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NOMENCLATURE

velocity coefficient = pV2/[2(PC - Pw)]
corner recirculation zone

central toroidal recirculation zone

test section diameter

irlet nozzle diameter

arial flux of momentum

dcwnstream blockage location

time-mean pressure

Reynolds number

svirl number

time-mean velocity (in x-, r-, d-directions)
tine-mean velocity vector magnitude

axial, radial, azimuthal cylindrical polar coordinates
side-wall expansion angle

yew angle of probe = tan-](w/u)

pitch angle of probe = tan'][v/(u2 + w2)1/2]
density

svirl vane angle = tan-](Win/uin)’ assuming perfect
vanes

Subscripts
central pitot pressure port
rilating to inlet nozzle diameter

inlet conditions



N,S,E,W north, south, east, west pitot pressure ports

0 value of inlet to flowfield

h swirl vane hub; expansion step height

p relating to probe sensing tip diameter
Superscripts

alternate form, neglecting pressure variation

- time-average quantity

%)



CHAPTER I
INTRODUCTION
1.1 The Purpose of the Investigation

The state of the art in combustor design has been advanced signif-
icantly in recent years due to the need for greater fuel efficiency and
fuel versatility (i.e., engines must be capable of burning cheaper
fuels and/or several different types of fuels). Researchers have
utilized many different means in order to study the phenomena of com-
bustion: computer simulation (1-9); instantaneous and time-mean
velocity measurements (2-20); flow visualization (7-9, 21-24); and
heat transfer and temperature measurements (19, 23, 24).

The ultimate goal of research efforts is to develop cost-efficient
computer programs that accurately describe the process for any com-
bination of physical parameters. However, experimental data for the
system to be modeled must be available in order to validate the models
used in computer codes.

The present investigation is an experimental study utilizing flow
visualization and time-mean velocity measurements to determine the
effects of decreasing the expansion ratio (i.e., the test section
diameter, D, divided by the inlet nozzle diameter, d) on isothermal
flowfields having various degrees of swirl, side-wall expansion, and

downstream blockage. Neutrally-buoyant helium-filled soap bubbles are



used to mark the flowfield for the flow visualization, and a five-hole

pitot probe is used to measure the time-mean velocities.
1.2 Review of Previous Studies

Bradshaw and Wong (3) used three different geometric perturbations
to study the reattachment of a turbulent shear layer. The study showed
that a nonswirling flow reattaches 6 to 9 step heights downstream of
separation. It was also observed that the flow just downstream of
reattachment bears very little resemblance to a plane mixing layer or
any other sort of thin shear, even if the residual influence of the
boundary layer is small.

Macagno and Hung (5) used dye injection and still photographs to
study a laminar oil flow past a 2:1 diameter expansion. Streamline
and vorticity contours are presented. The contours show that the
vorticity peak moves into the main flow when separation occurs, then
moves back to the wall well downstream of the reattachment point.

Time-mean velocity measurements and several means of flow visual-
ization were employed by Rhode (7) to study inert nonswirling and
swirling flowfields. Photographs, streamline contours and velocity
profiles of the flowfield are presented.

A five-hole pitot probe was used by Yoon (10) to measure
velocities in a 30 cm diameter test section. Velocity profiles and
streamline contours are presented to illustrate the effects of swirl
and geometric parameters on the flowfield. The results of the present
study will be compared to those obtained by Yoon to determine the

effect of confinement on inert swirling and nonswirling flows.



A nonswirling flowfield, similar to that of Yoon (10) and Rhode (7),
was studied by Chaturvedi (14) to determine the effect of inlet expansion
angle on the flow. It was found that the reattachment point moved
downstream from 6 to 9 step heights as the expansion angle was increased
from 15 to 90 degrees. The author also suggested that varying the
expansion ratio D/d would not affect the flow near the exit plane
x/D = 0, because the primary effect of the change would be on the
mixing process and diffusion after the maximum rate of turbulence
production is obtained.

Syred and Dahman (16) studied the effect of confinement on an
inert swirling flow. The effect of confinement was found to be complex
due to two effects:

1. entrainment rates of swirling jets are very high, which

can cause them to "stick" to the wall;

2. decay of swirl velocity is usually uneven across the

enclosure.
The study used D/d ratio of 4 and 2; the present study uses D/d ratios
of 1.5 and 1.

A Laser Doppler Anemometer located the reattachment point for a
turbulent, nonswirling flow at 4.5 step heights downstream of the exit
plane in a study performed by Yang and Yu (18). The authors theorized
that the reattachment point was unusually far upstream as a result
of a large back pressure caused by a short, rapidly contracting nozzle
which followed by sudden enlargement. Most researchers (2, 3, 5, 6,

14, 21) found the reattachment point to be 6 to 9 step heights down-

stream of the exit plane.



The flowfield independence of Reynolds number for the facility
used in this study was established by Rhode (7) and Yoon (10). Thus,
the results contained herein are applicable to actual combustor hard-
ware, which usually operate at slightly higher Reyﬁo1ds numbers than

those used in the present study.
1.3 Scope and Significance

This study implemented flow visualization and time-mean velocity
measurements to document the flowfield changes which result from
decreasing the expansion ratio D/d. Flow visualization was used to
locate the most affected areas of the flow. Then, time-mean velocity

measurements were taken to detail the flow in the affected regions.

The raw data from the measurements were reduced using a FORTRAN computer

program similar to that developed by Rhode (7) in which plotted output
is obtained via a complot plotter.

The above procedure was performed for test sections having
expansion ratio of 1.5 and 1.0. The results were then compared to
previously obtained results for a test section having an expansion
ratio equal to 2 (10).

The present work is significant for the following reasons:

1. The effect of the expansion ratio on the combustor

flowfield is documented;

2. The results obtained complement the work of previous

researchers (7, 10) and thus extend the available
data base for combustion designers.

The present work is limited for the following reasons:



1. Measurements are taken only at multiples of the
test section half-diameter;

2. The pitot probe is not sensitive to small velocities.
1.4 Outline of the Thesis

In the previous sections, a synopsis of relevant previous work
is given. The synopsis is followed by apresentation of the scope and
significance of this study.

Chapter II describes the facilities and instrumentation employed.
The operation of the five-hole pitot probe is discussed, and the concept
of swirl is defined and briefly discussed.

Chapter III details the measurement and data reduction procedures.
The method of flow visualization is described along with an outline of
the pitot probe calibration and measurement procedures. The data
reduction process is also outlined.

The results of this study are discussed in Chapter IV with reference
to appropriate photographs, tables, and figures in the appendices. The
discussion includes a comparison of the present results to relevant
previous work (7, 10, 14, 16).

This study is summarized in Chapter V, where recommendations for

further work are also given.



CHAPTER II
FACILITIES AND EQUIPMENT
2.1 Confined Jet Test Facility

The confined jet test facility is described at length elsewhere
(7-11). It has a variable speed axial flow fan that drives the flow
through a settling chamber and into a contraction section designed by
the method of Morel (25). The flow Teaves the contraction section via
a 15 cm diameter circular nozzle and enters the test section. The test
section is a constant diameter (diameters of 15 and 22.5 cm are used)
plexiglass tube with Tength greater than 5 tube diameters: This pre-
cludes the presence of end-effects in the measuring region x/D < 2.0.
The test section and the typical combustion chamber it simulates are
shown in Figure 1.

The side-wall angle o and the swirl vane angle ¢ are variable. No
side-wall expansion is used for the smaller tube, while angles of o = 45
and 90 degrees are used for the larger tube. Swirl vane angles of O,

45 and 70 degrees are used for both tubes.

Typical operating Reynolds numbers (based on average inlet velocity
and inlet diameter) range from 50,000 to 150,000 depending upon fan
speed and aerodynamic blockage by the swirl vanes. It has been shown
that this is in the Reynolds number insensitive region for this
facility (7) in terms of nondimensional flow characteristics further

downs tream.



The overall flow facility is shown schematically in Figure 2.

The effect of a downstream blockage on the upstream flow in the
test section is important in combustion aerodynamics. Two blockages
of area ratio 2 and 4 are used. The smaller blockage is illustrated
in Figure 3. Its upstream face is contoured in a quarter circle, as
found in practical ramjet combustors. The larger blockage is shown in
Figure 4. 1Its upstream face has a 45 degree slope, more typical of
gas turbine combustion chamber exits. These blockages, when used,

are located 2 tube diameters downstream of the expansion plane x/D = 0.
2.2 Swirler

Swirling jets are commonly used to control the lenqth and stability
of the flame in a combustor. The effects of the degree of swirl on the
flowfields and combustion have been extensively studied (7-11, 13, 15,
16, 20). These researchers all used either a vane swirler or tangential
entry mixing chambers to impart swirl to the flow under study; a
variable vane angle swirler is used in the present study.

Beer and Chigier (26) have proposed the following nondimensional

criterion to characterize the amount of swirl imparted to the axial

flow:
G
Grom o wa B0 (2.1)
G (d/2)
where G6 = axial flux of angular momentum
Gx = axial flux of axial momentum, including the pressure con-

tribution

d/2 = swirler exit radius.



These quantities are defined mathematically as:

21 d/2

Ge =/ T [puw + pu'w']rzdrde : (2.2}
00
2md/2 i

B 1=wt S [ou? + pu' + (p - p,,)Irdrde. (2.3)
00

The pressure term is often omitted from Gx, thus yielding the

dynamic axial momentum f71ux G;:

2md/2

G; I e [pu2 + 2
B0

ou'“Jrdrds. (2.4)

This leads to the alternate definition of the swirl number:

B

i (2.5)
G; (d/2)

If the turbulent stress terms are neglected, the time-mean u
and w velocity components across the swirler are sufficient to calcu-
late S or S'. Sander (20) cataloged both S and S' for five commonly
used idealized swirler exit velocity profiles.

The swirler used in this study was constructed at Oklahoma State
University according to a preliminary design plan from NASA. The
physical features of the swirler are diagrammed in detail in (28); the
performance of the swirler is detailed in (20, 29); and the swirler
is shown in Figure 5, The ten variable angle flat blades of pitch-to-
chord ratio 0.68 give good turning efficiency; but Sander (20) has

shown that the idealized ¢ vs. S relationships are not correct.



2.3 Flow Visualization Equipment

Flow visualization was used in the study for the following reasons:
1) to examine the overall flowfield; 2) to locate regions of interest
in which pitot-probe measurements might be taken; 3) as a means to
compare the flowfields of this study to those studied by Rhode (7).
Neutrally-buoyant helium bubbles were selected to mark the flow because
this method yielded acceptable results in previous studies (7,8), and
the equipment was readily accessible.

The flow visualization equipment consisted of: a bubble generator;
a light source; and a camera and tripod. Figure 6 shows how the
flow visualization equipment is set up for use in the confined jet
facility.

The bubble generator is a Sage Action Inc. model 3. It consists
of an injector (shown in Figure 7) in which the bubbles are formed, and
a console that supplies the helium, compressed air and soap solution
to the injector. The injector is located far upstream of the test
section inlet to avoid disturbance of the flow pattern to be studied.
The injector is 1.6 cm diameter, 11.5 cm long, and has a 1 cm diameter
stem normal to the main body. The bubbles are 0.5 to 1.0 mm diameter,
and they are supplied at a fairly even rate (7).

A sheet of light 4 cm wide is used to illuminate the rx plane. The
Tight source is an American Optical Co. slide projector. An opaque
cardboard slide with a 4 cm wide slit controls light passage to the
flowfield.

Kodak film rated ASA 400 is used in the camera. The film is over-

developed to compensate for underexposure; this makes the film equivalent
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to an ASA 1000 rating.
The camera is a NIKKORMAT FT-3 by NIKON. The lens used is a
50 mm, 1:1.4 by NIKKOR. Shutter speeds ranging from 0.5 to 0.125

seconds are used with f stops of 1.4 and 2.
2.4 Five-Hole Pitot Probe Instrumentation

A five-hole pitot probe was chosen as the measuring instrument
for this study because the probe is reljable, accurate, and it is
capable of measuring both the magnitude and the direction of the
flow velocity. The pitot probe used in this study is a model DC-125-
12-CD manufactufed by United Sensor and Control Corporation. The
accuracy of this particular probe is well-documented (7, 10, 11).

The probe, as shown in Figure 8, is a long, straight shaft with
a hook-shaped sensing head: This allows the probe shaft to be rotated
without altering the probe tip location. As the name implies, there
are five holes in the tip of the probe: one in the center of the tip,
and one each to the north, south, east and west of the center of the
tip.

There are several possible ways to measure the flowfield using
a five-hole pitot probe. The method employed here is to align the probe
yaw angle with the flow yaw angle while deducing the pitch anqle and
the total velocity coefficient from calibrations. This method was chosen
because it requires relatively simple data reduction procedures and it
utilizes readily available orientation equipment.

In addition to the pitot probe, the instrumentation consists of a
manual traverse mechanism, two five-way ball valves, a differential

pressure transducer, a power supply, and an integrating digital voltmeter.
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The differential pressure transducer is a model 590D from Datametrics
Inc.; it has a pressure range from 0 to 1.3 x ]03 Pa, and its deviation
from linearity over this pressure range is shown in Figure 9. The
integrating voltmeter is a TSI model 1076. The power supply is a
Hewlett-Packard model 721A.

The auxillary equipment consisted of a General Radio Inc. model
631-B Strobotac and a pitot static probe. The strobotac was used
to set the wind tunnel fan speed. The pitot static probe was used
in conjunction with the previously described transducer and voltmeter
to measure the dynamic pressure in the nozzle throat just upstream

of the exit plane. The ambient temperature and pressure were measured

by a Cenco Corp. barometer/thermometer unit.



