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SUMMARY 

The forces measured on a l/20 scale model of Black Arrow at Mach numbers 
of 1.2, 1.5 and 2.0 and at a Reynolds number, based on the maximum body diameter, 
of 1.31 x IO6 are presented. The effects of the external fittings are deduced 
and the results are discussed. 

* Replaces RAE Technical Report 72061 - ARC 34019 
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I INTRODUCTION __ __- 

Black Arrow was a three-stage satellite launcher based for economic 

reasons on Black Knight technology and equipment. 1n its originally concelved 

form' , as tested here, it was expected to have the capability of launching a 

satellite of at least 160 lb into a 300 nm circular polar orbit. Subsequent 

development of the basw launcher resulted in an appreciable increase in its 

performance' and a version using 'wrap-round ' booster rockets on the first stage 
3 was also considered . 

This Report presents the results of five-component balance measurements 

(no axial force) made on a l/20 scale model of Black Arrow at Mach numbers of 

1.2, 1.5 and 2.0 in the RAE 8ft x 8ft supersonic wind tunnel at Bedford during 

May 1965. The tests were carried out at a Reynolds number, based on the maximum 

body diameter, of 1.31 x 106. Complementary subsonic and transonic testing was 

carrled out in the 8ft x 6ft transonic wind tunnel at RAE Farnborough using the 

same model and balance. 

In addition to the overall static aerodynamic characteristics of the 

launcher, the tests were designed to determine the effects of the external pipes 

and fauings. For this reason two configurations were tested; configuratlon 01 

was a 'Cl%Xl axlsymmetric model having no external excrescences and configura- 

tion 02 was complete with various external pipes and fairings representing the 

full-scale launcher in some detail. 

2 MODEL DETAILS 

A view of the model in the wind tunnel 1s presented in Fig.1. The model 

was constructed mainly in aluminium alloy in the workshops at RAE Farnborough. 

It consists of an axisymmetrlc forebody and afterbody joined by a steel centre 

section embodying an Integral adaptor for the balance. This basic shape was 

machined to take either a set of blank inserts which gave a smooth axisyoimetric 

model - configuration 01 - or a set of inserts (some of which are visible in 

Fig.1) on which were mounted various pipes and faxrings - configuration 02. 

Details of the model and the fittings are given in Flgs.Za and 2b respectively. 

The model was mounted on a five-component integral sting - balance (RAE 

Farnborough balance SB 527) and was instrumentated to record base pressure using 

a CEC pressure transducer. 
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3 TEST UETAILS -- -- 

3.1 Coordinate system and wefficlents 

The coordinate system adopted is shown in Fig.3, being such that the axes 

move with the model in pitch but not ln roll (resolved body axes). The model 

roll datum (XX in Fig.Za) is taken to be defined by the position of the shortest 

external pipes and the smallest fairing near the base of the model and the 

moment reference point (0 in Fig.3) is taken to be at the intersection of the 

model axis with the plane YY (see Fig.Za) through the junction of the flare 

and the forebody. The measured forces, moments and pressures are non- 

dunensionalised using the free-stream kinetic pressure, the maximum diameter 

and the maximum cross-sectional area of the axisymmetric body (see list of 

symbols). 

3.2 Description of tests 

The model was mounted on a sting (Fig.1) from the quadrant of the 

8ft x 8ft wind tunnel and tests were carried out at nominal Mach numbers of 

1.2, 1.5 and 2.0 at a constant Reynolds number per foot of 4 x 106. The 

resulting Reynolds number based on the maximum body diameter, 
Rd' "CtS 

1.31 x IO6 , which was an order of magnrtude less than the estimated full-scale 

flight Reynolds number (Fig.4). 

Balance and pressure-transducer readings were taken at intervals of 1' 

between -10' and +lO" with additional points every a ' between 0' and +3'. 

These nominal incidences were set on a comparator and the readings were stored 

and recorded automatically as the model was swept slowly from -11' to +ll'. 

Incidence sweeps were taken at roli angles of both $ = 0' and 90' for 

configuration 01, in order to provide a check on symmetry, and at roll angles 

every 15' between -90' and +90° for configuration 02. 

For configuration 02, at 4 = O', 45' and 90° and M = 1.2, incidence 

sweeps were also taken for Reynolds numbers per foot of 3 x lo6 and 5 x lo6 

'Rd = 0.98 x IO6 and 1.64 x 106). 

3.3 Transition fixing 

A transition band 0.15 Inch wide consisting of a sparse distribution of 

ballotinl 0.007-0.008 inch in diameter was attached 0.8 inch behind the 

nose of the model (Flg.1). The criteria put forward in Ref.4 suggest that 

transition occurred at, or just behlnd, the roughness band at all test 

conditions. 
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3.4 Data reduction 

The force measurements were corrected for first-order balance interactlons 

and the values of model incidence, B , were corrected for model deflections. 

