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FOREWORD

Thi s report was prepared by Dr. Wla di m iro Calarese and Mr . Ronal d E.
Walterick of the Applications Analysis Group, Aeromechanics Division , Air
Force Fl ight Dynamics Labcratory (AFFDL/FxM), Wright-Patterson Air Force
Base, Ohio. The study was performed in-house in support of Project 2404,
11Aeronaut ics and Airframe/Propu lsion Integration ” , Task 240410, “Aero-
dynamic Applica tion Analysis 11 , and covers work conducted between
February and September 1977.
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SECTION I

INTRODUCTION

It is of utmost importance to develop new techniques capable of
effectively reducing the afterbody drag of single engine fighter or

engine naceiles of aircraft performing in the transonic range . It has
been determ i ned that boattail and base injection , properly used , can
substantially reduce the afterbody drag levels of slender bodies of
revolution in the supersonic regime (References 1 , 2). Consequently an
investigation was initiated in the Air Force Flight Dynamics Laboratory
to determine whether the same effects would be obtained in the transonic
regime . Preliminary results for boattail injection (Reference 3), using
a circular-arc boattaii with a boattail average angle of 100 , showed a
favorable effect on the drag coefficient by injecting small amounts of

air in the Mach number range of 0.8 to 0.95. Additional experimental
tests have been performed on boattai is of different shapes and angles
to confirm and validate the previous results and also to determine the

effect of different parameters such as location , area , and rate of
injection , as wel l as boattail shape and angle , nozzle pressure ratio,

jet diameter, and Reynolds number. The testing technique of jet flow
simulation by means of a cone frustum—sting combination was used in the
experiment. 

-~~~—--—-—_ ~~~~.-~~~~~~—_~~~~~~~
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SECTION II

EQUIPMENT AND TEST DESCRIPTION

The experiment was performed at the Trisonic Gasdynamics Facility

of the Air Force Flight Dynamics Laboratory (Reference 4). The closed

circuit wind tunnel in the facility can be operated in the subsonic ,
transonic , or superson i c regi mes. The transon ic configurati on was used
for the present experiment. The si ze of the tunnel test section i s
15” x 15” . The open area of the four slo tted walls used can be varied
continuously over a porosity range from 4% to 12%. The present tests used
a nominal porosity of 10%. The slotted side wails can be replaced by

solid side walls with optical fiat inserts to allow for schlieren photog-
raphy. The tests were conducted at Mach 0.8 to 0.95, at a tunnel stag-
nation temperature of 56O°R and stagnation pressures of 2000 and 3000 psf
wh i ch approximately correspond to Reynol ds numbers of 8.3 x io6 and
13.4 x 106 based on the model len gth . The tests were performed at zero
an gi e of attack on a sti ng mounted , axisymmetric ogive-cylinder model
with three different boattails (Figures 1-7). The maximum model diameter
was 3” . The three interchangeable boattaiis of different shape and angie

tested were: a circular-arc boattaii with a nominal average angi e of
100 and a terminal angle of 15°; a cut-off version of the nozzle afterbody
used for the B-i aircraft engines with a nominal average angle of 14° and
a terminal angle of 20°; and a conica l boattail w ith an ang le of 25°.
The boattail~ were equipped with four to 12 static pressure taps distributed
circumferent ially and longitudinally, and two to three rows of 36 in-
jection ports per row (Table 1). Additional pressure taps were located
in the base region . The boatta il coordinates are given in Figure 2.

The injection air was supplied through the rear sting to a settling
chamber ins ide the boat ta ii.

In Reference 5, a correlation between the effects oi~ the support
sting-cone frustum combination on base pressure variation and the effects

of a real jet pl ume was obtained. Based on th is correlati on , a cone
frustum of 20° angle and 2.75” axi al len gth , Lf~ acted as plume simulator
ana could be positioned over the sting at different distances from 

the2
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boattaii end (Figures 4 and 5). The sting diameter could also be varied

using sleeves of different diameters (Figures 1 , 6, and 7). The jet flow
for a nozzle pressure ratio (NPR) of approximately 2, which represents a
full y expanded soni c flow at the exit of a convergent nozzle , was s imu-
lated by the support sting without the frustum . The base pressure
variation due to the sting for constant model diameter is

~c =~ c (D ID ) 2

2 
s b 

(i)

~ 
(D /Db )

Similarly, the variation due to the jet is

t~C = + ~~C D
~/DbDM (2)

~
(D./DbDM)

The right hand side terms of Equation 2 have been obtained as functions

of NPR by correlation with flight tests. Equating the pressure variation

of the sting to that caused by the jet yields a correspondence between

sting and jet diameter , which is shown in Table 2. Note that the base
pressure variation due to jet effects consists of two terms. One is due

to the jet flow , the other t,~C (02=0), i s the hypothet ical contr ibut ion

when the jet diameter is reduced to zero.

Even though the wind tunnel simulation produces the same base

pressure as a real jet, the drag coefficient obtained with the sting is

different from the one obtained with the jet due to the difference in the
effective base area,

fl(D~ - D 2 ) ~4 R( D~ - D~)

Then , in general
CDA

# CDA J  (4)

Both drag coefficients are listed in this report but the present parametric

study is mainly based on experimentally obtained values of CDA ,s

3
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For NPR>2 the simulation was accomplished by positioning the
frustum on the sting at different distances from the model while holding

the sting-diameter fixed at 1” . The effect of the frustum on the base
pressure , given in Reference 5, is obtained by adding the following term

to the right hand side of Equation 1

(LIr ) tan O+ 1
AC
2 

= tan o 
~{(ur )2z23 ½ 

- 

[ [ (L I :8 ) + (~/r )]
2 
+ z2} ~

+ tan 2o [sinh —1 [(Lfr ) + 
— sinh 

~ (!4~~~))

where Z is a funct ion of Mach num ber.

