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SUMMARY

This report, which is a natural sequel to Ref.3, presents
the results obtained from a series of wind tunnel tests
on an axi-symmetric body. These tests were conducted

in a subsonic tunnel at a nominal Reynolds number of
580000 and measured the distribution of pressure on the
body when set at a range of incidences from -2 degrees to
+5 degrees. Using the measured pressure coefficients,
load distribution, normal force, pitching moment and

centre of pressure results were obtained.

Comparison and correction of the measured data was

'obtained through the use of the panel method SPARV. The

opportunity was taken to compare the RING SOURCE method,
which was designed to deal with the potential flow
around bodies of revolution, with inviscid SPARV.
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1.0 INTRODUCTION

As part of a programme of research into the aerodynamic
interference between axi-symmetric stores, an experiment
was conducted on the basic store, Ref.3, in which it was
found that the results were, due to interference from the
support rig, unsatisfactory. This rig has now been re-
designed and manufactured and the present report gives

an account of the new series of tests and the comparison
of experimental results with theoretical predictions.
Implications for planned multi-body experiments are
included.



2.0 EXPERIMENTAL ARRANGEMENT
2.1 The Model

Since the theoretical predictions which were to be used
would not include separated flow a body was required

which would have attached flow along the greater length

of the body but still have significant viscous effects

at low incidence. An ogival nose with a three-degree-
slope boattail was chosen as the body shape. The boattail
and the long length of the body, about 1.53 metres,

- should allow a relatively thick boundary layer to develop

over the rear of the body whilst remaining attached. A
trip wire was placed near the nose of the body to force

the boundary layer to become turbulent.

The basic model comprised four aluminium sections, joined
together, and supported by bearings onto a rigid steel
shaft. A stepper motor giving 400 steps per revolution
was located in the nose to allow rotation and was fixed
by a universal joint to the steel shaft. Along one
meridian plane 36 pressure tappings were located and fed
by flexible plastic tubing to a 48-port scanivalve
containing a 0.1 psid pressure transducer. Also, two
sets of four holes (at 90 degrees intervals) were located
at two positions along the length of the body. A sketch
of the model used in the tests is shown in Fig.l and the
positions of the stepper motor and scanivalve are shown

by Fig.2.
2.2 The Support Rig

A schematic diagram of the initial support rig is shown

by Fig.3 and clearly shows the side fairings and back
strut. The redesigned rig is shown in Fig.4. It comprises
a sting into which the model was located. The other side




of the sting was located into a bracket fixed to the
middle of a rectangular cross-section, hollow strut which
spanned the tunnel height. The new rig uses a tail wire
arrangement similar to that used previously. The back

strut was unfaired.
2.3 Instrumentation
A Pitot-static tube was used to measure the free stream

total head. The measurement was made at a distance of
0.3 metres from the tunnel wall by a 0.5 psid pressure

‘transducer. The static pressure from the Pitot-static

tube was also connected to a T-junction inside the model.
One joint of the T-junction was connected to the transducer
and used as the reference pressure, with the other

joint connected to port 1 to give a zero error reading

for the transducer. An analogue to digital converter

was used to conﬁert the signal from both transducers
suitable for input into a Commodore PET computer. This
computer also controlled the stepping of the motor, using
a drive/interface combination, and the scanivalve. Fig.5

shows the instrumentation used in the tests.
2.4 Test Procedure

The tunnel was calibrated for six incidence cases, namely,
5,4,3,2,0,-2 degrees. The tunnel speed was calculated

to give a nominal Reynolds number (based on model maximum
diameter) of 580000 and the model was set at its initial

roll angle. All 48 ports were scanned in sequence, port 1

- being connected to the free stream static pressure to

give a reference zero error. The free stream total head
was measured every time a port was scanned. Due to the
relative sizes of the model and support rig cross-sectional
area as compared with the tunnel working section cross-

sectional area the readings were not corrected for blockage



effects. The measurements were recorded onto a disc
in sets of 48, at 11 roll settings. Calculation of the
loads and pressure distributions was carried out later

by a separate programme.




