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ABSTRACT

AN EXPERIMENTAL STUDY OF THE BOUNDARY-LAYER
CHARACTERISTICS FOR TWO-PHASE (GAS-LIQUID
SPRAY) FLOW OVER A CIRCULAR CYLINDER

by Harold E. Wright

This research is concerned with the transverse flow of a two-phase
(air-water spray) mixture over a right circular cylinder for a range of
gas Reynolds numbers from 1 x 10% to 2 x 10%, with mass ratios of water
to air less than 0.1. The particular area of investigation is the
region of the flow field where the boundary-layer separates from the
cylinder.

This research includes an experimental investigation of the flow
field in the region of the cylinder and some of its boundary-layer
properties. As a result of the investigation two experimental tools
for two-phase boundary-layer studies were successfully developed: A
technique for the measurement of the pressure profile was developed,
utilizing liquid-filled pressure lines from which a small amount of
water is injected into the liquid boundary layer. For the case con-
sidered, a maximum error of 5.2 per cent was found at the point of
pressure minimum in comparison with a standard method in single-phase
flow. The second technique developed was a method for visually
observing the point of boundary-layer separation. A mixture of
distilled water and wetting agent was injected into the liquid boundary

layer, which promoted the formation of small gas bubbles, whose motion



disclosed the point of boundary-layer separation. The results of these
observations agreed with those interpreted from the observed pressure
profiles.

The pressure profiles were measured for the case of two-phase flow
for a gas Reynolds number of 5.64 x 10% and three different water
nozzle pressures. In each case the point of pressure minimum shifted
downstream approximately 6 degrees while the separation point shifted
downstream 14 degrees when compared to single-phase flow at the same
gas Reynolds number. The rate of growth of the liquid-boundary-layer
thickness was observed to be high in the region between the point of
pressure minimum and the separation point. A bubble of water was
observed to be located downstream of the separation point, and vortices
were observed. It was by these vortices that water was discharged
from the cylinder. It is believed that the presence of the relatively
thick liquid boundary layer in the region of the separation point and
the presence of the water bubble provided the external flow with a
contour sufficiently different from a cylinder to produce the observed
reduction in the slope of the pressure profile in this region.

Two analytical models were considered: the first assumed a
laminar boundary-layer system, while the second considered turbulent
flow. Neither analytical model gave good agreement with experimentally-

observed separation points.
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CHAPTER 1I

INTRODUCTION

1.1 General Discussion and Purpose

One of the first examples of artificially created two-phase flow
for the purpose of significantly increasing the attainable levels of
surface heat-transfer rates was accomplished in the nuclear power
field by addition of solid particles, such as graphite dust, to the
coolant flow (1l). Following this Elperin 1961 (2) reported in the
Russian literature that, by the addition of a small amount of water
in droplet form to the coolant air, it was possible to increase the
surface heat-transfer rate by an order of magnitude in flow across a
bundle of tubes.

Until Elperin published his paper on two-phase flow the major
emphasis was the investigation of such flows in open and closed
conduits. One of the first major contributions in the field of two-
phase flow was by Martinelli et al. in 1941 (3), which was superseded
by a Lockhart and Martinelli article in 1949 (4). These publications
attempted to develop a procedure for the calculation of pressure loss
in pipes for each of the four possible modes of flow:

1. Liquid and gas in turbulent flow.

2. Liquid in laminar flow and gas in turbulent flow.

3. Liquid in turbulent flow and gas in laminar flow.

4. Both liquid and gas in laminar flow.



Later McManus 1956 (5) made an extensive experimental investi-
gation of the flow properties for a two-phase (air-water) flow in
circular tubes. Here pipe flow in horizontal flow and vertical
up-flow and down-flow configurations were considered. The investi-
gation considered a range of from one-hundred-per cent air to
one-hundred-per cent water for each pipe configuration.

The purpose of the present study is to investigate boundary
layers which are developed on a circular cylinder when subjected to
transverse flow of a two-phase mixture. The two-phase mixture is to
be composed of air as the primary fluid stream, which is conveying a
small amount of liquid (water) in droplet form.

The two-phase mixture will develop on the leading surface of the
cylinder surrounding the stagnation point two hydrodynamic boundary
layers and, for the case of a heated or cooled cylinder, two thermo-
dynamic boundary layers. These boundary layers are composed first of
a liquid film which wets the cylinder, and overlaying this film
(boundary layer) will be a two-phase mixture boundary layer. This
assumes that water droplets will flow in the gas boundary layer, so
that it is in fact a two-phase boundary layer. In general, there will
also be a thermal boundary layer within the liquid boundary layer and
one within the gas (two-phase) boundary layer, possibly extending
beyond the hydrodynamic boundary layer into the free stream. This
makes a possible total of four boundary layers, two hydrodynamic and
two thermal.

For the case of transverse flow over a cylinder the curved
surface will provide the necessary conditions for the development of

a pressure gradient in the flow direction. This gradient for the case



of low-speed flow will first be negative and later be positive. One
would assume that it is possible for boundary-layer separation to
occur in the region of the positive pressure gradient. This indeed
takes place, and as a result of this separation the local heat-transfer
rate is affected. The region of flow in the neighborhood of the
separation point is the major subject of this investigation.

The present investigation was divided into three distinct parts:
First, an analytical investigation of the boundary layer was developed,
as presented in Chapter II. Two flow models were considered, both
utilizing numerical procedures for their solutions. Chapter V presents
the numerical procedures and the computer programs for the two models.
The results of the analytical investigations are given in Chapter VI.
The second part of the investigation was the collection of the re-
quired experimental data for the above computer solutions. Chapter III
presents a description of the apparatus, and Chapter IV presents the
experimental procedure, including a description of the technique
developed for the measurement of the pressure profile around the test
cylinder. The third segment of the investigation was the experimental
determination of the boundary-layer separation point. The system
developed for this observation is presented in Chapter IV, and the
results are given in Chapter VI.

Discussion of the results is given in Chapter VII. Included

there are also conclusions and recommendations for further research.



1.2 Some Theories of Boundary-Layer Behavior

in Two-Phase Flow

A brief history of the development of some of the boundary-layer
theories for two-phase flow will be reviewed. In order to keep the
history brief only those articles pertaining to gas-liquid droplet and
gas-solid particle flow will be reviewed.

Chiu 1962 (6), assuming laminar flow, made an analysis for the
case of two-phase (gas-solid particle) flow over a flat plate. Two
salient features of the analysis may reflect similar situations for
the problems at hand.

The first was the assumption of laminar two-phase flow. Here a
gas flow which initially is assumed laminar will remain laminar,
providing the solid particle Reynolds number remains in the neighbor-
hood of unity. The mechanism which would cause the flow field to
become turbulent was the wake produced by the particle. For this
analysis the solid particle Reynolds number was determined by the

expression

d(Us-Uq)

Red = _\)— (1.1)

where d is the diameter of the particle, Un-Ug the velocity difference
between the gas and the particle at infinity and v the gas kinematic
viscosity. It should be observed that a velocity difference of ten
feet per second would limit the particle diameter to a few microns.
This places a rather severe constraint on the system, as in most
practical cases the liquid droplet diameter would be much greater than

a few microns. 1In fact the particle momentum must be sufficiently



high in order that the particle may cross the gas streamlines and
impinge upon the cylinder.

The second item of importance was the assumption that the solid
particles did not contribute to the pressure of the system. Thus,
the system pressure was equated to the partial pressure of the gas.
For the case of small mass ratios of water to total mass flow,
negligible blockage of the tunnel may be assumed.

Tribus 1952 (7) made an analysis of the trajectories of water
drops around streamlined bodies. Here the investigation was con-
cerned with the icing of surfaces. Two significant conclusions were
made. First, the liquid catch rate is strongly controlled by the
droplet size. The larger drops would cross the gas stream lines and
impinge on the cylinder, while the smaller drops are deflected by
the gas streamlines and may flow around the cylinder without making
contact. The second conclusion was that only the section of the
cylinder near the stagnation point was wetted by the drops. The
included angle of the wetted surface is a function of droplet size.
This analysis would indicate that one should explore those systems
that provide large droplets and relatively low gas stream velocities,
if the objective is to increase the level of heat-transfer rate.