CHAPTER III
DATA AQUISITION AND REDUCTION PROCEDURES
3.1 Flow Visualization Procedure

The flow visualization procedure began with the alignment of the
test section axis with the wind tunnel axis. This is accomplished
using a laser and a centering disk: The laser beam is positioned in
line with the wind tunnel axis; the centering disk is fitted onto the
downstream end of the tube; and the tube is positioned so the laser
beam passes through the hole in the center of the disk.

The camera is mounted on the tripod and Tocated normal to the tube
to include the region 0 < x/D < 2 in its field of view. The bubble
injector is located in the wind tunnel as shown in Figure 6; and the wind
tunnel speed is set as prescribed in Table I.

For the 22.5 cm diameter tube, photographs are taken for ¢ = 0, 45
and 70 degrees, with and without the small blockage in place. No photo-
graphs could be obtained with the large blockage in place due to the
lack of adequate 1light penetration into the flow domain.

For the 15 cm diameter tube, photographs are taken for ¢ = O degrees,
with and without the small blockage in place. No photographs could be
obtained for ¢ = 45 or 70 degrees because the soap bubbles splash against
the inside of the tube and obscure the view into the flowfield. Again,
no photographs could be taken with the large blockage in place because

of 1lighting problems.
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3.2 Pitot Probe Measurement Procedures

The first step in the pitot probe measurements is to align the
test section axis with the wind tunnel axis; this is accomplished as
described in Section 3.1. Then, the five-hole pitot probe is positioned
so the measurement coordinate axes coincide with the text section
coordinate axes. This is accomplished in the following. manner: The
radial traverse location is set to zero; the angular vernier is set
to zero; and the probe is Tocked into the traverse mechanism so that
its base only is in the Tlaser path, and no Tight is reflected off the
sides of the probe base. The centering disk is then removed.

Before the wind tunnel is turned on, the pressure transducer must
be set to zero. There is a "zero adjust screw" in the transducer for
this purpose: the screw is turned until the voltmeter reads a constant
zero value. At this time, the local pressure and temperature are
recorded.

The wind tunnel is turned on and the fan speed is set as pre-
scribed in Table I, using a strobotac. A static pitot probe is
inserted in the nozzle throat of the wind tunnel and the inlet dynamic
pressure is measured using the pressure transducer and the atmosphere
ports on the five-way ball valves. If the inlet dynamic pressure
corresponding to a particular fan speed is known, the fan speed can be
set to obtain the known inlet dynamic pressure since the strobotac
is not always available. Once the inlet dynamic pressure is measured,
the static probe is removed to avoid interference of the flowfield to

be measured.



The preliminaries are now complete and the traverse procedure
begins. First, the probe is rotated to align the tip with the local
flow direction: this is done by turning the ball valves so that the
transducer senses (pw - pE). wﬁen this value settles in the region
~.002 mV 5_(pw - pE) < .002 mV, the probe is aerodynamically nulled,
and the yaw angle B is read from the angular vernier and recorded.
Second, the ball values are turned so the transducer senses (pN - pS).
When this value becomes reasonably constant, it is recorded: the
integrating voltmeter gives a reasonably constant value after 3 or 4
time-constants when its 100 second time-constant is used; usually only
3 or 4 time-constants with the 10 second time-constant are required.
Third, the ball values are moved to expose the transducer to the
(pC B pw) pressure difference. Again, this value is recorded when it
becomes reasonably constant. Fourth, the transducer is exposed to
(pc- patm)’ and this value is recorded as the others are. Finally,
the probe is moved radially upwards by 7.5 mm and the four steps are
repeated. The traverse stops at the farthest radial point the probe
can measure - 10.6 cm for the 22.5 cm diameter tube and 5.3 cm for the

15 cm diameter tube.
3.3 Pitot Probe Calibration

A five-hole pitot probe must be calibrated in order to translate
the measured quantities B, (pN - ps), and (pC - pw) into a velocity
magnitude and a direction. The calibration characteristics (see

Figure 11 which is described later) yield a velocity coefficient C and
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a pitch angle § for the given values of (pN -_pS) and (pc- pw), where C



is defined as
= v¥/[2(p. - p,)] (3.1
G W ’
The velocity magnitude V is given by
S AR T
v=_[ 2 (pe- p,) + C] i

and, since the velocity direction is known from the angles 8 and &, the
three components of time-mean velocity are readily deducible.

The five-hole pitot probe is calibrated using a contoured nozzle
free jet having a 3.5 cm diameter throat. The probe is mounted horiz-
ontally on a Troyke Manufacturing Co. model BH-9 rotary table, as shown
in Figure 10. Compressed air is used to calibrate the jet, its mass
flow rate is controlled by a small pressure regulator and it is measure
by a Fischer and Porter model 10A1735A rotameter.

A11 calibrations are performed at a rotameter setting of 10. This
corresponds to a velocity of 9.6 m/s and a probe Reynolds number
Rep = 1900. A previous study (7) showed that the calibration
characteristics are independent of Reynolds number for Rep > 1090.

Once the instruments are zeroed, as in Section 3.2, the calibra-
tion begins by nulling out the probe [i.e., (pw - pE)= 0] for a pitch
angle § = 0. The probe is then rotated to g = -55 degrees. At this
point, the pressures (pN - ps) and (pC - pw) are recorded. This
procedure is repeated over the range -55 degrees < g < 55 degrees in 5
degree increments. Then, the five-hole probe is removed, the pitch

angle is returned to zero, and the static pitot probe is mounted in

15

)

d
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place of the five-hole probe to measure the dynamic pressure of the jet.

The results of the calibration are shown in Figure 11.
3.4 Data Reduction

A FORTRAN code similar to that developed by Rhode (7) is used to
reduce the data. The code uses the traverse data and the pitch angle
calibration characteristic (see Figure 11(a)) in conjunction with a
cubic spline interpolation technique to obtain the pitch angle § .
Then, the velocity coefficient C is determined using § and the velocity
coefficient calibration characteristic (Figure 11(b)). The absolute
velocity is determined from Equation (3.2), the velocity components
are determined from V, B8 , § and simple geometry.

It should be noted that the effect of the fluctuating turbulent
component of velocity has been ignored in relating sensed pressures to
time-mean velocities. The additional terms cannot be measured by the
instruments in use here, and although the effect on pressure probes
is still unknown, the error incurred is likely to be less than five
percent except in very high turbulence regions.

It should also be noted that the five-hole pitot probe is of
questionable accuracy in high shear regions. However, these regions
are encountered infrequently in this study. Therefore, the general

trends found herein are certainly valid.



CHAPTER IV
RESULTS

Nonswirling and swirling inert flows are investigated in axisym-
metric test sections with expansion ratio of 1.0 or 1.5, which may be
equipped with a downstream blockage of area ratio 2 or 4. Flow visual-
ization and time-mean velocity measurements are performed as described
in Chapter III. The effect of the following geometric parameters on the
extent of the flowfield recirculation zones is analyzed: expansion
ratio D/d = 1.5 and 1, sidewall expansion angle o = 45 and 90 degrees,
swirl vane angle ¢ = 0, 45 and 70 degrees, and downstream blockage of
area ratio 2 and 4. The nozzle inlet Reynolds numbers employed in this
study are high enough to ensure that the flowfields being investigated
are independent of the Reynolds number; the Reynolds number corresponding
to each flow case is listed in Table I. Flow characteristics are tab-
ulated in terms of yaw angle B , pitch angle § and normalized u, v, and
w velocity components in Appendix A. Axial and swirl velocity profiles
for all flows studied are shown in Appendix B.

Each section in this chapter consists of an analysis of the
results obtained-both photographic and velocity measurements - and
an attempt to correlate the present results to results obtained by other

researchers using different expansion ratios.

¥
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4,1 Effect of Swirl on Open-Ended Flows

A variable-angle vane swirler is used in the present study to impart
a tangential velocity component to the inlet flow. Swirl vane angles of
0 (swirler removed), 45 and 70 degrees are used. These angles correspond
toidealized swirl numbers S of 0, 0.67 and 1.83 under the definition of
swirl number introduced in Section 2.2, and the assumption of perfect
efficiency of the blades in turning the flow. This is in fact not the
case in practice (20). Fiqure 12 parts a through ¢ shows the flow visual-
ization photographs and Figure 13 parts a through c shows the axial and
swirl velocity profiles for ¢ = 0, 45 and 70 degrees, respectively, for
the test section with expansion ratio D/d = 1.5. Fiqures 14 and 15,
parts a through c, show the corresponding results for the test section
with D/d = 1.

The swirler is removed to obtain results for the nonswirling case.
Figure 12(a) shows the corner recirculation zone (CRZ) extending to
approximately x/D = 1.25; this translates to 7.5 step heights from the
exit plane x/D = 0. Inspection of Figure 13(a) verifies that the
reattachment point is between x/D = 1.0 and 1.5, but the reattachment
location cannot be specified based on this figure. Moon and Rudinger -
(12) used a similar expansion ratio (D/d = 1.43) and found the reattch-
ment point at x/D = 1.25 (approximately 8 step heights downstream of
the exit plane). This is in good agreement with the present study.

Figure 12(b) shows that a small CRZ exits for the moderate (¢ =
45 degrees) swirl case. The reattachment point is located at about
x/D = 0.25. No CRZ is apparent for the strong swirl flow ( ¢ = 70

degrees) in Figure 12(c): centrifugal forces dominate this flow. The
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centrifugal forces in the flow result in the formation of a central
torodial recirculation zone (CTRZ) and a precessing vortex core, as shown
in these two photographs.

The precessing vortex core is a regionof high swirl, low axial
velocity flow along the axis, and relatively constant small diameter.

It extends from the end of the CTRZ to the test section exit. The

CTRZ is a wide reverse flow region encountered near the inlet.

Figure 12(b) shows the CTRZ ending at x/D = 1.5 for the moderate swirl
case, and Figure 12(c) shows the same region ending at x/D = 0.75 for the
strong swirl case.

The swirl velocity profiles are nearly uniform in the near-wall
region but decrease in an almost Tinear slope to a zero value at the
centerline. The radial location of the maximum swirl velocity moves out-
ward for the strong swirl case due to centrifugal effects. The swirl
nonuniformity at x/D = 0.5 is due to the insensitivity of the five-hole
pitot probe to small velocities, ﬁhis same result was obtained in similar
problems also being encountered in (7, 10).

The velocity profiles in Figure 15 parts a, b and ¢ show how the
flowfield of Figure 13 changes when the expansion ratio is reduced to
1.0. The axial velocity in Figure 15(a) is the plug flow that is
expected after viewing the photograph in Figure 14 (there are no photos
for the swirling flows with D/d = 1.0 because of experimental difficulties
< the soap bubbles became attached to the tube wall). Centrifugal
effects dominate both the axial and swirl profiles of parts b and ¢ of
Figure 15: the highest velocities are located farthest from the center-
line., The profiles change very little as they move downstream. In

addition, there is no CTRZ for the moderate swirl case and only a small
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CTRZ extending to x/D = 0.5 for the strong swirl case.

For D/d > 1.0, the nonswirling flowfield does not change with
expansion ratio: at D/d = 1.0 there is no CRZ. After comparing the
present data for D/d = 1.5 with the data of Yoon (10), Moon and Rudinger
(12), and data tabulated by Sandir and Hashra (31), it can be seen that
the reattachment point for a suddenly expanding nonswirling flow is found
between 6 to 9 step heights downstream of the inlet regardless of the
expansion ratio. The tabu]atién of the data from ( 31) is added to the
present data and that of (10), to show the consistancy of reattachment
point location for D/d > 1, in Table XXIII.

Table XXIV and Figure 16 show the variation of CTRZ length with
expansion ratio, the présent data is added to that of (10) in the table
and the figure. They show no clear trend for moderate swirl: the CTRZ
length decreases from 1.5 to 1.5 to O diameters as the expansion
ratio decreases from 2 to 1.5 to 1. However, there is a steady decrease
in CTRZ length for strong swirl: it goes from 1.2 to 0.75 to 0.5 diameters
as the expansion ratio goes from 2 to 1.5 to 1. In general, the length of
the CTRZ decreases as the expansion ratio decreases, and this effect be-

comes more pronounced as the swirl strength increases.

4.2 Effect of Gradual Expansion on

Open-Ended Flows

Gradual expansion flows with a = 45 degrees were photographed and

measured at x/D = 0.5 and 1.0 for ¢ = 0, 45 and 70 degrees. This was for
the case D/d = 1.5 only. The flow visualization photographs are shown
in Figure 17 parts a through c, and the velocity profiles are shown in

parts a, b and ¢ of Figure 18.
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Previous researchers (7, 9, 10) have shown, and the pictures in
Figure 17 confirm, that a gradual expansion inlet has no effect on the
flowfield more than one diameter from the test section inlet. Figures
18 and 19 show that gradual expansion has only a small effect on the
flow near the inlet. The nonswirling flow measurements plotted in
Figure 18(a) appear to be identical to the corresponding sudden expansion
flow data in Figure 13(a). The photographs of Figure 12(a) and Figure
17(a) are also comparable: they both identify the reattachment point
at x/D = 1.25. The swirling flow photographs (Figure 18 parts b and c)
show no change in CTRZ 1ength with gradual expansion; and the velocity
profiles of Figure 18 parts b and c differ from parts b and ¢ of Fiqure
13 only in the increased near-wall swirl velocity for gradual expansion
in the upstream region only (i.e., approximately x/D < 1.0).