3.0 THEORETICAL PREDICTIONS
3.1 The Panel Method (SPARV)

The panel method essentially approximates the body
surface. In two-dimensional flow the body contour is
split up into connecting lines. 1In three-dimensional
flow the body surface is approximated by facets. By
using a large number of panels the approximated body
surface resembles the original quite well resulting in a
highly accurate answer which is close to a possible
exact solution. Usually the number of panels used is
dependent on the complexity of the body shape and user
experience. With a body such as the present one, which
does not have a pointed base, a wake enclosure has to
be specified. The type of enclosure chosen is largely
arbitrary but usually resembles the shape of the body
nose region. See Ref.2.

The model, sting and back strut were represented as

three components. The body was modelled by 15 axial
panels and 15 circumferential panels. The sting was
modelled by 13 axial panels and 15 circumferential panels.
Due to the dimensions of the back strut, length to width
ratio of about 2, the flow would be expected to separate
near the nose and reattach along the aft of the strut.
This could be regarded as an oblate ellipse and was
modelled as such, with ‘19 axial panels and 15 circumfer-
ential panels. The wake enclosure used was a linear one

extending to the surface of the sting.
3.2 The RING SOURCE Method

The RING SOURCE method (Ref.4), was designed for bodies
of revolution alone and is useful for quick comparisons
with experiment. The body is divided into frusta, with

the nose and tail region frusta being cones. The sources




form rings on the frusta and each ring has a constant
source strength distribution. The number of control
points is dependant oh how many frusta the body is
divided into, unlike SPARV, where the number of control
points is dependant on the number of axial and circumfer-
ential panels. With SPARV the size of the matrix set

up is far higher than that with the RING SOURCE method.

The theory is linear and, therefore, flow at incidence
can be divided into an axial component and a cfosswise
component. With the crosswise component the source
strength varies as a SINE or COSINE function of the

meridian angle.

The result of the RING SOURCE method is a fast and accurate
method, with a smoother surface than SPARV, for calculating

the potential flow around bodies of revolution.




4.0 EXPERIMENTAL RESULTS
4.1 Distribution of Normal Loading

The raw data stored on the disc comprised the X location
of each port, the reading from the transducer in the model,
the pressure coefficient, the total head reading and the
roll angle. By a numerical integration technique the
value for the normal loading at each port could be found.
In this series of tests the trapezium rule was used as

the integration technique. Figs.6 to 11 show the experi-
mental results compared with the theoretical predictions.

The theoretical method used was that of Ref.l.

The panel method programme (Ref.l) was run at the
incidence cases that the body was tested. However, it

was found that the peak load of the experiment did not
agree with that obtained by the panel method. As the

flow is attached over the nose region of the body, and can
be regarded as being inviscid, the peak load should be
predicted accurately. Fig.l2 was drawn from the inviscid
SPARV (Ref.l) runs and from this the peak load was found
and plotted against the angle of incidence, Fig.l1l3. From

this the true angle of incidence was found.

Overall the general comparison between experiment and
theory was good and the serious interference experienced
with the previous rig was not present, but several points

of interest arose:

(a) At an incidence of 5 degrees the position of peak
load in the experiment agrees with that obtained with
SPARV. However, at lower incidences the agreement is not
so good. The peak load in the experiment is behind

that obtained from the theoretical predictions at positive

incidences and forward at negative incidences. The degree




of mismatch gets worse as the incidence approaches
zero. This is in accordance with the findings of
Christopher and Shaw (Ref.3).

The theoretical predictions do not include any variation

of incidence along the length of the body. It had been

found that there was a variation of incidence of the flow

in the wind tunnel across the height of the tunnel (Sec.4.1),
so at each port location along the body length the

effective angle of incidence changes. This characteristic
cannot be modelled by the SPARV panel method and, therefore,
must be considered when comparing the theoretical

predictions with the experimental results.