The term ~C of Equation 1 is plotted in Figure 8 versus boattaii

a(D/Db
)2

terminal angle and its value seems to have little dependence on Mach
number in the range of the present experiment and is consistent with
the value of Reference 5, except for ~~=25°, (conical boattail). As
w ill be seen later , the flow over the 250 con ical boatta i1 separates and
therefore the base pressure i s not sign ifi cantly affected by changes in
the sting diameter. This is one of the limitations of the correlation
of Reference 5 wh i ch is val id for attached flows only and for zero base
bleed . A l so, con ical boattails do not correlate well wi th simulation

results obtained on different boattaii shapes. Table 3 shows the

correspondence between NPR , AC , 9~, D5, D. for each boattail used .

For the conical boattail , ~ =25°, the value of Reference 5 for ~C
was used and the results for NPR should be taken with some —______

reservation. S b

The model blockage was approximately 3%. The base was equipped
with two pressure taps and 36 more pressure taps were mounted in the
wall and in the di ffuser to check for possib le wall interference.
Tunnel wall static pressures were connected to the Hg manometer board
to monitor the wind tunnel pressure levels. The model pressure4
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transducers were connected to a Hewlett Packard 2100 on-line computer for
calculation of the afterbody pressure and drag coefficients (Diagram 1).

The mass flow system provided the secondary flow for air injection .
The orifice used in the system was 0.36247” in diameter. Two equations
were used to calculate the mass flow rates , namel y

ih= kp (y/RT )~ gA (lb m/seC) (5)
0
1 1

for choke d flow and

/ P0 ~~ 
.) ½ 

~) 2y [ __ i Y — i) ~ g/( 1) 2y

~ L RT (y—1 ) ) p 2 (6 )

for unchoked flow

where

k = 0.579

p0 = sta gnation pressure ahead of or i f ice , psia

= pressure beh ind or i f i ce , psia

T0 = stagnat ion temperature a head of orif i ce , °R

R = gas constant , 1716 ft2/sec2°R

= specifi c heat capacity ratio , 1.4 for cold air

= acceleration of gravity , ft/sec2

A = choked ori fice area , in

A = orifice area , in 2

The pressure and temperature data from the mass flow system were
directly fed to the Hewlett Packard computer for the calculation of the
in jected mass flow. The sequence of signal inputs , their conditioning
and the resultant outputs are shown in Diagram 

1.5
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A test matrix was assembled to test different configurations:
air injection for the three boattails was varied from 0.033 to 0.114

i bm/sec. When the correct wind tunnel and injection conditions were
attained , the data acquisition system was triggered (Diagram 1).

It will be seen later that the injection rate that gave the best drag

reduction was between 0.03 and 0.06 l bm/sec , which corresponds to about

2% to 3% of the mass flow captured by a stream tube of area equal to the
model ’s maximum cross-sectional area.

6
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SECTION III

RESULTS

1. DRAG COEFFICIENT EQUATIONS

Experimental data were obtained , reduced , and analyzed . The p ressure
coeffic ients for dif ferent confi gurat ions were plotted in order to in-
vestigate the effects of mass injection , Mach number , plume s imula tor ,
and sting diameter on the flow field and on the drag coefficient. The
purpose of using different confi gura tions , injection locations, and mass
fluxes was to find those for which the overall integrated boattail and
base pressure would give a drag reduction .

The afterbody pressure drag coefficient was calculated using the
following equations

CD 
a C

~ +C D (7)A , s B b , s
where

Fl
C —~~~~~~~~C ~~~~~ 

(8)
D
B SM) ~~ 8

CD ~C — s ) ISM 
(9 )

b ,s ~b

or , if the jet flow is cons idered ,
CD ~~

CD +C~ (10)
A ,j ~ b ,j

where
C
D
b J  ~b 

b 
- 

~J~ ”~M (11)

For the circular-arc boattail

— — (12)
S6 2 1r r d r

dx
c~ — p0, (13)

y/ 2 pj1~

7
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1/2
— 

( ) 4(~~~~ 2~~~~ 2) (14)

— — 2 1/2 (15)r
b 

= 
~~~— r )  +(p —1)

The barred quantities are nondimensiona lized with respect to the boattail
axial length , i n this case L

8 
= 3.024”. The boattail radius of curvature

is p0=lO. 97l” , an d r0=l .5” .

Therefo re

1 — —  1 — —CD = 
i5 

C x d x  - C2 C x dx —

— _ 2  1/2 2 _ 2 (16)
P~ I o M __

+ 2(p -1) ] -D

where C1=25.457558 and C2=8.l285l3

For the cut-off B-l boattail , a curve fit was obtained for i=f (~), viz.

+ C
2
X + c3~ 

2 (17)

where L
8=l .9O5” , C1=O.78547, C2= -0.084826, C3= -0.13249

Therefore

CDA S
= 5 p

8
l 2 3  

2 )(c 2+2c3i)d~

— 
p 1 2 3  — 5 2/41 (18)

For the conical boattail (8=25°)