Tifford 1964 (8) made an analysis of two-phase flow (gas-liquid
spray) for the case of flow over a flat plate. Again no pressure
gradient existed, and flow separation could not take place. Because
of the assumptions that were made, the results only predicted that
the heat-transfer rate and wall shearing stress could be maximized.
Thus, for given free-stream single-phase flow conditions there exists

an optimum liquid spray rate. Here it was assumed that the flat plate



6
was isothermal, and that the velocity and temperature at the outer
edge of the liquid film remained constant.

Goldstein, Yang and Clark 1965 (9) made an analytical investi-
gation of the liquid film formed on a cylinder in two-phase flow.

This analysis was based on the assumption that the flow remains
laminar. The analysis also assumed that the cylinder liquid catch

rate was controlled by the particle trajectory. The trajectory
analysis followed the énalysis as outlined by Tribus (7). In order

to solve the problem, the pressure on the cylinder was assumed to be
the same as that developed by single-phase flow (given by Ug = 2U,sin¢).
The shear stress between the liquid film and the gas boundary layer
was assumed to be the same as that produced by single-phase flow over
a dry cylinder. Further, the analysis only gave results for that part
of the cylinder where the potential flow was still accelerating. Thus,
only a negative pressure gradient was experienced. This condition did
not yield a separation point.

One should note that all analyses performed to date have assumed
the flow to be laminar, providing a more accessible route to a solution.
However, an assumption of turbulent flow is well worth considering.
There are several basic reasons for assuming turbulent flow. First,
Kestin and Maeder (10) found that the rate of local heat transfer
in the region of the forward stagnation point may be doubled by

increasing the free-stream turbulence intensity €, defined by

1
‘/ 3 (u'2+v'2+w'2)
€ = (1.2)
U

[e e}




where u', v' and w' are nonsteady velocity disturbances in the flow
field. This is especially true in single-phase flow if the initial
intensity is less than one per cent. Another reason for considering
turbulent flow is that separation of the boundary layer is changed in
turbulent flow conditions. As an example, consider a flow Reynolds
number of 1 x 10%. For laminar flow over a cylinder the separation
point is approximately 80 degrees from the stagnation point. For
turbulent flow and the same Reynolds number, the separation would

shift behind the 90 degree point.



CHAPTER 1II

ANALYSIS

2.1 General Description and Objective

Let us restate the purpose of the investigation and then formulate
two analytical models. The objective of this study is to investigate
the transverse flow of a two-phase (air-water spray) mixture over a
right circular cylinder for a range of gas Reynolds numbers of 1 x 10"
to 2 x 10° and mass ratios of water to air less than 10 per cent. For
single-phase flow this would be in the regime of subcritical flow and
the phenomenon of flow separation would occur with separation forward
of the 90-degree point. The particular area of investigation is the
region of the flow field where the boundary-layer separates from the
cylinder. A preliminary experimental investigation had established
the fact that the boundary layer does indeed separate.

For both analytical models, the flow at a great distance upstream
from the test specimen is assumed to be a homogeneous mixture of
saturated air and water droplets. Both the velocity of the air and
the velocity of the water droplets are assumed to be known, while only
average droplet size distribution is obtainable.

Martinelli (3) classified two-phase flow in pipes into four
possible modes of flow:

1. Liquid and gas in turbulent flow.

2. Liquid in laminar flow and gas in turbulent flow.



3. Liquid in turbulent flow and gas in laminar flow.

4, Both liquid and gas in laminar flow.
He considered two-phase pipe-flow regimes where the conduit can be
divided into two distinct regions, the first region conveying liquid
and the second gas. Separating the regions in a gas-liquid interface
whose average surface is parallel to the direction of flow. He found
for the case of pipe flow that the first mode was realized only with
large liquid to gas mass ratios, and that third mode was impossible
to achieve and the fourth possible only for the flow in a capillary
tube. These conditions might be thought equally possible to exist
for the external flow problem. With this as a guide the following
models are presented: Section 2.2 presents the laminar gas boundary-
layer model for both liquid and gas in laminar flow. Section 2.3
presents the gas boundary-layer model for liquid in laminar flow and

gas in turbulent flow.

2.2 Gas Boundary-Layer Model for Both Liquid and

Gas in Laminar Flow

This mode of flow assumes that both the liquid film on the
cylinder and the gas boundary layer on top of the liquid film are in
laminar flow. This is a reasonable assumption when the droplet
Reynolds number is in the neighborhood of unity, according to the
results of Chiu (6) quoted in Section 1.2. We assume that the gas
boundary layer will not separate from the cylinder before the liquid
film separates, since preliminary experimental evidence indicates a

single separation point.
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For the complete laminar flow system the following assumptions
are imposed on the solution:

1. The flow is taken to be two-dimensional, and laminar within
the boundary layer.

2. On top of the liquid film a gas boundary layer forms, which
joins the flow in the liquid film to the external flow field. The
usual boundary-layer assumptions are assumed to apply in this region.

3. Surface-tension effects on the surface of the liquid film
are neglected.

4. The effects of compressibility and of heat generated by
dissipation can be ignored for the case of low-speed flow.

5. For that region of flow over a right circular cylinder, up
to and including the point in the flow field where separation takes
place, the effects of gravity are assumed negligible. This assumption
is supported by the results, reported in Appendix A, of a study by
the author of horizontal flow over a vertical cylinder. When dye was
injected into the boundary layer, the mean flow of the dye followed a
horizontal path up to the point of separation, indicating that the
gravitational force was negligible in comparison to the other forces
acting on the boundary layer.

6. All fluid properties will be taken as constant; e.g., the
liquid and gas are separately assumed incompressible.

7. No appreciable vaporization occurs.

8. Under certain conditions waves may be formed on the surface
of the liquid film, and splashing or bouncing may occur at this

surface. These effects are neglected.
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9. The envelope formed by the liquid film which is developed on
the cylinder produces essentially a circular cylindrical surface.

With these assumptions, the von Kdrmédn integral equation and
associated boundary conditions are formulated for the outer gas

boundary layer from the elementary volume shown in Figure 1:

2 L
d dUg _ dp
p a—x-(Jo (US-U) Udy) -p = Jo Udy = 19 + & ax (2.1)
U=Up at y = o
U=Ug at y =2

where Ug and U are velocity components, x is the coordinate along the
interface between the liquid film and the gas boundary layer while

y is the coordinate normal to the interface and measured from the
interface, p is the gas density, tg the shear stress at the liquid-gas
interface and % is the constant distance from the liquid-gas interface
to a layer arbitrarily selected in the external flow. From the well-
known Prandtl boundary layer analysis, "there is negligible variation
in pressure through the thickness of the boundary layer for regions
not near the stagnation point." Hence the Bernoulli Equation can be
put into the form

dP _ dUg

a;- - OUSEX—- (2.2)

Substituting Equation (2.2) into Equation (2.1) results in

g

L dug L
J (Ug-U) Udy) +p a;—-J (Ug-U) dy = 19 (2.3)
0 0
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The boundary-layer thickness § is defined as the distance measured
from the liquid-gas interface to the point where the external velocity
prevails. This point is reached asymptotically. On the other hand, a
practical definition of &§ is that distance from the liquid-gas inter-
face to a point where the velocity differs by one per cent from the
external velocity. The integration limits in Equation (2.3) may now
be changed, since in the range § <y < & the term U,-U in the integrands
of the left side of the equation is equal to zero. The equation can
further be written in a simpler form when the following definitions are

used for the boundary layer displacement thickness 6% and the momentum

thickness 6

§
§% = fo (1 - 8—) dy (2.4)
S

D
m

8
fo a - %—-)%— dy (2.5)
S S

First changing the integration limits of Equation (2.3) to run from
0 to 6 and then utilizing the definitions of Equations (2.4) and
(2.5) results in

dUsg

d .2
P ax (US 8) + DUsﬁ*
dx

= Tp (2.6)

Equation (2.6) is a form of von Kdrmdn's integral equation. The
only new feature of the present treatment appears in the boundary
conditions used in the evaluation of §* and 6. Here, a boundary con-
dition is no longer given by U = 0 at y = 0 but rather U = Uy at y = O.
Further it is not expected that &% and 6 would have the same typical

values as found in single-phase flow.
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The information desired from the above equation will, to some
extent, dictate the most desirable method of solution and hence the
form the equation takes on for this analysis. The major item of
information of current interest is an estimate of the boundary layer
separation point, and in particular the role of the film velocity Ug
at y = 0 in altering the separation point. Curle 1962 (11) published
a comparison of the approximate methods of solution for the incom-
pressible laminar boundary-layer equations. Here one finds that any
of the standard methods of solution provides an estimate of the
separation point. Further, if detailed distribution of skin-friction
is sought, any method is satisfactory, with the qualification that
for flow which starts from a stagnation point rather than a sharp
leading edge, the Stratford-Curle method is only used downstream of
the pressure minimum.