(b) At positive incidences the minimum down load is well
predicted and maintained towards the base. However, at
an incidence of 5 degrees the flow has possibly separated
near the base and the loading increases but does not
reach zero at the base. At lower incidences the load
near the base region has a tendency to decrease. The
effect is more pronounced at the negative incidence

cases where the loading decreases from a positive value
near the beginning of the boattail to a negative value
near the base. However, the trend is in one direction.
There is obviously interference from a source near the
base at.these lower incidence cases. Possible sources of

the interference are discussed later.

(c) The viscous SPARV solution (involving a transpiration
velocity concept) is that obtained after one iteration.
The theoretical load increases along the boattail at
positive incidences and decreases along the boattail at
negative incidences. This trend is in accordance with

the experimental results, but the agreement between the
theoretical and experimental results along the boattail

is not good, even with a higher number of viscous




iterations (Fig.14). The viscous SPARV results show
that at 4.85 degrees incidence the flow separates near

‘the base, showing the disagreement with the experimental

results. This separation is due to large normal velocity
components which can be suppressed in SPARV, but have

not been done so here.

To test whether the disagreement along the boattail

would be decreased by conducting further viscous
iterations, SPARV was run with eight viscous iterations
at 2.65 degrees incidence. The result is shown by Fig.l14.
The difference between the results for the third and
subsequent iterations is very small and so, the results
for the fourth and higher iterations have been excluded
from Fig.l1l4. However, there is still poor agreement

with the experimental results.
4.2 Pressure Distribution

The variation of pressure coefficient with distance

along the body from the nose is shown by Figs.1l5 to 20.
In all the cases it can be seen that over the nose region
the theoretical values agree well with the predicted
values. The pressure 'bucket' is well predicted at all
the incidence cases. There is a divergence from the
experimental values towards the aft region of the body,
near the base. Furthermore, at the negative incidence
cases the value of Cp for the zero roll angle is less
than that for the 180 degrees case. The curves 'cross
over' at X/L = 0.30 and then again at X/L = 0.71 for the
zero incidence case and X/L = 0.68 at the 2 degrees case.
This, once again, shows the presence of interference
near the base region. This could be attributed to the
asymmetry of the boundary layer along the body which gets
progressively worse towards the base and for reasons

which will be discussed later in Sec.5.3.
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The experimental pressure coefficients are given in

tabular form in Appendix B.
4.3 Ndrmal Force Coefficient

The normal force coefficient variation with angle of

incidence, corrected and uncorrected, is shown by Fig.21l.

To find the correction to incidence a straight line was

drawn through the origin and the value of the load at

4 degrees incidence. This was because the correction to

the incidence at 4 degrees was very small and also,

because at zero incidence the load should be zero. Over

this range it was assumed that the normal force coefficient
versus incidence curve was linear. The value at an

incidence of 1.50 degrees does not lie on the line. The
pressure was investigated and it was found that the

discrepancy arose due to effects near the base region.

The value at -2.85 degrees incidence is well off the

line and is possibly due to the interference from the

sources that will be discussed later. At 4.85 degrees
incidence the flow towards the base is viscous dominated

and may be very near to separating. This would account for the
curvature of the C  versus incidence line above 4 degrees incidence.
At a positive incidence the normal force coefficient is of the
same magnitude but of opposite sign at the corresponding

negative incidence.

