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SUMMARY

This report describes experimental work which has been carried out to
investigate the flow over axisymmetric slender bodies at high angles of
incidence. Surface pressure measurements were made on the cylindrical
section of a rigidly mounted nose/cylinder model in a low speed, very low
turbulence level freestream at incidences from 300 to 900 and for the fuil
roll angle range. Tests were performed for a variety of different nose
shapes at subcritical Reynolds nJmLers and the pressure data was integrated
to produce local side and normdl force coefficient distributions. Much of
the data was generated using three calibre opive nose profiles, but in all
cases the model roll orientation was found to significantly affect the side
and normal fores. The side forces were reduced by both hemispherical nose
blunting and by using shorter ogival noses. A two calibre conical nose was
also used. Lbefails of surface oil flow visualisation are presented.
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i, INTROLUCTION

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 flightenvelopes of missiiles and bodies arose. Indeed a recent paper by Ericsson
and Resins (ref. I) include well over 100 references relevant to high
inciience flow fields. However, much of this earlier work showed inconsis-
tencIc, anathoh certain trends emerged it was not difficult to find
exceptions. Often large di-repancies were found between results of different
workers. The extent of the p-oblem was illustrated by the study of Wardlaw
and :orrison (ref. 2) in which they were forced to try correLating side force
T-eazurements by linear regression. They found that ordinary conventional flow
and geometry parameters were insufficie, t owing to the wide margin of
ciifferences in availaLle data. Even now there are still areas of high
incidence aerodynamics where the fundamental causes of some of the observed
flow fedtures are disputed.

Tne present study was originated in order to try to understand why there
srould Le such large differences in the data. It was planned to undertake
some very careful experiments to try to isolate different contributing factors
an, nence to find ways in which reliable data could be produced. If these
methods could Le established then it would become possible to collect data
which could be used to investigate the effects of varying conventional flow
and geometry parameters in the normal way.

Previoac experimental studies had given some clues as to the origins of
the cifficulties. It had been found by most experimenters who looked for it
ttt the side force might vary in both size and direction at different roll
angles. IL was also found by Lamont and Hunt (refs 3 and 4) that unsteadiness,
Loth fron the mounting system and the freestream turbulence, caused experimental

difficulties. Their transient records showed differences in switching pattern
with roil angle while the inferrer 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 was performed under U.S. Army Grant number
DA-EOR-77-G-073 and has been reported in three volumes (refs 5-7). Initially
the.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.

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, and for most
applications it is likely that there will be a roll angle dependence.

This report gives more information, in addition to that of refs 5-8, on
the work which has been conducted into determining the effects of the roil
angle dependence, and of how reliable data may be obtained at high angles of
incidence. A. suitable method was developed based on previous experience and
this was used to obtain results which are presented and discussed for a
variety of different model nose geometries, including hemispherical nose
blunting.

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 0 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.

Additionally some surface flow visualisation tests have been performed
and are discussed in this report. It was hoped that they might provide a
greater understanding of the flow around the model but merely illustrated how
complex the problem is with a series of primary and secondary vortices and
consequent separations.
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2. APPARATUS

2.1 Wind Tunnel Equipment

The work reported here was conducted in the 4 ft x3 ft Experimental Low
Turbulence Wind Tunnel at R.A.E. Farnborough. This tunnel has a contraction
ratio of 31.1:1 with a working section of 1.2 mn x 0.9 mn, which has a free-
stream 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 for most of the tests consists basically of several 51 mm
diameter screw-in sections which form a nose-cylindrical body configuration.
Various different nose shapes have been used in the study, although the large
majority have been with a three calibre tangent ogive nose. The measurement
part of the model is constructed in five identical sections, each i diameter
long arid housing two measurement stations. At each measurement station there
are 36 pressure tappings at 100 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 was 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. During the course of wind
tunnel testing the section nearest the nose became damaged and had to be 0
replaced. This resulted in the body being rotated through approximately 1700
roll angle relative to the nose. However all roll angles were measured
relative to the nose at all times as it was proved beforehand, and borne out
by subsequent results, that the nose roll angle is dominant in determing the
flow over the body (see section 4.1.2). Hence the change in model section
had little effect.

The measurement section screws into the support section which is held by
model clamps. The clamps actually grip a pair of roller bearings fitted
accurately on to the support section and allow the model to be rolled butIi prevent it vibrating. The model support clamps are rigidly held by 51 mm
diameter steel pylons to the roof and floor of the wind tunnel 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 in the model measuring
section 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 the five Scanivalves of the newly made data
acquisition system. The pressures from each tube were read several times,
usually three, by the new system and then transferred to paper tape for
storage. Subsequently the readings were fed on to a computer back at
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Bristol University for processingid Anj 7ilysio -)-Yesults. These measurements

gave thk- dressure distribution over a Jarge part of the body and by nu).merical

inregration enabied the iocal side and 'Inorm-il force coefficients to be deter-
mines at each measurement station.

Tu test *:echniqlie isedi has heen evolved From previous experience of
ising toris modeL 4ith t dIifferent d1ata rocorsaup yste whi.ch woula allow oni;'
one 8ailv rini- to ino r.-ad dt i limex. A~lso tests were perforinec! usine aIwool- tuft grim. DlI-x in the lee r-z the body to stuidy the flo(,w p-atIterns
,Yenerat-d . It Was founa~r that the fl:';i it~h the three cilibre ogive noise was

qult-e stanle inct exhibitedJ simila;r, fegrees o,~ayirty which may be of
eitu-er 'lianr ', -_)vIor Larle( roi anglje rarin:-s (this will be eas cussed later).

Ti ,V~,, foiund over most o'L iai ran7ge ovrdiths
tests, ari 3,) for- 1.oe other, nose slip tes. t tie:hniq-ie was used which
invjolved i roll anc5 Le traver.se at just otr ne fr:iCice to dIetermine the ranne.,s
over whlicih the Jilow was in the asymetr[ie state. This was acnie with the wool
ta-ft grii- andi wit', Tress-ure re~iurelets. Te-its it oth, d nFgles of inciden Yce

were theri periormea faor just two r,.I-L if one for ci ch )f the 'hands' of
the dsymmtric stite.. This tac. hicue is ( 1 1cse:'ter in. section L1.2.

z 2 ,ti . ecordingi Lqui~dfitl

The 'uerLenIOP ained foins cjLnd tunltestrs when first usin7, the multi
prvessure ta. ocicshwe that. the dutad recording equipment :iv,3*iLJble was
rnot very -e Ic.- sait(.- to this alpplicaition. The equipment w.,s a Solartron Data-

Lo ~ ~ L gi'bi'i he erauia ngne irg epartment at Bristol.
Unriverz~ity Welg-hing ilout 5 ,Kgms ,,ri se'a:. wsrng approx. 56 cnls x 85 cuts x q'4 u
E _. tine tstlng was.,, to be urJe..rtakeii this h,3n to be transported 1_00 miles to
R. A.L. -arnborcougn arid inistalLeed in the Il Ft Y. . ft low turbulence wind tunrne.L
whi- irrw ,- 1 twkar-' sanoeirin7 up soreP stleep < tops. Adi(tionaily, theC

Dala _ogg-er was capaible ofreorin reazings from only one Icanivalve- at a-
tine which meant tnat each test was tkis; app)LroxImaQEtely_ -IT. hour. Thits war
not nar-ing the best use of ava-iable tuninel lime and was also a rather teaj.our

res:,

>orilefquently pro-alsin i was -naue ncii atat to purchase additional)
S1cariiv&..ies andt aisucr end, boil ml o e- mc, -,oitrolle Ift
acgi a (-, itlon- mwihjivle 'harine '- w~!-h w-i:!c T-irom ot b thanth
o.1d S7S-te-'. inr, wriu d speed lip rern.- r:,i' tic nn S i !et -j-,Iy. The Iesi,,-m,
rortrc, tion, r;Ta '-iisg anxd t-'sutoi,, to stue I d 1,.: i f of TIe
contra A t ir: ;,:t it,, ro iLu cr~y

tc er , 1: aicle: af Y, t l ",ley al e: -

1) Inte I 7*i. irrpro, esr or ari monwer c;ippiy unit

2) to c.al i ej-~5(aine t

u) Scriivaa ve; and2+ 'It ce Oe jtL



(4) Pressur-e transducers ind issocia ted equipment

(5) Terminal, screen and paper tape punch

They are shown diagrammatically in figure 2. The microprocessor is programmed
to control up to five separate c;hannels simultaneously, where each channe.
comprises a Scanivalve and transducer, a Scanivalve stepping/homing interface,
an A to D channel and a micropr, ocessor I/) port. The program is fairly
flexible in that any or all o-f the hJ annc.Ls can b)e controLled and ,,ny sequence
of port stepping can be specified by the user. The length of settling time
per port and the time between, plus number, of readings at each port, are ;ilso
user specified. Readings are taken by means oi a multiplexed 1-2 bit analogue
to digital converter (A to D) provi,ling 4 :96 different possible combinations,
which gives a reading error nf less than . O.b2% full scale. The reading.-; are
stored in memory whilst the data are being acquired. Subsequently they can be
written on to the terminal screen nr j.spection or on to paper tape for
storage and transfer to computer.

