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Abstract (continued)

exist for the flow, with intermediate states also being possible. The 'regular'

state involves the maximum local force values. Local side force and normal force
distributions are presented for a number of cases. A suitable test technique to

attain scatter-free reproducible data is proposed. Details of flow visualisation
using a wool tuft grid are given.
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SUMMARY -

' This report describes the work and results of the third year on
this contract to investigate the pressures on slender bodies at high
incidence. Results are presented of experimentally measured pressures
on a model consisting of an axisymmetric cylindrical body with two
interchangeable ogive nose sections-in a low speed, low turbulence level
freestream. Incidences up to 90° and the full roll angle range were
covered. The results show a dependence on roll angle but indicate that
a 'universal regular' state may exist for the flow, with intermediate
states also being possible. The 'regular' state involves the maximum
local force values. Local side force and normal force distributions
are presented for a number of cases. A suitable test technique to
attain scatter-free reproducible data is proposed. Details of flow
visualisation using « wool tuft grid are given.
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1. INTRODUCTION

It has been known for over twenty-five years that axisymmetric bodies
are subject to side forces when inclined at high angles of incidence to a
uniform stream. Since the late 1960's much experimental work has been
reported on high incidence research as the need to enlarge the flight
envelopes of missiles and bodies arose. A large number of references are
mentioned by Ericsson and Reding (ref. 1). However, much of the work
showed inconsistencies, and although certain trends emerged it was not
difficult to find exceptions. Often large discrepancies were found between
results of different workers. The extent of the problem was illustrated by
the study of Wardlaw and Morrison (ref. 2) in which they were forced to try
correlating side force measurements by linear regression. They found that
ordinary conventional flow and geometry parameters were insufficient owing
to the wide margin of differences in available data.

The present study was originated in order to try to understand why
there should be such large differences in data, and hence to find ways in
which reliable data could be produced.

Previous experimental studies had given some clues as to the origins
of the difficulties. It had been found by most experimenters who looked for
it that the side force might vary in both size and direction at different
roll angles. It was also found by Lamont and Hunt (refs. 3 and 4) that
unsteadiness, both from the mounting system and the freestream turbulence,
caused experimental difficulties. Their transient records showed differ-
ences in switching pattern with roll angle while the inferred unswitched
levels seemed to be unaffected, They postulated that the observed influence
of roll angle on the time-averaged results would be eliminated if the
unsteadiness were eliminated.

The initial work of this study set out to check on Lamont and Hunt's
(refs. 3 and 4) notion of the importance of freestream turbulence, using a
rigidly mounted model in a very low turbulence level freestream. The model
used was the same as that used by Lamont and Hunt and at the same subcritical
Reynolds numbers. It was found, as reported in ref. 5, that freestream
turbulence did have a significant effect on the time-dependent pressures
on the body, but that there was still a roll angle variation. The mean
value of the measured pressures was changing as the roll angle changed, but
there were no large variations in the time-dependent pressures as Lamont and
Hunt had observed in their tests. Hence the change in mean level was not due
to the variation in switching pattern as they had suggested, but was perhaps
vice-versa.

Knowing that there was still a roll angle variation even in a very
low turbulence freestream, an effort was made to see if this could be
eliminated using an accurately manufactured model. It was shown (ref. 6)
that although it may not be impossible, it was certainly very difficult,
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and for most applications it is likely that there will be a roll angle
dependence.

Hence this report gives more information, in addition to that of
ref. 6, on the work which has been conducted into determining the effects
of the roll angle dependence, and of how reliable data may be obtained at
high angles of incidence.

The work has been conducted by measuring pressure distributions over
the model body. This method, although slower than force measurements,
produces much more information concerning the flow around the model. It is
possible, for instance, by comparing the pressure distribution at a given
model station to that around a circular cylinder at 90° to a uniform flow,
to determine that all these tests were performed with laminar separation.
As mentioned in the text, force measurements may overlook some important
feature of the flow which may even lead to incorrect conclusions being
drawn.

Because a new contract for ancther year's study has been granted,
some of the most recent tests which have not yet been processed and analysed
are not included in this report. The results will be included in reports
under the new contract.
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2. APPARATUS

The work reported here was conducted in the 4 ft x 3 ft Experimental
Low Turbulence Wind Tunnel at R.A.E. Farnborough. This tunnel has a contrac-
tion ratio of 31-1:1 with a working section of 12 m x 0-3 m, which has a
freestream turbulence level of about 0:01% over the majority of its cross-
sectional area. The maximum tunnel speed is about 250 ft/sec (about 75 m/sec).

