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ABSTRACT

The objective of this study is to obtain better understanding
of the flow over two tandemly positioned bluff bodies in close |
enough proximity to strongly interact with each other. This inter-
action is often beneficial in that the drag of the overall system is
reduced, Prototypes for this problem come from tractor-trailer
and cab-van combinations and from various add-on devices designed
to reduce their drag.

The object of the present investigation is an axisymmetric
configuration which seems to have first been studied by Saunders
(1966). A disc of diameter d;, is coaxially placed in front of a
flat faced cylinder of diameter dz. For a given ratio d,/d,,
there is a value of gap ratio, g*/d; for which the drag of the
system is a minimum. In the most optimum configuration,
d,/ds = 0.75, g*/d; = 0.375, and the corresponding drag coeffici-
ent is 0,01, a remarkable reduction from the value of 0,72 for
the cylinder alone. For each value of d,/d;, the minimum drag
configuration g*/d; appears to correspond to a condition in which
the separation streamsurface just matches (joins tangentially onto)
the rearbody. Support for this idea is furnished by comparison
with results derived from free-streamline theory and from flow
visualization experiments, However, when g#*/d; exceeds a critical
value of about 0.5, the value of CD’ while still optimum, is almost
an order of magnitude higher than for subcritical optimum gap
ratios. The increase seems to be connected with the onset of

cavity oscillations,



Measurements of the velocity field in the vicinity of the
forebody have been made using a frequency-shifted laser-Doppler
velocimeter. These measurements indicate an order of magnitude
difference in the shear stress along the separation surface between
optimum subcritical and supercritical geometries.

The drag characteristics of the axisymmetric forebody
system are altered by modifying the shape of the component bodies.
Modifications that change the conditions at separation from the
frontbody, interfere with the cavity fldw or effect the flow on the
rearbody face can produce significant changes in the forebody drag.

For non-axisymmetric geometry (square cross-sections)
the separation surface cannot exactly match the rear body and the
subcritical minimum values of drag are higher than for circular

cross-sections.
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I. INTRODUCTION

1.1 Background

Flows about bluff bodies, that is bodies on which pressure
forces dominate due to large regions of stagnating and separating
flow, occur in many practical situations and have been the subject
of numerous applied and fundamental studies through the years.
One class of bluff body flows has received relatively little attention,
however, until quite recently. Concern for the efficient use of
energy has stimulated considerable interest in improving the fuel
economy of ground vehicles by reduction of their aerodynamic
drag. This has been shown to be particularly important for
tractor-trailer trucks where aerodynamic drag accounts for one-
half to two-thirds of the total power required at highway speeds
(Hutton 1972, Servais and Bauer 1975), These vehicles are
complex examples of a general class of flows in which one bluff
body, in this case the trailer, lies in the wake of another, the
tractor (or cab). There exists, however, only a very limited
‘fundamental background on such bluff body configurations. Con-
sequently, the understanding required to rationally approach the
problem of reducing the drag of these bodies is lacking., With
this situation as motivation, the present investigation has been
undertaken with the aim of gaining a better understanding of the
fluid mechanics associated with the drag characteristics of bluff
bodies in tandem.,

A substantial body of information now exists on the aero-

dynamic characteristics of tractor-trailers. Much of this informa-



tion is reported or referenced in the proceedings of a number of
conferences including Lissaman (1974), the SAE West Coast Meeting,
August, 1975, and Sovran, etal (1978). One of the principal results
from this work has been recognition of the importance of the

flow over the vehicle's frontend; forebody drag (that is, the net
downstream force exerted on the cab or tractor and face of the
trailer) accounts for 60 to 8074 (Mason and Beebe 1977, Buckley,
Marks and Walston 1974) of the total aerodynamic resistance.
Because of the relatively small contribution to drag arising from
the underbody, skin friction and base drag and the difficulty which
exists in reducing these losses (Mason and Beebe 1977, Marks,
Buckley and Walston 1977) attention ha.As primarily been focused

on the combination of bluff bodies in tandem, the trailer face and

the cab, which comprise the forebody.

Figure from
Mason and
Beebe (1977)
—~~—OCO

The forebody is characterized by typical incompressible

bluff body flow--large regions of stagnation on the . .cab and trailer
faces and separation from their leading edges--and the drag is

quite high. To reduce the drag, this stagnating and separating

flow must be effectively eliminated, Streamlining the forebédy by
providing a bullet-shaped nose is a possible but impractical solution.

A more feasible proposal is to effectively round the leading edges



of the cab and trailer with fairings or vanes and thereby eliminate
separation. This method has been applied (Lissaman 1975, Kirsch
and Bettes 1974) with some success, drag reductions of 10 to 154
being reported, Another approach would be to size and position
the existing frontbody, the cab, so that its wake interferes con-
structively or beneficially with the flow about the rearbody face
thereby yielding a net decrease in the drag of the combination.
This concept of beneficial interference has been used successfully
in the past in rather different applications. It has been a common
practice for many years in automobile racing to exploit the tech-
nique called drafting--that is two or more cars running nearly
bumper-to-bumper (Romberg, Chianese and Lajoie 1971). The
flow around the two is such that the drag on each is reduced
and the group has a higher top speed than a car aloné. Another
application of beneficial interference has been the nose design of
reentry vehicles. A sting or spike protruding from the blunt
nose of a reentry vehicle causes a conical shaped separation region
to form giving the forebody an effective conical shape and a much
reduced drag (Beastall and Turner 1957, Guenther and Reding 1977).
With respect to trucks, a number of drag reduction devices
based on this principle of beneficial interference have been developed
and marketed recently. The majority of these devices mount to
the roof of the cab and effectively change the location and nature
of the flow separation on the cab. The intent is to guide the cab
generated separation onto the trailer in such a way as to avoid

stagnation of this flow on the trailer face and reseparation from the



trailer edges. Reductions in total drag of 10-35% have been demon-
strated by a number of investigators (Mason 1975, Cooper 1976,
Buckley and Sekscienski 1975, Steers, Montoya and Saltzman 1975).

The work done concerning truck drag has been mainly
oriented towards improving particular production vehicles, This is,
in general, the situation that exists for the whole class of flows
about groups of bluff bodies. In numerous instances the flow about
groups of buildings, cables or structural members producés un-
desirable aerodynamic loads and a need exists for understanding
how these forces are generated and how they may be reduced.
Except for flows about two-dimensional cylinders, these problems
have also generally been approached with ifnproving only a partic-
ular situation in mind., The present experiment is intended to con-
sider, on a more fundamental level, the fluid mechanics of flow
past tandem bluff bodies in order to provide insight into the
mechanisms of drag production and to examine the possibilities
which may exist for beneficial interference. The results will hope-
fully be useful in a variety of situations where control of the aero-
dynamic loading on combinations of bluff bodies is desired,
1.2 Approach

In order to retain some features of practical three-dimen-
sional flows, in particular those associated with tractor-trailers,
and still have a geometry simple enough to illuminate fundamental
flow phenomena, an axisymmetric configuration as shown in Figure 1
was selected for the initial studies. The object was to investigate

the drag of a semi-infinite half-body, in this case a circular



cylinder with a flat face. As shown by Prandtl and Tietjens (1934),
in potential flow the integral of (p-pw) over the projected frontal
area of any semi-infinite half-body in unbounded fluid is zero;
suctions near the edges cancel the stagnation region near the center

and the forebody is dragless.

v

__J
R

y

Potential CD =0 Real CD =0.,75

In the real flow past a flat faced cylinder, however, the pressure
gradients required to turn the flow around the corner of the face
cannot be established., The flow then séparates at the corner; the
suction forces on the face are lost and a pressure drag results |
whose coefficient is nearly 0.75 (Hoerner 1965) based on the
cylinder's cross-sectional area. This is quite close in magnitude
to the drag coefficient of a trailer without a cab in front (Mason
and Beebe 1977), If a disk is now placed coaxially in front of the
cylinder the pressures on the cylinder face will be modified and
consequently, its drag changed. In addition, the pressures and
resulting force on the disk will be altered from the value in a
free field, CD = 1.2 (Hoerner 1965). Denoting the disk and jthe

face of the cylinder by subscripts 1 and 2 respectively, the total

drag on the forebody system (frontbody and face of the rearbody)



will be
D =Dy, + Dy = (CDIAI + CDBAQ)q‘Jo 1.1

where A, and A, are respective cross sectional areas and q

[oo]
is the freestream dynamic pressure. The drag coefficient, CD of
the forebody system, based on the rearbody cross-section area’is

then defined as

C, = —— L2

A configuration very similar to this was investigated by
Saunders (1966). Having encountered some very early work done
by Eiffel (1910) and described by von Mises (1945) which showed
that the total drag of two equal diameter disks placed normal to
the flow in tandem was less than that of a single disk alone, when
properly spaced, he realized that such a concept might be applica-~
ble to tractor-trailer aerodynamics. His results, described briefly
in his patent application for a truck drag reduction device, showed
that the total drag of a disk-cylinder combination could be mini-
mized for a suitable choice of diameter ratio d,/d, and gap ratio
g/dsz. In Saunder's experiments the total drag of the system, in-
cluding skin friction on the sides and pressure drag on the base of
the cylinder, was measured as a function of disk diameter and gap.
The relative contributions of each of these components, the mecha-
nisms by which the drag was reduced and the conditions for mini-

mum drag were not, however, established in his studies.



It was the intent of the present work to consider in detail
the nature of the flow about the forebody system. To do this the
Basic model studied was constructed so that the pressure forces
acting on only the frontbody and a short forward section of the
rearbody were measured, The purpose of the experiment was then
to investigate how the drag of the forebody system depends on the
various geometrical parameters involved--namely frontbody-diameter
to rearbody-diameter ratio, d,/d,, frontbody-gap to rearbody-
diameter ratio, g/d,, frontbody shape, rearbody-face corner
radius and rearbody cross-sectional shape and how it is distributed
between the front and rear bodies. In addition,both qualitative and
quantitative descriptions of the velocity and pressure fields about
the forebody system were to be made., A description of the
manner in which this investigation was carried out and presentation

and discussion of the results follow,



II. EXPERIMENTAL DETAILS

2.1 Wind Tunnel

The bulk of experiments were carried out in the Merrill
Wind Tunnel (MWT) located in the Graduate Aeronautical Labora-
tories, California Institute of Technology (GALCIT). This facility
ig a2 subsonic, closed circuit wind tunnel with a maximum dynamic
pressure of 17 mm Hg corresponding to 60 m/sec at standard
conditions. The test section, shown in Figure 2, is nominally 81 cm
high by 117 cm wide and 264 cm in length, with a slight divergence
in cross-sectional area to reduce the longitudinal pressure gradient
caused by wall boundary layers. The test section is completely
vented around its perimeter at the downstream end so that the
static pressure inside is approximate atmospheric, Power is
supplied via a 75 HP electric motor to a constant-speed, three-
bladed propellor with continuously variable pitch. Tunnel velocity
was monitored by measuring with a 0-100 mmm Hg Barocel trans-
ducer the pressure difference between two sets of static pressure
ports, one set at the exit of the settling chamber, the second at
the inlet to the test section. This second set of ports also served
as the reference for all other pressure measurements made during
the experiments. A time constant on the order of 0.5 seconds
was associated with the static pressure rings and tubing leading
to the transducer. A pitot-static probe temporarily mounted on
the tunnel centerline, halfway along the empty test section, was used
to calibrate the tunnel pressure rings. This calibration showed

that the difference between the two tunnel rings underestimated the



dynamic pressure by 14 at ¢ = 1 mm Hg, to 0,17 at 16 mm Hg,
This error was considered acceptable and all the results were
based on the uncorrected tunnel-ring measured dynamic pressure.
The flow in the test section was also checked for freestream tur-
bulence and flow angularity., These measurements were also made
on the centerline, halfway along the test section, A constant
temperature hot-wire anemometer with a maximum frequency
response of about 500 Hz indicated rms fluctuations in the free-
stream velocity on the order of 0.4% at a tunnel velocity of

70 ft/sec (21,3 m/sec). It was not possible to make satisfactory
measurements at higher velocities because the lifetimes of the
wires were too short, apparently due to impacting particles in the
flow breaking the wires. Flow angularity was determined by a
five port spherical yaw head which indicated that the centerline
velocity vector was within 0, 3° of the axis of the tunnel, Based
on these measurements the quality of the flow was considered
satisfactory and no corrections of the indicated data were made,

2.2 Force Balance and Instrumentation

A six component force and moment balance was used to
measure the aerodynamic loads acting on the test models, This
unique force balance, which was designed and built by Professor
Francis Clauser, is depicted in Figure 2 and described in detail
in Appendix A, The model to be tested is supported by an
aluminum framework which encircles the tunnel. This is, in turn,
supported by six links, each of which connect through a flexure

and tuning fork type spring to a Schaevitz linear variable differential



transformer Model 050 DC-B that produces an electrical output
proportional to the displacement of a separate movable core,
Details are shown in Appendix A. TForces acting on the model
displace the frame, springs and the cores of the Schaevitz coils,
The resulting outputs, measured as voltages, are combined in
an analog computer whose output is the desired force or moment
in units of 1 volt = 1 kg of force or 1 kg-m moment. The schem-
atic for the analog computer as it was used is also presented in
Appendix A. The balance provides static load zeroing capability
and had an RC time constant of 1 sec, A change in loading of

1 g is detectable, The output is linear and within 1% (on the
lowside) of being 1 volt/kg over a load range from 10 g to 7 kg
applied in the streamwise direction (pure drag). During testing
the balance calibration was checked very frequently and no signi-
ficant deviation was observed from the above characteristics; no
corrections were required, Throughout the experiments the
same electronics were used, Tunnel dynamic pressure was
monitored with a Barocel Transducer 523-11 and Barocel Electro-
nic Manometer 1083-54, Force and moment voltages were mea-
sured with a Keithley Digital Multimeter, Model 160. Model
pressures were manifolded into 24 port Scanivalves and measured
by a Barocel Transducer 511-11 feeding a Barocel Electronic
Manometer 1014A and a Hewlett Packard Timer -~Counter-DVM
5326B which provided variable integration times from 0.1 to

10 seconds, Instrument calibrations were periodically checked
and all recommended maintenance and warm-up procedures

followed,



2.3 Wind Tunnel Model

The basic model configuration with which most of this work
was done is shown in Figure 1, The model was composed of a
metric (i.e., connected to the balance) frontbody and a part
metric, part non-metric rearbody. The metric portions of the
model comprised the forebody system, The non-metric part of
the rearbody was an axisymmetric, hollow cylinder 20.3 cm
(8 in) in diameter, constructed from wood and plexiglass, Mode.l
blockage based on this diameter was 3,5% of the tunnel cross-
sectional area. This dummy shell was rigidly connected to the
tunnel walls by hollow streamlined struts but could be adjusted
vertically and in yaw and pitch to provide alignment. The metric
portion of the model, also axisymmetric, was connected to the
balance by solid steel shafts running through the streamlined
struts and a 1.25 in (0.49 cm) diameter aluminum tube of Usting!!
perpendicular to the shafts which could be moved longitudinally
relative to the rearbody in order to change the frontobdy to rear-
body gap. The sting was provided at each end with internal
containers half-filled with lead shot to damp vibrations caused by
unsteady aerodynamic loading. The metric part could also be
adjusted vertically and in pitch and yaw. Care was taken to

insure that no contact was made between the metric and non-
metric components between which was a narrow, 0.1%4 cm (1/16 in)
slot, The pressures in this slot were measured by eight static
pressure orifices, 0.08 cm (1/32 in) in diameter, located on the

dummy rearbody, The downstream end of the sting was also



provided with a pressure port. Measurement of these pressures
permitted the forebody system drag to be determined by sub-
tracting from the total force acting on the forebody system the
pressure forces on the metric model base, The face of the
rearbody, which was flat with a sharp corner, had fourteen
static ports staggered along two perpendicular radii to provide
pressure distributions on the face and give some indication of
asymmetries in the flow, Certain frontbodies, a special sting
and the tunnel walls were also instrumented with pressure taps
to yield more complete information on the cavity pressures and
model blockage effects.

A variety of frontbodies could be mounted on the sting.
However most of the measurements, unless otherwise noted, were
made with machined, flat, circular disks 0.32 cm (1/8 in) thick
with sharp, non-bevelled edges. The model was designed so that
in addition to the force acting on the forebody system, the force
acting on the frontbody alone could also be measurked. This
allowed the various contributions to the total drag to be determined,

2.4 Operational Procedures and Accuracies

The drag and pressure measurement procedure was as
“follows. With a given model configuration and the tunnel running
at idle, the static loads indicated on the force balance were nulled,
The tunnel was then brought up to the desired stéady speed., The
forces and moments were observed and hand recorded to four
significant figures. The model pressures were time averaged

and also hand recorded to four significant digits, the averaging



time required depending on the degree of unsteadiness, The
tunnel temperature was recorded. Observations on the nature of
the flow, for example with the extensive use of tuft patterns, were
made, If the given configuration was being run over a range of
velocities, measurements were made with the speed both increas-
ing and decreasing to check for hysteresis effects, At the end

of a test run, with the tunnel again at idle, the forces were
checked to insure that they had returned to zero, as a precaution
against mechanical interference or electrical failure, Measure-
ments were made at speeds from 25 to 190 ft/sec (7.6 to

59.7 m/sec); corresponding Reynolds numbers, Re, based on

the rearbody diameter, dz = 8 in, (20,3 cm) and standard atmos-
pheric conditions were 1 x 105, At higher velocities some

model vibration existed but did not appear to seriously affect the
results, as nothing unusual was observed., Most of the data
points were measured at least twice, the more significant points
up to twenty times, The average standard deviation in the
calculated drag coefficients, for those cases with multiple measure-
ments, was ACD = + 0,004 which corresponded to a measurement
repeatability of +12 g on the force balance or + 0.031 mm Hg from
the slot pressures at 8 mm Hg dynamic pressure. Model-induced
flow unsteadiness, slight model asymmetries and misalignment
with the mean flow vector were the probable sources of most

of the measurement inaccuracies, The use of plexiglass and

wood for much of the model introduced some asymmetries, while

the different weights corresponding to the wide variety of gaps



and frontbodies changed bending moments on the sting, and
caused slight changes in pitch between configurations which were
difficult to uniformly correct., However, due to the very large
range of drag coefficients which were observed (over two orders

of magnitude) and the emphasis in this study on relative C_ levels,

D
the degree of repeatability in the measurements is satisfactory
and does not represent any serious limitation on the results or

conclusions which might be drawn from them.

2.5 Model Variations

Two other versions of the MWT model were also studied,
On one of these the rearbody face of the axisymmetric model with
a sharp corner was replaced by a face whose corner had a 1 in..
radius, Pressure taps were included in the samé locations as
before and the same circular disks and frontbodies were used,

The third model was one of square cross-section, nomi-
nally 8 in. x 8 in., formed by sliding a square shell over the
non-metric axisymmetric rearbody and replacing the circular
cross-section metric parts with square components, The rearbody
face had sharp edges and 25 pressure ports distributed over it,
The frontbodies were square plates or a cab-like body designed
to approximate a tractor-trailer., FEach of these models was
tested in a manner similar to that of the axisymmetric-sharp
corner model, although not quite as extensively.

2.6 Flow Visualization

As a supplement to the wind tunnel work, flow wvisualization

tests were conducted in the Free Surface Water Tunnel (FSWT)



(Ward 1976) also located in GALCIT. This facility has a 20 in,
x 20 in, (7.87 cm x 7.87 cm) constant area test section 8 ft
(2.44 m) in length. The upper surface is normally free although
a cover plate may be used. Maximum speed is 25 ft/sec

(7. 62 m/sec); the Froude speed is 7.33 ft/sec (2.33 m/sec), at
which a large standing wave appears. The flow visualizations
were done at a speed much lower than this to prevent serious
gravity wave effects, The models constructed for this facility
were entirely non-metric and were essentially one piece except
for the moveable frontbody. The frontbodies were provided with
four dye injection tubes whose axes each made an angle of
approximately 11° with the frontbody face, Diluted food coloring
served as the dye and was gravity fed to any desired combination
of the injection tubes. The 11° tube angle was a compromise
between minimal disturbance of the flow field by the dye injection
and physical constraints in model construction,

Each of the three basic rearbodies was studied with flow
visualization for a variety of frontbodies. All observations were
made at a flow speed of 3.3 ft/sec (I m/sec) and a Reynolds
Number of 1 x 1085, This speed was high enough to allow com-
parison with the wind tunnel results and yet low enough to avoid
serious surface effects and to minimize dispersion of the dye.
Photographs of the resulting flow patterns were made using a
35 mm SLR camera with a 100 mm focal length F3.4 lens at
shutter speeds from 1/15 to 1/1000 sec and either Tri-X black

and white print film or high speed Ektachrome tungsten color slide film,



I1I. RESULTS FOR CIRCULAR CROSS-SECTION

3.1 Measurement of the Forebody-System Drag Coefficient

A prime objective of this study was to obtain as complete
an understanding as possible of the incompressible aerodynamic
behavior of a sharp-cornered axisymmetric rearbody with simple,
flat-disk frontbodies situated coaxially in front., For this work,
the most important characteristic is the forebody-system drag

coefficient, C which is presented in Figure 3, as a function

D’
of gap ratio, with disk-diameter ratio as the parameter, This

coefficient is defined by

Force from balance - J( (p_pm)dAl slit

C =
P %pU: (m/4d, )

The values presented are averages of several independent mea-
surements (as many as 20), and the average standard deviation
in the value of CD is + 0.004. No corrections for blockage,
buoyancy (that is, the longitudinal tunnel pressure gradient), skin
friction on the metric part of the rearbody and sting or error in
transducer and force balance response have been applied. The
quantitative values of these corrections are not clear although
their qualitative effects can be assessed,

Blockage has the most significant effect on the measured
drag, although, in this case the effect is rather surprising. For
wind tunnel models on which the entire drag force is desired,
blockage tends to cause the measured drag to be higher than the
value in a free field, An example of the correction required is

given in a method developed by Maskell (1965) and modified by



Cowdrey (1968). Here solid and wake blockage produce a change

in drag of

D -Maximum Wake Cross Sectional Area

D Tunnel Cross Sectional Area

primarily due to increased suction on the downstream facing
surfaces (i.e., the base)., In the present case the base pressures
on the metric portion of the model are subtracted out; only the
forebddy is of interest, The effect of blockage is to increase the
local velocity past the model and lower the pressures acting on
the surface. Consequently the base drag is increased, but the
forebody drag is reduced, The magnitude of the effect can be
seen by applying the result for potential flow (as shown by

Morel 1978 and discussed in more detail in Section 7, 3).

From Equation 3,1

Diotal ~ f(p'pm)dA

slit
C = .
D qu
Let { )b => slit and ( )f => face.
Then
.
Dt = pdAf —jpdAb = total drag on body,
Therefore 0
o ’-,—-d\-_-_\
Dy = J (p--pm)dAf -J{(p—pw)dAb + pm‘gdef - poofdAb
or

Dforebody = Dt *j‘P'Pm)dAb = J‘(p-pm)dAf



or

C
D

! (p-p_JdA,

As shown by Morel (1978), for potential flow past a body in a

tunnel,
c _ J(p-pm)dAf e
D q A T 1o
o0
where
Armodel
o =
tunnel

is the blockage ratio. Consequently, for anyfinite blockage ratio
the measured forebody drag is less than the free fiéld value, For
this experiment o = 0.03 and the potential flow value of CD is
-0,03, The wake blockage will increase the effective o and cause
further reduction in CD from the free field value,

Correction for buoyancy is not applicable because the
metric model base pressures are subtracted out, Skin friction
can either contribute in a positive or negative manner to the
total measured force depending on the extent of separation which
in turn is a function of geometry. In any case its effect is at
most ACD = 0.01, an estimate based on measurements of stream-
lined forebody drag for which there is no separation and essentially
only skin friction (Norris and McGhee 1966). Calibrations of the
instrumentation indicated that both dynamic pressure, q, and drag

force were slightly underestimated on the average by 1% or less.