The solution of Equation (2.6) requires knowledge of the velocity
distribution in the gas boundary layer in order to evaluate &% and 6.
A velocity distribution as outlined by Pohlhausen (12) and cited by
Curle (11) is assumed to exist. The velocity dependence on y at any

given x is assumed to be of the form

c

[ £(n) (2.7)

Now the boundary conditions to be satisfied by the local velocity U

are
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U P 32U J%U
U=Uy(x), o0 —=-—+u (5, +,) aty=0 (2.8)
9x X ax ay
and
2
u-ug = 0, =0, ¥V =0 aty = 6 (2.9)
2
ay ay

The second boundary condition of Equation (2.8) is the Navier-Stokes
equation of motion in the x direction evaluated at y equal zero (v and

w are assumed zero at this point). The second boundary condition of
Equation (2.9) is a result of vanishing shear stress at y equal § and
the third condition is arbitrary as in Pohlhausen (12). Since we have
five independent boundary conditions, an approximation to the velocity
profile may be assumed as a polynomial in n with five coefficients which

are functions of x that can be determined from the boundary conditions:

U
a—-= a+bn+cn? +dnd + ent (2.10)
s

As will be seen in the discussion of initial conditions following
Equation (2.15), the solution is obtained in two parts: a small
neighborhood of the stagnation point where the flow is assumed to be
the same as single-phase flow and the region outside this neighborhood.
For analytical convenience U, will be assumed independent of x in

each part of the solution with a discontinuity between the two. As

may be seen in Figures 38 to 40 there is actually a considerable
variation in the experimentally observed values of U,. But it is found
that the solution of Equation (2.15) is relatively insensitive to

variations in Up-
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The second boundary condition of Equation (2.8) and the Bernoulli

Equation (2.2) then yield for the coefficient ¢ of Equation (2.10)

_ 1._0(52 dUg
c= - (2.11)
_ 1
= -3 A
where A is a dimensionless parameter defined by
_ 62 dUg
N E (2.12)

After some algebra and utilizing the definition of Equation (2.12) one

may obtain the velocity profile in the form

U U U
u .0 S0 Ay oA 0. AN 3
US—US+2(1 Us+l2)n >N +2(US 1+3) ndy
Ug A
- — _ 4 L
(1 o, " © (2.13)
Yo
Setting 1 - T B one obtains
S
u__ A A A Ay
@-1—3+(€+23)n-5n2+(5-23) nd+ (8-%n (2.14)

It may be observed that the new parameter B characterizes the change
in velocity across the gas boundary layer. Substituting Equation
(2.14) into Equation (2.6), one obtains, after some algebra, the

boundary-layer equation in the form
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o I "
UgU
sSVYSs sVvs
9072+(295.2R-1965.6)A+(80.4-33R+4.8 A2+(1 + A3
dY _ 0.8U ( (Ug)z) ( (Ué)z)
d¢e Us 5u44.328-331.282+(36.68-45.36)A-A2
b ad
(2.15)
where
§v2 Re
v R 7
= X
¢ = R
Re = QRUoo/\)

Us and Ug are derivatives with respect to x

It should be observed that for the case of flow over a dry cylinder
Ug vanishes and B is equal to unity. For this case Equation (2.15)
reduces to the Pohlhausen Equation (12).

The initial value of Y at ¢ = 0 is unknown, but may be determined
as follows from the requirement that the right-hand side of Equation
(2.15) remain finite as ¢ + 0, where Ug and Uy are zero, and the
assumption that in a small neighborhood of the stagnation point the
flow is the same as in single-phase flow so that B = 1 in this
neighborhood. For dY/d¢ to be finite at the stagnation point the
numerator must also vanish. The value of A to force the numerator

to vanish when Ug = 0 and B = 1 is obtained from the expression
9072 - 1670.4x + 47.4x%2 + A3 = 0 (2.16)

For a physical solution to the problem, A must be real and positive.

The root which satisfies this condition is
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A = 7.052 (2.17)

This then is the initial vélue of A, which determines the initial value
of Y as follows. Returning to the definition of A and Y, we may

write

§ Re
Y= 7
Us (2.18)
\ - §2 dUg _ v d 0
T v dx dx

Under the assumption of potential flow outside the boundary layer Ug

is given by the expression

Us = 2Uesing (2.19)
whence
U
d 53
W: 2 cosd (2.20)

Evaluating Equation (2.20) for ¢ equal to zero and substituting the

results into Equation (2.18) yields

A= 2Y

or (2.21)

o
1]

3.526

Equations (2.17) and (2.21) are now the initial conditions for ¢ equal
to zero. Two different procedures have been used to give Ug. The
first procedure assumed that the external potential flow Equation
(2.19) applies for all ¢, giving the required second derivative very

accurately. The second procedure used a measured pressure profile
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and calculated Ug from the Bernoulli Equation, requiring a second
derivative from the numerical data, and did not successfully predict
separation in the cases considered. For the studies of the effect
of the choice of the constant Yo the first procedure was used.
If we assume, as in single-phase flow, that separation will take
place when the shear stress at the interface vanishes, we may write

from Equation (2.1u4)

T = U — = (- + 2B) =0 (2.22)
0 By_ § °6
y=0
or
)
A=-128 = - 12 (1 - —) (2.23)
s

at the separation point. (A more appropriate criterion might be the
vanishing of the shear stress at the solid surface.)

The solution of Equation (2.15) to determine that value of ¢ for
which A satisfies Equation (2.23) requires values of U, and its first
two derivatives.

All that remains is to patch the initial conditions, the value
of Uy and the flow properties at the edge of the boundary layer
together. TFor this purpose the single-phase flow pattern is assumed
to exist with Uy = 0 and B = 1 in a small but finite neighborhood
® < o, of the stagnation point. The neighborhood must be large enough
that B will be positive for any values of U, used outside of the
neighborhood. Solutions were obtained for the three cases of ¢, equal

to 0.1, 0.2 and 0.3 radians in order to determine whether the solution
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was sensitive to the choice of ¢3. It was found relatively insensitive
in this range, and ¢y = 0.1 radian was used for the remainder of the
investigation. Five solutions were then obtained with the constant
value of Ug in the region ¢ > ¢ chosen to be 1, 2, 3, 4 or 5 per cent
of Us to test the effect of variations in Uy on the location of the
separation point. As the results given in Section 6.4 show, the
separation point is quite insensitive to the value of Ug chosen in

the range considered. One now seeks values of ¢ which would yield

the location of the separation point for various values of Up. The

results are presented in Section 6.4.

2.3 Turbulent Gas Boundary-Layer Model for Liquid in

Laminar Flow and Gas in Turbulent Flow

The existence of a laminar gas boundary layer was based on the
assumption that the droplet Reynolds number was of the order unity.
This assumption required both a small droplet diameter and a small
difference between the droplet and gas velocity. For the case of real
processes this may be difficult to realize and thus Reynolds numbers
outside the regime of Stokes flow (Schlichting (13), Figure 1.5) may
occur. Under these conditions appreciable disturbances may be
generated by the wake which is formed behind the droplet. From this
an increased intensity of turbulence may be precipitated in the free
stream.