Yoon (10) concluded that the major effect of gradual expansion is
to encourage the air to flow along the wall and accelerate axial
velocities close to the wall. That effect is diminished when the expan-
sion ratio decreases.

Since a gradual expansion does not appreciably alter a flowfield,
it would be redundant to investigate a gradual expansion flow with
downs tream blockage. Hence blockage effects investigated in Section 4.3

are for the sudden expansion and no expansions cases only.
4.3 Effect of Blockages on Flows

To better illustrate the effects of downstream blockages, the
data obtained with each blockage in place are compared to the data
obtained for open-ended flows. Measurements were taken at the same

locations (when necessary) as for the open-ended flows of Section 4.1;
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and flow visualization photographs are shown with the small blockage
(area ratio 2) in place. The flow visualization photographs and the
velocity profiles for the flows with the small blockage are shown

in Figures 19 through 22. The velocity profiles for flows with the
large blockage (area ratio 4) are shown in Figure 23 and 24. The block-
ages are placed 2 diameters downstream of the exit plane in each case.

Figure 19(a) shows the small blockage in a nonswirling flow with
expansion ratio 1.5. When compared to Figure 12(a) it is seen that the
CRZ is shortened somewhat, with reattachment at x/D = 1.2, but the path-
lines are altered only at the blockage; therefore Fiqure 20(a) shows
the velocity profiles at x/D = 2.0 only. The axial velocity is essential-
ly zero near the wall and the centerline region is accelerated, as
expected. In addition, a small swirl velocity is induced in the near-
wall region.

The moderate swirl flow shown pictorially in Figure 19(b) and pro-
filed in Figure 20(b) has a shorter CTRZ (it extends to x/D = 1.25) and
higher axial velocities near the centerline than the corresponding open-
ended flow shown in part b of Figures 12 and 13. The corner recirculation
zone appears to be unaffected by the blockage; but only a large change
could be detected on a CRZ of this length (0.25 diameters). Also, the
swirl velocity and the swirl velocity gradient in the radial direction
increases slightly with the small blockage in place.

llhen the swirl vane angle is increased to 70 degrees, the CTRZ
length decreases to x/D = 0.4 and the precessing vortex core becomes notice-
ably wider, as seen in Figure 19(c). Figure 20(c) shows axial velocities
that are diminished in the near-wall region and accelerated near the

centerline, and swirl velocities that are increased near the centerline
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in comparison to the velocities shown in Figure 13(c). The only change
from the moderate swirl case is the wider vortex core.

Decreasing the expansion ratio to 1 does not change the relation
between the small blocked flows and the open-ended flows that is documented
above. Figures 21 and 22 show: axial velocities that are diminished
near the wall and increased near the centerline; swirl velocities that
are increased near the centerline and diminished near the wall for the
swirling flows; and a small induced swirl velocity near the wall for the
nonswirling flow. The only change is for the strong swirl flow of
Figure 22(c): the centerline axial velocities at x/D = 0.5 and 1 are
large and negative, indicating that the CTRZ is longer for the small
blocked flow than for the open-ended flow. This phenomenon does not
occur in strong swirl flows for other expansion ratios; it is most
1ikely a result of continuity: the near-centerline velocities are
increased and the near-wall velocities are not yet appreciably
diminished, thus the centerline flow is reversed to balance the mass
flow.

When the data of Figures 19 through 22 are compared to the analogous
data of (10), it is clear that placing a small blockage 2 diameters
downstream of the exit plane produces the same changes from the open-
ended case regardless of the expansion ratio: the axial and swirl
velocities decrease near the wall and increase near the centerline
for swirling and nonswirling flows, with the exception of the small
induced swirl in the nonswirling flow.

The effect of a stronger blockage (area ratio 4) is also invest-
igated for swirl vane angles ¢ = 0, 45 and 70 degrees on flowfields with

expansion ratios of 1.5 or 1. The axial and swirl velocity profiles are
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shown in Figures 23 and 24 for D/d = 1.5 and 1, respectively.

The nonswirling flow of Figure 23(a) shows a CRZ extending to
about x/D = 1.2, larger centerline velocities than for the unblocked
flow and a slight induced swirl in the near-wall region at x/D = 2.
This flowfield is very similar to that of Figue 20(a) -~ the small
blocked flow.

The axial velocity profiles of Figure 23(b) detail the significant
effect of the large blockage on the moderately swirling flow. The
near-wall velocities are blunted all the way upstream to x/D = 0.5,
and the accompanying centerline acceleration results in the absence of
a CTRZ. The swirl velocities shown in the same figure are noticeably
greater than those of part b of Figures 13 and 20. It is 1likely that
the CRZ is also eliminated but, no pictures are available to sub-
stantiate that claim.

Fioure 23(c) shows that there is a negative axial velocity region
at x/D = 0.5 but, it is small; therefore, it is probable that the CTRZ
ends near x/D = 0.5. Again, the centerline axial and swirl velocities
are increased and the near-wall axial and swirl velocities are decreased
from their unblocked counterparts due to the presence of the blockage.

It should be noted that the centerline axial velocities for the
strong swirl flow do not increase nearly as much as for the moderate
swirl flow; this is probably due to the lower axial momentum of the
. strong swirl flow.

Reducing the expansion ratio to 1 results in the flowfield altera-
tions shown in Figure 24 parts a, b, and c. The nonswirling flow of
part a exhibits the familiar change: induced swirl near the blockage

and centerline acceleration. For the moderate swirl of part b, the



velocity profiles are nearly identical to Figure 23(b) for expansion
ratio 1.5: Targe increase in centerline axial and swirl velocities

and diminished near-wall velocities. Again, the strong swirl flow

of part c is essentially an exaggerated version of Figure 22{c): the
centerline axial velocities at x/D = 0.5 and 1.0 are negative; the off-
centerline axial and swirl velocities are very large; and the axial

and swirl velocities diminish near the wall.

Correlating the present data to that of (10) for D/d = 2, it is
clear that the effect of a blockage is to: accelerate the axial and
swirl velocities near the centerline; diminish those velocities near the
wall; and decrease the length of the CTRZ. The effect is greater when
the degree of blockage is greater. For strona swirl flows, a blockage
increases the length of CTRZ when the expansion ratio is 1. Other-
wise (i.e., D/d 1), a blockage shortens the CTRZ.

Artistic impressions of the data presented are shown in Figures 25
through 31. The corresponding figures of (10) are repeated in Figures

32 through 35 for comparative purposes.




CHAPTER V

CLOSURE

5.1 Summary

This study uses flow visualization and time-mean velocity measure-
ments to analyze the effects of swirl, downstream blockage, inlet expan-
sion and expansion ratio on confined, inert flows. The flow yaw and
pitch angles, the three normalized velocity components and the flow
visualization photographs are presented for swirl vane angles ¢ = 0, 45
and 70 degrees, blockages of area ratio 2 and 4 located 2 diameters from
the test section inlet, expansion angles o = 45 and 90 degrees, and
expansion ratios of 1.5 and 1.

The CRZ is prominent in nonswirling expanding flows, but it
decreases when swirl is introduced and disappears when centrifugal
forces predominate. The presence of swirl results in the formation of
a CTRZ., 1Initially, increases in ¢ result in an increase in CTRZ length.
However, increasing ¢ to very high swirl strengths results in a shorten-
ing of the CTRZ.

Placing a blockage in the flowfield creates an adverse pressure
gradient near the wall and a favorable pressure gradient near the
centerline. This results in increased axial and swirl velocities near
the centerline and decreased velocities near the wall. The blockage
also decreases the CTRZ length, except for strong swirl flows with no
expansion (i.e., D/d = 1). The degree of the effect increases as the

~decree of blockage increases
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Reduction of the exparsion ratio results in a reduction of the
CTRZ, as 1is apparent when the present data are compared to that of
Yoon (10). There is no CTRZ for moderate swirl in a nonexpanding flow.
Also, placing a blockage in a nonexpanding, strongly swirling flow
increases the CTRZ Tength; an opposite effect is observed for expanding

(i.e.D/d > 1) flows. The CRZ lenqth (measured in step heights) does not

change with expansion ratio for D/d >l
Changing the inlet from sudden to gradual expansion has a minimal

effect on the flow.

5.2 Recommendations for Further Work

This study is one in a series of studies on confined, inert swirling
flows. Major flow features and turbulence data are now available.
The characteristics of different inlet swirl vanes are needed: work
should be done with curved vanes, and different size and number of
vanes in the present swirl-vane pack. This will provide a comprehensive
data base of inlet and flowfield measurements which is needed for

associated flowfield prediction studies.
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TABLE I

WIND TUNNEL FAN SPEEDS AND INLET
NOZZLE REYNOLDS NUMBERS

32

) Fan Speed (rpm) Red(D/d = 1,5) Red(D/d = 1.0)
0 1950 125,000 86,400

45 2600 66,600 64,400

70 2600 28,700 28,000




TABLE I

VELOCITY DATA FOR ¢ = 0, a = 90, D/d = 1.5, OPEN ENDED
X/D
R/D 0.5 140 1.5 2.0

0.467 177 .200 189.800 353.000 358.000
0.433 181.800 93.200 353.000 358.000
0.400 1.600 356.000 354 .600 358.000
0.367 1.600 356.200 354.600 358.000
0.333 1.600 357.800 356.200 358.000
0.300 360 .000 358.400 357.200 358.000
0.267 359.400 359.400 357.200 358.200
©.233 359.400 359.600 358.400 358.200
0.200 359.400 359.800 359.200 358.600
0.167 359.200 359.800 359.200 359.000
0.133 359.600 359.800 359.800 359.800
0.100 358.400 359.000 0.400 360.000
0.067 359.800 359.800 0.400 360.000
0.033 359.800 359.800 0.400 360.000
0.000 360.000 360.000 360.000 360.000

a) yaw angle

€€



TABLE II (Continued)

X/D

R/D 0.5 1O 1.5 2.0

0.467 -35.599 0.000 0.000 18,2119
0.433 -52.745 37.939 -3.035 -0.665
0.400 -5.946 -21.416 -8.056 -~ 1,875
0.367 -6.283 =41 TEES -7.645 -3.106
0.333 =322 -7.839 -5.446 -3.382
0.300 -0.898 -5.008 -4.174 =2 .173
0.267 =162 = =2, 779 -1.923
0.233 =3.70% -0.447 = 1,263 -0.908
0.200 -4.077 -0.993 -0.262 -0.131
0.167 -4.527 -1.540 -0.715 -0.473
0.133 -4.766 -2.324 -1.534 =0.911
0. 100 -4.388 -2.834 -1.862 =1..905
0.067 ~5.223 -3.443 -2.440 =2 337
0.033 -5.699 -3.884 -2.914 =2.3971
0.000 -6.100 -4.204 -3.394 =32257

b) pitch angle

43



TABLE II (Continued)

X/D

R/D 0.5 1.0 1.5 2.0
0.467 -0.142 -0.033 0.126 0. 146
0.433 -0.127 -0.004 0.204 0.280
0.400 0.138 0.175 0.264 0.322
0.367 0.324 0.327 0.353 0.375
0.333 0.586 0.483 0.447 0.427
0.300 0.843 0.645 0.541 0.482
0.267 0.964 0.779 0.616 0.538
0.233 0.986 0.855 0.689 0.587
0.200 0.988 0.895 0.740 0.631
0.167 0.974 0.905 0.776 0.665
0.133 0.982 0.911 0.792 0.698
0.100 0.969 0.902 0.809 0.708
0.067 0.957 0.910 0.811 0.721
0.033 0.972 0.909 0.812 0.728
0.000 0.968 0.906 0.808 0.729
c) u/u

g€



TABLE IT (Centinued)

X/D

R/D 0.5 1.0 1.5 2.0
0.467 -0.102 0.000 0.000 -0.048
0.433 -0.167 0.058 -0.011 -0.003
0.400 -0.014 -0.069 -0.037 -0.011
0.367 -0.036 -0.068 -0.048 -0.020
0.333 -0.033 -0.067 -0.043 -0.025
0.300 -0.013 -0.057 -0.040 -0.018
0.267 -0.027 -0.024 -0.030 -0.018
0.233 -0.064 -0.007 -0.015 -0.009
0.200 -0.070 -0.016 -0.003 -0.001
0.167 -0.077 -0.024 -0.010 -0.005
0.133 -0.082 -0.037 -0.021 -0.011
0.100 -0.074 -0.045 -0.026 -0.019
0.067 -0.087 -0.055 -0.035 -0.027
0.033 -0.097 -0.062 -0.041 -0.030
0.000 -0.103 -0.067 -0.048 -0.042
d) v/u

9¢



TABLE II (Continued)

X/D

R/D 0.5 1.0 s 2.0
0.467 0.007 -0.006 =0 015 -0.005
0.433 -0.004 0.074 -0, 0285 -0.010
0.400 0.004 -0.012 -0.025% =0..041
0.367 0.009 -0.022 -0.033 -0.013
0.333 0.016 -0.019 -0.030 -0.015
0.300 -0.000 -0.018 -0.026 -0.017
0.267 -0.010 -0.008 -0.030 -0.017
0.233 -0.010 -0.006 -0.019 =6 018
0.200 -0.010 -0.003 -0.010 -0.015
0.167 -0.014 -0.C03 -0.011 -0.012
0.183 -0.007 =0.003 -0.003 -0.002
0.100 ~0..027 -0.016 0.006 -0.000
0.067 -0.003 -0.003 0.006 -0.000
0.033 -0.003 -0.003 0.006 -0.000
0.000 -0.000 -0.000 -0.000 -0.000
e) w/u