These instrument errors are cancelling to first order and thus



are quite negligible. The coefficients shown in Figure 3 are

for Re = 5 x 10%. As will be discussed later, this configuration
displayed no significant dependence on Re above 10® save for

one isolated geometry and thus the values at Re = 5 x 108 are
considered representative of the behavior of this model at higher
values of Re,

3.2 The Drag Coefficient of a Blunt Faced Cylinder

The value of C_ of the blunt faced cylinder with no front-

D
body is determined in this experiment to be 0.722. Stanbrook
(1964) has gathered measurements of the drag of blunt and
hemispherical-faced circular cylinders over a large range of

Mach numbers, M, from a variety of researchers, He has
corrected these measurements when necessary to yield what he
claims is the pressure drag coefficient acting on the cylinder

face. To this blunt faced cylinder data he has fitted the curve
Ch = 0.758 + (0.296)M=?, which agrees fairly well with the data
Stanbrook has collected, The present experiments were run
primarily at M = 0,12; applying Stanbrook's formula yields

Cp = 0.762 and a discrepancy in the coefficient of 0,04 or 5%,
which is considerably greater than the estimated error. Stanbrook
had no data on blunt cylinders for M < 0. 3; instead, he used
ijdA over the face of a disk as reported in Fail, Lawford and
Eyre (1959). In addition, the only values shown for M < 0.4
come from Polhamus (1957) who measured the entire force acting

on a blunt cylinder of aspect ratio 10,94 (0.2 blockage,

Re = 7.3 x 10%), Polhamus corrected only for base drag. Stanbrook



applied the additional correction for skin friction including the
effect of the face separation zone. Some scatter exists in
Polhamus' data for M < 0.5 and an extrapolation of his results
to the test Mach number of the present data is rather uncertain.
Hoerner (1965) has estimated Ch of a blunt cylinder to be ~ 0.8
based on cavitation test pressure distributions from Rouse and
McNown (1948). However, only 5 face taps were used in that
series of tests and again the accuracy of the calculation is suspect.
Figure 4 presents the distribution of pressure coefficient, Cp’
along one radius of the blunt circular cylinder face (assuming
symmetry) determined in the present study and compared with
the results of Rouse and McNown., Although the shapes are
similar, their results show larger values for Cp than the present
data which would integrate to give a larger face drag coefficient,
as Hoerner suggests., The tests of Rouse and McNown were
conducted in an open throat water tunnel with solid blockage of
0.5% and Re = 2.6 x 10°. The water jet around a body in an
open throat tends to expand into the surrounding air. If the jet
overexpands, there will be a decrease in the jet freestream
velocity causing a pressure rise in the mean flow past the body.
This could account for the higher outboard pressures observed
by Rouse and McNown, They reported, however, that there was
no change in meodel surface pressures as blockage was increased,
even to area ratios of 104, suggesting thatthe jet expanded only
enough to accommodate the blockage and the freestream velocity

remained unperturbed. In contrast to these references, Norris



and McGhee (1966) indicate that CD = 0,72 for M = 0.2, They
too measured the entire force acting on a 3.55 aspect ratio
cylinder (0.8% blockage, Re = 1.8 x 10®) which they then correct-
ed for base drag and skin friction but without including the
effects of the face separation zone on the skin friction. The
base Cp they observed was -0.04, a value somewhat less
negative than values reported by other researchers. For example,
Merz, Przirembel and Page (1977) ceollected a number of basge
pressures available in the literature and found -0.1 < Cp < -0.2,
Norris and McGhee have speculated, based on their relatively
high base pressure and on a result of Stanbrook (1966) showing
that the separation bubble formed by a blunt cylinder reattached
3% diameters downstream, that mean reattachment was occurring
near the base and influencing its pressure, This in turn may
have altered pressures in the recirculation region and at the

face corner, thus influencing the drag, In the present experiment,
tufts indicated that reattachment was well upstream of the base
which had a mean C_ £ .0,2 and presumably there was no
significant interaction between the model face and base, There
are, apparently, very few other studies of blunt faced cylinders
to which comparison can be made., Some results and references
for cylinders of more rounded shape, intended for torpedo and
submarine use, are available in the Hydroballistics Design
Handbook (1955) although none of these are really applicable to
the geometry in question, Effects of Re, freestream turbulence,

M, corner radius, free surfaces, cavitation and measurement



techniques may partially account for the discrepancies which
have been observed, although incomplete information has been
provided to do so, It is quite likely that blockage is largely
responsible for the lower value of Cph found in this study com-
pared to the values reported from other tests., The present
blockage is 34 while the other studies discussed here have less
than 14 solid area blockage. More importantly though, the
lack of data and the disagreement in what does exist, even for
such a basic body asthis underline the need for more work in
this area. Insomuch as there is disagreement and no generally
accepted value for the incompressible drag coefficient of a
blunt-faced cylinder exists, the value of 0,722 will be taken as
the reference Ch for this work,

3.3 The Forebody-System Drag Coefficient

Figure 3 reveals three rather significant characteristics of
the forebody behavior, First, nearly every combination of disk
and gap used in front of the cylinder reduces the forebody drag;
only with large disks at gap ratios greater than 13 does the
drag exceed the free cylinder result of 0,722, The broad range
of geometries for which drag is reduced would permit a great
deal of flexibility in applying the shielding concept to practical
sitvations. A second and rather remarkable feature is the exist-
ence for certain disk-gap combinations of extremely low net drag.
In particular, for d,/d, = 0.75, g/d, = 0.375 the measured value
of C_ is only 0.010, a value hardly greater than that of a well

D

shaped solid forebody system without separation, for which the



drag is essentially skin friction. (Measurements presented later
for such bodies give CD < 0.01). Although only one configuration
achieved CD = 0,010, there exists a reasonably wide range of
geometries whose CD < 0.05, again making this concept quite at-
tractive for design guidance, since it is possible to be "off design!
in terms of geometry and still maintain a low drag configuration,
The third feature to notice is the existence, for a given diameter
ratio, of a gap ratio at which the drag is a minimum., It is im-
portant to observe that this optimum gap ratio, g*/dg, and the
associated drag coefficient, CDrnin , are functions of the diameter
ratio and, especially, that there is a substantial spread in the values
of CD _ which are obtained,
min

Most of the curves presented in Figure 3 are reasonably
smooth with only one extremum, a minimum, at g¥/d;. There are
several exceptions to this, however, notably the cases dl/da =
0.531, 0.563 and 0,875, The first two of these show two closely
spaced minima in CD’ the one at the larger g/d; being optimum,
This behavior was repeatable and apparently does not represent
experimental error, The flow for these configurations was fairly
unsteady and this may account for the unusual shape of the curves,
The curve for d,/dz = 0.875 has a very sharp minimum at g/d; =
0.094 and a much less pronounced minimum at g/d; = 1.0. Both
of these were quite repeatable, The rather dramatic minimum at
g/d, = 0.094 corresponded to a very steady and stable flow field,

even when rather severe attempts were made to perturb it, as

will be discussed later,



3.4 Asymptotic Limits

The asymptotic behavior for small and large gaps also de-
serves comment, For gfdg -+ 0, CD should approach the value of
the blunt cylinder, 0.722, Because the disks used in this experi-
ment were of finite thickness, there will be a small step on the
cylinder face even at zero gap which could influence the flow and
cause a departure from the simple blunt cylinder drag. In the
limit of infinitely large separation, g/d; -+ « , the drag should ap-
proach the sum of the free field values of each body separately,

that is,

Cp + Cp, + Cp, (@1/da)? 2 0.722 4 L.15 (dy/d,)? 32

where 1,15 is nominally the value of CD of a disk in a free field.

3.4a Flat Plate Drag

The drag of flat plates and disks normal to an unbounded
uniform stream has been the subject of investigation for many
years, Stanton (1903), Lanchester (1909), Eiffel (1910), Prandtl
(1910), Weiselsberger (1915) and Prandtl (1923) being among the
very early researchers interested in this type of flow. Other im-
portant studies include those by Shoemaker (1926), Knight (1926),
Irminger and Ngkkentved (1930), Schubauer and Dryden (1935) and
Fail, Lawford and Eyre (1959) who all considered disks or plates
in air. Numerous cavitation tests, a number of which are col-
lected or referenced in Eisenberg and Pond (1948), Plesset and
Perry (1954) and Striick (1970) also exist. The principal message

to be learned from this vast background of work is that the free



field drag coefficient of a disk or plate has not been well estab-
lished. It appears that in air, with free stream turbulence no
greater than 3%, the value for CD of a thin square plate or a cir-
cular disk lies between 1.1 and 1.2 with an average base pressure
coefficient of ~ -0.4 for 10* < Re < 10®, The information avail-
able does not permit a more accurate statement of the drag, 1In
water the drag coefficient depends approximately in a linear manner
on the cavitation base pressure and ranges from 0,8 for C

Phase
= 0 to 1,25 for C = -0,56 with 104 scatter throughout, As

| %
with the blunt facegaz;ﬁnder, there are numerous effects which
may be responsible for the variation in the measured values of the
disk drag coefficient, e.g., freestream turbulence, blockage, model
details, Re, M and cavitation effects and measurement technique
peculiarities., Despite the disagreement about the exact value, two
characteristics importa.nt‘ to the present work are clear: the drag
is large, CD = 1,15, and it is apparently the same for square

plates and circular disks,

3.4b Influences of the Sting

For large gaps the forebody-system drag does exceed the
blunt-faced cylinder CD and appears to tend toward the asymptotic
value given by Equation 3.2. The actual large gap behavior is
slightly different than predicted by (3.2) however, and can be attri-
buted to the influence of the finite diameter sting used to connect
the frontbodies and rearbody face together, For large gaps and
small d,/d,; in particular, the skin friction on the sting can be-

come a sizeable percentage of the total frontbody drag. In addition,



the presence of the sting reduces the areas on the frontbody and
rearbody face which are exposed to pressure forces. The values
of 0.722 for the cylinder face and 1,15 for the disk assume that
the entire surfaces implied by d; and d,, respectively, are sub-
ject to pressure forces; with the sting in place, the disk base area

and rearbody face area are in fact reduced by (m/4) d? A

sting*
third contribution of the sting is its role in creating a rearward
facing step on the disk and a forward facing step on the cylinder,
In each case the flow field and pressure distribution will be modi-
fied from the free field behavior and will affect the drag, Although
the sting »alters the disk-cylinder behavior, its influence should

only be important for very large gaps. For the configurations of
greatest interest in this study the gaps are not large and correc-
tions for sting interference, the exact nature of which are a,nywayb

unknown, have not been applied.

3.5 Resulits from Flow Visualization

3.5a The Blunt Faced Cylinder

The forebody-system drag coefficient (Figure 3) represents,
in some way, the integrateé effect of the flow field which surrounds
a particular bluff body combination. Considerable insight into the
nature and details of the flow itself can be obtained from simple
flow visualization experiments. Figure 5 presents some results
from visualization by dye injection in the water tunnel., For refer-
ence, Figure 5a shows the rearbody without the frontbody or sting

support. As might be expected, there is a large region of sepa-

rated flow which extends 1} to 2 diameters downstream of the face



corners and accounts for the high value of CD = 0.722. During
the force measurements tufts located on the models were also
carefully observed, For the rearbody-alone configuration, the
tufts indicated reversed flow for a distance of a little more than
1L diameters downstream, as was also shown by total pressure
boundary layer rakes mounted on the reafbody side, Pressure
distributions given by Rouse and McNown (1948) show that CP
along the cylinder recovers to zero near 4 diameters. Stanbrook
(1966) observed reattachment for M = 0,70 (CD = 0.9) to occur at
3% diameters. By M = 0.7 the flow near the face corners is
transonic and it is not obvious that thié result is applicable to the
present case., As was noted earlier, Norris and McGhee (1966)
inferred from their rather high base pressure that the flow over
their model also reattached roughly 3% diameters downstream.

Cta (1975), on the other hand, made detailed velocity and pressure
measurements in the separated region formed by a blunt cylinder
with 3.3% blockage, Re ~ 5 x 10%, aspect ratio 10 and 0, 8% free-
stream turbulence and found the flow to be fully reattached and C
recovered by 1,6 diameters, The effects discussed earlier in
reference to the drag coefficient of the blunt cylinder face may also
explain this observed variation in reattachment length, although
sufficient information for determining the exact causes as well as
establishing any correlation between the drag coefficient and reat-
tachment length is again lacking. In spite of these differences, it
is clear that the blunt faced cylinder is characterized by a sub-

stantial region of separation downstream of the face and a



correspondingly high drag coefficient.

3.5b Results for d;, /d; = 0.75

Figure 5c¢ shows the flow for the disk d,/d, = 0.75 at a
gap slightly less than optimum, where CD = 0.021. Figure 5d

shows the flow for this disk at the optimum gap, CD = 0.010.- In
both (5¢) and (5d) the separation surface from the disk may be
seen to join smoothly onto the edge of the rearbody, becoming a
turbulent boundary layer on that body. The thinness of the sepa-
ration surface and the small scale of the organized structures in-
herent in this shear layer are also quite apparent. Curiously, the
reattachment at optimum (5d) does not appear to be quite as smooth
as the flow in (5c); there is a small hump just upstream of the
rearbody face. Nevertheless, in both cases the interference be-
tween the disk and rearbody flows is such as to eliminate the mas-
sive separation associatéd with the blunt faced cylinder (see

Figure 5a) and the resulting drag is very low. In contrast,
Figures 5e and 5f show the same disk at gaps much less and much
greater than optimum, the values of CD being 0.222 and 0.184
respectively., These values of CD,' an order of magnitude larger
than optimum, are still only one-fourth to one-third the blunt
cylinder result, The photographs show that the total separation is
somewhat lessened, which accounts for the drag reduction, In
{(5e), however, there is stagnation on the rearbody face and resep-
aration, while in (5f) the thickness of the shear layer is increased

and there are indications of large scale wake oscillations on the

order of the reé.rbody diameter. In these cases, the failure of



the separation surface to join smoothly onto the rearbody is main-
fested in an increase in forebody drag from the optimum case,.

3.5¢ Unsteadiness

In general, the degree of unsteadiness in the flow about the
forebody system as observed from dye, tufts and model virbrations
increases with increasing CD. Tufts on the rearbody sides were
virtually motionless for the very low CD configurations but exhibi-
ted extreme fluctuations and reversals at high CD' Likewise the
model itself vibrated considerably when the drag was high (although
the dampers effectively kept the absolute amplitude low), sometimes
with several distinct frequencies presumably due to higher frequen-
cy vortex shedding and lower frequency large scale wake oscilla-
tions,

3.6 Breakdown of the Forebody Drag

The contributions to the total drag from the disk and cylin-
der face are shown in Figures 6 and 7 respectively. The value of
CD in both cases is based on the rearbody diameter, dz;. Two
independent methods were available to determine this drag break-
down--direct measurement of the disk force and integration of the
rearbody face pressures, Agreement between the two methods
varies from 0 to 30% of the disk drag, the larger discrepancies
being for the smaller disks, For the blunt faced cylinder by
itself, the face integral gives CD = 0.732 as opposed to CD =
0.722 from the force measurements, a disagreement of 1. 39,

Presumably the errors are due to incomplete knowledge of the

pressures near the face edge--the most critical region, since



the pressures are weighted by their radii in determining CD' The
drag coefficients presented in Figures 6 and 7 are determined from
direct force measurements for d,/d; < 0.375 and from I C_rdr

for the remaining disks, since the disagreement for d,/d; > 0,375

is less than 5% and more pressure distributions were available for

presentation,

3, 6a Disk Contributions

Figure 6 shows that the disk drag is always positive and
reaches a maximum near the optimum gap, g¥*/dz. The curves
level out for g/d; > 3 which indicates a decreasing rearbody in-

fluence, The following table presents the values of C_ for several

D
disks based on disk diameter at the maximum for each disk and
up to the largest gap observed, g/dﬂ = 3, The maximum values
are much larger than the free field values due to increased base
suction pressure, as will be discussed later. The large-gap drag

coefficients are approaching the free field values but, as was dis-

cussed previously, are somewhat different.

Table 1 Drag coefficients of the frontbody based on d,

\ 5@ -£&--1.5 Cc_@-8-=3.0
d, /dg da@CDma.x CDma,x CD@ s D@ a
0.25 1.5 1,384 1. 384
0,375 1.5 1,056 1.056
0.5 3.0 1,131 - 0,995 1.131
0.625 0.75 1,247 1,088
0.75 0.25 1,606 1,167 1,182
0.875 0,094 2.564 1,249
1.0 0,75 1.410 1.324 1,265



3.6b Rearbody Face Contributions

The face drag, shown in Figure 7, displays trends similar
to those of the forebody-system drag, that is a decrease from the
simple blunt faced cylinder value, the possibility for very low drag
and a minimum very near g#¥/ds for a given disk, The drag also
decreases as the disk diameter increases (up to a point) for a fixed
gap. The drag reductions on the face in some cases are so great
that CD goes negative; the force on the face is actually a thrust,

3.6c Results for a Given Disk

The forebody-system drag and its breakdown for a given
disk are presented in Figure 8 for selected geometries, each Figure
referring to a particular di /da. The curve labelling is as follows:
CD refers to the forebody-system drag coefficient, CDFACE to the
rearbody face; CDDI is the drag coefficient of the disk based on the
disk diameter and CDD2 is the disk drag coefficient based on the
rearbody diameter, An interesting characteristic displayed here is
the flatness of the curves beyond the drag minimum for each disk,
This is partly due to the scale of the Figures, but also indicates a
slowly varying, long range intei'action between the front and rear-
bodies. The only curve that departs from this behavior is the one
labelled CDD2 is Figure 8a, This particular case is not actually a
disk but just the. sting, protruding by itself, Inaccuracies in obtain-
ing its drag coefficient are greatly amplified by the area ratio,
(dl/da)a = 41, which may partly account for the erratic behavior.
Another factor may be variations of the reattachment and flow on

the sting itself due to rearbody influences, Nevertheless, these



Figures are quite useful in identifying the source of the drag re-
duction, It is clear that the decrease in rearbody face drag greatly
outweighs the drag increase of the disk and the net result can be a
nearly dragless forebody.

3,7 Rearbody Face Pressure Distributions

Pressure distributions along the model surfaces which form
the gap or cavity walls are especially helpful in understanding and
explaining the drag behavior of the forebody., Figures 9 through 16
present the pressure coefficients, Cp 2%12:;%%;’ along a radius of the
rearbody face for a number of disk-gap combinations. Accompany-
ing each distribution is the drag coefficient at Re = 5 x 10° and,
in many cases, a photograph of the flow at or near the gap in
question, The measurements were actually made along two mutually
perpendicular radii with the pressure taps staggered so that flow
asymmetries or model misalignments could be detected. Deviations
from pure axisymmetry were never totally eliminated however, and
consequently some distributions display a zig-zagged or skewed
nature, This slight skewness does not alter the basic results

though, as will be shown, and can be disregarded.

3,72 di/ds = 0.156

Figure 9 gives the rearbody face pressure coefficients with
the sting alone as a frontbody (di/da = 0.156); gap (or sting length,
in this particular case) increasing upward on the Figure, For all
gaps, fairly large, positive pressures exist over the center three-
fourths of the face, with the pressure decreasing but remaining

positive near the edge., Thus, in all cases the separated flow from



the sting stagnates inboard of the rearbody face edge, The flow
then accelerates radially outward, reseparates at the edge and
reattaches downstream, For this frontbody the rearbody drag is
not very low, although comparison with the pressure distribution on
the blunt faced cylinder with no frontbody (Figure 4) shows the face
pressures even at the stagnation point are somewhat less and there
is a net drag reduction, At intermediate gaps (¢ and d) the pres-
sures inboard of C decrease, then increase again near the |
Pmax

center. This type of distribution is typical of pressures on the
walls of an open cavity with flow over it, of which numerous
examples abound (Johannesen 1955, Roshko 1955, McGregor &
White 1970, Charwat et al 1961, Fox 1964, Rossiter 1964), It
also suggests that recirculation exists within the cavity. The
decreasing pressure corresponds to acceleration of the flow radially
inward, Near the cavity bottom the flow must decelerate and turn
again causing the inboard high pressure region to occur,

Study of the distributions in Figure 9 in sequence, starting

with the smallest gap, reveals a migration of C first radially

Pmax

outward then inward again, The location of the maximum positive

pressure, C , is slightly outboard of the mean reattachment

Pmax
location of the frontbody separation streamsurface. Thus the
radial motion of C suggests the spreading and closing of the

Pmax
mean wake with downstream distance which would be observed were

there no rearbody. This behavior may also be due to reattachment
onto the sting itself and then reseparation at the forward facing

step formed by the sting-rearbody face junction, Flow visualization



indicates, however, that the separation does not reattach onto the
sting for g/da < 0.75; and, therefore, the stagnation point migration
would appear, at least for g/dz < 0,75, to represent the downstream
development of the mean sting wake,

As would be expected, for di /d;a = 0.156 the changes in the
average level of the face pressure and the shape of the distributions
as the gap is increased closely agree with the behavior of the face
drag coefficient in Figure 7. The gap for minimum face drag is
g/da = 0,75, which also is the gap for minimum forebody drag.
Figure 9 shows that the face pressures at this gap are the least,
thus demonstrating that this configuration should indeed give a
minimum in face drag, The larger pressures at other gaps cor-
respond with their non-optimum values of drag coefficient.

3.7 d,/ds = 0.25, 0,375

Figures 10 and 1l present pressure distributions for diameter
ratios of 0,25 and 0,375 respectively, There is little qualitative
difference between the influence of these disks on the rearbody
face and that of the sting, The pressures are all positive and drop
off at the edge., A fairly broad stagnation region always occurs
inboard. The decrease in both the face and forebody-system drag
as the gap in increased up to g*/da and then the rise again in drag
with further lengthening of the gap corresponds closely to changes
in the pressures displayed by these profiles. Migration of the
stagnation point with increasiné gap is also observed for each of
these frontbodies., There are, however, important systematic dif-

ferences between the results for each diameter ratio as far as the



pressure coefficient magnitude is concerned. ZFor a given gap, the
average pressure level on the face decreases with increasing d; /da;
the shielding effect of the frontbody is being enhanced as its relative
size increases. In addition, the cavity~flow type distributions are
becoming more pronounced indicating increased recirculation.

3.7c dy/da = 0.5

Distributions for di/da = 0.5 are given in Figure 12, The
trends noted for smaller disks are also evident here with one im-
portant difference -- for g/dz near and at optimum, the face pres-
sures become negative, The pressures are such as to bring the
average face Cp below zero, and the face drag is cénsequently' also
negative, It is, in effect, thrusting upstream. The concept that
the frontbody simply shields the rearbody from stagnation of the
freestream flow is not sufficient to explain the existence of negative
rearbody face pressures. Instead, the development of a strong
recirculating flow in the cavity along with the negative pressures
associated with the base of the disk, which is now of sufficient
relative size to act as more than just a shield or wind break, are
responsible, The pressures do not become greatly negative however,
because the flow associated with these geometries is rather unsteady.
The separation streamline flaps considerably, occasionally bringing
high velocity fluid from the external stream into the cavity; this
flow then stagnates on the face and causes the instantaneous pres-
sures within the cavity and the mean face pressure to be raised,
Thus, although the rearbody face CD is less than zero, it only

slightly outweighs the increase in drag caused by the additional



flat plate area of the frontbody, and the forebody-system drag is
only moderately less than configurations with smaller disks,

One other feature of the distributions for this disk is worth
mentioning. For the smaller gaps, g/ds = 0.125 and 0.25, the
maximum in Cp is very peaked and the pressures inboard are
nearly constant. This indicates a thin shear layer or separation
streamline that does not entrain enough cavity fluid as it spans the
gap nor inject enough fluid into the cavity at stagnation to induce
an organized recirculation inside.

3,74 Reattachment on the Face

All configurations for which d; /dz < 0.625 have rearbody
face pressure distributions with a positive maximum Cp that exhibits
a tendency to move radiélly* as the gap is changed. If the location |
of C corresponded to the edge of a disk wake with no rearbody,
then ;11“1::: of the radial location, Rs/rl, of the stagnation point
versus gap, g/rl, for the various disks should collapse to the same
curve, Such a plot is shown in Figure 17 along with an integrated
mean streamline of a free disk wake from Strlick (1970). Obviously,
the normalized curves do not collapse; the rearbody does have a
significant influence on the disk wake forcing the wake to be much
thicker than normal. The effect decreases as the disk diameter in-
creases, the maximum wake diameter for d; /dz = 0.5 being about
the same as a free disk wake., For gap ratios greater than 1.0,
flow visualization indicates that the mean flow does reattach to the

sting for the smaller disks, Consequently the interpretation of RS

becomes unclear, although it still corresponds to the original



separation streamline from the frontbody. An additional feature to
note is that for a given disk, the gap at which Rs/rl is the great-
est also corresponds to the gap for minimum face drag and fore-
body-system drag. The shielding or interference effect of the
frontbody is apparently optimized when the frontbody separation is
pushed radially as far out as possible and the rearbody face area
exposed to stagnation pressures is minimized,

Another interpretation of Figure 17 is also possible., The
relative width of the mean disk wake apparently increases with de~-
creasing diameter ratio, This behavior may reflect the influence of
the rearbody corner as a desirable site for reattachment; the sepa-
ration streamline is being driven towards the corner and the rela-
tive wake widths, therefore, are larger for smaller disks, Flow
visualization generally showed that for all disks, except at small gap
ratios, the separated flow tended to reattach quite near the corner.
This indicates that the sharp downstream corner may, in fact, be a
natural position for the reattachment of the shear layer to occur,

3.7¢  dy/dg = 0.625, 0,75

The pressure distributions for diameter ratios 0.625 and 0.75
(Figures 13 and 14) exhibit some basic differences from the cases
so far considered. These disks produce forebody-system drag co-
efficients an order of magnitude less than in the previous examples
and the differences in distributions are consequently quite significant,
It is observed that only for very short gaps are the pressure coef-
ficients all positive., For small gaps the profiles are similar to

those for di/da = 0.5 at g/dg s 0.25 (Figures 12e and f), i.e., a



peaked C and constant inboard pressures., For larger gaps the
max
face pressures, especially near optimum, are even more negative
than the base pressures of a free disk., Two phenomena associated
with the flow help explain this feature. TFirst, it has already been
noted that the separated flow from the smaller disks always stag-
nates inboard of the rearbody face edge with correspondingly higher
cavity pressures. For the larger disks, the flow visualization and
pressure profiles indicate that over a wide intermediate range of
gaps, the separated flow from the disks reattaches very near the
rearbody face corner and the cavity pressures are greatly reduced,
The separation streamline in these cases more closely approximates
a free streamline for which the pressure along the surface is con-
stant and controlled by its initial curvature., Because the separation
occurs normal to the freestream, the initial radius of curvature for
these configurations is quite small and the corresponding pressure
very low, It is this behavior of the separation as a highly curved,
constant-pressure surface reattaching very near the rearbody corner
that sets the large, negative level of the rearbody face pressure co-
efficients. The second factor contributing to the very negative min-
imum coefficients is the establishment of a strong recirculation
within the cavity, This recirculation is maintained by a balance be-
tween entrainment of cavity fluid by the shear layer spanning the
gap and injection of rotational or vortical fluid into the cavity when
the separation surface reattaches., For some geometries the recir-
culation develops into a well-defined and stable vortex, clearly vig-

ible in the flow visualization and from the very low suction



pressures in the face pressure distributions (Figure l4e).

