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FOREWORD

Th is report was prepared by Dr . Wiadi m iro Calarese of the App lications

Anal ysis Group (FxM), Aeromechanics Div i sion , A ir Force Flig ht Dynamics

Laborat ory (AFFDL), Wri ght-Patterson Air Force Base , Ohio. The study
was performed in-house in support of the Air Force Armament Laboratory ,

Eg l i n Air Force Base , Florida , under Work Unit No. 19295001 and covers

work performed between July 1977 and May 1 978. The author expresses his

gra titude to Messrs. Norman E. Scaggs and Howard 1. White of the AFFDL

for their contribution during the wind tunnel testing.
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SECTION I

INTRODUCTION

The hi gh afterbody drag penalties incurred in supersonic fl ow by
slender bodies of revolution have stimulated many investigators to find
some methods that might give a reduction in the afterbody drag.

An attempt to reduce the afterbody drag of a GAU-8 30 mm projectile

was first made by Freeman & Korkeg i (Reference 1). They used boattai ling

of the afterbody and base blowing of cold gases to reduce the projectile

drag. Subsequently Calarese and Walterick (Reference 2) performed an
experimental investi gation to optimize the results of Reference 1 and

used a combination of boattail and base injection of gases heated up to

700°R. This combination did not improve the results obtained with base
injection alone. The present investigation treats the base injection

problem with particular emphasis on the temperature of the injected

gases , which now attain 900°R. The injection of hot gases (air and

helium ) was used to simulate fumer elements , such as those used in

tracers. One of the two gases used , air , was selected to simulate the

molecular weight of typical products of combustion , which is 20 to 25.

In order to find the optimum condition for minimum drag, a trade-off

between boattail and base drag must be used. Base pressure problems

have been studied by many (Reference 3). The base drag is generated by

the low pressure created by the shear l ayer that separates at the base

corner and usuall y undergoes a strong expansion. In order to increase

the base pressure and reduce the drag, gas injection has been used in the

past (Refereiices 4 throug h 8). Many pa rameters contribute to the value

of the afterbody drag; such as injection rate , boattail ang le , injection

temperature , type of gas or gas mixture , boundary l ayer characteristics ,

Mach number , Reynolds number , etc. The effects of these parameters have

been extensively analyzed in Reference 2.
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SECTION 1+1

EQUIPMENT AND TEST DESCR IPTION

The experiment was performed at two different wind tunnels , the High
Reynolds Number Facility (HiReF) and the Trisonic Gasdynamics Facility (TGF)
of the Air Force Fli ght Dynamics Laboratory . A description of the

facilities can be found in References 9 and 10.

The Mach 3 wind tunnel of the HiReF is a 2-U cold flow , blow down
type wind tunnel with an 8 by 8.2 inch test section. The tests were

conducted on a full size strut mounted projectile model (Figures 1 and 2)
illustrated in detail in Reference 7, at Mach 2.93 , a stagnation pressure
of 75 psia and a Reynolds number of 8 x io 6 based on the model l ength.
The projectile fineness ratio (FR) is 5.15. Base injection of air and
helium was used .

The TGF consists of a closed circuit 2—U wind tunnel for subsonic ,

transonic , and supersonic fl ow . The size of the test section is 23.7 by
23.7 inches . The tests were conducted at Mach 3, a tunnel stagnation
pressure of 24.3 psia , a stagnation temperature of 550°R , and a Reynolds
number of 4.8 X 106 and 5.3 X 106 based on the model lengths. The model
is approximately 2.8 times scale version of a GAU-8 30 mm. projectile.
It is strut mounted with a maximum diameter of 3.4 inches (excluding
the rifling ring), two different overall lengths , one of 17 .60 inches ,

and the other of 15.89 inches in order to obtain two fineness ratios ,
one the same as the projectile , 5.15 , and the other smaller , 4.64, to

alter the turbulent bounda ry l ayer characteristics without appreciably

affecting the external fl ow (Figures 3 through 5). In Reference 2 two
model s were tested , the full scale model of 5.15 fineness ratio with
cold injection , and the 2.8 times scale model of 4.64 fi neness ratio

with gas injection of 520°R and 700°R temperature . In the present study +

the 2.8 times scale model of 4.64 and 5.15 fineness ratio and the full

scale model of the 5.15 fineness ratio have been tested with cold and

hot gas injection up to 900°R temperature .

