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ABSTRACT 

The bistable, steady, turbulent separation phenomenon 
observed in a two-dimensional fully-stalled diffuser is studied. 
Detailed mean flow data including pressure, dissipation and 
velocity (both magnitude and direction) inside the flow field 
as well as development of boundary layers on both side walls 
are reported for cases with thin and thick boundary layers at 

inlet and with and without fairing curves at the throat. 
For all cases, most important changes in flow data occur 

in a region within two inlet widths up and downstream of the 
throat. Pressure gradients in this region are so large that 
the boundary layer on the unstalled side changes shape abruptly 
while the layer on the stalled side separates in the viscinity 

of the throat. 
Streamline patterns are obtained from the velocity 

distributions. The location of the dividing streamline is 
different for the different cases. Based on the dividing 
streamline, a displacement line is defined to extend the con¬ 
cept of displacement thickness to the free shear layer which 
is developed from the separated boundary layer. This displace¬ 
ment line together with the loci of boundary layer displacement 

thicknesses on the solid walls form an effective channel. The 
shape and area ratio of this effective channel explain the 
different trends of pressure distributions in the main flow. 

Based on the data obtained, an iterative calculation 
procedure is suggested for predicting stable flow configura¬ 
tions in two-dimensional straight diffusers. Part of the 
calculation procedure is solved to check with the experimental 

data. 
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nomenclature 
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Cross-sectional area for inviscid flow 
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Length of divergent wall, fig. i-i 

Flow rate 

ffi“auSable n0r,nal t0 l0Cal streamline in 

Static pressure 

Total pressure 



Dynamic flow head, pU2/2 

Mean dynamic heat at inlet, pV^/2 

pViW 
Reynolds number. 

Radius of curvature 

Name for flow field with radius of curvature at the 
throat = 8" (See Chapter IV) 

Name for the reference flow field defined in 
Chapter III 
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Name for flow field with thick boundary layers at 
inlet 

Total mean velocity 
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Rms value of fluctuations of u 

Shear velocity. 

Normalized velocity in boundary layer, U/u 
T 

Continuity velocity, Eq. II-l 

Component of U in Y direction 

Vortex generator 

Channel width at inlet, äee fig. 1-1 

Axial direction measured from the diffuser throat 
(fig. 1-1); usually measured in inches 
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Distance normal to X direction to form a set of 
two-dimensional Cartesian coordinates (fig. 1-1) 

Normal distance from the wall in boundary layersj 
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(fig. 1-1) 
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Chapter I 

INTRODUCTION 

Separated flow has long been recognized as one of the 
very important unsolved problems in fluid mechanics. When 
separation occurs on an air-foil, lift is reduced and drag 
increases. Flow separation also limits the performances of 
many other fluid-mechanical devices such as compressors, 
turbines, jet engines and diffusers and in many cases can 
cause undesirable unsteadiness. However, because of the 
complicated flow structure not only is the problem far from 
solved, but also little data exist in the literature to show 
what actually happens in a separated flow field. The primary 

purpose of the present study is therefore to supply careful, 
detailed data in a-separated flow field as a basis for improved 
understanding and calculation procedures. 

A. Geometry 

The geometry chosen for the present investigation is that 

of a wide-angle diffuser (fig. 1-1) which falls in the fully- 
developed two-dimensional stalled zone on the flow-regime chart 
as given by Fox and Kline [1962] (fig. 1-2). A flow of this 
type can be qualitatively divided into five zones as shown in the 
sketch on the following page. 

All these zones have different characteristics, but 
reach a steady interaction by balance of pressure, viscous and 
dynamic forces. It is clear that an analytical solution cannot 

be obtained without a large number of approximations and 
assumptions. 

This geometry is chosen for two important reasons. First, 
it is one of the simplest separated-flow fields known. There 
is no reattachment point to complicate the separation behavior. 
The flow is very steady and essentially two-dimensional. The 
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separated region is so large that meaningful mean flow data 

can be obtained within the separated zone. Second, there is 

great practical significance in this flow pattern. Fluidic 

switches and amplifiers operate in a similar geometry. Under¬ 

standing of the fluid mechanics of such flow fields should aid 

further development of fluidic devices. Fully-stalled diffusers 

are always associated with low performance. When detailed flow 

data are available, performance may be improved by proper design 

to correct some undesirable characteristics that occur in the 

flow field. 

1. Unstalled turbulent boundary layer traversing 
positive and negative pressure gradients. 

2. Potential main stream. 

3» Turbulent boundary layer before separation. 

Free shear layer. 

5. Separated-flow region. 

B* Literature Review of Fully-Stalled PlffusprR 

Moore and Kline [1958] first systematically defined the 

geometries for which fully-stalled flow occurs in a two- 

dimensional diffuser. Still photos of the flow patterns are 

given in their report and motion pictures in the films, "Flow 

Regimes in Subsonic Diffusers," by Kline [I905], and "Flow 

Vizualization," by Kline [1963]. 
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0. Feil [1962] presented some data on the pressure 
distributions along the two divergent walls of a fully-stalled 
diffuser with different angles and different inlet boundary 

layer thickness. Some of Fell's data which are closely related 
to the present study are reproduced in fig. I-3. 

VanSant and Larson [1965] measured heat transfer and some 
velocity data far downstream of the separation point in similar 
geometries, but no pressure measurements were taken in their 

work. H. Moses, et al [1965] present some data on pressure 
distributions along the walls of a channel where one side is 
divergent and the opposite side straight. Neither of these 
references bear directly on the work presented here, however. 

C. The Present Report 

Thf present research is mostly experimental in nature and 
concentrates on the following. 

1. Exploration of the flow field in detail to map out 
the mean flow data as a means for finding the dominating 
mechanisms and boundaries of each zone. 

2. Determination of the parameters which when varied may 
cause significant changes from the reference data presented in 
Chapter IV. 

3. Search for matching conditions between the zones in 
the flow field as a basis for an analytical model which will 
allow, a priori, a prediction of the equilibrium flow 
configuration. 

Chapter II gives descriptions of the experimental apparatus, 
instrumentation and data procedures. 

Chapter III presents results for the "reference" flow 
field in which the radius of curvature at the throat is zero 
and the boundary layer displacement thicknesses at the entrance 
are thin. 
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Chapter IV describes some variations from the "reference" 

flow field obtained by changing radius of curvature, thickening 

the boundary layers at inlet, adding turbulent mixing devices 

at the entrance and changing the Reynolds number. 

In Chapter V, an analytical model based on facts obtained 

in previous chapters is proposed. Part of the analytical 

equations are solved to check the validity of the proposed 

model. 
Chapter VI presents the summary of results and conclusions. 

It is to be emphasized that the program described is a 

basic study. Neither design criteria nor methods of improving 

device performance are suggested. Hopefully, however, the 

results obtained will provide a first step toward understanding 

and explaining separation phenomena in internal passages in 

a wide range of practical devices involving flowing fluids. 
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Chapter II 

EXPERIMENTAL APPARATUS: INSTRUMENTATION AND DATA PROCEDURES 

A. Wind Tunnel 

Figure II-l shows two views of the apparatus designed and 

constructed for the present experiment. This tunnel shares 

the same blower and motor drive with the tunnel designed by 

C. Sagi [1965]. Since most of the tests need about 8IOO cfm 
of clean air, a large filter box (3' x 51) was constructed. 

An air control gate is placed before the intake to the blower. 

Air flow speed can be changed by inserting blanking boards 

with different hole sizes. At the exit of the blower, two 

gates are built around a T-shaped duct for diverting air into 

either of the two wind tunnels by relocating a blank-off board. 

Before the air passes to the nozzle, the boundary layers 

on the plenum walls are sucked off through slots. Since the 

nozzle is only convergent in one direction, thin boundary 

layers at the exit of the nozzle cannot be obtained without 

suction. The converging walls of the nozzle have the shape 

of a cosine curve with a continuous second derivative. An 

aspect ratio of 8 and width of 3" at the exit of the nozzle 
are fixed. 

Between the nozzle and the test section there are 36 

pressure taps, and 20 probe holes at various positions in a 

rectangular plexiglas section. Traverses of both static and 

total pressure taken at this section show variations of no 

more than two percent of the mean dynamic head. Hence, the 

flow entering the test section can be taken as essentially 

two-dimensional. 

B. Test Section 

The geometry of the test section has been specified in 

fig. 1-1. Figure II-2 shows photos from two views. The 
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side-walls (1) are made of plywood, sanded and varnished to 

smooth flat surfaces. They rest on a surface board made of 
laminated sugar-pine (14) fig. Il-l, The throat sections of 

the side-walls are so that curvature can be changed by inserting 
new fairing pieces, (5) fig. n-2. 

On each side wall there are three rows of pressure taps 
so that pressure distributions along the walls can be measured 

at three different level planes 6", 10" and 18" from the base 
respectively (see fig. II-2). The maximum variation in the 
pressure readings of these three rows is less than 2% of q1 . 
Thus the flow can be treated as two-dimensional in the section 
between these levels. . 

To make a pressure tap, a 1/8" O.D. brass tube about 3" 
long was soldered shut and then faced on one end. A No. 57 

hole was drilled and counter-sunk in the soldered end. Each 
brass tubing was then press-fitted into an accurately located 
1/8" hole in the plywood side wall. 

Besides these pressure taps, probe holes are made along 
the center level on each side wall for insertion of boundary 
layer probes. The center line of each hole is normal to the 
test surface. Aluminum plugs are individually fitted to these 
holes, and the surface lapped after insertion. 

The top plate is made of four separate pieces of plexiglas 
joined by metal bars. The two middle pieces serve as sliders 
to carry a three-hole probe for flow field traverses. Insertion 
holes are machined on lines which are perpendicular to the 
center line of the test section and at fixed distances from 
the throat. Plexiglas plugs are fitted to these holes individ¬ 
ually. These sliders are manually movable along one axis, and 
are clamped down by specially designed clamps when data are 
being taken. 

To thicken the inlet boundary layer, a six-foot long 
straight channel was added between the nozzle and the test 
section. This channel gives ample entrance length for the 
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boundary layers to grow naturally forming an almost fully- 

developed channel flow before the test section. 

For another test, vortex generators were added 12” up 

stream of the throat. These vortex generators are made of 

small air foils glued on thin strips of plexiglas which were 

then attached on the side walls. The dimensions and arrange¬ 

ment of the vortex generators follow the recommendations of 

H. D. Taylor [1948J (see section C.l, Chapter IV). 

C. Qualitative Observation Methods 

Two banks of manometers were used to show qualitatively 

the pressure distributions along the two walls as well as 

around the exit of the nozzle. Such pictures serve as a quick 

check on the flow conditions. Vihenever data were being taken 

for the same flow map, a check was made that pressure distri¬ 

butions were the same as previously obtained. 

For each flow map, as a preliminary, tufts were attached 

on the walls to aid in determining the f]ow pattern and in 

locating the separation point. These tufts were made of wool 

yarn with fine loops of thin threads at one end forming a 

universal joint as suggested in the note by A. Shapiro [1962]. 

In addition, a single tuft carried by a rod was inserted 

through the probe holes in the sliders to establish roughly 

the boundaries of the different zones in the flow field before 

detailed measurements were taken. Another independent method 

was also used to determine the location of the separation 

point. A coat of machine oil was applied on the stalled side 

of the test section, and talcum powder was then shaken out of 

a can in the separated region. Since the air flows upstream 

in the stalled area, it carries the powder and deposits it on 

the coat of oil. The powder does not pajs the separation 

point, and hence the line of separation is made visible as the 

farthest upstream location of powder on the wall. 
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Quantitative Mean Flow Measurement 

The flow pattern is bi-stable. Each time the blower is 
turned on stable stall occurs arbitrarily on one or the other 
side wall. Switching can be done within half a second by 
holding a stick at the throat on the unstalled wall. A pre¬ 
liminary check was made to assure that within experimental 
uncertainty, flow data depend on the flow pattern and not on 

which side wall the fluid is stalled. However, for consistency 
and for ease of description, all data were taken with the stall 
on the right wall. (See fig. l-l.) 

Except for the wall pressure distributions, all data were 
taken on a traverse plane which is equidistant from the top 
and bottom planes, i.e., 12" from the base board. The co¬ 
ordinate system used for presenting data has been indicated 
in fig. I-l. Inlet reference is taken to be at X = -6" , 
that is, 2W upstream of the throat on the traverse plane. At 
this reference position the velocity in the free stream is 
uniform, and the boundary layer profile and pressure on both 
side walls are normally the same. 

D.1. Pressure Transducers 

Two pressure transducers (manufactured by Statham 
Instruments, Inc.) were used to sense pressure differences. 
Model No. PM 5, with a range up to 6" H20 , was for main flow 
and boundary layer measurements, whi]e Model No. PM 97, a more 
sensitive unit (+ 1.4" HgO), was used for measuring the 

stalled flow and for nulling flow direction. Output from the 
transducer circuits was taken from a Millivolt potentiometer 
(Model 401, United Systems Corp.). 

D.2. Inlet Dynamic Head, 

At an early stage of experiments velocity traverses 
were taken across the exit of the nozzle on a few different 
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level pleines by pitot tube. Continuity velocity 

(II-l) 

was calculated for each of these traverses and compared with 

the one obtained at the inlet reference position on the 

traverse plane. Their values checked within 2% and hence 

neglecting the effects of the top and bottom walls, the con¬ 

tinuity velocity was thereafter calculated by a two-dimensional 

model at the inlet reference as follows. 

where 
1 

and = J pvf = I p(l 

= (1 - Kj)2 (PT - P) 

Since the boundary layer thicknesses for each flow map did not 

change, only a measurement of (PT - P)^ was needed to obtain 

for each run. 1 

D.3. Boundary Layer Profiles 

Because of the divergence of the test channel, 

probes had to be traversed outward from the same surface on 

which the boundary layer was to be measured. For this purpose, 

probes were made with 22 gage hypodermic needles bent to a 

right angle and soxdered on 1/8" brass tubings. Tips of these 

probes were flattened to about .020" outside to allow measurement 
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close to the wall, and at the same time maintain a fast response 
time. Noses of the probes are 1/2" long, which is more than 

20 times the diameter so that the disturbance at the point of 
measurement is small. 

The static pressure at the wall was used as the static 
pressure throughout the boundary layer in most cases. Near 
the throat where there is a large normal pressure gradient, 
linear extrapolation from the pressure field was used to ge% 

local pressure in the boundary layer. Since the extrapolation 
distance is short, and the linear extension of pressure data 
in flow field agrees with the wall pressure to less than the 
estimated uncertainty, the method appears quite valid. (See 
fig. III-4.) Hence 

ÍÑo normal pressure gradient 
Pw = static pressure at wall 

With normal pressure 
gradient 

y = distance from the 
wall 

boundary layer 
thickness 

In addition, since the velocity never approaches a constant 
outside the boundary in the throat region, Ug is defined as 
the velocity of the point where PT first becomes 

(PT - 1% q^, and this definition is used for all stations. 

6 is defined as the value of y at the points where U = Ug . 
For the separated profile at X = +0.5" on the stalled 

side, two traverses were made for each profile, one with the 
probe inserted at X = 0" and its tip facing the exit while 
the other from X = 1" with the tip facing upstream. These 
two traverses were matched at the point of zero velocity. 
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D.4. Pressure Along Side Walls 

Most pressure readings along the two side-walls 

were taken from the row of pressure taps 10" from the bottom. 

Around the throat where the pressure changes most rapidly, 

more taps were needed and some were placed 2" above the 

traverse plane. Since the flow is two-dimensional, these 

readings can be assumed to be the values on the traverse plane. 

D.5. Flow Field Data 

A three hole probe made by United Sensor and Control 

Corp. (Model YC-1200) was used to measure the flow field data. 

This probe was calibrated against a Kiel probe and a pitot tube 

in the test channel at several locations and Reynolds numbers. 

Correction factors were obtained and stored in the computer 

program for data reduction. Arrangement of the instruments is 

shown in fig. II-3. At each data point in the flow field, 

measurements for coordinates, static pressure, direction and 

magnitude of velocity were needed. 

As each probe hole on the sliders was machined on a 

traverse line of fixed distance from the throat, the X- 

coordinate was determined by the hole in which the probe was 

placed. The normal procedure was to place the probe at a 

desired Y- coordinate on the traverse line and move the slider 

until the brass contact rod touched the vernier caliper which 

had been pre-set at a reading that indicated the desired 

relative distance of the probe from the center line. Electric 

wires were connected to the vernier caliper and the contact 

rod so that a small electric light would glow when they came 

into contact. A special precaution was taken when the probe 

was moved close to the wall. To be sure that the probe did 

not alter the boundary layer and thus disturb the flow pattern, 

data taking for that particular traverse was terminated as 

soon as disturbance was observed in the manometer readings of 

the pressure along the walls. 



After sliding the probe to a desired position, the slider 
was clamped down. Then the probe was rotated about its axis 
by turning the protractor until the two side holes sensed equal 
pressure as shown by zero reading on the galvanometer which was 
connected to the output of the transducer PM97. Pressure sensed 
by the center hole was the total pressure of the fluid and one 
of the side holes yielded the static pressure through the cali¬ 

bration correction. Direction of flow was obtained from the 
setting of the protractor relative to a mark on the vernier 
scale fixed at the outside casing. This mark had been aligned 
on the traverse line by dowel pins on the probe holder and 
dowel holes on the slider. 

In the shear layers, the pressures sensed by the transducers 
fluctuate about a mean value. Direction was read when the 
fluctuation of the needle in the galvanometer showed equal 
amplitude on each side of the null point. Correction to the 
direction owing to velocity gradient was made as described in 
Appendix A. For the total pressure and static pressure measure¬ 
ments, the uncertainty interval of each reading was taken as 

one third of the total fluctuation amplitude about the mean. 
Propagation of uncertainty into the final data at each point 
was carried out in the computer program for data reduction. 

Several traverses were repeated at the beginning of the 
experiment; duplication of data was well within estimated 
uncertainties. Estimates of uncertainty are presented in 
Chapter III together with the data for the reference flow 
field. 

Difficulties in determining the flow direction also arose 

near the line where the reverse flow turns around sharply. In 
this zone, the magnitude of the velocity fluctuations can be 
as high as the mean value, and thus pressure sensed by the two 
side holes can be obtained with two opposite orientations of 
the probe at one location. The flow angle was then taken to 
be the one that showed higher mean total pressure as sensed by 

the center hole. 
12 



D•6. Hot Wire Measurement 

A Thermo-system 1040A Hot Wire Anemometer was used 

to estimate the free stream turbulence intensity at the inlet 

position. More comprehensive turbulence measurements are 

being made in later research. 



Chapter III 

THE REFERENCE FLOW FIELD 

A. Definition of the Reference Flow Field 

All the results of this chapter are for one flow field 

called the "reference" flow field and denoted by REF field. 

The data for this flow field were obtained under the following 

conditions : 

1. Geometry is the shape of a wide angle diffuser with 

L/W = 8, 20 = 50°, aspect ratio of 8 and W = 3" at inlet 

(fig. 1-1). Exit is to the test room with no tail pipe (fig. 

II-l). The inlet reference point is taken as 6" upstream of 

the throat, i.e.Jt X -6" or X/W = -2. 

2. Radius of curvature at the throat = 0" . That means 

there is no fairing curve on each side wall at the joint 

between the divergent and parallel inlet sections. 

3. The inlet velocity profile is shown in fig. III-l. 

Boundary layer profiles at the inlet are almost identical on 

the two side walls. 

6 

H 

Stalled Side 

0.039" 

1.33 

Unstalled Side 

0.040" 

1.33 

4. Reynolds no. at inlet 

pViW' 5 
R = —i— * 2.5 X 105 
e M- 

5. There is no forced mixing in the boundary layers. 
U ' 

Free stream turbulence at inlet, -jj- » 0.01 . 

For the test condition 

p * .0753 lb 

n * 1.18 X 10 
-5 lb 

ft sec 

ft 
14 



B. Dissipation 

B.1. Definition of Bernoulli Number, B . 

To study the local dissipation in the flow field, 

the term Bernoulli Number B is defined 

PTa) - PT(X, Y) 

B(X, Y) = 1 - D(X, Y) where D(X, Y) = --- 
ql 

(HI-1) 

From the above definition, the following properties of B 

can be deduced. 

a. In the whole flow field the highest total pressure 

is in the free stream of the inlet reference. Therefore, at 

any other location D 2 0 and B ^ 1 . 

b. B = 1 in the main stream if there is no dissipation. 

c. The reversed stream comes from the test room. And 

since Pm < Pm , Pm in the reversed stream is always 
room "1 1 

less than Pm . Hence, B never equals 1 and if 
loo^ rev 

= , there is no dissipation, 
rev room r 

d. B can become negative when the local total pressure 

is lower than Pm by an amount larger than q, . This 
-Loo 2 -L 

occurs in parts of the boundary layers and also in the stalled 

region for the case with thick boundary layers (Chapter IV). 

B.2. Boundaries of Shear Layers 

For mixing of a fast uniform stream and a 

slower uniform stream U2 , the boundaries of the free shear 

layer are generally defined as the lines joining positions 

where U = 0.99 on the high-speed side and U = 1.01 U0 

on the low-speed side. These definitions cannot be adopted 

for the present study because, near the throat, the free stream 

velocities aie not uniform. 

15 



; 

However, at each X location the value of PT in the 
main and reversed streams are almost constant. Based on this 
fact a similar definition can be made as follows: 

On main stream side the boundary of the free shear layer, 
denoted by , is the points where 

PT » PTw(X) - 1% qx (III-2) 

On the reversed stream, the boundary, denoted by Yfr 
is where 

PT = PT(X) + 1% q, (III-3) 
rev 

The above equations can be expressed in terms of Bernoulli 
Number B . 

Then Eq. (III-2) becomes 

B = B_ -0.01 
00 

(III-2a) 

and Eq. (III-2) becomes 

B - Brev +0.01 (III-3a) 

Boundary layer thickness is defined similarly by 
equation (III-2) except that the direction of traverse is 
normal to the wall. Hence, for each boundary layer profile 
the boundary layer thickness, 6 , is the point where PT 
first reaches PT - 1# q1 . 

B.3. Distribution of B 

Local values of B inside the reference flow field 
are presented in fig. III-2. In this plot a base line is 
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drawn at an X location where the traverse was made. The 

distance between a data point «d the base line measures the 

™xue of B . Negative vaiues are laid out to the left of 

the base line anã positive to the right. 

Boundaries of the free-shear layer and the boundary 

th7conareMlFO ShOWn ln the Same flgUre- As 18 '«a with 
he conventional definition of boundary layer thickness, the 

oun arles defined by the present method cannot be measured 

exac.ly. They are drawn with the best possible judgment on 

the experimental data obtained. Uncertainty can be as high 

As shown in fig. III-2, the boundary layer thickness on 

e stalled wall Increases quite smoothly to join the boundary 

pointeforethrear layer °n the maln Strea" SUe- The seParation point for this case.is at the throat. 