One important difference exists however, between these two
disks., For di/de = 0,625, the pressure coefficients at the most
outboard stations, even at optimum, are positive, indicating some
stagnation just inboard of the corner. On the other hand, for d,/dz
= 0,75 the pressures are all negative, even at the edge. From the
flow visualization it is apparent that only for rather large gaps,
i.e., g/da > 1.5, does the separation streamline from the disk dj/dp
= 0,75 stagnate on the rearbody face. For gaps at and near opti-
mum, as has already been seen, the flow reattaches smoothly and
tangentially onto the rearbody. But, even in off-optimum cases, the
reattachment is on the corner or just downstream, not on the face.
The consequences of this difference are significant, The pressures
for the disk d; /da = 0.625 are quite low, the value of C for

Pmin

gaps near optimum being around -0.5 tc -0.6. However, by elimi-~
nating the small amount of stagnation which still remains, the face
suction pressures can be doubled; C . hear optimum for d; /da =

min
0.75 is less than -1,1 (Figure 14d). The rearbody face thrust is
therefore also doubled and contributes to a subsfantial decrease in
the total forebody-system drag. As is seen in Figure 14, eventually
for g/das > 1.5 the face pressures for both disks become positive.
For these situations the disk is again simply shielding the rearbody

from the full freestream dynamic pressure.

3,74 dy /dg = 0.875, 1.0

Figures 15 and 16 present the distributions for two large

disks, d; /dg = 0.875 and 1.0, Except for dy/da = 0.875 at gaps less



‘than g/ds = 0,125, these profiles are quite similar, being flat and
negative, Flow visualization shows that the separation from the
disk overshoots the rearbody face and corner and reattaches down -
stream, There is no indication of any organized motion in the cav-
ity and the pressures are, consequently, uniform throughout,

The behavior of the disk, dy/dz = 0.875, (Figure 15) for
small gaps, at which the drag is very low, is more interesting,
The distributions here are similar to the earlier examples of low
drag geometries, The pressures are extremely low, reaching
C_ = -2.,2, and there is no face stagnation; flow visualization con-
firms that the separation rejoins at the rearbody corner. A sharp
minimum in the pressure distribution again indicates that a strong
cavity vortex exists and sits fairly far out radially.

3.8 Cavity Perimeter Pressure Distributions

With the aid of pressure distributions along the entire cavity
perimeter, a complete decomposition of the forebody drag is avail~
able and a statement of the conditions at optimum and non-optimum
geometries can be made. Figure 18 shows the cavity perimeter
pressure distributions for three disks at their optimum gaps.
These, and similar profiles, have been used to decompose the disk
drag into its face and base components. This breakdown is pre-
sented in Figure 19 as the radius-weighted average face- or base-
pressure coefficient versus gap ratio. (The only difference between
these coefficients and the appropriate drag coefficient is the sign of
the base pressure coefficient, A negative average base Cp contri-

butes a positive drag coefficient.) The perimeter distributions



(Figure 18) show that for di/dz = 0,75 and 0.875 at their optimum
configurations the disk base pressures are equal to the rearbody
face pressures out to the disk radius, Thus the contributions to
the total drag from these portions of the cavity walls are cancel-
ling, This is not so for dy/da = 0.5 for which, even at optimum,
the drag is substantial, Here there is only partial cancellation be-
cause the rearbody face coefficients are,positive or only slightly
negative while the disk base coefficients are all negative,

The primary result from the drag breakdown (Figure 19) is
that over a very wide range of gaps, the disk face drag is essen-
tially constant. Furthermore, when normalized by the disk diameter,
the face drag becomes essentially constant, independent of both disk
diameter and gap, with a value of CD ~ 0,75, This behavior has
two important consequences., First, the changes in disk drag are
only the result of base pressure change‘s which, in turn, depend on
the cavity flow. Second, the constancy of the disk face drag inde-
pendent of configuration implies that the disk face pressure distri-
butions are similar, Thus, the smallest disk that eliminates all
stagnation from the rearbody face would be expected to give the
lowest forebody-system drag, since the absolute extent of stagnation
pressures, which now occur only on the disk face, will scale with
the disk diameter,.

3.9 The Conditions for Minimum Drag

The conditions for the most optimum (in terms of minimum
forebody system drag) configurations can now be summarized. The

most important feature is a steady separation surface which



(Figure 18) show that for di/dz = 0.75 and 0,875 at their optimum
configurations the disk base pressures are equal to the rearbody
face pressures out to the disk radius, Thus the contributions to
the total drag from these portions of the cavity walls are cancel-
ling., This is not so for dy/dz = 0.5 for which, even at optimum,
the drag is substantial, Here there is only .partia,l cancellation be~
cause the rearbody face coefficients are positive or only slightly
negative while the disk base coefficients are all negative,

The primary result from the drag breakdown (Figure 19) is
that over a very wide range of gaps, the disk face drag is essen-
tially constant, Furthermore, when normalized by the disk diameter,
the face drag becomes essentially constant, independent of both disk
diameter and gap, with a value of CD ~ 0,75, This behavior has
two important consequences, First, the changes in disk drag are
only the result of base pressure changes which, in turn, depend on
the cavity flow. Second, the constancy of the disk face drag inde-
pendent of configuration implies that the disk face pressure distri-
butions are similar, Thus, the smallest disk that eliminates all
stagnation from the rearbody face would be expected to give the
lowest forebody-system drag, since the absolute extent of stagnation
pressures, which now occur only on the disk face, will scale with
the disk diameter,

3.9 The Conditions for Minimum Drag

The conditions for the most optimum (in terms of minimum
forebody system drag) configurations can now be summarized. The

most important feature is a steady separation surface which



smoothly and tangentially rejoins onto the rearbody sides, This re-
attachment occurs in such a way as to inject enough fluid into the
cavity to maintain a strong recirculation and yet not cause stagna-
tion on the face, Streamline curvature and recirculation in the cav-
ity resulting from the tangential reattachment create very low cav-
ity pressures and a strong suction peak located near the face edge.
The cavity wall pressures on the disk, sting and inboard of the face
suction peaks are fairly uniform and the pressures on the two op-
posing faces, the disk base and inner rearbody face, produce can-
celling forces. Only the outer annulus of the rearbody face and the
face of the disk remain to contribute to the forebody-system drag.
The rearbody face thrusts upstream due to suction; the disk face
experiences stagnation pressures and contributes positively to the
drag., For dy/dz = 0.75, g/ds = 0.375 these competing forces
nearly cancel and the net drag coefficient is incredibly small, CD =
0.010. Other configurations nearly attain this level but, either the
disk is slightly too large, e.g., d1/ds = 0.813 and 0,875, in which
case the extremely large suction (as low as Cp = =2,2) acts on an
insufficient area or it is too small and the suction forces are in-
adequate, Once smooth reattachment at the corner is lost, the
balances which occur between the opposing cavity walls and between
the exposed forward facing disk and cylinder faces no longer exist,
The separation and shear layer are now more unsteady and the drag,

although often less than that of the blunt faced cylinder, is much

increased,



3.10 Other Studies of Tandem Bluff Bodies

As was noted in the Introduction to this work, only a hand-
ful of studies exists concerning the incompressible flow past simple
bluff bodies in tandem. The earliest work seems to have been
done by Eiffel (1910) in which the total force acting on two equal
diameter, thin, circular disks normal to the flow and in tandem was
measured, His results are shown in Figure 20 along with the fore-
body-system drag for di/ds = 1.0 and curves for prismatic bodies
to be discussed shortly. For gaps on the order of one diameter
or more the results of Eiffel and the present forebody drag meas-
urements display identical trends and differ only by an additive

constant. The difference, AC._. ~ 0.2, can be attributed to the base

D
pressure of the second disk although it is not quite negative enough
(CPb normally ~ 0.,4). The important point to note is that an opti-
mum gap for minimum total drag exists and that it is the same for
two rather different rearbodies.

The work of Saunders (1966) which was motivated by these
results from Eiffel has been previously mentioned in the Introduc-
tion, His paper (actually a patent application) lacks sufficient in-
formation for many specific comparisons, He does, however, indi-
cate that for a body composed of a disk coaxially mounted in front
of a blunt faced cylinder the total drag is minimized when d, /dg =
0.7, g/ds = 0.35, nearly the same as the most optimum geometry
found here. Saunders indicates a 50% reduction in total drag which

corresponds roughly to a 70% decrease in forebody-system drag, a

substantial reduction but not as great as the 98.6% decrease



observed in the present work,

Sawyer and Whitcomb (1971) investigated the drag character-
istics of a bluff, axisymmetric rearbody in the wake of a cone as a
proposed reentry vehicle, At M = 0.2 they observed the drag of
the cone to have a maximum and the rearbody drag to have a min-
imum at some intermediate gap; the total drag monotonically in-
creased. The peculiar shape of the bodies makes the applicability
to this study quite limited, however,

Mair (1965) has considered the effects of placing disks be-
hind a blunt based cylinder with the intent of reducing base drag of
axisymmetric or three-dimensional boaies. He found that base drag
could indeed be decreased by placing smaller disks behind, reduc-
tions up to 35% possible with one disk and 55% with two disks of
decreasing diameter. The optimum geometry for one disk is d,/dg
= 0,795, g/da = 0.5, a configuration very close to the most optimum
case in the present work, Recirculation in the gap at optimum was
also observed., Two important differences exist, however, The drag
quickly rises with increasing gap and by one diameter all of the
disks tested give a positive increment in drag, Secondly, the disk
giving minimum drag also displays a very sharp maximum in CD’
an increment of 100% over that for the blunt base, at a gap less
than optimum, This maximum is accompanied by large scale wake
oscillations, Mair suggested that the pumping of high velocity free-
stream fluid into the cavity increases stagnation on the disk, raising
the cavity pressure and increasing the drag. This is a mechanism

similar to that proposed for the higher drag configurations in the



current study although there is not such an increase in CD as
Mair observed,

Mair also filled the gap between the optimum disk and cy-
linder base with a streamlined fairing and found a 70% reduction in
base drag with this boat-tailing treatment, twice the reduction due
to the disk alone, He attributed the difference to overpressures on
the edge of the upstream disk face due to stagnation which cannot
exist with the fillin, He also suggested that the recirculation which
exists in the gap with a disk alone is relatively unimportant since
a similar external flow is generated by a solid afterbody. This is
in contrast to the implications of earlier discussions in the current
paper and will be considered later,

Bluff, building shaped bodies in tandem have been investi-
gated by Kelnhofer (1973), In these experiments, two rectangular
prisms of equal width and depth but different heights were mounted
on the floor of a wind tunnel as shown in Figure 21, The drag
force on one of the bodies was measured as their spacing, their
relative heights and the freestream flow direction were varied.

Due to the way in which the models were configured only some of
Kelnhofer's results can be directly compared to the present work,
however,

There is some question as to how Kelnhofer's results should
be scaled so as to properly compare with the current data. Be-
cause his models were mounted on a ground plane it might be
expected, from symmetry, that twice the rearbody height is the

proper scaling quantity to agree with scaling by dz, the rearbody



diameter, However, the results indicate this may not be so, al-
though this scaling has been used in the following figures,

Figure 21 presents the force on the frontbodies in Kelnhofer's
and the present work for a height and diameter ratio of unity.
Except for a slight difference in magnitude, the two curves are
very similar., Figure 22 compares the force on the rearbodies for
a variety of frontbody sizes, This figure shows that the decrease
in rearbody drag with increasing frontbody size and the existence
of optimum gaps for minimum rearbody drag are characteristics
shared by both types of geometries, Kelnhofer refers to this effect
as ''sheltering'., Regardless of the name, it appears that this inter-
ference effect occurs for a wide variety of body shapes. Figure 20
compares the total drag on both of Kelnhofer's bodies for a height
ratio of unity with Eiffel's results and the forebody-system drag
coefficient from the current work for dl/da = 1, This figure seems
to imply that h; might be the more appropriate scale. In any case,
the behavior of each geometry includes a significant reduction in
drag and an optimum gap, indicating again the universality of the
concept of beneficial interference between bluff bodies,

Flow past two-dimensional bodies in tandem has received
considerably more attention since this type of flow often occurs
whenever struts, cables, smoke stacks or structural components
are near each other. Zdravkovich (1977) conducted experiments with
two circular cylinders whose axes were normal to the flow in close
proximity. He also made a critical survey of the literature on

such flows., Two important characteristics of tandem cylinder flow



relevant to the current work stand out in Zdravkovich's papers.
First, the total drag of the two cylinders (Re greater than critical)
is less than that of a single cylinder for all spacings up to, and
probably greater than, 9 diameters, center-to-center, The mini-
mum drag occurs when the cylinders touch, but the important fea-
ture is the beneficial interference between the two bodies, even for
very large gaps. The other important characteristic is the exist-
ence of a critical gap, roughly 3% diameters, at which there is a
discontinuous change in the flow and the forces on the cylinders,
For gaps less than this, the upstream cylinder does not experience
vortex shedding., At 33 diameters, shedding abruptly begins and the
drag of both cylinders increases, although the total drag is still
less than one cylinder by itself, This behavior may be similar to
differences noted in the present study between disk-cylinder combin-
ations that have smooth reattachment onto the rearbody and those
that do not, The latter configurations exhibit much more unsteadi-
ness and higher drag, even at their optimum gaps.

An interesting side note to the case of two-dimensional
bodies in tandem is found in the work of Biermann and Herrnstein
(1933) (who also conducted the large gap tests noted by Zdravkovich),
They tested both bluff cylinders and streamlined struts in tandem.
While the cylinders experienced a net drag decrease for all gaps,
the struts showed a slight net increase over that of a single strut
for all gaps, with a maximum at a spacing of 4 diameters, When
large regions of separation on a single body are normally not pre-

sent, it thus seems that interference between two is not always



beneficial and care must be taken when such situations are en-
countered,

A vast literature exists on flows over a cutout, notch or
cavity in a body or wall to which the two-body problem studied
here belongs. See, for example, the references listed in Charwat
et al (1961), Sarohia (1975) and Rockwell and Naudascher (1978),
Except for the examples already discussed, these studies differ
from the present one in several very important ways., First, they
are primarily concerned with the acoustic and non-steady flow
characteristics of the cavity; the drag is of only secondary interestb
(Roshko (1955) and McGregor and White (1970) being exceptions to
this.) Second, and more important, they deal almost exclusively
with cavities where the streamline at separation is essentially
aligned with the freestream and the upstream and downstream wall.
heights are the same. This is in contrast to the present study
where the separation is at right angles to the mean flow and there
is a height difference between the walls, The effect of spoilers
located upstream of cavities has received some attention but only
with regard to minimizing oscillations, The extreme curvature of
the streamline when it separates normal to the mean flow causes
large negative pressures in portions of the cavity in some cases
which, as has been seen, can have profound effects on the drag due
to the cavity. For example, Roshko (1955) studied rectangular
two-dimensional cutouts in a flat plate aligned with the free stream
and found wall suctions no greater than Cp = -0,06. In comparison,

this work has shown wall pressures as low as -2.2,



Some similarities do exist, though. The shape of the wall
pressure distributions indicating recirculation in the cavities is
much the same, although the magnitude of the pressures can be
quite different, Also, the separation streamline reattaches at
various places within the cavity depending on the gap. One result
from Roshko (1955) is relevant to the current problem. He found
that the skin friction coefficients along the walls were two orders
of magnitude less than the pressure and pressure-drag coefficients
in the cavity; skin friction in the cavity as a contribution to the
drag is thus entirely negligible. Very little else of the remaining
information on cavity flows is really applicable to fhe problem at

hand and, for the most part, will not be discussed,



Iv. SOME THEORETICAL CONSIDERATIONS

The situation for the very low drag cases is one of most favorable
interference,in which the separation stream surface from the frontbody
joins smoothly (in some sense) onto the rearbody, thereby minimizing
the total extent of separation. As has been previously suggested, the
separation surface in these cases might be assumed to be of constant
pressure. If this assumption is made, a free-streamline analytical
model can be used to calculate the gap corresponding to smooth flow
onto the rearbody. In the case of free-streamline flow, this gap is
simply the downstream distance at which the separated stream surface
becomes parallel to the freestream, or tangent to the rearbody as
shown in the inset sketch of Figure 23. In two dimensions, the potential
flow free-strearmline model can be analytically formulated using com-
plex variables and conformal mapping techniques, such as given in
Roshko (1954). For the axisymmetric case, the computations must be
done numerically and are quite involved, as is evident from Struck (1970)
or White and Kline (1975).

4.1 Concepts of Free-Streamline Flow

The calculations presented herein are two-dimensional and based
on the notched hodograph free-streamline theory described in Roshko
(1954). A different approach, but equivalent in concept, was suggested
by Lissaman in a private communication. The details of these two
analyses, which give the same results, are presented in Appendix B of
this paper. Briefly, these methods are based on the assumption that
a free streamline separates from the edges of a two-dimensional flat

plate normal to the flow. On the plate base and in the wake downstream



of the plate, the pressurg is taken to be initially constant and less than
or eéual to freestream static pressure, an assumption consistent with
experimental observations. Consequently, the pressure coefficient, Cps,
on the streamline and the velocity, US, along the streamline will also
be.constant and given by (US/Um)z =1- CPS. At some downstream
location the flow will become parallel and eventually will return to
uniform freestream conditions, p, and U_,. Specifying US or C .
then, will uniquely determine the wake width, d, , and downstream

distance, g, to that width relative to the plate width, d; .

4.2 Wake Geometry

Shown in Figure 23 are the predicted wake geometries, g/d; and
d; /dy , for a constant-pressure, two-dimensional streamline with CPS as
the parameter. Computed axisymmetric geometries from Brennen (1969),
who used a closed wake, Riabouchinsky model, and from Striick are
shown for comparison. Also presented are the experimentally determined
optimum geometries, g*/d;, for each value of d; /dy , from the current
results. These have been taken from Figure 3, although there is some
uncertainty in determining precisely the .§a1ue of g/ds at which minimum
CD eccurso The favorable comparison between the measured and calcu-
lated gap ratios over the range 0.38 < d; /d; < 0. 88 suggests that the
separated flow pattern for minimum drag corresponds fairly well with
a free-streamline model. For values of d; /dz closer to unity, the good
correspondence does not hold up, possibly because the pressure coeffi-
cient required to cufve the separation streamline is tending to such

large negative values that the pressure rise at reattachment is too

great for the boundary layer to negotiate. For diameter ratios



less than 0.38, the minimum values of Cp occur at values of gap
width considerably smaller than for the free-streamline model. This
is because for larger gaps, the separation surface begins to close
itself ahead of the rearbody and becomes much more unsteady and the
resulting flow field is quite different from that modeled by the free-
streamline theory.

4.3 The Separation-Surface Pressure

Some other results from the free-streamline analytical model
may also be used for comparison with the experimental results. In
particular, the constant pressure associated with each diameter
ré.tio can be compared to the measured pressure in the gap between
the two bodies in the test configuration. To use the two-dimensional
analytical result would be greatly in error -- compare the minimum
pressure on a two-dimensional cylinder in potential flow, C - = -2,

mi
to that on a sphere, C = - 1%. An axisymmetric value is the
Pmin
appropriate one and can be estimated semiempirically without resort-
ing to the complete numerical calculation.

If the free-streamline surface is temporarily regarded as solid

(but remaining a constant pressure surface‘!), the semi-infinite half

body so defined has zero drag in unbounded potential flow (Prandtl

and Tietjens, 1934), i.e.,

D

u

J‘ (p- P,) dA , projected frontal area

=D,+D_=0 (4. 1)

where le = (py £~ Py = Cp ded, 1is the contribution from the



disk face and DS = (pS - Pg) (Az - A)) = Cps q,.(Az ~ Ay ) is from the

constant-pressure surface. Equation 4.1 can thus, equivalently be

written as

Cps (Ap - Ay)) = «CleA.l (4.2)
and if a second relation between CD and Cp can be established,
1 8
f
then (4.2) will yield an expression for Cp in the model. A suitable
s

relationship is available from experimental results as follows.

For an isolated disk, the total disk drag coefficient, C

D’
is given by
C = C, - C 4.3
D, le P, (4.3)
where C is the wake and disk base pressure coefficient. An
s
empirical expression for the dependence of CD on Cp may be
1 s

obtained from measurements of the drag of bodies with cavity wakes

collected by Perry and Plesset (1953), for values of Cp down to
8

-0.25 and from wind tunnel measurements collected by Striick (1970)

for - 0.35 < Cp € - 0.60. These data for disks are well fitted by
s

the expression

CD = 0.80(1-Cp) (4.4)

1 S

= 0.80+ 0.20C which,when substituted into
D, Pg

f
(4.2)along with the geometrical relation A; /A; = (d, /d; ° gives for

Thus from (4.3),C

the base and separation streamsurface pressure coefficient the

result



- O- 80 (4.5)
Pg (d2 /dy ) - 0.80

This semi-empirical result is shown in Figure 24 (down to values of

C as low as - 3!) together with the single value determined by

Pg
Strick from his numerical calculations and the two-dimensional,
notched hodograph result.

In the present experiment, pressures were measured on the
rearbody face for most geometries and on the entire internal cavity
perimeter for selected configurations. The face pressure distribu-
tions for several discs at optimum conditions are collected in
Figure 25. Significant differences between the various disks are
readily apparent from this figure and indicate a wide range of flow
fields,even for the optimum configurations. From these distributions,
and the sting and disk base pressures when avaijlable, estimates of
the effective pressure in the gap can be made. Average values of
the gap pressure coefficient, Cp*, based on the face distributions
are plotted as circles in Figure 24; they are weighted toward values
deeper in the cavity, the excursions near the top being attributed to
dynamic effects associated with the reattachment region and the
cavity vortex. The maximum excursions about the selected average
values are indicated by bars. Also shown are the average disk base
and sting pressures and pressures obtained on the very edge of the
disk. Clearly some correspondence between the measurements and
the free-streamline model exists. Similar to the case for the geo-

metries at optimum, there is fair agreement between the semi-



empirical axisymmetric value of CpS (Equation 4,5) and the measured
average gap pressure for 0.5<d, /dy < 0.88. The most important
difference to note is that in the theoretical model CpS is always
negative, but in the experiment Cp* becomes positive for d; /dy <
0.5. The optimum configuration pressure distributions presented

in Figure 25 as well as the flow visualization, clearly show that for

d, /dy € 0.38 the separation stagnates well inboard of the rearbody
face corner and that the flow is quite unsteady. Consequently; the flow
in these cases violates the theoretical assumptions and the observed
disagreement results. Fér d; /dy > 0.88 the theoretical requirement
that Cps —+ -® accounts for the discrepancy when the frontbody
diameter ratio approaches unity.

4.4 Estimating the Drag for Optimum Configurations

4.4a Momentum Balance

As a final comparison between theory and experiment, an attempt
has been made to estimate the forebody system drag for the optimum
geometries. Since the flow at optimum appears to be a more general
example of uniform flow over a cutout in a flat surface, as was noted
previously, it is constructive to compare the two cases as follows.
For the cutout in uniform flow, the free-streamline solution is simply
P = p, (or Cps = 0) on the streamline spanning the gap and in the gap
itself, so that CD = 0. In the real flow, viscosity and diffusion act
on the free streamline, which is now the dividing streamline in the
free shear layer, to produpe a shear stress along it and a departure
from p = p, on the cutout walls. The integral of the perturbed

pressure over the walls plus a small negative contribution from the



shear stress on the bottom (shown by Roshko (1955) to be negligibly
small) gives the cavity drag. A momentum balance for the fluid

enclosed by the cutout and the dividing streamline (realizing, by def-
inition of the dividing streamline, that there is no net momentum flux

into this control volume) gives

~ 0
- [PdA’ walls + %ttom +deA, dividing streamline

or

D = fpdA!walls = LTsdAs

where D is the cavity drag, T is the shear stress on the dividing
streamline and the last integmral is taken over that surface. Extending
this idea to the axisymmetric forebody system, the shear along the
free surface is assumed to be similarly related to a pressure perturba-
tion, ©p - p, on the cavity walls (i.e., the rearbody face and the
frontbody or disk base) and any pressure perturbation on the free surface
is neglected. Again, a momentum balance gives
D=ZﬁfTrn'ds=2TT[Trdx (4.6)
g § BvX ~ g B S
where B is the direction cosine for the free surface and ds is a
vector element of length along it. This momentum balance properly
takes into account the fact that, in the inviscid, free-streamline, zero-
drag case (i.e., potential flow with Cp = Cp throughout the gap),

s
the drag on the frontbody, including pressures on its front and back, is



just balanced by the negative drag (%S < 0) on the rearbody face. The
extension to real flow assumes there is no net momentum flux through
the cavity, and that the pressures on the frontbody face are unchanged
from the potential flow solution. The pressure along the shear layer

is also assumed constant. The assumption of unchanged disk face
pressures seems reasonable in view of the results in Figure 19 which
show the disk face drag to be essentially constant,independent of con-

figuration and forebody system drag.

