
000DI 000S 0002 000! 00S 002 00! (0] 0¢e ol ] l | o
!
\\
\\ -
(0]
o Gl
Vel
L+ 1T
(0T
G2
\\X\
= o¢
(| S00-=¢
[ €20:d G2 ®usie oy
i [ I | ce

d ‘4ejowoind sunjosedwey

+

R W T TR S =<




66

The properties and uses of the power law expressed by equation
2-34 are quite analogous to those discussed for the same correlation
applied to the velocity in Section 2.4.2 and will not be repeated

here.

2.4.5 Influence of Various Effects on the
Temperature Profile and the Stanton Number

Reynolds Analogy. The Reynolds analogy relates to the fact

that the transport mechanisms involved in momentum, heat and mass
transfer are similar when such transfer processes are occurring.
The similarity is present in the relationship of the magnitudes of
transfer coefficients to one another and also to the shape of the
appropriately defined profiles of velacity, temperature and con-
centration in the flow field. In the subject investigation it is
the relationship between the momentum and heat transfer processes
which is of principal interest since these were evaluated
experimentally for the un:table liquid film.

The direct correspondence between the friction coefficient

and the Stanton number by Reynolds analogy is

c;
T = Sx (2-35)
for P = Pt =1,
Equation 2-34 is, in general, not exactly valid, the Stanton

numoer being greater or less than indicated depending on the tlow
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situation (excluding restrictive cases such as adiabatic flow).
Nevertheless, equation 2-35 displays a remarxable degree of agree-
ment in a wide variety of flow situations. The validity of Reynolds
analcgy for the case of gaseous flow over an unstable 1iquid film
was examined in the subject investigation. The identification
of such validity in any unusual flow situation is most informative.
The validity of Reynolds analogy in the unusual flow implies that
the description of the transport mechanisms is not substantially
different from the description of the same transport mechanisms
in other flow situations wherein Reynolds analogy is known to be
valid.

With respect to the velocity and temperature profiles in
the Loundary over the liquid film Reynolds analogy, if it is
present, implies that the influence of a certain effect such as
heat transfer on one profile will be similarly reflected in the
other profile. The generalized velocity and temperature distri-
bution presented in Figures 8 and 11 disp’ay the similar influence
of heat transfer. In the subject investigation, however, certain
aspects of the flow were c:fferent from say, those associated with
the flow of a gas over a smooth isothermal plate, a case where the
direct Reynolds analogy is approximately valid. Twn principal
differences, the effect of which on Reyno’ds analogy will be noted,
were the discontinuity in surface temperature occurring at the
injector slot and the surface roughness of the liquid film. The

results of studies relative to these two effects are available and
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permit some discussion relative to the subject investigation. The
influence of the finite velocity of the surface of the liquid film
on Reynolds analogy and the corresponding influence on predictions
based on the analogy has apparently not been established.
Roughness. The influence of surface roughness on the heat
transfer coefficient is such as to cause it to increase as the
rriction coefficient does but at a lower rate. The rate of heat
transfer immediately adjacent to a surface, no matter how irregular
the surface may be, is dependent on a molecular property of the
fluid, i.e., thermal conductivity. On the other hand shear stress,
augmented by rougnness, is transmitted to the surface as a form
drag on the roughness element. Hence, it would be expected that
the expression of Reynolds analogy as given by equation 2-35
would show a divergent trend for increasing surface roughness.
Such an effect has been identified (32) The magnitude of the
effect is, however, relatively small for flow regimes from
transition to fully rough flow.

Discontinuous Wall Temperature. The problem of heat trans-

fer in a turbulent flow over a smooth surface having a stepwise
discuntinuity in surface temperature has been examined both
analytically and experimentally (33)(34)(35)

The results of such work indicate that for the incompressible
flow of air with a uniform free stream velocity the Stanton number
for the flow with a stepwise discontinuity can be related to the

Stanton number for flow over a surface of constant temperature
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through a length ratio. The length ratio is the ratio of the length
of flow before the temperature discontinuity to the totai length
of flow. The expression correlating the work of Reynolds et al (35),

in terms of the present nomenclature is

1
97T
e |- (x—°)m : (2-36)
i _i
where X, = length of l2ad section
x = total length of flow

+ -
X, (x xO)

S = Stanton number for stepwise change in wall
tenmperature
S. = Stanton number for constant wal! temperature

Equation 2-36 shows that the value of the Stanton number after the
surface temperature discontinuity is greater compared to the Stanton
nunber for a constant surface temperature. This result is due to
the fact that the temperature boundary layer after the discontinuity
is thinner than if it had started growing at the initiation of the
boundary layer and subsequently grew over a constant temperature
surface. As a result the temperature gradients through the tempera-
ture boundary layer are steeper and the heat transfer is greater
than it would be for the flow over a constant temperature surface.
:n the subject investigation the length of the lead section
was 1€ in. while the lenyth of the test plate was 22 in. For the

foregoing dimensions equation 2-36 predicts an average increase
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