Tne I1 rogram ir; written so that readings on a given channel are taken
immeciate±y before the associktedl Scanivaive ir; stepped on to its next port.
The canivalve is held at this port kor a period to .3low the pressure to
settle. Each channel behaves in the same way and it ic during this settling

time tnat the other channel- are read and stepped on. Consequently data are

collected from iive ciiannels on this new system in the same time that it took
tne old system to read one channel.

Having five recording channels available on this data acquisition system
meant that some extra equipment had to he made to take full advantage of the
increased capacity. A power supply unit was built which coild provide five
24 volt d.c. supplies to the transducers. Each channel had to be isolated
because of the transducer electronic design. Adritionally a five channel low
pass filter/amplifier, was designed and built to process the output signal

from the transducers before being passed into the A to D converter. The low
pass filter was designed with a 4 Hz cut off frecctency which woild prevent
high frequency unsteadiness from passing but also allow a reasonably short

settling time to be used. The amplifier stage was designeA to match the
maximum transiucer output voltage to the flill sca.le readjng of the A to 1)
converter ind hence improve the resolution of the data readings.

-5-
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4. RESULT2

The results obtained in this investigation have nearly all been pressure
measurements. Cenerally the pressures measured around each body station have
b~een reduced to coefficient form, baseci on rrossf-Low Jyrnami' pressure, and

integrated to give local normal force and sine force coefficients, based on
crossflow aynamic pressures and body diameter. Most of the discussions will
ne about the forc..e distributions which aie of a form shown in figure 3. The
normaj force reduces from the nose rearwards ann the side force has a cyclic
oistribution with each successive peak re(ucing in magnitude. Various points

on this diagram are identified or future ose in discussions. They are

Cyaxi, C7m.x2 corresponding to peak values

xmax / Xrmax 2/ corresponding to the positions of the peak values

Xo/7) corresponding to the position of a node in the side force distributior.

Unless stated otherwise all results were obtained at a Reynolds number of I@ 5

where Reynolds number is defined as (V bcosec a)/v

4.i Three Calibre Ogive Nose

A three calibre ogive nose shape has been ised for the majority of this
investigation. Testing with this nose began in the work programme well before
the start of this contract but previous results will be included for complete-
ness. It hau been noted early on that the flow was dependent upon roll angle

of the model and to assist in investigating the cause of this phenomenon it
was desirable to have two noses of the same profile. There was already
available a three calibre ogive, made of aluminium alloy, so a new three
calibre ogive was also constructed, but out of stainless steel in order to get
a better surface finish. They are referred to as the old nose and the new
nose respectively. The old nose was a veteran of many wind tunnel tests and

consequently no longer had a good surface finish and even had some identifiable
smail dents. The new nose was finished quite well but even so had a few marks,
mainly from the manufacturing process.

4.1.1 500 Angie of Incidence

A great many tests were performed using these noses, with the majority of

the tests at an incidence angle of 50 . This angle was chosen because the

flow over the body produced steady pressures, determined from early time-

dependent pressure testing (ref. 5), and a highly asymmetric flow. Initially
the tests at this incidence covered the full roll angle range for both noses
in 30° intervals. These results were obtained with the old data logger system,
but subsequently the resolution was improved by reducing the roll angle stepo 0
length to only 10 intervals throughout the full 360 of roll. These later

tests were performed with the new data acquisition system. Very good agree-
ment was found between the two methods, including repeat tests. A typical

force distribution is shown in figure 4 for a roll angle of 00. Note that at

-7 -
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positions x/D : 7.5 and 8.0 there arc :iuplicated readings. This is because
the first part of the distriLution from x/D = ;.5 to 8.0 is obtained without
the dummy section inclu:1ed in the mos;el and the second part from x/h = 7.5 to
12.0 is with the dummy. There is Pard apreement obtainedl at this crossover
which means tnat iengthening the ;,o,iei had lit-tle effect on the flow. This
inb!icates that iiThough the nose wac, placed in i different part of the wind
tunnel flow the resllts were riot aff-e,-ted and ;aIso that the influence of he
large model s o pybons does not -etch as far jpstiem as the last me asur-
iLig station on the model.

Figre , sews t 'e sle force distrib, tion obtained with the old nose at
° incidence for 12 different rol. -oijies it 'i j:,tervals. A slmilar

diagram is shown in i]gure 6 for the new nose. In order to make some sense of
thase figures the value CYmax for each curve, pls the values oibt,ined for
all the other interned-.ia c:o, ;incles, h.; 1L.eL t,:--)ited against roll angle
for both noses in figure 7. ,tdy of this fipare snows that the flow dependc
very mu,,ch o, roil lnbie. There appears lo be , regaular state for the flow
giving a magnitu':e toy q~mx Of O''." /. i.ne flow La be of either 'hand'
but if we consider the I nalire :1: the flow this is not surprising. Twin
vortices are forMed in the lee of the body ov,.j, the nose and they become
asymmetric, with one of them growing- and sepairating from the body before the
other. The sign of the side force -s merely an indication of which side the
first vortex is sned from. ience it woul: appear that for most of the roll
angle range the flow is tending towards the rc'-ular state, of one hai.c or the
other. However, there aire the crossover regions hetween these two hadnt: where
the flow is clea:.ly diffe.,ent. 1>,en though at this incidence the crossover
generally occur. rairTjy r-aploly with roll angle the flows found through the
crossover region are steady, stable flows. They prodi.ce lower side forces and
a more 'stretche,- out' distribuji on of side force along the body length as seen
in figures 5 and 6. Cenerally they are also associateil with lower normal forces
too but this will be discussed later in section 4.3.

Although tne flow has the two ,referre nands of a more regular state it
is -tilL quite possilie to get any valie of C. /ma x i eween these two extr(ume .
Consiuering{ again the flow it is nof e i-y to 1 visualise why this happen
If the initial twin vo."tices ]e :.or- unsta-ble in some way fo,,r roo i rt u::gjes
what is happening to prevent tids in th, -e crossover regions?. it td be
that asymmetric distcanses in the Flow over the body are enough to give ri, Ce

to the 'regular t state ior most roil angles, Lut in the crossovei regions tine
.isturl-nces to the flow ire almorst symmetric. This -oul1 led t ic iess
settled flow than for the regular state, due to these disturbonc<Qs, but also
it could result in the flow remaining basically symmetric, a least for ti-e-
averaged readings. This is a hypothesis which is confirmeu to a certain
extent by the time-dependent pressure measurements in ref. 5. An alternativ
is that at the point in the crossover region where there is zero side force
tne flow experiences no disturbances and so remains symmetric. Iowever this
seems unreasonibIe because even a small disturbance in the wind tunnel flow
shoud be enough to trigger the instaility, and it w .is found that the zero

- , ' .. .. . .. - 2- t...



side force could be maintained indefinitely in tests. The fact that the
regular state remains largely unaltered at this incidence for most roll angles
suggests that once there is a sufficient asymmetry in the flow disturbances
over the body then any increase in asymmetry has little further effect. There
will be more discussion on a 'regular' state later when considering other
angles of incidence.

The difference between the flows of one hand of the regular state, with
high side force values, and a case in a crossover region with very low side
forces can be seen by looking at their, pressure distributions. The side force
diStribution for the old nose at zero roll angle, corresponding to a regular
state, is shown in figure 4. It cdn be seen from figure 7 that a zero side
force case for the old nose could be expected rit a roll angle of about 235°.
In fact the zero case occurred at p = 23110 and the force distribution is
presented in figure 8. It is evident that there is virtually no side force
all along the length of the measuring section of the body. Notice too the low
normal force values. Also shown are cases obtained at the same time but for
roll angles of approximately 1o either side = 2311° . These show how rapidly
the crossover is occurring in this region.

Two pressure distributions for a regular case are presented in Figure 9.
T'hey are similar in form, but correspond to sectional side forces of opposite
sign, one from the first half cycle of the distribution and one from the
second (compare with the force distribution of Figure 4). The degree of
asymmetry is larger at x/d = 3.5, corresponding to the larger side force value
of 2.2 (compared to 1.2 at x/d 6). Tracing the curves from the windward
generator (either = 0 or 8 3600), there is a rapid acceleration along the
windward face of the body, followed by a small pressure recovery and separation
of the primary boundary layer. The small pressure rise to separation is con-
sistent with the boundary layer being laminar. These pressure distributions
are qualitatively similar to those presented by Lamont and Hunt (see Figure 25
of Reference 3).

Pressure distributions at the same two stations are shown in Figure 10 for
the roll angle of Figure 8 where the side force amplitude is virtually zero. The
high degree of symmetry in the pressure distributions can be seen. The primary
separations are again laminar. The rapid pressure rise toward the leeward
generator suggests that the wake flow consists of twin, symmetric vortices.
The flow reattaches along the leeward generator and accelerates along the back
of the Lody until secondary separations occur, see section 5 for a more detailed
description. This pair of vortices forms over the nose section of the body and
remains present along the bod:, length, without becoming asymmetric. This has
been observed using a wool turt grid (ref. 7). It is known that the flow in the
regular state starts with twin vortices over the nose but these rapidly become
asymmetric, and the flow in the lee of the body seems to be less unsteady than
for the symmetric case, judging by pressure measurements (ref. 5) and wool tuft
grid tests (ref. 7). However the symmetric case is a stable flow. Indeed if
it were producing a time-varying flow as in the case of a von Karman vortex
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street behind a circular cylinder the pressure distribution would be more
like that shown in figure II where there is no pressure recovery near the
leeward generator. In fact this is seen in figure 12 for the pressure
distribution obtained at x/D = 11.5 on a regular case =O with the old
nose). At a station this far Lack on the model the flow is tending more and
more to become like that found on an infinite yawed circular cylinder with a
von Karman vortex street type of flow. This was found in the early time-
dependent pressure measLurements made in this study and reported in ref. 5.
Cie irly Lhe rIow over the upstrc:am stations of the body for the zero side
force case is not of this form.