4.4b Evaluation of the Shear Stress and Drag

In order to evaluate the integral in (4.6), the value of the shear
stress along the dividing streamline must be known. As a first approx-
imation, the free shear layer across the gap might be taken as a
completely developed (self-similar) turbulent flow at constant pressure.
For such a flow, the value of Ty is constant and a maximum along
the dividing streamline, a result obtained from the application of
similarity arguments and the boundary layer approximations to a two-
dimensional turbulent mixing layer. The assumption that the path of
integration, s, in (4.6) coincides with the dividing streamline intro-
duces some approximation into the equation, as does the assumption
that the value of T is constant all the way to the reattachment point.
With these assumptions and neglecting effects of curvature, the value
of T is taken from the measurements of Liepmann and Laufer (1947),
namely Ty S 0.0115 pUB2 where U, corresponds to the flow velocity
outside the free shear layer and hence is related to the corresponding

pressure coefficient C (which is also Cp* for the gap) by

Pg

(US/Um)z = 1- Cp . Making these substitutions, (4.6) becomes
s



D = ZW(0.0IIS)pUmg(l—Cp ) f r dx
s “gap °

The integral could be evaluated numerically if the shape of the free
streamsurface , rs(x), were known. Instead, an average value
r = —é—(rl + rp ) is used, which is equivalent to assuming that the free

streamsurface 1is a truncated cone. With this approximation the drag

becomes

D = %n(0.0llS)pU:(l-Cp )(d, +dg) g (4.7a)
8
and the drag coefficient is
d
= S - £
CD 0.046 (1 + dz)(1 Cpg) & (4.7b)

To obtain C, as a function of d, /d;, Equation 4.5 is used for CpS
and the two-dimensional free-streamline calculation for g*/d; ,
shown in Figure 23, since it appears to fit the measurements in the
low drag range. The results are plotted in Figure 26 and compared
with one value of CD taken from Strilick's single numerical,axisym-
metric calculations and the experimentally observed minimum drag
coefficients for each value of d, /d; at the corresponding optimum
gap, g*/dz.

Figure 26 suggests that the approximations made in obtaining
Equation 4, 7b are not unreasonable; good agreement is seen for
intermediate values of d, /dy. For diameter ratios approaching zero,

the drag coefficient determined by (4. 7b) becomes unbounded. This is



because C goes to zero and g/d; grows infinitely long since the

Pg

radius of curvature (and hence g/d; ) of the separation streamsurface

increases with increasing C Integrating a finite shear stress over

Ps’
an infinite surface gives an infinite drag, For d, /dz approaching
unity, on the other hand, Cp becomes infinitely negative while g/ds
s

goes to zero and it is not clear a priori what their product will be.
For the two-dimensional case, where an exact theory is available,

becomes infinite, but for the present calculation the drag co-

CD
efficient goes to zero.

Whatever the limiting behavior for the diameter ratio approaching
one, the agreement between the theoretical and experimental values of

C., in the range 0.594 s d, /d; < 0.875 strongly suggests that in this

D
range the flow over the gap is little different from simple cavity flow
in which the shear layer is the classic turbulent mixing layer. The
fact that the theory actually overpredicts the drag is a situation that
deserves further investigation, however. On the other hand, for

d, /dp € 0.6, (i.e., g¥/dy; > 0.5, from Figure 23) there is an abrupt
departure of the experimental results for optimum drag from the
theoretical ones. The measured drag is considerably greater than the
theoretical result which suggests a radical departure from the flow

conditions assumed in the model. These differences are the subjects

of the following sections.



V. THE CRITICAL GAP RATIO

5.1 The Critical Geometry

For optimum gap ratios, g%*/d,, less than about 0,5
(d,/d; > 0.6) the flow, as experienced in the wind tunnel and
as observed on the photographs of flow visualization in water,
is well behaved. The separation surface is, of course, a
turbulent free shear layer and it appears to develop normally.
For larger gaps, however, it becomes unsteady on a much
greater scale, comparable to the scale of the rearbody diameter,
possibly suggesting some kind of gap-coupled oscillation or
wake instability., Consequently, for optimum geometriés having
g*/dz > 0.5, the conditions in the turbulent mixing layer are no
longer those of a normal layer such as that studied in the
Liepmann and Laufer experiment, Figure 27 presents the

experimentally determined minimum drag coefficients, CD ,
min

as a function of optimum gap, g%*/d;. For g¥/d; < 0.5, the

drag is very low, C < 0.05. For larger gaps there is a

D_.
min

jump and then further increases in the experimental CD . to
min
values more than an order of magnitude higher as the gap is
further increased. The message is clear: a critical gap length
exists below which the flow is steady and the forebody drag
extremely low; above the critical length large scale oscillations
develop and the drag, although the configuration is still optimum

in some sense, is high, From Figures 26 and 27 the critical

gap and corresponding frontbody diameter can be defined as



(g*/dz)cr = 0.5, (dl/da)cr = 0.6, the gap ratio being the more
significant criterion if the flow is optimum. Smaller values of
gap ratio will be defined as subcritical and larger ones super-
critical, Figure 28 shows photographs of super- and subcritical
optimum geometries, The conditions described above are clearly
displayed.

5.2 Critical Gap Evidence

Evidence of a critical gap ratio can also be seen in some
of the figures previously discussed. For example, it is possible .
that the critical condition is reached when the gap pressure
coefficient passes through zero (Figure 24); this occurs at
d, /d, = 0.5 rather than 0.6, but as was noted, there is some
uncertainty in the correct representative values for the gap
pressures,

Also, the face pressure distributions for optimum gaps
(Figure 25) show some interesting effects., In particular, the
position of the minimum, which apparently corresponds to the
position of a gap vortex, changes its radial location rather
abruptly at the critical gap (and at Cp = 0), moving radially
inward. The vortex, which for subcritical gaps appears well-
defined and stable in the flow visualizations, also becomes less
organized at the transition between flow regimes, The locus
of the pressure maximum, which corresponds to the mean stagna-
tion point of the separation streamline, also moves from its

position at the face edge at subcritical gaps to an inboard location



at supercritical geometries. T!e effect this has on increasing
the drag has already been thoroughly discussed; the rearbody
face stagnation essentially accounts for the increase in drag in
- going from sub- to supercritical configurations.

Figure 29 presents the data previously given in Figure 3
in terms of a contour plot, In this figure, contours of constant
drag coefficient are plotted as a function of configuration, i.e.,
d,/d; and g/d;. Some error is present in the plot due to
difficulty in fitting contours to steep gradients in the data. Super-
imposed on the figure are the experimental data for optimum
geometries from Figure 26; the subcritical configurations are
seen to form a well-defined depression in the figure. Other
geometries that were not tested but that would also by subcritical
are indicated, This suggests how this plot might serve as a
useful engineering guide to predict sub- or supercritical flow
geometries,

5.3 Critical Geometries in Other Flows

Several encounters with critical geometries by other
researchers have previously been discussed., Mair (1965) observed a
sudden change from steady low-drag flow to nonsteady high-drag
flow near the base of a streamwise oriented cylinder as the gap
between it and a downstream disk was varied. Zdravkovich (1977)
documented an abrupt initiation of vortex shedding from an
upstream two-dimensional cylinder and an increase in drag when
the spacing between it and a similar downstream cylinder

exceeded 3% diameters. Numerous other flows exhibit critical



geometry behavior. Examples include the transition from open
to closed cavities as discussed by Charwat, et al. (1961), the
dependence of the existence of axisymmetric cavity oscillations
on cavity dimensions observed by Sarohia (1975), and transition
from attached to unattached flow on slanted bases found by Hucho
and Janssen (1974) and Morel (1978). The common features of
these critical geometries are the change from the steady, attached
flow to an unsteady or oscillating, unattached flow, and a change
from low drag to high drag (although these two changes do not
necessarily accompany each other, as is the case for the slanted
base flows), Knowledge of the existence of critical geometries,
in the present case a gap below which very low forebody drag

is possible, can be a very useful aid when designing for practical
applications as well as providing deeper understanding into the

behavior of flows about bodies.



VI. VELOCITY MEASUREMENTS

From the preceding discussions two important features of
this tandem bluff body problem stand out. First, two distinct regimes
of flow exist characterized by low drag and a steady, well organized
shear layer, or high drag and large scale wake oscillations. Second,
theoretical estimates of the drag for the low drag regime actually
exceed the measured value of the coefficient. In order to examine the
differences in the two regimes more carefully and to explain the
theoretical overestimation of the drag it is quite clear that velocity
measurements are required of the flow in the cavity and shear layer.
There are some diffic‘ulties in making these measure@ents however;
there are large oscillations in flow direction and magnitude, the mean
flow direction is not known in general and the flow in portions of the
cavity is reversed. The only instrument currently available to mea-
sure in such conditions is a frequency-shifted laser-Doppler velocimeter
and is the instrument chosen in this experiment to provide detailed
information on the velocity field in the vicinity of the forebody system.

6.1 Velocity Bias

The capability of the laser-Doppler to non-obtrusively measure
the velocity is one of its most appealing features, especially in this
experiment where objects in the flow can seriously disturb the flow
state about the model. Other useful properties include the small samp-
ling volume, high frequency response and linearity of the instrument.
For thié experiment, however, the most important feature is the ability
of the laser-Doppler to unambiguously measure reversed flows when a

frequency shift, or bias, is applied to the signal. When the fringes in



the focal volume formed by two intersecting laser beams are stationary,
a particle passing through it will produce the same Doppler shift as one
moving at the same velocity in exactly the opposite direction. If the
fringes are now set into motion, the number of fringe plane crossings,
and hence the Doppler frequency, will be different for these two
particles -- the particle moving with the fringes having fewer crossings,
the opposing particle having more -- and the particle direction can be
digcerned. The fringes are made to move by shifting the frequency of
one of the beams relative to the other, causing a moving interference
pattern at their intersection and providing the necessary bias to deter-
mine the particle and thus fluid velocity.

6.2 Bragg Cells

In this experiment the frequency shifting was done by Intra-
Action Corp. Model ADM-40 Acousto-Optic Deflector Modulators
(referred to here as Bragg cells) which cause shifts in frequency of
the light by the phenomenon of Bragg scattering. These cells consist
of a rectangular prism of glass with a piezoelectric crystal at one end.
The crystal is driven by a 30- 50 MHz signal from a waveform gener-
ator driving a power amplifier at nominally 2 watts. Acoustic waves
of the same frequency as the input then propagate through the glass,
whose damping is such that there is minimal energy reflected from the
end wall and the wave pattern in the cell is essentially one of simple
propagation. Transfer of momentum and energy between the photons
of the incident laser beam and the phonons of the acoustic waves
causes a second light beam to be scattered for certain discrete angles

of incidence (Gordon, 1966). The scattered light has a frequency, w,



given by the sum of the incident and acoustic frequencies,

w = w. +w
8 i a
Xi/n
and a direction relative to the incident beam of 2sin(8/2) = i
a

where 8 is the angle between the incident and scattered light beams,
Xi/n is the optical wavelength in the Bragg cell medium and )‘a

is the acoustic wavelength (Yariv, 1976). Because the Bragg cell is
of finite span, the acoustic wavefronts are actually curved. Con-
sequently;; an infinite series of Bragg scatterings can occur and the
output of the cell consists of a number of beams with frequencies

W, = wi:tmwa,‘ where m is the order of the scattering. The power
in any given order can be controlled by varying the angle be’tween the
incident light and the Bragg cell aperture. As much as 85% of the
incident power could be put into one of the first order scattered beams
with the cells used in this experiment.

6.3 Optical Arrangement

The velocimeter used in this experiment was operated in the
single-particle, dual-scatter and frequency-shifted mode. The optical
schematic of the system is shown in Figure 30. The beam from a
5 mw helium-neon laser (Spectra-Physics, model 120), 6328 A
wavelength, is split by a 50-50 cube beam splitter to form two slightly
diverging beams of roughly equal intensgity. The beams are made to
diverge so that their wavefronts appear to come from the same origin.
For this experiment the divergence angle was set to 1 mrad when the

actual angle should have been 20 mrad as was determined after the



testing was finished. This error is reflected as an increase in the instru-
mental noise or bandwidth (Dimotakis, 1977). The instrumental width due
to all the noise sources for this experiment was determined to be on the
order of only 0.3% and consequently this divergence error requires no
correction. Each beam next passes through a Bragg cell nominally driven
at 40 MHz. For use in the laser-Doppler, the outputs of the Bragg cells fall
onto a mask with a slit formed by two razor blades,shown in the inset to
Figure 30, which allows only one beam of the desired frequency to pass
through. The selection of W, and the order, m, will be discussed shortly.

Following the slit,as shown in Figure 30,is a dove prism which
permits the plane of the input beams to be rotated about their optical
axis, a rotation of 8 in the dove prism producing a 28 rotation of the beam
plane. This rotation is necessary so that different velocity components
in the flow can be measured. The beams are then focussed by a simple
50 cm focal length double-convex lens to a focal volume of roughly ellip-
soidal shape. Due to small imperfections in the beam splitter and dif-
ferent scattering angles of the two Bragg cells, the two beams do not lie
quite in the same plane and consequently do not completely overlap. The
focal volume dimensions are approximately 0.3 mm in the direction of
the normals to the fringes, 0.4 mm parallel to the fringe planes and 10
mm long. The fringe spacing, (A/2)sin(8/2)is 7.77 pm which gives a
conversion factor of 1.288 kHz/(cm/sec).

On the opposite side of the tunnel, as shown in Figure 30, a
20 cm focal length, 10.2 cm diameter, simple double-convex lens
collects the scattered light, a thin strip of black tape masking off the

two scattering beams. The lens focusses the scattered light onto a



0.5 mm diameter pinhole which is followed by an optical bandpass
filter for the HeNe wavelength and a photomultiplier tube (RCA 8645).
The_ transmitting and receiving optics are connected together by a
superstructure and mounted on a digital 3-axis positioner capable of
stepping 0.001 in. (0. 0254 mm) in each direction so that the focal
volume may be precisely located.

A second complete laser-Doppler velocimeter operating in the
unshifted, multiple-particle, reference-scatter mode was used to
monitor the freestream velocity near the entrance to the test section.
Its output was simply the Doppler frequency averaged over 0.1 seconds.

6.4 Electronic Processing

The output of the photomultiplier passes through a current
amplifier, then into a Hewlett-Packard Spectrum Analyier 8552B /85538
for real time observation of the raw signal. The output also passes
through a Krohn-Hite Band Pass Filter 3202R and into the processor
designed and built by Prof. P. Dimotakis and D. Lang of C.I.T. The
processor performs a series of tests designed to eliminate such things
as higher harmonics from the current amplifier due to saturation
caused by large amplitude bursts and the low frequency pedestal assoc-
iated with the total time of flight of a particle through the focal volume.

For a particle burst to be considered valid, the filtered
waveform into the processor must first exceed adjustable symmetric
levels, * VL’ about zero as shown in Figure 31. After crossing both
the positive and negative level settings,the next zero crossing from
above by the input signal is taken as the beginning of a valid burst.

Each succeeding zero crossing from above is counted and the total



time elapsed from the beginning of the valid burst is recorded (in
terms of clock pulses) provided several other conditions are satisfied.
Each zero crossing must be preceded by a crossing of both the positive
and negative level setﬁngs, VL' In addition, the instantaneous period
of the signal, T, must be bounded by independently adjustable limits,

T . and T , 1.e.,
min max

T . < 17 < T
m

min ax

Convenient settings for Tin and Tax 2T the inverses of the band-
pass filter high and low frequency cutoff values, respectively. A third
adjustable requirement is the number of fringes which must be crossed.
This setting can be less than or equal to (LE), equal to (E), or greater
than or equal to (GE) some value Mf. If at any time during the burst,
the signal fails to meet the level and period criteria or if it satisfies
the LE or E fringe requirements the processing of that burst is termin-
ated. In Figure 31 the example input waveform fails to cross -VL

and the processing ends. At this point the processor has stored the
number of valid zero crossings, ni, since the first and the total
elapsed time, Ati. The time is determined in multiples of 10 nsec,

0.1 psec or 1 usec depending on the requirements of the flow. If the
criterion on the number of fringes has been satisfied the measurement
is considered valid; the information is transferred to the formatting
electronics and the processor is ready for a new burst. The formatting
electronics code n, and A(:i into a single 32 bit word and store it in
a 2x (1024 x 32) high speed buffer memory. The memory then feeds a

Kennedy 9100 digital tape recorder which accepts data at 120 kilo-



bytes/sec where four bytes comprise one WOI‘d; Consequently, the
processing can handle sampling rates of 32, 000 valid events/sec (or
particles/sec in the focal volume). During this experiment sampling
rates from 50 to 700 particles/sec were used; there was no limitation
on frequency response due to signal processing. The period of the
signal from the freestream monitoring LLDV is also coded,along with
an identification mark,by the processor and recorded at the beginning
of selected records. In this manner drift in the tunnel vvelocity can
easily and accurately be followed. The tape is processed by standard
t,echniqﬁes on the IBM 370/158 operated by the Institute. .

6.5 Bragg Frequency

The velocity measurements were made in the same facility and
with the same model as the flow visualization experiments. All
measurements were made at a nominal freestream velocity of 1m/sec
corresponding to Re = 1 x 10°. The maximum Doppler shift to be
expected from this flow is on the order of 200 kHz. The Bragg cells
operate between 30 and 50 MHz. If only one cell is used the bias
frequency is also 30 to 50 MHz. Thus, the desired signal is then only 0.5%
of the total signal and can not be discerned from noise. The bias should
be as small as possible and yet large enough to provide an unambiguous
measurement. This is the reason two cells are used; one operates at
40 MHz, the other at 40 MHz + AvB which can be set to as low a value
as is required. A circuit designed and buiit by Dan Lang and discussed
in Appendix C is used to add a 40 MHz crystal controlled signal with an
adjusfable AvB from the Exact Electronics programmable waveform

generator Model 605 to produce one of the Bragg cell inputs.



The other input is the original 40 MHz signal. Driftin AvB was

observed to be less than 0. 1%. Bragg shifts of nominally 50, 100, 150
and 200 kHz were used during the testing, adjustment being made to
insure that the measurement was always unambiguous in direction.
The negative first order beams (ws =W - 21 40 MHz and w; -

2 (40 MHz - Av were the ones passed by the slit.

)
6.6 Operating Conditions

As was mentioned earlier, the total instrumental noise of the
optics and processor was approximately 0. 3% of AvB as observed
from high sampling rate measurements in a quiescent fluid. This
corresponds to a rms velocity fluctuation in the worst case of 0.5%
relative to the freestream velocity, for AvB = 200 kHz. The measure-
ments were made almost exclusively with the number of fringes re-
quired for a valid burst get at greater than or equal to 20. The
amplitude threshold requirement \&as adjusted to maintain the sampling
rate around 200 samples/sec.

Particles in the water must be kept below some particular size
in order that they follow the flow and also do not overlap fringes in the
focal volume. Filtering of particles greater than 10 pm was done of
the water. Low Reynolds number flow around a sphere is governed by

ppd®

a first order equation with a time constant +_ = 8o associated

f

with it. Here Ps is the fluid density, v is the kinematic viscosity,

pp the particle density and d the particle diameter. The frequency

1

corresponding to a 1/e degradation in response is fma.x :_Z—TT—TF

For a 10 um particle with a density three times that of water, fmax =



9000 Hz. Thus finer filtering is not required in order that the particles
will follow the flow.

6.7 Positioning

Some difficulty existed in aligning the model precisely with the
flow. This problem was mainly due to the existence of a free surface
which deformed as a function of the model drag. The model was aligned
by requiring as symmetric a velocity profile as possible, although the
flow was never perfectly symmetric as will be seen in velocity profiles
to be presented.

Another difficulty arose in connection with rotation of the beam
plane which was required in order that different velocity components
could be measured. In order for the focal volume and its image at the
receiving pinhole to remain fixed in space during rotation,the optical
axes of all components, transmitting and receiving, must fall on the
same line and must be perpendicular to all walls of the water tunnel.
This was a requirement that could not be met. Consequently, the focal
volume and its image physically moved as the beam plane was rotated
to measure different velocity components. This necessitated realigning
the receiving optics after each rotation. More importantly, because
the focal volume had moved an unknown amount, the zero location,
defined as the upper corner of the rearbody face, also had to be re-
acquired after each rotation. This reacquisition of the zero could be
done, on the average, to better than * 0.003 in.or equivalently * 0.25
focal volume diameters (0.3 mm) in both the radial and streamwise
directions. There was negligible shift in the transverse (or azimuthal)

location of the beams relative to the long dimension of the focal volume



and the rotation angle could be set to within 5 seconds of arc, neither
of these errors thus being of any consequence. The error in re-
locating zero is only of real importance in determining the Reynolds
stress since this requires knowing the mean and rms values of velocity
at a given point in two perpendicular directions, % 45° to the free-
stream direction. However, the shear layers of interest are between
5 and 125 focal volume diameters thick (as determined from the flow
visualization and later verified by the measurements) and an error of
* 0.25 diameters is consequently acceptable.

6.8 Data Processing

Data reduction with aid of the IBM computer is accomplished
in two steps. The first step involves readi.ng the tape, checking the
raw data to insure that they satisfy the number of fringeé and time of
flight criteria previously set by the electronics,and constructing and
pruning histograms of the instantaneous velocities. Finally the mean and
rms velocities are computed for each run, making the proper correc-
tions for the sampling bias towards higher velocity particles and the
effect of velocity gradients. The histograms are formed by sorting

the frequencies of the individual measurements into 100 bins spanning

1 1
T

to = . The histogram pruning removes
max min

the range from

measured velocities which are isolated from the main body of data and
presumably represent anamolous particles or measurements.
The second step in the data reduction process involves combin-

ing the different velocity components to give the desired quantities :

1 L —
— - ——ny — / -— / —n ) &) [ .
u, v, (u +v 2 u! v! u” + v! and -u'v Y. In articular
» * > » ’



given the components ¢, the velocity at +45° to the freestream and

¢ at -45° , then

N Sy - ' '

vy = 2 (a +u v+ v') 6.1a
- 1 a4+ 1! - 1

“. = T3 (u+u' - v-v') 6.1b

These can be combined to give

T o= (g ta) . ~ 6.2a
/2 B
- 1 - - —_
v = ——— (a+ - {,L_) 6= Zb
/2
(W) - {’(‘—l—? - {7‘_*_2 + #’—2 - "d"_z ‘ 6.2c
and
W= -’ -7 -t v ') 6.2d
in addition u, wu', v, and v' can be determined from direct measure-

ments in their respective directions. However all quantities can be
determined from measurements in the freestream direction and at

+45° , with a redundant determination of u possible. In this experi-
ment some of the radial traverses included redundant measurements of
u and also sometimes v. Except in regions where the velocity magni-
tude is very small, estimates of u from direct measurement and as | .
determined by Equation 6.2a are always within 10% of each other and

usually within 5%. The differences can be mainly attributed to zero



relocation errors and minor changes in the flow state about the model
between the measurement runs. The flow changes occurred because
the various components were measured at different times, often after
the model configuration had been changed and then returned to the
desired form.