Usually, force and moment measurements are made in the
wind tunnel. If the normal force versus incidence curve
does not pass through zero, it is normal practice to
'shift' the whole curve so that it does. So, in effect,

a zero incidence shift is applied at all incidences to

the uncorrected readings. This is shown in Fig.21. The
slope of this curve is greater than that for the corrected

incidence case.
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4,4 Pitching Moment Coefficient

The model could be regarded as a very sensitive yaw meter,
the sensitivity of which is shown by Fig.22., Looking
first at the pitching moment versus incidence curve, for
pitching moment measured about the nose, the values at

the negative incidences are not in good agreement with

the rest if a straight line is expected to fit the points.
The value at -2.85 degrees incidence is nearly zero. The
pitching moment is very dependent on the flow characteris-
tics near the base due to the long moment arm (moments
were measured from the nose). By considering the load
versus incidence curve at -2.85 degrees, Fig.ll, it can

be seen that the departure can be attributed to the nature
of the flow near the base. However, if the moments are
taken about the base the values obtained for Cm give a
linear variation of pitching moment with incidence
(Fig.22). A straight line passing through zero is
obtained and the correction to incidence is in agreement
with that obtained using peak loads. (Fig.13).

Once again, adopting the usual practice of applying a

zero incidence shift to all incidences, a curve passing
through zero was obtained. This curve, Fig.22, as with
that for the normal force coefficient, is symmetric and

of greater slope than the corrected incidence case.
4,5 Centre of Pressure Location

By dividing the pitching moment by the normal force
coefficient, ch, the location of centre of pressure, is
obtained in calibres (model maximum diameter). Table A
in Appendix A( shows the variation of ch with incidence.
It can be seen that at an incidence of -2.85 degrees the
centre of pressure is located at the body nose. At all

the other incidence cases the location of the centre of




pressure is forward of the body nose and is furthest

forward at an incidence of 2.65 degrees.

Using the method of Brebner (Ref.5), which is semi-
empirical, the location of centre of pressure has been
obtained, for the present body, at all incidences. The
results are shown in Table A. It can be seen that the
agreement with the experimental results is good at 1.50
and 3.95 degrees incidence, but is poor at the other

incidences.

The usual method of predicting the centre of pressure
position is by dividing the gradient of the pitching

moment coefficient curve by the gradient of the normal

- force coefficient curve. This results in one value for

ch, which in this series of tests is 0.870 calibres
ahead of the nose for the corrected incidence case and
1.847 calibres for the uncorrected incidence case. The
value of ch, for the zero incidence shift case was
found to be the same as the uncorrected incidence case

and was located at 1.847 calibres ahead of the nose.
4,6 Correction to Incidence
Three methods have been used to find the correction to
incidence:
(a) Peak loads from the theoretical predictions
(Pig.d3).
(b) Normal force coefficient (Fig.21).
(c) Pitching moment coefficient (Fig.22).
The peak loads (Fig.l13) give the correction to incidence

according to inviscid flow. However, since the flow over

‘the nose region is essentially inviscid, the corrections



obtained can be accepted as being true. The correction
for the zero incidence case, by this method, is -0.85

degrees.

The normal force coefficient curve for the uncorrected
case passes through 0.75 degrees for zero load, resulting
in a correction to the incidence of -0.75 degrees at

zero load for the curve to pass through the origin.

The pitching moment coefficient curve passes through
0.70 degrees for zero pitching moment resulting in a
correction to incidence at this case of -0.70 degrees, for

the curve to give zero moment at zero incidence.

The disagreemént between the three methods is very small
and arises due to the normal force being obtained by
integrating the normal force at each port location over
the whole body, resulting in an accumulation of any
error in the incidence along the body. Similarly, the
pitching moment coefficient has a largér error due to
the moment arm. However, the consistency between the

answers is very good.
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5.0 DISCUSSION OF INTERFERENCE EFFECTS
5.1 The 0ld Rig

The interference effects of the old support system (Ref.3)
were quite evident from the findings of the authors. The
main areas of interference arose from the side fairings
and the circular back strut. The reacons for which are
explained in, Sec.5.4.