For the results at M = 1.2 a further correction to the measured values of 

incidence was necessary to account for flow misalignment in the wind tunnel. 

This correctIon was deduced from the measurements on configuration 01, by 

forcing the curves of -Cz versus 8 to pass through the origin, and amounted to: 

Rd x lO+j 0.98 1.31 1.64 

he -0.15O -0.05O -0.15O 

The true test Mach numbers, after correction for the effects of tunnel 

total pressure and temperature, were: 

Rd x lO+j % M 

0.98 1.2 1.202 

1.64 1.2 1.212 

1.31 1.2 1.207 

1.31 1.5 1.505 

1.31 2.0 2.006 

3.5 Accuracy of the results 

The majority* of the measured coefficients and centres of pressure are 

estimated to be accurate to within: 

-cz, c Y 
?r 0.005 

cma cn t 0.007 (includes an allowance of 0.004 
for flow curvature in the tunnel) 

C 
p. 

f 0.002 

8, 4 fc 0.05 

xCp'd f 0.05 

These estimates take account of errors due to balance calibration and hysteresis, 

to tunnel calibration and flow curvature, to time drifts and to the resolution of 

the recording system used. The error in the predicted trends of any individual 

coefficient during an incidence sweep is believed to be well within these limits. 

* The pitching moment data contained a particularly large number of rogue points 
and points which - if the aerodynamics are smooth - lie outside the above 
estimates of accuracy (see Figs.lO-13). These latter points, although 
presented, have been treated as spurious and have not been included in the 
discussion of the results. 
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These errors are larger than generally expected in the 8ft x 8ft wind 

tunnel due mainly to the fact that, for the sake of speed of manufacture and 

testing, the model was built around an existing low-stress balance. 

4 DISCUSSION OF RESULTS 

The normal force coefficxnts, -Cz, for the axisyuunetric configuration 

01 are presented in Fig.5 and show that there is no measurable asymmetry in the 

results either from rotating the model through 90' of roll, 4, or from 

pitching the model through positive and negative values of incidence, 8. The 

normal force coefficients for both configurations are presented in Figs.6-8. 

The addition of the external fittings results in a small increase in the normal 

force coefficients, and in the initial slope of the normal force curve, at all 

test conditions. The values of the initial slope of the normal force curves 

for both conflgurations were obtalned graphlcally and are presented in Fig.9. 

The ~~rease in normal force is a max~~~rn with the pipes nearest to the 

horxontal plane, i.e. 6 21 -5', and there is little increase over a broad range 

of roll angles with the pipes near the vertical plane, i.e. 60' < I$1 < 120°. 

This suggests that the effects of the fairings are small compared to the effects 

of the pipes. This is to be expected because, though they project further from 

the surface, their projected area normal to the surface is only 19% of that of 

the pipes. As expected there are no measurable dlfferences between the normal 

force coefficients at positive and negative values of 8, since the only 

asymmetry is due to the small fairing nearest to the base of the model (Fig.2). 

The pltchlng moment coefficients, Cm, for the axisynunetric configuratlon 

01 are presented in Fig.10 and show that, whilst there is no measurable 

asymmetry in the results from rotating the model through 90° of roll: there are 

small but significant differences between the results at positive and negative 

values of incidence: the dlfferences also vary apparently randomly with Mach 

number*. This suggests that the differences are due to non-uniform flow in the 

wind tunnel rather than to any asynnnetry ln the geometry of the model. 

Comparisons with a few measurements obtained with the model stationary, whilst 

taking schlieren photographs, would suggest, however, that they may be due in 

part to the effect of taking readings with 0 slowly varying. Since this 

* The differences were particularly marked during the tests at M = 1.2 and 
varying Reynolds number (results not presented here), where a considerable and 
progressive zero shift in C m was observed with IncreasLng Reynolds number. 
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aafmmetry does not slgnlflcantly affect the accuracy of the derived values of 

centre of pressure, and since any correction to the basic data would at best be 

doubtful, the results are presented as measured. 

The pitching moment coefficients for conflguration 02 are presented in 

Figs.ll-13. The addition of the external fittings results in a reduction in 

the values of C m 
at all test conditions, the reduction being a maximum with 

the pipes nearest to the horizontal plane, z.e. $' = -5O, and a minimum with 

the pipes near the vertxal plane. 

The variations with 0 and $ of the centre of pressure -Cm/Cz, equal 

to the distance in maximum body diameters of the centre of pressure ahead of the 

moment reference point of Fig.2a, are presented in Fig.14. The fittings result 

in a small increase in the late of the rearward movement of the centre of 

pressure with increasing 1'61 and a general rearward displacement of the centre 

of pressure. The nett effect of the external fittings on the longitudinal 

characteristics of the launcher is a general small increase in stability which 

is a maxu~~um with the pipes near the horizontal plane and a minimum with the 

pipes near the vertical plane. 