4.1.2 Independent Nose Rolling

The above results showed a strong roll angle dependence. The pressure
distributions, su,:h as those in figure 9, indicated that the asymmetry in the
flow startea over the nose, ahead of the first measuring station. This
suggested that the flow was probably dependent upon the roll orientation of
the nose section cr-Ly. In order to verify this a new model section was
designed and constructed which would allow the nose to be rolled indepen-
dently of the body and is shown in figure i2. The section is i calibre long
which means that the first measuring station is at x/D = 4 rather than 3.5.

A ;eries of tests was undertaken at 500 incidence using this extra
rotator section in combination with both of the three calibre ogive noses.
The first tests were performed keeping the cylindrical body section at the
datum roll angle, = 00, but with the nose rotated through 3600 in 300 steps.
These' results showed generally good agreement between the corresponding cases
where just the nose was rolled and where the whole model was rolled. Typical
cases for each nose are shown in figures 14 and 15 for both a regiilar case
with large side forces and an intermediate case with low sice forces. In the
regular cases the agreement is quite good for both norm-il force and side forre
distributions. Notice that the position of the first peak in the side force
distribution, -ymaxl , occurs ahead of the first measuring station when the
rotator section is included, so this cannot be used as a correlating parameter.

The intermediate case for the old nose is at F 0° which is in a rapi-
crossover region between uwo regular 'hands'. Because the flow varies rapidly
with roll angle (see figure 7) any slight misdlignment in roll angl1e would he
enough to cause the discrepancy shown in figure 14. this is true for any of
the crossover' regions. The intermediate case for the new nose in figure 15
shows good agreement for side and normal force but this is not in a crossover
region. It is a roll angle where the side forces are generally low, see
figure 7, so a slight misalignment would not produce any dramatic changes.

In order to correlate the results through the totu I roll angle range a
correlating parameter was necessary. As it is known th;at the force distribu-
tions either are in generally good agreement throughout the length of the
model measurement section, or they disagree over the entire length, it is
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enough to choose the value of the local side force coefficient at the first
measuring station (x/D =4). This is as close to Cy4 as can be attained
for the regular cases. These values were plotted agi~ nose roll angle for
both noses in figure £6 which also shows the corresponding measurements for
the cases where the whole model. was rolled. It can be seen for each nose
that the variation of side force with roll angle is very similar whether just
the nose or the whole model is rolled. The best agreement in this respect is
witn the old nose, which is the less perfect of the two. As it is probably
the geometric imperfections of the nose which cause the flow disturbances and
hence determine the hand of the flow this might be expected.

Tests were performed using the rotator section to see if the roil
orientation of the body rather than the nose could be responsible for the
roll angle variation. The model was set at 500 incidence with the nose at
the datum angle, 00 0, and the cylindrical body section was set to roll
angles of 0 0, 90, 180 and 2700 with each nose. The old nose was also tried
at 4) = 600. In each of these cases it was found that the roll position of the
body had no effect on the force distributions at all. A typical result is
shown in figure 17 where the old nose is at 4 0 and the body at 4)=900
Also shown is the result for the whole model a t 4)= 00 and it can be seen that
the agreement is excellent. Note from figure 7 that in the case where the
whole model is at z900, the other hand of the regular, state would have been
found. These results proved that the cylindrical section has little effect on
the flow development.

Hence the conclusion from these tests must be that he roll orientation
of the nose is of over-riding importance in determining the subsequent flow
over the rest of the body. It has not been proven here but it is likely that
the front of the nose is most important. Judging from, the side force distribu-
tions the flow asymmetries begin well toward the front of the nose at this 500
incidence (although extrapolation is an unsatisfactory procedure) and the
asymmetries are probably caused by the minor geometry of the nose. (Some
ad hoc tests reported in ref. 5 indicate the importance of the tip region.)
Once the asymmetry in the flow has been established then any other geometric
imperfections will have to be larger than those nearer the tip in order to
have any significant effect on the flow. As wind tunnel models are generally
made quite well the size of imperfections are evenly distributed over the
bodyand so the region nearest the nose tip is of most importance.

4.1.3 Other Incidence Angles

having performed extensive tests at 500 incidence it was desirable to
extend the coverage to get results throughout the incidence range where side
forces were developed and could be measured. Hence results were obtained from
25 0 incidence upwards and for both of the three calibre ogive noses. The
table below gives details of configurations tested. The entries in the table
indicate the range of roll angle covered and the step size of the roll angle
increment, in degrees.



Incidence Angie 0  New Nose Od Nose

25 - 0,270

30 0(45)A60 0(45)360

35 - 0(30)360

40 0(30)360 0(30)360

45 - 0(30)360

50 0(10)360 0(10)360

55 - 0(30)360

60 0(30)360 0(30)360

65 - 0(30)360

70 0(90)360 0(90)360

75 0(90)360 0(90)360

90 0 0

In some cases the results were obtained over the first ten measuring
stations and in the others over all twenty stations.

Results obtained from most of these tests are presented in figures 18 to
31 which are plots of local side force coefficient distribution. Generally
normal force has not been included as the figures would be even more compli-
cated than they already are (see section 4.3).

At the lowest incidences (up to 300) the new nose generated only very
small side forces at any roll angle. Figure 18 gives an indication of
results at 300 incidence with the highest side forces that were encountered.
All the other cases fell between these extremes. Some of these tests were
repeated and agreement was good. Above 30 incidence the flow became
asymmetric and exerted side forces on the body. Figures 19, 6 and 20 show
measured side force distributions for 12 roll angles at 40 , 500 and 600

incidence respectively. Notice that the distribution becomes more compressed
towards the front of the model as the incidence increases until at 600 most
of the first half cycle of the distribution is occurring ahead of the measure-
ment section of the body on the nose. At 700 incidence the results of figure
21 showed side forces remaining only at one of the four roll angles tested.
This was at zero roll angle. The other cases were all very similar to the
one shown at 900 roli . At 75 incidence no side forces could be found in the
measurements as shown in figure 21 for the same two roll angles.

The lowest incidence that the old nose was tested at was 250, for two
roll angles. The measurements, in figure 22, indicated that the flow was
slightly asymmetric, even at this low incidence, for these particular roll
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angles. It had been anticipated from other results at higher incidences that
these roll angles were most likely to produce measurable side forces. At 30 0

incidence figure 23 shows results at four roll angles clearly indicating that
side forces are being developed. Measurements obtained at each of 12 rol
angles for incidences of 350, 400, 450, 500, 550, 600 and 650 are shown in
figures 24~ to 26, 5, and 27 to 29 respectively. Again in these figures it can
be seen that the side force distribution becomes compressed towards the front
of the model as the incidence increases. At 700 incidence figure 30 indicates
that the flow still develops side forces, though mostly on the nose section,
and at 75 0 incidence figure 30 shows 0that the side forces have just about died

away, even for the roll angle of 270 , which results at 0other incidences would
suggest is the most likely case to produce them. At 90 incidence the body
behaves just like a circular cylinder across a uniform stream and produces
zero time-averaged side force loading along the body length. This is shown
for both noses in figure 31.

It is noticeable from the preceding figures that side forces are present
on the old nose at lower angles of incidence than they are on the less imper-
fect new nose, and that the maximum values generally obtained in the side
force distribution is hihrfor the old nose than for the new at incidences
between about 30 0and 50 . However, at angles of 50 0and above the values are
about the sane. Also it can be seen that the forces vary with roll angle at
all of the incidences.

In order to make these points clearer the results of the above figures for
both noses have been correlated by plotting values of the maximum local side
force coefficient occurring in the first half cycle of the distribution,
i.e. Cywaxi, against roll angle in .figures 32 and 33. At incidences greater
than 50 the position of Cymax1 is occurring on the nose, ahead of the first
measuring station so in figures 3'4 and 35 C Yax has been used. This is the
value of the second peak in the side force ma 2 distribution, which is of
opposite sign to the first and seems to be generally related to it.

Figure 32 shows that at 300 incidence the peak value of side force
coefficient varies over a narrow range for most of the cases except 2 roll
angles of the old nose. These give much the highest values, one of each sign,
or 'hand'. Otherwise the variation is not very strong with roll angle. At
40 0 incidence, in figure 32, the roll angle variation has a greater effect and
the magnitudes of Cymax1 are generally larger for the old nose. The ranges of
roll angle where low side forces can exist are decreasing in size too with
faster changeovers from one sign to the other. This is even more evident in
figure 33 for 50 0 incidence. In this figure the 'regular' states can be seen,
which are the same for both noses and exist as either hand (discussed in
section 4.1.1). Clearly at the lower incidences the 'regular' state is not
apparent.
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Figure 34 shows the variation of Cymax 2 against roll angle at 500

incidence. It has a very similar form to figure 33 but the signs of all the
points are reversed and their magnitudes have decreased. Otherwise the roll
angle variations shown are basically the same with 'regular' states and rapid
crossover regions between opposite hands. This behaviour is also seen at 600
incidence in figure 35. Results at 65 incidence were only obtained for the
old: nose and these also showed a tendency toward a 'square wave' type varia-
tion (see in figure 37). Above this incidence the position of Cymax2 is
moving on to the nose too and crnnot be measured and only a few results
were obtained, and above 70 the side forces die away quite rapidly.