•
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+ Afterbodies of different boattail ang les , 3 , were tested (Figure 6) ,
+ 

however , the emphasis was placed on 13 = 4° to 7° due to the results
presented in Reference 2. The shape and the caliber of the boattails were
selected after consultation with the AF Armament Labora tory . The conical
1/2 cal i ber boattail s were sel ected due to stability and proje ctile
fabrication requirements. The model s were equipped with 10 to 13
static pressure taps , 1 or 2 ahead and behind the rifling ring located
in the 0° meridian plane of the model and 180° apart; 4 to 6 pressure
taps located on the boattails 15° apart from each other peripherall y and
2 to 3 pressure taps were located in the base area , flush with the model
in the 0° — 1800 meridian plane (see Figures 1 and 3). The average of
the base pressure readings was used since in most cases the readings
were virtuall y identical. In addition two high response transducers
were also used in the TGF to measure dynamic pressures , one on the
boattail and the other in the base reg ion. They were referenced to a
variabl e pressure system which was manually set and recorded for each

test point. Voltage readouts from the transducers were fed directly to
the TGF mini computer where dynam ic pressure coefficients were calculated.
The model pressure transducers were connected to the computer for the

calculation of the afterbody pressure drag (Figure 7). A thermocouple

was installed inside the model settling chamber to measure the temperature
of the injected gas. The maximum injection temperature attained was +

l100°R in the HiReF and 900°R in the TGF.

The bases consisted of 5 to 6 micron porous metal disks used for
base injection with injection diameters of 1 .44, 1.75 , and 1.8 inches

for the TGF model which correspond to an injection diameter to maximum

diameter ratio of Dj/DM 
= 0.42, 0.51 , and 0.52 , respectively, and

0.62 inch diameter for the HiReF model which corresponds to U
i
/ON 

= 0.52.

The strut’ s sweepback ang le was 60°, the leading and trailing half

ang les , 8.64° each , and the maximum thickness , 0.25 inch for the HiReF

model and 0.72 inch for the TGF model .
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The mass flow system provided the secondary fl ow for cold and hot

gas injection (Figure 8). The secondary flow was measured using a

choked orifice. The mass flow parameter used in the present study ,

I = rn/p u,o,SM, is the ratio of the mass flow injected and the mass fl ow

captured by a stream tube of area equal to the model ’s max imum cross-

sectional area , 5M’ which does not include the rifling ring.

Experimental data were obtained in both the HiReF and the TGF . In

this manner, full scale and 2.8 times scale results could be compared .

+ 
The same proportions between tunnel size and model size were maintained

in both facilities to ascertain if different wind tunnels would affect

the results. The afterbod y drag values obtained were plotted versus the

mass fl ow parameter I and the boattail ang le

+ 
The flow field over the projectile afterbody can be clearly seen in

the sch lieren photographs of Fi gures 9 and 10. It can be observed tha t

the increase in base injection rates changes the nea r wake considerably

and produces an opening in the wake throat. The expansion at the base

corner decreases and the base pressure becomes higher. Further increases

in injection rates produce a shock at the base corner signifying tha t

the base pressure has become higher than the boattail pressure. The

corner shock losses are more than offset by the base pressure rise .
Additional increases in injection rates add momentum to the wake and the

entrainment action begins ci’usi~~ an earl y closure of the near wake.

The afterbody dra g decreases at the beginning for small injection rates

but then reverses its trend and increases because of entrainment losses .

The afterbody drag was calculated as follows :

C = —
~~ C S’dx - C S IS (I)