The following assumptions are imposed on the solution of the
turbulent gas boundary-layer model.

1. The gas boundary layer which joins the liquid film to the

external flow is assumed turbulent.



20

2. Surface-tension effects on the surface of the liquid film
are neglected.

3. The effects of compressibility and of heat generated by
dissipation can be ignored.

4. The effects of gravity in the gas boundary layer are
neglected.

5. All fluid properties will be taken as constant.

6. No appreciable vaporization occurs.

7. Under certain conditions waves may be formed on the liquid
surface. Considering the case of a turbulent gas boundary-layer model
it is assumed that such a phenomenon would only produce an increased
intensity of turbulence.

8. The envelope formed by the liquid film produces essentially
a cylindrical surface.

9. From the results of Section 2.2 given in Section 6.4 it was
found that the presence of the velocity Ug, which for that analysis
of laminar flow was assumed constant, had little effect on the rate
of growth of the boundary layer and the displacement of the separation
point. It is assumed that Up will have negligible effect on the
growth of the boundary layer and the location of the separation point
for turbulent gas boundary layer. Under the limitations of these
assumptions a turbulent gas boundary layer is investigated with the
aid of a semi-empirical method to be discussed. The objective here
is to investigate the relationship between the boundary-layer
separation and parameters of the semi-empirical method.

From Schlichting the momentum integral equation for the turbulent

model is obtained in the form
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To d dUS
_— = — (Usze) + & US —_— (2.24)
dx dx

©

where 6% and ¢ are defined by Equations (2.4) and (2.5) respectively.
Equation (2.2u4) has the same form as Equation (2.6), since they apply
to the laminar and turbulent boundary layer alike, as long as no
statement is made concerning t,. As in the case of laminar flow
several methods exist for calculating the boundary-layer properties.
The method best suited for a particular problem depends upon the
information desired and the available experimental data. Currently
the information pertaining to the separation point is desired.

For this problem we utilize an experimental pressure profile.
We also obtain a set of initial conditions by using the single-phase
flow solution as in Section 2.2 for a neighborhood of the stagnation
point. This would represent the minimum required information for a
meaningful solution to Equation (2.24). Von Doenhoff and Tetervin (1lu4)
developed a method for the calculation of the turbulent boundary-layer
characteristics, requiring as minimum information a set of initial
conditions and the pressure profile. We assume that the method of
calculation by von Doenhoff and Tetervin is adequate for this study.
A more detailed discussion of the methods of calculating the turbulent
boundary-layer characteristics, whicb utilize either the momentum inte-
gral equation or the energy integral equation, can be found in the cited
reference of Schlichting (13).

Von Doenhoff and Tetervin showed from analysis of experimental data
that the boundary-layer profile was a function of a single parameter

H (the ratio of the boundary-layer displacement thickness &% to the
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momentum thickness 6). They developed an empirical equation in terms

of the rate of change of H

d 4.680(H-2.975) 8 dq 2q
g — =e - — " —" - 2.035(H-1.286) (2.25)
dx q dx T
0
1

where q is the velocity pressure (q = §'pUSZ). Equation (2.24) can
be put into a more convenient form for numerical calculations. The

introduction of H and 8% into Equation (2.24) yields

a6~ (H+2, 6 dq _
dx+(2)qu_

2k

(2.26)

Equation (2.25) and Equation (2.26) represent a system of semi-empirical
equations for the turbulent boundary layer.

The shear stress is still unknown. In single-phase flow Squire and
Young (15) have proposed the empirical formula

29
T

2
N l:5.890 log, (4.075 ReeZ] (2.27)

where Reg is the Reynolds number based on the momentum thickness. In the
absence of experimental data for two-phase flow, we tentatively assume
that the same formula applies.

The turbulent boundary-layer properties can now be obtained from
the simultaneous solution of Equations (2.25), (2.26) and (2.27). It
should be observed that the empirical equation for dH/dx, Equation
(2.25), and the momentum equation, Equation (2.26), represent a
system of first-order differential equations, which can be solved

numerically with a step-by-step calculation once the initial conditions
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are known. The solution for the system of equations is completed
once the separation point has been reached.

At this time a criterion for the establishment of the region of
separation is required. In single-phase flow Gruschwitz (16) estab-
lished a criterion that separation was imminent when H increased to
a value of 1.85. Von Doenhoff and Tetervin found that single-phase
flow separation would take place for the range of values of H between
1.8 and 2.6. For the first attempt at this analysis the range of
values of H established by von Doenhoff and Tetervin was assumed
adequate to establish the region of separation. In single-phase flow
this range was not a large segment of the cylinder, since the rate of
change of H with respect to x is large in the region near the separa-
tion point. Further, the separation point in turbulent flow is not
well defined. As is reported in Section 6.4 it turns out that for
the two-phase flows investigated experimentally separation occurs in
the vicinity of H = 1.23, so that the single-phase flow criterion is
not applicable.

For the case of two-phase flow systems, which are the gas-
liquid spray type, two models of the flow field have been considered.
In these analyses a gas-liquid spray system is defined as that system
where the gas is the primary fluid which is transporting a small
amount of liquid in droplet form ( mass ratio of liquid to gas less
than 10 per cent).

The first model, Section 2.2, considered the liquid film to be
laminar as well as the gas boundary layer. A model of the gas boundary
layer was developed which permitted a finite velocity Up to prevail at

the gas-liquid boundary layer interface. Two parameters Aand B8
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characterized the flow. The parameter A, Lquation (2.12), by virtue of
being dependent on the pressure gradient assured one that separation
would not take place in a region of a negative pressure gradient.

The parameter B characterized the change in velocity across the gas
boundary layer. The objective of the analysis was to determine, under
the limitetion that dUb/dx = 0, what effect UO had on the displacement
of the separation point from that found in single-phase flow for the
same gas Reynolds number.

The second model which represents the case of turbulent flow in
the gas boundary layer was based on a semi-empirical model obtained
from the literature. This was made possible by the assumption that
Up did not affect the location of the separatiocn point. Here, the
objective of the investigation was to determine, under a condition of
turbulent flow and assuming that U; may be neglected, if calculated
values of H would predict separation.

The above two analytical models have as their common objective
the prediction of the separation point for the case of two-phase flow
over a circular cylinder. It would not be expected that both models
would predict the same results, since they represent different types
of flow structure. At the same time both models should provide a
better understanding of the flow phenomenon. The results of the two
analytical mocdels are compared with each other and with experimental

results in Section 6.5.



CHAPTER III

EXPERIMENTAL METHODS AND APPARATUS

3.1 General Description and Objective

The basic apparatus for the present investigation was developed
specifically for this study. A schematic drawing of the apparatus is
shown in Figure 2, and a series of general views of the test setup are
shown in Figures 3 and 4.

The test apparatus is essentially a low-speed wind tunnel (0 to
185 feet per second), whose test section is located in a vertical
position upstream of the fan. Both the air and the water spray pass
vertically downward through the test section into the fan and on
leaving the fan are exhausted to the atmosphere. This open wind
tunnel is composed of the following components.

1. Inlet screens

2. Water spray assembly

3. Inlet diffuser

4. Test section and test specimen
5. By-pass spray assembly

6. Fan

7. Butterfly valve

8. Exhaust diffuser

9. Control panel

25
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The objective of this experimental investigation is to perform
the necessary diagnostic studies of the flow field, as well as perform
visual, photographic and physical measurements of the boundary layers
formed on a right circular cylinder. The results will be utilized
to predict the behavior of the boundary layers in the region of the

separation point.