6.9 Sampling Bias Correction

The sampling bias is corrected by a technique to be presented
in the Third International Workshop on Laser Velocimetry, July, 1978,
Purdue University by Dimotakis, Collins and Lang (1978). This tech-
nique is also developed in Appendix D of this work. Briefly, the
probability of measuring a particular value of velocity is biased towards
higher velocities when given a fixed focal volume and a uniform particle
distribution that is independent of velocity. The expected value of
velocity is,then,correctly given by an ensemble average of properly
weighted iﬁstantaneous values as the number of samples becomes large,

i.e.:

»(u) ag N —» o

where N is the number of samples, u, is the ith jnstantaneous
measurement, and B(ui) is the probability that u will be measured
given that it exists. Hoesel and Rodi (1977) give a derivation which

indicates that for a large number of samples and a uniformly seeded



flow the bias is simply inversely proportional to the time of flight,

Al:i and the expected value is then

Z (uiAti)

N
E At.
i

Dimotakis (1976) has developed an exact formulation of B(ui) which

o)
1§
j—

unfortunately requires knowledge of all three velocity components.
However, as is shown in Appendix D, this formula can be simplified
with the result that B(ui) is actually inversely proportional to the
product niAti where n, the number of fringes encountered by a
particle, is large. In this experiment n, = 20 and the correction is

considered valid. Consequently the mean (expected) value of any

et

velocity component,—u— , the mean square, W’, and rms, J/u® , are
given by
N
Z (u;n, At,)
—— . i = 1
u = <u> = (6.3a)




N
2
z (ui niAti)

u® = (6.3b)
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(6.3c)

6.10 Velocity Gradient Correction

Because the focal volume is of finite extent, in regions where
the velocity gradients are large there can be a significant change in
the mean velocity from one side of the focal volume to the other. In
the worst case for this experiment, the mean velocity changed by 20%
of U, across the focal volume. This requires an additional correction
of the mean and fluctuating values, As in described in Appendix

E (from a private communication, Dimotakis (1978) ), to second

order
A - 1 82E 2
uly ) = uly )+ z(-=) c (6. 4a)
oY y=y
c
2 - 27
nR - a2 19 s _8_‘1 2
u(y) = u (Vc)+[z . ™) +(55) | e (6.4b)
[ Y:C
where (7) indicates the estimated (or measured) value, (—) is the

true value, Ve is the location of the center of the focal volume and

0% is the variance of the focal volume intensity distribution. The

curvatures (9° /8y°) of U and u™ are small, giving a correction



of 0.4% of the measured mean velocity in the worst case, and can be
neglected. The square of the mean velocity gradient, (du/8y” )2 is
not small however, in portions of the shear layer, and this correction
must be applied. Consequently the fluctuations reported here have

been calculated by

Wy, = 8ty - (3% o? (6. 4¢)

6.11 Measurement Program

Two frontbodies (both simple disks) were selected for study:
d, /dz = 0.5, which has a supercritical optimum, and 4, /d; = 0.75,
having a subcritical drag minimum. The first disk was studied at twé
gaps, g%*/d, = 0.75 and g/dy = 1.5; the other disk at three gaps:
g*/dy = 0.375 and g/d, = 0.125, 1.0. Radial traverses through the
model axis were made for at least one gap location and one rearbody
boundary layer location for each configuration. Some gap traverses
were actually made as many as four times in order that the components
u, v, u+v and u - v could be measured, the latter two being re-
quired to compute the Reynolds stress, -u'v'. Points on a given radial
traverse were closely spaced on the upper half of the model but more
widely spaced on the lower half and were only used as a check for
symmetry. A particular model configuration, measurement point and
beam plane angle (or velocity component) defined a run. Each run
consisted of from 4 to 16 records of 1024 measurements each.

6.12 The Velocity Field

Samples of traverses through the cavity for two configurations

are presented in Figures 32 through 39. The particular configurations



selected are for the sub- and supercritical disks at their optimum
gaps, g*/d;. For each geometry, four profiles are shown,presenting
u, v, (u® +v"* )% and —u'v' (all appropriately normalized by U,
or U:) at one axial gap location, x/g = 0.67 for the supercritical
disk and x/g = 0.5 for the subcritical disk, x being measured in the 7
streamwise direction from the disk base. These profiles character-
ize the mean behavior of the flow in and around the cavity and depict
some of the fundamental differences between the two flow regimes.
The mean u component profiles are shown in Figures 32 and
33 for the supercritical and subcritical geometries, respectively.
Similarly Figures 34 and 35 display the mean v profiles. Each of
these figures has the same scale so comparisons are facilitated. The
error bar type symbols actually represent :i:/u_“'_—2 and */ :f_'?
added to thé means. No error bar indicates that the rms is less than
the size of the mean velocity symbol; for these plots this is equivalent
to £0.017 U,. Some asymmetry in the flow between the top and
bottom portions of each traverse is noticeable although it is most
visible only near the center of the cavity. This lack of symmetry

is a consequence of minor alignment problems discussed earlier and

should not represent any serious limitation to the results. The

—u'v
Reynolds stress, = for the two cases and the turbulence
UQ
2 NG
t i} 2
intensity (u J v_) , follow in Figures 36 through 39.
-]

It is not at all surprising that there are distinct differences
between the various profiles for the two regimes. The supercritical

mean u profile (Figure 32) displays a thick shear layer with large



velocity fluctuations in contrast to the thin, low fluctuation sub-
critical shear la};er, From Figures 36 and 37 it is seen that the
supercritical maximum velocity fluctuations are twice the subcrit-
ical values. A pronounced potential overshoot in velocity occurs
just outside the subcritical shear layer with (m)% having a
maximum value, US , of 1.32 U_, while the corresponding super-
critical overshoot, ‘US , is 1,10 Um . Significant fluctuations in the
subcritical flow occur only for radii less than that of the maximum
potential overshoot, whereas the supercritical flow fluctuations
persist well outside the location of maximum velocity. Interestingly,
the mean velocities inside the cavity are not much different be-
tween the two regimes although there are considerably higher
fluctuations for the supercritical flow. Both profiles show quite
large reversed velocities deep in the cavity, (G/Um) beir‘ig‘ around
-0.5, verifying the recirculation inferred from the pressure distri-
butions and flow visualization,

6.13 Shear Stress

Perhaps the most important difference between the two opti-
mum regimes is shown in the streamwise Reynolds streés profiles,
Figures 38 and 39. The shear in the subcritical flow is very
small except for a narrow peak at the shear layer; ‘the maximum
stress‘ is 0.0037 relative to pr'?' . However, ‘in the supercritical
cavity large stresses exist throughout; the maximum stress normal-
ized by pU_® is 0.0232,

To properly compare these stresses with each other and

with the value of the shear in a two-dimensional mixing layer, the



stresses should be computed in the local coordinate system of the
shear layer. The following equations transform the fluctuations
and stress in the body (x, y) axis to coordinates normal and tan-

.. gential to the shear layer which makes an angle of 6 with the free-

stream.
u‘zs = u'? cos®p + 2u0'V' cos B sin B +V'® 5in~6 6. 5a
v'zS = u'? sin® 8 - 2u'v' cos O sin @ +V'® cos?p 6. 5b
(—u'v')S = (UW?2-v®)cos @ sinp + (-u'v') (cos®g - sin®8) 6. 5c

The results of applying these transformations to the measurements
at the location of the maximum shear stress are summarized in

the following table. An asterisk denotes the optimum geometry,

Table 2., Shear 1ayer characteristic in local coordinates at the

location of maximum shear stress

o, (T AR E,

Configuration = 5 2 = ’
g Uoo Us _ Us Us Imax#u'zsyfv'z’s
*0.5d 0.75g 0.67 1.10 0.261 = 0.184 - 0.025 0.52
1.5 0.75. 1.08 0.225 0.159 0.013 0. 35
*0.75d 0.375g 0.5 1.32  0.123 0. 090 0,004 0.38
1.0 0.625 1.24 0.160 0.122 0. 009 0.44

The discrepancies between the semi~empirical calculation of

the drag (Equation 4.7b, Figure 26) and the measured optima are

pUR =

now clear, The value chosen for the shear stress was Tmax/ <

0.0115, the value for a self-similar, two-dimensional, turbulent



mixing layer as determined by integrating the velocity profiles
presented in Liepmann and Laufer (1947). (It might be noted that
integration of the velocity profiles in Wygnanski and Fiedler (1970)
. 2y _ i -
Lglves (Tmax/pUs ) = 0.015.) 1In the present experiment the meas-
ured subcritical optimum shear stress is one-third the two-dimen-

sional value while the supercritical flow has twice that stress,
-u'v'
2
Us
these three flows--the subcritical and supercritical optimum geo-

b4

Thus, in terms of the magnitude of the Reynolds stress,

metries and the plane mixing layer--are quite different. The cor-
(-u'v') T
s
relation coefficients, ‘/.._u_T?j__:_'_z. do not vary nearly as much,
s s

however., Possible explanations for this behavior may involvé the
streamwise curvature of the shear layer and transverse stretching
of the mixing layer vortices as they proceed downstream. Because
of the axisymmetry of the flow a ring vortex shed from the disk
must increase in circumference if it is to conform to the rearbody
diameter,

For larger, non-optimum gaps Table 2 shows that both front-
bodies .produce stress closer to the two-dimensional results.

Measurements of stress profiles atA other axial locations
within the gap for the various configurations were not obtained,
However, measurements of other characteristic quantities, to be
discussed shortly, show little variation with downstream distance

which suggests that the stress may be fairly constant also.

6.14 Improving the Estimate of the Optimum Drag Coefficient

If the measured stresses and shear layer velocities are used

in Equation 4.7b, new estimates of the drag are obtained., For the



supercritical optimum configuration the computed value of .CD as
shown in Figure 26 is 0.059. the measured drag coefficient is 0.212
and using the measured values in Equation 4,7b gives 0,124, A |
second independent measurement of this configuration gave a shear
stress of 0.030 based on US = 1.09 which yields a calculated drag
coefficient of 0,149, The agreement is better using the experiment-
ally determined values of the Reynolds stress but obviously some
of the conditions assumed in arriving at Equation 4.7b are still
violated in supercritical flow., On the other hand, for the subcritical
optimum case Figure 26 shows CD = 0,031, the measured drag
coefficient is 0,010 and the mea;sured values of stress, 0,004

and 0,005 (from a second independent measurement for which

U, = 1.36) yield Cp = 0.012, The agreement is very good, giving
convincing proof that the subcritical flow is, in fact, a small
perturbation to a potential free-streamline solution and that the

drag is accounted for by the stress in the separation surface,

6.15 Maximum Fluctuations in the Shear Layer.

Figure 40 presents the maximum u component rms fluctua-

tions, - --—g—lﬁ—-—-, for all the gap traverses made as a function of ax-

ial location along the gap. The velocity difference between the two
streams, AU = U, -Uz, is the proper normalizing quantity (Brown &
Roshko 1974), In the cavity flows there is a non-zero velocity on the
low-speed side of the shear layer and a potential o‘vershoot of U on
the high-speed side. The high—speed velocity can be estimated as the
maximum overshoot velocity but it is very difficult to define the value

of the velocity on the low-speed side of the shear layer, although



it is probably rather small as can be seen from the profiles (Figures 32
and 33). For Figure 40 the change in velocity across the cavity shear
layers has been taken as Us which will give a lower bound on the
fluctuations. On the ordinate axis are similar measurements made by
other researchers of two-dimensional layers. The point from Spencer
(1970) is for a mixing layer where the low speed stream velocity is

30% of the high speed velocity and the fluctuations are normalized by

U; - Uz. The other two points involve mixing between a uniform
stream, U, = U, and a quiescent fluid, Uy = 0.

It is first noticed that there is little change with downstream
distance of‘ the maximum fluctuations, suggesting for this quantity, at
least, that the shear flows are developing normally. There is consider-
able spread between the various cavity results about the two-dimension-
al values. Interestingly, the subcritical optimum case has the lowest
fluctuations while the supercritical optimum has the highest even
though other configurations shown here have greater drag.

6.15 Growth Rate of the Shear Layer

The growth rate for each traverse is depicted in Figure 41,
The thickness, &, of the shear layer as presented here is defined as
the radial distance on a given traverse between the locations at which
/_‘l;——'?—/Uw is equal to one-half the maximum value of this quantity.
Other definitions such as the velocity-profile maximum slope thickness

(or vorticity thickness)
Ul - UQ
w - oU
dr

max



(Brown and Roshko 1974), or the thickness based on the locations of
954 U, and U,, cannot be applied due to the ambiguity in determining
U, and U,. Even the definition based on %@ax is difficult to
apply since in some instances, e.g., 0.5d 0. 75g(this.notation meaning
d; /dg = 0.5, g/d; = 0.75), the fluctuations on the cavity side never
are as low as one-half the maximum, In these cases, twice the
distance between the positions of ‘/;‘?jnax and one-half that value on
the high speed side has been used. Points from two-dimensional

layers are again included on the ordinate axis. When possible the

%ﬁiax definition has been used for these, although there is little
difference between this definition and 6w' For example, the profile
of Wygnanski and Fiedler (1970) yields §/x =0,217 and 6w/x = 0, 215,
Several interesting features are depicted in Figure 41, First,
it appears that the growth rate is also fairly constant along the gap
for a given configuration. In addition, there is good agreement
between the growth rate magnitudes of several of the cavity layers
and the two-dimensional layers, However, two cases, 0.75d 0.125¢g
and 0. 5d 0. 5g display much faster growth., For these two configura-
tions (the latter is a supercritical optimum geometry) the separation
surfaces stagnate on the rearbody face, which apparently tends to
thicken the shear layer. Of the other configurations, two are at large
gaps and the third is the lowest drag subcritical geometry. The
separation surface for these configurations are not subject to as
severe a pressure rise, and the shear layer growth more closely

resembles that of free mixing layers,



6.16 Velocity Vector Diagrams

The general nature of the mean cavity flow is best seen in the
velocity vector plots depicted in Figures 42 through 46. These vec-
tors are determined from the mean values of u and v of which Figures
32 and 34 are examples.

Except for the case shown in Figure 44, the lower half of each
cévity is a region of nearly constant velocity reversed flow. This is a
consequence of continuity and the axisymfnetric geometry.

In Figure 45 the axisymmétric streamfunction, ¥, given by
u = %—g% , V= _—rl- %‘}é— has been calculated and some of the corresponding
streamlines drawn. The streamline Y = -1 represents the total amount
. of mass recirculating in the cavity while =1 indicatés the correspond-
ing mass flux in the outer flow. Along the separation surface, the
radial location of the zero streamline in Figure 45 is less than 1%
of the shear layer thickness away from the position of the maximum

velocity fluctuations. This suggests that } u'?
max

is a reasonable
criterion for locating ¢ = 0 in this type of cavity flow.

The case shown in Figure 44 is ba little different from the
others. The inner two-thirds of the cavity shows nhearly quiescent
flow, which is consistent with the flat rearbody face pr;essure
distributiovn (Figure 14f). Very little fluid is injected into the cavity

at stagnation, and the cavity fluid is, for the most part, motionless.

6.17 Boundary Layer Profiles

The final results to be presented from the flow field measure-
ments are boundary layer velocity profiles on the rearbody sides.

These are shown in Figure 47. Here x now refers to the distance



downstream from the rearbody face; y refers to the vertical distance
from the surface. Not surprisingly, the boundary layer thickness
increases with the forebody drag and with downstream distance.
One interesting feature is the reversed flow shown for 0. 75d 0.125g
at x/d; = 0.25. From the flow visualization (Figure 5d) the separation
off the rearbody face does not reattach until x/d; = 1.0, so the re-
versed flow shown in the velocity profile is expected. Profiles for
the subcritical and supercritical optimum geometries are shown
near reattachment, i.e., x/d; = 0. The potential overshoot is
still significant for the subcritical case indicating that the flow is
joining tangentially onto the rearbody side. No overshoot is api)arent
for the supercritical case which suggests its reattachment is not
tangential,
6.18 Summary

In summary, several important features of the cavity flow and
shear layer over the cavity have been revealed by the velocity
measurements, The strong recirculation suggested by other measure-
ments has been confirmed, with reversed velocities as high as 50% of
freestream measured. Characteristic quantities of the shear layer,
namely ﬁax/Uw and §/x, have been seen to be essentially constant
along the gap suggesting normal shear layer development. The
magnitudes of these quantities differ in varying degrees from the
values for two-dimensional free layers due to influences from the
rearbody face and cavity recirculation, Most importantly is the
recognition of significant differences in the values of maximum shear

stress for the different regimes of subcritical, supercritical and free



shear flow. These differences are also apparently consequences of
the interaction of the shear layer with the rearbody and with the
cavity recirculation and provide an explanation for the discrepancies

between the experimental and computed determinations of the fore-

body drag,



VII. MODIFICATIONS TO THE AXISYMMETRIC MODEL

It is now of interest to inquire into the behavior of the
forebody system drag if the flow around the axisymmetric body is
perturb or if the model itself is modified in some way. For
example, what happens if one interferes with the cavity flow by
filling in the gap or if the flow separating off the frontbody is
altered in initial inclination at separation or turbulence level by
changing the frontbody shape or roughness? Also, what effects do
Reynolds number and yaw have on the forebody system character-
istics? To provide some insight into these questions a variety of
tests were conducted in which these modifications aﬁ.d some asso-
ciated phenomena were investigated, as will now be described.

7.1 Reynolds Number Effects

The question of Reynolds number (Re) effects is of major
concern since this investigation is oriented towards large Re bluff
body flows. For tractor-trailers, the prime motivation for this
work, full-scale Re based on the square root of the frontal area is
on the order of 5 x 10° at 55 mph (88 km/hr). The data presented
in this st\udy up to now have been from tests conducted at
Re = 5 x 10°, a full order of magnitude below the prototype value.
Although it was not possible to attain full-scale Re, 8 x 10° being
the largest value possible in the Merrill Wind Tunnel with an
8 in (20.3 cm) diameter model, all configurations studied were run
over a range of Re from 1 x 10° to 8 x 10°. For this interval
only one configuration of the nearly 220 studied displayed any sig-

nificant response to changes in Re. There did seem to be a trend



for the value of CD to slightly decrease with increasing Re, al-
though the change was never more than 5% over the range considered.
In general, with sharp-cornered flat disk frontbodies and a sharp-
cornered rearbody face no significant Re dependence of the models
would be expected since the location of separation from each face
is fixed. Because there was, in general, no effect of Reynolds
number on the drag coefficient, the bulk of the detailed studies
(pressure distributions, CD repeatability, etc.) were conducted at
Re = 5 x 10°, At this tunnel speed the instrumentation was in its
most accurate range, the model vibrations were negligible, the
freestream velocity could be accurately maintained and the tunnel
static temperature rise (due to drag losses) was not too great. In
so far as the applicability of this work to higher Re flows is con-
cerned, the lack of variation with Re and the fact that separation
is fixed suggest that the results should be valid for much higher
values of Re, even to those of, say, a full-scale tractor-trailer.
As was mentioned, one configuration, dy /d; = 0.875,
g/ds = 0.125, did exhibit a significant response to Re changes.
Shown in Figure 48 is the drag coefficient of this disk as a function
of Re with a polished disk face and a face on which roughness (an
annulus of No. 120 sandpaper) was applied. The smooth-faced
model shows -a high drag level, CD = 0.38, out to Re = 7 x 10°
then a sudden transition to CD = 0.08, nearly a factor of five
decrease in drag. Upon decreasing Re, the low value of drag can
be maintained down to about Re = 6.3 x 10° at which the drag

suddenly jumps up again. Applying roughness to the disk face



lowers both transition Reynolds numbers as well as apparently
decreasing the minimum CD obtainable to 0,045, With roughness
the hysteresis region is longer and displays some unusual varia-
tions ?ossibly representing an instability of the low drag flow field.
No flow visualization photographs nor velocity measurements were
made because it was not possible to reach the transition Re in the
water tunnel. Tufts on the rearbody side did indicate separation
extending roughly one diameter downstream of the rearbody in the
high drag mode and fully attached flow at low drag. It is specu-
lated that a transition in the separation stream surface occurs,
possibly from laminar to turbulent flow, with the result that the
increased entrainment of cavity fluid into the shear layer pulls the
layer down onto the rearbody corner yielding a low.drag, attached
flow field. After this case of transition was found, careful obser-
vations were made of all configurations, especially of those with
similar geometrical ratios but no other transitions were found.
Even for the same disk at slightly smaller, g/dz = 0.094, and
larger, g/d; = 0.188, gaps with roughness applied there was no
tendency for any form of sudden change to occur.

The transition of this configuration from high to low drag
is accompanied by the onset of an intense, audible whistling or
cavity resonance. Resonance ceases when transition back to high
drag occurs. Other geometries, all large disks at small gaps,
also exhibit audible resonance, although for these other cases,
this phenomenon does not necessarily imply low drag. For

instance, d,/dgz = 0.75, g/dz = 0.125 for which CD = 0,222 also



whistles yet the drag is a factor of 20 greater than the minimum
value for this disk which occurs for a geometry that does not
resonate, at least audibly. Attempts to measure resonant fre-
quencies were hampered by strong background noise due to the
tunnel and no acceptable measurements were made, These
resonances qualitatively display some of the features reported by
Sarohia (1975). The frequency increases with freestream velocity
and undergoes discrete jumps at certain velocities. At the
transition velocities the frequency oscillates between the pre- and
post-transition values, No discontinuities in drag occur at these
transitions however, which suggests that the existence of resonance
does not have a direct influence on the forebody system drag.

Consequently, details of the resonance have not been further

pursued,
7.2 Yaw

For ground vehicles, the influence of yaw angle is particu-
larly important; the drag coefficient of a typical tractor trailer
increases from 0.8 at Ool yaw (headwind) to 1.2 at 10° (Buckley &
Sekscienski 1975). For an axisymmetric model out of ground
effect on the other hand, the relevance of yaw, at least to ground
vehicles, is really of academic interest only (although it does
have applications, e.g., missiles in a cross-wind), For this
reason detailed yaw studies were not done with the axisymmetric
model, but were made instead with a square cross-section model
to be discussed later. As was described in Experimental Details

and also mentioned with regard to the rearbody face pressure



distributions, there was some difficulty in accurately maintaining
alignment of the axisymmetric model with the freestream however,
and the small yaw angle introduced is consequently of concern.

During testing, model side and lift forces were monitored
and these measurements, coupled with the rearbody face pressure
distributions, gave a good indication whether the model was mis-
aligned. It was sometimes not possible, though, to completely
eliminate the asymmetries, a situation reflected in some of the
face pressures, e.g., Figuresl2d and 13d. For all the results
reported herein the non-axial forces are <20% for CD < 0.2 and
<107 for CD > 0,2, The influence of misalignment is indicated
in Figure 49 where pressure distributions for different configura-
tions, skewed and aligned, are plotted., Above each profile is the
drag coefficient determined from that particular measurement run.
In each case the misalignment is roughly 0.5° as was determined
by the amount of adjustment required to give a smooth pressure
profile. For Figure 49a, the percentage difference in drag, ACD,
is 4%; in 49b, ACH = 39, and the side forces for the skewed pro-
file were 107 of the drag. For the case shown in Figure 49c,
ACD = 309¢ and the side forces were also 30% but the absolute
values are quite small and within the experimental repeatability
since this is a very low drag configuration. The last comparison
has no difference in drag and the side forces are 147 of the drag
for both cases, It is clear from this that the face pressure

distributions are considerably more sensitive to misalignments on

the order of 0.5° than the drag coefficient and that it is possible



to align the model to better than 0.5° by requiring a symmetric
pressure profile and restricting the acceptable side forces, which
has been done for all the results reported,

7.3 Hemispherical Frontbody

Just as adding a frontbody to the basic blunt cylinder
modifies the pressure forces acting on both bodies, shaping the
upstream face of the frontbody will also alter the flow and pres-
sures of a given diameter and gap ratio configuration. An
example of rather radical frontbody shaping is that of a hemi~
spherical body with flat base and d; /dz = 1.0. The results for
such a body in front of the axisymmetric rearbody are shown in
Figure 50, A surprising feature revealed by this figure is the
apparently negative forebody system drag obtainable for g/da <0.125,
This result seems disturbing at first and during the experimentation
great care was taken to confirm that it was real. The balance
and pressure measurement systems were repeatedly calibrated and
found to be working properly. The model was diséssembled,
checked for interference, reassembled and tested again with the

same results. In addition, the magnitude of C_ at g/d; = 0 is

D
-0.016 which, from all indications, is outside the experimental
noise, In view of these facts, it appears that the result is cor-
rect, and consistent with the other data taken in this experiment,
It must be remembered that the forebody system drag
coefficient as presented here is, in reality, just the effective face

pressure coefficient relative to freestream static pressure, P

acting on the model forebody system, i.e.,
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Obviously, if the effective face pressure, p, is less than p, then
CD can be negative. As shown by Morel (1978) for potential flow
about a semi-infinite half body in a finite diameter wind tunnel

this coefficient is always negative, in fact (see the Sketch below)
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In the present case, this potential flow value is CD = -0.032 for

a = 0,03, This result is consistent with that of Prandtl and

Tietjens (1934) who showed
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The drag coefficient as defined by Equation (7.1) or (7.2) becomes

in terms of (7. 3)
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Even though GD is positive, Cpbase is sufficiently negative to
cause CD to be less than zero, as a momentum balance in the

control volume indicated in the Sketch shows. In the present

experiments, Cpbase = is also always negative and

“Psplit
apparently the flow for the hemispherical frontbody at zero and
near-zero gaps is approaching the potential result.

A limited number of other investigations on hemispherical
faced cylinders are available in the literature., Hoerner (1965)
has integrated face pressure distributions given by Rouse and
McNown (1948) and obtained the value 0,01 for the drag coefficient.
As was the case for the blunt faced cylinder only 6 pressure taps
were used and the calculation is suspect. Stanbrook (1964)
corrects the data of Polhamus (1957) to yield CD = 0,02 at
M = 0.3. Compressibility may be becoming a factor at this value
of M however, since the velocity overshoots to M ~ 0.4 on the
shoulder of the face. The results of Norris and McGhee (1966)
indicate CD = 0.009 at M = 0.2. Again there is not enough
information available to fully explain the differences between
these various values of drag coefficient., Reynolds number and
freestream turbulence are definitely important for flow around
such a rounded body. For example, in the present test the drag
coefficient steadily decreased with increasing Re until Re = 3,5 x 10°

after which it was constant, Blockage is the most likely reason

for the different values of CD,as was the case in Section 3.2 with



the blunt faced cylinder., The present blockage is 3% while the
other tests have less than 14 solid area blockage. The potential
flow values are correspondingly CD = -0.03 for this experiment

and -0.01 < C, < 0.0 for the other studies. It is worth noting

D
that Hoerner has obtained CD < 0 for slightly more streamlined
shapes studied by Rouse and McNown; the possibility for negative
forebody drag relative to freestream static pressure appears to
be real,

In any case, the hemispherical frontbody at small gaps
produces very low forebody-system drag, As the gap increases,
the drag also steadily rises. Because the separation off the
frontbody is tangent to the freestream flow, the separation
surface can only turn into the cavity. Consequently stagnation
occurs on the rearbody face and the system drag increases.
Eventually the value of CD exceeds the value for those disk con-

figurations where 0.375 < d;/d; < 0.75 and g/dg; > 1.0.