~~~~~~~ 

— 2~ tan 8)  (19)

where L
8 0.92

2 8
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Therefore

A 2 r1
C — ~ (—5 k tan B ( C dx + 2 tan B C ~ d~ ]
DA S  ~~2 ) 

‘~ 10 ~~
M

— C [(5 — 2ta n 8)
2 

— 
~~ 

2
]

H 
2 

(20)

2. CIRCULAR-ARC BOATTAIL PRESSURE DISTRIBUTIONS

a. Mass Injection

Figures 9 through 16 show the infl uence of mass injection on the
pressure distribution and on the drag coefficient at free-stream Mach

numbers from 0.8 to 0.95, a NPR of 2, and a sting diameter of 1” . In

general the injection attenuates the expansion of the flow over the boat-
tail shoulder ahead of the injection ports but it degrades the recompres-
sion process on the terminal section of the boattail. The rate of
injection is of critical importance in producing drag reduction or in-
crease. In Figures 9 and 10, an injection rate of 0.033 ibm/sec produces
a drag reduction while increasing the injection rate increases the drag.
An examination of the pressure distribution shows that , for the l ower
injection rates, the injected flow produces a mild compression in front
wi thout causing a large separated region behind. The extent of the
supersonic pocket is therefore reduced. At higher rates, the expansion
over the boattail shoulder is at first favorably reduced but the expansion
peak reaches an even lower value. This lower peak occurs imediately
after the injection ports, revealing the occurrence of vortical flow with
an extended separated region produced by the lateral jet issuing into the
embedded supersonic field. Then, a stronger reattachment shock takes
pl ace.

b. Reynolds Number

The effect of Reynolds number is shown In Figures 17 through 20.
The di fference In the pressure distri bution at ReL 8.5 x 106 and
13 x 106 is small for any NPR and Is mainly seen in the value of the

9
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base pressure and at x=2.25” . It is possible that the pressure tap at
this location did not work properly since the value of the drag coeffi-
c i ent at M ,=O.8 is higher than the drag coefficient at M~~O.85 for
ReL=S.3 x 10

6 (Figures 17 and 18) and this is incompatible with the well
known resul ts of increasing drag coefficient with increasing Mach number

for attached flows in this Mach number range. Except for M:0.8, there
is an increase in drag coefficient with increasing ReL. In Reference 6
it is stated that this increase in the afterbody region is cancelled by
a drag decrease in the forebody so that it is necessary to consider the
overall pressure drag to show that it is independent of Reynolds number.
This result, however , has recently been questioned . Other results have
shown that the boattali drag is not affected by the Reynolds number
(Reference 7). However, the ReL range considered is much wider
than the present range, up to 43 x ~~~ an d the base dra g is not
considered .

It is importan t to state tha t, in the present experiment, the
boundary layer flow is naturally turbulent over the afterbody for both
ReL. It is then correct to assume that in the present small ReL ran ge,
the boundary layer does not alter appreciab ly the external pressure
di stribution.

c. Mach Num ber

The effect of Mach number on the pressure distribution is shown
in Figures 21 and 22. An increase of the free-stream Mach number usually

resul ts in a stronger expansion over the boattail shoulder creating a
higher drag coefficient. From M,,,=O.85 to 0.95 the supersonic pocket
increases in size and higher shock losses occur. These losses are
partially compensated by a greater subsonic recompression on the boat tai l
terminal section.

d. Injection Location and Area

Previous tests (Reference 3) have shown that for those small
injection rates that produce drag reduction , a further reduction can be
obtained when the Injection ports are concentrated near the boattail
shoulder Instead of being un iformly distr i buted over the boattail

10 
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(Figures 23 and 24). In addition , reducing the injection area at low
injection rates increases the momentum of the injected flow , which
reduces the expansion over the boattai i shoulder with consequent drag
decrease.

e. Nozzle Pressure Ratio

The nozzle pressure ratio (NPR) infl uences considerably the
boattaii pressure distribution and the base pressure. The expansion
over the boattaji shoulder becomes weaker and the recompression over
the boattail terminal section and in the base region becomes stronger
with increasing NPR (Figure 25). This effect is verified at Mach
numbers and Reynolds numbers between M =0.9 and 0.95 and ReL B.3 x 106

and 13.4 x i06.

Figures 26 through 33 show the effect of mass injection for NPR
from 3.62 to 4.26. The same results as reported for NPR=2 in Section
III— 2 ,a are obtained , namely a drag reduction is experienced at low
injection rates followed by a drag increase at higher rates. However,
for NPR>2, the drag reduction obtained with injection is higher than the
one obtained for NPR=2, up to 12% instead of about 5%.

Figures 34 and 35 show the effect of mass injection at NPR 5.45.

At this high NPR , a thrust is experienced in the afterbody region. In
this case, the injection is not beneficial producing a decrease in thrust.

f. Sting

Figures 36 through 41 show the pressure distributions when the
sting diameter is increased. Qualitatively, the distributions are

similar to those obtained wi th the 1” diameter sting . The injection at

first decreases the expansion over the boattail shoulder but weakens the

recompression on the boattail terminal part. Increasing injection rate
increases the shoulder expansion. Consequently the drag coefficient
decreases for low injection rates while it increases for higher rates.

Quantitatively, the overall drag l evels are reduced with bigger
sting sizes. The sting simulates the jet diameter and , therefore, the
volumetric jet flow. An increase in sting size decreases the boattail

11
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shoul der ex pans ion an d increases the recom press i on on the term i nal par t
of the boattail and the base pressure (Figures 42 through 44). The bene-
ficial effect is experienced at any injection rate.