LE



TABLE III

VELOCITY DATA FOR ¢ = 45, o = 99, D/d = 1.5, OPEN ENDED

P X/D

R/D 0.5 1.0 RS 2.0

0.467 25.200 39.800 57.600 56 .200
0.433 27 .000 45.400 56.800 55.600
0.400 31.400 52.000 56.800 55.600
0.367 40.600 60.000 58.200 56.200
0.333 66 .400 67.200 60.000 57.400
0.300 101.800 74 .000 61.800 59.000
0.267 118.000 79.400 64 .000 61.400
0.233 123.600 83.600 66 .000 64.200
0.200 123.600 87 .800 69.000 67.800
0.167 123.600 89.800 72.000 71.600
0.133 122.000 92.000 75.400 75.600
0. 100 122.000 94 .000 78 .000 79.000
0.067 122.000 96.800 81.400 81.400
0.033 125.400 - 105.400 85.000 81.400
0.000 171.200 123.800 86.400 360.000

a) yaw angle

8¢



TABLE III (Continued)

X/D
R/D 0.5 1.0 1.5 2.0
0.467 -1.324 -0.324 3.678 4.085.
0.433 =¥.. 166 -5.,398 ~2.805 =0, 257
0.400 -12.544 =7 185 =271265 -0.044
0.367 -23.748 -9.452 -2 .850 -0.494
0.333 ~-32.989 —9.883 =2.756 -0.949
0.300 -12.646 -9.691 =2.528 -1.290
0.267 =2.915 =12.285 =20232 i -1.647
0.233 ~0.057 -11.343 =1.918 -2.057
0.200 0.560 -14.551 =~2.056 -3.013
0.167 0.053 -6.345 ~2.531 =85 2T
0.133 =0:.587 -6.225 =3 9252 =51.477
0.100 -4.108 -6.831 -4.415 -7.094
0.067 =7 .495 =7.900 -6.531 -9.005
0.033 =21.35% =89,235 -12.987 -13.001
0.000 =16.5719 -14.107 -33.800 0.000

b) pitch angle

6€



TABLE III (Continued)

X/D

R/D 0.5 1.0 1.5 2.0
0.467 1.246 0.831 0.458 0.513
0.433 1111 0.704 0.484 0.525
0.400 0.807 0.545 0.493 0.532
0.367 - 0.456 0.398 0.484 0.524
0.333 0.142 0.287 0.465 0.512
0.300 -0.082 0.199 0.444 0.489
0.267 -0.243 0.128 0.409 0.445
0.233 -0.316 0.079 0.371 0.391
0.200 -0.317 0.027 0.314 0.318
0.167 -0.291 0.002 0.248 0.241
0.133 -0 . 227 -0.023 0.180 0. 167
0.100 0. 471 -0.040 0.120 0.106
0.067 -0. 111 -0.052 0.064 0.060
0.033 -0.068 -0.079 0.021 0.033
0.000 -0.108 -0.072 0.004 0.035
c) u/u

oY



TABLE III (Continued)

X/D

R/D 0.5 1.0 1.5 2.0
0.467 -0.032 -0.006 0.055 0.066
0.433 -0.157 -0.095 -0.043 -0.004
0.400 -0.210 -0.112 -0.036 -0.001
0.367 -0.264 -0.133 -0.046 -0.008
0.333 -0.231 -0.129 -0.045 -0.016
0.300 -0.090 -0.123 -0.041 -0.021
0.267 -0.026 S0.152 -0.036 -0.027
0.233 -0.001 -0.142 -0.031 -0.032
0.200 0.006 -0.183 -0.031 -0.044
0.167 0.000 -0.078 -0.035 -0.050
0.133 -0.004 -0.072 -0.040 -0.064
0.100 -0.023 -0.069 -0.045 -0.069
0.067 -0.028 -0.061 -0.049 -0.063
0.033 -0.046 -0.048 -0.056 -0.052
0.000 -0.033 -0.033 -0.047 0.000
d) v/u

o

Ly



TABLE III (Continued)

X/D

R/D 0.5 1.0 1.5 2.0
0.467 0.586 0.693 0.722 0.767
0.433 0.566 0.714 0.740 0.767
0.400 0.493 o.esi 0.754 0. 777
0.367 0.391 0.689 0.781 0.783
0.333 0.326 0.683 0.806 0.800
0.300 0.394 0.693 0.828 0.815
0.267 0.456 0.684 0.839 0.816
0.233 0.476 0.701 0.834 0.808
0.200 0.478 0.703 0.817 0.779
0.167 0.438 0.705 0.763 0:726
0.133 0.364 0.660 0.690 0.649
0.100 0.273 0.577 0.566 0.543
0.067 0.178 0.439 0.422 0.394
0.033 0.095 0.287 0.240 0.221
0.000 0.017 0.108 0.069 -0.000
e) W/uO

a4



TABLE IV

VELOCITY DATA FOR ¢ = 70, o = 90, D/d = 1.5, OPEN ENDED

X/D

R/D 0.5 1.0 1.5 250

0.467 52.000 69.600 63.200 65 .000
0.433 58.400 69.600 64 .400 65 .000
0.400 68.200 71.000 66 .400 66 . 000
0.367 79.400 73.600 69.000 68 .000
0.333 86.400 76.000 72.200 71.000
0.300 91.800 79.200 75 .600 75.200
0.267 95.000 82.800 80.000 78 .800
0.233 97 .000 87 .000 84 .200 83.000
0.200 98 .800 92.000 89.400 86.800
0.167 101.600 97 .000 96.400 90.600
0.133 101.600 101.400 96.600 93.000
0.100 98.600 101.400 96 .600 93 .800
0.067 96.000 87.400 86.600 95.600
0.033 77.200 93.800 92.000 95.600
0.000 58.400 71.800 71.400 103 .000

a) yaw angle

187



TABLE IV (Continued)

X/D
R/D 0.5 150 1.5 2.0
0.467 0.000 -4.406 -3.354 -1.040
0.433 -8.581 -3.455 -2.624 -5.968
0.400 -12.053 -5.329 -4.026 -7.598
0.367 -12.731 -6.037 -4.876 -7.726
0.333 -13.340 -6.582 -5.835 -8.626
0.300 -12.312 -7.944 -6.269 -9.446
0.267 -12.128 -9.188 -6.903 -10.682
0.233 -12.617 -10.338 -7.877 -11.658
0.200 -13.728 -12.598 -8.732 -12.953
0.167 -15.430 -15.349 -10.263 -14.722
0.133 -19.447 -18.570 -11.281 -17.137
0.100 -27.119 -24.742 -17.114 -20.867
0.067 -33.409 -33.223 -18.848 -27.367
0.033 -49.521 -48.632 -31.993 -40.376
0.000 -52.130 0.000 0.000 0.000

b) pitch angle

147



TABLE IV (Continued)

X/D

R/D 0.5 1.0 1.5 2.0
0.467 1.380 0.669 0.870 0.738
0.433 0.999 0.680 0.841 0.775
0.400 0.618 0.653 0.786 0.759
0.367 0.300 0.579 0.697 0.709
0.333 0.102 0.490 0.588 0.606
0.300 -0.054 0 W< I 0.471 0.470
0.267 -0: 152 0.244 0.321 0. 346
0.233 <0. 212 0.096 (o i [ & 4 0.209
0.200 -0.249 -0.058 0.017 0.090
0.167 -0.284 -0.180 -0.161 =0.015
0.133 -0.230 -0.245 -0. 145 -0.068
0.100 =-0.127 -0. 192 -0.116 =0.070
0.067 -0.087 -0.085 -0.094 -0.079
0.033 0.062 -0.024 -0.017 -0.049
0.000 0. 112 0.055 0.028 -0.056
c) u/u

Gy



TABLE IV (Continued)

X/D

R/D 0.5 1.0 1.5 2.0
0.467 0.000 -0.148 -0.113 -0.032
0.433 -0.288 -0.119 -0.089 -0.192
0.400 -0.356 -0.187 -0.138 -0.249
0.367 -0.369 -0.217 -0.166 -0.257
0.333 -0.387 -0.234 -0.197 -0.283
0.300 0.379 -0.281 -0.208 -0.306
0.267 -0.376 -0.314 -0.224 -0.336
0.233 -0.390 -0.336 -0.242 -0.354
0.200 -0.398 -0.374 -0.253 -0.372
0.167 -0.390 -0.404 -0.262 -0.388
0.133 -0.403 -0.416 -0.252 -0.401
0.100 -0.434 -0.448 -0.311 -0.401
0.067 -0.358 -0.430 -0.278 -0.420
0.033 -0.327 -0.411 -0.305 -0.425
0.000 -0.276 0.000 0.000 0.000
d) v/uO

9



TABLE IV (Continued)

X/D
R/D 0.5 1.0 1.5 2.0
0.467 1.728 1.799 1.722 1.582
0.433 1.624 1.854 1. 755 1.661
0.400 1.546 1.897 1.799 1.705
0.367 1.603 1.966 1.816 1.755
0.333 1.629 1.965 1.832 1. 761
0.300 1.734 1.975 1.836 1.778
0.267 1.742 1.929 {1.822 1.750
0.233 1.729 1.837 1.742 1.705
0.200 1.610 1.674 1.648 1.614
0.167 1.386 1.462 1.439 1.478
0.133 1.119 1.213 1. 257 1.298
0.100 0.837 0.952 1.004 1.051
0.067 0.540 0.652 0.810 0.808
0.033 0.272 0.362 0.489 0.497
0.000 0. 183 0.167 0.083 0.242

LYy



VELOCITY DATA FOR ¢ = 0, D/d

TABLE V

1.0, OPEN ENDED

X/D
R/D 0.5 1.0 1.5 2.0
0.350 359.400 358.8C0 0.800 0.400
0.300 359.400 359.6C0 360.000 0.400
0.250 359.800 0.800 360.000 360.000
0.200 360.000 0.200 360.000 360.000
0.150 359.800 359.800 360.000 360.000
0.100 0.200 358.800 360.000 360.000
0.050 0.400 0.600 360.000 360.000
0.000 360.000 360.000 360.000 360.000
a) yaw angle
X/D

R/D 0.5 1.0 1.9 2.0
0.350 -4.670 -2.084 -1.209 -2.088
0.300 -5.330 -2.408 -2.222 -2.464
0.250 -4.198 -3.737 =-2.417 -2:670
0.200 -5.697 -3.312 -2.589 -2.820
0.150 =525 -3.549 -2.589 -2.766
0.100 -5.813 -4.141 -2.510 -2.663
0.050 -6.327 =~3/.155 -2.486 -2.662
0.000 -6.476 -4.015 -2.321 -2.558

b) pitch angle

48



TABLE V (Continued)

X/D
R/D 0.5 1.0 1.9 2.0
0.350 0.957 1.021 1.074 1.079
0.300 0.963 1.034 1.074 1.081
0.250 0.964 1.020 1.076 1.084
0.200 0.949 1.012 1.078 1.086
0.150 0.947 15041 1.078 1.083
0.100 0.934 1.003 1.076 1.086
0.050 0.930 1.004 1.079 1.086
0.000 0.915 0.976 1.077 1.088
c) u/uO
X/D

R/D 0.8 1.0 S JA - 25
0.350 -0.078 -0.037 -0.023 -0.039
0.300 -0.080 -0.043 -0.042 -0.047
0.250 -0.071 -0.067 -0.045 -0.051
0.200 -0.085 -0.059 -0.049 -0.053
0. 1850 -0.086 -0.063 -0.048 -0.052
0.100 -0.095 -0.073 -0.047 -0.051
0.050 -0. 103 -0.055 -0.047 -0.050
0.000 -0.104 -0.068 -0.044 -0.049

49



TABLE V (Continued)

X/D
R/D 0.5 1.0 S 2.0
0.350 -0.010 -0.021 0.015 0.008
0.300 -0.010 -0.007 -0.000 0.008
0.250 -0.003 0.014 -0.000 -0.000
0.200 -0.000 0.004 -0.000 -0.000
0.150 -0.003 -0.004 -0.000 -0.000
0.100 0.003 -0.021 -0.000 -0.000
0.050 0.006 0.011 -0.000 -0.000
0.000 -0.000 -0.000 -0.000 -0.000

50



TABLE VI

VELOCITY DATA FOR ¢ = 45, D/d = 1.0, OPEN-ENDED

X/D
R/D 0.5 1.0 1.5 2.0
0.350 50.000 49 .800 46 .800 45 .800
0.300 54 .800 52.000 50.600 49.400
0.250 60.800 56.400 54.800 53.600
0.200 64.200 61.200 56 . 600 56 .000
0.150 59.600 59.800 50.600 52.600
0.100 49.200 52.600 43.400 46.200
0.050 45.800 49.400 40.000 38.000
0.000 6.600 2.200 16.000 360.000
a) yaw angle
X/D

R/D 0.5 1.0 1.5 2.0
0.350 1.601 -2.894 =2 .167 w212
0.300 -2.559 -4.152 -4.083 -0.650
0.250 -5.328 -4.935 -6.312 ~1. 196
0.200 -7.048 -6.370 -9.121 -2.451
0.150 -9.009 -7.829 -10.503 -4.311
0.100 -9.814 -6.474 -11.066 -8.499
0.050 -17.997 -6.269 -14.625 -13.306
0.000 -26.434 22.723 -21.771 -17.541

b) pitch angle

51



TABLE VI (Continued)