7.4 Minor Frontbody Shaping

The effects of shaping less radical than a full hemispherical
head were also investigated. The results with plain disks indicate
that, up to a point, increasing the drag of the frontbody, that is
increasing its diameter, yields a net decrease in forebody drag.
This is equivalent to decreasing the initial radius of curvature of
the separation streamline. If the frontbody drag were changed by
shaping, av similar result might be expected, To test this, two
circular cross-section disks of different face form, as shown in

the legend of Figure 51 were made. One body has a concave face



where the tangent to the surface at the edge makes an angle

of 45° upstream relative to vertical., The diameter of this body
is dy/da = 0.375 and is referred to as the 'dish'. The other
body, with d;/d; = 0.5, is a section of a hemisphere where the
tangent at the edge is 45° downstream relative to vertical., It
will be referred to as the 'hemi’, CD of the dish baséd on its
own diameter is 1,072 at large gaps, while the value for hemi is
0.591. As would be expected, the dish shaped frontbody has
higher drag than the more streamlined partial sphere. Forebody
drag coefficients for these frontbodies are presented in Figure 51‘
along with the results for plain disks of the same diameters and
some other modifications to be discussed shortly., At small
values of gap the dish does, in fact, yield a lower net drag than
the simple disks, which, in turn, are seen to be better than the
hemi, As the gap increases, the other bodies become relatively
more effective and eventually the dish gives the highest drag.
Throughout the entire gap range the hemi behaves nearly identical
to the smaller diameter flat disk, The larger disk provides the
best reductions, although at larger gaps its own drag begins to
degrade its performance. It is apparent from this, then, that
changing the angle and radius of curvature of the separation
streamline can significantly alter the drag behavior of a particular
combination, This would be particularly useful if the diameter and
gap ratios of a configuration are fixed., Then, minor shaping of

the frontbody would effectively change the diameter ratio and could

bring the configuration closer to optimum., It is of interest to



note again that at small gaps the desired shaping increases the
frontbody drag (e.g., the disk) while at large gaps streamlining
the frontbody (the hemi for instance) is more productive.
7.5 Roughness

Effects of roughness on the frontbody face are indicated
in Figure 51 for d,/d; = 0.5 and in Figure 52 for dl/dé = 0.75.
Roughness on the face would essentially change the effective Re
and the state of the boundary layer approaching the disk edge. As
was mentioned earlier in connection with Re effects and is obvious
from these figures, roughness has little if any influence on the
forebody system drag of these disks. Other diameters were also
tested with similar results, The only case of a flat disk front-
body where roughness has been observed to make a difference is
that of d,/dz = 0.875, g/d; = 0.125 for which a transition from
high to low drag occurs with increasing Re. This behavior, shown
in Figure 48, has been previously discussed. The lack of sensi-
tivity to frontbody roughness may suggest a similar insensitivity
of the forebody drag to small amounts of freestream turbulence,
although this has not been studied in the present experiments,

7.6 Interfering with the Cavity Flow

The importance of the cavity flow in determining the forebody
drag is another question of considerable interest., In subcritical
geometries a vortex is present which appears to play a key role in
maintaining the mass and momentum balances in the cavity and in
lowering the outer rearbody face pressures to yield low drag. If

this recirculation were interfered with, say, by filling in the



cavity, the benefits of the gap vortex might be lost and the drag
consequently increased. For supercritical flows, on the other
hand, there are large scale oscillations of the shear layer and
cavity flow and the drag is high. Filling in the gap for these
cases may inhibit the large scale motions and reduce the drag.

To study the influences of interfering with the cavity flow,
fillins were tested at gaps near optimum for three diameter ratios:
dy/da = 0.5 which has a supercritical optimum gap and d,/d, =
0.75 and 0.875, both of which have subcritical optima. The re-
sults of the first two disks are shown in Figures 51 and 52 with
sketches indicating some of the physical geometries tested., For
d,/d; = 0.5, the fillin does give a decreased forebody drag; rear-
body tufts also exhibit less fluctuation and reversal with the fillin.
Interfering with the supercritical cavity flow appafently inhibits
oscillations and may encourage a stable vortex to form in the cor-
ner of the forward facing step. This reduction in drag is similar
to the effect of putting a splitter plate behind a bluff body, e.g., a
circular cylinder as studied by Roshko (1954), where the splitter
inhibits vortex shedding and decreases the drag., The larger disk,
however, experiences an opposite reaction. Except at small gaps,
the fillin increases the drag; near optimum gap the increase is a
full order of magnitude. In this case the interference has de-
stroyed some feature of the cavity flow, presumably the recircula-
tion, which is necessary to the low level of fluctuations and the
reattachment of the separation streamline at the corner. In both of

these casés, interfering with the cavity flow has produced large



drag changes and indicates the nature of this flow is quite impor-
tant. This is in contrast to the suggestion by Mair (1965) that
the vortex in his base cavities were of no fundamental importance
since a fairing gave lower drag. It is possible in the present
work that fairings might also give lower drag. The important
thing is, however, that either a fairing or the vortex will be re-
quired, The absence of both, as shown in Figure 52, causes a
drag increase,

For the largest disk, d,/dz = 0.875, the fillin has no effect
on the dz;ag of optimum configuration, Apparently the low drag
vortex is located far enough out radially so that the fillin inter-
feres only slightly with its action, The transition which occurs at
a slightly larger than optimum gap is prevented though, or else the
transition Reynolds number is increased to a value greater than
that which could be obtained in this experiment (i.e., Re = 8 x 10°),
One other modification was made to this large disk (d,/dg = 0, 875).
The optimum gap (g*/d; = 0.094) was filled with an elliptical
fairing that blended into the rearbody diameter, With a smooth
face, the drag for this forebody is high, CD = 0.402. The flow
separates before the turning is completed, However with rough-
ness, the flow around the elliptical corner is fully attached and
the drag drops to CD = 0.020, a value less than the simple disk
value of 0.034. Other studies of rounding forebody corners, by
Norris and McGhee (1966) and Rouse and McNown (1948), also indi-
cate great reductions are possible, This will be further consid-

ered in the next section.



7.7 Su.rnrnarz

Several general conclusions are suggested by the various
modifications to the axisymmetric sharp-cornered rearbody with
flat disk frontbodies which have been discussed in this section.
First, the basic character of the subcritical and supercritical
flows is unaltered by the effects of Reynolds number over a range
from 1 x 10® to 8 x 10%, and the influences of small angles of yaw
(< 0.5°). Second, both minor and radical shaping of the frontbody
have a strong influence on the forebody drag by changing the front-
body drag itself and by modifying the separation streamline direc-
tion and pressure. Finally, the nature of the cavity flow does
seem to be important; interference with it can be either beneficial
or detrimental depending on the particular state of the undisturbed

flow field.



VIIL.ROUNDING THE REARBODY FACE

8.1 Corner Rounding

The high drag of the rearbody alone is a consequence of
separation at the face edge. Eliminating this sepafation, as
has been well demonstrated in the preceeding sections, can
reduce the forebody drag, even to zero. Shielding and matching the
separation to the rearbody is one approach. Another is to
simply round the rearbody face edges thereby reducing the adverse
pressure gradient and inhibiting separation. The hemisphere
frontbody discussed earlier is an effective though extreme case
of rounding, It has been well documented that this degree of
rounding or shaping is more than necessary however, Norris
and McGhee (1966) show that for elliptical forebody shapes as

blunt as a/b = 0.5 (where the face is described by

2 2
—;E-a- + ——%—5— = 1) the drag is hardly any different from that of

the hemisphere. The data of Rouse and McNown (1948) give
pressure distributions for a flat faced body with a corner radius
one-eighth the body diameter. Hoerner's integration of these
gives CD = 0.2, a factor-of-nearly-four decrease in the drag.
Unpublished measurements of Breidenthal (1974), Figure 53, show
how the drag of the blunt faced cylinder changes as the edge
radius is progressively increased and as roughness is added. A

radius of one-eighth the diameter with roughness is sufficient to

produce an essentially dragless forebody., Numerous demonstra-



tions of the effectiveness of rounding corners on box shaped
vehicles now exist including those by Mbller (1951), Carr (1968),
and Saltzman, Meyer and Lux (1974). These studies also indicate
that by rc/da: 1/8 most of the face separation has been eliminated
and further rounding offers little improvement. The question
then arises as to what effect a frontbody would now have on the |
forebody-~system drag; rounding the face of a trailer may greatly
decrease its drag, for instance, but what happens when the cab

is added? To investigate this problem the rearbody of the
present axisymmetric model was modified by the addition of a
new rounded face. This face was machined aluminum, instru-
mented with pressure taps and had a corner radius of one-eighth
the rearbody diameter, A series of measurements similar to,
but less extensive than, those described for the sharp-cornered
model were made. The results follow. |

8.2 Forebody Drag

Figure 54 presents the forebody-system drag coefficient of
the rounded rearbody with simple,flat disk frontbodies of varying
diameters, d,/d;, and gaps, g/ds. The Reynolds number for this
figure is 5 x 105, At that value of Re, these measurements show
the rearbody by itself to have CD = 0.222, a level that is quite
sensitive to Re and roughness however. Without roughness the
value of CD decreases from 0.240 at Re =1 x 10® to 0.129 at
Re = 8 x 108, Applying roughness (e.g. an annulus of sandpaper)

drops the value to essentially zero by Re = 5 x 108, This is

readily explained by the pressure distributions shown in Figure 55



for the rearbody alone with and without roughness, Also shown is
the distribution of a non-cavitating body from Rouse and McNown
(1948). The abscissa in this figure is the distance along the face
so that side pressures can also be seen. There are quite negative
pressures on the rearbody corner (or shoulder), even without
roughness, which cancel most of the inboard stagnation, Integrating
this distribution gives C = 0.189 for the present data. The dis-
crepancy between this and the measured value, 0,222, can be attri-
buted to incomplete knowledge of the outboard pressures where the
radius weighting is greatest. In any case, the drag is of a moder-
ately low value. Tufts show that some separation back to one-half
the rearbody diameter exists which iﬁdicates there is still room for
improvement. Adding roughness, at a higher Re, provides the
needed improvement. The tufts are now fully attached, the shoulder
pressures become more negative and the drag goes to zero,
Clearly, the smooth-faced, lower Re flow is accompanied by pre-
mature laminar separation on the shoulder, The addition of rough-
ness (and the higher value of Re) creatés sufficient turbulence to
keep the flow fully attached and the drag is essentially eliminated.
The effects of roughness are duplicated at a lower value of
Re, e. g., Re = 5 x 10°, when a thin disk of proper diameter ratio
is added at zero gap as shown in Figure 54. For 0.156 < d,/d, <
1.0, the forebody drag drops near or to zero. In this case the
small step caused by the disk is sufficient to trip the flow on the
face and it remains attached around the shoulder. The sting alone

(dy/dy; = 0.156) does not produce enough of a disturbance until



g/dg = 0.125. On the other hand the disk d,/d; = 0.875 imme-
diately loses its effectiveness for g/d; > 0. The separation from
this disk reattaches too far downstream of the shoulder and the
rounding benefits are lost. Eventually for each disk the drag
begins to increase, the larger d,/d,, the greater the rise.
Interestingly, the smaller disks show a decrease at large gaps,
presumably a consequence of wake closure. The asymptotic
value of CD for large gaps with any disk would simply be the
disk drag coefficient, as the rearbody face at high enough values
of Re, would contribute nothing,

8.3 Drag Breakdown

Breakdown of the drag contributions from the rearbody face
and disk are shown in Figure 56. The main feature to note
concerning the rearbody face is that for g/d, < 1,0, the drag is
always negative. Even with smaller disks for which stagnation
occurs on the face, the suction on the shoulder is sufficient to
make the value of C_ for the rearbody face less than zero., This
is in contrast to the square-cornered model which has positive
face drag for the smaller frontbodies, The disk drag curves
are marked by their flatness indicating less upstream influence
of the founded rearbody than the sharp-cornered one.

8.4 Flow Field

Rearbody face pressure distributions (now plotted versus
radius) and flow visualization (Figure 57 through 63) again provide
details and explanations of the drag curve behavior. The same

interpretations as discussed for Figure 9 through 16 are applicable



here. For smaller disks the flow on the shoulder is mostly
attached and the suction there clearly outweighs the face stagna-
tion, Evidence for recirculation in the gap can be seen, e.g.,
57b, 58c, and 60b. Larger disks, for which reattachment occurs
fairly far outboard, do not exhibit the strong shoulder suction
pressures. Instead, the general pressure level along the entire
face is much decreased resulting in reduced drag. For

d,/d, = 0.75, the flow is still basically attached along the
shoulder, . Evidence of a gap ring vortex can also be seen in
Figure 6lc, for example, indicating the generality of this parti-
cular characteristic independent of the shape of the downstream
cavity corner, The 1argést disk, d,/d, = 0.875, produces
separation that reattaches radially too far out to take advantage
of the rounded shoulder and the total drag is fairly high. For this
disk at small gaps the face pressures are uniform and moderately
negative since the face is, in general, immersed in a constant
pressure disk wake. It might be noted that although Re = 1 x 106
for the flow in the photographs, a value below the critical Re

of the rounded rearbody by itself, the flow is still attached on
the shoulder for many of the configurations. The disks provide
sufficient disturbance to energize the rearbody face boundary
layer and keep it attached, even for Re as low as 1 x 105,

8.5 Comparison with Square-Cornered Results

To conclude this section it is useful to present a compari-
son of the square-cornered and rounded rearbody system drag.

Shown in Figure 63 are the curves for two disks, dl/dz = 0,25



and 0,75 (representing supercritical and subcritical geometries
respectively) with the two different rearbodies. The benefits in
rounding when a small diameter frontbody is used are obvious.
Interestingly, the gap for minimum drag of the squai‘e~cornered
configuration (g/d, = 1.0) is the same as the gap for maximum
drag of the rounded body. As was noted in reference to Figure
17, the radial location of the rearbody face stagnation is also a
maximum at this gap. For the square-cornered body the face
separation and consequently the drag is minimized in this situation.
But for the rounded model the thick, impinging shear layer does
not have an opportunitsr to organize itself as a boundary layer |
before it reaches the shoulder and the possibility of large suctions
are lost, However, even in this worst ca,s’e (for the rounded
rearbody) the square-edged model has more than twice the drag.
The situation is somewhat different for the larger disk, At
small gaps, rounding definitely improves the flow. But when
matching of the disk separation onto the rearbody becomes
effective, rounding is no longer superior. In fact, at g/d; = 0.5,
the square-corner drag is only one-third that of the rounded body.
Throughout the range 0.375 < g/d; < 1.5 the sharp-corner drag
remains lower, a result supported by the face distributions,
although the mechanism for this at large gaps is not completely
clear. This behavior should be kept in mind in designing for
practical situations requiring a frontbody. Rounding the rearbody
is not always the most effective way to decrease drag, If matching

of the separation surface to the rearbody is possible it may be



exploited at times for greater gains,



IX. RESULTS FOR SQUARE CROSS-SECTION

At this point the flow about the forebody system of a semi-
infinite axisymmetric cylinder has been considered for a wide
variety of forebody configurations and modifications. It is now of
interest to ask how the flow depends on the cross-sectional shape
itself, In particular, for a square cross-section rearbody with
smaller square plates in front, is it possible to realize the same
large reductions in drag observed for the axisymmetric body? It
might be expected that the situation is less favorable since the sep-
aration surface leaving the frontbody cannot remain square and so
will not reattach smoothiy everywhere onto the leading edges of the
rearbody. A similar situation would exist in most practical appli-
cations and is reason to examine the effects of rearbody shape.

9.1 Forebody Drag

Limited tests of a square cross-section rearbody with sym-
metrically positioned, square, flat plate frontbodies were conducted,
using procedures identical to those for the axisymmetric geometry.
The basic results, that is the system forebody drag, are presented
in Figure 64, This experiment determined the rearbody-alone drag
coefficient to be 0.712, a value 1.3% below Cp of the axisymmetric
rearbody. No other measurements of the face drag coefficient of
a square cross-section cylinder apparently exist in the literature.
Information on bodies such as this, for example Hoerner Chapter 3
and Nakaguchi (1978), include base and skin friction drag and are
consequently of little use in establishing the face drag alone to any

acceptable degree of accuracy. The nearly equivalent behavior of



the axisymmetric and square rearbodies is to be expected, how-
ever, As was discussed in Section 3,4a, the considerable informa-
tion available on thin plates normal to the flow shows that the
values of the drag coefficients of both square and circular thin flat
plates lie between 1.1 and 1.2, There seems to be no fundamental
difference between the two. Thus it is not surprising that the two
basic semi-infinite bodies discussed here also display no signifi-
cant difference in their face drag coefficients, Nakaguchi shows
that indeed there is little difference in the total drag as well for
bodies whose length is greater than two diameters (or widths).

The face pressures on a centerline running perpendicular to
the edge are shown in Figure 65 along with the axisymmetric dis-
tribution and the potential flow result for a two-dimensional step
with a constant, C_ = 0 separation surface (which will have the
most positive pressures of the family of constant pressure free-
streamline results) for reference. Clearly there is very little dif-
ference between the experimental measurements, although it appears
that the square model pressures are slightly lower near the edge,
which may account for its lower drag. In any case, it is apparent
that the two basic cross-sectional shapes behave essentially the
same.

The results presented in Figure 64 show that, not only are
the results for the basic bodies nearly identical, but the changes in
forebody drag due to the addition of a frontbody are also very sim-
ilar. Adding a frontbody, in general, reduces the drag. Also, a

given frontbody has an optimum gap for minimum drag and very



large reductions are possible. Resonance was also observed for
some of these configurations. But, as with the axisymmetric geom-
etry, the existence or absence of resonance appeared to be uncor-
related to the drag coefficient and was not studied in any detail,
Also, these models demonstrate no variation of CD with Re; the
values shown in this figure are for Re = 5 x 108, There are two
significant differences however, between the axisymmetric and
square cross-sections., First, it is noticed that d,/d, = 0.875
apparently does not give the sharp minimum in CD at small gaps
that its axisymmetric counterpart does. More importantly, although
the minimum drag for the plate d,/dz; = 0.75, (i.e. Cp = 0.065 at
g/d, = 0.375) is more than an order of magnitude less than the
rearbody alone, it is still a factor of six greater than the value for
the same configuration for the axisymmetric model., These two
features are consequences of a fundamental difference between the
two basic geometries and will shortly be discussed. Points denoted
'Cab' on the figure are also to be considered later. One other
inference might be drawn from this figure. There again appears to
be a distinction, though much less pronounced, between subcritical,
e.g., d,/dy = 0.75, and supercritical, e.g. d,;/d; = 0.5, geome-
tries. The inability to clearly categorize the disks in this manner,
however, is another consequence of the fundamental difference
alluded to above.
9.2 Flow Field

Flow visualization, Figure 66, shows that, in the side view

at least, the separation surface develops very much as in the



axisymmetric case. At small gaps it stagnates on the face. Near
optimum, the subcritical flow nicely matéhes the rearbody while the
supercritical flow does not. For large gaps the shear layer devel-
ops large scale oscillations for both regimes just as before. In a
like manner, the motion of tufts on the rearbody sides generally
correlated well with the model drag, showing nearly fully attached
flow at low drag and large regions of separation or intense fluctu-
ations for the higher drag configurations. Some unusual tuft behav-
ior occurred near the longitudinal (streamwise) edges, although
attempts to locate a streamwise vortex along these edges or any
other organized crossflow with a simple paddle wheel type vorticity
meter were unsuccessful, Indications of the difference between the
axisymmetric and square bodies are more evident in the face pres-
sure distributions,

Contours of constant pressure over a quarter of the rearbody
face for configurations representative of subcritical and supercritical |
geometries are shown in Figures 67 through 70 (the notation 0. 75d
0.125g means d,/d; = 0.75, g/d, = 0.125). In Figure 67, the gap
is less than optimum. The subcritical plate has stagnation only
near the diagonal corners. Inboard, the distribution is typical of
recirculating cavity flow, with predominately negatix}e coefficients,
The supercritical distribution also indicates recirculation but here
the pressures are all positive, consistent with the higher system
drag of this configuration. Results for the optimum gaps are
shown in Figure 68. Here, as was anticipated, the basic difference

between the square and axisymmetric cross-sections becomes clear,



The subcritical plate has quite negative coefficients over much of
the face and also suggests a well-defined ring vortex in the gap.
But, at the diagonal corners the separation surface stagnates and
the pressures are positive. This stagnation also raises the pres-
sure level inboard a little above the axisymmetric values, Thus, the
net effect is a considerable percentage increase in drag over what
can be obtained if there is perfect matching everywhere. Further
evidence for this source of drag has been obtained by introducing
air into the cavity of the model used in the water tunnel. The
bubble that forms gives a good impression of the shape of the free
surface. This flow, as viewed from head on, is sketched in
Figure 71. Indeed, there is good matching along most of the rear-
body edges. But near the corner the separation surface forms a
“wedge shaped surface, stagnates on the rearbody face and turns in-
ward; positive diagonal corner pressures and a rise in the general
level are a natural consequence, It is this inability to match the
separation surface to the diagonal corners of the rearbody that dif-
ferentiates the axisymmetric and square cross-sections and accounts
for the differences noted earlier, The supercritical plate at opti-
mum still has positive face pressures, as in the axisymmetric
case, which suggests that it does truly behave in a supercritical
manner with large scale shear layer oscillations and incomplete
matching everywhere. At a larger gap (Figure 69) the subcritical
plate retains both the low drag features of a ring vortex and the
high drag corner stagnation. The supercritical plate shows large

variations around Cp = 0. In Figure 70 the subcritical plate at a



gap much greater than optimum is compared with the rearbody
alone. The plate still has a strong influence on the rearbody, with
a large region of negative pressure evident, The general pressure
level is higher now though,and the drag has correspondingly in-
creased,

9.3 Comparison With Axisymmetric Model

A summarizing comparison of the effects of rearbody cross-
sectional shape is shown in Figure 72. Again, a subcritical and
supercritical frontbody have been chosen. The shape of the curves,
as has been pointed out, is much the same for the two different
rearbodies. The axisymmetric configurations show lower drag for
both frontbodies with the decrease in absolute value about the same,
But the percentage difference at optimum gap is 139 for the super-
critical case and 650% for the subcritical. Obviously then, a geom-
etry which can have perfect matching of the separation surface onto
the rearbody is quite adversely effected by the inability to conform
at the diagonal corners. On the other hand, the supercritical
flow, which even at the axisymmetric optimum does not match well,
experiences only a minor perturbation due to these same corners

and is much less seriously influenced.



X. MODIFICATIONS TO THE SQUARE CROSS-SECTION MODEL
To conclude this investigation a brief study of the influences
of various modifications to the square cross-section model have
been made. The intent of this study is to bring the model closer
to practica\.l\s‘ituations, specifically tractor-trailers, and to try to
obtain some indication of the effectiveness of the concepts developed
up to now when the geometry or flow is not so simple and sym-
metric. The choice of the square model for this study is dictated
by the desire to make the results relevant in some sense to ground
vehicles, bodies whose cross-sections are normally rectangular
rather than round. No attempt has been made to model any par-
ticular vehicle or even to model general vehicle details (such as
wheels). Only the most obvious physical parameters have been
altered., Furthermore, it is not the purpose of this work to
optimize any configuration or present formal design guidelines or
criteria, Finally, due to the vast number of geometrical and
flow combinations that are possible, only a sampling of configura-
tions has been studied, their selection representing some of the
more salient features of real flow situations.

10.1 Effects of Yaw

The influence of yaw angle on vehicles is extremely im-
portant., For example, Buckley and Sekscienski (1975) show that
a typical tractor-trailer, which has a drag coefficient of 0,71
with no wind, will actually experience an average effective value
of C. = 0.93, a 31% increase, during the course of, say, a year

D

of service due to natural winds and the effect of the resulting yaw.



Consequently, it is of interest to first know something about the
yaw behavior of the simpler configurations which have been
studied so far, Figures 73 through 75 show several examples of
flow visualization and face pressure distributions for the square
cross-section model at yaw with and without simple flat plate
frontbodies. Contours of constant pressure coefficient are shown
for the upper half of the rearbody alone at 10° yaw in Figure 73;
above the plot the value of the forebody-system drag coefficient
for this flow situation is noted in the body-axis coordinate frame
which is the relevant frame for ground vehicle aerodynamics,
Interestingly, the face of the rearbody alone experiences no in-
crease in drag at 10° yaw, The windward side of the face
shows a buildup of pressure relative to the unyawed flow due to
stagnation; but this is balanced by lower than normal pressures
on the leeward portion of the face as the flow accelerates in that
direction, and the net change in drag is essentially zero,

Figure 74 shows the face pressures for a subcritical
plate and a supercritical plate at their respective optimum gaps
but at 10° yaw; flow visualization for these are shown in Figures
75a and b. The distributions are rather irregular, though less
so on the windward side. The sting itself locally perturbs the
flow, but not seriously, as was indicated by tufts on the rearbody
face. Unfortunately, a reliable measurement of the drag for the
subcritical configuration was not made, but the value is estimated
to be CD ~ 0.3, four times the unyawed coefficient. The supercritical

geometry has C_ = 0.580, a factor of 2, 6 over the 0° yaw case, Just as

D



the diagonal corners of the square rearbody affect the subcritical
geometry more than the supercritical, so does yaw produce a
greater percentage increase in the drag of the well-matched square
model. However, the subcritical plate at its optimum gap still
has less drag when it is yawed. Although the separation surface
now stagnates on the rearbody face for both cases, the extent of
positive pressure coefficients is much greater for the supercritical
model. The flow visualization (Figure 75) shows the larger
stagnation region on the supercritical rearbody face.