5.2 The New Rig

Fig.4, shows the new rig and the model. The back strut
is located at 0.76 metres behind the base of the model.
By conducting theoretical investigations using inviscid
SPARV (Ref.l) it was found that the presence of the back
strut had little effect on the flow over the model. It
was also found that the effect of the sting was minimal,
only affecting the pressure coefficient near the base

in the third decimal place of significant figures.
Further, earlier SPARV runs showed the absence of any
effect from the tunnel walls. There remains only the
wire from the base of the model, the jubilee clips and
the wires and pressure tubing leading down through the
tunnel floor (Fig.4) as possible sources of interference.
The wire from the base of the model protrudes into the
flow, due to the need for the model to roll. Three of
the jubilee clips could effectively lie in the wake of
the body but the most rearward clip could contribute to
the interference experienced near the base. Also, the
wiring and tube leading down through the tunnel wall
could also contribute to the interference.

5.3 Possible Sources of Interference

It is evident from the loading curves that the interference

arises at the lower incidences. However, it may also be
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present at the higher incidence cases but could be

dominated by viscous effects near the base.

In Sec.5.2 the possible sources of interference were
discussed and we now proceed to elaborate on the effects

of each on the flow near the base of the model.

(a) The wiring and tube leading away from the model

down through the tunnel floor could be regarded as a
circular cylinder and contribute to the interference. The
effect would be to slow the flow down near the base of

the model.

At positive incidence the flow on the top surface is
travelling slower than that on the bottom surface of the
model. The effect of the circular cylinder would be to
slow the flow down even further on the top surface.

This would result in an increase in pressure on the top
surface leading to an increase in download near the base

and an overall decrease in normal force.

At negative incidence the flow on the top surface travels
faster than that on the bottom surface. In this case the
circular cylinder would slow the flow down on the top
surface, which leads to a decrease in upload near the

base and an overall increase in the download.

These effects are in accordance with the findings from

the experimental results.

(b) As the three clips closest to the model base may
effectively lie in the body wake only the most rearward
clip will be considered.

At positive incidence the clips are on the meridianplane
corresponding to a roll angle of 180 degrees, i.e. the
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bottom surface. The most rearward clip may not allow
the wake flow to re-attach to the sting resulting in an
effective thickening of the wake towards the bottom
surface. The consequence is that the flow travels faster
and the pressure decreases on the bottom surface leading

to an increase in download near the base.

Further, at negative incidence the wake thickens on the

'bottom surface resulting in the flow travelling faster

than it would without the clip being present. The upload

near the base, therefore, decreases.

This, once again, is in accordance with the experimental
results.

(c) The base wire protrudes, by its greatest amount

into the flow at a roll angle of zero and at 180 degrees
roll angle the wire is taut and lies in the body wake.

The effect of the base wire would be to separate the

flow on the bottom surface near the base leading to a
decrease in download at positive incidence and an increase

in upload at negative incidence.

This is not in accordance with the experimental results.

5.4 Comparison Between 0ld and New Rigs

By comparing the loading curves obtained in the initial
experiments (Ref.3) to those obtained in the present
experiments it can be seen that the interference due to
the support rig has been considerably reduced. The

side fairings and circular back strut have been replaced
by a slender sting and rectangular cross-section back
strut.

The previous rig affected the flow over the whole body.

The side supports, which were faired with aerofoil type
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tapered sections, caused a speed-up in the flow at the

mid section of the body. There was also asymmetry of

the flow due to the side supports extending down only

half of the tunnel height. Therefore, at negative
incidences (measured upwards) the body was between the
supports and at positive incidences the body was below the
supports. The flow may also have been affected by the
three-dimensional effects at the support ends. Further,
the circular back strut slowed the flow down near the

base by pushing it outwards and around itself.

The new rig, however, does not suffer from these drawbacks.
The back strut is far enough behind the base of the model
to have little effect on the flow in the base region.




6.0 COMPARISON BETWEEN THE THEORETICAL METHODS

SPARV has the capability of dealing with multi-component
flows, and can deal with a complete aircraft configuration,
the limit being set by the computer size and the cost.
Theréfore, it can deal with complicated flows, such as
that with axi-symmetric bodies in close proximity to

each other, to name but one. There is also a capability

for viscous flows.