X/D
R/D 0.5 1.0 1.5 2.0
0.350 1.173 1.146 1.205 1.236
0.300 1.108 1. 472 1% 182 1222
0.250 0.893 1.084 1.081 1.130
0.200 0.648 0.840 0.867 0.932
0.150 0.600 0.637 0.732 0.759
0.100 0.696 0.607 0.687 0.652
0.050 0.725 0.565 0.620 0.564
0.000 0.496 0.341 0.367 0.426
o u/u0
X/D
R/D 0.5 1.0 1.5 2.0

0.350 0.051 -0.090 -0.067 0.038
0.300 -0.086 -0.138 -0, 133 =021
0.250 =0 17 A -0.169 -0.207 -0.040
0.200 -0.184 -0.195 -0.253 -0.071
0.150 -0.188 -0.174 -0.214 -0.094
0.100 -0.184 -0.113 -0.185 -0.141
0.050 -0.338 -0.095 -0.211 -0.169
0.000 -0.248 0.143 -0.153 -0.135

d) v/uO

52



TABLE VI (Continued)

X/D
R/D 0.5 1O 1.5 L0
0.350 1.398 1.356 1.284 : A
0.300 12571 1.500 1.438 1.426
0.250 1.599 1.632 1.533 1.533
0.200 1.340 1928 1.315 1.381
0.150 1.023 1.084 0.892 0.992
0. 100 0.807 0.794 0.650 0.680
0.050 0.745 0.659 0.520 0.441
0.000 0.057 0.013 0.105 -0.000

e) w/ug

53



TABLE VII

VELOCITY DATA FOR ¢ = 70, D/d = 1.0, OPEN-ENDED

X/D

R/D 0.5 1.0 1.5 2.0
0.350 72.000 67 .800 70.800 69.600
0.300 74 .800 72.800 74 .600 74.400
0.250 78.000 78.600 79.800 79.000
0.200 81.000 79.000 81.000 79.800
0.150 78.600 77.600 78.400 77.000
0.100 77.000 72.600 71.400 70.400
0.050 73.000 71.200 63.600 65.000
0.000 185 .000 360.000 11.000 63.800
a) yaw angle

X/D :

R/D 0.5 1.0 1.5 2.0
0.350 -11.409 -6.936 -114.710 -6.542
0.300 -14.836 -12.836 -14.936 -10.871
0.250 -17.640 -15.566 =7, 955 -13.761
0.200 -21.098 -17.956 -20.961 -16.472
0.150 -27.461 -21.080 -23.952 -19.987
0.100 -27.360 -19.443 -27.755 -26.274
0.050- -41.478 -30.715 -40.776 -40.609
0.000 0.000 -33.214 -24.014 57.534

b) pitch angle

54



TABI.E VII (Continued)

X/D
R/D 0.5 1.0 1.5 2.0
0.350 1.143 1.430 1.187 1.192
0.300 0.865 1.027 0.883 0.842
0.250 0.602 0.596 0.526 0.532
0.200 0.406 0.506 0.413 0.446
0.150 0.418 0.489 0.457 0.480
0.100 0.388 0.527 0.559 0.533
0.050 0.285 0.397 0.510 0.437
0.000 -0.090 0.474 0.762 0.208
c) u/uO
X/D

R/D 0.5 1.0 1.5 2.0
0.350 -0.746 -0.460 -0.748 -0.392
0.300 -0.874 -0.792 -0.887 -0.602
0.250 -0.920 -0.840 -0.962 -0.683
0.200 -1.001 -0.860 -1.012 -0.745
0.150 -1.098 -0.878 -1.009 -0.775
0.100 -0.893 -0.622 -0.922 -0.785
0.050 -0.861 -0.732 -0.989 -0.887
0.000 0.000 -0.310 -0.346 0.741
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TABLE VII (Continued)

X/D
R/D 0.5 1.0 1.5 o)
0.350 35T 3.504 3.408 .205
0.300 3.183 3.319 3.204 .017
0.250 2.830 2.956 2.922 .736
0.200 2.564 2.604 2.610 .481
0.150 2.071 2.224 2.224 .077
0.100 1.681 1.681 1.660 .497
0.050 0.932 1.166 17027 .937
0.000 -0.008 -0.000 0.148 .423

e) w/uo

56



VELOCITY DATA FOR ¢ = 0, a = 45, D/d = 1.5

TABLE VIII

X/D
R/D 0.5 1.0
0.467 174 .800 172.200
0.433 166.200 165.800
0.400 155.000 353.400
0.367 2.200 357.200
0.333 2.200 359.600
0.300 359.600 360.000
0.267 359.600 360.000
0.233 359.800 360.000
0.200 359.800 359.800
0.167 359.800 359.600
0.133 360.000 359.600
0.100 359.600 359.800
0.067 359.600 359.800
0.033 359.600 360.000
0.000 360.000 360.000

a) yaw angle

X/D
R/D 0.5 10
0.467 -42.972 -46.992
0.433 -49.086 -46.022
0.400 -33.313 -43.23¢
0.367 -33.471 =18, 172
0.333 -7.266 -10.44¢6
0.300 =1.959 -5.432
0.267 = {71 -2.306
0.233 =3.776 0217
0.200 -4.321 -1.424
0.167 -4.919 =2.971
0.133 -4.347 =3 .156
0.100 -4 .957 =3.515
0.067 -5.513 -4.440
0.033 -5.332 -3.798
0- 000 -5.470 -4.742

b) pitch angle

LS



VIII (Contiued)

TABLE

X/D
R/D (el 1.0
0.467 =0<110 -0.067
0.433 -0.105 -0.066
0.400 -0.104 0.139
0.367 0.134 0.297
0.333 0.433 0.483
0.300 0.775 0.644
0.267 0.980 0.797
0.233 1.014 0.882
0.200 1.010 0.931
0.167 1.009 0.940
0.133 1.012 0.945
0.100 1.010 0.949
0.067 1.006 0.945
0.033 1.007 0.951
0.000 1.011 0.944
c) u/u

X/D

R/D 0.5 1.0
0.467 -0.103 -0.072
0.433 -0.125 -0.070
0.400 -0.076 -0.131
0.367 -0.088 -0.101
0.333 -0.055 -0.089
0.300 -0.026 -0.061
0.267 =0.022 -0.032
0.233 -0.067 -0.003
0.200 -0.076 -0.023
0.167 -0.087 -0.049
0.133 -0.077 -0.052
0.100 -0.088 -0.058
0.067 -0.097 -0.073
0.033 -0.094 -0.063
0.000 -0.097 -0.078
d) v/u

89



TABLE VIII (Continued)

X/D

R/D Q.9 1.0
0.467 0.010 .009
0.433 0.026 0.017
0.400 0.049 -0.016
0.367 0.005 -0.015
0.333 0.017 -0.003
0.300 -0.005 -0.000
0.267 -0.007 -0.000
0.233 -0.004 -0.000
0.200 -0.004 -0.003
0.167 -0.004 -0.007
0.133 -0.000 -0.007
0.100 -0.007 -0.003
0.067 -0.007 -0.003
0.033 -0.007 -0.000
0.000 -0.000 -0.000
e) w/u0

69



TABLE IX

VELOCITY DATA FOR ¢ = 45, o =45, D/d = 1.5

X/D
R/D 0.5 1.0
0.467 40.600 38.000
0.433 32.800 43.600
0.400 39.200 50.000
0.367 50.000 56.400
0.333 66 .400 63.000
0.300 83.000 69.400
0.267 97.200 74.200
0.233 104 .000 77.600
0.200 109.000 80.400
0.167 109.800 81.600
0.133 112.000 83.800
0.100 110.000 83.800
0.067 109.800 85.400
0.033 113.000 79.200
0.000 126.200 36.600

a) yaw angle

X/D
R/D 0.5 1.0
0.467 -4.314 =2 106
0.433 =1i1.642 -9.363
0.400 =17..914 -15.076
0.367 ~29.2941 -18.545
0.333 -33.628 =2t 120
0.300 -32.184 -20.578
0.267 -28.646 -22.503
0.233 -24.914 —22324%F
0.200 -15.039 =21:832
0.167 -13.995 -23.607
0.133 =15.720 -26.610
0.100 -16.933 -34.709
Q.067 -33.455 -47.337
0.033 50.723 0.000
0.000 20.570 34.792

b) pitch angle



TABLE IX

VELOCITY DATA FOR ¢ = 70, o = 45, D/d = 1.5

X/D

R/D 0.5 1.0
0.467 1.067 0.823
0.433 0.947 0.699 !
0.400 0.667 0.546 |
0.367 0.397 0.417
0.333 0.205 0.313
0.300 0.061 0.234
0.267 -0.065 0.173
0.233 -0.130 0.137
0.200 -0.188 0.108
0.167 -0.186 0.091
0.133 -0.189 0.061
0.100 -0.131 0.049
0.067 -0.079 0.025
0.033 -0.032 0.025
0.000 -0.080 0.189
c) u/u

X/D

R/D 0.5 1.0
0.467 -0.106 -0.038
0.433 -0.232 -0.159
0.400 -0.278 -0.229
0.367 -0.346 -0.253
0.333 -0.340 -0.266
0.300 -0.315 -0.250
0.267 -0.283 -0.264
0.233 -0.249 -0.261
0.200 -0.155 -0.259
0.167 -0.137 -0.272
0.133 -0.142 -0.285
0.100 -0.117 -0.313
0.067 -0.154 -0.333
0.033 0.100 0.000
0.000 0.051 0.163
d) v/u
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TABLE IX (Continued)

X/D

R/D 0.5 1.0
0.467 0.915 0.643
0.433 0.611 0.666
0.400 0.544 0.651
0.367 0.474 0.627
0.333 0.469 0.614
0.300 0.496 0.623
0.267 0.514 0.613
0.233 0.521 0.624
0.200 0.545 0.639
0.167 0.516 0.615
0.133 0.467 0.565
0.100 0.360 0.450
0.067 0.219 0.306
0.033 0.075 0. 131
0.000 0.109 0. 140
e) w/uo

29



VELOCITY DATA FOR ¢ = 70, o = 45, D/d = 1.5

TABLE X

X/D X/D

R/D 0.5 1.0 R/D 0.5 1.0
0.467 54.600 68.000 0.467 -0.425 -2.666
0.433 63.800 67.400 0.433 -7.632 -4.957
0.400 71.400 69.200 0.400 ~§OL7aS -7.862
0.367 77.600 70.600 0.367 -12.302 -9.158
0.333 82.000 73.800 0.333 -13.863 -9.764
0.300 85.800 76.400 0.300 -13.892 -11.043
0.267 87.800 80.000 0.267 -14.098 -12.431
0.233 90.000 84.600 0.233 -15.573 -14.079
0.200 93.600 89.800 0.200 -10.626 -10.032
0.167 97.400 94.400 0.167 -12.930 -11.861
0.133 97.400 95.800 0.133 -15.915 -13.619
0.100 94.600 95.400 0.100 -23.152 -16.532
0.067 83.400 88.600 0.067 -45.764 -30.301
0.033 58 .000 72.000 0.033 47.653 0.000
0.000 360.000 4.000 0.000 6.011 15.601
a) yaw angle b) pitch angle

€9



TABLE X (Continued)
X/D X/D

R/D 0.5 1.0 R/D -5 1.0
0.467 1.267 0.718 0.467 -0.016 -0.089
0.433 0.861 0.746 0.433 -0.261 -0.168
0.400 0.584 0.687 0.400 -0.347 -0.267
0.367 0.383 0.638 0.367 -0.389 -0.310
0.333 0.245 0.533 0.333 -0.434 -0.328
0.300 0.130 0.435 0.300 -0.440 -0.361
0.267 0.068 0.314 0.267 -0.444 -0.398
0.233 0.000 0.159 0.233 -0.478 -0.423
0.200 -0.103 0.006 0.200 -0.308 -0.279
0.167 -0.183 -0.106 0.167 -0.327 -0.289
0.133 -0.148 -0.117 0.133 -0.328 -0.280
0.100 -0.061 -0.088 0.100 -0.328 -0.276
0.067 0.040 0.013 0.067 -0.355 -0.317
0.033 0.076 0.065 0.033 0.157 0.000
0.000 0.355 6.388 0.000 0.037 0.109
c) u/uO d) v/u
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TABLE X (Continued)

X/D

R/D 0.5 1.0
0.467 1.783 e A
0.433 1.750 1.793
0.400 1.736 1.809
0.367 1.742 1.813
0.333 1.743 1.833
0.300 1.772 1.798
0.267 1.767 1. 778
0.233 1. 718 1.680
0.200 1.639 1576
0.167 1.412 1.373
0.133 1.141 1.151
0.100 0.764 0.926
0.067 0.343 0.543
0.033 0.121 0.201
0.000 -0.000 0.027
e) w/u
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TABLE XI

VELZZITY DATA FOR ¢ = 0, a = 90, D/d = 1.5, SMALL BLOCKAGE AT L/D = 2

X/D X/D
R/D 2.0 R/D 2.0
0.467 304 .600 0.467 -4.538
0.433 317.200 0.433 -12.736
0.400 . 329.800 0.400 -33.908
0.367 340.000 0.367 -30.706
0.333 345.800 0.333 -20.138
0.300 350.000 0.300 -13.767
| 0.267 352.400 0.267 -9.384
| 0.233 354.400 0.233 -7.029
0.200 356.400 0.200 -5.707
0.167 357.600 0.167 -4.752
0.133 , 358.000 0.133 -3.920
0.100 359.000 0.100 -3.733
‘ 0.067 359.000 0.067 -3.225
‘ 0.033 359.000 0.033 -2.697
0.000 359.000 0.000 -2.383

a) yaw angle b) pitch angle

99



TABLE XI
X/D

R/D 2.0
0.467 0.118
0.433 0.144
0.400 0.235
0.367 0.347
0.333 0.472
0.300 0.555
0.267 0.640
0.233 0.694
0.200 0.732
0.167 0.766
0.133 0.800
0.100 0.821
0.067 0.846
0.033 0.854
0.000 0.866
c) u/u