0A B SM p 
~b 

b M 
+

4
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which becomes

1 1

CD 
—

~~~~ ‘ tan 2.- ( C xdx - —k tan V I C dx (2)
AB 0M J n .” D~ J p

~

- C (1- -
~~ tan

+ Pk 0M

and for V = 00

C0 
= -C (3)

AB

where C and C are respectively the pressure coefficients of the +

boattail and the base , ~ is the boattai l ang le , and is the maximum 
+

body diameter nondimensionalized with respect to the boatta il length.

Some difficulties were encountered during the tests in the HiReF (blow

down type ) with regard to pressure values obtained at low injection

rates and hi gh temperatures. At low injection rates , the temperature drop

of the injected gas was very rapid. Starting with a gas temperature of

l 000°R, by the time the readings were taken after the transient period

the temperature was too low (about 750°R) to be of any si gnificance.

To have an idea of how much the temperature va l ues would affect the
base pressure , it is useful to show a correlation (Reference 6) of base

pressure changes with temperature increases of the injected gas

~base’~” 
= 

base’~~~I=0~ 
(12.25+ 0.OO2778AT) I (4)

where .+T = Tg 
- T

0 Tg being the temperature of the injected gas and

T0 the freestream stagnatio n temperature . If AT is of the order of 200°R ,

the change in afterbody drag is only 1’~ to 2”~, wel l within the experimenta l

error. It is necessary therefore to increase the injected gas temperature
p
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to approximatel y 1 000°R to obtain a sizeabl e change of about 8” to 10” - .

- It was necessar y then to hea t the gas to be injected to a much higher

+ 
than needed temperature , approximately 1200°R , to achieve injection

temperatures of at least 900°R. Very careful monitoring of the heater

• was required to check for hot spots which might have burned it.

Another problem encountered was due to the long time it took for the

pressure transducers to become stable after the tunnel start , so tha t the

readings could be taken. This time lag, about 30 secs., was due to the

large pressure difference between tunnel atmospheric values at the start

and low local pressure levels at M 3, and produced very hig h heat
+ losses , l owering the injected gas temperature to below 800°R. It was

then decided to keep the pressure transducers closed for the first 10

to 15 secs. after the tunnel start (at almost vacuum conditions) to let
the fl ow settle and avoid the transient period. Then the lines were

opened and the pressure taps reached a steady value immediately so tha t

the readings could be taken at a hi gher temperature , at least Tg 
= 900°R.
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SECTION I I I

RESULTS

No unsteady pressures were detected on the TGF models. The root
mean square of the pressure f luctuations was obtained in the TGF using
the high response transducer s located in the afterbody region. When

+ 
d ivided by the freestream dynamic pressure , its value was of the order

-3 -4 . . .of 10 to 10 - For the TGF this is a very low value w ithin the noise
level , indicating the presence of steady fl ow conditions.

For the air injection case , the afterbody drag coefficient was
plotted in Figures 11 through 13 versus the mass flow parameter I. The
present data are compared with previous data of Reference 2 to ascertain
whether different wind tunnels and different model ’ s fineness ratios
would affect the results. In addition , the present data show the effects
produced by the injection in the base region of gases heated up to 900CR.

Small rates of mass injection throug h the base produce at first a drag
coefficient reduction but the trend reverses itsel f with incr easing
injection rates. The increase of the temperature of the injected air
from room temperature , 520°R , to 700°R did not produce any drag reduction
in the experiment of Reference 2. The difference in the model fineness
ratio produced onl y a small change , about 5 - , in the afterbody drag
levels. The higher FR model , which represents a more slender body , +

yielded less drag. The data of the present experiment , where the injected
air was heated to 900°R , show that for a given injection rate drag

reduction increases with increasin g temperature . The curve of Figure 1 1

for the H1ReF air injection , for a boattai l ang le of 40 and a temperature
of 900CR , branches out at = 0.01 because of a ma l function of one of the
base pressure taps. In this particular case the readings of the two base

taps were considerably different. Since averag ing of the different

readings was not advisable , it was decided to show both results, not

knowing which reading was correct. However , comparing this curve with

all the others , it seems that the l ower branch mig ht be the ri ght one.

The maximum dra g reduction due to hea t addition is of the order of 10” to 15” .
p

a 7

+ — + -- . a—. + .~~ •.- - * •0~~~~~~~~~ + + + .— . + 5 — —
+ 0 ‘~

___



--

AFFDL-TR- 78-l6l

The 50 ang le boattail , Fi gure 12 , seems to be the most effective in drag
reduction since it produces the same drag reduction as the 70 ang le

+ 

boattail , Figure 13 , but at a l ower injection rate .

In Fi gure 13 the difference in the C0 values for the cold air
AB

injection is mainl y due to the different base injection diameter used ,
with some small effects due to the different fineness ratio. The 900°R
injection data from both tunnels are consistent.  From these pl o t s  i t  is

easy to notice that there is no appreciable tunnel effect.  There are
+ three basic drag levels , for any injection rate , observabl e in Figures 11

throug h 13; 1 .) Hi gh dra g for low FR and small D~; 2.) Lower drag for
hi gh FR and large D~; 3.) Lowest drag for hi gh FR , large ~~ and heat
addi tion -

Fi gures 14 through 16 show the drag coefficient variation due to

helium injection. The same trend as for air is seen , i.e., a considerabl e
drag reduction due to small injection , a drag increase (reversal) at
hig her inje ction rates and for the same injection rate , l ower drag for
hi gher inject on temperatures. One more feature is detected : the drag

curves for c ’d hel i um injection are appreciably different for different

fineness ratios , i .e., the lower drag curves are obtained for the

higher FR (it is bel i eved that this phenomenon is due not onl y to a better

pressure recovery on the more slender body but also to a better mixing
between the helium and the air fl ow). Data with 900°R helium injection

could not be obtained in the TGF because of a heater failure . +

Fi gures 17 throug h 19 compare the effects of air and helium on

afterbody dra g reduction. It is evident that hot helium injection gives

a better drag reduction than cold hel i um injection and that , for the

same mass injection rate , helium is more effective than air . If Fi gures 9

and 10 are re-examined keeping in mind the effectiveness of the helium ,

it is easy to understand the difference in the shock pattern in the wake

of the two gases . For mass injection rates of I = 0.006 for the helium

and I = 0.0075 for air , close enough rates for comparison , it is observed

8

* 
- - . • 

- — — --—‘S.-- - • - .

I: 

__ ~~~~~ j -:
_
~~

-- 
~~~~~~~~~~~~~~~~~~~~~~~ - , -  ~~--  -~~~~~ —-~~~~- - -