The model used consists basically of several 51 mm diameter screw-in

sections which form a nose-cylindrical body configuration. The nose shape
used for all the tests so far has been a fineness-ratio 3 tangent ogive.
The measurement part of the model is constructed in five identical sections,
each 1 diameter long and housing two measurement stations. At each measure-
ment station there are 36 pressure tappings at 10° intervals around the body
and each tapping has narrow bore pressure tubing connected to it.

The nose section can screw directly into the measurement section or
can be attached via a dummy section (as in fig. 1) which effectively increases
the length of the measurement section. The dummy section is carefully made
to ensure that the roll angle of the nose relative to the measurement section
is unchanged, whether the dummy is used or not.

The measurement section is screwed into the support section which is
held by the model support clamps. A new system of model support has been
used in these latest tests over the past year. Instead of the support clamps
directly gripping the support body they have been used to grip on roller
bearings which are a tight fit on the support body. This has enabled the
model to be rolled whilst still being firmly held and with the tunnel running
(see fig. 2). The model support clamps are rigidly held by 51 mm diameter
steel pylons to the roof and floor of the wind tumnnel which is braced
externally against a steel framework. The model rotates in a horizontal
plane to achieve incidence. Roll angle is controlled by means of a worm
driven by a flexible cable. The worm engages on a gear mounted on the rear
of the body. Roll angle is read directly from a scale on the model support
body.

The 360 tubes from the pressure tappings are led through the inside
of the model, along the tunnel floor and into the observation room. They
terminate in a total of 10 Scanivalve rings which can be connected in turn
to a single Scanivalve controlled by a data-logger. The rings are blanked
off when not connected to the Scanivalve. The pressure from each tube is
read 3 times by the data-logger and then stored on paper tape for later
analysis on a computer at Bristol University. The readings so obtained
allow the pressure distribution over most of the body to be found and by
integration the local side and normal forces can be determined.

Other tests have been performed with a wool tuft grid mounted behind
the body. The basic dimensions of the grid and its positioning are shown in




rolled whilst the grid is in position. The flow patterns produced have been
recorded photographically and used in analysing the pressure and force

l fig. 3. The grid can be moved independently of the body, which can also be
! results.




3. TESTS CONDUCTED

The tests during this period have all been conducted at a Reynolds
number of 10° where Reynolds number is defined as Udcosec a/v and U is
freestream velocity, d is the diameter of the cylindrical section of the
model, v is the kinematic viscosity and a is the angle of incidence. This
definition has been used throughout the investigation and a justification
for its use is given by Lamont and Hunt (refs. 3 and 4). The most appro-
priate definition is by no means settled and alternative views may be
found (refs. 7, 8 and 9). However, it was always intended that this
investigation be performed at subcritical Reynolds numbers so that the
results would not be affected by turbulent re-attachment and the pressure
distributions obtained support this.

The other major parameters to be altered were angle of incidence a,
roll angle ¢ and axial location of measuring station x/d. Additionally,
another nose section was made to the same nominal dimensions as the first,
a fineness ratio three tangent ogive. Obviously, although the basic shape
is the same, the detail geometry such as machining imperfections will be
different between the old and new noses. Results are presented from tests
with both of these.




L, PRESENTATION AND DISCUSSION OF RESULTS

The pressures were measured by means of a Setra pressure transducer.
The signal was monitored continually by means of a digital voltmeter and
also passed through a low pass filter. The output from this filter was
monitored using an oscilloscope and was also used as the input to a data
logger which recorded the readings on paper tape. The data logger and
Scanivalve were under microprocessor control.

The paper tape recordings were used to transfer the data onto the
Bristol University mainframe computer which was programmed to produce tables
of pressure coefficients and to integrate these pressures to give local side
force and normal force values. The pressure readings from the 360 tubes
were generally acceptable apart from 3 tubes (not close together) which
always gave erroneous results., These were probably leaking somewhere inside
the body of the model, but it was not possible to strip the model without
risk of damage to other tubes. Instead, the readings for the tubes were
'corrected' (by interpolation) before the force calculations were performed.

4.1 50o Incidence

Much of the testing has been performed at 50° incidence because this
generates strong, steady flowfields which are well into the asymmetric flow
regime.