Hence it seems that a 'regulir' state may exist at very high angles of
incidence, b50 and greater, and also it becomes increasingly difficult to
sustain intermediate states with lower side force values. This 'regular'
state is independent of model minor geometric imperfections (which probably
determine the hand of the state) but depends upon the nose profile. At lower
incidences below 50° the minor model geometry plays a greater role in deter-
mining the state of flow. The more imperfect old nose tends to produce higher
side forces than the better finished new nose even though both have the same
basic nose profile, a three caliblre ogive, and the 'regular' state notion no
longer applies.

It is of interest to see how the roll angle variation on each nose varies
with incidence. Consider first the old nose. Figure 36 shows how CYmax
varies with roll angle for the incidence range 30u to 50 . The variation with
roll angle is basically very similar throughout this range, but becoming more
of a 'square wave' type as the incidence increases. Results from 500 to 650

incidence are shown in figure 37 which plots C'Ymax 2 agdinst roll angle. It
can be seen here that the variation with roll angle remains very much the same
as was found at 500 in figure 36, but with the signs reversed of course. At
all incidences the side forces at any given roll angle are of the same 'hand'
(i.e. the first shed vortex developing on the same side of the body) and the
crossover points between hands occur at about the same roll angle positions
(as near as can be determined).

Now consider the results with the new nose. Here the situation is a
little different, similar in nature but with significant exceptions. Broadly,
the type of pattern is the same with the flow producing steady side forces
which change in direction as the model is rolled, producing the mirror image
states of opposite hands for significantly large roll angle ranges. As for
the old nose, as the incidence increases to 50 , shown in figure 38, the
pattern tends to become more of a 'square wave' type, with the crossover
range reducing, and above 500, shown in figure 39, the flow is more of the
type with 'regular' states of either hand. However, there are certain points
which need commenting on. At a roll angle of 300 the sign of the side force
at an incidence of 500 differs to that at the other incidences. This particu-
lar test was performed earlier in the test programme than those at the other
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incidences and unfortunately a section of model had to be replaced before
these other tests were made. (The section that had to be changed, due to
accidental damage, was the first, upstream component of the measurement
section. It was found that generally this had little effect on the subse-
quent measurements. It did however r esult in the cylindrical part of the
model being turned through about 1700 roll relative to the nose, due to the
screw thread connections. Roil angle in the tests was always relative to
the nose section as it had been established earlier that this was of over-
riding importance.) Previously some tests had been performed where the nose
ould be rotated indeg9endently of the body (section 4.1.2) and it was found0
in these tests (at 50 incidence) that for the nose rolled to an angle of 30
and the body kept at 0~ roll the side force distribution produced was a mirror
image of the corresponding case where the whole model was at 30 roll. This
would give a result agreeing with the later tests at the other incidences.
(This was the only case where rolling the nose produced a different result of
opposite sign when compared with rolling of the whole model.) It can also be
seen in figure 7 (which has better resolution than figure 38) that for the
new nose at 50 0 incidence the sign of (_'Ymax, hne ewenri nlso
30 0 and 400. Hence any small misalignment ihnge bewniol angle s col ee of t

produce a result of opposite hand, and then the curves in figures 38 and 39
would all be in agreement at this 30 0 roll angle.

The general form of the dependency on roll angle is similar at the
incidences below 50 0 shown in figure 38 with the 'hand' of the side forces
being the sane at given roll angles and the changeovers from one hand to the
other occurring at approximately the same roll angles. This agrees with the
observations made with the old nose throughout the incidence range. However,
the behaviour at 60 0 incidence shows several changes as seen in figure 39.
Firstly, at 240 0 roil the side force changes sign. This was found to happen
at 50 0 incidence aiso, but at a roll angle of 260 0 and can be seen in figure 7
which has results for every 10 0 of roll. 0Secondly, the position of the
changeover in sign tnat occurred near 1250 roll at lower incidences, figure 38,

takes place at about 105 0 roll at this incidence. Likewise for the changeover
near 195 0 roll at lower incidences which occurs at approximately 170 0 roll for
this case. Thirdly, however, the other changeover points are positioned at
the same roll angles as for the lower incidences.

It is worth looking more closely at the differences mentioned secondly
above. It can be seen for 500 incidence in figure 7 that near the region of
1100 O~i200 roll angle the behvaiour is somewhat unpredictable with three changes
of sign within 20 . At the higher incidence of 60 0 (figure 39) the flow
produces a negative hand to the side force distribution at a roll angle of
1200 whilst at the lower incidence of 400 (figure 38) it is positive. At 500
incidence both these changeover points are found in figure 7, with a reversal
between which may not be occurring at the other incidences, or is not found in
the resolution of figures 38 and 39. The other point mentioned secondly above
concerned the shift in position of a changeover point it 600 incidence. In
figures 38 and 39 it can be seen that at 500 incidence there is a changeover in
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sign at about 193 0 roll. However 0figure 7, which has better resolution in roll,
indicates that it is at about 1860 roll angle. Likewise it can be seen in
figure 7 that the change in sign is very rapid. If figure 9 were re-drawn
bearing this in mind then the changeover which is shown occurring at 169 0 roll
angle for 60 0 incidence would be shifted to nearer 176 0 roll. Hence the

0 0
first observed as being about 250 of roll is in fact probably nearer only 100

All these points discussed above show that the apparently large differences
between the roll behaviour at 50 0 and 600 incidence as shown in figure 39 are
probably not so large after all and the true roll behaviour would be more like
that shown in figure 40.

The cause of the differences cannot be attributed to t~he fact that part of
the model body was changed because the data at 300, 400 and 600 incidence were
all obtained during the same test series (whereas most of the data at 500
incidence was obtained in earlier tests). It is more likely that the cause is
related to the three dimensional nature of the flow. It has been postulated
that the flow develops asymmetrically, giving rise to side forces, because of
its unstable nature. Small imperfections on the model nose can cause enough
disturbance to trigger the hand of the flow one wdy or the other. Now, as the
incidence increases so the resulting flow pattern becomes more compressed
toward the front of the model. Likewise the region in which nose geometry
imperfections can have a triggering effect will diminish in size. On the old
nose there are significant blemishes in the tip region which could well be
causing the triggering and are of sufficient size to have an effect throughout
the incidence range where stable asymmetric vortices are first developed.
However the new nose has a better finish, although by no means perfect, and it
is likely that the geometry imperfections which cause triggering in one
direction at a low incidence are not of sufficient size, or are in the wrong
position, to have an effect at the higher incidences. Likewise imperfections
which may cause triggering in the opposite direction at higher incidences may
not cause it at lower incidences. As the model is rolled either of these
imperfections may be brought into what is the critical region, or rolled out
of it, at an earlier or later stage depending upon the size and position of

small changes in roll angle dependen:cy as the incidence increases, seen
W timpearfecth n the iewnodenc. nl.Ti rbbyacut o h

Basiall th beavior wth ollangle remained essentially the same
throughout the incidence range for each of the three calibre ogive noses.
Hence the method chosen for performing later less'extensive tests on other
nose shapes (see section 4.2).
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4.1.4 Correlation of Results

It has been shown that changing the model roll angle causes the flow to
vary continuously between two 'hands' of a mirror image state which gives the
maximum local side forces, and it is possible to achieve any value of local
side force between these states, with a steady flow pattern. However, it can
be seen in figures 5, 6 and 18 to 31 that as the value of Cymaxj decreases so
its position moves further aft on the body. It would appear that the flow
is stretching out down the body. This effect has been correlated in figures
4i to 47. The value of C has been plotted against the position on the
body where it occurs in fgures 41 and 42 for both three calibre ogive noses
and for angles of incidence up to 50 . Above this incidence the position of
Cymaxj was occurring ahead of the measurement section and hence could not be
determined in these experiments. Likewise figures 43 and 44 show the correla-
tion between the value of Cymax 1 and the position of the node point of the
siue force distribution xo/D. These figures suggest that there are families
of curves which describe the possible state of the flow over the body.

At the higher incidences the value and position of C were used as
parameters and their correlations are shown in figures 45 to 47. These
do not show as good correlation as was found with the first half cycle of the
distribution, so an alternative method was tried which also involved reconsider-
ation of the node point posi*tion. Figure 48 shows plots of Cmax1 against the
distance between the first maximum value and the node point of the side
force distribution. Similarly figure 49 gives the correlation obtained for the
variation of Cymax2 against tne distance between the node point and the position
of the second maximum value. It oan bc seen in both these figures that there
is very little variation found in relative position of both the node and the
second maximum position of the local side force even though the magnitudes of
the side forces are varying throughout their range. Hence the original
supposition that the whole distribution 'stretches out' with reduction in side
force is not quite correct. The position of the first maximum value does change
as in figures 41 and 42. At a fixed incidence, the greater the value of CYmax
the nearer the front of the model it occurs. It cannot be determined from the
available data whether this is due to a change in the position of the onset of
asymmetry or whether the flow takes longer to produce a lower maximum value,
but the spacing of the rest of the successive distribution remains fairly well
constant relative to the position of the first peak. This might suggest that
the development of the flow subsequent to the first peak develops by the same
mechanisms irrespective of the preceding flow. These correlations could be
used as the basis of an empirical prediction method.