A considerable amount of crossflow in the gap for both
configurations can also be seen in Figure 75. This crossflow
separates from the leeward edge of the rearbody face, and the
pressures near this edge are not as low as they might be if the
flow were matched. Although the drag substantially increases
when the plate-rearbody configurations are yawed, it has not
yet reached the level of the rearbody alone., The plates still
retain some effectiveness in reducing the drag even at 10° yaw,

10,2 Side Force at Yaw

During the yaw experiments the side forces acting on the
metric portion of the model were also monitored and a rather
unexpected phenomenon was encountered., Rather than the side
force being in the same direction as the transverse component of
the velocity vector, for some cases it was actually into the wind.
This behavior is shown for two configurations in Figure 76 where
the sign convention is given in the inset sketch. The coefficient

presented is the measured side force normalized by the freestream



dynamic pressure and the side area of the metric portion of the
model., Figure 76 shows that for negative yaw the side force is
positive and vice versa; thé model is trying to restore itself to
symmetric flow. The effect is greater for the rearbody alone
and quite linear for that model up to #2° of yaw. Unfortunately,
the side-force-component Schaevitz coil began to fail soon after
these particular measurements were made and reliable results
for other geometries and yaw angles were not obtained,

An explanation for this behavior of the side force is found
in pressure measurements made at two locations on the center-
line of the rearbody side. These side pressure coefficients are
presented in Figure 77. Pressures were measured on only one
side,‘v but, by yawing the model equal positive and negative amounts,
the pressures acting on both sides at once can be inferred, It is
first noticed that for both configurations at zero yaw, the down-
stream pressure coefficient (tap no. 15) is more negative than the
upstream value, Similar results are given for blunt face
axisymmetric cylinder side pressures by Ota (1976) and Rouse
and McNown (1948), Their measurements indicate the minimum
pressure on the side is inside the separation bubble and located
at x/dy = 0.67 and 0,63 respectively. In the present work
pressure tap no. 14 is at x/dg = 0.13, no, 15 is at x/dgz = 0.5
and the lower pressure at location 15 is to be expected. The
pressures for the rearbody alone (denoted as No Frontbody on
Figure 77) are consistent with the measured side force. The

leeward pressures become more positive and the windward more



negative as the model is yawed, Apparently, even up to 6° of
yaw the flow stagnates on the rearbody face and separates at

the edges with different length separation bubbles on either

side of the model, The shorter bubble, with correspondingly
more negative pressures, occurs on the windward side. Although
the situation with a frontbody is more complicated, the net

effect of the side pressures is to cause a side force which is
also into the wind.

10.3 Flat Plate Frontbody Modifications

The results discussed so far in this chapter are sum-
marized in Figure 78 along with a variety of other measurements,

Several modifications to the configuration d,/dz = 0.75,
g/dg = 0.5 (i.e., .75d .5g on the Figure) have been tried since
this configuration is close to the geometrical height and gap
ratios of tractor-trailers. At 10° yaw there is an increase in
drag from Cp = 0.082 to 0.52; the matching which exists at O°
for this model is nearly eliminated at large angles of yaw. In an
attempt to improve this situation, a vertical spoiler of height d;
was mounted on the centerline of the rearbody face and protruded
halfway into the gap. The results are quite dramatic (the points
labelled . 75d.5gVS in Figure 78). At O° yaw the drag is slightly
increased from 0,082 to 0.100, possibly because of interference
with the reattaching flow near the spoiler. But at 10° the drag
coefficient increases only to 0,288, a 56% decrease in the unmodi-

fied value. The spoiler prevents crossflow and separation

off the leeward rearbody face and pushes the windward stagnation



further outboard, The net result is a large reduction in the
drag at yaw.

Two other quick alterations to this configuration have
also been‘made. The plate has been mounted off-center with a
plate edge and a rearbody side on the same plane. The solid
plate has also been replaced by a centered, perforated plate
of about 40% porosity. The latter plate by itself has CD=O.98 as
compared tq 1,13 for a solid plate (de Bray (1956)). Increasing
the porosity to 65%, however, cuts the drag down in half to
CD = 0.55. In the present work, both the off-center plate and
the porous plate yield configurations whose drag coefficients are
0.437. The porous plate, although it has less drag by itself
and reduces the general level of rearbody face pressures, cannot
generate the large negative cavity pressures created when the
plate separation joins smoothly onto the rearbody. The force is
consequently higher, With the plate off-center, conditions no
longer exist for proper matching and the drag here is also in-
creased, However, near a ground plane an off-center plate
may be required to insure matching, although the relative dimen-
sions for optimum flow will be different, This can be seen in
the second pair of photographs (c & d) in Figure 75, Here the
same plate (d; /dz = 0.75) mounted off-center is shown sitting on
a ground plane. The optimum gap for this plate, when it is
centered, is g/d; = 0.375. Due to symmetry about the ground
plane it might be expected that the effective heights of the two

bodies are now doubled and that the corresponding optimum gap



should also be doubled. From the photos it is clear that this is
indeed the case. At g/d; = 0.375 the plate separation overshoots
the rearbody leading edge; the situation is far from optimum,
However, at g/dgz = 0.75 the separation now matches fairly well
to the rearbody and the configuration approximates the optimum
flow of a centered frontbody,

With the axisymmetric model, minor shaping of the front-
body can alter the effective frontbody size and bring it closer
to optimum for a fixed gap. To see if this carries over to a
square cross-section and, also, to see if the yaw performance
can be improved, two simple modifications to a centered super-
critical plate at its optimum gap (i.e., d;/dz = 0.5, g/d; = 0.5)
have been tried. Four tabs were mounted to the plate edges as
shown in the Sketch below., The tabs forward (TF in Figure 78)
form a concave surface facing the incoming flow while the tabs
rearward (TR) give the plate a convex shape. The tab surfaces
make an angle of *45° (depending on their orientation) with the

plate face and increase the characteristic dimension of the

)
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T abs forward Tabs rearward

frontbody from d,/d; = 0.5 to 0.588., The results obtained with



this shaping are shown in Figure 78. At 0° yaw, the tab forward
(concave) frontbody yields the lowest drag followed by the TR
model and finally the unmodified frontbody, This result is
similar to the behavior of the circular shaped frontbodies shown
in Figure \51; The concave face forces the separation surface
radially outward as well as requiring it to turn more before it
becomes aligned with the freestream. Consequently, the separa-
tion surface more nearly joins tangentially onto the rearbody than
with the unmodified plate, and the cavity pressure is lowered.
With the tabs rearward the separation is also brought closer to
reattaching on the rearbody edge by virtue of the increase in
frontbody size. The tab forward configuration is not as effective
in lowering the face pressures as the concave form however, and

the value of C_ for the convex frontbody is higher. At 5° yaw,

D
the order of the three models is unchanged with respect to their
value of CD’ although there is now little difference between the
tabs forward and tabs rearward configuration. Finally at 10°, the
convex frontbody configuration has the least axial resistance fol-
lowed by the unmodified and tab forward models. Most of the
tab rearward improvement comes from the windward surface
which reduces crossflow through the gap and brings the windward

separation surface closer to reattaching onto the rearbody edge.

10,4 Tractor-Trailer Simulation

The preceding modifications have concerned configurations
with diameter and gap ratios which are typical of tractor-trailers,

There is another important geometrical parameter still to be



considered, however, The frontbody of a real vehicle configura-
tion is not a thin plate but has considerable depth, up to six-
tenths the rearbody diameter. In order to gain some feeling
for the significance of this parameter and to look in general
at a very simplified vehicle geometry, a cab shaped frontbody has
been tested, again with the square cross-section rearbody. This
body has a width equal to the rearbody width dz, has d;/dg = 0.625,
is dy/2 deep in the axial direction and mounts off-center so
that the cab and rearbody bottom surfaces are flush; all edges
are sharp. The proportions of this body relative to the rearbody
are close to those of a typical cab-over-engine sleeper truck. No
other details such as wheels and undercarriage, cooling flow or
cab shaping have been reproduced. In addition the tests have
been done away from a ground plane, a feature that must be
kept in mind if the results are extrapolated to real configurations,
Shown in Figure 64 and also in Figure 79 is the variation
in forebody drag of this cab-trailer model as a function of gap at
0° yaw. Figure 64 compares these results with the simple flat
plate frontbodies previously discussed, while in Figure 79, results
from two other investigations are presented, Several features
stand out: the drag is always fairly large, has its lowest value
at zero gap and has a very weak local minimum near g/d; = 0.625.
It might be noted that the typical operating gap of a tractor-
trailer is between g/d; = 0.3 and 0.5 (where d; for a truck is
usually defined as the square root of the total frontal area).

The work of Mason and Beebe (1977) (shown in Figure 79)



has been done with a fairly detailed model of a production

vehicle on a ground plane at Re = 2 x 10®. Their intent,
however, has been to gain an understanding of the flow field of
these vehicles rather than optimizing a particular vehicle., The
results of Mason and Beebe display very similar trends to those
of the current work, This suggests that the configurations
studied in the present experiments do reproduce the more im-
portant geometrical properties of tractor-trailers., The measure-
ments of Mason and Beebe actually include all contributions to
drag, i.e., forebody drag plus skin friction, undercarriage and
base‘ drag., When corrections are made for these (reducing CD
by about 0.25), their results are not only qualitatively similar but
are also very close in absolute value. This may be simply fortu-
itous, but it lends confidence to the usefulness of the current
studies even though a ground plane is absent,

As is apparent from Figure 79, the influence of an off-
center, thick frontbody on the forebody drag is considerably differ-
ent from the influence of a centered, thin plate. At zero gap, the
cab acts as a step and its separation can be generally guided onto
the rearbody. Once a gap is created, the asymmetry causes a
downflow through the gap and alters the flow. The separation
streamwise moves downward, stagnates on the trailer face and the
drag is increased, If the downflow is prevented by blocking the
gap with a horizontal plate, as Mason and Beebe have also done,
the drag only very slightly increases with gap, confirming the im-

portance of the downflow for this type of configuration., Although



it has not been tried, presumably if the cab is centered with res-
pect to the rearbody, requirements of symmetry will prevent any
downflow at 0° yaw. The drag, similar to the case for centered
thin plates, should then be reduced.

Nakaguchi (1978) has treated simplified truck-like models,
but also near a ground plane. His models, which are square in
cross-section, lack any detail and the frontbody has the same
cross-sectional dimensions as the rearbody (i.e., dy = dj). The
behavior of this model (Figure 79) is quite unlike that of the
smaller height, off-center cabs. Nakaguchi's results show that
the total drag (including skin friction and base drag) actually de-
creases as the gap is increased., This is a trend very similar to
the behavior of the centered disk, d,/d; = 1.0, with the axisym-
metric rearbody which is also shown in Figure 79. In addition,
if the forebody drag is extracted from Nakaguchi's data, the beha-
vior is both quantitatively and qualitatively similar to the disk
d; /d; = 1.0. Apparently, despite the presence of a ground plane,
enough symmetry remains in the flow about his model to prevent
any significant gap crossflow and the net result is not much differ-
ent from two equal diameter bodies in a free field, Nakaguchi
also has measured the force acting on just his rearbody (or
trailer). This is shown in Figure 80. TFigure 80 also compares
the axisymmetric rearbody and the disk d,/d, = 1.0 with the force
measured by Flynn and Kyropoulus (1952) on the trailer of a de-
tailed wind tunnel model. The measurements of Flynn and

Kyropoulus and of Nakaguchi include skin friction and base drag

s



and consequently give a more positive value for the rearbody drag,.
Nevertheless, in all cases, even for a close simulation of a real
vehicle, the rearbody has a net thrust on it due to negative pressure
coefficients developed on its face. The decreasing thrust as the gap

is enlarged for Nakaguchi's model does not occur for the axisymmetric
geometry and is presumably a consequence of the ground plane
proximity.

10.5 Decreasing Tractor-Trailer Drag

To conclude this portion of the experimental work, a series of
modifications have been made to the square cross-section rearbody
and cab-shaped frontbody as an exercise in applying the lessons
learned from the preceeding studies, The intent is to see what im-
provements can be made to the basic truck-like geometry both in
symmetric and yawed flow with the restrictions that the changes must
be simple and practical. A practical change is one that cannotincrease
the total frontal height or width nor interfere with the vehicle's ability
to pivot (or jack-knife) at thé joint between the two bodies. (Figure 82
shows an example of such modifications.,) One gap ratio, g/dy = 0.5,
has been selected for this test series since it represents a common
operating configuration. Many of the modifications to be discussed
are used on production vehicles and do not necessarily represent any
new method for reducing tractor-trailer drag. The purpose of this
study is simply to document the possibilities for reducing drag.

With no modifications the cab-rearbody combination at
g/d, = 0.5 has a drag coefficient of Cp =0. 690. The first change

was to add a rounded lip or fairing to the four edges of



the cab face. In principle, addition of a lip should be as aero-
dynamically effective as rounding the corners (Lissaman 1975) and
in addition does not reduce a vehicle's volumetric efficiency,

Only one set of fairings was tried, a semicircular section with
rc/dl = 0.08. With these in place the drag changes to 0.685,
less than a 14 decrease. As has already been shown (for example
Figure 53) rounding should continue to have benefits up to rc/'dl =
0.125; obviously the lip has insufficient radius. This lip was left
on, however, for the remainder of the tests, Next, a series of
cab mounted, flat plate deflectors, intended to provide the proper
matching of the upper frontbody separation surface to the rearbody,
were studied. Various heights, widths and axial locations of the
deflector on the cab were tried; the best performance being ob-
tained with a full width deflector at a gap, g/d; = 0.75 and a
total frontbody height seven-eights the rearbody height. With the
deflector and lip in place the drag coefficient is now 0.413. The
last sequence of modifications consisted of vertical spoilers located
on the rearbody face and the base of the cab and deflector whose
purposes were to prevent gap crossflow and guide the separation
from the cab sides onto the rearbody. The results of all these
modifications are summarized in Figure 8l. The sketch to the
left of each measurement is the top view of the forebody system
with the appropriate devices shown. The cab mounted horizontal
deflector is the one previously noted as having the best performance.
With only the lip in place the drag coefficient is 0.685 at 0°yaw

and 0,957 at 10°. Successively adding the various spoilers



continues to decrease the drag at both yaw angles until the last
configuration shown is reached. This model, presented in a per-
spective view in Figure 82, has the best performance in both axial
and yawed flow of any configuration tested. The values of CD here
are 0.363;md 0.495 at 0° and 10° respectively and represent 47%
reductions from the drag coefficient of the unmodified model.

Once more, it should be emphasized that this was not an
exercise in optimization, but rather a demonstration of possibilities
and that other factors, most notably the ground plane and body
details, must be considered in any practical applications, Never-
theless, from these results it is clear that even a complicated,
high drag body such as a cab and trailer can exploit the concept of
beneficially interfering with the flow to yield geometries with a

much reduced drag force on the forebody, without resort to radical

shaping or fairings,



XI. CONCILUSIONS

11.1 Summary of Results

a. The most important result is presented in Figure .3,
The forebody drag of a blunt square-cornered cylinder of diameter
d, is high, CD = 0.722. Positioning a disk of diameter d;
coaxially in front can decrease the extent of separation through
beneficial interference between the front and rearbody flow fields
and yield a net reduction in drag. In some cases, the reduction
is nearly two orders of magnitude; the lowest value of CD observed
is 0,010 for d,/d, = 0.75, g/dz = 0.375. It is also found that
for each diameter ratio, d,/d;, there is an optimum gap ratio,
g/dz, for which the drag is a minimum,

b. In the cases of very low drag the separated flow from
the frontbody forms a thin, turbulent shear layer which joins
tangentially onto the rearbody. Well organized recirculation then
exists within the cavity, A consequence of this flow field is that
the rearbody face is exposed to pressures considerably below free-
stream static pressure, These low pressures, acting on the outer
radial portions of the rearbody face, balance the stagnation
pressures on the frontbody face, and the axial force on the
forebody system is very small,

c. The thin, smoothly reattaching frontbody separation
streamsurface suggests a free-streamline model of the flow. A
two-dimensional, free-streamline theory prediction of the wake
geometry behind a flat plate agrees quite well with the experi-

mentally determined, axisymmetric, optimum geometries over the



range of diameter ratios 0.38 < d;/d; < 0.88 (Figure 23).
Empirically correcting the two-dimensional results for the axi-
symmetry of the present configurations gives satisfactory agree-
ment between predicted and measured wake pressures for

0.5 < d;/d; < 0.88 (Figure 24).

The optimum forebody drag can also be estimated by
making a cavity momentum balance and using the semi-empirical
results for the wake geometry and pressure and an assumed value
of the shear stress, Tg? along the free streamline. Reasonable
agreement is found between the estimated and experimental
minimum values of C, for 0.6 =< d,/d, < 0.88. Two important
features of this comparison (Figure 26) are observed, There is
an abrupt jump of the experimental optimum values of CD away
from the estimated values at d,/d; ~ 0.5. In addition, for
0.6 < d1/d2 < 0.8 the experimental optimum values of CD are
actually less than the estimated wvalues.

d. Flow visualization shows that for diameter ratios
between 0.6 and 0,88 at the optimum gap, there is nearly smooth
reattachment of the flow onto the rearbody and the separation
surface itself is simply a thin, turbulent shear layer. On the
other hand, for diameter ratios outside this range the shear
layer undergoes large scale oscillations and is much thicker. This
change in the shear layer behavior and the sudden departure of the
experimental drag minima from the free-streamline results suggest
the existence of a critical geometry. This critical geometry is

more properly defined in terms of the gap ratio (g*/dg)Cr = 0.5



for which the corresponding diameter ratio of (dl/dz)Cr = 0.6.
For optimum geometries whose gaps are less than critical (sub-
critical geometries), a thin shear layer spans the gap between
the front and rearbodies, and the drag is very low, For larger-
than-critical, optimum gaps (supercritical), the frontbody separa-
tion surface becomes unstable on a larger scale. The resulting
drag, though still less than that of the rearbody-alone, is much
higher than in the subcritical case,

e, Investigation of the flow field with a frequency-shifted
laser-Doppler velocimeter reveals several important features of
the sub- and éupercritical flow regimes. The supercritical regime
is characterized by large fluctuating velocities and a maximum
shear stress, Ty = --ﬁ-';T/US = 0,019, almost twice the value,
0.0115, found for a two-dimensional, self-similar mixing layer.
For the subcritical regime, on the other hand, the magnitude of
the velocity is one-half the supercritical values and the maximum
shear stress, Ty = 0.0021, mnearly an order of magnitude less
than the supercritical stress. Using these measured stresses in
the semi-empirical estimation brings the calculated values of Cb
into much closer agreement, especially for the subcritical
geometries, with the experimental results,

The velocity measurements also verify that cavity recir-
culation, which is suggested by pressure distributions and flow
vigualization, actually exists. Reversed velocities greater than
0.5 U, are observed near the bottom of the cavity. The stream-

wise development of the separation-surface shear layer is gener-



ally similar to that in two-dimensional mixing layers, the growth
rate and magnitudes of the maximum streamwise fluctuations being
fairly constant along the surface., The magnitudes of the growth
rate and fluctuations vary, however, from the values for the
subcritical optimum which are comparable to the two-dimensional
free shear layer values to more than twice those values for the
supercritical optimum. The Reynolds stresses, however, in the
subcritical case are not only much smaller than in the supercritical
case but are even much smaller than in a normal plane mixing
layer.

f. The drag of axisymmetric configurations where the
frontbodies are thin, flat disks is essentially independent of small
angles of yaw (< 0.5°) and of Reynolds number (Re) effects for
105 < Re < 8 x 10%, Shaping the frontbody or interfering with the
cavity flow can significantly alter the forebody-system drag,
although the nature of the change in drag depends strongly on the
particular configuraition being modified (Figures 51 and 52),

The possibility for negative forebody drag has been demon-
strated by the results for a hemispherical frontbody at zero and
small gaps (Figure 50), This is a consequence of blockage which
causes increases in local velocities past the model and correspond-
ing decreases in the local surface pressures.

g. Rounding the corners of a blunt faced cylinder to a
radius of one-eighth the cylinder diameter is sufficient to yield a
very low drag forebody at sufficiently high values of Re. Thin

disk frontbodies at very small gaps decrease the Reynolds number



required for low drag, fully attached flow to occur. The drag
eventually increases, however, as the gap increases (Figure 54),
and in some cases exceeds the value for the corresponding square
cornered configuration,

h. The behavior of a square cross-section model (Figure
65) is similar in many respects to the axisymmetric cross-section
behavior., With no frontbody, the drag is high, CD = 0.712,
Addition of flat plate frontbodies produces forebody systems with
reduced drag and with optimum gaps at which the drag is a
minimum. Large reductions in drag are possible, CD = 0,065
being the lowest value observed. The very low drag coefficients
observed for the axisymmetric subcritical model (CD = 0.010)
are not possible for the square cross-section, however., This is
a consequence of the inability of the frontbody separation surface
to match the rearbody at its diagonal corners. For supercritical
geometries the influence of the rearbody corners is diminished
because the shear layer has become quite thick,

i, The drag of the square cross-section forebody increases
as the flow becomes asymmetric due to yaw or off-center front-
bodies, These situations can be improved, however, by adding
additional surfaces to the forebody to guide the separated flow
onto the rearbody. Applying this principle to a simulation of a
tractor-trailer truck has demonstrated reductions in forebody drag

of nearly 504 for both unyawed and yawed (10°) flows (Figure 82).



11.2 Concluding Remarks

The possibilities for large decreases in the drag of a wide
variety of forebody systems have been clearly demonstrated. This
study has alk\s‘o defined the nature of the flow about these bodies
both qualitati\}ely and quantitatively, There still ‘exists a virtually
endless list of physical and geometrical parameters which may be
examined, however. The influences of shaping and yaw have been
only superficially considered, and the effec£ of a ground plane,
which is a major parameter in possible applications of this study,
has been completely set aside. More detailed flow measurements,
especially with respect to the reattachment zone and the scale of
the shear layer fluctuations are also desirable. Studies of any of
these topics would provide valuable information that is necesséry for
a complete understanding of interference effects of tandem bluff bodies,

In closing, two particular ideas for reducing forebody-
systemn drag might be suggested. The existence of the cavity vortex
has been indicated as an essential feature of the low drag flow
fields, it might be possible to enhance this vortex by filling and
shaping the cavity interior and thereby produce a further decrease
in drag. With respect to the square cross-section rearbody, if
the diagonal corners are removed or if the rearbody is slightly
‘-reshaped, the frontbody separation surface may then be able to
better match the rearbody, and the drag will be lower., These
suggestions are two of, most certainly, many possibilities for further
reducing the drag of configurations composed of bluff bodies in

tandem,



APPENDIX A

MWT Balance and Processor Details

A ring made of box beams encircles the tunnel test section
but floats free of the tunnel (Figure Al). The model on which
forces are to be measured is suspended from this ring., The
ring is held in place by six bars or links that terminate on the
room ceiling and wall and the tunnel reservoir section wall, At
each termination point (Figure A2) is avﬂexure which transmits
only axial loads, a tuning fork style spring that converts force
into a displacement and a Schaevitz linear variable differential
transformer Model 050 DC-B (Schaevitz coil) that transforms
displacement of an iron slug centered in the surrouhding coil
into a voltage. Three links run in the streamwise direction and
contribute to the drag, roll and pitch measurements; two are
vertical and contribute to lift and roll and the third is orthogonal
to the other two and contributes to the side force and roll as is

sketched below along with the sign convention,




The output of each Schaevitz coil is an input into the MWT
Force Balance Processor shown in Figure A3 which combines the
voltages of each coil in the proper manner to yield the three
forces and moments acting on the model in units of 1 volt =1 kg
force of 1 kg-m moment, The Processor also provides the
capability of zeroing out or nulling static loads. This is accom-
plished by a summing amplifier whose inputs are the Schaevitz
coil output, a voltage, EOQp from a potentiometer for fine zeroing
and a fixed resistor, EOC. for coarse adjustment. This is
diagrammed below,

Let P = (% full rotation of potentiometer)/100.