Tests were performed at roll angle intervals of 30° covering the full
roll range, making 12 different angles altogether. A typical result is shown
in fig. 4 which plots the variation of both local normal force and local side
force against distance from model nose tip. It is worth noting the good
agreement at x/d = 7+5 and 8.0 between repeated points. These are obtained
because the model without the dummy section in use gives results from
x/d = 3.5 to x/d = 8-0 and with the dummy section the results span
x/d = 7.5 to x/d = 12°0. The good agreement shows that the introduction of
the dummy does not affect the flow over the model significantly. All the
results are completely repeatable.

The local side force is seen to have a cyclic nature, as would be
expected from the flow pattern which exhibits cyclic shedding of vortices
with variation along the body length.

The initial flow agmmetry and hence start of the side force distri-
bution is occurring over the nose section of the model and hence no measure-
ments are available, but it can be seen that there are at least three half-
cycles to the distribution. Discussion later will centre on the first half-
cycle (or second half-cycle). The numbering starts from nearest the nose.

Such distributions have been obtained for at least all 12 roll angles
for both noses: however, for clarity and to make the important conclusions
it is not necessary to include all these results.




Fig. 5 shows typical side force distributions for a number of cases
covering the body length x/d = 3:5 to x/d = 8:0. Note that there are two
cases which are virtually identical and one which is the mirror image of
these, which would arise from a mirror image flow pattern around and behind
the body. These states are found to be the most commonly occurring through-
out the roll angle range and are also associated with the largest side forces.
Twe other curves are also shown which represent states intermediate between
the two hands of the most common state.

To represent the variation of the side force pattern throughout the
roll angle range, the maximum value occurring in the first half-cycle of
the distributions has been plotted against roll angle in fig. 6 for both
noses. The major point to note in this figure is that both distributions
have significant ranges over which the value of Cymax is around 2.0 (or in
the mirror image state). This corresponds to the most commonly occurring
state, or the 'regular' state. Other states are possible, but these are
always intermediate with lower associated forces. The fact that the 'regular'
state is the same for both noses tends to suggest that it is a 'universal'
state in that it would be repeatable on any model of similar design. Provided
a roll angle scan were performed, any fineness ratio three ogive nose in
conjunction with a c¢ylindrical body should produce the same 'universal regular’
state. It is also possible to get just about any intermediate state too, even
one with virtually no side force as shown in fig. 7.

It is interesting to compare the pressure distributions at certain
stations on the body for the two extremes of a 'regular' high side force
case (fig. 8) to that of the low side force case, fig. 9. It can be seen
that with the low side force (fig. 9) the pressure distribution around the
body remains symmetrical. The flow separates from the body at angular
positions which are consistent with laminar flow and rolls up in two symme-
tric vortices which impinge on the body at the rearmost point causing a
sudden pressure recovery. This is shown at both axial stations considered.
However, the situation is somewhat different for the 'regular' case of fig. 8.
Again, the separation points are consistent with laminar flow, but the distri-
butions are highly asymmetric. At the two axial positions shown the side
forces are in opposite directions. Each distribution is associated with one
dominant vortex behind the body causing low pressure on one side of the body,
due to high velocities, and higher pressure on the other.

Although the side force distributions vary with roll angle, it has
been possible to correlate these variations to a certain extent. The greater
the value of the maximum side force in the first half-cycle, the nearer to
the model nose tip it occurs, and the nearer the nose is the first node point
of the distribution. These trends are shown in fig. 10 and 11 which corre-
late the value of the first side force peak against its axial position in
fig. 10 and against the first node in fig. 11. Results are taken from both
noses. It is probable that any result obtained from similar tests with a
similar model would agree with this correlation. Such correlations could
also be done for other parts of the distribution and at other incidences,
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hence there is a basis for the formulation of a prediction method. It is
most likely though that any project engineer would be mainly interested in
the case with the maximum side forces, the 'regular' case.

4,2 Other Incidences

Investigations of a similar nature have taken place at other inci-
dences (a = 35°, 40°, 60° and 65°) and roll angles for just the old nose.
The full roll angle range has been covered at a = 35° and o = 65°, and
selected roll angles at a = 40° and a = 60°,

Typical results are shown in figs. 12 to 15 which show local side
and normal force values at ¢ = 0° for each other incidence. It will be
noticed that for 35° incidence the measurements cover only the first half-
cycle of the side force distribution, but as incidence increases so more
of the distribution is included. This is because the vortex flowfield
developed over the body is dependent on incidence. The greater the inci-
dence angle, the more closely packed the vortices become. They tend to
migrate forward on the body towards and onto the nose. Hence the measure-
ments at higher incidence angles omit some or all of the first half-cycle
of the distribution and show a greater number of the remainirg half-:- *:s.
It can be seen that each successive half-cycle tends to have a siialle.
magnitude than its predecessor, incidating the decaying strengths of the
successive vortices as they are shed from the body.