The rolling moment and lateral forces measured on the axlsymmetric 

configuratlon 01 do not vary measurably with '8 at any test condition, but they 

do exhibit small zero errors which vary with 4, but which are all well within 

the estimated accuracy of the data (see section 3.5). 

The rolling moments and lateral forces produced by the addltlon of the 

external flttlngs are small and not significantly different at the three Mach 

numbers investigated. The rolling moment and lateral force coefficients, CQ, 

cY and C n' measured on configuration 02 at M = 1.5, as typlcal of the Mach 

numbers tested, are presented in Flgs.15-17. It IS seen that the curves do not 

in general pass through the origin but that the values at e = o" are generally 

withln the estimated accuracy of the data. The differences between the measured 

values of c 9. at positive and negative values of incidence are also thought to 

be due to experimental errors and are also within the estimated accuracy of the 

results. 

At small values of 8 the addition of the external fittings produces no 

measurable rolling moments (Flg.15) whilst at the higher values of 8 

considered the launcher is stable in roll with the pipes near the horizontal 

plane (9 = -loo). 
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Varying the Reynolds number from 0.98 x IO6 to 1.64 x IO6 at M = 1.2 has 

no measurable effect on the forces on the model other than to give a (probably 

spurious) zero shift on Cm as discussed earlier III this sect~on. It is 

estimated, however, that the fittings were always largely withln the boundary 

layer on the model and It 1s possible that at the much higher Reynolds numbers 

of flight (typically 20 x IO6 - see Fig.4) the appreciably thinner boundary 

layers will lead to some increase III the effects of the fittings. 

The base pressure was not measurably affected by changes III roll angle 

for either configuration, but the addition of the external fittings did 

significantly decrease its absolute value. The variation of base pressure with 

incidence 1s presented in Flg.18: the highest value of base pressure is 

obtained close to zero lncldence. 

All the measured forces on the launcher due to the addition of the 

external fittings are consistent with the pipes on the windward side developing 

more lift than the pipes on the leeward side, and with the centre of pressure 

of this additional lift acting behlnd the moment reference point (as we might 

expect from the geometry of the launcher). 

5 CONCLUSIONS 

The variations of normal force and pitching moment with angle of incidence, 

measured on the axisymmetric configuration 01, are smooth but non-linear cwer 

the range of conditions considered and the configuratlon is longitudinally 

stable. 

The addition of the external fittings has a small but significant effect 

on the measured forces, which 1s due mainly to the external pipes. The effect 

of the external falrings IS comparatively small. 

The external fittings increase the normal force, the slope of the normal 

force curve and the longitudinal stability of the model at all test conditions. 

The effects are a maximum with the pipes in approximately the horizontal plane 

($I = -5O to -loo), where the model is also stable in roll, and a minimum with 

the pipes in approximately the vertical plane. The additional forces are 

consistent with the pipes on the windward side developing more lift than the 

pipes on the leeward side of the model and with the centre of pressure of this 

additional lift acting behind the moment reference point. No measurable 

dlfferences were observed between the results at positive and negative values 

of Incidence for either configuration. 
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The value of the base pressure was significantly decreased, at all values 

of incidence Investigated, by the addition of external fittings. The base 

pressure was not measurably affected by changes in roll angle for either 

configuration. 
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SYMBOLS 

cn 
C 

pb 

cY 
-c 

Z 
d 

9. 

n 

ox, OY, 02 

4 

Rd 

S 

X 
CP 

Y 

-z 

e 

A6 

4 

rolling moment coefficient = I/qSd 

pitching moment coefficient = m/qSd 

yawing moment coefficient = n/qSd 

base pressure coefficient = (base pressure - free-stream static 
pressure)/q 

side force coefficient = Y/qS 

normal force coefficient = -Z/qS 

maximum body diameter 

rolling moment = moment about OX, positive starboard side down 
(Fig.3) 

patching moment = moment about OY, positive nose up (Fig.3) 

free-stream Mach number 

nominal Mach number = Mach number setting of the walls of the wind 
tunnel 

yawxng moment = moment about OZ, positive nose to starboard 
(Fig.3) 

right-handed Cartesian axes with the origin 0 at the moment 
reference point, OX along the model axis and OZ in the plane 
containing the model axis and the wind vector (i.e. axes move 
with the model in pitch but not in roll). Directions etc. as 
given in Fig.3 

kinetic pressure of the free stream 

Reynolds number based on free-stream conditions and the maximum 
body diameter, d 

reference area = .d2/4 

distance of the centre of pressure forward of the moment reference 
point = d x Cm/CZ 

side force = force on model in direction OY (Fig.3) 

normal force = force on model in dlrection -0Z (Fig.3) 

angle between the model axis and the wind vector 

a correction to 8 

angle between the model roll datum and OY (see Figs.2 and 3) 
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