3. CUT-OFF B-i BOATTAIL PRESSURE DISTRIBUTIONS

a. Mass Injection

A pattern somewhat different than the circular-arc boattai is is

seen in the pressure distributions of the cut-off B-i at NPR=2 (Figures
45 through 52). In the case of su personic flow occurr i ng on the boattai l ,

when the mass injection is used , the extent of the supersonic pocket is
larger than the one that develops on the circular arc boattail. This is
due to the different location and area of injection , th ree rows of i n-
jection extending downstream up to about 1” from the boattail end (Figure
45) while for the circular—arc only two rows extending downstream up to
about 2” from the boattail end (Figure 9). The separation and reattach-
ment shocks generated by the injection are farther apart and the separated
flow region is larger. These phenomena consequently produce stronger
shock and separation losses and a drag increase with injection even
though the base pressure at times ri ses wit h it . Clearly the pressure
distribution of Figure 46 shows a strong compression with subsequent
expansion , at x=l ” caused mainly by the air injected from the third row
of injection ports. The effect of injection seems to be detrimental when

used with this particular boattail shape , exce pt in spora d ic cases
(Figure 51).

b. Reynolds Number

As in the case of the circular—ar c boattail , the Reynol ds number ,
in the range of the present experiment , has l i t tle ef fect on the pressure
distribution for any NPR (Figures 53 through 56), except at the shoul der
expansion and on the value of the base pressure . Again , except at M =O.8

where an increase in Reynolds number produces lower drag, a h igher
Reynolds number produces higher drag in the Mach number range of M0,=O.85
t~ 0.95.

12 
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c. Mach Number

The Mach number effect on the pressure distribution (Figure 57)

is the same as for the circular -arc boattail. The increase of Mach

num ber produces a stron ger boa tta i l shoul der ex pans i on , a bigger super-
son i c pocke t and a d ra g increase .

d. Injection Location and Area

As mentioned in Section III-3 ,a, the location and area of in-

jection for the cut-off B-i boattail is not very favora b le i nasmuch as it

generall y produces a drag i ncrease at all Mach num bers.

e. Nozzle Pressure Rati o

Figure 58 shows the effect of NPR on the pressure distribution .

As for the circular-arc boattail , a higher NPR produces a better boattail

recompression and a higher base pressure . Consequently the drag coeffi-

cient is reduced.

Figures 59-68 show that at any NPR>2 and up to 5.18, mass i n-
jection produces a drag increase as was the case for NPR=2.

f. Sting

The sting size does not change qualitatively the pressure dis-

tribution with or without injection (Figures 69 through 74). The plots
are s im i lar  to those for D5=l” (Figures 45 through 52, Section III-3 ,a).

The increase i n sting si ze produces a compression over the
boattail and an increase in base pressure (Figures 75 through 77). The
values of the drag coefficient are consequently reduced .

4. CONICAL BOATTAIL PRESSURE DISTRIBUTIONS

a. Mass Injection

The pressure di stributions for the conical boattai l are shown
in Figures 78 through 85. Because of the high boattail angle , 8=25°, an
incipient separation is detected for M, 0.8 and m=O downstream of the
boattail shoulder (Figu re 80). This is confirmed by the inflection of
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the pressure distribution ove r the boattail terminal section , signif ying
a brief lack of recompression. For M~>O.8, the flow is fully separated
and no recompression occurs .

When mass injection is used , a drag reduction is obtained
inasmuch as the injection energizes the flow in the separated region
and delays separation ; even though the expansion over the shoulder is
bigger , a stronger recompression occurs downstream. As reported in
Reference 8, gas injection in a separated region is always beneficial
and reduces the drag levels.

b. Reynolds Number

Fi gures 86 through 89 show the effect of Reynolds number on the
pressure distributions for NPR=2. The pressure distribution for M~~O.8
and p0=2000 (Figure 86) seems to be in error as was the case for the
other boattails. The drag obta i ned is too high to be acceptable. As
will be seen later its va l ue is much higher than the one obtained for
M =0.95.

The other distributions show little Reynolds number effect but
it should be noted , that contrary to the results for the other boattai is ,
the drag values are l ower for the higher Reynolds numbers .

Reynolds number effects for NPR>2 will be discussed later on
in Section III-4 ,e.

c. Mach Number

Figures 90 and 91 show that the Mach number infl uence on the
pressure distribution is much smaller than it was for the other two
boattails for NPR=2. This is due to the fact that the flow is separated
and , therefore , the amount of shoulder expansion does not increase with

Mach number any more . Excluding the erroneous value for M
~0
=O .8 and

p0=2000 mentioned before, the drag coefficient rise wi th Mach number
is small.
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For NPR>2, the draq coefficient actuall y decreases with M~, as
it will be seen later. This is attributed to the earlier boattail
separation occurring at hi gher NPR. When the local boatta il flow is
su bsonic , there is little change in the drag coefficient , but when the
local flow i s supersonic , as i n the case of M~=0.95, an earl ier
separation produces a drag decrease.

d. Injection Location and Area

The l ocation and area of injection do not infl uence the pressure
distribution and the drag values as long as the gas is injected in the

separated flow region.

e. Nozzle Pressure Ratio

Figure 92 shows the effect of NPR on the pressure distribution.

As for the other two boattails , a higher NPR gives rise to a better

bo~t.tail recompression and higher base pressure . For the conical boat-
tail , an NPR of 5.42 eliminates almost completely the expansion over the

shoul der and the base pressure becomes higher than free-stream.