It has been found that the roll angle variation obtained at 50°
incidence is generally repeated at the other incidences too. Fig. 16
shows the variation of the first half-cycle peak value with roll angle
for incidences of 35°, 40° and 50°. Fig. 17 shows the same, but for the
second half-cycle at incidences of 40°, 50°, 60° and 65° (note that the
second half-cycle is always of opposite sign to the first half-cycle).

It can be seen that the roll angle variation remains very similar
throughout the incidence range, the 'handedness' of the distribution and
the regions near the 'regular' state being in good agreement. It would
also appear that as the incidence increases, the more near to a 'square
wave type' the distribution becomes. At lower incidences the variation
with roll angle can be quite gentle, whereas at higher incidences it tends
to be more sharp, polarising to either one or other of the hands of the
'regular'state. This suggests that once the 'regular' state has been found
by performing a roll angle scan at a moderate incidence, the same roll
position can be used to obtain the 'regular' state results throughout the
incidence range.

4.3 Normal Force

Although most of this investigation has been concerned with side
forces at high incidence the variation of local normal force has been
obtained at the same time. Generally, the local normal force is not




greatly influenced by the vortex flowfield developed by the body. i f

Where the side force showed a cyclic behaviour with successive half-
cycles of diminishing magnitude, the effect on the normal force is not so
large but is significant. Fig. 4 shows how both vary along the body length
for a 'regular' state at 50° incidence. The normal force has small fluctua-
tions in magnitude which are probably associated with the vortex structure,
together with a general decrease in magnitude from the model tip towards the
rear. It has not yet been possible to correlate the fluctuations with the
vortex structure or, by implication, with the side force variation, but a
general statement can be made about the mean level of the normal force. It
can be seen that when there is a strong asymmetric vortex wake, the local
normal force is large and when there is only a weak asymmetry, the normal
force is low. This is seen in fig. 4 where near the nose in a region of
strong asymmetry the normal force coefficient is around 2:0 and decreases
further aft along the body until reaching the more normally associated
value for crossflow drag coefficient with laminar separation of about 1-2
at the most aft measuring stations. Similarly, in fig. 7 the side force
is low all along the body, indicating a symmetric wake vortex pattern, and
the normal force value remains low along the entire length too. Though
not so obviously noticeable in figs. 12 to 15, the results at other inci-
dences have all confirmed this conclusion.

4.4 Additional Results

Most of the results in these tests have been well behaved and have
fitted into the pattern which has emerged of a 'regular' state plus other
intermediate states which have lower side forces that vary predictably
along the body axial length x/d. However, there have been just a few cases
which have produced unexpected results. These have occurred at one or two
roll angles out of the twelve per set depending on incidence and which nose
is used. Such phenomena have occurrad only at high incidence (50° and above)
for what would normally be considered a 'regular' case. An example is shown
in fig. 18. This shows side and normal force distributions at 50° incidence
and a roll angle of 330° from the datum. The distributions are obtained in
two parts, half without using the dummy section and half with it. In the
region x/d = 7+5 to 8.0, these readings should be the same using the two
methods. Fig. 4 shows a similar test at ¢ = 0° which gives a 'regular'
state and shows the usual good agreement obtained at this junction.

The ¢ = 330o result shows that the vortex development up to x/d = 7:0
has been fairly standard, but from there rearwards the pattern changes. The
normal force drops and the side force increases. However, when the dummy is
inserted the flow reverts back to the pattern that would usually have been
expected. It is not known why this should happen, but it is probably due to
some imperfection of the measurement section affecting the flow development.
Obviously, when the dummy is inserted that imperfection is in a different
part of the flowfield.
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It is interesting to compare the pressure distributions at x/d = 80
for the cases with and without the dummy section in place. These are shown
in fig. 19. The case with the dummy corresponds to the 'regular' state and
shows laminar type separation from both sides of the body, coupled with
different plateau levels after separation on the different sides. The change
from one level to the other is at approximately 180° from leading body
generator.

The other case with no dummy again shows laminar type separation
characteristics from both sides of the body, but the succeeding plateau
levels are greatly different. The side with the lowest pressure has a
sudden large drop in pressure before recovering back to the higher plateau
level and this change of level is not at 180° from the leading body genera-
tor but over to the side of lowest pressure.