3.2 The Quality of the Test Apparatus

Before passing to a discussion of components of the test
apparatus, let us first consider the quality. For this evaluation
we return to consideration of single-phase flow. The reason for
this is to make it possible to compare performance data for this
apparatus in single-phase flow with that which is published in the
literature. Schmidt and Wenner (17) published the results of a com-
prehensive investigation for transverse flow of air over a circular
cylinder under laminar flow conditions. Their paper included a plot

of the average Nusselt number Nu versus the flow Reynolds number,

Nu = —E— (301)

where

(3.2)

is the average heat transfer coefficient, Q/A the heat transfer per
unit time per unit area, k the thermal conductivity, T, the wall
temperature and T, the stream temperature at infinity. Also published
was a graph of pressure coefficient Cp versus ¢ measured from the
stagnation point, for various Reynolds numbers. By definition Cp has

the form
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pP-pP

s
™ (3.3)

CP:

where Pg is static pressure at infinity, q, velocity pressure at
infinity and P local pressure.

Kestin (10) found that an increased turbulence level affected
not only the separation point by shifting it downstream but also
materially increased the overall heat transfer rate. For cases where
results do not agree with those of Schmidt and Wenner (17) one may
conclude that the intensity of turbulence is different than their
value.

The pressure in the wake behind the cylinder is an index to
tunnel blockage. Since the flow Reynolds number is directly propor-
tional to the cylinder diameter, one would want to select the largest
possible cylinder diameter as an aid to increasing the flow Reynolds
number in order to investigate as wide a range of Reynolds numbers
as possible.

The results of this tunnel evaluation experimental data and the
conclusions drawn from a comparison of this data with that found in

the cited literature are given in Section 6.2.

3.3 The Inlet Screens and Diffuser

The inlet screens and diffuser were salvaged from an abandoned
low-turbulence wind tunnel. The screens were made in two sections,
each composed of a 20-mesh hardware cloth covered with cheese cloth.
The square inlet diffuser has a 30x30-inch inlet and reduces to a
10x10-inch outlet. This, it should be noted, determined the basic

cross-sectional area of the test section.
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3.4 The Water-Spray System

A full-cone impactor nozzle, number 2116 manufactured by the
Spray Engineering Company, was employed to supply the water spray for
this study. The nozzle was located on the centerline of the diffuser,
between inlet screens and diffuser inlet, and directed toward the
geometric center of the test specimen. Its installation permitted
rotation in a plane including the axis of the test cylinder and also

in the plane normal to the cylinder axis.

3.5 The Wind-Tunnel Test Section

The wind-tunnel test section was made of plexiglass and had
internal cross-sectional dimensions of 10 x 10 inches. A series of
.005-inch diameter thermocouple wires were installed in the test
section to provide temperature histories along the test section.

The test cylinder was located 20 inches downstream from test
section inlet. Distance was selected after analysis of velocity
profiles taken with a standard Pitot tube at various stations along
the test section revealed a variation of less than one per cent in
free-stream velocity at this station. The test section wall boundary

layer at this station was approximately one-half inch thick.

3.6 The Wind-Tunnel Fan and By-Pass Spray Nozzle Assembly

The wind tunnel was driven by a one-hundred-horse-power motor
and two-stage fan assembly. Since performance characteristics of the
fan strongly depend on the condition of air at the fan inlet, it was
found that these conditions must remain constant if one desired to
maintain the same test-section gas Reynolds number for both single

and two-phase flow. This was accomplished by the installation of a
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secondary spray system located downstream of the test section,
providing an air-water mixture to the fan for those runs when single-

phase flow conditions were desired at the test section.

3.7 Butterfly Valve and Outlet Diffuser

A butterfly valve was located in the fan discharge duct. This
permitted the test section velocity to be varied from 0 to 185 feet
per second. The air-water mixture next passed through a straight
duct (diffuser) and then exhausted to the atmosphere outside the

laboratory.

3.8 Summary of Test Facility

In operation the test facility had both desirable and undesirable
qualities. The major objection to the system was an excessive noise
level of the apparatus. Some vibrations of the test section were
also observed. On the plus side there was a condition such that the
static pressure, in the test section and all duct work up to the fan,
was below atmospheric pressure. Under this condition all leakage

including water was inboard.

3.9 The Test Specimen and Control Panel

The calibration of the wind tunnel was based on the analysis of
data collected for a right circular cylinder in single-phase flow.
The average heat transfer coefficient and the pressure coefficient
for the cylinder were analyzed.

The determination of the average heat-transfer coefficient
required a test cylinder capable of being maintained at some constant

wall temperature above the free-stream temperature. A 1.5-inch
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diameter test cylinder was fabricated; it is shown in schematic form
in Figure 5, and in a photograph in Figure 6. The cylinder is
composed of five basic sections: a copper test section, two copper
guard sections and two bakelite end sections. The test section was
provided with six heating elements on 60-degree centers, six thermo-
couples similarly spaced, and three pressure taps. Each of the two
copper guard sections were also provided with six heating elements
and equally spaced thermocouples. The two bakelite end sections
serve a dual purpose: first, to reduce the conduction of heat to the
tunnel walls; second, to provide facilities for mounting the test
cylinder in the wind tunnel.

The maintenance of a constant wall temperature for the test
cylinder was accomplished by providing each heater with a regulated
power supply to control the power input to each of the six heaters
in the test specimen and the twelve heaters in the two guard sections.
The regulated power supply consisted of a variac for each heater and
a master variac for each of the three cylinder sections. A 24-point
recording potentiometer was utilized to measure the output of the
18 thermocouples. The power input to each of the 18 heaters was
measured by a wattmeter through a switching arrangement. Pressure
profile for the cylinder in the case of single phase flow was deter-
mined by rotating the cylinder through two-degree increments and
observing pressure on an inclined manometer.

For the case of single-phase forced flow, Schlichting (13) shows
that under the assumption of incompressible flow and constant prop-
erties (i.e., properties independent of temperature) the velocity

field is independent of the temperature field. This assumption was
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utilized in the analysis by Tifford (8), and in that by Goldstein,
Yang and Clark (9). For the case where the free-stream Mach number is
equal to or less than 0.1 and the difference between the cylinder wall
temperature and the free-stream temperature is less than 50 degrees F,
the properties of the hydrodynamic boundary layer can, without serious
error, be determined in the absence of a temperature gradient. Under
this assumption a second copper cylinder, Figure 6 was fabricated.
This test cylinder was made from a section of copper tubing with
mounting sections fitted at each end of the tube. The cylinder was
provided with six pressure taps and provisions to rotate the cylinder
in order to make a complete pressure survey. Grid lines were
inscribed into the cylinder surface and filled with epoxy. These
lines were located every five degrees and utilized in the measurements

of the liquid film velocity.



CHAPTER IV

EXPERIMENTAL PROCEDURE

u.1 Determination of the Pressure Profile

Fundamental to all experimental boundary-layer investigation is
a detailed knowledge of the pressure gradient along the surface in
question. This not only represents the key to the study, but also
the minimum information that one must gather for a meaningful boundary-
layer investigation in the absence of heat transfer.

The pressure impressed on the two hydrodynamic boundary layers
is assumed constant through these boundary layers. This is equivalent
to the assumption of zero pressure gradient normal to the surface.
Thus, only the pressure gradient along the surface is to be determined.
Introduction of the information from this pressure profile into the
Bernoulli Equation yields the velocity at the location where the
boundary layer joins the external flow field.

For the required pressure measurements a system of pressure taps
0.025 inches in diameter and associated pressure lines were selected.
This tap size is approximately the size of a number 71 drill, and
represented two degrees of cylinder arc on the 1.5-inch diameter test
cylinder. This now places a limit on both the concept of local pres-
sure measurements and the arc length between pressure measurements.

In order to develop the pressure profile the cylinder was rotated

through two or five degree increments. The pressure was measured
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every two degrees of cylinder rotation in the region where the
boundary layer separation takes place, and at five-degree intervals
for rest of the profile.

For the case of single-phase flow the pressure determination
would present no challenge, and data would be collected with the use
of standard manometers or electrical pressure transducers, depending
on the particular application.

For the case of two-phase flow a search of the literature
(References 18, 19 and 20) revealed two basic approaches to the
measurement of pressure drop in pipe flow.