‘

— - * -~~~~~~~~_ --- ‘ - . + 

-‘



w~ w _ ------ --- -.- -
~~~~~~~~~~

— — -
~~
--

~~~ ‘ 
. + ---_— - _--

~~~~~- -_

AFFDL -TR-78- l 61

that the base pressure with air injection is l ower than the boattail
pressure . An expansion then occurs at the boatta il sepa ration corner.
The base pressure with helium injection , however , is hig her than the
boattail pressure , since a quite strong shock emanates from the base
separation corner. Since the boattail pressures are equal for both
gases for lack of upstream influence , it is evident that hel i um injection
pressurizes the base region more than air injection , which results in a

better drag reduction. This helium effectiveness is attributed to its
li ghter molecular wei ght which produces a higher speed of sound. In

addition , fc:0 a given injection rate the volumetric fl ow of helium is

more than three times that of air. This hig her volumetric fl ow contributes
to the fast increase in the base pressure .

Figures 20 and 21 show how the boattai l ang le affects the dra g

coefficient. At first the increase in produces a drag reduction but

a further increase produces a reversal in the drag curves and a drag

increase. This reversal is physically correct. For low boattail ang les ,

as mentioned , the small expansion on the boatta il shoulder which causes
boattail drag is more than offset by the base pressure rise due to a lower

expansion at the base separation corner so that the overall effect is an

afterbody drag reduction. For hi gher ang les the boattail drag becomes

predominant and the total afterbody drag increases again. The boattail

ang le effect is similar to the mass injection effect. For injection

rates up to 1=0.01 , the optimum condition seems to be at 37° for air

and hel i um injection wit h heat addition , with the exception of hot air

injection in the H1ReF for which the optimum condition is .~=5°.
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SECTION IV

CONCLUSIONS

An experimental investi gation was performed on a GAU— 8 projectile
model at M ,~3 to obtain the best possibl e afterbody drag coefficient
reduction by means of base injection with heat addition. Air and helium
were used in the investi gation. The hot injection tests were performed

to simulate fumer elements. Through model modifications and improved
testing techniques the injected gas temperature was increased to 900°R

producing favorable results. It is possible that a further increase in
temperature mi ght produce a hi gher drag reduction . Additional tests are
therefore recommended.

1. A reduction of the afterbody dra g coefficient of up to 30”~ was
obtained by small amounts of base injection of air and up to 40” when

helium was used.

2. Afterbody boattail ang les of 4° to 7° produced an additional
drag reduction of about 15” . The 7° ang le boattails appear to be more

efficient.

3. The injection of gases heated to 700°R did not produce

si gnificant changes in the afterbody dra g coefficient values , but

increasing the temperature of the gases to 900°R produced a further

afterbody drag reduction of about 15”’ to 20w .

4. For the same mass injection rates , helium injection was more

efficient than air. This result was attributed to the lig hter molecular

wei ght of the hel i um which increases the speed of sound throug h the gas

and gives a volumetric fl ow which is approximatel y 3.5 times that of the

air. This larger fl ow produces a greater base pressure increase and

consequently a l ower drag.

5. The l ower drag level s were obtained for the model with the

hi gher fineness ratio , larger injection diameter , and by heating the
p 

injected gas to at least 900°R.
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Fi gure Ii. Comparison of Afterbody Drag Coefficients Obtained With
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Figure 12. Comparison of Afterbody Drag Coefficients Obtained With Hot
and Cold Injection
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Figure 14. Comparison of Afterbody Drag Coefficients Obtained With Hot Fand Col d I njec t thn
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Figure 15. Comparison of Afterbody Drag Coefficients Obtain ed With Hot
and Cold Injection
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Fi gure 16. Comparison of Afterbody Drag Coefficients Obtained With
Hot and Cold Injection
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Figure 17. Afterbody Drag Coefficients Versus Injection Rate For
Cold and Hot Air and Helium
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FIgure 18. Afterbody Drag Coefficients Versus Injection Rate for
Cold and Hot Air and Helium
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Figure 19. Afterbody Drag Coefficients Versus Injection Rate for
Cold and Hot Air and Helium
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Fi gure 20. Afterbody Drag Coefficients Versus Boattai l Angle for
Different Injection Rates
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