Since B = 1 in the main stream, the main stream is 

nearly inviscid. values of B vary markedly in the boundary 

ayers and in the free shear layer indicating large amounts 

01 dissipation, as must be expected. 

However, B in the stalled region is almost constant, 

snd is approximately equal to that of the room. This shows 

that the stalled flow is in this case quite non-dissipatlve 

New fluid continuously flows into the stalled region from the 

test room, and is dragged out by the main stream. The flow 

oop for this stall is an open one and should have different 

c aracteristics from those of stall with a reattachment which 

forms a closed "bubble". 

c* Pressure Distribution 

C,la Deflnltlon of Pressure Recovery Coefficient, 

All pressure measurements are expressed in terms 

of a pressure recovery coefficient defined by 

17 



t 

Cp(x, V) è 
P(X, Y) - P1 

~1 

In the diffuser, is a measure of tne sunount of momentum 

flux per unit area entering the channel that is converted to 

static pressure rise up to section X . This definition of 

Cp is convenient because by normalizing with inlet dynamic 

head, consistent values can be obtained even if there is 

slight variation of inlet flow rate on different days; also 

results expressed in this form are easily compared with other 

available diffuser data. 

C.2. Cp Along Walls 

For the reference flow field, Cp along the two 

side walls is shown in fig. III-3. Uncertainties for the 

data in this figure are estimated to be as follows 

Within 1" downstream of throat 
unstalled side ¿8* (20 t0 x odd) 

All others + 3$ 

These curves have the same trends as those obtained by Feil 

[1962], fig, 1-3. 

On the unstalled side, Cp(X) drops rapidly to a suction 

peak just upstream of the throat, and then recovers rapidly 

to its final value. If one looks at the sketch in Chapter I 

(p. 2), it can be seen that sharp bending of the main flow is 

necessary for such a flow pattern, and may account for the 

great differences in Cp(X) on the two walls. 

Comparing figs. III-3 and 1-3, one finds that the final 

pressure recovery 0.22 of the present flew field falls below 

that of the smaller angle (20 = 40°) case of Feil'S results 
# * 

6 + 5, 
with almost the same inlet blockage ——-r;—. 
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It will be shown in Chapter IV that a slight change in curvature 
at the throat causes recovery consistent with Fell's data. 

C.3. Cp in the Flow Field 

Distribution of Cp inside the flow field is 
plotted in fig. III-4. Just as in the dissipation plot, base 
lines are drawn at traverse locations. Distance from the 
base line measures the magnitude of Cp with negative values 
on the left and positive on the right. Values shown at the 
walls are from fig. 111-3/ while others are measured by a 
three-hole probe inserted in the flow field. 

Fig. III-4 shows that all major changes in Cp occur 
within + 2W arcund the throat. The effect of the corner is 
first sensed at X « -4.25" on the unstalled and at -2.25" 
on the stalled side. 

A large pressure gradient normal to the wall exists around 
the corner on the unstalled side. This trend is due to the 
streamline curvatures of the turning flow as would be expected 
from Euler's n-equation for inviscid flow. 

Such normal pressure gradient casts some doubt on the validity 
of applying the accepted boundary layer equations in Cartesian 
coordinates for predicting the growth of the boundary layer 
on this side. 

It is normally expected that the pressure across the 
free shear layer should be constant; however, fig. III-4 
shows appreciable pressure changes across the free shear 
layer near the throat. The variations in pressure decrease 
to zero as the flow straightens out downstream. Similar 
trends were observed in the work of Nice, et al [1966] and 
Chang [1966]. Possible explanations for such behavior are: 
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a. The value sensed by the probe is actually 

P ■ P + ^ pU 

P is the actual mean static pressure. Hence the variation 

might be due to the difference of the turbulent normal stress 

Ty pU ^ in the free shear layer. Since no turbulence measure¬ 

ments were taken, this possibility cannot be confirmed or 

denied. 

b. The reversed flow being dragged downstream by the 

main flow turns almost 180 degrees. Streamlines with very 

small radius of curvature are formed (see fig. III-13). 

Hence according to Euler's Equation a considerable pressure 

gradient must exist. 

Cp in the stalled region is essentially constant. This 

means that pressure variation in the reversed flow is small 

compared to the dynamic head of the main stream. This fact 

is used as the basis for theoretical arguments in Chapter V 

on the shape of the displacement line, Yç* , defined in 

section E.2., p. 29. 

It should be noted that pressure output signals from the 

transducers (Chapter II) are surprisingly steady. Even in the 

free shear layer, the uncertainty is estimated as only 5 to 

8% (20 to 1 odds). 

D. Velocity Distribution 

Local Mean Velocity 

The conventional method of showing a velocity 

profile by a plot of magnitude versus location alone causes 

loss of Important information in this case. Consequently, 

in fig. 111-5» local mean velocities are plotted in vector 

form; the lengths give magnitude and the orientations give 
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direction. Locations are indicated by intersection of the 

tails of arrows with the base lines. Since it is difficult 

to read out numerical values from this graph, Table 1 tabulates 

all the important quantitative results. 

Fig. III-5 shows that fluid coming from the inlet has 

uniform velocity in the free stream and far upstream is parallel 

to the center line. The flow starts to turn at about X = -2.5 . 

Then acceleration takes place near the unstalled side and 

deceleration occurs near the stalled wall to give an oblique 

velocity profile. This behavior becomes more pronounced in 

the region of the throat as the arrows diverge. Farther down¬ 

stream the flow smooths out in the free stream (at about 

X = 8")j at this section full pressure recovery is already 

obtained (see fig. III-4). 

The boundary layer separates essentially at the throat 

on the stalled wall. A free shear layer then develops. This 

shear layer differs from the type found between two parallel 

streams; for example, that investigated by Sabin [1964], in 

the following respects. First, it is initiated from non- 

uniform flow profiles. Second, at the onset the whole layer 

does not grow along a straight line. Third, the mixing is 

between two counter-flowing streams. 

The magnitude of U in the reversed flow near the free 

shear layer is about of V1 . Had the inlet velocity been 

much less than 100 fps, it would have been difficult to 

measure U in the reversed flow with the th^ee-hole probe. 

When the reversed flow turns around, its velocity does 

not go to zero. This fact would have been suppressed if the 

conventional magnitude plot were used instead of the vector 

form. 

A secondary vortex was observed on the stalled wall about 

12" downstream of the throat. Obstacles like rods and plates 

were used to disturb this vortex. These obstacles had no 

measurable influence on the main flow. In fact, once stall 
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has been established, a large disturbance at the exit on the 
stalled area does not change the result In the area where 
data are taken. Hence, It Is concluded that the pattern of 
reversed flow really does not have a large effect on flow In 
the area of interest. 

Uncertainties (20 to 1 odds) of the results In this 
section are estimated to be as follows:* 

Magnitude: Free Stream 

Free shear layer 

and Stalled region 

Direction: Free stream 

Free shear layer 

Reverse flow 

D*2* Boundary Layer Profiles 

As shown in fig. III-l, the boundary layers at the 
inlet reference point are almost identical on the two side 
walls and have the typical shape of a turbulent boundary layer 
on a flat plate. The shape factor H is about I.33, and the 
displacement thickness 6 about .039" on both sides. However, 
these two boundary layers traverse quite different pressure 
distributions downstream (fig. III-3), and consequently, their 
changes in the flow direction are quite different. 

a. Unstalled Wall 

Fig. III-6 shows the boundary layer profiles 
on the unstalled wall. The ordinate is nomalized on the 

less than 

about 8# 

+ 1 degree 

+ 3 degrees after 
correction, see 
Appendix A 
+ 10 degrees near 
turning point and 
where UA2 <0.03 

+ 5 degrees elsewhere 

Based on method in Kline and McClintock [1953]. 
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thickness, 6 . This figure shows that the profiles are not 

similar in the physical coordinate, i.e., 

Around the throat, where the pressure change is most severe, 

dramatic changes occur in the profile shape. The negative 

pressure gradient ahead of the throat tends to flatten the 

profile. Just beyond the throat, the strong adverse pressure 

gradient almost makes the boundary layer separate as indi¬ 

cated by the profile with inflection point at S = .55" 

At S = 1.66" , the effect of the adverse pressure gradient 

is still clearly evident in the outer section of the profile, 

but, at the same time, shear effects near the wall diffuse 

out. By station S « 7" , the pressure gradient on the wall 

has dropped to a low value, but the profile does not return 

to anything like a flat plate condition until S = 16" , just 

before the boundary layer merges with the free shear layer. 

Although the pressure rise that appears Just beyond the 

throat on the unstalled wall is sharper than on the stalled 

wall (fig. III-3), separation of boundary layer on this side 

does not occur. A possible explanation is that C drops 

a large amount Just upstream of the throat on the same side. 

The accelerating flow accompanying the pressure drop before 

the throat has added so much momentum to the boundary layer 

that it can stand a higher pressure rise than the boundary 

layer on the stalled wall with an equally steep gradient. 

If the angle of the channel is increased gradually to the 

Jet region in fig. 1-2, the pressure rise beyond the throat 

would also be increased. Eventually, a point will be reached 

where the boundary layer cannot stand the pressure gradient 

without separation. At that condition and for wider angles, 

separation would occur on both walls; redistribution of 
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pressure would result, and the jet flow regime is established 

(see again fig. 1-2)^ 

Figs. III-7a and b show changes of usual boundary layer 

parameters, 6 , 0 , H and 6 along the unstalled wall. 

Notice the small drop in 6 , 0 ahead of the throat and the 

sudden increase of all three quantities just after the throat. 

H finally decreases back to the inlet value at S = 14" . 

A cross plot procedure, based on Clauser's [1954] 

coefficients for the logarithmic law is used to find the wall 

shear velocity, for each of the boundary layer 

profiles on the unstalled wall (see Schraub and Kline [19653 

for discussion of method). With the shear velocities thus 

The sketch on the 
right shows a compari- Stalled wall 
son of Feil's [1962] ( (2-D stalled flow) 
results of pressure on 
the side walls of a 0. 
diffuser in the jet . 
flow regime and one p 
in the two-dimensional 
fully-stalled regime. 
Observe that the pres¬ 
sure on the unstalled 
side of the fully 
stalled diffuser de¬ 
creases at the throat 
to a value much lower 
than that on either 
side of the jet flow-o. 
diffuser; thus the 
boundary layer on the 
unstalled wall would . 
gain more momentum than the boundary layer on either of the 
side walls of the jet flow diffuser at the throat before it 
traverses the strong positive pressure gradient. This 
probably explains why the boundary layer remains unstalled 
when the angle of the diffuser is increased to form a geometry 
in the hysteresis zone while stalls still occur on both side 
walls if the same geometry in the hysteresis zone is reached 
by decreasing the angle from a geometry in the jet flow regime. 
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obtained, the usual logarithmic plots of u+ vs y+ (i.e., 

it yu.r 
vs —- ) are obtained for a few profiles and shown in 

ut 
fig. III-8. As can be seen in this figure, most of the 
boundary layer profiles do have a logarithmic region, and 
fall close to Clauser's equation. The logarithmic region is 
more extensive for profiles under negative pressure gradient, 

and is shortest for the profile with strongest local adverse 

pressure gradient. 
The friction factor Cf , is related to the shear velocity 

and the velocity at the edge of the boundary layer by the 

expression 

Cf data obtained by this equation for the unstalled boundary 

layers are presented in fig. 111-9- Since some of the pro¬ 
files do not fall exactly on Clauser's equation, and since 
there are not very many points in the logarithmic region to 
give a good average, uncertainties in the numerical values 
can be as high as + 20#. Consequently, this figure can only 

compare trends on the two walls. 

b. Stalled Wall 

Measurements on the boundary layer profiles 

along the stalled wall were carried out only up to slightly 
beyond the separation point. In the reversed flow region, 
the boundary layers are very small and magnitudes of velocity 

in them are too small to be determined with acceptable 
accuracy. Fortunately, as discussed in section D.l. on local 
mean velocity, they should not have any appreciable effect on 
the whole pattern. Ignoring their shape will not affect the 

main results in the present study. 
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The separation point is found to be at the throat in 
this flow field. Several profiles of the boundary layers on 
the stalled wall are shown in fig. III-10. The profiles 

between X = -6’' and X = -1.5" are almost identical to the 
inlet profile. At X - -I.5" the boundary layer starts to 
thicken a little and quickly separates at the throat. Reversed 

flow is seen in the profile just downstream of the separation 
point at X = 0.5" . The inflection point that generally 
exists in a separated profile can be observed here. Since 

this separated profile is obtained by matching two traverses, 
uncertainty around the matching point is quite high. By 

graphical integration the location of the dividing stream¬ 
line is found to be 0.3" away from the wallj this checks quite 

well with the streamline pattern in fig. III-13. 
Fig. III-ll shows. 5 , 6 , H for boundary layers on 

the stalled side. The jump in values after the throat is so 
huge that instead of treating as a boundary layer profile, 
one should actually consider points at X = 0.5" as a 
combination of the free shear layer and reversed flow. 

A cross-plot method, similar to that used for the profiles 
on unstalled wall, was applied to the profiles before separa¬ 
tion (fig. III-12). They were found to follow Clauser's cor¬ 
relation very closely. However, such a logarithmic plot does 
not apply to the separated profile at X = 0.5" . Fig. III-9 
shows a decrease in C^. on the stalled side before separation. 
This trend is expected due to adverse pressure gradient shown 

in fig. HI-3. 
Separation criteria by previous authors will be used in 

Chapter V, p. 55, to compare with all the boundary layer 

measurements in the present study. 
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E. Stream Line Pattern 

E.1. Definition of Stream Function. y(X. Y) 

u , V , components of velocity can be obtained by 

decomposing the vectors in the X and Y directions. From 

a complete plot of u in the field, graphical integration 

yields the streamline pattern shown in fig. III-13. The 

local value of the stream function ¥(X, Y) is obtained by 

Y 
st 

From the above definition it is obvious that Ÿ = 0 on 

the stalled wall. That ¥ = 1 on the unstalled wall can be 

shown by applying Eq. (III-5) at the inlet, (X = -6"), where 

Yst “ “ ? , and by combining with the definition of V1 , 

W 

w 

E.2. Dividing Streamline, ^(X) 

Since ^(X, Y) is a continuous function of both 

X and Y , between the negative values of i in the reverse 

flow region and the positive values in mainstream at fixed 

X , a point Yd must exist where Ÿ equals 0 . Yd is thus 

defined by 

i 



The locus of ^(X) is also a streamline; it is often called 

the dividing streamline of the separated flow field. 

Physically the dividing streamline is the boundary 

between the fluid flowing from the inlet side and that from 

the exit in the reverse stream. This fact can be shown by 

applying the continuity equation to the control volume below: 

Continuity: 

• • 

where 

First term on the right side of last equation = 0 by 

definition of Yd . So 

'Yun<Xl> 

u(X1 , i) ái = I u(X2 , i) d^ (III-7) 

Yst(xi) 
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Eq. (III-7) was also used to check on the accuracy of 

integration ar1 consistency of data. The maximum difference 
obtained was +0.1" . Since considerable interpolation from 
boundary layer measurements was needed to complete the u 
component plot to the unstalled wall, it is believed the 

result obtained by integration from the stalled side using 

Eq. (III-5) is more dependable. 
The dividing streamline also serves two other purposes. 

First, it is used to check the position of the separation 
point. The dividing streamline originates from the separation 

point on the stalled wall. Extrapolating its shape upstream 
by a smooth curve to intersect with the stalled wall is one 
method of locating the separation point. 

Second, based on the dividing streamline another line 
can be defined to extend the concept of the locus of the dis¬ 
placement thickness of the boundary layer to the free shear 
layer. The following expression defines the displacement on 

the main stream by the free shear layer. 

f»<*> 

The locus of is then called the displacement line 
denoted by Yg . This line is plotted in fig. III-14 and 
is shown to merge smoothly with the locus of the displacement 

thickness of the boundary layer before separation. 

r. uLx.x-üi l U*fm J (III-8) 

E.3. Effective Channel for Main Stream 

In fig. III-14 a curve Joining displacement 

thicknesses of the boundary layers on the unstalled side is 
also shown. Beyond X = 8" this curve is almost parallel 

to the Yg (X) line. Ideally the area between these two 
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curves is the effective passage area for diffusing the main 

flow in a manner analogous to application of the concept used 

in predicting the performance of an unstalled diffuser and 

is, therefore, called the effective channel. Applying 1-D 

inviscid theory to this channel, the Cpi at section 2 is 

evaluated by 

1 C 
pi2 1 Ãf? 

(HI-9) 

It is found to be approximately O.25 which is higher than the 

experimental result 0.22 . But keeping A1 = constant, the 

uncertainty in this calculation can be estimated by 

so the check is just within the uncertainty in the result. 

If the free streamline concept of Helmholtz-Kirchoff is 

applied to the present situation and the effects of displace¬ 

ment by boundary layers and the free shear layer neglected, 

then the pressure distribution in the main flow would be 

expected to be governed by a channel bounded by the solid 

walls before separation and by the dividing streamline beyond 

the separation point. However, applying one-dimensional 

estimation to this free streamline channel in fig. III-14, 

one would obtain 

which is almost cwo times the value measured. 

30 



Thus, it is believed that effects of displacements are 
important and that pressure distribution depends on the 
effective channel defined at the beginning of this section, 
rather than on a channel with free streamline and solid wall 
as boundaries. This result is entirely consistent with pre¬ 
diction procedures for unstalled channels as shown by Reneau 
et al [1964] and Sovran and Klomp [1967]. 

F- Final Remarks 

In fig. III-15, some of the quantities discussed above 
are plotted together for several positions. This figure 
shows more clearly the local relative magnitudes of those 

quantities and provides an integrated picture. Observe, for 

example, that the directions of velocities agree well with 
the slopes of the streamlines and that Cp is uniform where 
the velocity is in the reverse direction. 
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Chapter IV 

EFFECTS OF CHANGE OF GEOMETRIC AND FLOW PARAMETERS 

A. Curvature at the Throat 

Effects due to change of curvature at the throat are 
discussed below. Data in this section were obtained under the 

same conditions specified on page 14 for the reference flow 
field except that the radius of curvature at the throat section 

was changed from 0" to 8" . This flow field is called the RC8 

field while the original one is called REF field. 

A.1. Separation Point 

By changing the radius of curvature to 8", the 

channel width at the throat is enlarged from 3" to 3.3’ • 
Separation point is moved from (X, Y) = (0" , -1.5”) ^ the 
reference field to (X, Y) = (0.25" , -1.76") in this new 
field. A new effective channel is formed. The pressure and 
velocity distributions also change by appreciable amounts. 

A.2. Distribution of Bernoulli Number, B 

Fig. IV-1 shows the distribution of B in the 

RC8 field. Boundaries of the different zones defined on page 
16 are obtained from this distribution, and compared with the 
loci for reference field. Downstream of the throat on the 
unstalled side, the boundary layer is much thinner than in the 
reference field although they are almost identical before the 
throat. On the stalled side, however, 6 increases appreciably 
before separation, unlike the REF case. The free shear layer 
thus developed after separation in the RC8 field spreads much 
faster than in the REF case. The reversed flow region in the 
rc8 case is again essentially non-dissipative, but is smaller 

in size because of the thicker free shear layer. The inviscid 

region in the main stream remains almost the same size, but 
appears to have been shifted closer to the unstalled wall. 
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A.3. Pressure Distribution 

Pressure distribution along the two walls are shown 

in fig. IV-2. Quantitative differences between these results 
and those of REF field are appreciable. First, the final Cp 
rises from 0.22 to 0.34. Second, Cp on the stalled wall 
rises more sharply while on the unstalled side the change is 

more gradual than before. 
Similarities also exist between the two cases. Full 

recovery occurs on the stalled side at X = 0.5”. The value 
of C on the unstalled side increases to that on the stalled 

P 
wall at about X = 7.5"; there is no apparent change in Cp 

beyond X = 9*5". 
Fig. IV-3 shows the distribution of Cp in the flow 

field. Values of the reference field are represented by dash 
lines for comparison. Although the values are quite different 
for the two cases, the profile shapes are almost identical at 
most X stations. Normal pressure gradients exist at the 
unstalled wall around the throat, but are not as sharp as in 
the reference field. Pressure bumps also occur in the free 

shear layer, and pressure profiles become flat beyond 2W 

down stream of the throat. 
The final recovery value of 0.34 in the new field agrees 

well with the data of Feil [1962], fig. 1-3* 

A.4. Boundary Layers 

Boundary layer profiles on the unstalled wall are 

shown in fig. IV-4 and the boundary layer parameters in fig. 
IV-5. Just as in the reference flow field (fig. III-6), the 
profile flattens and then thickens at the throat. However, 
in spite of the higher final pressure recovery in this flow 
field, pressure gradient around the throat is actually milder 
than before. Consequently the change in profile shape is 

more gradual (e.g., change in profile from X = -0.5" to 
X = 0.5" is much less severe than in the reference field (fig. 
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far Referring to fig. IV-5a, one finds that value of 5 

downstream only rises to about half that of the reference 

case. In fig. IV-5bj both 6 , 0 are thinner than in the 

REF case, and they also change more gradually. However, H 

has a higher value before the boundary layer merges with the 
free shear layer at about X = 16". 

Values of Cf along the two side-walls are shown in 

lig. IV-6. On the unstalled side, response of C^, to the 

change of Cp around the throat is also slower in this case 

than before. On the stalled side, Cf at X = -0.5" for the 

RC8 case has a lower value than that of the REF case at the 
same position. 

Fig. IV-7 compares the boundary layer profiles near 

separation. At S = -O.5" the position is about 3/4" away 

from the separation point in the RC8 field, but the boundary 

layer is thicker than the corresponding one for the REF field 

which is only 1/2" from the separation position. In addition 

inflection begins to appear at the inner part of the profile 

at this point for the RC8 case but not for the REF case. This 

is consistent with the lower measured value of Cf at the 
same position. 

Fig. IV-8 shows the boundary layer parameters before 

separation. The jumps in 5* and H are smallei than in 

"t* 

If the values of C^. for both cases are extrapolated to 

the separation points, it seems that at separation C*. 

would reduce to zero for the RC8 case but not for the REF 
case. Probably the separation phenomena are different for 
the two cases. In the reference field, separation may be 
like that on a backward facing step where the boundary 
layer leaves the wall because of the discontinuity in slope 
of the wall. In the RC8 field the boundary layer loses 
momentum, thickens, and then separates at a point where 
the wall shear stress has reduced to zero. 
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the reference field because the boundary layer changes shape 
more rapidly btfore separation in this case. 

All boundary layer parameters are tabulated in table 4. 

