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SUMMARY

The aerodynamic characteristics of a 1/3rd scale 155 mm artillery
shell model were measured as a preliminary step in 8 program to assess the
feasibility of using nose mounted controls on a spinning projectile to control
its flight path and hence its point of impact. Tests were conducted for
Reynolds numbers of 1.0 to 4.0 x 10°, incidences of zero tc. 20°, Mach
numbers of 0.7 to 1.8, and roll rates of zero to 400 rev/s. Results indicate
that the use of nose mounted controls to control the attitude and hence the
flight path of a 155 mm shell is unlikely to be very effective within the
subsonic and transonic Mach number range.
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NUIATION

C(X) Axial force coefficient = X
Qs
C(Y) Side force coefficient = Y
QS
C(z) Normal force coefficient =  Z_
qsS
C(1) Roliing moment coefficent = 1
Q5D
C(m) Pitching momer.t coefficient = _m_
gD
C(n) Yawing moment coefficient = _n_
qsSD
CP(Z) Position of centre of pressure in the pitch plane
CR(Y) Position of certre of pressure in the yaw plane
M Mach number of the free stream
Rey Reynolds number of free stream, based on
max imum body diameter
S Maximum body cross sectional area,
(reference area)
D Maximum body diameter (reference length)
Ue velocity of free stream
X Axial force
Y Side force
l Normal ferce
1 Rolling moment
m Pitching moment
n Yawing moment
) roll rate; clockwise from rear is eve
w ! non-dimensional roll rate = %%}ll
AL
o} dynamic pressure of free stream
© pitch angle {incidence) relative to free stream

¢ roll angle
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1. INTRODUCTION

This report presents the results of a series of tests on a 1/3 scale model
of a 155 mm standard artiliery shell conducted in the S-1 Wind Tunnel.
These tests were conducted to determine the aerodynamic cheracteristics of
the shell at various spir. rates, and over a range of attitudes and Mach
numbers. This work was a preliminary step in a program to assess the
feasibility of using nose mounted controls on a spinning projectile to
control its flight path and hence its point of impact.

The basic equipment for winu tunnel testing of ranidly spinning models
already existed as a result of a similar study of a 105 mm artillery shell
in late 1977 (see Reference 1 for details) and this equipment required only
minor modifications to accommodate the new model. The tests were carried
out during Augqust and September of 1987. This work has been reported
earlier in reports prepared for meetings of the TTCP technical panel W-2,
and the CAARC Aerodynamics Coordinators (Ref. 2 and 3).

2. EXPERIMENTAL DETAILS

2.1 Model and balances

Figure 1 shows the basic dimensions of the 1/3rd scale standard 155 mm
artillery shell model. All model dimensions were obtained from full
scale shell drawings, except for the details of the drive band, which
were deduced from an examination of the drawings of the qun barrel
rifling grooves. In figure 1 it may be seen that the direction of the
rifling grooves on the drive band is opposite to that on the full size
shell. This is because the roll drive motor operates only 1in the
opposite sense to the rotation of the full size shell. Consequently,
all spin rates, Magnus forces and Magnus moments were of opposite sign
to those existing on the full size shell. To avoid confusion, in the
presentation of results these signs have been reversed to give dats
appropriate to the spin direction of the full size shell.

Two different balances were used for non-spinning and spinning tests
respectively. Figure 2a shows the model mounted on the non-spinning
balance, which 1is a conventional 6 component strain gauge sting
balance, while figure 2b shows the mogel mounted on the Magnus
balance, which is a 4 comaonent balance (mecsi-ring C(Y), C(Z), C{m) &
C{n}).

Figure 3 shows the internal details of the drive and roll rate
measuring  system. The model was mounted on the shaft of a
siiding-vane type air motor, which inCorporated an 3ir-besring for low
friction radial support, and this thea fitted to a strain gauge sting
balance. High pressure air for the motor was supplied through the
holiow core of the halance, and low pressure air for the air-bearing
was supplied through two thin tubes taped to the cutside of the sting.
Model rol!l rate was monitored by a LED-photodiede roll rate pickup,
mounted cn the sting and triggered 10 times during each revolution of
the model. Roll rate control was effected by varying the air supply
pressure to the motor.
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Since spin rates of up to 400 rev/s were required, careful dynamic
balancing of the model was necessary before wind tunnel tests were
ccmmenced. This was accomplished outside the tunnel with the model
mounted on the strain gauge balance and the balance outputs monitored
on a CRO screen. Observation of the amplitude and phase of the
outputs as the model was spun enabled small masses to be determined
and positioned on the outside of the model to compensate for the
imbalance observed. These balancing masses were then replaced by
internal masses and the model spun again as a check. Excellent
balance was obtained, with only one fairly "noisy" resonant area at
about 35 rev/s, corresponding to resonant oscillation at the natural
frequency of the model/balance system. This spin rate was therefore
aveided where possible during the wind tunnel tests.