The first system was one where the transducer lines were filled
with the same liquid as that flowing in the duct. This was successful
for those cases where the flowing film thickness in the pipe was
approximately an order of magnitude larger than the pressure tap
diameter. This system, as one would anticipate, would not function
adequately for the external flow problem, since the film thickness of
the boundary layer was of the same order of magnitude or less than
the pressure tap diameter.

The second method was found to be more promising; it again
utilized liquid-filled transducer lines, but employed a technique
whereby the lines were externally pressurized. This caused a small
amount of secondary fluid to be injected through the pressure tap
into the pipe. Those cases in which the injected liquid was a small
fraction of the total liquid flow proved acceptable. This second
system was investigated and found to be a practical method of pressure

measurement along the surface of the cylinder.
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A schematic diagram and a picture of the pressure-measuring
system is shown in Figures 7 and 8. The system is composed of two
essential parts. First a standard differential pressure transducer
with a range of * 0.7 psi was employed; this transducer was a strain-
gage type requiring a li4-volt source. The transducer output was
measured with a portable potentiometer. The second essential item
of the system was a 0.030 * 0.0001 inch internal diameter capillary
tube 34 inches long, used to meter the secondary fluid being injected
into the boundary layer. In order to make the system function two
reservoirs were employed. One supplied the distilled water to the
capillary tube, while the other was used to flush the system with
distilled water to remove any air bubbles. A wetting agent was added
to the distilled water to yield a mixture of approximately one part
in ten thousand.

In order to test the system the pressure profile for single-phase
flow was obtained. If one is successful in obtaining an acceptable
pressure profile by injecting water (whose density is three orders of
magnitude greater than air) into an air boundary layer, one would
expect favorable results for the case of two-phase flow. This should
be a conservative approximation to the problem, since less error
would be anticipated from the injection of water into a water boundary
layer. The results of pressure measurements taken in single-phase
flow and compared to data collected by conventional methods are given
in Section 6.3.

The development of the system required the solution of the

following problems.
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1. The control of the rate of water injection.

2. Determination of the optimum rate of water injection.

3. Elimination of hysteresis effects.

A capillary tube was selected to meter the injected water for the
injection rate in the range of one to one and a half milliliters of
water per minute. This gave an injection velocity less than 0.1 feet
per second normal to the surface and a pressure drop through the
pressure tap of 0.0l inches of water. A suitable injection rate was
determined experimentally by observing pressure at the stagnation
point, and at a location ninety degrees from this point, where the
gravity vector was first normal to the surface and then parallel to
the surface. For the case of single-phase flow, insufficient water
yielded pressure measurements less than the conventionally observed
values, while large rates of water injection yielded excess pressure
measurements. It is believed that insufficient water injection
permitted the pressure tap to be exposed to the primary fluid flow,
so that capillary action at the pressure tap produced a reduction in
pressure at the transducer. In the case of excess fluid injection, a
disturbance to the external flow field was experienced to an extent
that the gas velocity was reduced, with a corresponding pressure
rise.

In order to maintain a constant water injection rate the differ-
ential pressure across the capillary tube must remain constant. In
order to accomplish this a preliminary survey was made, providing an
approximate pressure profile. The reservoir for the capillary tube
was then raised or lowered in order to maintain a constant differential

pressure across the capillary tube.
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It was observed that the capillary tube had a memory of past
pressure excursions impressed upon it. This was erased by installing
a shutoff valve between the pressure tap and the capillary tube. After
each measurement the valve was closed to bring the fluid to rest in
the entire system. Next, a small amount of fluid from the secondary
reservoir was injected into the boundary layer in order to replace
the liquid at the pressure tap, since it was observed that during the
shutoff period the fluid was eroded. Figure 9 is the calibration
curve for the pressure transducer.

One is now ready to measure the pressure along the surface of the
cylinder. Since the cylinder is in a horizontal position, a correction
must be made for the relative height between the pressure transducer
and the pressure tap when the cylinder is rotated. This correction is
a simple function of the cosine of the angle of rotation from the
stagnation point, the radius of the cylinder, and the calibration of
the pressure transducer. Figure 10 is the graph employed for this

required correction.

4.2 Determination of the Water Droplet Velocity and

Droplet-Size Distribution

For a first-order approximation to the problem at hand one could
assume that the difference between the gas velocity and droplet
velocity approaches zero at a great distance upstream from the test
section. For this case the droplet Reynolds number would be of the
order of unity, which was a basic assumption for the laminar flow
model. The difference between gas velocity and liquid velocity and

also the droplet diameter are required for the droplet Reynolds
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number. These values were determined experimentally by a high-speed
photographic system capable of taking pictures up to 7000 frames per
second and of so tagging the pictures that the local film speed may
be determined.

The droplet velocity used a grid of wires parallel to the cylinder
axis, installed directly upstream from the stagnation point. The wire
size and grid pattern are indicated in Figure 11.

The droplet velocity was determined by counting the number of
frames (consecutive pictures) required for a droplet to advance from
one grid wire to the next. The droplet velocity Uyq in feet per second

was then determined from the expression:

i = = (35 (4.1)

where n is the number of frames per second and m is the number of
elapsed frames for a droplet to travel a distance s inches. For ease
of calculations the grid-wire spacing was one inch, and the picture
frames were tagged every one-hundreth of a second. In order to obtain
a meaningful average velocity a large number of droplets must be
observed and samples taken from various sections of the roll of film.
The determination of the droplet-size distribution was also made
with the aid of high-speed photography, using the same photographs as
for the velocity determination. The drops observed on a single frame,
which were located between adjacent grid wires, were classified into
four basic sizes. The four sizes selected were 1/4, 3/16, 1/8 and
1/16 inches when projected on a screen. The distance from the pro-

jector to the screen was adjusted to yield a magnification factor of
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four, so that the actual droplet sizes were one fourth the size
observed on the screen.

The number of drops for a given size classification and the total
number observed per frame varied considerably from one sample to the
next. Thus in order to obtain a representative size distribution a
large number of observations must be made and the results analyzed
statistically. A large number of observations may now be defined as
that number N that would yield 68 per cent of the observations
possessing residuals o within the limits of plus or minus one standard
deviation o, where o is the difference between the arithmetic mean

value and the observed value, and o is determined from the expression:
N 2

g = Z“_ (4.2)
1 N

4.3  Measurement of the Liquid-Film Thickness

The measurement of the liquid-film thickness used a system similar
to that employed by McManus (5), who measured the liquid-film thickness
for the case of two-phase flow in a duct. The system, Figure 12, is
essentially a microscope traversing mechanism employing an electrical
circuit. An open circuit is experienced until the probe comes into
contact with the liquid film, and a change in resistance for the
circuit is indicated later when the probe makes contact with the
cylinder.

A suitable value for the potential applied between the probe and
the cylinder was determined experimentally by measuring the film
thickness at a location 90 degrees from the stagnation point, where

the gravity vector was normal to the probe. A range of voltages were
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investigated, and it was found that the indicated film thickness was
the same for the voltage range of 5 to 7 volts. When the voltage was
in excess of 7 volts the indicated film thickness was increased,
possibly because the film was distorted by the higher voltage, or a
droplet could have been captured and retained between the probe and
cylinder. The failure of the lower voltage to indicate the same film
thickness, as say 6 volts indicates, could be caused by lack of
sensitivity of the oscilloscope employed for the project. Figure 13
is a plot of film thickness versus applied probe voltage. A value of
six volts was chosen for the film-thickness investigation.

The film thickness was measured over a range of angles (measured
from the stagnation point) from 60 to 90 degrees. Angles less than
60 degrees did not yield acceptable results because droplets impinging
on the probe caused water to run down the probe and make contact with
the cylinder.

In order to reduce the error produced by droplets striking the
probe and causing a film to run on it, a paraffin coating was painted
on the probe. A film could not form over the paraffin surface, and
the droplets which came in contact with the probe would form very
small particles and be swept away by the air. This served satisfac-

torily for angles equal to or greater than 60 degrees.