(Continued)

X/D

R/D 2.0
0.467 ~0.017
0.433 -0.044
0.400 -0.183
0.367 -0.220
0.333 -0.179
0.300 -0.138
0.267 -0.107
0.233 -0.086
0.200 -0.073
0.167 -0.064
0.133 =02 085
0.100 -0.054
0.067 -0.048
0.033 -0.040
0.000 -0.036
d) v/uO
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TABLE XI (Continued)

X/D

R/D 2.0
0.467 -0.172
0.433 =0.134
0.400 -0.137
0.367 -0.126
0.333 -0.120
0.300 -0.098
0.267 -0.085
0.233 -0.068
0.200 -0.046
0.167 -0.032
0.133 -0.028
0.100 -0.014
0.067 -0.015
0.033 -0.015
0.000 -0.015
e) W/ug
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TABLE XII
VELOCITY DATA FOR ¢ = 45, o = 90, D/d = 1.5, SMALL BLOCKAGE

AT L/D = 2
X/D
R/D 0.5 1.0 1.5 2:0

0.467 37 .400 48.800 66.200 78 .400
0.433 34 .600 51.600 64 .600 75.000
0.400 37.600 59.600 64 .000 . 69.400
0.367 44 .000 60.200 64.000 64 .600
0.333 61.200 65.400 65.400 61.400
0.300 85.000 69.400 66.200 60.000
0.267 103.000 72.600 67.200 59.600
0.233 108.400 74 .400 69.400 59.800
0.200 108 .400 75.800 70.600 59.800
0.167 103.600 75.800 70.000 59.000
0.133 96.400 74 .600 66.400 56.000
0.100 82.800 66.800 59.000 50.400
0.067 61.800 51.200 44 .000 41.600
0.033 35.200 25.800 20.000 26.600
0.000 5.800 357.800 350.000 . 352.400

a) yaw angle
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TABLE XII (Continued)

X/D

R/D 0.5 1.0 ) st 2.0

0.467 -6.836 -0.292 -4.587 -0.382
0.433 -0.849 -5.457 -3.981 =102
0.400 -6.870 -9.687 -7.399 -19.960
0.367 -16.243 -11.588 -8.690 -21.440
0.333 =35, 750 -13.179 -9.768 -19.638
0.300 -33.908 -14.258 -10.978 -17.338
0.267 =21.841 -14.966 -12.758 -14..977
0.233 -18.792 -15.399 =13.547 -13.330
0.200 -19.323 -15.639 =9.. 707 -6.962
0.167 -20.826 =17 .005 -11.040 -5.229
0.133 -25.834 -19.954 =12 .573 -4.668
0.100 =31 754 =25.492 -12.829 -4.419
0.067 -37.828 -27.041 -42.853 =3.057
0.033 -36.892 -20.735 -4.002 425
0.000 -26.8583 -10.906 -14.410 -53.174

b) pitch angle

0¢



TABLE XII (Continued)

X/D

R/D 0.5 1.0 1.5 2.0
0.467 0.912 0.646 0.381 0.174
0.433 0.967 0.606 0.405 0.226
0.400 0.839 0.452 0.415 0.320
0.367 0.563 0.424 0.421 0.420
0.333 0.223 0.345 0.409 0.498
0.300 0.038 0.291 0.405 0.557
0.267 -0.127 0.252 0.397 0.597
0.233 -0.207 0.242 0.383 0.628
0.200 -0.224 " 0.241 0.387 0.677
0.167 -0.174 0.260 0.416 0.730
0.133 -0.078 0.298 0.498 0.780
0. 100 0.077 0.424 0.622 0.760
0.067 0.241 0.628 0.754 0.601
0.033 0.345 0.833 0.799 0.418
0.000 0.422 0.865 0.717 0.229
c) u/uO

LL



TABLE XII (Continued)

X/D

R/D 0.5 1.0 1.5 2.0
0.467 -0.138 -0.005 -0.076 -0.006
0.433 -0.017 -0.093 -0.066 -0.207
0.400 -0.128 -0.153 -0.123 -0.330
0.367 -0.228 -0.175 -0.147 -0.385
0.333 -0.333 -0.194 -0.169 -0.371
0.300 -0.293 -0.210 -0.195 -0.348
0.267 -0.227 -0.226 -0.232 -0.316
0.233 -0.223 -0.248 -0.262 -0.296
0.200 -0.249 -0.275 -0.199 -0. 164
0.167 -0.281 -0.324 -0.237 -0.130
0.133 -0.340 -0.407 -0.278 -0.114
0.100 -0.381 -0.513 -0.275 -0.092
0.067 -0.395 -0.511 -0.239 -0.043
0.033 -0.316 -0.350 -0.060 -0.061
0.000 -0.215 -0.167 -0.187 -0.309
d) v/u
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TABLE XII (Continued)

X/D

R/D 0.5 1.0 1.5 2.0
0.467 -0.697 0.738 0.863 0.849
0.433 0.667 0.765 0.853 0.845
0.400 0.646 0.771 0.851 0.851
0.367 0.543 0.740 0.864 0.885
0.333 0.405 0.754 0.893 0.913
0.300 0.434 0.774 0.919 0.964
0.267 0.551 0.805 0.945 1 ONT
0.233 0.621 0.867 1.019 1.079
0.200 0.673 0.951 1.100 1.163
0.167 0.718 1.028 1.144 1.215
0.133 0.698 1.080 1.141 1.157
0.100 0.610 0.989 1.036 0.918
0.067 0.449 0.781 0.728 0.534
0.033 0.243 0.403 0.291 0.210
0.000 0.043 -0.033 -0.127 -0.031
e) w/u0
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TABLE

XITI

VELOCITY DATA FOR ¢ = 70, o = 90, D/d = 1.

5, SMALL BLOCKAGE

ATEID = 2
X/D

R/D 0.5 1.0 1135 2.0

0.467 67.600 68 .200 74 .600 80.200
0.433 69.200 70.000 72.600 78 .000
0.400 72.000 75.200 73.400 75.600
0.367 77 .000 78 .600 75.000 73.600
0.333 83.000 80.200 76.400 72 .800
0.300 89.200 82.400 77.800 72.200
0.267 91.800 83.600 80.000 70.000
0.233 91.800 84 .200 82.000 70.000
0.200 80.000 85.000 82.000 70.000
O-167 88.400 85.000 79.600 70.600
0.133 87.400 85.400 77.400 74.400
0.100 84 .000 83.800 76.200 89.400
0.067 72.000 79.200 79.200 108.600
0.033 37.600 60.200 88.600 124 .000
0.000 340.200 340.000 51.000 142.000

a) yaw angle

L



TABLE XIII (Continued)

X/D

R/D 0.5 1.0 1.5 2.0

0.467 -8.462 -3.905 -1.395 -0.996
0.433 o ) 4 T -4.020 -5.869 125637
0.400 -4.382 -6.762 -8.833 =17 128
0.367 =7.103 -7.848 -10.300 -17 .300
0.333 -10.128 -8.749 -11. 107 -16.845
0.300 -12.003 -9.684 -12.236 =15 147
0.267 -13.286 -10.748 -9.654 -14.643
0.233 -14.118 -11.909 -10.398 -14.725
0.200 -15.887 -13.748 ~4=4. 251 -10.495
0.167 -18.362 -16.661 -13.421 =11%382
0.133 -24.625 -22.701 -16.619 =15.581
0.100 -33.908 -32.916 =25.577 -22.500
0.067 -54.118 -52.481 0.000 -28.858
0.033 53.893 0.000 9.122 -36.207
0.000 31.786 27 .691 8.028 43 .607

b) pitch angle



TABLE XIII (Continued)

X/D

R/D Q.9 10 1.5 270
0.467 0.769 0.720 0.518 0.278
0.433 0.722 0.673 0.586 0.362
0.400 0.621 0.499 0.556 0.463
0.367 0.437 0.388 0.516 0.568
0.333 0.226 0.339 0.480 0.638
0.300 0.026 0.270 0.439 0.709
0.267 -0.061 0.235 0.373 0.820
0.233 -0.064 0.218 0.306 0.795
0.200 0.000 0.187 0.303 0.743
0.167 0.053 0.171 0.360 0.609
0.133 0.068 0.124 0.342 0.327
0.100 0.104 0.116 0.232 0.007
0.067 0.147 0.110 0.059 -0.165
0.033 0.233 0. 457, 0.010 =0, 227
0.000 0.403 0.460 0.406 -0.150
c) u/u0
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TABLE XIII (Continued)

X/D
R/D 0.5 1.0 1.5 2.0
0.467 -0.300 -0.132 -0.048 -0.028
0.433 -0.004 -0.138 -0.202 -0.389
0.400 ~0.154 -0.231 -0.303 -0.574
0.367 ~0.242 -0.270 -0.363 -0.627
0.333 ~0.332 -0.306 -0.401 -0.653
0.300 ~0.401 -0.349 -0.450 -0.627
0.267 ~0.460 -0.400 -0.365 -0.627
0.233 ~0.512 -0.456 -0.403 -0.611
0.200 ~0.584 -0.524 -0.433 -0.402
; 0.167 ~0.630 -0.586 -0.475 . -0.369
| 0.133 ~-0.688 -0.648 -0.468 -0.339
0.100 -0.670 -0.698 -0.465 -0.285
| 0.067 -0.659 -0.761 0.000 -0.286
0.033 0.403 0.000 0.069 -0.297
| 0.000 0.266 0.257 0.091 0.182
d) v/u

L



TABLE XIII (Continued)

X/D
R/D 0.5 1.0 1.5 2.0
0.467 1.867 1.801 1.881 1.610
0.433 1.899 1.849 1.871 1.701
0.400 1.913 1887 1.866 1.804
0.367 1.891 1.923 1.927 1.931
0.333 1.843 1.960 1.985 2.061
0.300 1.888 2.027 2.029 2.207
0.267 1.947 2.093 25 11 2.254
0.233 2.037 2.149 2175 2.184
0.200 2.052 2.134 2.154 2.041
0.167 1.897 1.949 1.959 1.729
0.133 1.500 1.545% 1. 531 1,170
0.100 0.992 1072 0.944 0.688
0.067 0.454 0.574 0.309 0.491
0.033 0.179 0.274 0.428 0.337
0.000 -0.145 -0.168 0.501 0.118 -
e) w/u
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VELOCITY DATA FOR ¢ = 0, D/d = 1.0, SMALL BLOCKAGE AT L/D = 2

TABLE XIV

79

X/D X/D
R/D 2.0 R/D 2.0
0.350 358.200 0.350 -18.658
0.300 358 .400 0.300 -17.943
0.250 358 .800 0.250 -13.579
0.200 359 .000 0.200 -10.075
0. 1850 359.600 Q150 7,000
0.100 359.600 0.100 -4.940
0.050 359.600 0.050 ~3.521
0.000 359.600 0.000 ~-1.671
a) yav axgle b) pitch angle
X/D X/D

R/D 2.0 R/D 2.0
0.350 1.150 0.350 -0.388
0.300 1.294 0.300 -0.418
0.250 1.365 0.250 -0.330
0.200 1.405 0.200 -0.250
0.150 1.436 0.150 -0.176
0.100 1.444 0.100 -0.125
0.050 1.462 0.050 -0.090
0.000 1.470 0.000 -0.043
c) u/u



TABLE XIV (Continued)

X/D
R/D 2.0
0.350 -0.036
0.300 -0.036
0.250 -0.028
0.200 -0.025
0. 150 -0.010
0.100 -0.010
0.050 -0.010
0.000 -0.010

80
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TABLE XV
VELOCITY DATA FOR ¢ = 45, D/d = 1.0, SMALL BLOCKAGE AT L/D =
2

X/0
R/D 0.5 1.0 1.5 2.0
0.350 54 .000 52.800 52.000 54 .000
0.300 55.600 54.400 56.200 54.400
0.250 60.000 59.600 61.000 57.800
0.200 66.200 65.400 66.000 62.400
0.150 66.600 64.200 68.200 68.400
0.100 49.000 49.400 55.400 64.600
0.050 35.200 37.200 42.200 48.600
0.000 9.800 12.000 26.200 33.000
a) yaw angle
X/D

R/D 0.5 1.0 1.5 2.0
0.350 -2.097 -1.833 -5.682 -28.461
0.300 -6.428 =7 0171 -13.742 -30.316
0.250 -9.469 -10.934 7. 205 -26.705
0.200 ~13.418 -15.604 -21.699 =295, 745
0.150 -17.527 -21.318 -25.615 -26.901
0.100 -20.321 -23.575 -25.657 -28.521
0.050 -24.315 -26.423 -26.656 -25.263
0.000 -28.234 -20.676 -27.644 -25.293

b) pitch angle



TABLE XV (Continued)
X/D
R/D 0.5 1.0 1.5 230
0.350 1.001 1.024 o JoR A< /. 0.585
0.300 1.053 1.057 Q.7T27 0.704
0.250 1.003 0.972 0.711 0.732
0.200 0.862 0.860 0.661 0.721
0.150 0.832 0.891 0.662 0.680
0.100 1.185 1.190 1.012 0.918
0.050 1.410 1.313 1.242 1.399
0.000 1.221 1.237 1.247 1.366
c) u/u0
X/D