A.5. Velocity Field 

Local velocity data for this RC8 field are tabulated 
in table 2. Fig. IV-9a compares velocity distribution at 
X = I.75" for the REF field and the RC8 field. Near the 
unstalled wall, velocity vectors of the two cases have quite 

different orientations because of the different wall shapes 
at the throat. In the main stream, where flow is inviscid, 
the RC8 field has lower velocity than the REF field. This is 
consistent with the higher measured values of C 

p 
The velocity profile in the free shear layer for the RC8 

case is flatter than for the REF case. Since the separation 

point is at a lower Y coordinate, the point where reversed 
flow turns around also occurs at a lower Y . 

Fig. IV-9b shows similar plots at X = 5.75". The same 
remarks as for the last figure apply. In addition, at this 
section the reversed flow has higher velocity for the RC8 
case. Since the velocity in the main stream is lower than 
the REF field, one cannot assume that a higher main stream 
velocity would cause a faster reversed flow. 

A.6. Streamline Pattern 

Comparison of streamline patterns is shown in 
fig. IV-10. The two fields have same streamlines near the 
inlet, X = -6". Around the throat, except for 1 = 0.4 , 
deviations are quite appreciable. As is to be expected, 
after rounding the throat section, the streamlines for the 
RC8 case tend to bend more gradually. Downstream, where 
final pressure recovery has been reached the new streamlines 
are more widely spaced due to lower velocity than in the REF 
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field. ¥ = 0.8 is also closer to the unstalled wall because 

of thinner boundary layers. 

The dividing streamline, Yd , in this field originates 

at a different location, and is thus quite different from the 

REF one. It also leaves the stalled wall at a steeper slope 

and then becomes parallel to the REF one at about X = 10". 

A.7. Effective Channel 

The effective flow channel of the RC8 case is 

compared with that for the REF case in fig. IV-il. One 

dimensional ideal pressure recovery coefficient is calculated 

at station 2 for the RC8 case. The result is 

Cpi^ = 1 -(A^/Aj)2 = 0.33 (uncertainty 0.04, 20 to 1) 

This agrees very well with the experimental recovery value, 

0.3^ . As in the REF case this estimate is much better than 

that obtained by free streamline method neglecting the effects 

of displacements: 

c¿i2 =1 -K/4>2 = o-1*6 

Just before X = 0" the displacement line, Yg* , of the 

RC8 field is still almost flat, and then it bends more sharply 

than the REF one. This would explain why along the stalled 

wall, Cp starts increasing at a position nearer the throat 

end also at a higher rate (fig. IV-2). 

The boundary of the channel is smoother on the unstalled 

wall than the reference one. This is the reason for the more 

gradual change of Cp on the unstalled wall (fig. IV-2). 

From the above facts, it may be concluded that the 

pressure distribution in the flow field is very possibly 

governed by the shape of the effective channel. Smoothing 

the throat increases the final width of the effective channel 

and better diffusion is thereby obtained. 
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The work of Copp [1951] shows that the curvature at the 
throat does not affect pressure recovery in an unstalled 

diffuser, in unstalled channels, recovery is chiefly governed 
by the overall area ratio of the channel. This is not true 

for the fully stalled flows where pressure recovery is governed 
by the effective channel. In a sense, the flow "makes its 

own area ratio." Radius of curvature at the throat affects 

the effective channel shape sufficiently to make significant 
changes in the pressure distribution. 

In fig. IV-11, the line of zero u-component for the two 
fields are also compared. The REF zero u line lies above the 
RC8 one possibly because the free shear layer is thinner in 
the reference flow field. 

B. Inlet Boundary Layer Thicknesses 

Another flow field study was done with the boundary layers 
thickened to form an almost fully developed channel flow at 
the inlet reference point, X = -6". The profile for this flow 
is compared with the reference one in fig. IV-12. The shape 
factor, H , is almost the same as before on both side walls 
although the displacement thickness, 6* , is increased from 
0.039" to 0.152" on the unstalled side and from 0.040" to 
0.142" on the stalled side. 

The radius of curvature is kept at 0" as in the reference 
pV,W 

field, and Reynolds No, , at inlet still equals approxi¬ 
mately 2.5 X 10^ . Since the boundary layers have been 

thickened to occupy almost the whole inlet section, turbulence 
intensity in the free stream increases from about 1% to about 
8#. The flow field defined by these new inlet conditions is 
denoted "TKD field." 
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B.1. Separation Point 

The separation point for the TKD field occurs at 

X = 0.25" on the stalled wall. This position is farther 

downstream than the one separation point in the reference 

field. 

B.2. Distribution of B 

Fig. IV-13 shows the distribution of B in the 

TKD field. Since the inlet boundary layers are much thicker 

than those in the reference field, both the unstalled boundary 

layer zone and the free shear layer are much larger than 

before. They also merge together very quickly leaving a very 

small free stream region where dissipation is less than 1% 
of . In the reversed flow region B has negative values. 

As explained on page 15» this is because P^, of the test 

room is less than PToo by an amount more than qr . As 

the B value is almost constant, there is still very little 

dissipation in this region. 

B.3. Pressure Distribution 

C along the walls and in the flow field for the 

TKD case arePshown in figs. IV-14 and IV-15 respectively. The 

final pressure recovery coefficient is 0.20 as compared ^o 

0.22 in the reference field. Pressure change around the throat 

is slightly more gradual. Aside from these two points the main- 

features, including the locations of full recovery and profile 

shapes on the distribution of Cp , remain the same as before. 

B.4. Boundary Layers 

The boundary layer on the unstalled side undergoes 

changes in profile shape as in the reference field. Fig. IV-16 

shows the profiles at several locations. Inflection points 
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again exist in profiles just downstream of the throat. At 

X = 10" , where the unstalled boundary layer has already 

merged with the free shear layer, an inflection is still 

clearly evident, and the profile is still quite different 

from that of a turbulent boundary layer along a flat plate. 

Since 6tkd < at inlet, 6TKD is thicker along 

the wall, but its growth rate is much slower as shown in fig. 

IV-17a. 6* , 9 are plotted in fig. IV-17b.# In spite of the 

difference in magnitudes, changes in both 6* and 9 have 

the same trends as in the reference field. These values are 

also tabulated in table 
Fig. IV-18 shows the change of H for all three flow 

fields along the unstalled wall. The response of H to 

pressure change around the throat for the TKD case is between 

the REF and RC8 case. A possible explanation is that the 

thicker boundary layer, in effect, "smooths out" the sharp 

corner slightly. Hence, the flow senses an effective throat 

shape with radius of curvature between 0" and 8". 
C is shown in fig. IV-19- Values of Cf on both sides 

are lower than the reference values but similar trends can be 

observed. Uncertainties of numerical values of Cf can be 

as high as 20$ for the REF case. Because of more fluctuation 

in boundary layer measurements uncertainties of Cf for the 

TKD case would be even higher. 
Boundary layer profiles around the separation point are 

shown in fig. IV-20. As in the REF flow, the profile at 

S = -0.5" for this case does not differ very much from that 

at X = -6". 

B.5. Velocity Field 

Velocity distribution in the TKD field is tabulated 

in table 3. Fig. IV-21 shows the profile at X = 1.75". As 

expected, the profile is quite different from that for the 

REF case since it develops from a different inlet velocity 

39 

i 



profile. In the thick free shear layer velocity change is 

more gradual. To keep the same as the reference, U/V-, 

in the free stream has a higher value. 

B.6. Effective Channel 

Referring to fig. IV-21, one can observe the 

following comparison of the important loci between the TKD 

and the REF field. 
Thicker boundary layers at the inlet reduce the sik.e of 

the effective channel. Differences between the boundary layer 

displacements are more distinct than between the displacement 

lines. Boundaries of the effective channel in TKD field are 

smoother around the throat than in the REF case. This may 

explain the slightly more gradual change in Cp as shown in 

fig. IV-13. 
Ideal final pressure recovery at location (2) 

cpi2 ‘1 ' fe) 

is estimated to be 0.26. The difference between this and the 

experimental value, 0.20, is a little higher than the esti¬ 

mated uncertainty of 0.04, from error in graphical integration 

to obtain the displacement line. Viscous dissipation probably 

causes this decrease in measured value. 
If displacement due to boundary layers and the free 

shear layer is neglected, then ideal pressure recovery at 

location 2 is 

cPi2 = 1 - (a;/a;>2 = 0.43 

which gives a much worse estimate than by using the effective 
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channel. This again emphasizes the importance of boundary 

layer displacement effects in internal flow. 

The dividing streamline in the TKD field leaves the wall 

at X *= O.25" as compared to 0" for the REF field. An explana¬ 

tion may be based on two grounds. First, the thicker boundary 

layer in effect, senses a smoother throat than the sharp edge. 

Second, more turbulence in the channel may have added energy 

to the boundary layer so it can move farther downstream before 

it separates. The effect of forced turbulent mixing on C 
P 

along the walls will be discussed in the following section. 

C. Turbulent Mixing in the Boundary Layers at Inlet 

Effects due to two types of boundary layer mixing devices, 

vortex generators and wedges attached at walls upstream of the 

inlet reference section were studied briefly. 

C.l. Vortex Generators 

Vortex generators were attached at X = -12" on 

both side walls. A sketch of the arrangement is shown on the 

following page; more detailed dimensions can be found in fig. 

IV-23. With the vortex generators in place, the boundary 

layers at inlet, X = -6" are thinned but shape factors H 

remain almost unchanged as shown in fig. IV-24. The separation 

point was found to have moved to X = O.25". Fig. IV-25 

shows Cp along the walls. Although there are differences 

near the throat, the final Cp remains the same as in the 

REF case. It is believed that the thinner boundary layers 

have changed the effective channel shape by widening both 

sections at inlet and far downstream, but at the same time 

keeping the ratio A^/A^ constant. 
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Flow direction 

Inlet 

Divergent wall 

Location of vortex generator on side wall 

C.¿. Wedge at X = -15" 

Another brief study was made with a wedge strip 

attached at X * -15" on each side wall. The arrangement is 

shown on the following page. Since the wedges cause strong 

local separation of the boundary layers, they have to be 

attached farther upstream than the vortex generators to avoid 

too much distortion of the profile at inlet. 

Velocity profiles at the inlet are also plotted in fig. 

IV-24 and Cp in IV-25. In this case, the separation point 

was moved to about X * 0.5"« Final pressure recovery in¬ 

creases from 0.22 to O.25. Separation being farther down¬ 

stream has widened the effective flow channel by diverting 

the displacement line but, on the other hand, the thicker 

unstalled boundary layer also decreases the channel size both 

at inlet and at the location of full recovery. 
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Flow direction 

Inlet 

Throat 

Divergent 
wall 

The exact effects of turbulence mixing cannot be concluded 
here. However, it is found that mixing can shift the separa¬ 
tion point and change inlet velocity profile which, in turn, 
can change the shape of the effective channel and the pressure 
distribution. To obtain correlations and understand further 
what happens in the flow field, more systematic studies with 
different wedge sizes and shapes and more detailed turbulence 
measurements would be needed. 



D. Reynolds Number 

A test was performed with the Reynolds Number at the inlet 
reduced to 1.4 x 10^ . Boundary layer shapes and parameters 
at inlet remain almost the same. Cp along the two walls also 
does not change. Thus it is concluded that change in Reynolds 
Number between 1.4 x 10^ and 2.5 x 105 has no effect on the 
results in the reference field as long as the data are nor¬ 
malized to the inlet condition as before. 

E. Remarks on Base Pressure 

Chapman [1951] showed that the base pressure at the end 
of a finite cone cylinder for axisymmetric supersonic flow 
is independent of the Reynolds number when the boundary layer 
is turbulent. This finding is consistent with the result 
presented in the last paragraph about the effect of Reynolds 
number on the final pressure recovery coefficient. The same 
report shows that the base pressure can be correlated with 
the boundary layer thickness just before separation. For the 
present study correlation of final pressure recovery coeffi¬ 
cients with boundary thicknesses on the stalled side does not 
seem possible. Pressure distribution in the present flow 
channel is mainly governed by the shape and size of the effec¬ 
tive channel. The boundary layer on the stalled side alone 
does not define the effective channel. Consideration has to 
be given to the development of boundary layers on both side 
walls as well as the free shear layer. 



Chapter V 

ANALYTICAL MODEL 

A. Problem Propoa?! 

A primary purpose of any analytical solution to an 

engineering problem is to eliminate further unnecessary 

experiments by solving mathematical equations formulated from 

available physical understandings of the situation. 

For the present study a most useful analytical tool 

would be one that could be used to predict mathematically all 

the detailed flow data presented in the last two chapters. 

However, since exact solutions for viscous flow are possible 

only in a limited number of situations, and since calculation 

of turbulent flow fields is still not well developed, a 

detailed solution to such a complicated problem is not to be 

anticipated in the near future. 
A simpler task would be to predict the steady-state 

equilibrium flow configuration when the geometry and inlet 

conditions are specified} a calculation method is proposed 

below for this purpose. As will be discussed, even this 

simplified problem calculation cannot be handled easily. 

Indeed, a solution to this simplified problem is not given 

herein, owing to time limitations on the current program. 

However, its feasibility is considered, and suggestions are 

put forward for further theoretical studies. 

B. Formulation of Calculation Method 

A central conclusion from the experimental data is that 

the effective channel governs the pressure distribution in 

the flow field. The effective channel is the area between 

the loci of the displacement thickness of boundary layers 

added on to the solid walls, 6*n and Est , and the displacement 

line, Y.* , after the boundary layer separates. To determine 
o 
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the effective channel shape, one must be able to calculate 

the displacement thicknesses on both sides of the effective 

passage whether they be defined by a solid wall or by a free 

shear layer. 

However, displacement thicknesses of boundary layers 

are strongly affected by pressure gradients. Hence, there is 

a non-negligible interaction between the boundary layer calcu¬ 

lations and the inviscid calculation in the effective channel. 

To predict the equilibrium flow configuration some iterative 

procedure must be employed. 

For a wholly inviscid flow field, the velocity at the 

inlet of the effective channel could be assumed as uniform, 

and the entire flow would be irrotational. Two-dimensional 

inviscid irrotational flow is governed by LaPlace's equation 

(V-l) 

This equation is of the elliptic type. Solution is possible 

if and only if either f or òf/òn is specified for each 

point on the boundary. 

Therefore, even though the boundary layer equations are 

parabolic, step by step parabolic type iteration from the 

initial point cannot be used. Each iteration step must 

involve the whole field. Convergence is then sought through 

the matching of the effective channel shape. 

The proposed calculation procedure consists of the 

following steps : 

1. Assume an effective channel shape. 

2. Calculate the flow in the channel assumed in step 

1 using wholly inviscid flow theory. 

a. Solve LaPlace's equation for ¥ in the channel. 
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Perform a boundary layer calculation using the 

Cp values obtained in 2b. Use an appropriate boundary layer 

calculation method to calculate the growth of 6* , 0 and H . 

Calculation terminates when separation is approached. 

4. Check matching conditions for convergence, that 

is, for agreement of assumed and calculated effective channel 

shape. Adjust channel shape and repeat 2 to 4 until conditions 
are fulfilled. 

Each of the above steps will be discussed in the following 

sections. Data in the RC8 field will be used for checking the 

validity of part of the calculation prodedures. 

C. Shape of the Effective Channel 

From the data presented in Chapters III and IV, it can 

be seen that once separation occurs, Cp in the stalled region 

is essentially constant.1. This is necessarily so because the 

reversed flow is dragged into forward motion by the main flow 

(see Appendix B). Its velocity is less than one-tenth that in 

the mainstream, and thus any pressure variation in the stalled 

flow will be less than one-hundredth of the mainstream dynamic 
head. 

The displacement line, Y^* , is near the boundary of the 

stalled region. As C^ is a continuous function in space, it 

is expected that Cp along this line beyond the separation 

point should also be almost constant. Fig. V-I shows C 

along this line for the REF and the RC8 fields. Aside from 

1 
(ACP) 

^ At least to the order that -.zone « ^ 

^overal1 

4? 
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the slight deviations near the throat, which are probably due 

to turbulent stress in the free shear layer, the constancy of 

Cp is well confirmed. 

Hence, if the flow is stalled, the conclusion in the 

above paragraph that Cp » constant along the boundary is 

a condition that the shape of the effective channel must 

satisfy. To satisfy this condition downstream, where effects 

of the throat on turning of the main stream line have dimin¬ 

ished, the effective channel must be straight and of constant 

or nearly constant area. Two flow patterns are known that 

satisfy this condition. 

1. If separation occurs on one side wall only, such 

as in this study, the displacement line must eventually be 

parallel to the locus formed by adding the displacement 

thickness of the unstalled boundary layer to the unstalled 

wall shape. See sketch (a) below. This is the case in the 

present data. 

(a) (b) 

2. If separation occurs on both side walls, displacement 

lines on both sides must be parallel to the center line of the 

flow channel (see fig. b above). 

A configuration like fig. c is impossible because in 

subsonic flow the static pressure of the fluid must match 
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the pressure in the test room at exit, and so the constant 

value of Cp along both displacement lines, must equal 

C . Hence, beyond the separation points, C should 
p(room) P 

be identical on the two displacement lines. Bending of 

streamlines in fig. (c) implies that there is a pressure 

gradient across the channel contradicting the conclusion 

just obtained. 

Therefore, for flow in a diffuser without a tail-pipe 

only three different stable flow configurations exist -- the 

unstalled regime, two-dimensional fully stalled regime, and 

the Jet flow regime (see fig. 1-2). 

Around the throat the shape of the displacement line 

depends on the geometry of the smoothing curve between the 

parallel and the divergent section. It should bend in such 

a way that the turning effects of the mainstream lines be 

compensated to give constant Cp . To construct its shape, 

standard procedures for free streamline theory (see for 

example Valentine [1961]) would help. But it must be kept 

in mind that in this case the displacement line, Y^* , is to 

be treated as the free streamline and not the actual dividing 

streamline that originates from the solid wall. Otherwise 

as pointed out in experimental results, if displacement 
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thlclmeBses are neglected, the final pressure recovery coeffi¬ 

cient would be almost two times that measured in experiment. 

D. Inviscid Calculation 

D.l. Potential Solution for Y) 

The stream function in potential flow is governed 

by Eq. (V-l). In mathematics this equation, with the boundary 

conditions ï = constant on the boundaries, is called the 

Dirichlet's problem. For engineering applications there are 

many practical calculation methods to obtain exact or approxi¬ 

mate solutions, for example, conformal mapping, finite dif¬ 

ference and electric analog methods. Each has its advantages 

and disadvantages. Robertson [1965] gives a very good dis¬ 

cussion of most of the methods. 

For the present problem, a numerical solution is preferable 

for two reasons. First, the boundary of the effective channel 

in general cannot be represented by algebraic equations. Thus 

exact analytical methods, such as integral equations and con¬ 

formal mapping, do not seem appropriate. Second, adjustment 

on the channel shape is needed for each step of iteration. 

With finite difference methods, a solution can be obtained by 

a computer program which takes discrete points representing 

the boundaries as inputs. Then each of the individual discrete 

boundary points can be perturbed to give a new solution when 

adjustment is needed in the next step of iteration. 

There are many references to numerical solutions of the 

Dirichlet problem, for example. Fox [1962]. A common method 

is to divide the channel into small grids by equally spaced 

vertical and horizontal grid lines. At each grid point, Eq. 

(V-l) is approximated by either of the following finite dif¬ 

ference equations. If grid point is near boundary, see sketch 

(d) on the following page. 



(t“ + ■ (i + V y " (i + v^y ^(m"i»n) (v-2a) 

■ \ [\+T~J Ÿi(m+Ax'n) + Xv(l2+ X") (V’2b) 
X ' X y y 

If all adjacent grid points are inside channel, see sketch (e). 

4¥(m,n) -i(m-l,n) -*(»+1^) -Y(m,n+1) -i(m,n-l) - 0 

To check the validity of the proposed model, such a 

method is applied to the effective channel of the RC8 case 

shown in fig. IV-11 with the following inputs. 

Inlet : X - -6" 

Exit : X - 8.0" 

Grid site : 1/2" 
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¥ on &un on unstalled side = 1 

^ on 6gt and Yg* on stalled side * 0 

Uniform velocity at inlet and exit, i.e., distribution 

of ¥ on boundaries X = -6” and X = 8" is linear. (See 

sketch (f) below.) 

(8.0",5.02") 

On A1 : ¥ = (Y" + 1.46")/2.92" 

On A2 : Y = (Y" - l.l6")/3.86" 

(f) 

A computer program in Algol was written to find the 

coefficients of the equations defined in Eqs.(V-2a,b). With 

the 1/2" grid size, a system of 155 equations was obtained 

and solved by the direct Gauss method. The bivariate inter¬ 

polation formula was used to obtain locations for the analyt¬ 

ical streamlines shown in fig. V-2. 
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Even though the grid size chosen is quite large for the 

effective channel, the numerical calculation results check 

quite well with the experimental values. This indicates that 

the streamline pattern is defined by the shape of the effective 

channel if 5un and Yg# , 6g^ are treated as streamlines in 

analysis. 

D«2. Pressure Distribution by Inviscid Calculation 

After obtaining the ideal solution for stream 

function, Cp can be obtained from the Bernoulli equation as 

where X = -Í- Ÿ = -~- 
A1 Ai 

Eq. (V-3)can be easily derived from Bernoulli's Equation 

? pvi+ pi ' è plj2 + P 

and the definition of ¥ (Eq. (HI-5)). 

However, as will be shown below, numerical differentiation 

is a quite inaccurate process. Errors involved in numerical 

evaluation of by Eq. (V-3) can be quite large. Thus, 

unless very fine grid size is used to obtain ¥ , accuracy to 

within the experimental uncertainty, i.e., about 0.01, cannot 

be obtained. 

Calculation error in Cp can be estimated by the 

following expression 

(V-4) 
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G = absolute error of C 
P 

g = absolute error — 
1 ÒY 

g0 = absolute error — 
ÒY 

Magnitudes of gn and g2 depend on the formula used 

to evaluate the derivatives. For the central difference 
formula 

ÒY ^m+l^n " ^m-l.n 
33c -- ¿h (v-5) 

the error is 0(h/A^) where h is the grid size. For forward 
or backward difference formula 

II = ^m.n (forward) 

(V-6) 

II = ~hfm,n-l (backward) 

the error is 0((h/A)2) . 
To check the error that may occur if the numerical 

calculation of ¥ on page 52 is used to evaluate Cp , apply 
Eq. (V-4) at a point near the throat, for example (0.75"> 0.64"). 
A V A V 
— , — are expected to be close to the experimental values 
ÒY ÒT 
.96 and .20 of u/V^ and v/V^ respectively. For the grid 

size of 1/2" in that example h/A-^ » .352 . Hence if central 

difference formula Eq. (V-5) is used, g^ and g2 are of the 

order of 0(0.12) ; whence G evaluated by Eq. (V-4) would be 

of the order of 0(0.28), which is unacceptable. 
54 



To obtain a predicted value of with uncertainty 

approximately equal to the experimental uncertainty of 0.01, 

grid size h = O.05" would probably be needed. But with this 

grid size, numerical calculation would involve approximately 
15,500 equations derived from Eq. (V-2).'.' 