Wind tunnel interference corrections can now be estimated
comprehensively with SPARV, as compared to the traditional

estimates, which were confined to blockage and incidence.

The RING SOURCE method has, so far, been confined to
inviscid flows about isolated bodies of revolution (Ref.4).
The main advantages of the method are that the input to
the developed computer programme is far easier and shorter
than that for SPARV, and, most important of all, the run

times are shorter.

Figs.23 to 28 show the inviscid SPARV results, for the
boattail store used in the experiment, compared with the
RING SOURCE method. It can be seen that the agreement is

very good over the whole incidence range.
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7.0 IMPLICATIONS FOR FURTHER TESTS

It has been shown that with the new rig the interference
has been reduced significantly relative to the old rig
(Ref.3). However, at lower incidence some interference
is still present, but it is hoped to eliminate this by
keeping the 'back wirc' from protruding into the flow by
keeping it taut, possibly by a spring system, and to
exclude having to use some or all of the jubilee clips.

The new rig has been shown to be a sound support system
on which to conduct single body tests, and it is hoped
it will be suitable for conducting planned multi-body
tests, where the range of roll angle will have to be

increased to 360 degrees.
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8.0 CONCLUSIONS

The experiments conducted have shown the new rig to have
little interference as compared to the old rig. The
interference that is present should be greatly reduced

by judicial attachment arrangements between the model and
sting, as opposed to jubilee clips, and by keeping any
wires from protruding into the flow. A firm basis has
been established from which multi-body tests can be

conducted.

It has been shown that the usual practice of applying

a zero incidence shift as a correction to the normal
force versus incidence and pitching moment versus
incidence curves is valid, in the sense that it corrects
the incidence at zero normal force and zero pitching
moment, but does not give the correct values of slope.

Because detailed pressure and load distribution data

.is available, as opposed to the usual overall force and

moment data, it is possible to make a more precise

correction.

The theoretical prediction technique, SPARV (inviscid),
gives good results for the flow over the nose region, but
the viscous extension does not give good agreement with
experiment over the boattail, even with a higher number

of viscous iterations. However, by the use of SPARV, in
predicting the correction to the incidence, it has been
shown how modern computer techniques and wind tunnel tests
can compliment each other to present a better understanding
of the characteristics of the flow around the body being
tested, a point in case being the location of the centre

of pressure (Sec.4.5).

It has been shown that the RING SOURCE method of, Ref.4,
gives good agreement with inviscid SPARV, with a

considerable saving in run time.
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Figure 9. Load distribution at 2° incidence.
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Load distribution at 0° incidence.
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Figure 15. Pressure distribution at 5° incidence.
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APPENDICES



APPENDIX.A.

CENTRE OF PRESSURE LOCATION.
- EXPERIMENTAL and SEMI-EMPIRICAL RESULTS.

Note: Xc is in calibres ahead of the nose.




-2.85
=0.85
1.50
2.65
F9S
4.85

Cne' Cn Cm
-0.066 ~0.074 0503
-0.014 -0.024 04122
0.028 0.048 -0.256
0.044 0.089 -0.433
0.066 07139 -0.634
0.092 0:177 -0, 805

Table.A.

Incidence in degrees.

Cmb Xcp

0.065 0.003
0.030 0,918
~0.0717 1.570
-0 156 2,270
=-0.265 1.909
-0, 355 1.057

Normal force coefficient - experimental.

Normal force coefficient - Brebner.

Pitching moment coefficient
Pitching moment coefficient

Centre of pressure location

= Centre of pressure location

- experimental.
- Brebner.
- experimental.
- Brebner.

chb

0.869
1.242
1.600
1.750
1.903
2,001



APPENDIX.B.

PRESSURE COEFFICIENT - EXPERIMENTAL
RESULTS.

Note: Angle of incidence and angle of roll in degrees.
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