Both distributions are probably due to a vortex flow created by the
body, but are very different in nature.

Results such as this are very much the exception rather than the rule,
but this is typical of these cases. It is interesting to note that if these
experiments had been performed measuring only overall forces and not pressures
then these results would not have been detected. It is possible to classify
these results as 'regular’' cases because of the general vortex development,
but also to be aware that such oddities do exist and to investigate them. If
only overall force measurements were available, they probably would not be
classified as 'regular'.

4.5 Wool Tuft Flow Visualisation

During the past year the technique of using a wool tuft grid for flow
visualisation has been successfully developed.

As little information on the appropriate design of such grids could
be found, a preliminary study was performed. Four grids were made, each
12 cms square overall., The mesh sizes were 1:0 cm, 1:5 cm, 20 cm and 30 cm
with wool tuft lengths the same as the mesh length. The tufts were fixed to
the mesh crossover points on short lengths (2bout 1:0 cm) of cotton to provide
a flexible joint. The grids were mounted on hand-held handles and each was
tried as a means of visualising the flow in the lee of the body. By this
means it was established that the optimum mesh size for this particular
application was 15 cm. This combined reasonable resolution of flow pro-
perties with a grid not requiring too much work to construct.

A new grid was constructed as shown in fig. 3. The mesh size of
1.5 cms was used with 3.0 cm tufts secured on 1+5 cm cotton. The outside
frame was 19'5 cms giving a 12 x 12 mesh except for the semicircular cut-
out. This was a 254 cm radius cut-out made so that it would fit round
the body of the model.

- 10 -
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The grid was held in position by using two retort stands and two
short metal rods, plus small screw clamps. In this manner the grid could
be moved independently of the model to any desired location, and the model
could be rolled without moving the grid. Fig. 3 also shows the arrangement
used for photographing the flow patterns in the tuft grid. The camera was
mounted at the back of the model pointing upstream towards the nose. Black
paper was secured to the inside of the tumnel as a background for the white
tufts and lighting was by means of three floodlights sheme through the
tunnel windows.

This technique proved to be very successful as a means of flow
visualisation. The flow patterns produced were very strong and very steady.
It was possible to see the changing flow patterns as the model was rolled.
There did not appear to be any hysteresis nor any 'switching' of the pattern
between flow states. As the model was rolled from one hand of the 'regular'
state to the other hand the flow pattern could be seen to change too. Where
the pressure measurements had shown the variation with roll to be slow, so
too did the wool tuft grid. Likewise when the change was fairly rapid, par-
ticularly at the higher incidences, this was reflected in the tuft patterns.

This visual exercise showed that the technique would probably be useful,
SO pressure measurements were made to see what effect the presence of the grid
would have. Fig. 20 compares the pressure distribution at station x/d = 4+0
for the two cases of no grid present and the grid placed at x/d = 8-25. At
this point the effect of the grid has been negligible and the vortex flow in
the lee of the body is well established. Fig. 21 shows the similar compari-
son, but at the station x/d = 8°0, very close to the grid position. Obviously,
the grid has some effect here although the distribution is of the same form.
Separation is still laminar, but the pressure difference in the separated
region is reduced. The pressures around the body are generally not as low,
probably due to the drag of the grid slowing down the flow in its vicinity.
However, the flow over the nose section and up to at least x/d = 4.0 has been
unaffected. This is the region which has most influence on the way the flow
over the body develops, so it is likely to continue developing normally as
it approaches the wool tuft grid which will reflect fairly well the pattern
of the true flow.

The photographs show how well the method works. They were taken with
a shutter speed which would show up the flutter of the tufts near the vortex
centres (about 1/30th second). The tufts away from these positions were very
steady anyway. Each shot was repeated with an interval of about 5 seconds
which showed that the patterns were steady. The pictures were all taken
with the model at 50° incidence.

Fig. 22 shows three shots that were taken with the model roll set to
the datum position. Also shown is the variation of the side force distri-
bution first peak with roll angle which indicates that this is a 'regular'
case. The three pictures are taken for successive intervals away from the

- 11 -




nose. The first with the grid placed at x/d = 35 shows the wake being
asymmetric and two vortices present. The second picture, x/d = 5§:5, shows
that one vortex has been shed from the body and the second is growing in
strength, while in the third picture, x/d = 7-0, both have been shed from
the body and are trailing in approximately the freestream direction. A
third vortex, not so easily discernible, is now being fed from the body.