Figures 93 through 102 show that , for NPR>2 , small mass injection

produces a drag reduction. For high mass fluxes , i~n>O.O66, a reversal
takes place and the drag increases again (Figures 97, 101 , and 102).

It is important to notice that , at high NPR , mass injection

produces a reattachment of the flow fiel d for the lower Reynol ds number
cases (Figures 97 and 101) while leaving the flow separated at higher

Reynol ds number (Figure 102). The Reynolds number effect is thus evident.

f. Sting

As for the other boa tta i ls , the sting size does not alter
qualitatively the pressure distributions (Figures 103 through 108). The
increase in sting size produces a better boatta i l recompression with
consequent drag reduction (Figures 109 through 111).

L ~~~~~~~~~~~~~~~~~~~~~~~ 
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5. BASE PRESSURE LEVELS AND AFTERBODY DRAG COEFFICIENTS

The base pressure l evels an d the afterbody drag coeffic ients, which
are the sum of the base and boattail drag coefficients , are analyzed.

Fig ures 112 throu gh 11 7 show how the base pressure is affected by
the sting size . The base pressure coefficient increases with an increase
i n the va l ue of Ds/Db for both the circular-arc and the cut—off B— i boat-
tails at any injection rate. It remains almost unchanged for the conical

boattail. This happens because of the separated boattail flow caused by
the high boattail angle. Consequently, it s value is much lower than the
value obtained for the other two boattails.

The base pressure valu es for zero sting di ameter have been obtained
by extrapolation and are indicated with dash lines. They are hypothetical
and only indicative of the conditions that might exist in the base region

in absence of the sti ng.

Figures 118 through 120 show the corresponding base drag coefficients.
At rn 0 , the circular-arc boattail exhibits a higher base thrust than the
cut-off B-i , wh i le at ~i=O.066 the values are reversed and practically
identical at i~=O.ll 5. The conical boattail produces instead the highest

base drag. The base drag curves tend to zero when Ds/Db~
I
~
l .

Fig ures 121 through 1 26 show correla tions between boattai l drag
coefficient and base pressure coefficient wi th and without mass injection

for different free-stream Mach numbers. The correlation for the circular-

arc of Figure 121 exhibits a higher negative slope than the McDonald-
Hughes correlation (Reference 5) and is also slightly different when
compared with the results of Reference 3 (see Figure 12 of Reference 3).

Nevertheless , the infl uence of the mass injection is well defined .
Figures 121 and 122 show, f i r s t , a boattai l drag decrease with small
injection rates, an d then , an increase wi th higher injection rates for
the circular—arc boattail. Figures 123 and 124 show a continuous boat—
tail drag increase wi th injection rates for the cut—off B— i boattail as

do Figures 125 and 126 for the conical boattail.

L 
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Compar i ng the correlat ions for the three d i fferen t boa tta i l term inal
angles , 8~ , it is observed that the rate of boattail drag reduction with
increasing base pressure diminishes with increasing boattai l terminal angle.

The plo ts of the afterbody drag coefficient versus mass injection are
reported in Figures 127 through 135. The effect of boattail angle is
evident in these figures. As expected at these high B ‘s, a higher boattail
an g le produces a h igher drag coefficient because of the higher boattail
shoulder expansion and lower subsequent recompression .

The conical boattail has the highest afterbQdy drag coefficient
because of the high B and the occurrence of separated flow , but is the
most sensiti ve to mass injection. Thi s injecti on produces cons iderable
drag reduct ion. In Figures 127 and 128, the circular-arc boattail shows

a very small drag reduction wi th injection at M3,=0.8 and 0.85, wh ile the
drag of the cut-off B-i increases rapidly with injection. For M~=0.95

(Figure 130), the drag reduction with injection is sizeable not only for

the conical boattail but for the circular-arc as well. The drag reversal

with injection (decrease-increase) is evident in all the figures. The

best configuration for l owest drag is the circular-arc , followed by the

cut-off B-l , and then the conical boattai l . The Reynolds number affects
the drag values . Its effect changes irregularly wi th the injection
rates. No definite pattern is observed .

Figures 131 and 132 are plots of afterbody drag coefficient versus

miss injection for various sting sizes. Again , the drag reversal with i~i

is observed. For each boattail configuration , the lowest drag coefficient

is obtained with the maximum sting size. The minimum overall drag is

obtained for the circular-arc boattail , wh ich also requ ires the lowest
amount of mass injection to reach this minimum.

Figures 133 through 135 present the drag coefficient values wi th mass

injection at NPR>2. The favorable effect of mass injection for the

circular-arc and conical boattails decreascs with increasing NPR and for

L 

NPR~5.45 the effect of injection becomes unfavorable for the circular-arc .
This hi gh NPR produces an adverse pressure gradient which , when added
to the one generated by the injected flow , causes at times a separation

