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Five free-flight models were flown to measure the zero-lift drag and 
body base pressure on a standard wind tunnel interference model over a Eqach 
number range of 0.84 to 1.48. 

Roughness bands on the wings and body of tne model are shown to 
produce a small but definite increase in the zero-lii't drag at all Mach 
numbers. 

The measured drag is in fair agreement with corresponding measurements 
made in various transonio tunnels with differences that could plausibly be 
explained as the effects of tunnel interference. 

The effect of a simulated wind tunnel support sting is shown to 
increase the base pressure. The discrepancy between models with and without 
a sting is greatest at subsonic speeds and progressively decreases with 
increasing Kach number until at 1~1 =. I,4 the sting has no effect on base 
pressure, 

The roughness bands consisted of carborundum grains in a matrix of 
aluminium paint rolled on to the surface, Although the nominal size of grain 
used was 0.003 inches measurements showed that the effective n;ea grain 
height was OS0026 inches above the paint surface and 0.0029 inches above the 
unpainted surface, 
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I INTRODUCTION 

The tests described in this note were made as part of a combined wind 
tunnel/free-flight model programme to investigate the nature and extent of 
wall interference effects in tranconic tunnels'. In this prograzme the 
r$le of the free-flight models was to provide force and pressure mcasurcments 
free from wall interference effects ap.ik, c+ which similar measurements, made 
in various transonic tunnels, could be compared. 

The contribution of the free-flight models to the above progra.~me was 
the measurement of zero-lift drag and body surPace pressures and these 
measurements (obtained from model 2 of this note) have already been publis!lcd 
in Kef.4*. 

The purpose of this note is to describe the test methods used to obtain 
these results and to present some aspects of the results which are of 
interest but not necessarily relevant to the main progr~a~r~ of Xef.1. 

Removed from the context of the comparisons of Kef.1, the pressure 
measurements on the body surface are or" limited interest and are therefore 
not included in the present note although mention is made of the technique 
used to obtain them. 

A standard model shape (with variations in scale) was used in all the 
tunnel and free-flight model tests but the addition of small fins to some of 
the free-flight models to provide directional stabili$y was necessary. 

An interesting aspect of the present tests is the well-defined sting 
interference effect on the body base pressure. 

2 DESC3IFTION 05' TE XODF3 

2.1 &de1 configuration 

The shape of the free-flight models was kept as close as possible to 
that of the configuration of X.g,l and Table 1 ikich represents the standard 
shape tested in the transonic tunnels, 

Five free-flight models were flown; four had a body diameter of 
5 inches (Fig.2) and one had a body dizneter of 1.75 inches and was mounted on 
a simulated tunnel support sting (Fig.3). 

Certain deviations from the standard s!lape of Fig,1 were unavoidable on 
the jj-inch models in that fins were added to the body of each model to provide 
directional stability, and on two models a small pitot rake was added to the 
body in an attempt to clarify some anomalies in the base-pressure measurements 
( see section &3). The I,75 inch sting-mounted model, however, was kept to 
the standard shape of Fig.1. 

In order to avoid possible confusion resulting i?rom boundary-layer 
transition movements the wind tunnel models had transition fixed at the wing 
leading edge and near the 3ody nose. In order to try and achieve comparable 
boundary-layer flow conditions between the tunnel and free-flight models 
transition was fixed on the sting-mounted free-flight model and on two of the 
5 inch models (2 and 4). This was achieved by applying roughness bands in 
the positions shown in 3ig.2, Two 5 inch models (1 and 3) were flovrn with- 
out roughness bands as a comparison. 

Measurements of aerodynamic-centre posit-ion and lift-curve slope were 
also made by free-flight models for the programme of Ref.1 but are to be 
reported separately, 
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The free-flight models tested and their respective functions are 
summarised below; the 5 inch models will be referred to as the "separating" 
models and the 1.75 inch model as the "non-separating" model*. 

(a} Separating models 

3radel 4. Smooth model; to measure zero-lift drag and body-surface 
and base pressures, 

mdel 2, Roughness bands on body and wings; to measure zero-lift 
drag and body-surface and base pressures. 