Fig. 23 shows six pictures which were all taken with the grid
placed at x/d = 5-5. The roll angle varies by 30° between each successive
shot. Also shown is the roll angle variation of the first peak in the side
force distribution. This can be used to help compare the photographs. In
the first two shots, ¢ = 0° and 30°, the flow patterns are very similar.
This is reflected in the roll angle variation which shows both to be
'regular' cases. However, at ¢ = 60° the side forces are very low and this
is seen to be associated with a fairly symmetric body wake. At ¢ = 90° the
flow is practically the mirror image of that at ¢ = 0° and the measurements
show this to be a 'regular' case of the opposite hand. This pattern is
repeated at ¢ = 12006 while at ¢ = 150° the pattern has reverted back to be
the same as at ¢ = 0°. This trend is also true with the measurements showing
both to be 'regular' cases of opposite hands. This agreement between measure-
ment and flow pattern 1is repeated throughout the roll angle range.

Hence this is a method of flow visualisation which is very effective
and very simple to use, and the results obtained can be readily understood
and related to the measurements.

- 12 -




5. SUGGESTED TEST TECHNIQUE

The results obtained in this study have made it possible to suggest
a test technique to be followed whereby variations between sets of experi~
mental results will be reduced to a minimum. Results published in available
literature have often shown lack of repeatability or poor comparison against
other data. It is considered that most of these problems could be overcome
by following these guidelines.

Firstly, a rigidly mounted model should be used so that no problems
with model vibration are encountered. The wind tunnel facility should have
low freestream turbulence. It was shown early in this investigation (refs.
5 and 6) that the level of freestream turbulence can have a significant
effect on the time-averaged pressures on the model body, and that the lower
the turbulence level, the less the perturbations in the pressures and hence
forces experienced by the model. It has been shown by Lamont in ref. 10
that Reynolds numbers in the critical transition region should be avoided,
otherwise the results are unrepeatable and meaningless. He has shown that
the tests should be performed with either totally laminar or totally turbu-
lent boundary layers at separation. The maximum side forces involved are
fairly similar and the results are repeatable.

A roll angle traverse at moderately high incidence should be performed
to identify the 'regular' states. With more complex models it may not be
possible to roll the whole body or to obtain the overall pressure distri-
butions as was done in these experiments. It is suggested that in such
cases suitably positioned pressure tappings should be made on each side of
the body, which is kept at a constant roll angle. Two pressure tappings
should be symmetrically placed, one at each side of the body. The model
should be made so that the nose section can be rolled independently, then
by monitoring the pressure difference between the two tappings it sh~uld
be possible to identify the 'regular' states.

Having identified the roll ranges for 'regular' states at the one
incidence, these should then be the same for all other incidences and the
rest of the testing should be done in this 'regular' state. If the nose
section is modified at all the roll traverse should be repeated to again
identify the regions of the 'regular' state.

In this manner data will be obtained which involve the maximum
forces, can be applied universally and will bear comparison with other data.
Accurate trends may then be identified concerning such parameters as Mach
number, Reynclds number, nose fineness ratio, etc,




6. FUTURE TESTS

There is much work which could be done in this field now that a
reliable test technique has been proposed. Data could be obtained on
effects of nose bluntness and nose fineness ratio for instance.
However, it is first necessary to ensure that the test technique works
beyond doubt.

This work has started. Firstly, a new short body section has been
constructed as shown in fig. 24. This enables the nose section to be
rolled independently of the body section. The new section is 3 body
diameter in length, which means that the first measuring station is 4-0
diameters from the nose tip instead of 3:5 as before. Using this section
a series of tests has been conducted in which the body was held at a
constant roll orientation (0°) while the nose section was rolled success-
ively from 0° to 330° in 30° steps. This was done for both noses. The
results have not yet been processed through the computer or analysed, but
it is anticipated that the variation with nose roll angle will be very
similar to the variation shown when the whole model is rolled. Tests were
also performed in which the nose roll orientation was kept constant (0°)
while the rest of the model was rolled to various angles. The results,
not yet processed, should show no variation with body roll angle. These
results should confirm that the roll angle variation is dependent most
strongly on the nose roll angle and it is a valid technique to roll only
the nose section when identifying the 'regular' state.