R/D 0.5 1510 1.5 2.0
0.350 -0.062 -0.054 -0.119 -0.540
0.300 -0.210 -0.223 -0.319 -0.707
0.250 -0.335 -0.371 -0.456 -0.692
0.200 -0.510 -0.577 -0.647 -0.750
0.150 -0.662 -0.799 -0.855 -0.937
0.100 -0.669 -0.798 -0.856 -1.164
0.050 -0.779 -0.819 -0.842 -0.998
0.000 -0.665 -0.477 -0.728 -0.770

d) v/u0
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TABLE XV (Continued)

%/D
R/D 0.5 1.0 1.5 2.0
0.350 V.37 1.349 0.943 0.806
0.300 1.538 1.476 1.086 0.983
0.250 1.737 1.657 1.282 1.163
0.200 1.956 1.879 1.485 1.379
0.150 1.923 1.843 1.655 n B i A
0.100 1.364 1.389 1.466 1.934
0.050 0.994 0.997 1.126 1.587
0.000 0.211 0.263 0.614 0.887

e) w/u0

83



TABLE XVI
VELOCITY DATA FOR ¢ = 70, D/d = 1.0, SMALL BLOCKAGE AT
L/D =2
X/D
R/D 0.5 1.0 1.5 2.0
O 350 72.200 71.400 72.600 67.800
0.300 74 .000 75.200 75200 69.200
0.250 75.000 79.400 78.600 69.800
0.200 75 .000 78.200 75.800 66 .000
0.150 71.400 76 .400 72.000 63.400
0.100 67.600 72.000 67.400 68.800
0.050 70.000 74.400 70.400 90.400
0.000 131.600 143.000 80.400 40.400
a) yaw angle
X/D
R/D 0.5 1.0 1.5 2.0

0.350 -3.468 -5.753 -4.880 -12.236
0.300 -10.506 -11.668 -9.306 -14.346
0.250 -13.577 -15.502 -12.596 -13.826
0.200 -18.097 -18.086 ~14.756 -14.670
0.150 -25.318 -22.919 ~16.767 -19.640
0.100 -33.055 -31.236 -29.129 =37 &7
0.050 -45.041 -48.955 -31.987 0.000
0.000 0.000 0.000 0.000 -0.797

b) pitch angle
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TABLE XVI (Continued)

X/D
R/D 0.5 1.0 1.5 2.0
0.350 1.100 1.110 1.090 1.353
0.300 0.926 0.879 0.958 1.404
0 250 0.825 0.584 0.704 1.446
0.200 0.803 0.639 0.835 1.559
0.150 0.853 0.682 0.968 1.294
0.100 0.783 0.686 0.969 0.513
0.050 0.526 0.378 0.582 -0.003
0.000 -0.607 -0.654 0.125 0.654
c) u/u0
X/D
R/D 0.5 1.0 1.5 2.0

0.350 -0.218 -0.350 -0.311 -0.777
0.300 -0.623 -0.710 -0.615 -1.011
0.250 -0.769 -0.881 -0.795 -1.030
0.200 -1.014 -1.021 -0.896 -1.004
0.150 -1.265 -1.226 -0.944 -1.032
0.100 ~1.337 -1.346 -0.974 -1.096
0.050 -1.541 -1.614 -1.083 0.000
0.000 0.000 0.000 0.000 -0.012
4) v/u
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TABLE XVI (Continued)

X/D
R/D 0.5 150 ) 2140
0.350 3.426 3.297 3.477 3.316
0.300 3.229 3.326 3.627 3.697
0.250 3.077 3.123 3.488 3.930
0.200 2.997 3.059 3.298 3.502
0.150 2.535 2.819 2.980 2.585
0.100 1.899 2.111 2.327 1.324
0.050 1.446 1.354 1.534 0.393
0.000 0.683 0.493 0.737 0.557
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TABLE XVII

VELOCITY DATA FOR ¢ = 0, D/d

1.5,0 = 90, LARGE

BLOCKAGE AT L/D = 2
X/D
R/D 0.5 1.0 1.5 2.0

0.467 359.800 0.000 332.600 315.000
0.433 359.800 319.000 350.200 336.400
0.400 359.800 348.000 358.000 342.400
0.367 359.800 359.600 358 .000 347.800
0.333 359.800 2.800 2.400 350.200
0.300 359.800 4.000 4.200 355.200
0.267 359.000 5.000 6.000 356.200
0.233 359.800 5.400 7.600 358.200
0.200 359.800 5.600 7.600 359.400
0.167 359.800 5.800 8.200 0.400
0.133 359 R’NN 5.800 8.200 0.400
0.100 359.800 5.800 9.000 1.400
0.067 360.000 5.800 9.000 1.400
0.033 360.000 5.800 9.000 1.400
0.000 360.000 5.800 9.000 1.400
a) yaw angle

(8



TABLE XVII (Continued)

X/D
R/D 0.5 1.0 1.9 2.0
0.467 0.000 0.000 0.000 54.930
0.433 0.000 -49.618 43.444 21.792
0.400 55.505 0.000 26.095 =1.903
0.367 19.745 27 .996 18.648 -9.290
0.333 10.069 14.985 12.513 -9.147
0.300 5.678 9.332 9.048 -8.492
0.267 3.650 6.932 7.264 -6.014
0.233 2.355 5.069 et .47 -5,591
0.200 1.679 3.669 4.548 =5.103
0.167 1.273 2.970 3.495 -3.995
0.133 0.934 2.309 2.849 -3.277
0.100 0.866 1.822 2.166 -2.000
0.067 0.598 1255 1.649 -0.264
0.033 0.5833 0.934 1.237 0.347
0.000 0.271 0.694 1.035 2.550

b) pitch angle
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TABLE XVII (Continued)

X/D

R/D 0.5 120 1.5 2.0
0.467 0.041 0.000 0.067 0.078
0.433 0.000 0.058 0.124 0.161
0.400 0.063 0.126 0.230 0.230
0.367 0.269 0.276 0.305 0.314
0.333 0.516 0.445 0.411 0.397
0.300 6.810 0.621 0.519 0.495
0.267 0.930 0.753 0.596 0.580
0.233 0.943 0.829 0.683 0.659
0.200 0.940 0.869 0.719 0.730
0.167 0.938 0.877 0.750 0.792
0.133 0.939 0.880 0.768 0.830
0.100 0.940 0.879 0.780 0.863
0.067 0.938 0.878 0.780 0.882
0.033 0.940 0.876 0.783 0.897
0.000 0.941 0.878 0.782 0.866
c) u/u
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TABLE XVII (Continued)

X/D
R/D 0.5 1.0 155 2.0

0.467 0.000 0.000 0.000 0.162
0.433 0.000 -0.099 0.124 0.971
0.400 0.092 0.000 0.115 -0.008
0.367 0.096 0.148 0.105 -0.053
0.333 0.092 0.119 0.092 -0.065
0.300 0.081 0.102 0.083 =0.075
0.267 0.059 0.092 0.076 -0.061
0.233 0.039 0.074 0.069 -0.065
0.200 0.028 0.056 0.057 -0.065
0.167 0.021 0.046 0.046 =0.055
0.133 0.015 0.035 0.038 -0.048
0.100 0.014 0.028 0.030 -0.030
0.067 0.010 0.019 0.022 -0.004
0.033 0.009 0.014 0.017 0.005
0.000 0.004 0.011 0.014 0:039
d) v/u

o
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TABLE XVII (Continued)

X/D

R/D 0.5 1.0 | 2.0
0.467 -0.000 0.000 -0.050 -0.082
0.433 0.000 -0.061 -0.042 -0.075
0.400 -0.000 -0.040 -0.045 -0.079
0.367 -0.001 -0.030 -0.059 -0.076
0.333 -0.002 -0.023 -0.048 -0.079
0.300 -0.003 -0.020 -0.044 -0.066
0.267 -0.016 -0.011 -0.031 -0.053
0.233 -0.003 -0.006 -0.0%7 -0.037
0.200 -0.003 -0.003 -0.018 -0.025
0.167 -0.003 -0.000 -0.010 -0.014
0.133 -0.003 -0.000 -0.011 -0.014
0.100 -0.003 -0.000 -0.000 -0.000
0.067 -0.000 -0.000 -0.000 -0.000
0.033 -0.000 -0.000 -0.000 -0.000
0.000 -0.000 -0.000 -0.000 -0.000
e) w/u0
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TABLE XVIII

VELOCITY DATA FOR ¢ = 45, D/d = 1.5, a = 90, LARGE
BLOCKAGE AT L/D = 2

X/D

R/D 0.5 1.0 1.5 2.0

0.467 89.000 51.000 55.000 85.200
0.433 81.000 55.400 59.000 80.600
0.400 68 .000 59.000 61.800 79.200
0.367 58.800 62.200 65.800 77.000
0.333 51.800 66 .000 69.400 75.600
0.300 49.400 70.200 72.400 75.000
0.267 50.000 74 .000 74 .200 73.000
0.233 53.200 75.000 75.000 61.800
0.200 59.000 79.000 74.200 68.600
0.167 68.200 80.000 72.200 66.400
0.133 76.200 78.200 69.600 64.400
0. 100 78.400 73.400 64.400 61.000
0.067 68.400 61.800 53.000 53.400
0.033 47 .600 38.000 37.800 44 .000
0.000 10.600 5.400 4.000 16.600

a) yaw angle

6



TABLE XVIII (Continued)

X/D
R/D 0.5 1.0 1.5 2.0

0.467 14.017 4.917 8.367 8.574
0.433 8.398 4.147 -0.058 1.337
0.400 12.267 1.016 -2.502 -7.911
0.367 13.422 0.495 -3.283 -9.837
0.333 10.507 -0.880 -4.042 -9.874
0.300 7.894 -1.931 -3.634 -8.923
0.267 3.296 -2.576 -3.539 -8.750
0.233 1.191 -2.913 -2.931 -7.922
0.200 -3.171 -3.914 -2.353 -6.638
0.167 = W ) -4.769 -1.065 -5.995
0.133 -5.685 -5.319 0.149 -4.769
0.100 -6.956 -5.515 1.683 -3.856
0.067 -10.183 -5.836 3.183 -3.204
0.033 -11.747 -5.011 7.944 -0.867
0.000 -10.240 -0.611 19.779 3.875
b) pitch angle
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TABLE XVIII (Continued)

X/D

R/D 0.5 1.0 ) 250
0.467 0.014 0.642 0.516 0.063
0.433 0.121 0.544 0.464 0.134
0.400 0.292 0.467 0.427 0. 166
0.367 0.473 0.408 0.368 0211
0.333 0.676 0.353 0.312 0.250
0.300 0.807 0.290 0.279 0.281
0.267 0.835 0.239 0.256 0.338
0.233 0.753 0.231 0.254 0.591
0.200 0.567 0.179 0.292 0.497
0.167 0.352 0.181 0.368 0.614
0.133 0.220 0.240 0.469 0. 157
0.100 0.188 0.390 0.669 0.992
0.067 0.324 0.686 0.999 1.434
0.033 0.494 1.021 1.148 1.921
0.000 0.645 1.160 1.072 2.341
c) u/ug
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TABLE XVIII (Continued)

X/0

R/D 0.5 1.0 1.5 2.0
0.467 0.205 0.088 0.132 0.114
0.433 0.114 0.069 -0.001 0.019
0.400 0.170 0.016 -0.039 -0.123
0.367 0.218 0.008 -0.051 -0.163
0.333 0.203 -0.013 -0.063 -0.175
0.300 0.172 -0.029 -0.059 -0.170
0.267 0.075 -0.039 -0.058 -0.178
0.233 0.026 -0.045 -0.050 -0.174
0.200 -0.061 -0.064 -0.044 -0.159
0.167 -0.078 -0.087 -0.022 -0.161
0.133 -0.092 -0.109 0.004 -0.146
0.100 -0.114 -0.132 0.046 -0.138
0.067 -0.158 -0.148 0.092 -0.135
0.033 -0.152 -0.114 0.203 -0.040
0.000 -0.118 -0.012 0.386 0.165
d) v/uO
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TABLE XVIII (Continued)

X/D
R/D 0.5 1.0 1.5 2.0
0.467 0.822 0.793 0.737 0.755
0.433 0.765 0.788 0.773 0.809
0.400 0.724 0.777 0.796 0.870
0.367 0.782 0.774 0.818 0.916
0.333 0.859 0.794 0.831 0.975
0.300 0.941 0.806 0.878 1.048
0.267 0.995 0.834 0.904 1.105
0.233 1.007 0.862 0.949 1.103
0.200 0.944 0.919 1.031 1.269
0.167 0.879 1.029 1.145 1.406
0.133 0.898 1.146 1.260 1.581
0.100 0.918 1.309 1.396 1.789
0.067 0.818 1.280 1.325 1.931
0.033 0.541 0.798 0.890 1.855
0.000 0.121 0.110 0.075 0.698
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TABLE XIX

VELOCITY DATA FOR ¢ = 70, D/d = 1.5, a = 90, LARGE
BLOCKAGE AT L/D = 2

X/D

R/D 0.5 1.0 1.5 2.0
0.467 72.800 74.200 79.400 78.000
0.433 77.000 75.200 79.200 76.400
0.400 79.200 78.800 79.200 78.400
0.367 85. 400 82 .000 80.600 80.000
0.333 89.600 84.000 82.600 82.200
0.300 92.800 85.600 84 .000 82.200
0.267 93.400 86.000 83.600 81.600
0.233 92.200 85.800 84.000 79.800
0.200 88.600 84.200 82.000 78.000
0.167 84.800 81.200 79.000 75.000
0.133 79.600 77.000 76.800 72.400
0.100 72.600 72.600 69.000 70.000
0.067 68.200 68.600 66.000 68.200
0.033 69.400 70.200 65.200 72.200
0.000 56 .600 52.600 26.200 39.800
a) yaw angle