Moreover, since the values of ¥ outside the inviscid 

channel are unknown, to calculate along the channel 

wall, Eq. (V-6) instead of Eq. (V-5) must be used to obtain 

derivatives. This would increase the size of error, and hence 
an even smaller grid size would be needed.' 

Therefore, to evaluate Cp to within acceptable accuracy 

by this procedure, not only quick calculation methods for 

solving a large linear system of equations of type Eq. (V-2) 

but also large and very high speed computers are needed. 

E. Boundary Laver Calculation 

The prediction of the growth of a turbulent boundary 

layer in adverse pressure gradient is, by itself, an interesting 

and complicated problem. Many calculation methods have been 

proposed by different investigators. Excellent up-to-date 

reviews in this subject can be found in Rotta [I962, 1965]. 

A few methods were applied to calculate the development 

of the boundary layer parameters on both side walls of the 

RC8 case with the experimental pressure distributions as 

input. Results will be discussed after the next section. 

At separation, the boundary layer assumptions are not 

satisfied, and thus none of the existing methods work well 

beyond the separation point. Hence a criterion is needed to 
indicate where separation is expected. 

E.l. Separation Criteria 

To find a separation criterion is one of the basic 

difficulties in a separated flow study. A single universal 

one that is valid for all types of separated flow is still 
unavailable. 
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Extensive summaries of different criteria suggested by 

many investigators can be found in Reneau, et al [1965] and 

McDonald [1962]. Among them only the one suggested by 

Sandborn [1959] 

and those defined by a constant value of H are applicable 

to the present study. 

Sandborn's criterion was applied to the profiles around 

the separation point and to the unstalled profile with highest 

shape factor, H , for all three flow field data presented in 

Chapters III and IV. As shown in fig. V-3, all these profiles 

satisfy this criterion. Moreover, Sandborn and Kline [196I] 

check this criterion against many other known turbulent 

boundary layer data around separation. It appears that at 

present this is the most generally successful one. The main 

difficulty in this criterion is that accurate values of all 

6,6 and H are needed. In most cases, measurements or 

calculation of these quantities, especially 6 , cannot be 

made with great accuracy. 

Different constant H values were suggested by previous 

investigators as the criterion for turbulent boundary layer 

at separation (e.g., 1.8 £ H ^ 2.4 by Von Doenhoff and 

Tetervin [19^3]; see Chapter 6, Reneau [1964] for others). 

Such values are tailored to their particular boundary layer 

calculation methods or experimental data. 

In the proposed analytical model, it is not necessary to 

predict the exact location of the separation point. If a 

simple criterion can be found which guarantees separation to 

occur within a small interval, then the matching conditions 

of step 4 can be checked. Such simple criterion can be deduced 

as follows. 
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The table below repeats some boundary layer data tabulated 
in table 4. 

REF 

at X—0.5" 

at X=0.5" 

^Location of Separation Point 

-o (Highest H value 
(u ) 
g ^^Corresponding Location 

4-> 
w 

CÖ 
■P W 
u 

ë 

1.39 

5.9 
X-0" 

2.0 

X=l.5" 

RC8 

1.79 

3.96 

x=o.25" 

1.99 
X=4.53" 

TKD 

1.36 

2.95 
X=0.25" 

1.93 

X=2.72" 

From the above table, one can observe that a shape factor 

of 2.7 is higher than all the H of unstalled boundary layers 

measured in this experiment. Interpolating values of H in 

the table shows that H = 2.7 occurs within a small interval 

bounded by X = 0" and X = 0.5". Inside this interval 

separation in every case also takes place. 

Hence if by a suitable boundary layer calculation method 

an H value of 2.7 is obtained at a location S , separation 

in all the present cases should be in the vicinity of S* . 

H = 2.7 may then be taken as a computing criterion to termi¬ 

nate boundary layer calculations and begin to check matching 
conditions of step 4. 

It must be emphasized that this shape factor H = 2.7 

is not a separation criterion because it does not locate the 

exact separation position, and may not work well for flows 

going slowly to separation. It does, however, give the 

vicinity of separation when H rises sharply at separation 

as in these cases, and hence it is adequate as a "program 
stop." 

This criterion is also valid for the breakaway type 

separation in the present channel since H jumps to 2.7 in 

a very short distance although its value may be under 2.0 at 

the breakaway separation point. 
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E,2‘ Several Turbulent Boundary Layer Prediction Methods1" 

Pressure distribution along the walls of the RC8 

case (fig. IV-2) are applied to several turbulent boundary 

layer prediction methods supposedly valid for arbitrary pres¬ 

sure gradients to calculate the growth of 6* and H along 

the two side walls. Initial conditions are taken to be the 

same as experimental data at the inlet point (X = -6", table 

^-b). Results of four methods that represent different 

approaches are presented in fig. V-4 and V-5. The table below 

summarizes the methods. Complete equations can be found in 
Appendix D. 

VD&T 

MIN4* 

MIN6* 

M2N1* 

Method by Von Doenhoff and Tetervin [1943] 
combining Von Karman's momentum equation 
and two empirical equations. 

Method combining Von Karman's momentum 
equation, energy integral equation with 
Clauser's eddy viscosity and asymptotic 
matching of the law of the wall and law 
of the wake. 

Method combining Von Karman's momentum 
equation, energy integral equation with 
Truckenbrodt's dissipation integral and 
asymptotic matching of the law of the 
wall and the law of the wake. 

Method combining Von Karman's momentum 
equation, entrainment equation, turbulent 
kinetic energy model equation and 
asymptotic matching of the law of the 
wall and the law of the wake. 

Calculations in this section are due to Mr. E. Hirst. 

These methods are proposed and will be reported subsequently 
by E. Hirst and W. C. Reynolds, Stanford University. 
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# As shown in figs. V-4 and V-5, the trends of change in 
6 and H can be predicted for both the stalled and unstalled 
wall. Calculated values also match with experimental results 
fairly well when the flow is accelerating and the pressure 
gradient is mild. But around the throat section where the 
change in free stream velocity is sharp, deviations are 

observed. In addition, none of the prediction methods can 
pass an H value of higher than I.5 under such sharp pres¬ 
sure changes. Solutions become unstable and oscillate at 
S = 2" on the unstalled wall and S = -3/4” on the stalled 
wall. At these locations measured H also shows sharp in¬ 
crease in values (see table 4-b). 

Since these four methods represent most of the common 
approaches to turbulent boundary layer prediction, it may be 
concluded that the growth of 5* and H cannot be calculated 
accurately with existing two-dimensional boundary layer 

equations in Cartesian coordinates when the pressure gradient 
is as sharp as those measured in the present study. Pressure 
gradient normal to the wall exists in measurements on the 

unstalled side. This may cause the failure of the prediction 
methods on this side. On the stalled side, the rise in pres¬ 

sure is so sudden that boundary layer assumptions break down 
before the separation point is approached. 

Hence to complete the iteration cycle in the present 
proposed method for establishing the stable separation phenom¬ 
enon, more work has to be done to improve boundary layer calcu¬ 
lations for use when high pressure gradients occur. 

F. Matching Conditions 

Two conditions must be satisfied when the boundary layer 
calculations and the inviscid calculations converge 

1. At all positions where the calculated H < 2.7 5* 

must match the local boundary of the assumed effective channel 
to within a specified small allowance. 
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2. If separation is approached in boundary layer 

calculation, i.e., 6* exists where H = 2.7 , then at any # 
S > S on the same side of the channel. 

C (S) - C (S") 
2- - ±5% 

The first condition is simply from the definition of the 
effective channel. The second condition comes from the con¬ 
clusion that along the displacement line Y&* , variation of 
Cp should be very small (see page 47). 

If at any iterative step either of the above conditions 
is not satisfied, a new effective channel can be formed by 
lines which cut the gaps between previous channel and pre¬ 

viously calculated displacement thickness. Then all steps 
must be repeated for the next Iteration. 

G. Initializing the Computation 

To start the iterative scheme, the complete physical 

channel should be taken as the effective channel. Qualitative 
Cp distribution on the two side walls would be like that 
shown in sketch (g). With this Cp distribution, boundary 
layer computation can be done. If no separation is predicted, 

the channel is unstalled. Results of calculations for un¬ 
stalled diffusers can be found in Cocanower, et al [1965], 
Reneau et al [1964], Sovran and Klomp [1967]. 

If separation is predicted on either side, say at s' , 
then assume that the next pattern is the two-dimensional 
fully-stalled configuration. In this configuration separation 
point must be very near the throat. Otherwise, a strong stag¬ 
nation point win occur changing the pressure curves to those 
shown in sketch (h). The stronger pressure rise at the stag¬ 
nation point will then move separation point further upstream. 

I 
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Stalled wall 

Unstalled wall 
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In the two-dimensional fully stalled configuration, the 
displacement line Yg* must eventually become a straight 
segment parallel to the unstalled wall. If this straight 
segment is extended backward, it must intersect the stalled 
wall at a point downstream of the throat in order to have a 
positive C at the exit. The limiting position of this 

P 
line is restricted by the condition that the final area, A2 , 
must be bigger than inlet area, . 

If the two-dimensional stalled pattern is assumed in a 
channel with too large a divergent angle 0 , pressure rise 
after the throat will be so sharp on the unstalled wall that 
separation could also be predicted on this side wall by 
boundary layer calculation. Then the jet flow pattern should 
be expected. Separation points in the jet flow configuration 
would also be near the throat for the same reason mentioned 
two paragraphs above. 
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Chapter VI 

SUMMARY AND CONCLUSION 

1. The fully stalled flow in the present study Is 
established by the stable balance of the shape of the effective 
channel, the vastly altered pressure field associated with the 
effective channel, and the growth of the boundary layers on 
the two side walls. Interactions among these elements occur 
as follows : 

Since the locus of the displacement thickness of the 
boundary layer on the unstalled wall forms one boundary of 
the effective channel, growth of the unstalled boundary 
layer defines the effective channel shape on the unstalled 
side. The boundary layer on the stalled side affects the 
shape of the effective channel in two ways. First, the locus 
of the displacement thickness before separation is the boundary 
of the effective channel up to the separation point. Second, 
beyond the separation point, the channel is bounded by the 
displacement line, Which in turn is affected by the location 
of the separation point and the boundary layer profile Just 
before separation. 

For all cases investigated, the shape of the effective 
channel defines the shapes of the streamlines in the main 
flow. Qualitatively, pressure distribution both inside the 
channel and along the side walls can be explained by applying 
Euler's equations to the streamline pattern in the effective 
channel. Quantitatively, one-dimensional ideal calculation 
applied to this channel gives a good estimate for the final 
pressure recovery coefficient. The blockage effects of 
boundary layers and the free shear layer are important in this 
estimate; if these effects are neglected, and estimates of 
C based on an inviscid channel bounded by the solid walls 

P 
and the dividing streamline, calculated overall recoveries 
differ from experimental values almost by a factor of two. 
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The following tables summarize these estimates. 

Case 

REF 

RC8 

TKD 

C via pe 
Effective 

Channel 

0.25 

0.33 

0.26 

Uncertainty 
in Exper. 

Estimation Cpe 

0.04 0.22 

0.04 0.34 

0.04 0.20 

Experimental 
Uncertainty 

C via pe 
Dividing 

Streamline 
Neglecting 
6* Effects 

0.01 0.4l 

0.01 0.46 

0.01 0.43 

The development of the boundary layers on the side walls 
is strongly affected by the pressure distribution along the 
walls. On the stalled side, separation occurs just after an 
abrupt pressure rise ahead of the throat. On the unstalled 
side, an equally steep positive pressure gradient does not 
cause separation, probably because momentum is added to the 
boundary layer by the strong negative pressure gradient in 
front of the throat. Nevertheless, downstream of the throat, 
the shape factor, H , of the unstalled boundary layer can 
become as high as 2.0 and the profile shows a distinct 
inflection. 

2. All major changes in recovery occur within a region 
bounded by 2W up and downstream of the throat in the main 
stream. Downstream of the separation point, in the stalled 
flow region and along the displacement line, C is almost 
constant. ^ 

From the ratios of the magnitudes of velocities in the 
stalled flow to those in the main flow it is concluded that 

Cp * constant is a necessary condition which the displacement 
line in any separated flow should satisfy. This conclusion 

also leads to an explanation why only three stable flow fully 

stalled configurations have been observed in diffusers without 
a tail pipe. 
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3. In all cases, the separation point occurs within 

half an inch downstream of the throat. 

Case 

REF 

RC8 

TKD 

Location of Separation Point 

X" Y" 

0.0 , - 1.50 

0.25 , - 1.76 

0.25 , - 1.62 

All the boundary layer profiles measured obey the 

Sandborn [1959] separation criterion: H = 1 + _I_ 

1 - 
6 
T 

values lead to Moreover, interpolation of experimental H 

the conclusion that separation is so sharp that a simple 

criterion, H = 2.7 / would define the actual separation 

point to within + 1/4" from the actual separation point in 

all the cases observed. Thus, H = 2.7 is proposed as a simple 

criterion for terminating boundary layer calculations in this 
type of flow. 

4. Based on the above conclusions, an analytical model 

has been proposed that would predict not only the stable two- 

dimensional fully stalled configuration but also the unstalled 

and jet flow configurations in diffusers. Owing to lack of 

time in the present program, this problem is not solved, but 

suggestions are made for follow-up studies. As a check on 

the validity of part of the calculation procedures, a potential 

flow solution has been obtained for the experimental effective 

channel in the RC8 field. The calculated streamline pattern 

checks well with the experimental one. Boundary layer calcu¬ 

lations by methods of other investigators and based on experi¬ 

mental pressure distributions show the same trends for the * 
growth of 5 and H as the measured values, but the methods 

are inaccurate in the throat region where very rapid changes in 
pressure gradient occur. 
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5. When the Darameters are changed from the REF case to 

RC8 and TKD cases, the flow data show some sensitivity, but 

most of the flow features alter only slightly. However, change 

of curvature at the throat affects pressure recovery coeffi¬ 

cient in the flow field appreciably. This differs from the 

flow in unstalled diffuser as reported by Copp [1951]. In a 

fully stalled flow, each flow field "creates its own effective 

channel." The area ratio of the effective channel in the RC8 

case is larger than both the REF and the TKD cases so that 

better final pressure recovery is obtained. 

Other brief experimental results include effects of 

turbulent mixing on the pressure distributions along the walls 

of REF field. Some changes are observed, but more systematic 

studies including turbulence measurements will be needed to 

obtain final conclusions. Variation in Reynolds number from 

2.5 X 10^ to 1.4 X 10^ , based on inlet width and continuity 

velocity, does not affect the pressure coefficient along the 

side walls. 
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1) Filter box 3* X 5* 

(Scott foam dust 

niters).

2} Speed control gate.

3) Second wind tunnel 

(Sagl 1965).

4) Blank off board.

5) Gate,

6) Blower (variable 

speed drive).

7) 2 way divergent duct.

8) Noxzle.

9) Plexiglas section.

^ Test section.

11) Flow stralghtener 

section.

12) Suction ducts.

13) Side wall

14) Sugar pine base board

11-lb

rig. 11-1 Wind Tunnel



Il-2a

U Side wall.

2) Surface board.

3) Wall pressure taps.

4) Wall probe holes.

5) Interchanaable 

throat section.

6) Sliders 

7} Clamps.

•tn 'TiV.

^-1

ll-2b

FIe. 11-2 Test Section
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1) Micro vernier caliper.

2) Contact rod.

3) Tubes leadlna to 
pressure transducers.

4) Irobe holder with 

protractor.

Contact lisht.

6) iressure transducer

*'OX.

7) Transducer circuit >^ox. 

B) Output of transducer.

9) Galvanometer.

10) Fotentiometer (dleltec).

11) From output of 

transducer.
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Fig. III-l Velocity profile at inlet, X=-6" 
for REF and RC8 fields 
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Fig. TIT-4 Local pressure coefficient, for reference f 
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Fig. III-6 Boundary layer profiles along 

unatalled wall for REF flow 
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Fig. III-7a Boundary layer thickness on unstalled wall for REF 
flow 
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Fig. III-7b Boundary layer parameters on unstalled wall for REF 
flow 
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Fig. III-ll Boundary layer parameters on stalled wall 
for REF flow field 

83 



S
(
I
n
c
h

 ) 

3 

84 

F
i
g
-
 
Ï
I
I
-
1
2
 

C
r
o
s
s
 
p
l
o
t
 
o
f
 
b
o
u
n
d
a
r
y
 
l
a
y
e
r
s
 
b
e
f
o
r
e
 

s
e
p
a
r
a
t
i
o
n
 
i
n
 
r
e
f
e
r
e
n
c
e
 
f
l
o
w
 
f
i
e
l
d
 



F
1

g
. 

T
ir

-1
3
 

C
tr

e
a
m

li
n
e
s
 

in
 

th
e
 

re
fe

re
n

c
e
 

fl
o

w
 
fi

e
ld

 



86 



o
m
b
l
n
e
d
 
p
J
o
t
 
o
f
 
p
r
e
s
s
u
r
e
,
 
v
e
l
o
c
i
t
y
 

a
n
d
 
s
t
r
e
a
m
l
i
n
e
s
 
f
o
r
 
R
E
F
 
f
l
o
w
 





89 

F
i
g
.
 
I
V
-
2
 

C
o
m
p
a
r
i
s
o
n
 
o
f
 
p
r
e
s
s
u
r
e
 
r
e
c
o
v
e
r
y
 
c
o
e
f
f
i
c
i
e
n
t
 

C 
, 
o
n
 
s
i
d
e
 
w
a
l
l
s
 
f
o
r
 
R
C
8
 
a
n
d
 
R
E
F
 
f
i
e
l
d
s
 



t 

90 

F
i
g
.
 
T
V
-
3
 

C
o
m
p
a
r
i
s
o
n
 
o
f
 
p
r
e
s
s
u
r
e
 
r
e
c
o
v
e
r
y
 
c
o
e
f
f
i
c
i
e
n
t
 

f
o
r
 
t
h
e
 
R
C
8
 
a
n
d
 
R
E
F
 
f
i
e
l
d
s
 



N
o
r
m
a
l
i
z
e
d
 
d
i
s
t
a
n
c
e
 
f
r
o
m
 
t
h
e
 
w
a
l
l
 

Fig. rv-4 Boundary layer profiles on unstalled 

wall for RC8 case 
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Fig. IV-5a Comparison of boundary layer thicknesses 
on unstalled wall for RC8 and REF flow field 

Distance along wall, S(Inch) 

Fig. IV-5b Comparisrn of boundary layer parameters 
on unstailed wall for RC8 and REF flow field 
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Fig. IV-8 Boundary layer parameters on stalled wall 

of RCÖ flow field and comparison of their 

changes against those in REF flow around the 
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Fig. IV-9a Comparison of velocity/inlet average velocity, 

U/^ at X-1.75" for RC8 and REF flow fields 
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Fig. IV-16 Boundary layer profiles on 
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Fig. IV-17a Comparison of boundary layer thicknesses on 
unstalled wall for REF and TKD flow field 

Fig. TV-17b Comparison of boundary layer parameters on 
unstalled wall for TKD and REF flow fields 

105 



JC 
o 
c 

w 

CO 
* 

w 
c 
O 

0) 
Ü 
c 
(0 

■P 
(0 

106 

”0 
(U 

CO 
P 
CO 
c 
3 

w 
T3 

0j 

C 
r> 

C/j 
b 
O 
P 
O 
(0 

Cm 

Q 
.y 
H 

0/ (C 
a 
«o oo 

-C c 
co K 

* 
O k 

c ë 
O 
C/j l; 
P O 
b «H 
CD 
a ri 
E --! 
O CÖ 
O » 

00 

I 
> 

(30 
P 
a 

■HNI 

I 



¡¡ 

•t 

m 

a 
* 
<v 
•o 
•H 

W 
hO 
C 
O 
iH 
(0 

0) 
o 
i 

+J 
w 

107 

F
i
g
.
 
I
V
-
1
9
 

C
o
m
p
a
r
i
s
o
n
 
o
f
 
f
r
i
c
t
i
o
n
 
f
a
c
t
o
r
,
 
0
f
, 

a
l
o
n
g
 
s
i
d
e
 
w
a
l
l
s
 

f
o
r
 
T
K
D
 
a
n
d
 
R
E
F
 
f
l
o
w
 
f
i
e
l
d
s
 



N
o
r
m
a
l
 
d
i
s
t
a
n
c
e
 
f
r
o
m
 
w
a
l
l
,
 
y
(
I
n
c
h
)
 

Í 

1.8 

1.6- 

1.4- 

1.2 

1.0- 

0.8- 

0.6- 

0.4- 

0.2- 

o° 
o 

fa. 

Fig. IV-20 Boundary layer profiles 

around sepnration point 
for TKD flow field 

7 

□ 

O 

Separation point at 

S (Inch) 

-6.00 

-1.50 

-0.50 

O.55 

0.28 

& 

? 

S’ 

V 

T . i-r 
0 0.2 0.4 0.6 0.8 1.0 

u/uR 

108 



o 

L O 

+> 
03 

ï» 

>» 
■P 
P 
O 
O 
H 
O) 
> 

w 
0) TJ 
húH 
a <u 

U -H 
0) u 
> 
03 ï 

O 
P H 
0) Vt 

rH 
C tu 

P TJ 

O 
O 
rH 

> H 

Vi 
o o 
fi 
0 = 
to m 
p t— 
^ • 
flj rH 
a 
S h 
o 
U X 

aj 
i 
> 

•H 
ÍU 





Ht WM» 

U 
O 

c • ë 
« 

g 
u 
u 
« t, 

o ■o 4J 
§0 

h 
(U 

w C 
C 0) 
O V) 
•H 
w X 
C 01 gt: 

OJ 
I 
> 

V) 
■rl 
fc 

H'—I 

Hh 
uní 

\ 

111 

». 



^
 R

E
F 

(O 
D 

112 

+j 
3 
O 
JC 
•p 

V 
C 73 
«) -1 

D 
■C •H 
*-> Vh 
•H 
S X 

0 
01 rH 
H <M 
•H 
Oh Oi 
O C> 
O. C 
O. 01 

(h 

>> oi 
H-> Oh 
•H 01 
Ü fc. O 
rH dl 
Oi £ 
> -P 

P c 
0) <H 
H 
C bO 
P C 

>H 
Oh K 

°-g 

OP 
N c 
rí 0) 
Sh ri 
« 3 
ap 
E t. 
O 3 
O P 

-T 

bO 
•H 
b, 



TJ 
O 

«S 
a 
ë 

O 4 I 
I 
I 

TJ 
0) 

(0 
■P 
w 

O B 

W 
0) 

0) 
» 
£ 
P 

CO 
b 
O 
P 
« 
b 
0) 
C - 
0) Du 
“g 
X ^- 
0) 
P M 

TJ U C 
O -H 
>• X 

JZ £ 
P 
•H O 
3 2 

T 

Fi
g.
 