4.y The Determination of the Ratio of the Mass of Water

Flow to Mass of Air Flow

The determination of the mass of air flow per unit of time was
accomplished by the utilization of the continuity equation (pAU =

constant). The density p was determined from the equation of state,
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which required both the static pressure and temperature at the test
section. The velocity was determined with a standard Pitot tube.

The discussion of the determination of the mass of water flow
per unit of time and per unit cross-sectional area will be divided
into two parts: first, the actual measuring technique; and second,
the development of a so-called uniform spray pattern over the test
section.

The mass of water flowing per unit time was determined by placing
a capture tube, Figures 14 and 15, in the flow field. Arrangements
were provided to receive the collected water in a graduated cylinder.
For the flow profile a one-half-inch capture tube was used, with the
leading edge of the tube tapered on the inside to present a knife edge
to the flow and minimize the deflection of the streamlines around the
tube. The graduated cylinder was vented to the tunnel; in this way
air passed through the capture tube into the graduated cylinder and
back into the tunnel.

Two basic capture-tube assemblies were evaluated. First, a
straight tube 0.503 inch OD and 0.485 inch ID at the knife-edge
entrance was employed. Because one may question such a large tube
when considering the amount of liquid which may be deflected around
the tube opening, a 0.366 inch OD and 0.350 inch ID capture tube,
Figure 15, was also evaluated. After it was determined that the
capture rate per unit area and per unit of time for the two capture
tubes showed a difference of less than one per cent, the larger tube

was selected for the experimental investigation.
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The test section at the cylinder location was traversed, and
sufficient data collected to determine the average water-flow rate
and the repeatability of the observation. The results are given in
Section 6.4.

The major problem encountered in this phase of the program was
the development of a uniform spray field. For the development of a
uniform spray field, two basic spray nozzles were considered. First,
a series of nozzles similar to the one designated in Section 3.4, and
a series of internal mixing nozzles were evaluated. These nozzles
may be characterized by the production of large drops for the solid
cone nozzle and much smaller droplets for the internal mixing nozzle.
It has already been stated that the larger drops have a greater
probability of impinging on the cylinder and thus enhancing the heat-
transfer rate. There are other phenomena to be considered in the
selection of the nozzle: Does the particle bounce from the cylinder
before it has arrived at the cylinder temperature, or does the
particle splash other fluid from the cylinder?

The final nozzle selection was a compromise between several
variables. Finally it should be noted that most nozzle specifications

are based on a spray system in a quiescent atmosphere.

4.5 Measurement of the Liquid-Film Velocity

The determination of the velocity at the outer edge of the liquid
film was accomplished by injecting dye (safranin bluish) into the
liquid film through a pressure tap. The test cylinder had lines
inscribed every five degrees on the surface starting at one of the

pressure taps and extending for 110 degrees. The dye when injected
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into the film would disperse throughout the fluid. That part which
arrives at the film surface is swept around the cylinder at the
greatest velocity. It is the time history of this interface that is
of interest. Here high-speed color photography was utilized to
observe the progress of the interface. It was determined experi-
mentally that a camera speed of four thousand frames per second was
required for an adequate definition of the flow field. It was
assumed for this experiment that the maximum velocity occurs at the

outer edge of the liquid film.

4.6 The Determination of the Boundary-Layer

Separation Point

For the case of single-phase flow a schlieren apparatus,

Figure 16, was utilized to observe and photograph the boundary-layer
separation point. A photograph of the separation point is given in
Figure 17 for a flow Reynolds number of 5.64 x 10%.

For the case of two-phase flow the disturbance produced by the
water droplets made it impossible to observe the boundary-layer
separation point with the aid of the schlieren apparatus. A simple
and direct method was developed. A mixture of distilled water and
wetting agent was injected into the liquid film (boundary layer) through
a pressure tap. For example, in Figure 44 the mixture is injected at
the upper tap shown in the figure, four and a half inches from the
right wall and approximately 30 degrees from stagnation. The sepa-
ration point could then be observed visually. It was noted that
small bubbles were produced by the turbulence in the region of

separation. These bubbles were observed to move both upstream and
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downstream in the separated liquid film downstream of the separation
point. The point where the upstream movement of the bubbles reversed
and returned in a streamwise dirsction was considered to be the
separation point. By this technique the separation point may be
located with an accuracy estimated to be t 2 degrees. The separation
point was also visible due to reflection of light from the cylinder,
under proper lighting conditions, since the air space under the
separated liquid film altered the characteristics of the reflected

light.



CHAPTER V

NUMERICAL PROCEDURES

5.1 The Scope of the Numerical Procedures

The solution of Equation (2.15) and the solution of the system
of Equations (2.24) and (2.25) were obtained by the Runge-Kutta method
with the aid of a digital computer. The solutions also required
functional relationships which were derived from experimental data.
The functions were obtained by fitting a polynomial to the experi-

mental data by the technique of least squares.

5.2 Polynomial Fitted to Experimental Data

An IBM Library Program No. 7.0.002 was used to obtain a polynomial
fitted to the experimental data. This program determines by the least
squares technique the coefficients of a polynomial up to and including
a fifteenth order polynomial. The program, in Fortran language for an

IBM 1620 computer, accommodates up to 100 data points.

5.3 The Runge-Kutta Numerical Procedure

The Runge-Kutta numerical procedure is a numerical method of
obtaining a solution to a system of first order differential equations
when certain initial conditions are obtainable. Equation (2.15) and
the system of Equations (2.24) and (2.25) meet these requirements;
i.e., they are first order differential equations of the initial value

type. Before a solution can be obtained, the differential equations

Ly
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must first be put into standard form

dy .
x| . = fj(anIaYZ3 % YN) 3 J = 1,2, ¢+, N (5.1)
]

where N is the number of first order differential equations. For the

h

case of N = 1 and the value y; at the left end of the ith interval is

known, the value y;;; at the right end is calculated by the following

set of formulas.

Ry = £(x3,y;)

1 1
kZ = f(xi + E'h, y; t E'hkl)
1 1
k.3 = f(Xi +§'h, Vi +§'hk2) (5.2)
k% = f(xi + h, y; t hkg)
_ h
y =y;t g‘(kl + 2ky + 2R3 + Ry)

where h is the width of the ith integration interval.
If there are N first order equations

d .
EXX ) = fj(x’y13y29 e, yN) s 1 = 1,2, *°-, N
J

there will be N solution values, one for each of the N equations. Let

the solution function of the jth

equation (j = 1,2, <<+, N) at the
left end of the ith integration interval be Yy Then the above set

of formulas become
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kjl = fj(XQYI’YZs MR yN) (a)
hkll h!?-21 hkNl
ka = f] (X + 2° y; t —2 s Yo t 5 LN yN + ——2—) (b)
- h hley 5 hky, hkyo
kj3 - fj[x + LRS! t 2 > yy t 5 > "t YN + > ) (¢) (5.3)
Ry, = £5(x + h, yy + bRy3, yp + hkpg, <=, yy + hkyy)  (d)
sy r B v ok o+ 2kl # ki) (e)
it Y3t s *n j2 j3 + Ry,

Here 1 < j < N and yj* is the new value of the y, i.e., ¥i,i+le The
set of Equations (5.3) can be evaluated in sequence in such a way that
only one value of k need be used for each of the equations, say kj,
since kjl computed in (a) is used only in (b), ka computed in (b) is
used only in (c), and so on. This assumes that the term (kjl + 2kj2 +

2k s

j3 t qu) in (e) is computed by accumulating the partial sum as each

new hji is determined. The entire system of difference equations can

then be solved by a multi-pass procedure described below.

Pass 1:
1. Compute the derivative F(J) (J = 1,2, **+, N) for each of
the N equations, using the current X and Y(J) values. These are the

values of the kjl = fj(x,yl,yz,y3, ***, yy) of Equation (5.3a).