Model 3. Smooth model; to measure boundary-layer j?roPile, body base 
pressure and zero-lift drag, 

hIode1 4 Roughness bands on body and wings; to measure boundary- 
layer profile, body base pressure and zero-lift drag. 

(b) Non-separating model 

Roughness bands on body and wings; 
!iiiF%% pressures 

to measure body-surface 
. Model had simulated tunnel support sting. 

2.2 Model construction 

(4 Separating models 

Three major components were used in the construction of the separating 
models, a brass nose portion, a 5 inch diameter light-alloy cylindrical 
body and high density compressed wood wings. 

The telemetry equipment was carried in the light-alloy body with 
aerials consisting of copper strips recessed into the wings. 

(b) Non-separating model 

This model was machined entirely from light alloy; the model body and 
sting were of solid section the body being slotted to take the wings which 
were cemented and pinned into position. 3ecause of its smaller scale no 
equipment could be carried in the body of the model and so a separate 
housing for the telemetry equipment was provided on the nose of the boost 
motor (Fig,3), The pressure lines from the body surPace and base were 
routed to the telemetry housing in recesses milled into the sting surfaoe: 
these were finally filled and smoothed to the sting contour. 

3 T%T TB.XHIQUX3 

3.1 Boosting technique: Separating models 

Each model xas mounted in tandem on a 6.8 inch diameter fin stabilised 
rocket motor (Fig.7) which boosted it to the required test velocity. At all- 
burnt the model separated from the boost assembly and followed its own 
trajectory: during this period all the flight measurements were made, 

3.2 Boosting technique: Non-separating model 

In this design the model was rigidly attached to its rocket motor and 
no model-from-rocket separation occurred. The 5 inch diameter rocket motor 
was covered by a compressed paper tube which served as an attachment for the 
stabilising fins and also ensured a clean air flow over the configuration 
(Fig. 6). 

*See sections 3.1 and 3.2, 
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3.3 Flight measurements: Separating models 

The instrumentation of the separating models to obtain the necessary 
force and pressure measurements was: 

Models 1 and 2 

12 pressure transducers for body-surface pressure measurements; 
2 pressure transducers for body base-pressure measurements; 
? longitudinal accelerometer. 

Models 3 and 4 

6 pressure transducers i’or body base-pressure measurements; 
5 pressure transducers for the boundary-layer pitot pressure survey; 
I pressure transducer for body -surface static pressure measurement in 

plane of pitot rake; 
2 longitudinal accelerometers. 

The pressure transducers were all of the bellows type, ,One side of 
the bellows of each transducer was connected by a copper tube to its 
appropriate measuring station and the other side of the bellows was connected 
to a conlmon reference-pressure chamber which was sealed a% the known 
atmospheric pressure immediately prior to lawuzhing. Pressure measurements 
were thus obtained as values referenced to the known pressure in the common 
chamber. 

Trajectory and velocity were obtained from kinetheodolite observations 
and drag coefficients were obtained from the model-borne accelerometers 
using the methods of Refs.2 and 3. 

3.4 Flight measurements: Non-separating model 

Fressure measurements only were made on this model. The instrumenta- 
tion used was as follows:- 

8 pressure transducers for body-surface pressure measurements; 
2 pressure transducers for body base-pressure measurements. 

Pressure measurements were obtained using the same method as on the 
separating models, i.e. bellows-type transducers in conjunction with a sealed 
reference-pressure chamber. 

Trajectory and velocity were obtained from radio Doppler and kine- 
theodolite observations. 

4 DISCUSSION OF XXXJITS 

4. I Zero-lift drag 

The total zero-lift drag of all the separating models is shown in Pig.8. 