I
V
-
2
5
 

P
r
e
s
s
u
r
e
 
r
e
c
o
v
e
r
y
 
c
o
e
f
f
i
c
i
e
f
i
t
s
,
 
C^
, 

o
n
 
w
a
l
l
s
 
w
i
t
h
 
a
n
d
 
w
i
t
h
o
u
t
 
t
u
r
b
u
l
e
n
t
 

m
i
x
i
n
g
 
i
n
 
t
h
e
 
r
e
f
e
r
e
n
c
e
 
f
l
o
w
 
f
i
e
l
d
 



S. P. = Separation point 

REF RC8 

Along Displacement line, Yg* O O 
Along Stalled wall 

J_I-L 
2 4 6 

1 
8 

X (Inch) 

J 
10 

Í.P. 
ic8 

Fig. V-l Pressure recovery coefficients 
along stalled wall and displacement 
line foi RC8 and REF flow fields 

114 



F
i
g
.
 
V
-
 

'
.
'
o
m
p
a
r
i
s
o
n
 
o
f
 
e
x
p
e
r
i
m
e
n
t
a
l
 
a
n
d
 

a
n
a
l
y
t
i
c
a
l
 
s
t
r
e
a
m
l
i
n
e
s
 
f
o
r
 
R
C
8
 
f
l
o
w
 
f
i
e
l
d
 



Stalled Wall 
X(lnch) REF RC8 TKD 

Unstalled Wall 
X(lnch) REF RC8 TKD 

1*5 û 

2.72 0 

5.44 0 

Fig. V-3 Comparison of boundary layer parameters at several 
experimental stations with the separation criterion 
of Sandborn [1959] 

116 



D
i
s
t
a
n
c
e
 
a
l
o
n
g
 
u
n
s
t
a
l
l
e
d
 
w
a
l
l
,
 
S
 
(
I
n
c
h
)
 



118 

D
i
s
t
a
n
c
e
 
f
r
o
m
 
t
h
e
 
t
h
r
o
a
t
 
o
n
 
s
t
a
l
l
e
d
 
w
a
l
l
 

(
I
n
c
h
)
 



REFERENCES 

Chang, S. C. [I966], "Velocity Distribution in the Separated 
Flow Behind a Wedge Shaped Model Hill," Tech. Report, Fluid 
Mechanics Program, College of Engineering, Colorado State 
University. 

Chapman, D. R. [1951]# "An Analysis of Base Pressure at 
Supersonic Velocities and Comparison with Experiment," NACA 
Report 1051, 1951. 

Clauser, F. H. [195^]» "Turbulent Boundary Layers in Adverse 
Pressure Gradients," Journal of the Aeronautical Sciences, 
February 1954. “ —— 

Cocanower, A. B., Kline, S. J., and Jonnston, J. P. [1965], 
"A Unified Method for Predicting the Performance of Subsonic 
Diffusers of Several Geometries," Report PD-10, Thermosciences 
Dlv., Mech. Engrg. Dept., Stanford University, May 1965. 

Copp, M. R. [195I]# "Effects of Inlet Wall Contour on the 
Pressure Recovery of a 10° 10-inch I.D. Conical Diffuser," 
NACA RM L51Ella, September 1951. 

Feil, 0. G. [1962], Vane Systems for Very Wide Angle Subsonic 
Diffuser," Report Pi*-7# Dept, of Mech. Engrg., Stanford 
University, 1962. 

Fox, L. [1962], Numerical Solution of Ordinary and Partial 
Equations. Addison Wesley International Series. 

Fox, R. w. and Kline, S. J. [1962], "Flow Regime Data and 
Design Methods for Curved Subsonic Diffusers," TASME, Journal 
of Basic Engineering. Vol. 84, Series D, September 1962, 

Kline, S. J. [1963]# "Flow Visualization," No. K-4, Educational 
Services Incorporated, 39 Chapel Street, Newton, Massachusetts. 

Kline, S. J. [1965]# "Flow Regimes in Subsonic Diffusers," 
Movie loop, FM49, Encyclopaedia Britannica film loop. 

Kline, S. J. and McClintoch, F. A. [1953]# "The Description 
of Uncertainty in Single Sample Experiments," Mech. En^rp;. . 
January 1953. - 

McDonald, A. T. [1962], "Evaluation of Incompressible Turbulent 
Boundary Layer Prediction Methods Applied to Diffusers," 
Masters Thesis, School of Mechanical Engineering, Purdue 
University, June 1962. 

119 



« a onri Kline S. J. [1958]* "Some Effects of Vanes 
and of Turbulence on Two-Dimensional Wide-Angle Subsonic 
Diffusers," NACA TN4080, June 1958. 

Mococ h T Channel, J. R. and Goldberg, T. [1965], "Boundary 
Layer*Separation in Internal Flow," Report No. 81, Gas Turbine 
Laboratory, MIT. 

iMirp r R Tena, W. Y., and Moses, H. L. [1966], "Separation 
of^Turbulent incompressible Flow From a Curved Backward-Facing 
Step," MIT, Gas Turbine Laboratory, Report No. 87, October 

1966! 

"Performance" ¿nfK’oí " Swii^.^imensionalliffus^rs, " 
Report PD-8, Themosciences Div., Mech. Engrg. Dep ., 
University, September 1964. 

Robertson, J. M. [1965], Hydrodynamics, in Theory and 
Application, Prentice Hall, 19^5. 

n 4.4. Tp fiofiPl "'Furbulent Boundary Layers in Incompressible Rotta, J. C. 119d¿J, lu roux exiu * J * 2 pergamon Press, 
Flow," Progress in Aeronautical Sciences, vol. 
Inc., 1962. 

nn+tfl T C [1965], "Critical Review of Existing Methods for 

Edited by fl. Sovran, Elsevier Publishing Co., iyor. 

Dept., Stanford University, May 1965- 

Sandborn, V. A. [1959], "An Equation for the Velocity 
Distribution of Boundary Layers, NASA Memo. ¿ 5 59 
February 1959« 

Schraub, F. A. and *tS¿ ¿¿¿^^Laye/wït^Ld Without 
Structure of the TurbuJen^.B t^dnropüort mD-12, Thermosciences “.i.’-.,» ». 
Shapiro, A. H. [1963], "Cesign of Tuft for Flow Visualization," 

AIAA Volume 1, 1963. 

120 



Sovran, G. and Klomp, E. D. [1965]. "Experimentally Determined 
Optimum Geometries for Rectilinear Diffusers with Rectangular, 
Conical or Annular Cross-Section," Research PublicationGMR- 
511, 
(Or 
The 

Taylor, H. D. [1948], "Application of Vortex Generator Mixing 
Principle to Diffusers - Concluding Report," Report R-15064-5, 
Research Department, United Aircraft Corporation. 

Todd, K. W. [1949., "Some Developments in Instrumentation for 
Air Flow Analysis," Proc. I. Mech. E. 1949, Vol. l60. 

Valentine, H. R. [1961], Applied Hydrodynamics, Butterworths 
and Co., London. 

VanSant, J. H., Jr. and Larson, M. B. [1965], "Convection 
Heat Transfer in Separated Regions - Subsonic Diffusers, 
TASME, Journal of Heat Transfer« November 1966. Also PhD 
Thesis, Oregon State University, August 1964. 

Research Labs., General Motors Corp., Nov. 10, 1905- 
Proceedings of General Motors Rese_arch Laboratory Symposium, 
Finid Mechanics of Integral Plow, Elsevier Publishing Co., 

121 



T
a
b
le

 
P

r
e
s
s
u
r
e
 

r
e
c
o
v
e
r
y
 
c
o
e
f
f
ic

l
e
n
t
s
 

a
n
d
 
v

e
lo

c
it

ie
s
 

in
s
id

e
 

R
E

F
 

f
ie

ld
 

(0 
V 
a> 

<3 U 
bO 

£ 

eu h h 
• • • • • 

o o o o o 
I I 

o 

IT\ 
CVJ 

• 

on 
i 

a 
o 

oo rom on 
o O o o O 
r-\ r- r-\ r-i t-i 

maj H O 
o oo oo • • • • • 
o o o o o 

i i i i i 

(VJ o 

H 
O 

<0 
0) 
-C 

ÏM Ü 
C 

5 5 5 VO VO 
ONo~mo5 oo 
o o o o o 

I I 
o 

I 

(0 
0) 
0) a C 
bO 

OOCVJOOO 5- • • • • • • 
CVJ C\J tVJ (\J H H 

iTv 
CVJ 

oo vo mma' 
o o o o o 

I 

II 

X 

cvj co 5 o m 
H o o o o 
o o o o o 

I I I I 

CO 
a> 
£ X o 
c 

5 5 VO VO VO 
t^mo5co 

• • • • • 
o o o o o 

I I I 

CO 
OJ 
(U 

a u 
bD 

ä 

CVJ O O CVJ CVJ CVJ 

o o o o o d 
I 

CO 

bO 

O CVJCO o o 
• t « • • 

O O O H H 

u-v 
OJ 

• 

5 
I 

II 

X 

mmmmm m 
o o o o o o 

m cvj iH o o h a o o o o o o o • • • • • • 
o o o o o o 

I I I I 

in 
CVJ 

cvj’ 
i 

h 

X 

oo K m m -H o 
a o o o o o o 

u . 
o o o o o o 

I I I I I I 

(0 
OJ 
-C 

>H O 
c O O O O O H 

I I I 

co 
0) 5 5 5 VO vo VO 
£ CTvr~m05 ov 

>- O . 
C o o o o o o 
H III 

122 

.0
3
 

0
.8
 

-1
.0

5
 

0
.0

3
 

1
.0

1
 



•o 
H 
V 
•H 
U 

* _ 
O = 
h m 
<H t" 

o 

(0 
(1) 
oî ooojtooj inoojoo ooo 

ôk ••••• ••••• •«. 
w) on h oon oooot'-vom COH^g 

S 
H H H H 

I rH «HO 
ö ••••• «•••• ••• 

H H H H O OOOOO OOO 

a) X 
TJ 
•H 
U) 
G 

O 

H miniAON CVJ'XM^CVI <m hoh 
cvjhoojO h h h cvj cvj c\j(vjcy 

• •••• ••••• • • • 
OOOOO OOOOO ooo 

I I I 

(0 
0) 

TJ •*-> 
(Ü *H 
3 O 
C O 
•H rH 
+> 0) 
c > 
O 
O TJ 

U 
0) 
£ 

ÍH o 

jt^-jà-vûvû VOVOVOvß vßvß O 
H f-oS O^t 'sOoOOOJOO lT\VO • •••• #•••• ••• 
H O O O O OOrHHH rH rH rH 

Il I I I I I III 

H W 
•P 

0) C 
H ft) 
X) -H 
(0 U 
E-t -H 

U 
U 
0) 
o 
U 

î» 
h 

o 
o 
0) 
h 

a> 
h 
3 
u 
m 

m 
CVJ 

• 

O 
I 

0) 

& 

(0 
0) 
a» cvjoo^t cvj cvj co-4- ao 

ÖJ"! »•••• ••• 
H) vommuMTv 

3 

O ONf-^t CO HCTVh- 
H O O O O O OVOV 

• •••• ••• 
HrHrHrHrH HOO 

Vßit O COrH ^-00 OO 
O. HrHrHOO OOrH 

o . • • • 
OOOOO ooo 
I I I I 

(0 
0) 
£ 

* I 

¿t-=t o 
NirvrOOOJ ^-vo 

OOOOO OOO 
I ' I 

123 



U} 

0) OOVÛ^^t^ 
Oh • • • • • 

bû nn h o Onod 
^ eu (M OJ H H 

vovo^tinir» asneo o o ooooo 
f'-vo m 
H H H H H 

O H N- O\0Q OMACU 
Invûvûvû 
i—l r—i i—l r-l 

O O 
ñsó 
mm 

•o 
H 
0) 

•H 

O 
r-i 

0) 
T3 

in 

ai 

il 

X 

^k1 ssasés sâîîïïî 's^'S'g'g 
H o o O O o o o O d 66666 . 

O 

ooooo 

a o 2 2 ^®?ocu co eu h h h 
> o O O H H HHCUCUCU CU eu eu rvi rvi fv/c\jc\j eu èù àjeu éu eu eu eu eu eu 

^®®oo ooooo ooooo • • • • • 
ooooo 

w 
c 

0} 
Q) 

^ ' *H 
T3 -P 
a» «h 
3 O 
C O •H i—I 

■P 0J c > 
O 
O TJ 

§ 
H CO 

•P 
a> G 

rH 0) 
43 *H 
CO O 

E-* "H 
U 
0h 
0) 
O 
O 

!» 
U 
0) 
> 
O 
U 
0) 
s* 

0) 
G 
3 
CO 
CO 
0) 
à 

in 
t'- 

C/j 

£ ^vfrÑ^ I? 7¾ )0)psOsOsO SOSO SO SO Sû 
O COO H CU (O 

q h hh66 66666 d h h h h' 
C, • i • i i i i i t i 

r-isososo \0 en 4Í ^tvOoo o 
• • • • • 

H H H H eu 
I I I I I 

CO 
aj 

M <u o vo oo eu o 
UH • • • • • 

bû iney\N-vo io 
a eu h h h h 

o a 

CO 
(U 

C 

H-d- eu H0O 
o o o o CT\ 

• • • • • 
H H H H O 

O CO H OO 00 
H o O O O • • • • • 
ooooo 

I I I 

-3- -5Í -cfr -4- 
C^cocKuSh • • • • • 
H rH o O O 

oo eu o inc- e^ c— o o oooo 
oo co eu o en 
H H H H 

£-¾ CU h-O Ch Ca Ch CO oo 
. 

OOOOO 

oomoo o eu 
h h h eu eu 

oo h-uo irupi 
i 

H Ch^t UO H 
eu h 

co N- h uo 
cneoeo en 

eo h- N-h- 
o o o o 

ooooo oooo 

coeu h eu h 
eu eu eu eu eu 

rH rH rH rH 
eu eu eu eu 

ooooo ooooo oddd 

so so so SO so eu uo oo eh 
• • • • • 

ooooo 
I I I I I 

so SO so so H 
o h eu run 

• • • • • 
H rH rH i-H rH 

I I I I I 

encooo o 

i i 
h eu 

i i 

124 

-2
.2

6
 

0
.2

1
 

0
.0

6
 

-2
.4

6
 

0
.2

1
 

O
.0

6
 



T
a
b
l
e
 
1
 

(
C
o
n
t
i
n
u
e
d
)
 

P
r
e
s
s
u
r
e
 
r
e
c
o
v
e
r
y
 
c
o
e
f
f
i
c
i
e
n
t
s
 
a
n
d
 
v
e
l
o
c
i
t
i
e
s
 
i
n
s
i
d
e
 
R
E
F
 
f
l
o
w
 
f
i
e
l
d
 

X
 
=
 
3
.
7
5
"
 

x
 
=
 
4
-
7
5
"
 

u 
0) 
<d o o mov^- ovomcxa- volteo o o vooooo 
U> Lfun^t mro cocvjojHH oONt^-vo^t oon^t^oj 
a> aj cvj aj aj cvj cm cvj cvj cvj cvj cvjhhhh h i iT\ n- 
Q h H 

vo h co ro oo 
00 Ov on ov On 

o o o o o 

CO CO CO 0J CM 
ON ON ON ON ON 

o o o o o 

ONpHOQ tT\H 
00 CO VO LfN^t 

O O O O O 

NO CO ON NO ON 
CM H O O O 

O O O O O 

a 
u 

LfNinvovo 

o o o o o 

f-h-COONON OOOHH 
HHHHH CM CM CM CM CM 

OOOOO OOOOO 

O O H H <H 
CM CM CM CM CM 

• • • • * 
OOOOO 

n 
0) 
£ 

^ C 
W 

^ it it it it 
ONh-^ H CO 

if-itit it 
uNCM ONt'- IfN 

it it VO NO NO 
CO rH O CM it 

OOOOO 
I I I 

NO VO VO VO VO 
NO CO ONO CM 

O O O H H 
I I I I I CM CM CM CM H HHOOO 

CO 
V 

Ö u 
tf) 

CO CM CM C^-it 

it it CO CM CM 
CM CM CM CM CM 

VO CM VO t— CM 

H H O ON CO 
CM CM CM H rH 

CM CO VO CO CM 

NO COHOOit 

CO o o o o 
r-t it it CM 00 

I iCNVO t-VO 
rH rH rH rH 

o o 
CO 
vO 

co vo vo mo m 
00 ON ON ON ON 

OOOOO 

ccN cm co 
onOnonOnoO 

OOOOO 

h-rH CO it m 
t'-VO it cm <H 

OOOOO 

OVOVOVOVO 
H O O O O 

OOOOO 

o 
o 

a 
o 

O H CM co it 

OOOOO 

in no oo ono 
H cH H rH CM 

OOOOO 

O rH CM rH rH i-HHrHrHrH 
CM CM CM CM CM CM CM CM CM CM 

OOOOO OOOOO 

CM 

O 

CM CM H H H 

Sit it it VO 
t^it rH rH 

H O O O O 
I 

NO VO VO vO VO 
COlfNN-ONrH 

O O O O rH 
I I I i I 

VO VO VO VOVO 
rH CM CO h-CM 

rH rH rH rH CM 
I I I t I 

vo 
VO 

CM* 
I I 

125 

3
.
0
6
 

0
.
2
1
 

0
.
0
4
 

1
5
5
 



TJ 
H 
<D 

•H 

3! 
O 
H 

b 

0) 
TJ 
•rl 
U 
S 

TJ 
IT\ 0) 
S- 

IT\ 

3 
C 

•P 
Il c 

O 
X ü 

(0 
0) 

„4) CVl CVJ CVJ O-sfr UH • • • • « 
bû OONOOVO^- 
^ OJ H H H H 

°k 

a 

s-vo VOCViO O O O O O oo 
H OVO H H 
H I 

oo moo N-oo inm 
- . - t^-vo 

rH h! rH 

oo innovo 
i^vo oo 

• • • • • 
O O O O O 

O O H H H 
<M C\J OJ CVJ CM 

^^°op v^^-N-voin 
CM H H H O O O O O O 
••••• . 

O O O G O O O O O O 

H H H H H 
CM CM CM CM CM 

H H H H H 
CM CM CM CM CM 

O O O O O ooooo O O O O O 

s 
• • 

O O 

oo 
O 

CM CM 
• • 

O O 

w 
0) 

'■'•■•H 
TJ P 
<D H 
3 O 
G O 

•H H 
P (U 
G > 
O 
O TJ 

CQ 
0) 

. -G 
ÎH ü 

uSooh o h 
• • • • • 
ooooo 

I I 

VOVOVCVO OO 
CO-4- invo C^- 

• • • • • 
ooooo 

• I I I I 

oo o oocruo 
O H H 

I I I 
I CM 

'OVO 
H h- 

• 0 

oooo 
I I 

H W 
P 

<U G 
H (ü 
O P 
a) o 
H P 

«H 
Vi 
(U 
o 
o 

& 
0) 
> 
o 
o 
(U 
G 

<ü 
G 
3 
a 
U] 
<u 

= TJ 
IO 0) 
N- 3 

• G 
-4 P 

P 
G 
O 

X O 

II 

« 
(U 

^ «> 
a g 

bO 

O 
a 

ooooo o 
-4=-4 P CT* 
C'-C'-N-O'O 
H H H H H 

OOOOO 

CM CM CM CM CM • • • • 0 

OOOOO 

a\ 
lO 

pj H O O O S S S 

H 
CM 

m 
N- 

iô 

000400 04040 
• • • • • 00000 

m 104 4 co rococo cm h 
CM CM CM CM CM CM CM CM CM CM 

fn H CM CM CM CM CM CM H 
00 0> CTv CJv CTv OSOSOSC^CO 

0 0 0 0 

OOOOO ooooo 

X OOOO CTnOvOv OvOvO o o 
H H H H H H H CM CM CM 
•••00 00000 

OOOOO ooooo 

w 
il) vovovovovo vo 
G VO O covo O 4 

§•••• « 
G H CM CM CM CO CO 
M I I I I I I 

••••0 0000« 

IO CO CM CM H H H H O O 

126 



T
a
b
l
e
 
1 

(
C
o
n
t
i
n
u
e
d
)
 

P
r
e
s
s
u
r
e
 
r
e
c
o
v
e
r
y
 
c
o
e
f
f
i
c
i
e
n
t
s
 
a
n
d
 
v
e
l
o
c
i
t
i
e
s
 
i
n
s
i
d
e
 
R
E
F
 
f
l
o
w
 
f
i
e
l
d
 

09 
o 

0 u 
to 

a 

ooooo ooooo oo 

mvo f-t'-oo 
cvj comeo o 
ooqooooo o\ 

COf«- 
onoo 

m at 

1 
+> 
c 
0 
o 

s VO t- 

a 

SSo 
• • • • • 
OOOOO 

O H H H H 
CVJ CVJ CVJ CM OJ 

• • • • • 
OOOOO 

VO VO VO CM H 
o o o o o o o 

• • • • • • • 
ooooo o o 

CM CM CM CM CM 
• • • • • 
OOOOO 

CM CM 
• • 

o o 

ooooo 
CM 00 CM VO 

• • • • • 
O O O H H 
I I I I I 

OOOOO o o 
O ^ 00 CM VO o -=1- 

• • • • • • • 
CM CM CM com 

I I I I I II 

09 
0) 
0) 

0 »1 
tf> 
0) a 

o o ooovo 

ininm^t^- 
CM CM CM CM CM 

-3- CM OOOVO 

-3- m oo 
CM CM CM CM CM 

CM00 O O^- 

CO CM CM H OV 
CM CM CM CM H 

0000 O O O 
vo mo ooih 
rH f—t i—I I 

in 

II 

X 

, oo mo h h HHH ov^j- t^ovooo o mm ovao 
►-,1h vocoovovov ovovavooao t-vovo in^t mcMnoo 

o' o’ o* o' o* o o’ o' o* o* o’ o" o’ o* o’ d o’ o’ o* d 

HHHHH HHHHH HHHHH HOOOO 
a CM CM CM CM CM CM CM CM CM CM CM CM CM CM CM CM CM CM CM CM 

U . 
OOOOO ooooo ooooo ooooo 

ooooo 
t'-movinn 

.3- mmm 

ooooo 
N-mn ovc- 

CM CM CM H H 

OOOOO 
inmn ovh- 

H H H O O 

o o o o in 
inmh h ih 

ooooo 
I I 

127 



T
a
b
l
e
 
1
 

(
C
o
n
t
i
n
u
e
d
)
 

re
s
s
u

re
 

re
c
o

v
e

ry
 
c
o
e
ff
ic

ie
n
ts
 

a
n
d
 
v
e
lo

c
it
ie

s
 

in
s
id

e
 

R
E

F
 
fl
o

w
 
fi
e
ld

 