17

__ ~~ • - - -~~~~-~~- - ~~~~~~~~~~~~~ ~~
-— - .--.

~~~~~
•
~~~

--- •
~~~~~~

- • - .



• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -

AFFDL-TR-78-57

of the boundary layer over the boattail and an adverse interference .
Note in Figure 133 that the conical boattail produces less drag at M:0.95
than at M 0.9 for NPR 3.62 as it was anticipated in Section III— 4 ,c.

The Reynolds number effect on the drag coefficient for NPR 2 and

zero injection is shown in Figure 136. Taking with reservation the high
drag values for M;(~.8, it is evident that there is little Reynolds

number effect on the drag coefficient. For the circular-arc and cut—off
B-l boattails there is a slight increase in drag with ReL while for the
conical boattai l a sli ght decrease.

Figure 137 is a plot of CD versus M~ for NPR=2 and zero massA ,s
injection. The rate of drag increase wi th Mc, i s less for the conical
than for the other boattails because of separation effects. The dra g
values for M,,0.8 and P0=2,000 psfa are too hi gh. As mentioned before,
this is attributed to a defective pressure tap. At higher NPR a decrease
in drag with M,,,, is actually obtained for the conical boattail (Figure 138).

Figures 139 and 140 show that the increase of NPR considerably

reduces the drag coefficient for any condi tion as expected. The max imum
decreasing rate occurs between NPR=4 and 5. The increase of the sting

diameter also reduces the drag coefficient as i llus trated in Figures 141
through 144 for any amount of mass injection. The reduction is considerable.

Figure 145 finally shows the predicted increasing drag coefficient

trend with boattail terminal angle for NPR=2 and M =O.8 to 0.9. For

M =O.95 the drag coefficient increases up to B t=2O° but then decreases

because of the separation effects of the conical boattail which were

discussed earlier. At higher NPR , the beneficial effects due to the
injection in the separated region over the conical boattail are felt at

as well as M,~0.95. Consequently the drag va l ues drop considerably

for

18
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SECTION IV

CONCLUSIONS

An experimental i nvesti gation of the effects of boattai l mass in-
jection and jet flow on the transonic afterbody drag of a slender body

of revolution at zero angle of attack has been performed.

The concl usions are:

1 . A correl at ion between sting, used as jet simulator , and
corres pon di ng jet di ameter has been esta b l i shed .

2. The jet plume and the nozzle pressure ratio simulations by the
sting-frustum combination have been found appropriate and useful and are

considered a good testing technique.

3. Small rates of boattail mass injection in general produce a

drag coefficient reduction and are more effective at high nozzle pressure

ratios for the circular—arc and conical boattails. For the cut-off B— i

boattai l , mass injection increases the drag levels in the present set-up.

This boattail shape should not be used in conjunction wi th injection ,

in this fashion. It is suggested that the injection port location

• shoul d be reexamined in light of the present results and eventually

replaced.

4. Mass injection is more effective in zones of separated flow.

5. For the boattail angle range used in the present report the

afterbody drag increases with boattail angle provided the boattail flow

remai ns attached.

6. The conical boattail has the highest afterbody drag coefficient

for M=O .8 to 0.9, NPR=2 and no injection , but is the most sensit ive to
mass injection which produces considerable drag reduction. For M~~O.95

the cut-off B-i boattail exhibits the highest drag coefficient; the same

is true when mass injection is considered at NPR>2. In general , the

• circular-arc boattail gives the lowest drag values .

19
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7. The Reynolds number has a negl ig i ble effect on the drag
• coefficient at NPR=2 and zero injection . At higher NPR and injection

rates the Reynolds number affects the boattail pressure distribution of

the conical boattail. The boattail flow seems to be attached at low
Reynolds number.

8. An increase in Mach number produces a drag coefficient increase

for all boattails at NPR=2. At higher NPR values , the drag coefficient
increases with increasing M,,, for the circular-arc and cut-off B-l boat-
tails but decreases for the conical boattai l .

9. Concentrating the injection ports near the boattail shoulder
attenuates the expansion at that location and produces a drag reduction

for the circular-arc and conical boattails.

10. The nozzle pressure ratio is very effective in changing the

afterbody drag. An increase in NPR produces a substantial decrease in
drag for all boattails.

1 1 . Increasi ng the diameter of the sting, wh ich simulates an increase
in jet di ameter, reduces the afterbody drag for all boattails .

20
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TABLE 1
PRE SSURE TAPS AND IN JECTI ON ROWS LOCATI ON

F CIRCULAR ARC BOATTAIL PRESSURE TAPS
___________ _________________ 

INJECTION ROWS

NI JMaER X (IN CHES) INJECTION ROW S AT
____ 1__ _____ 1T~~ P_ cxLTh~PFJ~_ —

2 0.10 x 1.135”
3 0.25
4 0.50
5 0.75
6 1.00
7 1.25
8 1.50

— 

9 
— 

1.75
10 1.80

11 2.00 =— 

12 2.25
13 2.50
14 2.75 

--
IS BASE

— 
16 BASE

cUT-OFF B-i BOATTAIL

NU~~ER X (INCHES) 
—

1 FIXED CYLINDER INJECTION ROWS AT
2 0.10 0.322::

• 3 0.25 x— O.6 3
4 0.50 x 0.965”

5 0.75
6 1.00
7 1.25
8 1.50
9 1.75

— 
10 1.85
11 BASE 

_____

12 
• 

BASE

CONICAL BOATTAIL

NUMBER X (INCHES) INJECTI ON ROWS~ AT
1 FIXED CYLINDER x — 0.25”

x = o .652 0.236 —
3 0.43~ _

— 
4 0.636
5 0.836
6 BASE

— 
7 BASE

21
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TABLE 2
CORRESPONDENCE BETWEEN STING AND JET SIZE

CIRCULAR ARC BOATTA IL

NPR D Un) D .(in)

2 1.0 1 .25

2 1.4 1.52

2 1.6 1.66

2 1.8 1.80

CUT-OFF B-i BOATTAIL

NPR D
~

(i n ) D .(in)

2 1.0 1.24

2 1.4 1.48

2 1.6 1.60

2 1.8 1 .73

CONIC AL BOATTAIL

NPR 
6

(in) D~ (in)

2 1.0 1.15

2 1.4 1.29

2 1.6 1.36

2 1.8 1.45

22



AFFDL-TR-78-57

TABLE 3
BASE PRESSURE COEFFICIENT VARIATION WITH NOZZLE PRESSURE RATIO

2. (in.) D (in.) D . (in.) AC NPRS 3

6.0 1 0 1.25 0.02873 3.61

_____ 
0.02932 3.62

_____ 

0.03015 3.64
0.03051 3.65

4.0 0.04048 4.26
0.04131 4.28 CIRCULAR

0.04203 4.30 BOATTAIL
0.04309 4.41

2.0 0.08257 5.42
0.08458 5.45
0.08650 5.48
0.08788 5.51

6.0 1.24 0.02653 3.60
0.02712 3.61
0.02795 3.63
0.02831 3.63

4.0 0.03828 4.13
0.03911 4.14 CUT OFF

0.03983 4.15 BOATTAIL
0.04089 4.17

2.0 0.08037 5.15
0.08238 5.18
0.08430 5.22
0.08568 5.24

6.0 1.15 0.01788 3.69
0.01847 3.70

1 0.01930 3.82
0.01966 3.83

4.0 0.02963 4.30
0.03046 4.32 CONICAL— — 
0.03118 434 BOATTAIL

0.03224 4.37
2.0 0.07172 5.38

0.07373 5.42
0.07565 5.45
0.07703 5.48

23
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I N J E C T I O tJ P ORTS
• + = ST A TI C  PRESS URE TAP

=