4.1.5 Effect of Reynolds Number

A limited investigation of the e.ffect o. PeyjoJ Js number was performed
using the oli nose at zero degrees roL. arivie, which wowi. correspond to one
hand of a regular state. The Reynol]D uu,,ber, ;,:jsed on ,sin o, was varied
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by changing the freestream velocity and the range of variation was limited by
the available pressure transducers. Results were obtained at three incidences,
400, 50 and 60 and at three Reynolds numbers for each. Additionally results

were obtained forthree other roll angles at 500 incidence only. The local side
and normal force distributions are shown in figures 50 to 52. It can be seen
that changing Reyniolds number had little significant effect. As the flow
would be expected to remain laminar (and the pressure distributions indicated
that this was true), and the variation of Reynolds number was not very large,
the results were not surprising. The only exceptions occurred at the highest
incidences and highest speeds, which would be the most likely to show effects
of transition. Certainly reducing the Reynolds number below 100,000 had no
significant effert indicating laminar flow over the body at the Reynolds
number used for the Dulk of this investigation.

4.2 ¢tner Nose Geometries

The results obtained using both of the three calinre ogive noses were
used as a basis for developing a tesE technique to limit the amount of testing
required for other nose geometries. It had been found with the old and new
noses that rolling the model affected the results but that there were ranges
of roll angle where the flow remained essentially unchanged. These ranges
covered the roll angles which produced the maximum side forces and these
forces could be of either mirror image 'hand' (Most project designers would
find the maximum side force case of greatest importance when designing real
vehicles.) Additionally it was found that the behaviour was such that a roll
angle in the centre of one of these ranges was likely to produce a maximum
side force case for aji incidences (see section 4.1.3).

A wool tuft grid had been constructed and used previously with the old
and new noses to study the flow in the lea of the model (ref. 7). It was
found that the flow was very steady, consisting of asymmetric vortices for
most roll angles. Comparisons have been m~cla between the measured pressures
(and hence forces) and the observed flow patterns and it was relatively easy
to see an agreement between them. The ranges of roll angle corresponding to
a regular state of either hand could be readily determined by use of the wool

tuft grid.

With these two established facts, above, a technique was developed and
used for testing other nose geometries with a minimum of effort. Firstly the
model was set to a moderately high incidence, usually 500, and the wool tuft
grid was set in position behind it. The tunnel was then run and the grid was
observed as the model was rolled through the full' 3600. In this manner the
nature of the flow could be seen and the ranges corresponding to regular
states noted. The tunnel was then stopped and the grid removed. Tests were
then performed in the normal way (section 3) with e roll traverse in 300 steps
at the one moderately high incidence. Some feel of the roll angle behaviour
could be obtained by inspection of the readings from the pressure transducers
but the final results could not be obtained without the use of a computer,
which was not readily available. However, by also using the observations made
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with the wool tuft grid two roll angles were chosen which should give the
maximum side forces, one for each 'hand'. Incidence traverses, in 10 steps,
were then carried out for each of these roll angles, from [300 to 700 incidence

usually. In this manner it was hoped that a reasonable amount of information
could De gained without spending undue time on non-essential cases.

4.2.1 Effect of Nose Blunting

The above technique was used to investigate the effect of heinispherically
biunting the tip of the old nose. Two bluntness ratios were chosen, 5% and 20%,
and were applied to the old nose section in turn. The bluntness ratio is

defined as the radius of the applied blunting divided by the radius of the
cylindrical body section. These two bluntnesses reduced the overall nose
length by 0.053 calibres and 0.224 calibres respectively.

In both cases the wool tuft grid was used, and roll angle tra.erse per-

formed, at 5(° incidence. The tuft grid showed generally the same type of
steady flow as was seen with the pointed noses and the roll angles to be used
for the incidence traverses were chosen. The local siJe force coefficient
distributions obtained for the 12 roll angles at 50 incidence are shown in

figure 53 for the 5% blunted nose and in figure 54 for the 20% blunted case.
It is immediately obvious from these figures that the increased blunting
produces generally lower side lorces. Values of Cymax, have been extracted
from these figures and are plotted against roll angle in figure 55
which also includes values obtained with the original pointed old nose. It
can be seen in this figure that the small degree of blunting, 5%, had some
effect on both the roll angle variation and the magnitude of Cymax . The 20%
blunting produced a significant change in roll angle variation, wiih only one
hyce' per revolution compared with two 'cycles' for the other, nose shapes.
This is not significant in itself except that it is the geometry in the region
of the nose tip which has been altered to produce the different roll angle
behaviour and this is more evidence of the importance of the nose tip in
influencing the flow over the body.

This figure also shows that increasing bluntness over the range covered
reduces the maximum side forces on the body. Note that if the tests had been
at just one roll angle, say zero degrees roll, then this conclusion might
well have been different. At this roll angle reducing the bluntness from
sharp (0%) to 5% shows a change of sign and reduction in magnitude of Cypax
and then incrasing the bluntness to 20% shows an increase in Cymax . This
type of behaviour can contribute towards the discrepancies reporteA in
available published data on blunting effects. It is only by considering the
roll angle behaviour that the true picture emerges.

The two roll angles chosen by the wool tuft grid technique for the 5%
blunted nose were 60 and 240 , and for, the 20% blunted nose 00 and 900 were

chosen. Figure 55 confirms that these correspond to opposite hands of the
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d-E with maximum side forces. For comparison, in subsequent :igures results• . 0 0
are cuawn for the original oil nose without blunting at 0 and 90 roll angle,
whiulh also correspond to regul-ar states.

Locil side force coeffi,,'ient distriLution' jr,. shown in figires 56 and 57
tor incidence angies Of 40, nrP, , 0° and 70 . At the lowest incidence tested,

tne two blinted noses proc(,ued na significant ride forc es and so the

res..ts -re nut shown. Mote in the two figures thal the measuring stations
-.i !n.e positioni relative to the nose tip because the hjunting reduces the nose
I r- . Figi-e 56 shows that at 4(b dn V0° incidence ,ll the noses produced
s, e forces with the greater peak valuen, occurring further For ward on the

<Y, as was observed for differentr cases with the sharp nose when the model
-w oiojd at a fixed incipience. The cirves rcr Lhe resuits at 8< ° and 700

" nse, in figire 57, have each been :.it into :wo sets. dach set corres-
pc:. ;, 1-; ne 'hand' of the flow, so at 60 n' e n 'hand' for the 20%

.. tc nose produced no cie force where,-s td, other V n! Oil. This second
._ni uows -0hit tie distribution l.js shifte,: .iown the dody relative to the
ibtions with the other two noses. In fact the 5' blunted nose results

3rir-- a small rearwara shift relative ta the sharp nose oo. At 7(,0 incipience
tue differences between the sharp an,-: 51 bionteci nose d)istributions are
* )'- ately small, but the 20^ blunted case shows similar differences to those
uooserved at 60 incidence.

-he various different states of the flow observed for the 12 roll angles
a' t 20 incidence can be correlated for the blunted noses in much the same
w-iy as' was done for the sharp noses. Figure 5R shows a plot of the magnitude
of the peak in the first half-cycle of the local side force distribution
against its position and also against the position of the node in the distri.-
:-tion. This is shown for both bluntne;s ratios and it can be seen that the
various states of the flow fall into a family of curves for each nose.

The smallest nose blunting, 5%, had quite a large effect at the lower
incicences, below 500, but its effect became much reducea as the incidence
angle was increases!. The greater blunting, 20, which is stI ll moderate.y
smill, had significant effects on tre sioe fore nistribution as well as the
peax local side forces developed on the model throuphou- the incinence range.
This modification of distriution could lead t(, the situation where a particu-
lar <onfiguration of given length c:ould have a greater overall side force with
tne Llunted nose than with the sharp nose. For instance at 6GG incidence the
upper set of curiens n figure 57 shows that for a moi el length of about five
rAibres (,an- ignorin base effects) the sharp nose produces two half-cycles
in the sine force distribution (one on the nose sctiou) which are of
jppu;site sign prod ing a diminished overall side force, but high yawing
'iccent. The 2C, !j:Inted nose result in the same figure shows just over one
Li. f-y>iLe in the sidie force distribution over the same length which could
lean to a gre-iter overall side forco than for the sharp nose, but also with a
smaller yawing r,,onenl. However, in general, nose ViL'jnting reduces ride forces.
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4.2.2 Effect of Nose Length

A brief investigation into t Ce effect of nose length on the local force
distributions was performed Ly using the test technique outlined in
section 4.2 on a two calibre ogive and a one calibre ogive nose. These were
nose sections which were used originally by Lamont and Huint (ref. 3) and were
manufactured out or aluminium alloy.