CO 
(U 
0 

a u 
bO 

ooooo ooooo ooooo 
¿t H H H Ch 

cnvo f- 
H H H H 

H O H OJ on 
oq CO 00 00 00 
H rH iH rH rH 

00 
iS h la iñ 
0000 (J'O H H C\J 
H H H Oj C\J (\j Oj 

= T3 
in o 
N- 3 

• ß 
CT\ -H 

P 
II c 

X 8 

dLh SoooS 
i?* • • • • * 

ooooo 

„ o O O O H 
o. cvj cvj cy cvj c\/ ^ • • • • • 

ooooo 

S'SS&S • • • • • 
ooooo 

H H H H H 
CM CVJ C\J (VI OJ 

vo^^cncvi 
o o o o o • • • • • 
ooooo 

H H H H H 
C\j CV/ OJ OJ OJ 

nj cvj 
r. o • • 
o o 

H r—I 
C\J Oj 

OOOOO 0000*0* 0*0* 

ooooo 
iTut onn on 

• • • • • 
ooooo 

I 

ooooo 
N-H m ct\ on 

• • • • • 
O H H pH C\J 
I I I I I 

ooooo 
o-h in on on 

• • • • • 
cm ononm^- 
i i i i i 

o o 
C— H 

• • 
in 

i i 

CO 
V 

- a u 
to 

a 

o o o io in 
• • • • • 

inmin^t^ 
CM CM CM CM CM 

CM OCO^t 
• • • • • 

mon 
CM CM CM CM CM 

ovo 0-3-oo • • • • • 
on CM CM rH o 
CM CM CM CM CM 

00 O O ^ CM 
ONCD'O* CM* cA 
pH rH H H 

£ 
in 
c^ 

Q\ 

h 

mino h h 
c^oo cr\(T\a\ 

• • • • • 
ooooo 

H pH o oo on 
cr*cr*o\coco • • • • • 
ooooo 

co o mvo cr\ 
f-c-vo m^t 
. 
ooooo 

O C^CM 
on CM H H • • • t • 

ooooo 

X CM CM CM CM CM 
CM CM CM CM CM 

• • • • • 
ooooo 

H pH O O O 
CM CM CM CM CM 

• • • • • 
OOOOO 

OOOOO 
CM CM CM CM CM • • • • • 
ooooo 

ooooo 
CM CM CM CM CM • • • • • 
OOOOO 

to 
0) ooooo 

^ Ä mHt^mcy* 
^ o • • • • • 

C mm^-^-cn 

ooooo 
mcnn 

• • • • • 
mmmcM cm 

ooooo 
inmrH chN- 

• • • • • 
CM CM CM H pH 

ooooo 
in on rH cT\ ^— 

• • • • • 
H rH H O O 

128 



T
a
b
le
 

1
 

(C
o
n
ti

n
u
e
d

) 
P

r
e
s
s
u
r
e
 

r
e
c
o
v
e
r
y
 
c
o
e
f
f
ic

ie
n
ts
 

a
n

d
 
v

e
lo

c
it

ie
s
 

in
s
id

e
 

R
E

F
 

fl
o
w
 
f
i
e
l
d

 
co 
0) 
0) 
u 
tû 

o oo oo 
On rovo h H 

I VO h- 
H H 

o o o o o 

VO ON ON ON oo 
C"— t'- r— c— t'— 
i—I H H H H 

o 
ooooo oooo+l 
ON ON ON ON CV iTNrH^HliN 
f-r-r-f-co co on on o h 
HHiHHH HHHCNJOJ 

LfN 
N- 

*0 
V 
3 
C 
•H 
•P 
n 
c* 
c. 

o r~vovoh- 
H o o o o 
ooooo 

coco On On Op 
o o o o o 
o o‘ o’ o’ o’ 

op op 00 o-vo 
o o o o o 
o’ o’ o’ o’ o’ 

LfN rvj rg c\j 
o o o o o 

ooooo 

O O O O H 
a 0J CVJ CNj CU C\J 

o • • • • • 
OOOOO 

r~\ t-\ r-\ r-\ 
c\j rg (vj cj oj 

• • • • • 
OOOOO 

eg eg eg eg eg 
• • • • • 

ooooo 

r-\ t~\ r-i r-\ r-\ 
eg eg eg eg eg 

• • • • • 
ooooo 

ooooo 
eon o <jNh- 

H H H O O 

OOOOO 
LfNPOH LfN ON 

o’ O o’ O* Ò 
I I I 

OOOOO 
mt'-H LfN ON 

h h eg eg eg 
i i i i i 

mo o o o 
m h- >-< ip jN 

CO 

oj o o ooooo vd^co^j-o vovocoo eg egao-3- r- O H ... ... 
bO LfN LfN LfN^t ^t^-mmm egeg-noo ooh-ifN^-eg 
^ eg eg eg eg eg egegegegeg eg eg eg eg eg h r-i h h h 

H O 00 LfN rH 
ONONCOOOCO 

vo vo o eg 
e-N-VO LfN^f 

ONmvo rH vo 
mmeg eg -h 

h 

X a 
o 

O H CO H rH 
N-oooo ejNejN 
ooooo 

eg eg eg eg eg 
eg eg eg eg eg 

ooooo 

ooooo 

eg eg h rH h 
eg eg eg eg eg 

ooooo 

ooooo 

ooooo 
eg eg eg eg eg 

ooooo 

ooooo 

ooooo 
eg eg eg eg eg 

ooooo 

ooooo 
vo e g 00-4- eg 
VO VO LfN LfN LfN 

ooooo 
aoooovo 

mm 

ooooo 
-4- rH ON f'- LfN 

mmeg rg eg 

ooooo 
mn CTNh-LfN 
eg eg h h rH 

129 



T
a
b
l
e
 
1 

(
C
o
n
t
i
n
u
e
d
)
 

P
r
e
s
s
u
r
e
 
r
e
c
o
v
e
r
y
 
c
o
e
f
f
i
c
i
e
n
t
s
 
a
n
d
 
v
e
l
o
c
i
t
i
e
s
 
i
n
s
i
d
e
 
R
E
F
 
f
l
o
w
 
f
i
e
l
d
 

to 
<u 

00 

<3 

moco 
• • • • • 

oo N-vo mm 

j*tno oo ooooo 

cm o^t ovo 
h h trun VO t>- t'— t»- 

ooooo 
• • • • • 

moj oj m 

S 

in TJ 
a» 

• 3 
m c 
i—t •H 

•P 
Il G 

0 
O X 

2SSS"g &SSSS 

OOOOO OOOOO OOOOO* 000*00 

ooooo 
CM CM CM CM CM 

O H H H H 
CM CM CM CM CM 

H HH H H 
CM CM CM CM CM 

t—f r—t i—l r-t i—I 
OJ CM CM CM CM 

OOOOO OOOOO ooooo ooooo 

(0 
V 

*1 

ooooo 
H (Ti f- f-inm h 

oo o o 
ovf-vß m ooooo mavinn m 

ooooo 
f«-H movm 

m CM CM CM CM CMHHHH H O O O O 
I 

O H H H CM 
I I I I I 

m 
0) 
0) 

Ü 
& 

o 
CM 
+|o o o 
• • • • 

OVH H H 
H CM CM CM 
Hill 

OOOinO OOVO^J- CM o vocmoooco 

ininm^t^t 
CM CM CM CM CM 

mmmmm 
CM CM CM CM CM 

CM CM H H ^ 
CM CM CM CM H 

in TJ 
r- at 

• 2 
s s 

p 
Il G 

0 
X O 

H CM CM CM 
O O O O 

• • • • 
o o o o 

r-i i-i r-i 
CM CM CM CM 

• • • • 
oooo 

fi CM 00 H H H 
in oooo ovonctn 
(*■> • • t • • 

• ooooo 
m 

h 

X 
CM CM CM CM H 
CM CM CM CM CM 

OMO mav^t 
OOCOOOC'-C'- 

s- h in 
vo vo in m=í- 

ooooo ooooo 

H o o o o 
CM CM CM CM CM 

OOOOO 
CM CM CM CM CM 

OOOOO OOOOO ooooo 

(0 
OJ 
4S 

X o 
G 

OOOO 
mf-H in 

• • • • 
m in vo vo 
iiii 

ooooo 
h t-'-mf-m 

ooooo 
h ovt'» inm 

ooooo 
h ovt^ inm 

f>-vo vo in in in mm mm 

130 

1
7
2
 



T
a
t
o
l
e
 
1
 

(
C
o
n
t
i
n
u
e
d
)
 

P
r
e
s
s
u
r
e
 
r
e
c
o
v
e
r
y
 
c
o
e
f
f
i
c
i
e
n
t
s
 
a
n
d
 
v
e
l
o
c
i
t
i
e
s
 
i
n
s
i
d
e
 
R
E
F
 
f
l
o
w
 
f
i
e
l
d
 

CO 
0) 

„ 0) OOCVJOCOVO 
OH • • • • « 

to mm 
^ CVJ OJ OJ (\J CVJ 

CVVOVO cv 
• • • • • 

mmaj h o 
cm CVJ C\J C\J C\J 

CM 0-3- O VO 
• • • • « 

00 N- C J 
fH iH rH iH rH 

vOCM O O O 
• • • • • 

H O OMT\ 
H H ro.3- 

in 
h- 

in 

XJ 
<u 

§ 

P 
II c 

0 
X o 

ONh-M’lCM 
oooooooo 

• • • • • 
o o o o o 

oo in in on 
t^h-vo in^t 

• • • • • 
o o o o o 

oof-^t ovin 
0OOJ CM H H 

• • • • • 
o o o o o 

h on vo mvo 
H o o o o 

• • • • • 
ooo oo 

H H O O O 
CM CM CM CM CM 

o o o o o 

o o o o o 
CM CM CM CM CM 

O O O O O 

O O O O O 
CM CM CM CM CM 

O O O O O 

O 1-1 H H rH 
CM CM CM CM CM 

O O O O O 

O O O O O 
inoOH ONN- 

vovovo* in in 

o o o o o 
in oo on inn 

o o o o o 
t'-mooH on 

OO 0O 0O OO CM 

OO o OO 
t^-in oo cm h 

CM CM CM CM CM 

(0 
0) 

£ 
to 

<3 

ooooo 
• • • • • 

CM .3-VO ON 00 
N-h-h-S-CO 

ooooo 

äin 
ON 

H H H 

O O ON 
ON H I 

o o o 
• • • 

mt-o 
H H CM 
I I I 

OOOOO 

ininmin^t 
CM CM CM CM CM 

in tj 
o> 

• 2 oo c 
•p 
c 
0 
o 

t^-vo VO ^ 
O O O O Ö 

• • • • • 
ooooo 

CM CM CM CM CM 
OOOOO 

• • • • • 
OOOOO 

CM 00^ = 
o o o in 

• • • (*>«-. 
o o o 

in 

m on vo ono 
C'- t'—OO 00 CJN • • • • • 
ooooo 

a 
o 

H H H i—I H 
CM CM CM CM CM 

• • • • • 
OOOOO 

CM CM CM CM CM • • • • • 
OOOOO 

CM CM CM 
• • • 

o o o 
X 

CM CM CM CM CM 
CM CM CM CM CM 

OOOOO 

OOOOO 
C'-H in ON 00 
• • § t • 

cm monona 
i i i i i 

ooooo ooo 
1"-h in on on o-Hin 

• •••• ••• 
in in m vo voo-h- 

• i i i i i t i 

ooooo 
rOH 0- 00ON 

oooo f-r-vo 

131 



T
a
b

le
 

1
 

(C
o
n
ti

n
u
e
d
) 

P
r
e
s
s
u
r
e
 

r
e
c
o
v
e
r
y
 
c
o
e
f
f
ic

ie
n
ts
 

a
n
d
 
v

e
lo

c
it

ie
s
 

in
s
id

e
 

R
E

F
 

fl
o
w
 
f
i
e
l
d

 

to 
0) 
0) 

S U 
to 

& 

ooooo 
• • • • • 

(\J H lT\H CO 
I I H H 

H I I 

O O 
• • 

m o\ 
H H 

I I 

in 
c*- 

in 

X) 
<v 
3 

+a 
C 
O 
U 

C\J CVJ CVJ CVJ (\J 
ooooo 

coco 
o o 

ooooo o o 

a cu c\i cu cu cvj cviai 
J) ••••• • • 

ooooo o o 

(0 

-C 
>* Ü 

ooooo 
OJNO o^too • • • • • 
VO VO 

I I I I I 

o o 
(VIVO 

°pap 

(0 
01 
0) 

Ö u to 
& 

ooooo ooooo ooooo ooooo 

h t'-cg (-vo 
vo VO VO VO VO 

m^t^t coco 
VO vo VO vo VO 
H H H rH H 

rocococo^t 
VO VO VO VOVO 
(—I H rH H rH 

m vo h vo 
VOVO c^c~ 
H H H H 

in 

in 

TJ 
OJ 
3 

■P 
C 
o 
o 

Dl> 

o 

«&&SS SSSSS SSSS& oSSS 
oo* o’ do ddddo ooooo oooo 

m 

cm ai ai ai oj 

d d d d d 
CM CM CM CM CM 

d d d d d 

r4 r-\ r-\ r-1 r-i 
CM CM CM CM CM 

rH rH rH H 
CM CM CM CM 

OOOOO oooo 

n 
ai 
a 

>H o 
ß 

ooooo 
CO-4- OVO CM 

H H H O O 

OOOOO 
CMVO o^tco 

ooooo 
CM VO 04-CO 

oooo 
CM VO O -3- 

O O H rH rH 
I I I • I 

cm cm cocom 
I I I I I 

imn 
i i i i i 

132 

5
.8

0
 

0
.2

1
 

0
.0

2
 

1
7
7

 



i 

T3 
rH 
OJ 
•H 
Cm 

» 
O 

<8 
cc 

(U 
T3 
•H 
U¡ 
C 

U] 
0) 

o 
o 
H 

OI Oí 
> 

0) 
H TJ 

■ss 
H 

(0 
P 
C 
<U 

<H 
4-1 
0) 
O 
(J 
ï» 
(h 
0) 
> 
O 
O 
0) 
h 

(U 
(h 

3 
u 
w 
0) 
h 

IT\ 
OJ 

• 

m 
i 

X 

CO 
(U 
(U 

9 U 
bû 
& 

°l> 

H H H CM OJ 
• • • • • 

O O O O O 
I I 

OJVÛ 
• • 

O O 

£§€€€ 3o 

ir» 
CM 

a 
o 

33 CO CM H HH 
O O O O O 

O O O O O 
I I I I I 

O o 
I I 

CO 
a» 
si 

>4 0 ß H o o o o 

0-3: o 
ocovo roo 

o >- 

• • 

o o 
I I 

co 
OJ 
(U 

°â 
3 

CM H H O O 
• • • • • 

o O O O O 
I I I 

o o • • 
o o 

mmcomro coro 
o o o o o o o 

CO CM H H H HH 
a ooooo oo 

o . 
ooooo o o 
I I I I I II 

CO 
(U 
si 

H 

VÛMÛ 
O MJ CM H IfN C-C7N 

• • • • • • • 
H O O O O O O 

• I II 

Lf\ 
CM 

• 
rH 
i 

X 

co 
0) 
0) 

9 U 
bû 
O) 
Q 

\Q >- inCM COM3 
• • • • • • • 

CM CM CM CM H O O 

LfN 
CM 

• 

CM 
I 

II 

X 

00 CTiCOCM O O O 
H OOOOO OO 

> ••••• •* 
r-\ i-* i~\ r-\ r-\ HH 

CM m H CM m M3 ^ 
a Hoooo oo 

o . • • • • • • 
ooooo o o 

I I I 

co 
<v 
JC 

tHO 
3^3 ko en 

H m 00 On 

ooooo 
t I 

o o 
I I 

co 

ai cm MD ao oo oo en 
9U • • • • • • 

W) ooooo o 

3 

££'33S S 
• • • • • * 

r-i r~\ r-\ H 

ON MD en CM O h 
a ooooo o 

o . 
ooooo o 

I I I I 

0) MD 
x: oí) cm h en ON 
ÇJ . ’ 
c HOOOO o 
l_l III 

133 



T
a
b
le
 

2
 

(C
o
n
ti
n
u
e
d
) 

P
re

s
s
u
re
 

re
c
o

v
e

ry
 
c
o

e
ff

ic
ie

n
ts
 

a
n

d
 
v
e

lo
c
it
ie

s
 

in
s
id

e
 

R
C

8 
fl
o

w
 
fi
e
ld

 

X
 

=
 
0
.7

5
" 

Cl) 
0) 
0) 

0 h 
o^t-vo o 

• • • • • 
00 t-vo ITU* 

COO 

óé 
• • • • • 

hco'O 
CVJ H H H H 

VO VO VO O O 
• • • • • 

CO CVJ H H O 

•O 
0) 
i 
•H 
•P 
c 
o 
o 

o 

0>vo O rovo 
00 00 OO vo 00 

oo O ojeteo 
cm oocorneo 

coin 
h o 

o o o o o o o 

coco 
coco 

o o o o o o o 

in 
t'- 

II 
X 

co vo in CO H 
CT\C\0\(ys<T\ 

ovr^vo^j- vo 
oooooooo Is- 

ooooo ooooo 

H CM ^ 00 H 
H H i—I H CM 

■3- 00 <-l CM CO 
CM CM COCO CO 

OOOOO ooooo 

co 
0) 
£ 

* ß 

vo vo VO VO vo 
C'-ovh com 

• • • • • 
O O iH iH i-1 
I I I I I 

vo o 
'S 00 

• • 
H H 
I I 

COCOCOCOCO 
OVinrHC-CO O -4- vo C- Cv 

H H H O O ooooo 
• I I I I 

CO 
0) 
01 

a ß 
00 
â 

mvooocovo oovo o 
• •••• ••• 

cd f-vo mm coh 

OOOVOVOVO 
• • • • » 

VO-if co CM H 

KDoO^t o^t • • • • • 
o aNOvONco 

m 
CM 
o 

I 

o 

OVC'-COO OV 
o o o o ov 

mqo ovo co 
HO O O O 

• • • • • 
ooooo 
I I 

c-mcM 
CTvOVOV 

HHHHO OOO 

H VO O 
H H CM • • • 
OOO 

m 
c- 

• 

o 
II 
X 

CM COCOOOO 
ovo o o Ov 
O H H H O 

vo -¾ COCM O 
OvOvOvOvOv 

m^t cm .¾- cd 
O O OOO 

ooooo 
I I I 

ooooo 

CM VO CTv CM m 
H r—i H CM CM 

ooooo 

CD 
0) 
£ 

>H O 
ß 

cm ovin h o 
• • • • • 

H o o o o 

vo vo m 
CM VO O 

• • • 
O O H 
I I I 

OvOV-4 -4 4 
VO -4 CM CTNVO 

4 4 VOVO vo 
coo h en m 

H H H O O ooooo 
I I I 

134 



T
a
b
le
 

2
 

(C
o
n
ti
n
u
e
d
) 

P
re

s
s
u

re
 

re
c
o
v
e
ry
 
c
o

e
ff

ic
ie

n
ts
 

a
n
d
 
v
e
lo

c
it
ie

s
 

in
s
id

e
 

R
C
8
 
fl
o

w
 
fi
e

ld
 

X
 

=
 

1
.7

5
"
 

X
 

=
 

2
.7

5
"

 

(C
o
n
ti
n
u
e
d
) 

(C
o

n
ti
n

u
e

d
) 

(0 
0) 

- U 
Ö «H 

bO 

£ 

0-3- O O 

POC\J O CX3 CU 

o o o o o o 

-4- mo 
• mvovovo 

H H H H 
SB 
rH 

O C\JV£>v£>aO 

lt\oj h o on 
C\J C\J CM OJ H 

o 

f'-mao o N- 
C^-ND^t m H 

CMHHC'- 
OMD C^f-VO 
H O O O O 

ooooo ooooo 

mm 
mmmmm 

mmmmm 
mmmmm 

ooooo ooooo 

N- 
MD 
O 

m 
m 

m 
t^- 
rn 

II 

X 

co co oo 
co co co oo 

o’ o’ o’ o’ o’ 

t'-t'-t^-ao 
CM CM CM CM CM 

o’ o’ O O* O* 

CO 
0) 
£ 

JH U 
C 

NOOO O CM^t 
• • • • • 

O O H H H 
I I I I I 

mvoco o cm 
• • • • • 

rH H H CM CM 
I I I I I 

N- 

CM* 
I 

mirufNimn 
oo moo moo 

• • • • • 
CM CM H rH o 

CO 
V 

- w Ö u 
to 
& 

O it NO Q0 O 
• • • • • 

ont'-vo mm 

ovo o 
• • • 

ON H rH 
LfNVOVO 
H rH rH 

OCOit O m CMVOCMOOO 
• •••• ••••• 

inCMHOON OOC^-C^VOii- 
CMCMCMCMrH rHrHrHrHH 

o 

O0Q OnONH 
VO mCM H H 

a 

cm cm in 
vo t-t- 
o o o 

ooooo ooo 

mmm 
mmmmm 

mmm 
mmm 

ooooo ooo 

in 
f- 

cm’ 

h 

X 

O O rH rH O 
00 ON ON ON ON 

ON00 t^-vOiJ- 
00 00 00 0000 

ooooo ooooo 

rH H rH rH CM 
CM CM CM CM CM 

-3- VO OO O CM 
cm cm cm moo 

OOOOO ooooo 

M 
0) 
£ 

>1 o 
G 

t*-1'- C“- h- C^- 
H mit mvo 

I I I I I 

CM f— f- 
C^CO O 

• • • 
rH rH m 
I I • 

rococo on oo 
it cm Ovo CM 

men co N-t^- 
00 it CM rH it 

CM CM CM OOOOO 
I I 

135 



•o 
H 
U 
•H 
U 

? 
O 
rH 
Ch 

S 
œ 

(U 
•o 
•H 
U 
c 
•H 

CO 
0) 

•o +j 
QJ fH 
3 O 
C O 
•H t—I 
+J 0) 
c > 
O 
ü TJ 

(0 

ai ooo^-oo 
Ö . 

t^) UMTyOOCVI H 
0) C\J (\J CVJ (\J CM 

vûO^îvûcO 00*00 OOOOO 

H H O OsoÔ 00 C'- lÂoÔ O rî- vCCO -î t^ 
cmcmcmhh hhhhh m lâvû'vO 

in 
c^ 

h 

X 

CM M3 MD ^0 MD 
oo oo co oo 
. 