L6



TABLE XIX (Continued)

X/D

R/D 0.5 1.0 1.5 2.0

0.467 -9.934 =7.530 =1.976 -0.692
0.433 -0.132 ~1.516 -3.443 =7.911
0.400 -2.461 -4.343 -7.133 =12 772
0.367 -4.395 -5.344 -8.580 -13.936
0.333 -5.906 -6.091 -9.498 -14.235
0.300 =7 346 =7.262 -11.063 -14.680
0.267 -7.994 -8.526 -12.214 -15.136
0.233 -9.071 -9.981 -13.296 -15.894
0.200 -10.495 =114 119 -13.746 -17.144
0.167 =12.6323 -12.410 -15.792 -19.036
0.133 -15.029 -14.935 -16.490 -23.297
0.100 -19.223 -19.268 -21.086 -20.836
0.067 -28.286 =27 .127 =29 27 -30.034
0.033 -41.668 -44 .001 -47.953 -50.980
0.000 0.000 0.000 45.453 32.130

b) pitch angle
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TABLE XIX (Continued)

X/D

R/D 0.5 1.0 1.5 2.0
0.467 0.573 0.517 0.361 0.384
0.433 0.440 0.509 0.384 0.458
0.400 0.363 0.394 0.393 0.403
0.367 0.155 0.289 0.346 0.364
0.333 0.014 0.225 0.284 0.307
0.300 -0.101 0.173 0.241 0.328
0.267 -0.131 0.165 0.276 0.383
0.233 -0.092 0.185 0.278 0.502
0.200 0.064 0.272 0.400 0.627
0.167 0.251 0.438 0.579 0,782
0.133 0.498 0.632 0.706 0.855
0.100 0.713 0.693 0.927 0.834
0.067 0.685 0.640 0.771 0.635
0.033 0.488 0.427 0.501 0.253
0.000 0.200 0.260 0.705 0.573
c) u/uO
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TABLE XIX (Continued)

X/D

R/D Q.5 1.0 1.5 2.0
0.467 -0.339 -0.251 -0.068 -0.022
0.433 ~0.005 -0.053 -0.123 -0.270
0.400 -0.083 -0.154 -0.262 -0.454
0.367 -0.149 -0.194 -0.320 -0.521
0.333 -0.204 -0.230 -0.369 -0.574
0.300 ~0.260 -0.287 -0.451 -0.633
0.267 ~0.310 -0.355 -0.536 -0.709
0.233 ~0.383 -0.444 -0.629 -0.807
0.200 ~0.482 -0.529 -0.703 -0.930
0.167 ~0.620 -0.630 -0.858 -1.042
0.133 ~0.740 -0.749 -0.915 -1.218
0.100 -0.832 -0.810 -0.997 -0.928
0.067 ~0.993 -0.921 -1.063 -0.988
0.033 -1.234 -1.217 -1.325 -1.023
0.000 0.000 0.000 0.799 0.468
d) v/u
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TABLE XIX (Continued)

) X/D

R/D 0.5 1.0 .5 2.0
0.467 1.851 1.826 .929 1.804
0.433 1.904 1.926 .014 1.891
0.400 1.901 1.992 .058 1.963
0.367 1.927 2.058 .092 2.067
0.333 1.971 2.141 .188 2.242
0.300 2.073 2.242 .292 2.394
0.267 2.207 2.363 .462 2.594
0.233 2.399 2.518 .649 2.790
0.200 2.599 2.676 .844 2.948
0.167 2.756 2.828 977 2.918
0.133 2.711 2.738 .010 2.697
0.100 2.277 2.212 .415 2.292
0.067 1.713 1.632 .733 1.587
0.033 1.298 1.186 .085 0.790
0.000 0.304 0.340 .347 0.477
e) w/uO

Lol



TABLE XX

VELOCITY DATA FOR ¢ = 0, D/d = 1.0, LARGE BLOCKAGE AT L/D = 2

X/D X/D
R/D 1.5 2.0 R/D 1.5 2.0
0.350 0.800 0.400 0.350 -2.604 -21.015
0.300 0.400 0.400 0.300 -3.287 -22.613
0.250 360.000 359.200 0.250 -3.945 -21.466
0.200 360.000 359.200 0.200 -3.905 -18.317
0.150 360.000 359.200 0.150 -3.905 -14.620
0.100 360.000 359.200 0.100 -3.710 -10.039
0.050 360.000 359.600 0.050 -3.326 -5.753
0.000 360.000 360.000 0.000 -3.343 -1.630
a) yaw angle b) pitch angle
X/D
X/D
R/D 1.5 2.0 R/D 1.5 2.0
0.350 1.234 1276 0.350 -0.056 -0.490
Q.300 1.239 1.376 | 0.300 -0.071 -0.573
0.2 !
50 1.247 1.500 0.250 -0.086 -0.590
0.200
1.253 1.624 0.200 -0.086 -0.538
0.150
1.253 1.720 0. 150 ’ -0.086 -0.449
0.100 2
1.257 1.797 0.100 -0.082 -0.318
0.05
0 1.265 1.838 0.050 -0.074 -0.185
0.000
1.261 1.864 0.000 ~0.074 -0.053
C) u/u
) u/ 5 d) v/u0

20l
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TABLE XXI
VELOCITY DATA FOR ¢ = 45, D/d = 1.0, LARGE BLOCKAGE
AT L/D = 2
X/D

R/D 0.% 1.0 1.5 20

0 .350 53.400 53.800 53.800 53.800
0.300 54.400 56 .000 56.000 52.600
O 250 59.600 60.400 59.200 51.800
0 200 66.400 65.800 63.000 53.400
0 150 64 .600 63.000 64 .600 56.000
O 100 44 .600 47 .400 52.000 40.600
O 050 33.000 36.000 32.400 31.000
O 000 9.400 1.000 11.800 5.400
a yaw angle

X/D

R/D 0.5 1.0 1.8 250

0 350 2.156 0.790 -4.550 =47.87T3
0 300 -1.566 =3, 127 -8.585 -20.588
0.250 -5.504 -7.127 <. 012 -19.748
0.200 =10.015 =-§4.9549 -14.030 -18.816
O 150 =14.313 -16.198 -17.588 -18.480
0.100 -13. 163 -18.208 -18.411 ~-19. 158
0 050 -15.430 -24.369 -15.425 =12:838
0O 000 -15.390 -9.121 -16.624 0.000

t) pitch angle
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TABLE XXI (Continued)

d) v/u0

X/D
R/D 0.5 1.0 1.5 2.0
0.350 1.070 1071 0.978 0.928
0.300 1.152 1.089 0.970 1.073
0.250 1.072 0.995 0.962 1.261
0.200 0.879 0.879 0.933 1.405
0.150 0.896 0.934 0.966 1.548
0.100 1.302 1.231 1.370 2.496
0.050 1.512 1.306 1.704 3.081
).000 1.366 1.290 1.514 3.685
2) u/u0
X/D

R/D 0.5 1.0 1.5 2.0
0.350 0.068 0.025 -0.132 -0.501
0.300 ~0.054 -0.106 -0.262 -0.664
0.250 -0.204 -0.252 -0.366 -0.732
0.200 -0.388 -0.438 -0.513 -0.803
0.150 -0.533 -0.598 -0.714 -0.925
0.100 -0.428 -0.598 -0.741 -1.142
0.050 -0.498 -0.731 -0.557 -0.818
0.000 -0.381 -0.207 -0.462 0.000
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TABLE XXI (Continued)

X/D
R/D .5 1. 1.5 2.0
0.350 .440 1.463 1.336 1.268
0.300 .609 1.614 1.438 1.404
0.250 .827 1.752 1.614 1.603
0.200 .011 1.956 1.831 1.891
0.150 .887 1.833 2.034 2.296
0.100 .284 1.339 1.753 2.140
0.050 .982 0.949 1.081 1.851
0.000 .226 0.023 0.316 0.348
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TABLE XXII
VELOCITY DATA FOR ¢ = 70, D/d = 1.0, LARGE BLOCKAGE AT
L/D = 2

X/D
R/D 0.5 1.0 1.5 2.0
0.350 76.600 75.800 74.800 76.000
0 300 82.200 80.800 79.400 77.200
0.250 86.400 85.000 82.800 77.600
0.200 85.200 84.400 81.200 77.400
0.150 78 .000 78.200 75.800 72.400
0.100 66.000 67.800 63.800 60.600
0.050 55.600 54.800 47.200 56.000
0.000 146.000 168.000 34.800 58.800
1) vaw angle

X/D
R/D 0.5 1.0 1.5 2.0
0.350 0.329 0.543 -7 318 -12.651
0.300 -6.225 -5.691 -13 198 -15.792
0.250 -10.364 -9.755 -16.608 -16.088
0.200 -14.402 -14.547 -19.870 -16.276
0.150 -18.907 -19.060 -22.047 -17.593
0.100 -24.665 =-25.225 -26.670 -19.695
0.050 -33.520 -31.657 -39.351 -30.290
0.000 0.000 0.000 0.000 0.000

b) pitch angle



TABLE XXII (Continued)

X/D
R/D 0.5 1.0 1.5 2.0
0.350 0.825 0.832 0.880 0.797
0.300 0.501 0.570 0.649 0.798
0.250 0.246 0.334 0.489 0.879
0.200 0.366 0.419 0.679 1.056
0.150 1.021 0.992 1.264 1.739
0.100 2.261 2.094 2.583 3.155
0.050 3.149 3.334 3.549 2.965
0.000 -0.777 B8 1.372 1.302
c) ulu
X/D

R/D 0.5 1.0 1.5 2.0
0.350 0.020 0.032 -0.431 -0.740
0.300 -0.403 -0.355 -0.828 -1.018
0.250 -0.717 -0.659 -1.163 -1.181
0.200 -1.122 -1.115 -1.603 -1.413
0.150 -1.682 -1.676 -2.087 -1.824
0.100 -2.553 -2.611 -2.939 -2.301
0.050 -3.692 -3.567 -4.284 -3.097
0.000 0.000 0.000 0.000 0.000

d) v/uO
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TABLE XXII (Continued)

X/D
R/D 0.5 1.0 "o .0
0.350 3.463 3.289 .237 197
0.300 3.658 3.519 .470 Sio i J
0.250 3.911 3.817 .869 .000
0.200 4.354 4.277 .384 .723
0.150 4.805 4.749 .995 .482
0.100 5.079 5.131 .249 .600
0.050 4.599 4.727 .833 .395
0.000 0.524 0.258 .953 . 151

e) w/u0
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TABLE XXIII
CORNER RECIRCULATION LENGTHS FOR NONSWIRLING FLOWS

Expansion Ratio (D/d) CRZ Length in Step Heights(h)

1.43 8
V.5 Vi
1.73 8
s 8

3 6.25
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TABLE XXIV
CENTRAL RECIRCULATION LENGTHS FOR SWIRLING FLOW

D/d ¢ = 45 ¢ =70
1.0 0 0.5
1.5 155 0. 75

2.0 146 1.2
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Vaned Swirler

(a) Typical Axisymmetric Combustion Chamber of a
Gas Turbine Engine.
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(b) Simplified Test Section

Figure 1. Typical Axisymmetric Gas Turbine Combustion Chamber
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Probe Shaft Axis

2
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Figure 8. Velocity Components and Flow Direction Angles
Associated with Five-Hole Pitot
Measurements
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Figure 12.

(c) ¢ = 70°

Flow Visualization Photographs for Open-
Ended Flows with Expansion Ratio D/d =
1.5 and Expansion Angle o = 90°
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Figure 13. Velocity Profiles for Open-Ended Flows with Expansion Ratio D/d =
1.5 and Expansion Angle o = 90°.
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Figure 14. Flow Visualization Photograph for Open-

Ended Nonswirling Flow with Expansion
Ratio D/d = 1.0
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Figure 15. Velocity Profiles for Open-Ended Flows with Expansion Ratio

D/d = 1.0
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Figure 17.

Flow Visualization Photographs
for Open-Ended Flows with
Expansion Ratio D/d = 1.5
and Expansion Angle o = 45°
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Figure 18. Velocity Profiles for Open-Ended Flows with Expansion Ratio D/d =
1.5 and Expansion Angle o = 45°
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Fiqure 19.

Flow Visualization Photograpns for Flows
with Expansion Ratio D/d = 1.5,
Expansion Angle o = 90° and Small
Blockage
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Finure 21. Flow Visualization Photograph for Non-
swirling Flow with Expansion Ratio
D/d = 1.0 and Small Blockage
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Figure 22. Velocity Profiles for Flow with Expansion Ratio D/d = 1.0 and

Small Blockage
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Figure 25. Artistic Impressions of Dividing Streamlines
for the Flow of Figure 13 [D/d = 1.5,
a = 90°, Open-Ended]
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Figure 26. Artistic Impressions of Dividing Streamlines for
the Flow of Fiqure 15 [D/d = 1.0, Open-Ended]
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Figure 32. Artistic Impressions of Dividing Streamlines for Open-Ended
Flow with Expansion Ratio D/d = 2.0 and Expansion Angle
o = 90° (10)
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Figure 34. Artistic Impressions of Dividing Streamlines for Flow with
Expansion Ratio D/d = 2.0, Expansion Angle o = 90° and

Small Blockage (10)
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