Work has also started on verifying the universality of the 'regular'
state., It is felt that a closer roll angle resolution is necessary for both
noses, at three incidences at least, to make a true comparison of ‘'regular'’
states. The first tests have been carried out at 50° incidence for both
noses covering the roll angle range 0° to 180° in 10° steps. Again, the
results have not yet been processed, It may prove to be unnecessary to
complete the full set of tests at such a close resolution to prove the
validity of the 'universal regular' state.

With both these test programs complete, they should confirm that the
test technique proposed in this report will produce useful valid results.
Other work can then proceed confidently.

- 14 -




7. CONCLUSIONS

The aims of this investigation were to try to understand why there
was so much scatter in results in the available literature on high inci-
dence testing and to try to develop a means of producing scatter-free
reproducible data. The early part of this investigation showed that free-
stream turbulence can have a significant effect on time-averaged pressures
and forces which may be partly the cause of discrepancies in experimental
results. It has also been found that roll angle has a significant effect
on the flow and can completely change the forces on the body. This is
probably a major cause of differences in early experimental results.

However, it has been shown that there exists a 'regular' state for
the flow which may be of either hand. This state involves the maximum
local side forces and normal forces. The side force is cyclic ir nature,
being associated with the asymmetric vortex development in the lee of the
body. The strongest side forces are produced in the first half cycle,
from the initially asymmetric vortices, and the forces in each successive
half cycle decrease in strength. The normal force varies as the flow field
changes, but not so strongly as the side force. The stronger the asymmetric
vortex flowfield, the greater the normal force. At large distances from the
nose tip the flow reverts to the time-dependent flow over an infinite yewed
cylinder and the average normal force becomes the crossflow drag coefficient
usually associated with such flows. At high incidence, over about 75°, this
is also the case over the whole body. At low incidence, around 35°, the side
forces are low and by implication the vortex flowfield has weaker asymmetry
which produces lower normal force.

It has not been shown exactly why the flow is dependent on roll angle,
but it is believed to be associated with the imperfections contained in the
tip region of the nose which may be affecting the stability of the initially
symmetric vortex pair formed in this region.

A technique has been proposed whereby reliable data may be obtained
which will be reproducible and scatter-free.

A method of flow visualisation in the lee of the body involiving a
wool tuft grid has been utilised, which produces easily understood results
and is simple to use.

- 15 -
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9. NOTATION
‘ Cn sectional normal force coefficient
f Cpx pressure coefficient
Cy sectional side force coefficient
d body diameter
\ Re Reynolds number
; U freestream velocity
E X axial distance from nose tip
a incidence angle in degrees
6 angular distance from freestream body generator in degrees
; ¢ roll angle in degrees
‘ v kinematic viscosity

: : - 17 -

i
o~ e e e .




Wy

P/x
Al

L

1300W 03ddvi

01 6 8

JUNSS3I¥4- 111NW

- o

Al

INIWIYNSYIW AWWNG ISCN
P/x
8 L 9 q Y € z | 0
LH0ddNS INIWIBNSYIN ISON







MODEL
SUPPORT

f

TUFT GRID
j— 19.5 CMS =
254 CM ‘ 15CMS 3.0 CMS
RADIUS -+ | -]
19.5 CMS . T
I 1 COTTON wOoOoL
1.5 CM MESH
12 X 12 GRID
FIG 3 WOOL TUET GRILD ARRANGEMENT




SNOILNEIHLSIC 3D¥0I TVRYON ONV 3dIS TvO01T v 04

3SON Q10
JS=Z " i
(9= \ )
A r w
ﬁ\x U » i u
Nh_ 4\\.‘@:/4/% g z - I\m s ' .
«l\ 1 N ¢ 2 1 i 2 :
— // \ -
|
m .v'.##‘lnr wT_

',/ h(i\




062

3] ot

\2 c
+ (¢
© -G
x

M3 G g
3ISCN

SNCILNGIYLISIA 3I2¥04 3QIS

V207 TVIIdAL

L

5 04




T e

—— 0LD NOSE
- - NEW NOSE

¢,
ymax
360,
2
3 -
=59
FIG 6 TR Bk VAR TAT T WD Dol ANCEEL




O S C R ELIE R e © s mmme wp—— e e e —

NOILNEI¥ISIC 3DU03 TyWdoNn aNy 34ISs Vo007 L D_n_
- €
3SON 070
omFMNﬂ& TN
05= 2
— —‘ ._
Psx
8 L 9 S Vi , |
_ ) ; = - .
A
-1
A ——
-7 !