~~~~~~~ 

1 075

3.024”

x n )  

U1~! ~IJi~° ~~~~~~~~~~~~~~~~~~~~~ 

I 075

x eon (25°) 1;~3
H 
Q

~~~
rb = I 075

— 2.925’ - —

a.  = CIRCULAR ARC BOATTAIL b. = CUT-OFF B-i BOATTAILc 25° CONrCAL BOATTAIL

Figure 2. Boatta i l Coordi nates , Pressure Taps, an d Injection
Port Location
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i: 
____

~
W S. -

Figure 3a. Trisonic Gasdynarnic Facii~ty (TGF) 2’ Wind Tunnel Test Section
Sting Mounted Circular -Ar c Bottt ail

S. • .~~ ~~~~~~ 
—I:

I.

Figure 3b. Trisonic Gasdyna niic Facility (TGF) 2’ Wind Tunnel Test Section
Cut Off B-i and Conica l Boattai ls
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Figure 4a. Close -up of 2’ Tunne l Test Section
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• Figure 4b. Cone Frustum - Jet Plume Simulator at 9~2
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Figure 5a. Cone Frustum - Jet Plume Simulator at £=4”
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S. •
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S.
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Figure 5b. Cone Frustum - Jet Plume Simulator at =6

29

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  A



- 

-— -— • -

AFFDL -TR- 78-57

•4 • S

S.

Figure 6a. 1 Diameter Sting

Figure Sb. 1.4” Diameter Sting
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Fi gure 7a. 1.6” Diameter Sting

I S

S.

S.

S.

S.

S.

Figure 7b. 1.8” Diameter Sting
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D.2
CD CD

sv~.woi N PR M p (psfa ) ReL Iil(Tbr’i/sec ) 
~~~~ 

_~j 
D~D~

—0— 2.0 .go 2000 8.1 ~ ~~ 0.000 .07016 .07408 0.242
—0— 2.0 .90 2000 8.7 x io6 0.033 .06985 .07361 0.242

••.o-• 2.0 .90 2000 8.7 x io
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Figure 12. Mass Injection Effect on Boattail and Base Pressure
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Figure 15. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR=2.0, D

~
=l”

39

- -  - - - • ---— -— —-~~~~~~~~~~~~~ --~~~~~ -• - - -  .



- •  ~~~~~~~~~ ~~~~~~~ 
- 

AFFDL-TR-78-57

2
C c D.

SYM BOL NP R Me,, p0(psfa ) Re L rii (lbm/sec ) A
~~ 

°A~~ 1
~~ M

—0-— 2.0 .95 3000 13.4 x io6 0.000 .10239 .10539 0.242

—0— 2.0 .95 3000 13.4 x io6 0.034 .10178 .10478 0.242

~~~~~~~~~~~~ 2.0 .95 3000 13.4 x io 6 0.067 .09729 .10120 0.242
_ ._

~~~~
.._ 2.0 .95 3000 13.4 x io 6 0.116 .10515 .10952 0.242

C I R C U LAR A RC BOATTAIL

0.2.

~~~~~~~~~~~~~~~~~~~~~ ~~ 2~O 30 
—-

X ( i n .)

Figure 16. Mass Injection Effect on Boattail and Base Pressure
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Figure 17. Reynolds Number Effect on Boattail and Base Pressure
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Figure 20. Reynolds Number Effect on Boattail and Base Pressure
Coefficients
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Figure 22. Mach Number Effect on Boattail and Base Pressure
Coefficients
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Figure 24. Mass Injection Effect on Boattail and Base Pressure
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Figure 27. Mass Injection Effect on Boattail and Base Pressure
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Figure 28. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR>2
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Figure 29. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR>2
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Figure 30. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR>2
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Figure 32. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR>2
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Figure 33. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR>2
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Figure 34. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR>2
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Figure 35. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR>2
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Figure 44. Sting Size Effect on Boattail and Base Pressure Coefficients
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Figure 46. Mass Injection Effect on Boattail and Base Pressure
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Figure 48. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR=2 .0,
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Figure 49 . Mass Injec ti on Effec t on Boatta il and Base Pressure
Coe ffi c ients for NPR~2.0, D5=l”

73

-- - - -~~~~~~~~~~ —-.  ,~~~~~~~~~~~~ • --—- - --- —.- - .-~~~~ 
- - -- -