Experimental procedure.

All  tests were conducted in the 360 mm x 360 mm working section of
the continuous flow wind tunnel S-1 at the Flight Mechanics and
Aeropropulsion Division, of ARL-Salisbury. Data for the Mach number
range of 0.7 to 1.0 were obtained using slotted top and bottom walls
in the working section, while fixed supersonic nozzles were fitted for
the supersonic Mach numbers of 1.4 and 1.8.

2.2.1 Non-spinning tests

Data were collected for the Reynolds' number range of 1.0 x 10°> to
4.0 x 10* (based on maximum body diameter) at Mach numbers of 0.7,
0.95, 1.4 and 1.8 to assess the sensitivity of the results to
variations in Reynolds number. All other tests were conducted at a
Reynolds number of Re, = 4.0 x 10%, this being the nearest possible
to flight Reynolds numbers (1.0 x 10° to 2.0 x 13° ) without
overloading the baiance.

The boundary layer trip, described in figure 1, was used to ensure a
turbulent boundary layer over the shell bedy to simulate flow
conditions expected at the higher Reynolds numbers of the full scale
shell. Surface flow visualization was used to check the
effectiveness of the boundary layer trip and it revealed that at low
incidences a turbulent boundary layer existed virtually evervwhere
aiong the body of the shell, except for a very small portion at the
nose tip.

The bhase pressure on the model was measured and a correction applied
such that the C{X) values presented represent the shell with 3
uniform pressure, equal to free stream static, actin) over the base
area, %o cerrections have bheen applied to allow for the expected
base pressure in flight or for the differences 1in skin fricton
coefficient between model and fuli scale.

The experimental procedure consisted of establishing the vequired
tunnel flow conditions and then conducting pitch and roll traverses
for the pitch angle range of -4° te 20° (in 1° increments) and for
the roil angle range of 0° to 360° (in 15° increments). Kote that
zero roll angle position is defined in figure 4.
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Spinning tests

Spinning tests were conducted at a fixed Reynolds number of al,nut
4.0 x 10° for all Mach numbers. The experimental procedure involved
establishing the required tunnel flow conditions, setting the
required model rol!l rate by adjusting the rmotor supply pressure, and
then conuucting a pitch traverse of the model from -4° to 20°,
taking data at one degree intervals. For the tests at zero roll
rate it was found necessary to shut off the air supply to the model
air-bearings, otherwise the torque generated by the grooves of the
driving band was sufficient to produce a small steady roll rate.
With no air supplied, the friction between the air-bearing surfaces
prevented the model from rolling. For consistency, all non-rolling
tests were conducted at =zero roll orientation, as defined in

figure 4.

Accuracy of results

The results consist of aerodynamic force and moment coefficients at
given Mach numbers, Reynolds numbers, incidences, roll angles and roll
rates. The sources of error and the accuracy applicable to each item
are discussed below.

(a) Force and moment coefficients

The major sources of error are expected to be due to the dynamic
effects of the spinning model (Magnus balance only} i.e.,
vibration and the discharge of exhaust air. Under static
conditions both balances are capable of measuring forces and
moments to an accuracy of O0.1¥. No attempt was made to calibrate
the Magnus balance under dynamic conditions, but comparison of
spinning and non-spinning tests indicated that discrepancies were
smal’, generally less than 0.5%. A conservative estimate of the
maximuc percentage uncertainty in the force and moment
coefficients for both balances would therefore be l%.

An absolute uncertainty also exists in each force and moment
coefficient, which is independent of local coefficient valuye, and
arises mainiy from the resolution limits of the measuring system,
balance drift, temperature changes and noise levels (i.e.
vibrationg) in the balance output. This yncertainty is variable
with Mach number and incigence, bul is of a maximum order of 0.0l
for 511 coefficients.