OOOOO 

MDMD OOC^-ON 
000000 t^-MD 

• • • • • 
OOOOO 

CT\OOMDOO h 
CO CM CM 

• • • • • 
OOOOO 

C^H 

rtoSSS 
• • • • • 

OOOOO 

(T\<J\0^0^0 
eu CM CM CM CM CO 

o • • • • • 
OOOOO 

O H CM COCO 
CO oo CO CO CO 

• • • • * 
OOOOO 

CO CO CO CO CO 
CO CO CO CO CO 

• • • • • 
OOOOO 

CO CO CO COCO 
CO CO CO coco 

• • • • • 
OOOOO 

CQ 
Q) COCOCOCOCO 
£ CO O MD CM 00 U . . . . • 
ß CO CO CM CM H 

CO CO coco t- 
O MD CM O 

• t • • • 

H H O O O 
I 

C- C'-1— C'- £- 
CM MD 00 ON 

• • • • • 
OOOOO 
I I I I I 

t'-t-t- C'-CM 
H CM CO IfNON 

• • • • • 

I I I I I 

CM M 
•P 

0) c 
H 0) 
«O *H 
to o 

Eh -H 
U 
U 
V 
O 
O 

>» 
V4 
« 
> 
o 
o 
V 
h 

V 
h 
3 
(Q 
U 
4) 
U 

CM 

= TJ 
ITN 0) 

"1 
■P 
C 
O 
o 

CO 

<0 
4) 
4) 

°â 
s 

oo ooo o o 
• • • • • 

CO 00 MD M3 LfN 
hhhhh 

ooooo 
• • • • • 

CMOO-^ LO 
HH MD 

OOOOO 

ON CO MD CO CD 
MD MD MD MD MN 
HHHHH 

MD t^COOQ 
00 00 C~VO M\ 

• • • • • 
ooooo 

COC-OO^tS 
CM H H O 

t • • • • 

ooooo 

On h CM h C" 
C- C-MD MD LfN 
ooooo 

• • • • • 
ooooo 

H CM CO^J- ^ CO CO CO CO 
o, CO CO CO CDfO (O CO CO CO CO 

) .. _• _• • 
ooooo ooooo 

CO CO CO CO CO 
CO CO CO coco 

• • • • • 
ooooo 

IfN MN LfN MN MN 
COO CM^-MD 

• • • • • 
OOOOO 

I I I 

minino m 
CO O CM MD 

< • • • • 
O H H H H 

I I I I I 

o mo mo 
ONH^t MD ON 

H CM CM* CM CM* 
I I I I I 

136 



rc
8
 
fl
o

w
 
fi
e

ld
 

iT\ 
f- 

0) 
Ö 
•rl 
U1 
ß 

m 
0) 

X) P 
<y »H 
3 O 
ß O 
•H fH 
P 0) 
ß > 

O 'O 

(V) tn 
p 

V ß 
H 0> 

tH 
OS O 

E-» 
«W 

0) 
O 
Ü 

>» 

0) 
> 
0 
Ü 
0) 
ß 

0) 
u 
3 
(A 
U) 
0) 

TJ 
0) 
3 
ß 

lT\ *H 
P 

II ß 
O 

X o 

(A 
a, ztCOOJ^-^D . 

«ä 0 225¾ 

VOOOOO 00.00 0 22222 

MSS S 

N-f— COf— 
\£)\O^Q ^ 
H iP 'P ^ 

^l>H 

i (T\ rO lP\ OJ O 

o-S^ 3SS55 ?&S§I «2222 
OOf-t^-vOiT» ■=* . . . . • • * ‘ * o o O O O 

• • • • *   /""n ij CD \D V—/ ^ 
ooooo OOOOO 

a 
C\j OJ CM CM W 
pococorooo 

CY1 rococo co 
coco co co co 

coco CO CO co 
co coco coco 

co coco coco 
rococo coco 

O 

(A 

£ 
^ y 

¿¿¿¿d ooooo 
ooooo ooooo 

CO CO CO CO co 
00 VOW ° 

• # • • • 
OOOOO 

fv- c— c^- fr 
h comt-oo 

. . • 
OOOOO 
III»« 

c-cM 
O fP iH iTvON 
. 

H H fP H 

(0 
0> 
0) 

a ^ 
bÛ 

S TJ 
lf\ 0) 

ß 
•rl 
P 
ß 
0 
o 

OOOOO 
. . • 

t-mcM o c- 
VD vo Co VO m 

H P P 'P 

CM OVOVt-OJ 
VO VO vO vO 
o o o o 

. • 
ooooo 

o 

(A 
0) 
£ 

mcoco co co 
. • 

OOOOO 

t-c\j OJ Ç-CM 
h inosp-=t 

• • • * JL 
CM CM CM coco 

I I I I 1 

I I I I 

(y") P lOCJv 

• • • * JL 
CM CM CO COCO 
III!» 

OO^VOCM CO VO o VO o 

iXV ITV-^ 00 SP 
CM CM CM CM CM 

CM CM CM P P 
CM CM CM CM CM 

LTV 
C'¬ 

en 

¿¿¿¿d doooo 

^ p p p P 
meo cococo 

p ^ meo coco co 

¿¿ddd ooooo 

meo co coco 
covo^ ovo 

meo co coco 
cm co^ ° 

meo coco CM CM 

137 



T
a
b
l
e
 
2
 

(
C
o
n
t
i
n
u
e
d
)
 

P
r
e
s
s
u
r
e
 
r
e
c
o
v
e
r
y
 
c
o
e
f
f
i
c
i
e
n
t
s
 
a
n
d
 
v
e
l
o
c
i
t
i
e
s
 
i
n
s
i
d
e
 
R
C

8
 
f
l
o
w
 
f
i
e
l
d
 

X
 
=
 
7
.
7
5
"
 

X
 
=
 

7
.7

5
"
 

(
C
o
n
t
i
n
u
e
d
)
 

(0 
0 
0) 

0 u 
bO 
£ 

OOOOO 
COO COCO C\j 

vovS t*- 

OOOOO 
VO lT\ 
t— t— t— 

rH H H H rH 

CM 

CVJÇO H 
CM OVOVOSO 
H O O O H 

O* O* O* 0’ O 

rl H CM Í-N- CO 
oovqgvom 4- 
H O O O O O 

OOOOO 

O 

CM CM CM CM CO 
CO CO CO CO CO 

• 0 • • • 
OOOOO 

CO CO CO CO CO 
CO CO CO CO CO 

o o* o* d 0 

CO 
CO 

(0 
0) GOOD COOQCQ 09¾¾¾¾ °0 si invoooouS oinoifSo in 

ÍH o 
O O O H H 

I I I I I 
CM CM COCO;* 
I I I I I -3- I 

w 

QJ 
ä 
& 

O O CM 00-3- 
• 0 0 0 0 

inin^t coco 
CM CM CM CM CM 

000-3-vo CM 
0 0 0 0 0 

CO CM CM H H 
CM CM CM CM CJ 

VO O CM O O 
0 0 0 0 0 

O O CVOOf- 
(M CM H H i—( 

00-3- OOO 
0 0 0 0 0 

CO H0O 
H rH H H 

h co in in m 
h-oooooooo 
00000 
OOOOO 

COO ¢^--3 
00 co cot- 

0 0 0 0 0 

OOOOO 

ON CM VO O^J- 
vo vo inuvi- 

0 0 0 0 0 

OOOOO 

vo ovH inro 
CO CM CM H H 

0 0 0 0 0 

OOOOO 

a 
0 

CO CO CO CO CM 
co co co in co 

d d d d d 

CM CM CM CM CM 
CO CO CO CO CO 

OOOOO 

CM CM CM CM CM 
CO CO CO CO CO 

OOOOO 

CM CM CM CM CM 
rococo coco 

OOOOO 

CM CM CM CM 
VO -3 <7V-3 CT\ 

j3 CO CO CM 

CM C— CM CM CM 
j3 H ONh-in 

CM CM H H H 

CM CM CM CM CM 
con ovt^m 

H H O O O 

CM CM CQ CO 
CO H O CM 

OOOO 
I I 

138 

-
0
.4

3
 



-o 
H 
Q) 
•H 
«M 

2 
O 

«H ON 

S 11 
CK X 

0) 
T3 

s <0 
LfN <ü 

"" 5 
p 
c 
o 
O 

w 
0) 
0) 

öä 

dI>h 

a 
o 

ajoooo ooooo oooo 

Oj v£) roONOJ 
ITWÛVO 

ajcoqp >- 
o ONOSo O 
H O O H H 

nono f-o on 
t'-h-t'-aoco 

H ONin^ on 
h o o on<5 
H H H O O 

NO UN ON ON 
CO ON 00 t- 

ONO CM O 
oo 

oooo 

doooo ooooo oooo 

on oo co mm 
mmmmm 

mmmmm 
mmmmm 

mmmm 
mmmm 

doooo ooooo oooo 

CA 
ß 

T3 -P 
(X) "H 

2 ° 
fi o 

H 
P 0) 
ß > 
0 
o -d 

§ 

op ao od oo oo 
o H mf-H 

• • • • • 
o o O o H 

I I I I I 

• ••i« • • • • 
H CM CM mm LfN LfN 

I I I I I I I I I 

CM W 
p 

a> ß 
H 0) 
fi tH 
a) o 
Eh -H 

V« 
Vi 
0) 
O 
O 

>> 
V 
OJ 
> 
0 
o 
<u 
V 

0) 
V 
3 
w 
w 
0) 
V 
a. 

(A 
<U 
0) 

°ä 
8 

O O CM O00 
• • • • • 

IfNliN-^--^ CO 
CM CM OJ CM CM 

NO^t CM 00-4- 
• • • • • 

mmmcM cm 
CM CM CM CM CM 

00OOC0O oo CM NO o o 

h ho oo ao no unm ono 
CM CM CM H H HHHH 

C7N CM -¾- 
moo oo oo oo 

• • • • • 
ooooo 

mcM ono h 
aoaoao t-c- • • • • • 
ooooo ooooo 

inmoN^tcM 
CM CM H H H 

t • • • * 
ooooo 

LfN 
t- 

ON 

II 
o 

m< 
. 

ooooo 

mm m 
mm 

ooooo 

mmmmm 
mmmmm 

• • • • • 
ooooo 

mmm mm 
mmm mm 

d d o do 

X 

to 
0) CM CM CM CM CM 
jg t— m On LfN h 

>4 (J . . . . • 
c LfN LfN-4- 

CM CM CM CM CM 
H 

• • • • • 
mmmcM cm 

CM cm CM CM CM 
H0O LfN CM O 

• • • • • 
CM H H H H 

CM CM CM CM (M 
00 NO -d" CM O 

• • • • • 
ooooo 

139 



T
a

b
le
 

3
 

P
r
e
s
s
u
r
e
 
r
e
c
o
v
e
r
y
 
c
o
e
f
f
i
c
i
e
n
t
s
 
a
n
d
 
v
e
l
o
c
i
t
i
e
s
 
i
n
s
i
d
e
 
T
K
D
 
f
l
o
w
 
f
i
e
l
d
 

w 
0) 
(U 
U 
b£) 

o^t CM O m CM O 
• • • • • • • 

iH H H H O O O 

M 
(U 

_ 4) 
o C 

bO 

O CM CM • • • • • cm o o 

PO cm' cm 

CO C"-H CM (T\ VO H 
OSO H H O O O 

• • • • • • • 
O H H H H HH 

CM* 
I 

II CTNVÛ CM O OH 
a o o o o o o o ^ o • • • • • • • 

o o o o o o o 
I I I I 

. PO^t LO CM LT\ PO IT\ PO 
^1 H H H H H O CnOOCO 

••••• • • • 
H H H H H O O O 

MD O CM m PO iTiMD 
a HHHOO H H H 

O • • • • • ••• 
ooooo ooo 

I I I I 

ta 
0) POPOPOb-t*- P-f'- 

43 H S-PO O MD 00 
O ••••• •• 
C H o o o o oo 
H I I I I 

ta 
QJ PO PO PO P— f'- p~ p- p- 
43 P- incooM3 O H 
O •#••• • • • 
C OOOOO O H H 
H I I I I I 

ta 
0) MD-4-CMOO OO 
U ••••• •• 

0*H OOOOO oo 
bO 
â 

ta 
<V CM CM CM 00 00 M3 <ü ••••• ••• 

Ö h CM CM CM CM H OOO 
U) 
a 

In d|>h 
cm 

ï 

H CO H H O PO 
O O H H H O O 

• • t • • • • 
'O O PO CM 00 ON COCO 
O H H H O ONON00 

HHHHH OOO 

Il CM H H O O O O 
a ooooo oo 

X o • • • • • •• 
ooooo o o 
I I I 

Il -3- OJ 00 PO H PO^f 
a H H o o o ooo 

^ o •••#• • • • 
ooooo ooo 

I I I I 

ta 
<D POOOPOP-p- P-P- 

JC ONinn CM^t MD oo 
ÇJ ••••• • • 
c ooooo oo 
H I I I I 

ta 
0) PO PO PO P- P— p-p_pv- 
£ ON P-PO 0-3- C0 O CM 
C3 ••••• • • t 
C OOOOO O H H 
H I I I I I 

140 



T
a
b

le
 

3
 

(C
o
n
ti

n
u
e
d
) 

TJ 
H 
0> 
•H 

? 
O 

<u 
TJ 
•H 
(0 
S 

U 
(U 

O 
O 
H 
0) 
> 

w 
•P 
C 
<u 

•H 
O 
•H 
<H 

0) 
O 
O 

0) 
> 
O 
O 
(U 
«H 

<D 
U 
3 
u 
(/} 
O 
b 

PU 

m 
t» 

X 

in 
s- 

X 

w 
0) 

». ^ O 
bû 

S 

O 

(0 
0) 
£ 

>* O 
C 

n 
<D 

a ^ 
m 

& 

=t." 

O 

w 
0) 
jC 

>H CJ 
C 

OCVJVOVOCVI OD S-O OVO OJOOOO ooo 

h aovo irv 
CM C\J H H H 

OOCM CM H OV 
r-i r-\ r-{ r-i 

t^LHCM PO 
I IA 

cm oao ooo 
avo o h o 

ooqn oot^co 
o cftovoo c^ 

a 
C7VC-POH m 
o o o o o 

h co mao o 
H H H H CM 

O O O O O 
I I I 

CO CO CO CO CO 
t*- mn f-oo o oj^tvoao 

H H H O O O O O O O 
I I I I I I I I I I 

ct^tvo^tao • • • • • 
aovo^i h o\ 
r-\ r-i r-i r-i 

CM CM-4-00-tf 
• • • • • 

ao c-vo^t co 

O H H H O 
0-4 ao ONao 
O ONQO t^-vo 

O O O O 

CM CM mvo 
I vovo 

rH rH 

f^-mcMoo 
-4 CM H O 

H O O O O OOOO 

a 
4" H 4 H 4 
CM CM H O O 

O 4 NO O O 
H H H CM CM 

O ON ON ON 
CM iH H rH 

O O O O O 
I I I I 

CO CO CO CO t— 
CO H C-- CO O 

OOOOO OOOO 

f-C-C--f-t- 
4NO00 o CM 

C—1~- t— O 
4 mvo ¢- 

H H O O O 
I 

O O O H H 
I I I I I I I I I 

141 

OOO 
vovo 

f-C-4 cot- 
V04 CM rH o 

00 oo co 
ooo 

O H H H H H O O O O OOOOO OOO 

H H O ON ON 
CM CM CM rH rH 

ON O o 
H CM CM 

OOOOO OOOOO OOO 

O CM 4 mvo 
t-f-t- 
C— ON rH 

CM 
I 

H 

1
5

5
 



T
a

b
le
 

3
 

(C
o
n
ti
n
u
e
d
) 

P
re

s
s
u

re
 

re
c
o
v
e
ry
 
c
o

e
ff

ic
ie

n
ts
 

a
n

d
 
v
e

lo
c
it
ie

s
 

in
s
id

e
 

T
K

D
 
fl
o

w
 
fi
e

ld
 

w 
(V 
4) 

“Si 
& 

O lOt'-VOVO VO -41 00 O O -4- -=f O CVI o ooooo 

in-it CM H O 
CM CM CM CM CM 

OV00 ^-t-VO 
rH rH rH rH fH 

cm h-coin 
H H I 

O t'-OO O oo 
lTWOVO VO IT\ 

lT\ 

on 

H 

X 

VO lT\CM-4- CO 
C-CTVO O O 

O O H H H 

QO C CO in 
dvovoo vo 

ooooo 

h r>-inroov 
in co co h o 

ooooo 

CO vo o> 
f-CO C- VO 
ooooo 

o* o o’ o* d 

a 
o 

ovo cm-4- m 
O H H H H 

d d d d d 

C-OVO o o 
H H CM CM CM 

OOOOO 

H iH O O O 
CM CM CM CM CM 

OOOOO 

OOOOO 
CM CM CM CM CM 

O O O O O 

CO CO CO COCO 
inn c-coov 

CM CM H H O 

COCOt—C- C'- 
inn o cm-4 

ooooo 
I I I 

VOCO b CM CO 

O O H rH H 
I I I I I 

C- c— 
-4 CO CM VO O 

H r-C CM CM CO 
I I I I I 

to 
0) o t-vo O 00 u . • 

Ö U m-4 H oco 
CM CM CM CM H 

& 

O CM VO O CM 
• • • • • 

oo f-vovo m 
H H H H H 

VO O OVO VO 
• • • • • 

CO H C- CM «H 
i—I fH I 

OOOOO 
• • • » • 

C-CTVCO 0Q CM 
I -4- vO in in 

H H H H 

in 
C- 

CM 

II 

X 

CM CO CM VO in 
oo ovo o o 

• • • t • 
O O H H H 

CM OvinavCM 
o ovovooco 

• • • • • 
HO O O O 

CM 04-VOCO 
t—VO -4 CM H 

• • • • • 
OOOOO 

OV-4 00 VO 
h c-ao c— 
H O O O O • • • • • 
ooooo 

cm co mao o 
CL o o O O H 

O i . • 
ooooo 

co invoco o 
H H H H CM 

• • t • • 
ooooo 

o O H o o 
CM CM CM CM CM 

• • • • • 
OOOOO 

ooooo 
CM CM CM CM CM 

• • • • • 
OOOOO 

CO CO CO CO CO 
h avinn 

• • • t • 

CM H H H O 

co co t'-c—C'¬ 
en h O CM -4 

• • • • • 
ooooo 

C'—C'-C—C'—C'-- 
VO 00 o CM CO 

• » • • • 
G O H H H 

I I I I I 

t C— C— h- r-l 
4- in 00 CM VO 

• • • • • 
H H H CM CM 

I I I I I 

142 



T
a
b

le
 

3 
(C

o
n
ti

n
u
e
d
) 

P
re

s
s
u
re
 

re
c
o
v
e
ry
 
c
o
e
ff

ic
ie

n
ts
 

an
d
 
v

e
lo

c
it

ie
s
 

in
s
id

e
 

T
K

D
 

fl
o
w
 
f
ie

ld
 

w 
0) 

„ <u 
Ö h 

O OVO H -=f -3- O CM O 

mmmro 
CVJ C\J OJ Oj 

CVJ H O Ovoo c\j oj oj h rH 

VO o o o o 

vo mono lt> 

ojoooo ooo 

ovo CVJ nnoj 
in h- 
r~\ r-\ r-4 r—\ 

ovin co 
vo vo In 
iH i—( H 

m 
t^- 
iñ 

oo mH o 
f-CTvO o 

VO 0-CVJ-4- 
ovoo h-vo m 

-4- VOVO f-O 
■4- moj H H 

Oj O OMO 
o-oo h-r- 
o o o o 

oj m f— 
vo in-4- 
o o o 

OOHH ooooo ooooo ooooo ooo 

o 

vo t'-OVOV 
H H H H 

o' o’ o’ d 

OvOvO o o 
H H OJ CVJ Oj 

ooooo 
OJ CVJ CVJ CM OJ 

ooooo 
CM CM CVJ OJ OJ 

ooo 
OJ CM OJ 

ooooo ooooo ooooo ooo 

ca 
OJ a 

ÎH Ü B 

mmmm 
movH 

mmmmm 
movinmn O OJ4- VOCO ovo-j- X cm 

m CM CM H HOOOO ooooo 
I I I • I 

O H H H CM 
I I I I I 

r-t'- 
O 

mm 
i i i 

to 
a> 
OJ 

a h 
bC 

OOXO CM CM vo 0-4- 

mmcM cm 
CM CM CM CM 

H O CTVCTVX 
CM CM H H H 

VO vo CM -4- O 

c^-vo inn cm 

OOOOO o o 

-4- VO H CTVt'- 
mvo t^vovo 
r-i rH H rH rH 

mx 
vo in 
H H 

m 
Dl> 

vo mcM h 
X Ovo O 

C^X CM-4 -4 
Ovxx C^vo moj h hX 

in-4- mcvi o 

CM VO-4" vo OV 
f-f-X vo 
ooooo 

in h 
vo vo 
o o 

OOHH ooooo ooooo ooooo oo 

o 
-4- mvox 
H H H H 

OV OVOVO o 
H H H CM CM 

ooooo 
CM CM CM CM CM 

ooooo 
CM CM CM CM CM 

O O 
CM CM 

OOOO OOOOO OOOOO OOOOO oo 

to 
0) 

XO 
c 

mmmm 
ovinn m 

CM CM CM H 

m m m m t-- 
ov in m h o CM4- vox h CM-4- X CMX 

ooooo 
I 

o o O O H 
I I I I I 

H H H CM CM 
I I I I I 

t— (s_ 
o m 

m m 
i i 

143 

3
-8

7
 



T
a
b
l
e
 
3
 

(
C
o
n
t
i
n
u
e
d
)
 

P
r
e
s
s
u
r
e
 
r
e
c
o
v
e
r
y
 
c
o
e
f
f
i
c
i
e
n
t
s
 
a
n
d
 
v
e
l
o
c
i
t
i
e
s
 
i
n
s
i
d
e
 
T
K
D
 
f
l
o
w
 
f
i
e
l
d
 

to 
0) 

£ 

& 

oooo o 
• • • • • 

^ovooo O CVJ 
t^-h-S-0000 
H H H H H 

O 

o 
N. 