Then,
(30P-15)10K
EO, =
50K P(1-P) + 220K(or 220K|[300K)
EO_ = +15 10K
RO
EO = EO, + EO .
f c
Schaevitz e——
VA~
+15 300K 10K
220K
EO
50K & N , b
15 L5 g RO
-15 ¢

RO



At the location noted ZERO 1 etc., in Figure A3 the voltage as

the Processor was used in this experiment, is

- . 10 - 10
zZl = INI 12 3% + EQOI Z4 = - IN4 12 24 + EO4
ZZ - - INZ .__];_(.)__ + E02 ZS = - INS..._.__._]‘O
12, 34 = 13,18 + EO5
_ 10 _ 10
Z3 = =~ IN3 T3 34 + EQO3 Z6 = - IN6 515 + EQ6

where Z refers to ZERO and IN for the Schaevitz voltage, With
no aerodynamic loads actingon the model, each potentiometer,

P, and each coarse resister, RO, are set so that Z1, Z2,...2Z6
are all zero. Before this is done it is important tobinsure that
the slug of each Schaevitz coil is nearly centered so that the
maximum range of the Balance is available and that the Schaevitz
coil is in its linear operating condition.

With the balance statically nulled, when the aerodynamic
loading is applied, each Z will then correspond to the additional
deflection of the Schaevitz coil slug due to aerodynamic forces
and will thus represent these forces. The remainder of the
Processor combines the Schaevitz outputs to yield the desired
forces and moments in the units previously mentioned. Just
before the final output (F-M) is a RC combination which provides
an effective time constant of 1 second to damp oscillations arising
from the flow. The Processor output, which is read by a digital

voltmeter, is labelled F-M1, .., F-M6 on the right hand side of



Figure A3 and is

U = Drag = F-Ml =-<z3§%%+z4§—8%+zsg—g%)

V = Lift = F-M2 = -(ZI -§—8—8+22 %)

W = Side = F-M3 = -(26 ?_2%)

R = Roll =F-M4:-(ZI%—8TO-ZZ%48—1Q+267EQQ‘QI‘Z€’%%)
Q = Yaw = F-M5 = -(-23-2-8-%+Z4‘§*8‘(51’ 25 i%%%)
p:Pitch:F-M6=—(2359,—$-+Z4%'g%'25%“(52%* v %%Q)

as the computer was configured for this experiment,

Figure A4 shows Channels 7 and 8 which were not used
but are available for other measurements such as angle of attack
or tunnel velocity. Also shown is the switching diagram. Two
switches enable access to various parts of the circuit so that the
raw signal from the Schaevitz (IN), the nulled voltage (ZERO) or
the final output (F-M) can be observed, An additional setting is
available for such quantities as the force coefficient although this
was also not used.

Figure A5 shows the wiring diagram of the Processor as
viewed from the top. All resistors and capacitors in the unit
are easily replaced if different scaling is desired or if the

Schaevitz coil or springs are changed,



APPENDIX B

Free-Streamline Analysis

The problem is to determine the wake size and shape formed
by free streamlines separating from the edges of a two-dimensional
flat plate normal to a uniform, incompressible, potential flow,

The essential assumption is that in the wake, on the back side of
the plate and along the free streamline the pressure, represented
by the coefficient Cps = (ps - pm)/qm is constant and less than or
equal to zero, With this assumption the flow can then be treated by
complex analysis with the aid of conformal mapping and the hodo-
graph (or velocity) plane to yield solutions for the free-streamline

shape as a function of the parameter C This problem was first

Pg’
studied by Kirchhoff (1869) who assumed Cps = 0 which results in

a wake that becomes unbounded in width far downstream., A closer
approximation to the real flow is Cps'< 0 which is actually ob-
served (Fage and Johansen 1927). A free-streamline solution to this

problem which included C < 0 was developed by Roshko in his

Ps
paper on the notched hodograph technique (1954). (This paper also
presents arguments justifying the use of free-streamline concepts
with such separated flows.) This approach is seen to be a great
improvement over the Kirchhoff solution although Roshko's paper
does contain some minor errors. As discussed in Chapters 9 and
11 of Robertson's book on hydrodynamics (1965), a variety of tech-
niques applying the hodograph plane to free-streamline problems are

available. Lissaman (1975) suggested one alternative approach to

the flat plate problem although he did not go through the



calculational details. In order to justify the theoretical calcula-
tions presented herein and to correct the errors which are present
in Roshko's paper, the details of both solutions to the wake shape
of a flat plate will be now described,

Both solutions apply complex analysis where the following

fundamental terminology is defined.

z = x + iy 1is the complex variable of position

w = @ + iy is the complex potential where ¢ is the poten-

tial and  is the stream function

dw /dx =u - iv is the complex velocity where u is

<
n

the streamwise (x) component and v is the

transverse (y) component

qe-16 where q is the velociﬁy magnitude and 8 the

direction measured counterclockwise from the
X axis

B.1 Notched Hodograph

Sketch 1 shows the flow in the =z or physical plane

y
@ 8 1

Uoo= /| Kk

—b—

Sketch 1



Uniform flow at U_ = 1/k approaches from the left., From sym-
metry, the ({ = 0 streamline stagnates at the plate center, C ,
where it splits, follows the plate surface, separates at the edges,
S and S' and forms two separation streamlines. At separation
and along the free streamline the velocity is constant and taken to
be unity so that CpS =1 - (qs/Uoo)e =1 - k®. Specifying k then
defines the approach flow speed and the wake pressure. The
solution consists of mapping 2z onto the plane of the complex
potential w through the medium of the hodograph plane, v .
Once the mappings are known the solution is given completely by

dw

z = — = z(w)

® = |v]? = q(w)

The hodograph plane is shown in Sketch 2. Along the face

PEERC

Sketch 2

of the plate the flow has only a v component, At the edges it
separates with a velocity q, = kU_. Along the free streamline
the velocity magnitude remains dq while the direction changes

until the flow becomes parallel, hence the semicircular arcs from



S' to B' and S to B. Infinitely far downstream the flow must
return to freestream conditions, I, and the notch is thus formed
connecting: B and B' to I. The dashed arc represents the

Kirchhoff hodograph for which q, = U,.
It is desired to map =z into the complex potential plane

w as shown in Sketch 3., Because the region of interest in =z ,

that is the plate and free streamlines, forms the ¢y = 0 streamline,

@ ‘!/ | W=q9+lllf

Sketch 3
the map in w is very simple -- the plate and streamlines are
folded onto the ¢ axis and run in the positive ¢ direction
because ¢ must continuously increase along this particular
streamline. In order to accomplish this mapping several inter-
mediate planes or mappings are needed., The entire sequence

from the 2z to the w plane is shown in Sketch 4.




® ihT ®
g/g/es//g//’c/ I /c///'S// B// I
-;(___Vz(g_ll/g) //////%/7

h+I
W:.___._.
he +X2

Sketch 4

The light shading indicates where a region in one plane maps in
another. Multivalued functions (with branch points) arise when the
inverse of these mappings are found to obtain z(w) (the forward
mapping gives w(z) ). Choosing the proper branches requires
insuring the forward and inverse mappings are consistent which
requires 'knowledge of where the various regions map. With this
criteria carefully observed, the forward and inverse mappings are

given below,

Forward: Given v = dw/dz then
¢ =1/v = dz/dw
x = i/2 (¢ - 1/%) ... Joukowsky transformation
and w = (h®+)/(h®+%®) ... Schwarz-Christoffel

transformation

where U_ = 1/k, h (k*-1)/2k and a = (kK®+1)/(K®-1) (to be

used shortly).

2 i
Inverse: X :(h‘;l - h2> =
i
- m/o e'z(el-ea)
Tz

where 0 < 0y, <21, 0 < 85 < 2T



-i(yx +-(X3-1)%) B.2a

o
1

1
5(8, +8
2(1 2) B.Zb

-if(x + yrirg e

where -m<8,, <2m, 0<f8z <217

BE: 46,

The expression for Y applied to the path C =+ S =+ B in

2
the w plane (i.e., 0 < ¢ < hh,:l = a®, ¢ = O+) gives
2 1
X = —(h L h®)2 | .. ordinary square root
For the path B -+ I (i.e., a° <o, ¢ = 0+)
h®+1 %
= + - h®)*
X ( o )
Substitution into (B.2b) yields the following
in ®
0 <eo<1l ry, =1+ x|, 8, =m
Ya = 'X‘ - 1, 92 =T -l l |
2 L i
= ¢ =R - w)E 4 (e enE - IF)
® ®
. k-1 2 _ h%+1
and using h = S @ = e

KP4l !/1 1 i
— § —-1(——2-}—-)[—(5-?‘!'5—1] B. 3a



1<5[3<a2r1:1+,x|, 91:'” l
rs - ’X" 62 - 0 ey ...“ul
= { = [®B*+1)(Q - 2)]% + i - hz)%
or
_ k2+1 1 g1 1
¢ = (=) 1 v +1!/cp agl B. 3b
a® < ®© r, =Yl1 +"Xl2 , =1 - tan * (‘X') ih @
ra =Vl + [x|?, 65 = (Ix]) i | !
— ¢ o= - EELE L rgege o LypE
® ¢
or
k2+1 E/ 1:|
£ = [ Y L -25 B.3c

Now { =dz/dw = =z = ‘f {dw = [ {dp is the solution
along the upper branch of the streamline (i.e., Y= O+). The
variable ¢ in Equations B, 3 is real and the integration to yield
z(w) = z(p) can be done using ordinary (real) calculus and principal
branches. Evaluating then =z = j;(cp) dep over each of the regions

in ¢ and requiring z =0 at ¢ = 0 and continuity of ¢ at

® =1 and a®, gives:

0 <op<1
2
:1k+1[ ycp(a— ) -a tan” y -1 +ycp(l- )-tan = -
B.4
2K m *
Tl 2

2

1<g9<a



- k2+1 [m - E’”(}/C{—D + }/crl) + i(-lé- }'cp(ag-—cp) - a(ta.n_1 gc’—;--l

2
+I€25kTI .;l] B. 4b
a? <o
2
z:k+1[ Yolo - a%) - a tn( Yo - a? +f)+]/@(m-1)
2Kk® 1
- n(Yeoo + cp-1)+a0/na+1kzlzjl B. 4c

The coordinates of points S and B are now desired as
they represent the edge of the plate and the location at which the
wake becomes parallel. They are found by substituting ¢ =

and a® respectively into Equation B.4b
_ _ k® +1 .1 ]/ 2 -1 o 2k® 1
S = Z(].) = ——Z—E-— [O + 1(5‘ a® -1 -a tan a“~-1 + kg 1 2— )

R SE! 2k k2+1 1
= W5 )[ tREG t ey ten o ) B. 5a

where use has been made of tan™p = 1/2 - tan™' (1/B)

k°+1 . 2k2 1
- 2 —_— 2. - 2 —_
B = z(a®) ST [aya 1 -fn(a +l/a 1) + i(0 + ] Z)J

_ kKP+1.R k2-1 k -1 k2+1

In Roshko's notation the plate width, d , (d; in the present

paper), the wake width, d' , (dz) and the downstream distance to

parallel flow, b, (g) are then given by

d = 2Im(S)
d' = 2Im(B)
b = Re(B)

or the gap and diameter ratios are



1 [KP+41 | K2-1 k-l]
———[ + %(k+l) B. 6a

d 2 2 _ 2 _
d _ 4 _k 1[1 2k k+1tan1(k2k1:'

& T T 2Tt e
1 k2-1 -
= 2k - 2(k®+1 1k
- l: o1 T+ (k*+1) tan ] B. 6b

the second form of d/d' being more convenient,

B.2 Alternative Approach Suggested by Lissaman (1975)

Consider the flow and hodograph mapping as shown in

Sketch 5.

c V= k'Up= |
Cp.=1-k?

Sketch 5
(The notation has been slightly changed; q refers to the complex
velocity and 'a to the point at infinity, )
This is simply one-half the flow described for the notched hodo-
graph. The boundary, ABCDE, forms the ¢ = 0 streamline,
Other streamlines in the flow will trace out curves contained inside
y = 0 and closed at point a as indicated in the Sketch. This
flow pattern, although in the hodograph rather than physical plane,
is just that of a doublet located at the point a and its appropriate

images. Since analytic functions are invariant with transformation



and the character of any singularities is basically unchanged
(Robertson 1965, pg. 353) then a similar doublet will appear in

the real flow. Consequently, the potential w can be written for
the doublet in the q plane and then transformed to z by

q = dw/dz or z = I dw/q . The problem is now simply to ob-
tain an expression for w(v) which then is integrated for =z(w).

The potential of a two-dimensional doublet located at =z = Z,

of strength m whose axis (defined positive going from the sink

to the source) makes an angle o with the positive x axis is

given by
Y\

io
_ -me
Z - Z

doublet at
Z= Zo

In the situation of Sketch 5, the doublet is located at q = a and
makes an angle 1 with the horizontal axis, and its potential is
thus w = -mein/(q—a)zm/(q—a). Now the ¢ = 0 streamline im-
poses boundaries on the flow pattern which must be satisfied by
appropriate images. Segment DEAB is a plane of symmetry
which the doublet, with « = 1, automatically satisfies. Segment
BC requires symmetry in the plane x = 0 and the boundary CD
requires the image of a doublet "in a cylinder', to use the
terminology of Milne-Thomson (1960). A method for obtaining the

proper images in the plane x = 0 and in the cylinder, ro o= 1,



is described in Milne-Thomson, sections 8.43 and 8.81. Applying
it to the present case gives the following image system (Sketch 6)
and the complex potential, where the doublet strength has been
taken to be unity (since it will later be normalized out anyway).

_ 1 1 11 11
vl rdm e T ] 5
a

-l/a !
1
—i
Sketch 6
The desired solution is 2z = —%Y = J" %—g %ﬂ . Taking the

required derivative of (B.7) gives

dw _ [ 1 1 11,1 ]
d *7|@caF - e i
d (q-2) (@+a)y” a (@-5F & (qa+3)

and the expression for z(q) becomes

1 1 1 1 11
- _ - _ = — 1 d B.
“a) ﬂq(q-a)z q(q+a) "a® q(q-;i-)z a® q(q+§)"‘:| :

The integrand, call it f(q) , has poles at q = 0, a, -a, 1/a and
-1/a and has no branch points. The pole at q = 0 1is removable

since

lim af(q) = 1im[ 1 1 1 1,1 1 J

= - SN S USE S I SR

q0 40 | (q-af 2 2 a (q+l)2
a

= ’aé- -~ -1+1=0 (see, e.g., Churchill, 1960, p. 158)



and thus presents no difficulties. The only other singularity in the
region of interest (i.e., the fourth counter-clockwise quadrant) is
at q = a and it can be avoided by deforming the path of integra-
tion suitably. The indefinite integral for z can therefore be
obtained by real calculus although its evaluation at any point will
require proper selection of branch cuts.

Each term in the integral has the form

dv__ o __1 1 1
Ju(a+buf T ala+tbu) 2 f’n(a+bu)+;§_p,nu+co B.9

where the n terms will require suitable branch cuts and the con-
stant Co will be determined by requiring z = 0 at q = O.

Applying (3) to (2) gives

_ 1 -1 -1 1 1 1
z(q) = —E{q-a+q+a+ _l+ +_1_J-—a—2-[—0/n(q—a)+im(q+a)]
d-7 9473

1 1 '
- {Wn(q-a)-%(w;)} C, B.10
Branch points exist at q = a, -a, 1/a and -1/a. To avoid cuts
in the region of interest the branches are chosen vertically as shown
in Sketch 7, with the range for the arguments of the /2 terms also

giving continuous solutions across the negative imaginary and positive

rea.
srir 3wz | 37z _3wx
T2 12 T 2ie 2 12 2 12
1 ~a 3 1
a (o]

Sketch 7



With this selection of branches (B.10) can now be evaluated., The

constant is first determined so that z(0) = 0, which gives

c, =in( - a%)
The locations of points C (q = -i) and D(q = 1) are the values
of interest since they again correspond to the edge of the plate

and the location of parallel wake flow. Evaluating (B.10) with the

branches and integration constant as determined above yields

2 N

a(-i) = -i [% 1) - T +20egy) tan_la:| B.1la
-2 &+l 1 1+a, | im

z(l) = — (;2-_-1') -(z-D on () 3 B.1lb

The normalized wake width, dl/dZ’ and gap (downstream location

of parallel flow), g/dz, are then

_‘_51__1_ _ Im (z(-1)) g _ _Re(z(l
da  Im(z(1)) * da = 2Im(z(1))

Recognizing that a = 1/k , the value of the freestream velocity,

gives the final wake geometry

o1 [K®B+1 | K2 -1 k-1

i, =A% [kz =t IR %(k+l)J B.12a
d, 1 [ k® -1 5 -1 ]

S 1 } B. 12b
T = mm |2RGep) - 20 ) tan T k

which are identical to Equations B.6, the results of the notched
hodograph.

As can be seen from these equations, the wake geometry
is solely dependent upon the wake pressure, or equivaleptly, the
overshoot in velocity at separation. Specifying the pressure or velocity

1
fixes the parameter k=Ug/U o = (1 - Cps)2 and determines the wake,



APPENDIX C

Bragg Cell Frequency Generation

It is desired to drive each Bragg cell so that their dif-

ference in frequency, fB’ is tunable, stable and on the order of
100 kHz, If two independent (and thus uncorrelated) sources are

¥

used, then their noise is given by

v

\/6 \)1: + 6\)32j

5v/v \/(6\)1/\))2 + (6\)3/'\)?3‘ = \/?(\)1/\))(6\)1/\)1) C.1

1

where v; = vg.

For a typical oscillator §v,/v; ~ 107°, and the nominal
Bragg cell frequency is y; = 40 MHz, Using these numbers in
(C.1) gives 6v/V ~ 0,005, If the oscillators are locked together,
then v, and vy are no longer uncorrelated, and 6v/y ~ &vy /v,
= 6\)5/\)3 ~ 107% and a considerably lower instrument noise results,

If a2 mixer is used to add 40 MHz and f it will generate

B’

a spectrum as shown below,

l

40M-f, 40M 4OM+ig v

Crystal notch filters are required to isolate the desired side band,
and the frequency of the generator will be fixed by the notch filter.
To circumvent this problem, a nonlinear, digital phase-locked loop,
upper side band generator has been designed and built by Prof. Paul

Dimotakis and Dan Lang of Caltech to produce a pure upper side



band as depicted in the sketch below,

o
vi = 40MHz
Upper g
&+
40MHz Side Band S, %
ol
—p Generator | va = 40MHz @
fB + f'B
S

Vv
40 MHz + fB

The difference frequency, fB’ accepted by the generator can range

from 10kHz to 10 MHz and provides the flexibility needed to optimize

measurements in a recirculating zone,



APPENDIX D

Laser-Doppler Sampling Bias Correction

From Equation 19b of Dimotakis (1976) for stationary
fringes, the sampling bias of making a measurement of the mag-

nitude of velocity normal to the fringe planes, ]le is
B (|Ux[; e) = |UXIW(1 - EW?2) if PWE < 1 D.1
where ¢ is the ratio of the minimum acceptable number of fringe

plane spacings that must be crossed to the total number in the

overlap volume, ¢ = Mf/Nf, and

Uy2 sin® (9/2) + Uza
Uyx® cos® (p/2)

w2 = 1+ D.2

The coordinate frame takes x perpendicular to the fringes, y and z
the other orthogonal directions and § is the angle between the
beams,

A given ith measurement actually consists of two inde-
pendently determined quantities: Ati’ the total time of flight across
the focal volume, and n., the number of fringe plane spacing
crossings, or equivalently, ‘.Uxi‘-’ the magnitude of the fringe
plane crossing velocity, and n.. The bias in making this particular

measurement is given by
B (]Uxi], n=mn) = B(l_UXi1,n2ni)-B(!Uxi!,nzniﬂ) D.3
Substituting (D.1) into this expression then yields

(2n. +1)

B (|Uy; |, my) = |Uy, | W;° ——1-\-11?— = |Ux; |W.2(2n, +1) D.4



Equation D.4 is the sampling bias associated with. the measurement

of 'Ux-, and n, for the ith valid particle crossing the focal volume
i

when the fringes are stationary.
If the fringes are in motion then the fringe spacing require-
ment becomes

+
(vg ¥ vp)at, 2 M D.5

f

where v, is the Bragg shifted frequency and v_ is the Doppler

B D

shift., Expression D.5 is equivalent to

=
Uphty = Mg D.6

where UT = Uf + UX, = (\)B + \)D)s , and‘ s is the fringe plane
spacing. It is now required to recompute the particle trajectory
through the focal volume requiring that it now satisfies the inequality
in (D.6). This is done beginning with equation 15 of Dimotakis
(1976). When this is done it is found that the same solution for the
trajectory, equation 16 of Dimotakis (1976), ‘results only with a new
fringe plane crossing parameter, €eg = e/(UT/UX), replacing e.

Now, from (D.1l) and (D, 3) it is easily shown that

BUlU, L) = 10 T W ey - e ™) D.7

If ¢ now goes to ¢' = ¢/a, then
_ 2
B'(!Uxi’,ni) = B('Uxi',ni)/a

by (D.7) and, using (D.4), it is finally seen that for moving fringes,
lu. | W2 (2n,+1) U_3W3(2n.+1)
> SIS T | x; i i
) = = D.8

(Up /U )P U *?

B(]Uxi[,ni



U_® cos® /2 + Uyz sin® §/2 + U *

Now U_?W?
cos® /2
Taking 8 small and recognizing that Ux = u, UY = ~-w, UZ = v gives
UPW? « u® + v®
X
or

3/2
U W2 < (u?+v?)
1/2
But (u® +v?) < 1/at, that is, the time of flight is inversely
proportional to the magnitude of the total velocity vector through the

focal volume. Also UT = ns/At « n/At. Therefore Equation D. 8

for the bias becomes
. .
(I/Ati) (Zni+1) (2n1i+1) 2+ l/ni 1

B(!Ux_[,ni)oc - = — = «
i (n;/At;) n2at, n At n. At

i
for large n., and the weighting for a given velocity measurement is

then

B'l(!Uxi|,ni) = n At D.9



APPENDIX E

Bias Due to a Velocity Gradient

Consider a velocity gradient and a focal volume of finite
extent as in Sketch 1. Then the probability density ﬁ(u,yc) for

measuring u at the center of the focal volume, y = Yoo is the

y
A u(y)
X
h(y-yc)
Sketch 1

convolution of the probability density of the actual velocity, plu, v),

with the spatial resolution envelope, h(y-yc), of the focal volume,

p(w )

This envelope is a function of the intensity distribution within the
[=2]

h(y-YC)/\
Vi
ﬁ(u.yc)=fp<u,y)h<y-yc)dy \/\ ,
2
y—

Va

~

ketch 2
focal volume, 1i.e., Skete

h(y) - hO e"z (ZY/WO )2 E. 1

where wy is the focal volume diameter, and is normalized by



J hiy)dy = 1 E.2

0

The estimated (or measured) mean velocity ﬁ(yc) at y = Ve is then

a(y ) =f{fup(u,y)du} hiy-y )y = fﬁ (y)h(y -y )dy E.3

and the mean square fluctuation u'?= (yc) is given by

@ (y ) =J{ (u-ﬁ(yc))ap(u.y)dU} h(y-y )dy E.4

where the second expression in (E. 3) follows from the definition of

the mean, u(y).

Expanding u(y) in a Taylor series about y = Ve and substi-

tuting into (K. 3) gives

aly.) = Sly,)+(3%/dy )ch (y-y Jh(y-y )dy

«©
t3(8%9/0y%) J(y-yc)gh(y—yc)dy +H.O.T.
C
-0

The second term is zero since h(y) is an even function, kTh‘e
integral in the third term is the definition of the variance of the

focal volume intensity distribution, o¢°. Therefore ﬁ(yc) becomes

fly,) 2 By ) + 3(8°T/ay%) o° E.5
[od

and is seen to be independent of the velocity gradient,
Substituting (u-T(y ))* = (u-U(y))>+ (Tly) - Tly ))°
+ 2(u-uly)) (uly) - uly )

into (E.4), recognizing



T (y) =J (u-T(y))?p(u, y)du

and expanding U°(y) in a Taylor series about Y = Vo gives for

w(y,)

e

a'®(y.)

q'e (yc) + {% 2.2_.@’__'31)_) + (aa/ay)ﬂ o® E.
dy=

Y=Y
Thus, the measured fluctuations are strongly dependent on the

velocity gradient and require a correction,

A Gaussian distribution is ?roperly expressed by
2 2
hly) = hoe™ /(207)

where ¢® is the variance. But from (E.1) -y*/(20%) = -2(2y/wy)®

and therefore

- W
o = 3 . E.

7
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a) No Frontbody, Cp = 0. 722, Shutter Speed = 1/15 second

b) No Frontbody, C_ = 0,722, Shutter Speed = 1/1000 second

D

FIG. 52 & b AXISYMMETRIC FLOW VISUALIZATION



c) d,/d; = 0.75 g/d, = 0.25, C_ = 0.021

d) d,/dg = 0.75, gfd, = 0.375, C

= 0.010

D

FIG. 5¢c & d AXISYMMETRIC FLOW VISUALIZATION



e) dy/d; = 0.75, g/d; = 0.125, C = 0,222

f) d;/d; = 0.75, g/d; =10, C_ = 0.184

FIG. 5e & f AXISYMMETRIC FLOW VISUALIZATION
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FIG.32 STREAMWISE VELOCITY PROFILE di/g, = 0.5,
9/dp=0.75, /g = 0.67
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FIGURE49 EFFECTS OF MODEL ASYMMETRIES
ON FACE PRESSURE DISTRIBUTIONS
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