e e e e

3SYD dVINO3ds ¥V YO SNOILNGIYISIC DNSSTHZ

& 0y
ﬁomt
3SCN Q10
o= ¢
0G=c el
)
©
[ - Q-
x
F/x
A
K] \
% o
. 3 M [
\
\\
X
QJ
rn (o] hd
~




3SON 010
SlE= g

oomIYu

e - s ="

3ISY2 35¥03 JQIS MOT V ¥0J SNCILNEIAL1SIZ TANSSTNd

6 Oid

e et ———————— i —— e -

[Va e
Mo
]

»




ew
NOILVO0T TVIXV SLI SNS¥3A X % 10 JANLINOVIH

b =2y 050

me»
NOILISOd /3
4

T

JSON MIAN x
ISON 010 ¢




p INIOd 3QON
/x
o.% o.w o.m
T -+ -
()
8\ °
\
\
\ dSON MIN X
" IS0N 410 @®
0
x/oe .&Ru x i
x..
@

————

0

o7 7|

o¢




NCILNEIZ1SI3 3D&CI TVD0T TVOIJAL Vv 04

SO YOS — 7
. B e -
P O S A - TR




SNOILNGI¥ISIQ 3IOYOJ TVWHON ANV 3IAIS TVI07




wz
H
S
Q
mu
mo
g
Hm
US
F
0 &

3s0
N
at
oOn O
g
092 %
ﬁn
S
3




3SCN Q10

o=p

59=20

o~

NOILNEINISIA JJ¢0d TVIOT TVOIdAL

——— At e .




s

ENTRS I ORIA

[V A IR e
i 3o
n + X

¥

dTOAD 3TVH L1S&ld

NOTLVIdVA TIONV T10%

¢
1
7
+ 4
+
| \ i
,_ ,, /
09€ / 0Lz 08t / ¢ \ )
"
,,, |
Vo,
|
L/ %
X
B mexu




dI0A0 JTVH QNODIS NOILVINVA JTONY T10¥ Lt

o4
-l
09: C
L '}
4,
! o
v \ 4
- \ xw
C—!
3SIN Q10 x4
S9 o xew,
(S x - €
R
C




NCILNEIYLISIC 32¥C3 37IS QNV TVRMON TVvD(T

h . 014
3SON G0
-t
Lee= 4
05=%
4




SNOIINEILLSIT MINSSTAd IO NCSIEVEHOD &L .u”u
ISIN 070
CEE= g o
0G=»
- o
PR Hitm o ¢ -




Se e e R g e M@ AT N T e Ty

NOILNET¥LSI@ PNSSTId NO QI¥ND 1Jnl 7T00M JO 103447 ON U_n_

2=P/x

G¢'8 = v\x LV d3d¥14 dI¥D 1INl TO0M

- W.Nl

- 0-2-

- §i- q

o °—|

giyn H1lM + xn
QI¥9 ON  « st 7




Uy VP - . — — e e i o ey s g o+ e e e . — e mm h e e — -

MATLNETALTTd TINSSTEd NO aAI¥9 13Nl 7TOOM J0 103443 (¢ 94
g = B\x
sz e = P/y 1v Q30VId QT¥D LINL TOOM
ro-¢~

3 W.N’

L 0-7-

o m._l

- 0.~

- M.OI

00

ryn HLIIM + L Sl x
alty9 ON X J




i

|

) \ T }\
1.0
C
V“n
0
ﬁ +
1
1.0
0‘.
.’
' L/
) 20 -5 .
| < )
‘\ i FLOW VISUALIZATION AT THIS POINT
| 20 \ | 1 | | ]
" 0 80 120 180 240 300 380
# DEGREES
f

,i FIG 27 WO L TUFT PATTERN DLVLLOPMENT FOR A '"REGULAR' CASE
+




— oy

SITONV TI0¥ SNOI¥VA IV NJILIVd 1INl TOCM

£C 914
$334530¢ O
24 w
GE
Mw// \ m.m.enzmﬁowwmo.n “ISON G0 "FIDNY 1108 40 1D3443

N2 4 “ | . ouc oo ot h_ oz o °
| »
. # J ~... nE I T 1 T T LI

\ 7 ~ ! B ,.

3334930 & 0Z1 A OX T _

S v

[+ 24

[}




r— ' R

BODY NEW SECTION NOSE

TERSPEX ROLL DATUM

— ~

\\\\\////’ TN/
. AN 15 74
f ==
?f ROLL ANGLL SCALE
?1 |
!
FIG 24 s :
?I