Provisionally it had been 2"annel to perform the rnli angle traverse at
50 incidence -or both noses, iloweve-, in eac'h case it was found that this
was unsuitaile iril 6Ci 0 had to Le used. Vhis wa, iecause the flow was found
to Le very uns-e-dy behind the seen in t0ie wool itft grid. No
,liscernibic pateri o! asymmetr, ,or e ,.id be seen at all for any
incidence except 6c and even then the flow w> stiLi quite insteady. It
resembled the fl(,- behind a , hol rathei r ilat seen with previous

noses an,, consisting or iight y 'armed vortices u jrtounded by very steady
flow. It was noti-eti As -,he t u l was ruin tp I speed that at low speeds
t;.e flou: did adopt this ty;pe OT ,ctern 1) i very .oo, c , nged to the more
random unsteady flapping. The su;sequently menr ed p'ressure distributions
were inspected to see if there were signs of transition )j the Loundary
layer but it was found that the separation was laminar in all cases. it is
not easy to decide from the pressure distributions if there is any turbulent
reattachment after the initial separation when there is any vortex structure
in the flow as this will be causing changes in the pressures on the body.
But even in the cases where the flow was very unsteady with no time-average
side forces the pressure distributions showed no sign of any reatt-.chment.
Of course, if it was a time-dependent occurrence then the measurements
could not show it up.

Having performed the wool tuft study at 6o" incidence two roll angles
were cnosen for each nose which would be used for the "ncidence traverses.
The roll angle traverse was performed in the usual manner at 6C0 incidence

and the local side force coefficient distributions obtained are shown in
figure 53 for both of the noses. This figure sh,)ws that the side forces are
of a similar nature for both of them. In each case the magnitudes are low

and also it is the first half-cycle of the distribution. The peak values
for both occur around X/D = 3 and the node points at approximately x/D = 5.
The longer three calibre ogive noses showed much larger side forces and

earlier development of flow asymmetry (the second peak in the local side
force aistribution occurring at x/D - 5 and the node point at x/D = 4) at 600
incidence. The variation of Cymax with roll angle is plotted in figure 60

for both noses.

0 0 0 0
Results were also obtained at incidences of 30 , 40 , 50 and 70 for

both noses and generally these showed very low levels of side force, even
though tne roll angles were chosen to give the maximum values. This had
been expected after using the wool tuft grid and seeing the unsteady flow.
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Figures 61 and 62 show the effect of reducing The nose length (but maintaining
an ogivai profile) on the locai side -orce distributions at inc*i.dences of 400,
.0 , 60 and 70',for cases givinc maximum side forces of each hand. The rol
ar.6Les chosen were 0 and 90 for the 3 calibre, 240 and 330 for the 2 calibre
and 1800 and ~00 for the I c:alibre nose. The difference between the longest

nose and the other two is ver,/ pronounced at all incidences except at 700
where the 2 calibre nose duos approah the type of distribution seen with the
3 calibre nose. It is quite likely that the flow over ogive noses has similari-
ties in ce tain respects to the flow over cones and it is known that for cones
the incidence ngle required for separated flow is related to the nose semi-
apex angle. If this is true for ogives too then the higher the incidence angle
the shorter the nose length required for -eparrted flow. The semi-apex angles

0 00are 18.90, 28.1 and 53.1 ° for the 3, 2 and I calibre ogive noses respectively
so if the 2 calibre nose starts to behave similarly to the 3 calibre ogive only
at incidences somewhere between 00 and 7(:° then it is unlikely that the
I calibre ogive nose ever, will.

Hemispherically blunting the tip of the three calibre ogive nose produced
a decrease in side forces. So too did blunting the nose by reducing its length
(but maintaining the ogival profile), but in this latter, case the flow also
became much more disturbed showing very little sign of having any vortex
structure developing in the lee of the body. It was not established whether
sufficient hemispherical blunting would ultimately lead to such unsteady flows
too.

4.2.3 Two Calibre Conical Nose

Tests were carried out using a 2 calibre conical nose on the model in the
manner described in section 4.2. This nose section was also one originally
used by Lamont and Hunt (ref. 3) and made of aluminium alloy.

No cifficulties were experienced using the wool tuft grid with the model
at 500 incidence and the patterns in the grid illustrated a flow very similar
to that observed with the three calibre ogive noses (ref. 7). The patterns
showed a very steady flow with asymmetric vortic-es, and as the model was
rolled they would change 'hands' at fixed roll positions. The changeover was
fairly rapid at this incidence. It was quite easy to choose two roll angles
which would be expecte'd to give maximum side forces throughout the incidence
range.

The roll angle traverse was performed at 500 incidence taking readings
at 300 roll intervals. The local side force coefficient distributions are
shown in figure 63, and the variation with roll angle of the first peak in
the distributions is shown in figure 64. These measurements confirm the
findings with the wool tuft grid, that there is a regular state for the flow,
of either hand, and that the crossovers between the two are fairly rapid. It
is interesting to note that the regular state with this two calibre cone nose
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produced a magnitude of Cymax, slightly greater than that obtained using a
three calibre ogive nose (see figure 7) at the same incidence.

The two roll angles chosen for the incidence traverse were 300 and 3000,
and figure 64 shows that they correspond to opposite hands of the regular
state. Results were obtained for these roll angles at incidences from 30° to
700 in 100 steps and the local force distributions are presented in figures 65

to 67. It can be seen that at 300 incidence the flow has started to develop
asymmetrically as was found for the three calibre ogive noses. The curves for
incidences less than 50° also show that the regular state is probably not well
defined, though more evidence is really needed. However, at incidences of 500

aiid above the side force results from the two roll angles appear as mirror
images and wouJJd suggest that the regular state is probably well defined.
Again, more evidence is needed to be certain of this, but generally the results
are very similar to those found using a three calibre ogive nose. Using these
lonest ogive noses it was found that toe flow at any given incidence tended
to proace a family of possible states, depending upon the roll angle, but the
states correlated very well. Figure 67 shows such a correlation obtained for
the two calibre conical nose at 500 incidence. The magnitude of peak side
force coefficient is plotted against its position, and also is plotted against
the position of the node point in the distribution. It can be seen that the
two plots proouce curves on which all the results fit, indicating that the
various different states of the flow with this nose also belong to the same
family, at least as far as the node point.

4.3 Normal Force

In all the tests performed the measured pressures were numerically
integrated to produce values of the local side coefficient at each station
and also the local normal force coefficient. In many of the figures produced
for this report the normal force distribution has been omitted to prevent
overcrowding of the figures. However, these distributions have been studied
and do appear in some of the figures.

It is noticeable in all cases where the flow develops asymmetrically
over the model that the normal force distribution shows variations along the
model length, dependent upon the vortex structure of the flow. However, it
has not been possible to find any distinct pattern to these variations or to
relate the norral force variation precisely to the side force variation or
vortex development. Certain trends have emerged though.

Whenever there is a strong, steady asymmetric vortex stru(c ie in the

lea of the model the normal force tends to h.e relatively large, due to the
high flow velocities, associated with these strong vorties, which cause
pressire reductions over the back of the body. Similarly, when the flow is
not asymmetric the normal force reduces, as found at high incidence in two
ways. The model could be at a roll orientation that produces only low side
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forces, even though at a moderately high incidence angle as seen in figure 8,
or the steady asymmetric pattern obtained in the region of the nose and
forward part of the model may be dying away, as at stations far from the nose
at fairly high incidences and shown in figure 4. In this latter case the
flow very far from the nose develops into the Von Karman vortex street type
of flow found on infinite yawed cylinders in uniform freestreams producing
time-dependent vortex shedding. The mean crossflow drag coefficient for such
a flow with laminar separation is approximately 1.1 -1.2, and the normal
force- coefficient found far from the nose in these tests generally tended to
approach this value (the results at Su0 incidence lisually produced values of
about the same magnitude). Generally, of course, at low incidences the side
forces were steady and low or non-existent, and at very high incidences the
side forces were also low or non-existent, and the flow unsteady. In both
cases the normal forces were low.

The main observation of normal force must be that at all incidences
which produce asymmetric flow the overall normal force will be a function of
roll angle just as the side force is.
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5. FLOW VISUALISATION TESTS

During the course of this investigation two methods of flow visualisation
have been used. The first method involved using a wool tuft grid placed in
the lea of the model to study the development of the body vortices. This
technique was found to be useful in subsequent testing as discussed in
section 4.2, and has been fully documented in refs 7 and 8. However, the grid
can only be used to show large features of the flow behind the body and of

course will be having some influence on the flow.

In order to study the flow close to the body it was decided to use the
oil surface flow visualisation technique and to monitor pressures on the body
simultaneously. It has been shown that the flow on the body can be changed
by smali geometric changes, especially on the nose tip, and it was feared
that introducing oil on to the model surface might similarly upset the flow.
Obviously it would be pointless to perform the experiments without knowing
whether the flow had been affected or not which is why surface pressures on
the body were monitored during the tests.

The model used for these tests consisted of a support body with two
sections aheaa of it which were used for measuring time-dependent pressures
in the earliest investigations of this test programme. Ahead of these was
the nose rotator section shown in figure 13 which allowed the nose section,
fitted ahead of it, to be rolled independently of the rest of the model. Two
pressure tappings were used for monitoring body pressures. These were
situated at ± 750 to the body freestream generator, see figure 68, at a
station 4.5 calibres back from the nose tip. The difference between the two
pressures is strongly related to the side force at that station, which at the
50 incidence of the tests is usually quite high, see figure 68. Two matched
pressure transducers were mounted inside the model and connected by short
tubes (for high frequency response), one to each of the pressure tappings.
Their difference was taken electrically and was recorded on a u/v recorder.
The other 30 pressure tappings on the model were blanked off from inside to
prevent any flow through them and it was found in the course of the testing
that, as expected, they did not appear to affect the flow.