= TJ 
lTi 0) 
tw g 

^ 5 
+i 

II C 

« 8 

=>!> 

go h-romoo oo 
eg 0J cvj 
o o o o o o 

• • • • • • 
o o o o o o 

o o o o o 
a (\j c\j cvj cvj cvj 

o • • • • « 
o o o o o 

o 
0J 

t 

o 

o o o o o 
-4- CVJ OV£> CVJ 

• • • • • 
rH CVJ cooo^- 
I I I I I 

o 
00 

-3- 
I 

to 
ty 
a> 
u 
tú 

8 

oooo o 
iruTiiniñiñ 
CVJ CVJ CVJ CVJ CVJ 

VO ovo o o 
• • t • • 

•4- moo cvj 
CVJ CVJ CVJ CVJ CVJ 

CO 4- o CVJ o 
• • • • • 

O OVC0V0 4- 
CVJ H i—J H (H 

o o o o o 

OVO H4 
h iñ 

m 

• 

t*- 

II 

X 

•4 VO OVOVC^ 
vrvvo N-aoov 

o* o’ o' o’ o' 

2 S'SS d ^ o ovovovao 
4 mcvj o ov 
t^VO 104 CVJ 

o o o o o 

m 
co cvj op 
H -HO o 

o o o o o 

ovovovo o 
H H H CVJ CVJ 

o’ o’ o* o’ o’ 

o o o o o 
CVJ CVJ CVJ CVJ CVJ 

o o o o o 

o o o o o 
CVJ CVJ CVJ CVJ CVJ 

o o o o o 

o o o o o 
CVJ CVJ CVJ CVJ CVJ 

o o’ o’ o o* 

OQOOO 
oo iTvcvj ovvo 

444’ mm 

o o o o o 
mf-4 Hoo 

mcvj cvj cvj h 

o o o o o 
iTv cvj ovvo m 

H H O O O 

O O o o o 
O CM 4 LOGO 

o* o’ o o’ o* 
till 

144 

0
7
7
 

1
7
0
.
 



T
a
b
le
 

3 
(
C
o
n
t
i
n
u
e
d
)
 

P
r
e
s
s
u
r
e
 
r
e
c
o
v
e
r
y
 
c
o
e
f
f
i
c
i
e
n
t
s
 
a
n
d
 
v
e
l
o
c
i
t
i
e
s
 
i
n
s
i
d
e
 
T
K
D
 
f
l
o
w
 
f
i
e
l
d
 

0) ooooo ooooo 
<D . 

00 CD ON Hh-rOOOHON 
U) C^C^^OOCD OOONONOOJ 
0) HHrHrHH HHHCU 
o 

= T3 
in o 
h- p 

CT\ -5 
•P 

II C 
O 

X O 

<J\CO CTmON- 
oo co r-uD m 
ooooo 

ooooo 

C\JiD0Ot^-t- 
in on ej «-i h 
ooooo 

ooooo 

ooooo ooooo 
CX CM C\J OJ CM CU CM CM CM CM CM 

o . 
ooooo ooooo 

ÏH 

w 
0) 
j: 
o 

ooooo 
CTNt^mmt^- 

o h cm mm 
i i i i i 

ooooo 
.-i mo'imc'- 

tn in 
i i i i i 

ö 

CO 
0) 
0) 
Ih 
w 
0) 
Q 

OOOOO 

in in in in in 
CM CM CM CM CM 

cm oo moo co 

mmcM h 
CM CM CM CM CM 

OP- CD 

O ONCO^OP- 
CM >H rH rH H 

P-MD O O O 

cm cop- m 
rH VO 

CTi 

p- mvop-co 
VO C-00 OVOS 

ooooo 

ovino mcM 
OVOVOVCO N- 

ooooo 

cm cm mmp- 
vo inp- moj 

ooooo 

CM P" 
mncD h-00 
rH h o O o 
OOOOO 

X 
a 

o 

ooooo 
CM CM CM CM CM 

OOOOO 

OOOOO 
CM CM CM CM CM 

OOOOO 

OOOOO 
CM CM CM CM CM 

OOOOO 

OOOOO 
CM CM CM CM CM 

OOOOO 

CO 
0) OOOOO OOOOO OOOOO OOOOO 
¿ in cm ovvD m f-P" rH oo p iHODincMCTv MDPCMoin 

XO . 
C m mp- P-P- mmmcMCM CMOrnHO ooooo 
H I 

145 

1
7

5
 



T
a
b
l
e
 
3 

(
C
o
n
t
i
n
u
e
d
)
 

P
r
e
s
s
u
r
e
 
r
e
c
o
v
e
r
y
 
c
o
e
f
f
i
c
i
e
n
t
s
 
a
n
d
 
v
e
l
o
c
i
t
i
e
s
 
i
n
s
i
d
e
 
T
K
D
 
f
l
o
w
 
f
i
e
l
d
 

X
 
=
 
1
1
.
7
5
"
 

X
 
=
 
1
1
.
7
5
"
 

(
C
o
n
t
i
n
u
e
d
)
 

n 
<u ooooo ooo 
(y ••••< • • • 

ö u coooorom ononco 
tjû h-t^OOCXDCh O H CVJ 
^ rH H rH H H OJ . 

inoNONiHvo o\o os 
osea t-sQ m w cvj oj 

H ooooo ooo 

ooooo ooo 

ooooo ooo 
a ojcvjcvjcvjcvj ojcvjcvj 

u 1...1 ... 
ooooo ooo 

S ooooo ooo 
a CV1HHHH VÛ-HVÛ 

..... ••• 
C H CVJ LO ITWÛVÛ 
H I I I I I It) 

UJ 
a> 
0) 
tn 
bD 

o o ocx5 =r 

ufurM/V-^- 
CVJ CVJ CVJ CVJ CVJ 

00 CVJ -4- -4- CM 

mm cm h o 
CM CM CM CM CM 

0-4 CM 4--4 

av r*- irv ih co 
r—I iH r—I iH 

ooooo 
m4- vo laoo 

irvvo C^t^- 
r-( (H H (H 

voco O c^qo 
VO CJV ON CJV 

4- LTV 
C7VC0 t'-vo in 
ooooo 

mCM CM 4- o 
4- mCM H H 

ooooo 

t'-i'- urvm 
t^-VO b-OOCTv 
ooooo 

ooooo 

ooooo 
a CM CM CM CM CM 
o . . . • 

ooooo 

ooooo 
CM CM CM CM CM 

• • • t • 

ooooo 

ooooo 
CM CM CM CM CM 

• • • • • 
ooooo 

ooooo 
CM CM CM CM CM 

• • • • • 
ooooo 

ooooo 
4- O VO CM 00 

• • • t • 

vo vo muvt 

ooooo 
4- OVO CM 00 

mmcM 

ooooo 
4- OVO CM O 

CM CM H H H 

ooooo 
00 [^-4- 0 4- 

do' d o* d 
I 

146 



X 

rooj mCTsCTi O o 
roooroonco -4- Os 

9 ••• • • • 
r-\ r-\ r-i r—\ iH LO •P 

CÖ 

w 

cö 
» 
•O 
0) 

OHrOiOQO t^-00 
pomrooooo -=f 
o o o o o o o 

• • • • • • • 
o o o o o o o 

CÖ 

co 

T3 
(H 
•H 
(H 

? 
o 

x: cj\Hioo>oo vo o 
♦ o ro-=}- -=}• tO l£) vo 
oOß ooooo o 

HH • • • • • • • 
^ ooooo oo 

p 
5 
o 
a 

c 
o 

P o 
cö • 
Ih o 
(0 
a « 
<u 

«H 

g 

o 

w 

0) 0) 
H P 
p a> 
cö e 
H «5 

cd 
a 

cö 
s 
T3 
(U 

(h 
0) 
>> 
CÖ 
p 

cd 
p 
M 
c 
D 

X 

>s 
tn 
cd 
•o 
c 
3 
o 
X 

OOrOVOoOH HOHOO -4" ("-CTnOüO O ON 00 
mro on rom mooooooo N-vo^-^-m mojoj 
HHHHH Hi—taHH HrHHHi—t iHHfH 

o oj mtom 
mmmmm 
ooooo 

m^i- (\J H-4- 
m-4- r— o h 
O O O H H 

Lomooiovo hcqvo 
cvj m^- iolo lo ltuo 
HrHrHHrH HHH 

OOOOO ooooo ooooo o o o 

o oj lo cp m 

ooooo 

moMoaj m 
S--4- 00 o 

O O H H OJ 

oooo h h-m 
H rH OJ H H 
OJ OJ OJ 0J OJ 

o uno 
-H O O 
OJ OJ OJ 

ooooo ooooo ooooo o o o 

w 
OJ 
3 

I—1 

cd 
> 

x ooooo o o o oj oj m-4-unvo ctl on oh 
Sí* o o o o un un un un un f'-vo un-4-ojooo Lounm 

c . H LO un-4- OI H OOHOjm -4- un r- ONO OJ-4-LO 
—- lililí r-\ r-\ r-\ r-{ 

ooooo 
o o o un un 

o un lo o o 
ununlo o o 

ooooo 
ooooo 

o o o 
o o o 

lo un-4- oj h o o h m-4- 
I i i i i i 

UNLOOD o Oj ^í-LOCO 
H H HHH 

14? 

U
n
c
e
rt

a
in

ty
 
is
 

a
b

o
u

t 
4

$
 
f
o

r
 
a
ll

 



T
a
b
le
 

4
b

 
B

o
u

n
d

a
ry
 
la

y
e

r 
p

a
re

u
n

e
te

rs
 
fo

r
 

R
C

8
 

fl
o

w
 
fi
e
ld

 

f 

O r-t (T\ O O 
oomcvj mm 

• • 
h m +j 

(0 

CO 
•H 

T3 
OJ 
H 
H 
CO 
•P 
w 

jC 

x; 
* o 
to c 

o cvi mt-o 
mmmm-4- 
o o o o o 

os<m mop oj 
m-4- 
o o o o o 

V£) CVJ 
<0 ON 
o o 

o o o o o o o 

co in 
H VO 
i—i m 

o o o o o o o 

•p 
Q 

•H 
0 
a 

c 
os 
•h m 
+> OJ 
cd • 

o 
cd 
a U 

<u 

co x 

■ •> m-3-1—i o 
mmmmm 

h in oom 
mm^f co On 

ONrtaomf'- 
ONONh-f-NO 

mm 
mm 

<H H H H H (H H H rH r-i r-1 

cd 

TJ 
OJ 

cd 
p 
co 

s 

<D 
x; o h oj-4- m 
V mmmmm 
C o o o o o 

f j m cm-=t cvi 
m-4- mc^oo 
o o o o o 

c-f- m mvo o cm 
On H H iH CM CM 

ooooo ooooo ooooo oo 

* 

(O 
x; 
o 

o h mmm 

ooooo 

cuco f*-no ao 
■4- me-mm 
o o o h H 

m m-4- o -4- 
c-co o o ON 
H H CM CM rH 

NO f- 
cooo 
H rH 

ooooo ooooo ooooo oo 

jG 
sc o o o o mm 
^ c . 

H NO m-4- CM H 
^ I I I l> I 

CM CM 
mmmf'-NO 

• • • • • 
o o h cm m 

i 

m-4- mNO on 
mi-4- cm o oo 

ONO 
no m 

-4- mt^-ONO cm -4- 

x: 
w ^ 

5 

CM H CM CM CM 
o o o mm 
NO m-4- CM H 

I I I I I 

cm cm cm mm 
mmmoNON 

mmmmm 
On On ON ON ON 

o o h cm m 
I 

mm 
ON On 

4- mt'-ONH mm 

148 

U
n
c
e
rt

a
in

ty
 
is
 

a
b
o
u
t 

4
^
 
fo

r
 
a
ll
 

v
a
lu

e
s

 



eu cvj cvj rovo 
oooooomon 

r-i t—\ r-\ r-i r-i 

m os 
a] ■p 

cd 

U1 

T3 
rH 
0) 
•H 

? 
0 
H 

cd 
rs 

T3 
<U 

cd 
■P 
CO 

cd y 

* O 
oo c 

o h mc\joo 
h rH h oj m 

o o o o o 

mvo o ooon 
^-=t invoco 
H H (H H H 

O O O O O 

in 
CD 

m 
t^- 
in 

■p 

5 
o 
a 

G 
o = 
•h in 
•p C\J 
cd • u o 
cd 
a il 
IV 

co X 

G 
0 

V 
-=*- w 

G 
0) 0) 
H -P 
£> 0) 
cd i 

EH Cd 
G 
cd 
a 
G 
(D 
>> 
cd 

>> 
G 
cd 
'O 
G 
3 

n 

<d 
S 

TJ 
eu 

cd 
•p 
u 

S 

x: 

x: 
* u 

oO G 

CM r-I O D- 
onmoooj 

H ri H H 

00 0OVO-=t 
H H O CT\ 
H rH rH O 

• • • t 

O O O O 

meo oo o 
m^r cocu 

o o o o 

coco mvo o 
mt^CDcooo 

h- o eu D- 
D-D-vn m 

i—l r-t H i—l 

most^-^t m 
00-=3-00 o h 
O H H OJ eu 

• • • • • 
o o o o o 

00 VO H" 00 co 
eu on-U- -3- t) 
eu eu eu eu p 

• • • • rH 
o o o o cd 

> 

h m h oo -=3- m h vo o 
mvovoD-oo o o osas 
h eu on on on onon 

• •••• •••• 
ooooo oooo 

SC O 
^ G 

ooooo o o mmm 
vo -=3- eu h o 

i i i i i 

o o eu eu on 
mmo-vo m 

-=3- mvo CD 
•=3- eu ooo 

o h eu on^i mD-CDO 

w o 
ooooo 
o o mmm 

vo-=* eu h o 
i i i i i 

mvo ooo 
mvo ooo 

oooo 
oooo 

o h on-=í- m vo oo o eu 

149 

U
n

c
e
r
ta

in
ty
 
is
 

a
b
o
u
t 

4
$
 
f
o
r
 
a
i
l

 



o 

APPENDIX A 

CORRECTION OF FLOW DIRECTION DUE TO LOCAL VELOCITY GRADIENT 

To measure the flow direction at a point in the flow 

field, a wedge-shaped, three-hole probe was rotated until the 

two side holes sensed equal pressure. Then the orientation 

of the probe was taken as the local flow direction. However, 

if the local velocity profile is non-uniform in the viscinity 

of the probe, the flow direction measured by this method needs 

correction. 

Non-uniform 
velocity profile probe 

0 = direction measured by nulling pressure sensed 
by hole 2 and hole 3 

a = actual flow direction 

X-axis = center line of flow channel 

ß = half angle of the three-hole probe, 30° 

U1,U2'U3 = velocities that would be sensed by holes 1, 2 
and 3 respectively if flow were not deflected 
by the probe 

^2*^3 = anßles between normals of probe surface and 
U2 , Un respectively 

3 150 



The sketch above shows the situation where local velocity 

profile is not uniform. 0 is the orientation of the probe 

when pressure at hole 2 equals pressure at hole 3. Assuming 

that the pressure sensed by the side hole is related to the 

square of velocity component normal to the probe surface, the 

following equation is obtained. 

v^ cos2 = U3 cos2 (A-l) 

From geometry 

72 = (| - ß) - (0 - a) 

Ï3 = (£ - ß) + (P - a) 

Hence, Eq. (A-l) can be written as 

Up cos [(J - ß) + (0 - a)] 
= - —- (A-2) 

U3 cos [(J - ß) - (0 - a)] 

which is a transcendental equation with one unknown a , when 

U1 , U2 , and 0 are obtained by measurement. This equation 

was used to calculate the actual flow direction at locations 

where velocity gradient is large, (e.g., in the free shear 

layer). The difference between corrected and original values 

can be as high as 6 degrees. 

Actually the assumption used to derive Eq. (A-l) is 

physically incorrect because with the existence of the probe, 

local streamlines are deflected. As a matter of fact, the 

pressure sensed by hole 2 is nearly the local static pressure 

hence is not proportional to the square of the normal velocity 

component. However, results obtained by this correction method 

check quite well with the slope of the streamlines and are thus 

adopted as actual values. 
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APPENDIX B 

FRESSURE DISTRIBUTION ON STALLED WALL 

BEYOND THE SEPARATION POINT 

In fig. III-3, the pressure recovery coefficient appears 

to be constant beyond X = 1/2" on the stalled wall, but if 

the scale is magnified, one can see slight variation in its 

values in the stalled region. Fig. B-l shows the distribution 

of pressure recovery coefficient along the stalled wall beyond 

the separation point for the REF flow field. The values are 

presented as differences from the room pressure on a greatly 

magnified scale. 
In this scale for Cp , which is fifty times that in 

fig. III-3, variation of pressure recovery coefficient is 

clearly observable in the reverse flow region but nearly 

constant in the section where a second vortex appears (see 

fig. III-5)• 
Relatively speaking, the velocity in the second vortex 

is small compared to the reverse flow velocity; hence vari¬ 

ation in pressure in this region should also be small compared 

to that in the reverse flow. By the same token, variation of 

C in the reverse flow region will be small when it is com- 
p 

pared to the magnitudes in the main flow. Hence, the conclu¬ 

sion that Cp is essentially constant in the stalled flow 

region should not be taken in an absolute sense, but rather 

as a statement of the relative magnitude of flow quantities 

between the main and the stalled flow region. 

Since the uncertainty in Cp measurement is about 0.01, 

all the values in this figure B-l is within a range less than 

the uncertainty value. Hence it may not be reproducible in 

another experimental set-up. For the present investigation, 

however, similar trends are also observed for both the RC8 

and the TKD flow fields. 
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APPENDIX C 

MORE PRELIMINARY RESULTS ON TURBULENT MIXING 

Before the results for turbulent mixing in Chapter IV 

were obtained some preliminary checks on the effects of mixing 

on final pressure recovery coefficient were made. Results 

can be summarized in the following table. 

Case 

tREF 

*REF with 
VG at 
X = -12" 

tREF with 
thin wedge 
at X = -15" 

REF with 
thick wedge 
at X = -15" 

tRC8 

RC8 with 
thick wedge 
at X = -15" 

fTKD 

TKD with 
VG at 
X = -11" 

Stalled 
Wall at 
Inlet 

6* 
(Inch) H 

0.039 1.33 

0.019 1.38 

0.106 1.25 

0.230 1.32 

O.039 I.30 

O.230 I.32 

0.145 1.32 

0.075 1.21 

Unstalled 
Wall at 
Inlet 

6* 
(Inch) H 

0.040 I.33 

0.019 I.38 

0.112 1.27 

O.18O I.37 

0.040 I.33 

O.I8O I.37 

O.I55 I.32 

O.091 1.26 

1 C 
(fps) Pe 

157 0.22 

I66 O.23 

159 O.25 

146 0.28 

160 O.34 

I52 0.4l 

157 0.20 

170 0.21 

Separation 
Point X" 
from throat 

0.00 

O.25 

O.5O 

1.00* 

O.25 

I.50* 

O.25 

O.25* 

page 43 
Note: VG = vortex generators shown in fig. IV-24 

Arrangement of wedge attachment is shown on 
Thin wedge: a = O.125" b = O.75" 
Thick wedge: a = 0.22" b = 1.00" 

t 
These results ha'’e been presented in the main text 

These points are located by observation of tuft movements 
only. Uncertainty may be + 0.5" 



These results clearly indicate that turbulent mixing is 

an important factor that can move the separation point and 

thus widen the effective channel and increase the pressure 

recovery. , 

Attempts were made to correlate final pressure recovery 

coefficients with 6 , 0 , or H at the inlet but no 

meaningful correlations could be obtained. It is suspected 

that these final recovery values would be related to the inlet 

turbulent scale. 



APPENDIX D 

EQUATIONS FOR BOUNDARY LAYER CALCULATION MODELS* 

Model VD&T 

This is the method of Von Doenhoff and Tetervin [19^3]• 

Unknowns to be calculated are 0 , H and C^. , all of which 

are functions of the streamwise variable x . The following 

equations are used. 

1. Von Karman's momentum equation 

dx T ■ (H + 2) 
U. "ä*" 

(D-l) 

2. Empirical auxilliary equation 

@ dH = e4.68(H - 2.975) [- £ ^ 2 - 2.o35(H - 1.286)] 
QX Q QX U 

(D-2) 

3. Squire and Young friction relation 

= 15.89 log10 (4.075 Re8)]2 (D-3) 

pUœ9 
where ReQ = —-— 

Model M1N4 ^ 

Dependent variables in this method are u , 6 and œ 
* ^ 

from which 5 , 0 and H can be evaluated with the aid of 

the velocity profile represented by Eq. (D-6) below. The 

three independent equations for this model are: 

The author wants to thank Mr. E. Hirst for compiling the 
equations for this section. 
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» 

1. Equation (D-l) 

2. Energy integral equation 

where t is evaluated by 

T - c £ “ 0.018 6* U„ (D-5) 

3. Asymptotic matching of the following two laws for ut 

and velocity profile 

(a) Law of the wall 

u+ - 4 in y+ + C where K = 0.4 
K C = 5.06 

(b) Law of the wake 

£ + $ + ^ 
T 

where K = 0.4 ^ 
Model M1N6 

This method is similar to Model M1N4 except that instead 

of Eq. (D-5), Truckenbrodt's. dissipation function is used for 

the last term in Eq. (D-4). Hence, the independent unknowns 

are uT , 6 and œ j and the equations for calculating them 

are as follows. 
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1. Equation (D-l) 

2. Equation (D-4) with Truckerbrodt's dissipation integral 

(see pp. 575, Schlichting [i960]) 

0.0056 
(D-7) 

3. Equation (D-6) 

Model M2NI 

Independent unknowns to be evaluated in this method are uT , 

5 , o> , and g . The following four eouations are used. 

1. Equation (D-l) 

2. Equation (D-6) 

3. Entrainment equation 

udy = K g (D-8) 

4. Turbulent kinetic energy model equation 

where 

(D-9) 

u' , v' and w1 are rms turbulent velocity fluctuations in 

longitudinal, normal and transverse direction, respectively. 
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APPENDIX E 

RECOMMENDATIONS FOR FURTHER WORK 

1. Perform additional experiments with different radius 

of curvature at the throat to find correlation of final pres¬ 

sure recovery coefficient with geometry at the throat. Recom¬ 

mended sequence is 20", 12" and 4". If Cp distribution along 

the side walls changes appreciably, complete mapping of flow 

field data would be useful. 

2. Change exit geometry to include long and short 

tailpipes and map out data in the flow fields to find out 

what happens when the main flov rediffuses to fill the tail¬ 

pipe. Investigate the phenomenon of reattachment when the 

tailpipe is long enough. 

3. Decrease the divergence angle and map for at least one 

set of flow field data in the same flow regime to find out 

whether the conclusions in the present investigation hold. 

4. Increase the divergence angle to the jet flow region 

(see fig. 1-2) and find the effective channel in that flow 

configuration to check if the basis for the analytical model 

proposed in Chapter V holds. 

5. Perform turbulent scale measurements at the inlet 

with systematic change of mixing devices and map out flow 

fields to find out possible correlations. 

6. Improve numerical solution to the Dirichlet problem. 

Investigate the possibility of combining analog computer with 

digital computer to yield quick and accurate distribution of 

pressure recovery coefficient as output once the boundary of 

the effective channel is traced on an oscilloscope that can 

send a signal as input to the analog computer. 
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7. Develop boundary layer calculation method that can 

work under abrupt pressure change and include the effect of 

normal pressure gradient. 

8. Modify the analytical model of Chapter V to see if 

it can be simplified. 
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