Agreement between the two smooth models (-1 and 3) and between the two 
roughened models (2 and 4) at supersonic speeds is as close as one can eqect 
bearing in mind the generally accepted uncertainties in the technique 
(25 7; in C D >* The greater differences in drag coefficient at subsonic speeds 

0 
are a reflection of the small decelerations appropriate to this region and 
with currently available accelerometers uncertainties of up to 10,~ may occur. 
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T'ne longer fli:;ht path of models 3 and 4, however, has allowed a 
greater measure of resolution of the drag at subsonic speeds and more weight 
has been given to the subsonic drag levels obtained from these models than 
to those from models 'I and 2, 

The curves of Fig,8 include the drag of the small pitot rake on 
models 3 and 4 but this is estimated to be within the normally expected 
limits of uncertainty associated with free-flight drag measurements. 

From the curves of Fig.8 mean drag curve s relevant to the smooth and 
roughened models have been derived, using the drag obtained from models 3 and 
J+ to define the subsonic levels. These mean curves are compared in Fig.9 
and the drag difference CCD (representiw, the drag due to the presence of 

the roughness bands) is sho& in Fig,lO. 

A comparison is made in Fig.11 between the zero-lift drag obtained 
from models 2 and 4 (roughness applied) and some of the tunnel results, All 
these results have been corrected to conditions representing free-stream 
static pressure on the body base. Fair agreement exists between the 
tunnel and free-flight models with differences that can plausibly be 
attributed to tunnel interference effects, 

4.2 Effect of roughness bands on zero-lift drag 

Comparison of the mean drag curves for the smooth rind roughened models 
(Fig.9) suggests that the effect of roughness bands has been to increase the 
drag at alll!ach numbers. 

This drag increase, being derived from the results of four model 
flights, is adequately confirmed but the existence of some uncertainty 
particularly at subsonic speeds cannot be entirely discounted. 

The possible inclusion of uncertainties in the curves of Fig.9 prohibits 
any attempt at a detailed analysis of roughness effects in terms of wing and 
body transition point movement; nevertheless, the existence of a drag increase 
of the magnitude shown in Fig.9 indicates the advisability of including 
roughness bands on free-flight dra, q models in order to reduce ambiguities 
where estimated skin-friction drag values are used to derive non-viscous 
drag components. 

4.3 Body base-pressure and boundary-layer measurements (separating models) 

The necessity to correct the total zero-lift drag curves to a form 
permitting direct comparison with the tunnel measurements, i.e. to conditions 
representing free-stream static pressure on the body base, entailed the 
measurement of base pressures on all the free-flight models. 

It should be noted that the base of each separating model had a deep 
cavity concentric with the model axis into which the launching spigot was 
located vhen the model was on its boost motor. The base pressures were 
measured on the annulus surrounding this cavity and in the centre of the 
cavity itself (Fig.2). 

On the first two models tested (9 and 2), b&y base pressures were 
measured at the two positions shown in Fig.2 and the results suggest that 
there is a significant difference in the derived base drag between the two 
models (Fig.12). This measured difference in drag can only be accepted as 
real by the assumption of substantial di..ff'erences in the condition of the 
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body boundary layer between models I and 2'k, The presence of the size of 
roughness grain (0.003 inches) on the body of' model 2 seemed u.nlikeIly to 
induce a boundary-layer flow at the rear of the body significantly different 
from that on the smooth rnodel at the Reynolds numbers of the tests (I$ = 26 

to 41 millions based on body length) but in order to check this point and 
the general validity of the base-pressure measurements, two more models, 
3 and 4, were flown. 

Mi0deI.s 3 and 4 each had a pitot rake consisting of five pitot tubes 
mounted on the body surface as near to the base as possible (Pigs.2 and 5) 
in order to survey the boundary layer. The results from these pitot 
surveys are plotted in E.g.15 and they conL"irm that the roughness strip has 
had no appreciable effect on the character 02 the boun&ry layer near the 
body base. This in turn suggests that the a:pparent difference in base drags 
measured on models I and 2 must arise from some peculiarity in the measure- 
ment or from a difference in the local Plo:f conditions at the pressure 
measuring points, Some clue to these discrepancies is given by tne more 
extensive base-pressure measurements of models 3 and 4 v:hich show a scatter 
between individual measuring points of the same magnitude as the difference 
noted between models I and 2 (.Jig,12). There is spnarently no correlation 
between these variations and hole position, but one possible source of 
scatter is the occurrence of large and ra-pid fluctuations in the output of 
certain pressure transducers (Fig. 14). These are obviously associated with 
corresponding pulsations in base flow but it is doubtful whether the bellows- 
type transducers used in this investigation have sufficiently high natural 
frequencies to reproduce such rapidly-fluctuating base pressures faithfully, 