(b) Mach numbers

The Mach number is manually controlled from observation of the
stageation pressure in the settling chamber and the static
pressure in the working section. Mach numbers are held to within
Q.01 of the nominal figure, and this is also the level of spatial
uitgrtainty in the centreline Mach number of the working section,
No corrections have been applied for the offects of blockage.
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(c) Reynolds numbers

The stagnation temperature of the ftunnel air flow is uncontrolled
and varies slowly during a tunnel run csusing a corresponding

change in Reynolds number, For each particular rua the
uncertainty 1in the Reynolds number was within 5% of the nominal
value.

(d) Pitch and roll angle

Errors in suppert attitude measurement and sting bending
correction produce an uncertainty in attitude measurement of less

than 0.01-. However airflow direction on the tunnel axis is
uniferm only to within 0.2, so that this is a more realistic
estimate of the uncertainty in the incidences quoted. Roll

angl.; were measured to within 0.1°.
(e) Roll rate

Roll rates were obtained from a counter which displayed the total
number of pulses received each second from the model, which
generated ten pulses per revolution. Data were taken only after
a steady roll rate had been reached although small changes
inevitably occcured as the incidence was varied during a run.
The roll rate given for each data point is therefore accurate to
within 0.1 rev/s, but the approximate roll rates for an entire
run may have uncertainties of up to 5 revs/s.

3. PRESENTATION AND DISCUSSION OF RESULTS

Presentation of results

rigure 4 shows the axis system used in the presentation of the
resyl ts. The origin of the system is at tne base of the shesi el
(t.e. 5.630 calibers from the nose tip). The zero roll orientation
was chosen to be with the fuse delay adjustment screw hole on the
windward streamline.

Rusults are presented 1in a coefficient form (using the reference
quantities and axis system above) n figures § ta 1, whewe selected
resylts have been plotted to tllustrate the ‘trends revealed as
Fun?tions of incidence, Mach number, Reynolds number, roil anale and
roll rate.




(a)

(b)

(€)

; 3.2 Test results

! 3.2.1 Non-spinning tests

Effect of ro!l angle

The effect of roll angle was found to be negligitle for all but
the C(Y) and C(n) coefficients at incidencas greater than 15-.
Figure 5 illuctrates the variation of the measured coefficients
with roll angle at a Mach number of 0.7 and 20° incidence. The
variation shown in the ((Y) and C(n) coefficients 1is most
probab:y attributable to asymmetric vortex separation of the
cross flow due to slight asymmetries of the model.

Effect of Reynolds number

Figure 6 shows the effect of Reynolds number on C(X}, C(Z) and
C{m) coefficients. The effect of Reynolds number on all other
coefficients was very small. The variation of C{X} with
Reynolds number, at low incidence, s cuasisient with expected
changes in skin ¢riction coefficient, while changes occurring
in C(Z) and Cim) at high incidence are due to changes in cCross
fiow drag coefficient with Reynolds number. The changes in
cross flow drag coefficient, which are produced by changes 1in
flow separation in the cross-flow plane of the body, reduce the
Reynolds number, dependence of C(X) at the higher incidences.
The observed changes in ((Z; and C(m} &t mgh incidence
indicate that tne cross flow characteristics of the shel!l are
above the critical at the highest Reynolds number and therefore
the results would be expected to be in cluse agreement with
full scale.

tffect of Hach number and incidence

Values of the side force ind yewing moment coefficienls are
near zerg below 137 incidence (for alt Mach numbers) but
ncrease noticeably thereafter indicating the beginning uf an
asymmetric vortex wake. No side force ang yawing moment data
are presented here, they are Covered later under the effects of
spin rate.  The rgliling moment coefficient, ({1}, ts near zerd
throughout the ptich and Mach number range and therefore naQ
data is presented.

The wing tunnel C{X) data, at the maximum test Reynglds nuamber,
and for 3 hase pressure coefficient of zeva, 1§ Cuepared with
flight measured data (reference &)} in figure 7.