F(J) = fj(X,Y(l),Y(Q), ceey, Y(N)) 30 =3 =1,2,°°, N
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Pass 2:
2. Save all the current Y(J) values (i.e., the initial values
of the solution y4i at the left edge of the integration step) in

another array called OLDY.
OLDY = Y(J) 3 J = 1,2, <=+, N

3. Begin accumulation of the kj terms in Equation (5.3e) in an

i

array called PHI
PHI(J) = F(J) 5 J = 1,2, ***, N

hk 4
4. Compute the next y value, (yj + —5110, needed for Equation

(5.3b).
Y(J) = OLDY(J) + .5%F(J) 3 J = 1,2, **+, N
where H = h
5. Compute the next x value needed for Equation (5.3b), x + h

2

6. Compute the derivative values F(J) (J = 1,2, ¢+, N) for
each of the N equations, using the current X and Y(J) values. These

F(J) are the kj, of Equation (5.3b).
F(J) = £5(X,Y(1),Y(2), ==+, Y(N)) 3 J = 1,2, «+, N

Pass 3:

7. Add the contribution of kj, = F(J) to PHI(J)

PHI(J) = PHI(J) + 2.%F(J) 3 J = 1,2, **+, N
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hk;
8. Compute the next y value (yj + 232) needed for Equation
(5.3¢)
Y(J) = OLDY(J) + .S5*H*F(J) 3 J = 1,2, *++, N
Note that x already has the proper value from step 5.

each

F(J)

Pass

9. Compute the derivative values F(J) (J = 1,2, *++, N) for
of the N equations, using the current X and Y(J) values. These

values are the hj3 of Equation (5.3c).

F(J) = £5(X,¥(1),¥(2), ==+, Y(N)) 3 J = 1,2, ==+, N

10. Add the contribution of hjs = F(J) to PHI(J)
PHI(J) = PHI(J) + 2.%F(J) 3 J = 1,2, ***, N

11. Compute the next y value, (yj + hkj3) needed for Equation

(5.3d)

Since the original x was incremented by h/2 in step 5 only h/2 need be

Y(J) = OLDY(J) + H*F(J) ; J = 1,2’ ooo, N

12. Compute the next x value, (x + h), needed for Equation (5.3d).

added to the current x.

each of the N equations, using the current X and Y(J) values.

X = X + .5%H

13. Compute the derivative values F(J) (J = 1,2, **+, N) for

These

F(J) values are the kj, of Equation (5.3d).
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F(J) = fj(X,Y(l),Y(Q), see, Y(N)); J =1,2, <+, N

Pass 5:

14. Add the contribution of kju F(J) to PHI(J)

PHI(J) = PHI(J) + F(J); J =

|
'—J
-
N
)
.
.
.
-
2

15. Compute yj*, the new value of yj, for all N equations, and

put results into the solution array y.
Y(J) = OLDY(J) + PHI(J)®H/6; J = 1,2, **+, N

At this point all computed solution functions for N equations, at the
right end of the integration step, are in location Y(1), Y(2), <--,
Y(N). Also, X has been incremented by H from its value before step 1.
The procedure can be repeated if integration is required across
another interval of width H (H can be changed if desired). Note that

steps 1, 6, 9 and 13 are identical and of the form

F(J) = fj(X,Y(l), Y(2), ¢+, Y(N)); J =1,2, **+, N

b

These steps are the only ones in which the N different equations are
specifically mentioned. Hence it is possible to write a very general
integration subroutine for an arbitrary set of N first order differ-
ential equations which implement all steps in the sequence except 1,
6, 9 and 13. A possible communication sequence between a calling
program, which contains the definition statements for any specific
set of N equations (the fj'é) and subroutine RUNGE and accompanying
flow chart is given in Figure 20 or Figure 21. Steps 1, 6, 9,

13 and any other essential steps such as the setting of initial
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values, the punching of results, etc., are incorporated into the

calling program.

5.4 Numerical Procedures for the Laminar Gas

Boundary-Layer Model

The computer program for the laminar gas boundary-layer model is
listed in Figures 18 and 20, where Figure 18 is the Runge-Kutta sub-
routine. Listed below is the correspondence between nomenclature in

the computer program and nomenclature used in text.

Computer Text
Nomenclature Nomenclature
N 1 (number of equations)
DB Ug
XL A
X x/R = ¢
Y (1) Y
Q Us/Ue
QPR Us/ U
Q2PR Us/Ue
2
FUDU UgUs/ (Ug)
A (5) coefficients of polynomial
for Ug/Us
cc the upper limit on X for which
A (5) are valid
ICNT the number of computations for
each output
H h

The results of the computer program are reported in Section 6.4.
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5.5 Numerical Procedure for the Turbulent Gas

Boundary-Layer Model

The computer program for the turbulent gas boundary-layer model,

Equations (2.25), (2.26) and (2.27), is listed in Figures 18 and 21,

where Figure 18 is the Runge-Kutta subroutine.

Listed below is the

correspondence between nomenclature used in computer program and

nomenclature used in text.

Computer Text
Nomenclature Nomenclature
N 2 (number of equations)
T 2q/1y
RE Reg
Y (1) 6/R
Y (2) H
X x/R = ¢
Q q
QPR dq/dx
DR %%— %E-E%%
® a
ICNT the number of computations for each output
A (5) coefficients of polynomial for g
C the upper limit on ¢ for which the
coefficients A (5) are valid
H h
CONS=1./L0G(10) conversion of log from the base 10
to the base e

The results of the computer program are reported in Section 6.4.




CHAPTER VI

RESULTS

6.1 Preliminary Remarks

The objective of this experimental investigation is to perform
the necessary diagnostic studies of the flow field and perform visual,
photographic, and physical measurements of the boundary layer formed
on a right circular cylinder. The results will be utilized to predict
the behavior of boundary layers in the region of the separation point.

The investigation was divided into three sets of experiments.

The first set of experiments provided the data for an evaluation of
the wind tunnel under the conditions of single-phase flow. The second
set of experiments was conducted with the gas Reynolds number held in
the neighborhood of 5.6 x 10%. The objectives of this second set of
experiments were:

1. To develop a pressure-measuring technique for the case of
two-phase flow.

2. To locate the region of boundary-layer separation and
investigate the flow properties in this region.

3. To collect experimental data required for the solutions

of the analytical models.

The third set of experiments was conducted with the mass flow of water
from the spray nozzle held constant, while the gas Reynolds number was

varied from 3.55 x10" to 1.04 x 10°. The objective of this third set

52
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of experiments was to determine the effect of variations in gas
Reynolds number on the region of flow separation.

The results of these investigations are reported in the following
three sections: Section 6.2 contains the results of the wind-tunnel
evaluation in single-phase flow. Section 6.3 contains the results of
the experimental investigation. The results of the analytical

investigations are reported in Section 6.u4.

6.2 Wind-Tunnel Evaluation in Single-Phase Flow

An evaluation of the system under the conditions of single-phase
flow was made prior to the two-phase flow investigation. The
evaluation included:

1. Determining the average Nusselt number over a range of
Reynolds numbers for the case of transverse flow of air over a heated
cylinder.

2. Measuring profiles for a range of velocities in the test
section.

3. Determining a pressure profile for a test cylinder.

The results of the heat-transfer studies are tabulated in Table 1
and plotted in Figure 22, where the curve is from Hilpert (21), based
on a large number of experiments. The points marked with a plus sign
are from the present investigation. The range of Reynolds number
based on cylinder diameter was from 3.24 x 10" to 1.1 x 10°. Runs
one through five yielded an average Nusselt number (Equation (3.1))
less than the average experimental values reported by Hilpert (21)
for corresponding Reynolds number. Runs six and seven yielded values

in excess of Hilpert's measurements. The measurements of Schmidt and
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Wenner (17) for a 50mm diameter cylinder (1.965 inch diameter) are
also included in Figure 22 by solid circles. The data spreads for
Schmidt and Wenner and for the present investigation are similar, and
in the same range of values reported by Hilpert. Kestin (10) esti-
mated that the intensity of turbulence e for Hilpert's measurements

was in the range of 0.85 to 0.90 per cent where ¢ (in per cent) is

given by € = 100 ‘/ l/3(u'24v'24w'2/Un, u', v' and w' are nonsteady
velocity disturbances in the flow field. Since the heat-transfer data
of the present investigation is in the range of Hilpert's, it is co<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>