There was nothing in the results to sue;gest that the base Llressure on 
the smooth models should be different from that on the roughened models and 
a mean value of base drag was thereyore derived ibr each model (Pig.13a). 
From these mean values an overall mean base drag curve was drawn (Fig.13b) 
and used to convert the zero-lift drag results to conditions of zero base 
drag, thus enabling the drag comparison of Pig.11 to be made. 

4.4 Effect of the simulated tunnel sting on base-pressure 

The el'fect of the presence of the simulated tunnel support sting on the 
measured base pressure is shown in Fig;.15 where the mean base pressure from 
all the separating models is compared with that obtained from the non- 
separating model. 

The comparison i s on the basis of measured CP variation with Mach 
number and shows that at speeds below approximately A: = 1.4 the base pressure 
has been increased by the presence of the sting; the greatest increase being 
at subsonic speeds where the increase has reduced the base drag by about 6~$ 
and the overall drag of the model by about 20,;. 

At approximately M = I.& the presence of the sting has no measurable 
effect on the base pressure. 

*The possibility of small leakages between the model interior and base 
region cannot wholly be discounted as a source of body base-pressure 
differences between the models. Care was taken to ensure that such leakages 
should not occur, nevertheless, the high boosting accelerations may me11 have 
induced some distortion and hence leakage. The similarity in construction 
of the separating models would suggest that leakages of significantly different 
rates between the models would be unlikely; in the subsequent sections t:ie 
effect of possible base leak?:, G*es has therefore been considered neg:ligiblc. 
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It should be noted that the separating models (i.e. without sting) 
all had stabilising fins on the body and the curves of Pig.l6 include the 
possible influence of these fins on the base-pressure measurements; also 
the difference in size between the separating and non-separating models may 
have introduced a Reynolds nwnber effect, but this is thought to be small. 

5 CoNcLusIor~ 

The values of zero-lift drag measured in these free-flight 
tests 22 in fair general agreement with corresponding transonic-tunnel 
measurements, Such differences as exist could plausibly be attributed to 
tunnel interference effects but no attempt has been made to analyse these 
effects in detail, 

(ii) The existence of a well-defined increase in drag owing to the 
presence of roughness strips has been confirmed. This suggests that 
roughness bands should be incorporated on free-2light drag models when it is 
important to avoid uncertainties as to the state of the boundary layer, 

(iii) The presence of the roughness bands appears to have little 
effect on the body boundary-layer profile and hence on the body base drag. 

(iv) The effect of the presence of a simtio.ted tunnel support sting 
was to increase the body base pressure at all&oh nu;i&ers but particularly 
at subsonic speeds where the increased base pressure resulted in a 60$ 
reduction in base 
compared with the 
indicates that at 
sting are equal, 

drag (equivalent to about 20;$ reduction in overall drag) 
no-sting case, A small extrapolation or" the resultS 
approximately Ei = 4.4 the base pressures with and without 
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Five free-slight models were flom to measure the zero-lift &rag and 
body base pressure on a standard wind tunnel interference model over a 
Mach number range of 0.84 to lJ& 
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Roughness bands on the wings and body of the model are shown to Roughness bands on the wings and body of the model are shown to 
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The measured drag is in fair agreement with corresponding measure- 
ments made in various transonic tunnels with differences that could 
plausibly be explained as the effects of tunnel interference, 

The effect of a simulated wind tunnel support sting is shown to 
increase the base pressure. The discrepancy between models with and 
without a sting is greatest at subsonic speeds and progressively 
decreases with increasing Mach nmber until at II = lr4 the sting has 
no effect on base pressure. 
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no effect on base pressure. 
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no erfect on base pressure, 
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