The test technique used was to set up the model with the pressure
measurement section aligned correctly and to choose the nose roll angle for
the test. The roll angle of the nose was changed independently of the body
for these tests which made the setting-up easier, and it has already been
shown in section 4.1.2 that the nose roll angle is of overriding importance
in determining the flow over the body. The tunnel was run up to speed with-
out any oil on the model and recordings made of the pressure difference A .
The tunnel was then run down and the oil mixture applied to the model.
Finally the tunnel was again run up to speed and recordings made of A as
the pattern developed and lastly when it was dried off. If the recorded
traces were all the same then it was probable that the flow with the oil on
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the model was the same as that without it, at least up to the stations where
the pressure tappings were situated.

The oil mixture consisted of paraffin with day-glo powder mixed in and a
tiny drop of oleic acid which helps to prevent globules forming. It was
applied to the model by brush over the whole of the surface except for a
patch just ahead of the pressure tappings. The region from about x/D = '32 to
x/D = 44 and between e ± 80° was left clear of oil so that none would be
ab.!c to flow into the tappings. This meant that the flow in this region
coui/i not be visualised but it is obvious from the results that it is merely
attached flow travelling around the body until it reaches the primary separa-

tion line and is of no significant importance. The model was mounted in the
wind tunnel such that the incidence plane was horizontal. This meant that the
oil tended to flow across the model as it was applied and could dry out too
soon. The time between applying the mixture and running the tunnel up to test
speed was kept to a minimum but in some of the results it is possible to
detect brush marks, etc. where the oil had dried out. However this was not a
major problem, nor was the effect of gravity during the test, as had at first
been feared. In some tests the oil tended to collect into certain regions
which took a long time to dry (up to about 45 minutes with the tunnel on).
As this oil protruded out into the flow slightly it was washed away a little
from its original collection point, and this can be seen in the results but
again was not a major problem.

The oil patterns developed on the body were recorded photographically.
Day-gio powder fiouresces under ultra-violet illumination so the wind tunnel
was blacked-out and a single u/v lamp shone on to the model. A camera fitted
with a u/v filter (to let through visible light but block off ultra-violet
light) was used to photograph the flow patterns on the model from four view-
points. The camera was tripod-mounted for the very long exposures used and
the model was rolled through 900 for each of the four shots, which comprised
views from the model rear (leeward), top (port), front (windward) and bottom
(starboard as mounted in the tunnel).

In each test case the front view showed the oncoming freestream impinging
on the model and flowing around it up to the separation lines and little else.
These are not very significant and are not presented in this report.

Three test cases were chosen, all using the old three calibre ogive nose
and all at 500 incidence. Two of the cases were chosen to correspond with
the two hands of the regular case, for which 0 and 900 nose roll angle were
used (see fig. 7). The third case was for a roil'angle giving zero side force
on the body, as near as could be found.

The testing for the first two 2ases was fairly straightforward and
figures 69 and 70 show the u/v traces of the pressure difference At that were
obtained with and without the oil on the model. Notice that in each case the
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natures of the traces are the same and that the mean value remains the same
when the oil is put on the model. This indicates that the flow probably
remains unaltered too. The mean values measured from these traces were ACp
= 2.23 at 00 roll angle and -2.27 at 90 roll angle which correspond to
approximately 2.37 and -2.35 respectively for the tests with the multi-
pressure tapped model under similar conditions. This is a satisfactory
agreement considering all the differences in the two experiments.

More difficulty was encountered with the third case. First the roll

angle of the nose was adjusted until a position was found which gave a zero
mean pressure difference AC with no oil on the model. This roll angle was
found to be 0 = 560 (see figure 7). Next, oil was applied to the model as
for the previous cases and the experiment performed. The resultant pressure
trace was satisfactory but the oil pattern on the model had too many areas
where brush marks showed so the test was repeated. Unfortunately it was no
longer possible to obtain a satisfactory pressure trace after several attempts
and eventually a compromise was necessary. Oil was applied over the model in
the usual way except for the very front 2-calibre or so. The resulting
experiment was then found to be satisfactory in all respects and figure 71
shows the pressure traces obtained. Note the zero mean value, and also the
more disturbed nature of both traces than was found in the regular cases.
This has been commented on in section 4.1.1 . Before photographing the
resulting pattern of this last test a small smear of oil was placed on the
nose tip so that it would show up in the pictures.

The flow patterns found in these three tests are shown in figures 72, 73
and 74. In each figure the upper view shows the pattern on the top (port
side) of the model, the middle view shows the pattern on the rear (leeward
side) of the body and the lower view shows the underside (starboard) of the
model. The most interesting views are those in the middle, or the rear of
the model. The features of the flows can be traced directly across to the
upper and lower views, but the middle view illustrates just how asymmetric
the flow can be. Note how the results for the first two tests very closely
mirror one another. In these the main flow features are the same, but
changed side for side, so a discussion of one only is included, that in
figure 72 at zero roll angle. An annotated line drawing of some main
features is shown in figure 75 and reference will be made to the identified
areas and lines in this figure.

Firstly in the flow over the nose there is clearly more than one
separation line. The flow from the attachment line At the windward side of
the moiel separates at the primary separation lines, A, anJ rolls into vortices
one from each side. These vortices entrain flow which forms another attach-
ment line on the leeward side of the model forming the herring bone pattern
associated with such vortex flow, reion B. The reversed flow of region B
quickly scparates at the secondary separation lines C and small secondary
vorticcs are formed beneath ther as shown in figure 76, top. These vortices
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also have attachment and separation lines and 'herring bone' patterns are
formed. There is a region of rather dead air between the secondary vortex
separation lines and the primary separation lines (see figure 76). In this
region the air which has flowed over the secondary vortex gets entrained into
the air forming the primary vortex and although it has a circulatory motion
it is not another true vortex formed out of viscous flow in boundary layers,
but merely reverses its direction because that is the only way for it to go.
It i3 not easy to make out all of this flow pattern from the figures, but it
can be seen that the primary flow over the body, that before first separation
arid the two major vortices which dominate the flow, leaves a large area at
the side and rear of the body where there are secondary flows and fairly dead
regions. This is true along the whole body length. It can be seen at the
end of the nose section, position D, that one of the first primary vortices
is starting to separate from the upper part of body (as seen in the figures)
and the remaining vortex is moving across the back of the body, as shown in
figure 76 bottom, vortices 18.2. (The wool tuft grid flow visualisation
also showed this upper vortex as the first to be shed).

In view of the complicated nature of the oil pattern, after the test was
completed at 00 roll angl- some attempt was made at flow visualisation using
a single wool tuft mounted on a hand held probe. With the tunnel running
the door was opened and the probe placed in the lee of the model. It was
fairly easy to track vortic-es by observing the spinning of the wool tuft.
Where possible the track of vortex cores was traced using the probe and
figure 76 bottom shows the approximate positions of vortex cores before they
are shed from the body. When the body boundary layer stops feeding the
vortices they are shed from the body and move off in approximately the free-
stream direction. Although this was not a precise method of observing the
flow, with only a rough sketch as its result, it was invaluable in inter-
preting the oil flow pictures, and the bottom of figure 76 can be related in
many instances to the flow pattern in figure 72.

There are some areas, E, F, G, H where oil patches were formed. This
was particularly noticeable with E and F, much less so with G and H. It is
not known why such areas as E and F should be formed, where the flow appears
to be inward on all sides (note that as the oil built up it protruded into
some external flow and got washed from its original position by a small
margin - this can be seen in the figures). They are situated in regions
where the flow is very weak, or dead and the pressures are very low. It
seems that just aft of these points there must he some local flow on the
body surface travelling forward towards the noc lip into the low pressure
region. Area G may he formed as the result of tht secondary vortex lying
upstream of it becoming engulfed in the flow which forms the primary vortex
on that side, but this is not certain.

Note from figure 76 that the primary vortex remaining attached after
the first one to be shed (no.2 in the figure) moves laterally to sit very
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much at the back of the body. Ultimately it too is shed, identifiably at
about position J in figure 75 and vortex no.3 in figure 76 becomes the
dominant one. It rapidly veers sharply across the body where vortex no.2
has left space and produces a complicated flow pattern on the body in region
K (figure 75) involving fairly rapid flow velocities in an almost axial
direction. It is not clear what happens to it then as it seemed to disappear
and merge into the flow with the one below, but the flow pattern on the body
here indicates that there is a vortex of the same sense present just aft of
this position too. It is obviously a complicated flow but vortex no.3 was
not detected being shed by the single wool tuft grid. Vortices nos.4 and 5
of figure 76 were detected, with no.4 being very much more to the side of
the body.

At stations further downstream than this the flow is becoming increas-
ingly time-dependent so the oil patterns will show only the mean flow, but
it would appear that vortices 4 and 5 show some lateral movement before
vortex no.5 is shed somewhere near region L. It is very likely that vortex 5
is connected with, or even the extension of, vortex 3 although the flow at
their junction is very difficult to interpret. The overall flow pattern
shows alternate shedding of vortices from each side, as found in pressure
measurement tests.