Figure B shows the effect of Mach nuymber and incideace on

C{X}. €{Z), Cim} and CP{Z) ~ocefficients. The normal force and
pitching moment coefficienrts are contiagous funitions =of
inciderce up to 207 for all Mach numbers  Nate that the
pitching moment data is celculated relative i the base of the
shell rather than its centre of gravity ang so may be less
meaningful than the centre of pressure im the pitch plane,
which is piotted in figure 8d. This shows that fer subsomic
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conditions the centre of pressure is well forward throughout
the iacidence range, generally less than 2 calibres from the
nose, and varies coasidecably with Mach number and incidence,
heing furthezt forward for tramsonic and low incidence
condition .. The scpersonic centres of pressure within the
1ne denrce  range are further back (up to 2% calibres from the
1ose) ana  are Tese variable with incidence. Note that the
reatres of oressurs b been derived from the division of &
rameny coefficient by a furie coefficient for incidences asove
%*, and have been faired “~to 3 zero incidence value determined
by the ratio of the slopes of the same coefficients against
incidence.

3.2.2 Spinning tests

(a) Comparison of resuits from spinning and non-spianing balances

(e}

As detailed in Section Z2.1,the spinning tests were conducted on
a separate balance which measured C{¥), C(Z), C{m) and C(n)
only. Prior to the spinning tests, non-rolling results were
obtained for the mazimum Reynolds number case with the model
static ia the zerc roll crientation., These resuits were
compared to non-spinning balance data and the correlation was
fuund te be excellent for all coefficients throughout the full
incidence and Macnh number range.  The correlation petween ({l}
and C(m) data for Mach number = 1.0 ts illustrated in figure Y.

No base pressure orf internal pressyres were measured for. the
spinning  tests and any effect of turhine and bearing air
exhaust on the measured coefficrents is not knowa byt is
pelieved to be small.

gffect of spinm rate

Figure !0 tllustrates that spin rate was found to have little
effect on the normal force gnd pitching momenl coeffigrents,
bul & sigmificant e¥fect on side force and yawing moment.
Therefore no ({2} or Cim} dats are prasented kere, since UMy
R3ve deen previausly covered under non-spinniag tosts.

Figyre 11 shows the effects of ingidence and spin rate
an the side {Magnus! force and yawing noment coefficients. ‘he
stde  force snd yewing moment coefficienls tncresse iinearily
with incre3sing spin rate and ingidonce at e lTower Mach
nutders. Howgver the rate of ingr2ase reduce. 2% the Mach
aumhor  increasrt  and the  ressitis hecome more nontinear,
particularty at iransonic and low supersenic speeds.
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Figure 12 shows a piot of the centre of pressure of the side
(Magnus} force vs Mach number at the maximum spin rate tested.
[t was found that in general tie position of CP(Y) was not very
sensitive to the magnitude of the spin rate and tne trends
shown here are typical for all cther spin rates. The anomalous
point at an incidence of 15° and a Mach number of 1.4 is
nroduced by the discontinuyities in the slopes of the C(Y) and
C{n) curves against spin rate for this condition as shown in
figures 1l{k) and l1{1). The relative magnitudes of these
slope changes indicate that the loss of side force (below a
possible linear increase with spin rate} is occurring in the
boattail region of the sheli. I* is known that the reflectes
bow shock waves pass close to t.e shell base for this Mach
number but it is not known if this is the source of the anomal;
or if it s due to an interaction be‘ween the <cross flow
separation and the shell spin rate.

Concluding remarks

Tne results 1ndrcate that the use of nose-mounted controls to control
the attitude and hence the flight path of a [55mm shell 1s unlikely to
be very etfective within the subsonic and transonic Mach number range.
nrs 1s because the centre of pressure 1a the pitch plang 15 situated
cery close tn the irkeiy control position, and s strongly offected by
Macn number and 'nCidence. A control force applied near the nose to
produce trm 3t incidence would therefore be almost equa! and oppusite
ty the pody normal force. The resultant normal force coefficrent  at
e zere preeming moment)  would de small and hignly vartable waith
Macnh nymber and 1acidence. Thts 15 particularly tftrue a?t low
tncrdences.  Side (Magnus) forces are also small and are non-linear at
migh wncidences  and high dach numbers, so would also be oY limited
«alye for trajectory control,
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Reference Length = 51.670Gmm
Reference Area = 0.002097m?
Moment Reference Point is at
the base of the shell.

\ The zero roll angls position is
chosen to be with the fuse delay
F U. adjustment screw hele on the

/ windward streamiine

FIGURE 4: AXIS SYSTEM USED IN PRESENTATION QOF RESULTS
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