This is a very broad interpretation of the flow patterns observed in
the first two test cases, and much of the finer detail which perhaps needs

* explaining is difficult to analyse. This is partly because so much of the
flow pattern on the body is not caused directly by the primary vortices
present at any particular station but is the result of secondary flows and

* dead air regions. However, it is clear that the flow is very complicated,
and although there are vortices shed from alternate sides of the body, as
has been postulated many times and explains the phenomenon of side forces,
the nature of each shedding is a little different. There seem to be secon-
dary vortices playing a part in the shedding of the first vortex, which is
developed from the nose and also has another strong primary vortex present
in the flow. The second vortex has been developed from the nose and is shed
very much from a position in the lee of the body. The third vortex then
undergoes a complicated history probably developing into vortex number 5
before it too is shed in a position well downstream where it seems there are
no secondary vortices. It appears that the conditions for vortex shedding
are different in each case.

Also apparent is the fact that in some places the axial flow is halted,
or even reversed, and in others there is a very strong axial flow. This
means that flow surveys around the body which tMke into account only two
velocity components (such as the crossf low plane), although providing very
valuable information, do miss some important features.

The flow patterns found here on the body in figures 72 and 73 and the
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vortex pattnrns causing them, as shown in figure 76, have been compared to
the local side force roofficiunt lisiributions measured under similar
conditions, see figure 5 and particularly figure 4. It has been found that
there probably is some agreement between them. Comparing figure 5 with
figures 72 and 76 it seems that the peak magnitudes in the local side force
distributions occur slightly aheail of the probable vortex shedding locations,
and the local side force is directed away from the side that sheds the vortex,
as has been onserved hefore with the wool tuft grid (ref.7).

The third case to be considered in these surface oil flow experiments is

that in figure 7L for nominally symmetric flow. Certainly up to the pressure
measuring station at x/D =L4.5 the recorded pressure traces of figure 71
indicated that the flow was symmetric. This is confirmed in the photographs
of figure 74~, which also show that at stations further downstream some
asymmetry does develop, with a possible vortex shedding location near x/D
11. However, the region of most interest in this case is over the front
part of the model and the discussion will not concern the region aft of X/D
=8. In the regular cases discussed above (00 and 900 roll angle) asymmetry
in the flow had developred well forward on the nose, whereas in this case the
flow has remained symmetric. Unfortunately it was not possible to observe
the flow pattern right up to the nose tip as the oil affected the flow.
However, on the nose it can be seen that the separation lines are symmetri-
cally disposed and the resulting flow is probably very like that shown in
figure 77 (top) with symmetric primary vortices. The secondary vortices are
also symmetric. and appear to rapidly diminish in strength at stations down-
stream of the nose. The 'herring bone' pattern caused by the primary vortices
can be observed well aft on the cylindrical body section, but those due to
the secondary flow are not easily discernible much beyond the nose section.
The surface flow on the body directly affected by the twin primary vortices

increases further downstream and the separation lines caused by the second-
art waswveryoneticeale dsinct he eglar cat0 asand 900rl angle that

would probably be as shown in figure 77 (bottom).

the angular positions of the primary Separation lines varied considerably on
each side of the body. In this third case the angular positions do niot vary
by very much, moving slightly forward in the crossflow plane as distance
from the nose is increased, and remain symmetric. In none of the three
cases was there any sign of transition in the flow ahead of the primary
separation lines, or of separation bubbles. There appeared to be nothing
in any of the 3urface patterns to suggest why the flow should become strongly
asymmetric in two cases (of opposite hands) but not in the third.
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6. CONCLUSIONS

An experimental inve;tigdt ion Ii. been ir' d out to mea- uru surface
pressures on the cylindrical part of an axisymmetri(: nose-cylinder wind
tunnel model with the aim of examining the causes of discrepancies in
previously available data on side, forces at high angler of incidence. The
following main conclusions were drawn from this work.

There are three main flow regimes as incidence iF varied from 00 to 900.
At low incidence.;, up to about 250 to 3(0, the flow remains symmetric, even
when separation ocrur2, and steady with no resul rant sine forces on the body.
At very high incidences, above about 750, the flow breaks down into unsteady
von Karman periodic vortex shedding, also with no resultant mean side forces.
It is with the region between these boundaries, from about 300 incidence to

about 750 that most of this investigation has been concerned. In this region
the flow over the body becomes asymmetric and the vortices formed from each
side in the separated region in the lee of the body are shed from the body
at different axial locations. After a vortex has been shed from one side
of a body another starts to form from the same side. This gives rise to a
cyclic side force distribution on the body with gradually decreasing magni-
tudes at stations further distant from the nose. The flow in the first half
cycle or so is generally fairly steady but at distances far from the nose the
flow behaves like that around an infinite yawed cylinder with periodic vortex
shedding giving no resultant mean side forces. At moderate angles of incid-
ence this flow pattern is spread out along the body length and as the incid-
ence increases the pattern becomes more compressed towards the front of the
body.

The asymmetric flow at a given incidence has been found to vary as the
model has been rolled. However, the flow will remain steady and repeatable
under the same given conditions. Using a model section which allows the nose
and cylindrical body to roll independently it was shown convincingly that
the roll orientation of the nose is of overriding importance (at fixed inci-
dence) in deciding the flow state over the body.

The range of high incidence where side forces are developed can be sub-
divided into two parts based on the results found with two different nose
sections with the same basic nose profile, a three calibre ogive.

At moderately high incidences, between about 300 and 500, the flow is
dependent upon the roll angle and varies slowly as the model is rolled,
generally with peak side forces falling between ,the same positive and negative
bound, which increases as incidence goes up. At high angles of incidence
between about 500 and 700 the side forces on the model are dependent upon
roll angle but there are large ranges where the flow hardly varies with roll,
preferring a 'regular' state. This gives the largest side forces, and changes
rapidly to the same state but of the opposite hand over small roll angle
ranges at certain roll orientations. Generally these changeovers were found
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at approximately the same roll po7i ;_o t nrouQhout the 30° to 700 incidence
range.

Any flow state between the opposite hands of the boundary state was found
to be fairly steady, although states with low side forces become increasingly

difficult to attain as incidence increases. Although the flow was found to
vary in this manner analysis of local side force magnitudes and positions
showed that all, the states correlated very well. The lower the peak local

side force the further aft on the body it occurred, hence also affecting the
remainder of the side force distribution.

Evidence generally suggested that imperfections on the model nose, espe-
cially in the tip region, were of most importance in deciding the state of
the flow. At only moderately high incidences it seems that these imperfec-

tions help to determine both the sign of the side forces and to some extent
also play a part in deciding the magritude. At high incidences they mainly
determine only the sign of the side forces and it is the nose profile which
determines the magnitude, as shown by the regulir state for both three calibre
ogive noses being the same at high incidences.

Further evidence of the importance of the tip region of the nose came
when one of the no.ses had small amounts of hemispherical blunting applied to
it. The first case, 5% blunting, produced ;a small reduction in the regular
state side forces hut also modified thc roll angle behaviour. The second
case, 20% blunting, considerably affected both the roll angle behaviour and

the side force distribution causing a significant reduction in magnitude.

It was foind using both a two calibre ogive ind one calibre ogive nose
that the flow over the model became very much less steady than had been found
with the three calibre ogive and there appeared to be no organised vortex

structure in the model wake. In both these cases the unsteadiness caused
there to be virtually no measurable mean side forces developed at incidences
below about 600. At this incidence both developed low (and fairly similar)
side force distributions. Above this the shorter nose again developed no
side forces but the longer of the two began to develop distributions similar
in form to those observed with the three calibre ogive noses. Results

obtained using a two calibre conical nose were very similar in all respects
to those found with the three calibre ogives, except producing slightly
greater side force magnitudes. The flow with this nose was generally very
steady with strong asymmetric vortices in the lee of the model.

Using the original three calibre ogive noses it was found that varying
Reynolds number (by varying flow speed) produced very little effect. This
was expected as the investigation was performed in the subcritical range and
there was no influence of transitional flow. Consequently all the results
obtained in this investigation have been repeatable. When the Reynolds
number increases into the critical region transition can occur and repeata-
bility becomes a major problem in tests of this sort.
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Although mostly concerned with side forces some note was made of normal
force during this investigation, It was found in general terms that the lower
the side force (whether because of low incidence, model roll orientation or
axial station far from the nose) the lower, too, the force. This means that
in the incidence range 300 to 750 the normal force is a function of roll angle.

Some of the main reasons for discrepancies found in earlier data can bef attributed to the following reasons:-

a) poor wind tunnel flow quality,

b) model vibrations, often found in force measurement tests where the
model is mounted on a balance,

c) the effect of roll angle, and

d) performing tests in the critical Reynolds number range.
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8. NOTATION

C local normal force coefficient, local normal force/(q d)
n

C ppressure coefficient, (p- p )/qx

C local side force coefficient, local side force/(qxd)
y

C first peak value of C in side force distributionYmax! Y

C second peak value of C in side force distribution
Ymax, Y

D body diameter

p pressure on body surface

pO freestream s-atic pressure

qx crossflow dynamic pressure, 2

Re Reynolds number, (Vd)/(vsin a)

V freestream velocity

V crossflow velocity, Vsin a

x axial distance from nose tip

Xmax 1 axial distance of CYmax1 from nose tip

axial distance of C from nose tipXa2 Ymax2

x0 axial distance of node point in side force distribution from
nose tip

Lincidence angle, degrees

ACp Pdifference in C between two points symmetrically disposed

at 6 + 750

azimuth angle around body circumference from leading body
generator, degrees

roll angle, degrees

- 35 -



Onose roll angle of nose section of model, degrees

Obody roll angle of model excluding nose section, degrees

V kinematic viscosity
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