~~~~~~~~~~~~~~~~-



_ _ _ _  

-

~~~~~~~~~~

AFFDL-TR- 78-57

o 2
C C

SYMBOL NPR M p0(psfa ) Re
L ~‘(1bm /sec) 

0A 5 A~~ 0b NI

—0-—— 2.0 .85 3000 12.7 x io6 0.000 .07704 .08160 .240
—El— 2.0 .85 3000 12.7 x 0.063 .07957 .08316 .240
- - -

~~~~~~
- - -  2.0 .85 3000 12.7 x 1o6 0.118 .08126 .08553 .240

CUT—OFF
B —I BOAT TAIL

0.2

0.0

-
I .-

-0.2

* 
i•

C - /

‘ /
‘I
0

—0.6

- --
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0.0 1 .0 2 .0 3,0

X ( l n .)

Figure 50. Mass Injection Effect on Boattail and Base Pressure
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Figure 52. Mass Injection Effect on Boattai l and Base Pressure
Coefficients for NPR=2.0 ,
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Figure 53. Reynolds Number Effect on Boattail and Base Pressure
Coefficients
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Coefficients
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Figure 55. Reynolds Number Effect on Boattail and Base Pressure
Coef fi c i ents

79

• - - .- -, •~~~~~~~~~ -• .-~-~~~

~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



r
AFFDL -TR-78-57

2
C C D

i
SYMBOL NPR M~, p0(psfa) ReL rn(lbm/sec) 

0A ,~ 
0A~~ U~~

—0—— 2.0 .95 2000 8.9 x io 6 0.000 .11593 .11525 .240
—0— 2.0 .95 3000 13.4 x io6 0.000 .11973 .11912 .240

CUT — OFF
B—I BOAT TAIL

0.0 P. O 2~O 3.0
X ( in . )
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Figure 57. Mach Number Effect on Boattail and Base Pressure
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Figure 58. Nozzle Pressure Rati o Effec t on Boatta il and Base
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1.0 2,0
X( In .)

Figure 61. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR>2
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AFFDL-TR-78-57

2
c c

SYMBOL NPR M p0(psfa) ReL ici(lbm/sec) L(in.) A ,~ 
A ,~ ~~~

—0--- 3.60 .95 3000 13.4 x io6 0.000 6 .08427 .08618 0.240
0— 3.60 .95 3000 13.4 x io6 0.063 6 .09022 .09315 0.240

•-~G•-• 3.60 .95 3000 13.4 x 1o6 0.118 6 .09342 .09888 0.240

CUT-OFF
B-I BOATTA II..

0.2

0.0

—0.2

p _O .4

-0.6

0.0 I~0 2~0
Xflni

Figure 62. Mass Inject ion Effect on Boatta i l and Base PressureCoefficients for NPR>2
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AFFOL-TR--78-57

2Dj

SYMBOL PIPR ~ p0~~sfa) 
~~L ui (lbm/sec) £ (in.) 

DA~ 
DA~ ~~

—0--— 4.15 .85 2000 8.4 x io6 0.000 4 .02480 .03166 0.240
—0— 4.15 .85 2000 8.4 x io6 0.063 4 .02551 .03278 0.240
••.
~3~

-• 4.15 .85 2000 8.4 x io6 0.117 4 .03465 .04276 0.240

CUT—OFF
B-I BOATTAI L

0.2 

c

Cp _O .4_ 0•6
:T 2.0

XIIn.)

Figure 63. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR>2
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AFFDL-TR-78-57

c D 2

SYMBOL NPR ~~o p0(psfa ) 
~~ iii(lbm/sec) 

CDA 0A~ l5~

—0--— 4.14 .90 2000 8.7 x i06 0.000 4 .03070 .03740 0.240
—0— 4.14 .90 2000 8.7 x i06 0.062 4 .03550 .04295 0.240
•-- ~~ ... 4.14 .90 2000 8.7 x io6 0.115 4 .04009 .04850 0.240

CUT — OFF
B—I

0.2

0.0

—0.2

Cp
-0.4 ‘~1 ,~U

-0.6

-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0.0 1 2 ~0
XIIn.)

Figure 64. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR>2
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AFFDL-TR-78-57

2
C C

SYMBOL NPR ~ 
ps a e1 ~(1bin/sec ) L(ln.) ,s ,j b M

—0--- 4.14 .90 3000 13.1 x io6 0.000 4 .02937 .03676 0.240

—0—— 4.14 .90 3000 13.1 x io6 0.061 4 .03311 .03992 0.240

G -  4.14 .90 3000 13.1 x io6 0.119 4 .03858 .04669 0.240

CUT—OFF
B— I BOATTA IL.

:: _z,
~

.
- 0.2 - -\ - - - C;

cp
_0.4 

‘~~ I!
.1

-0.6

--

~~i~0 

- 

2~O
X (In.)

Figure 65. Mass Injection Effect on Boattail and Base PressureCoefficients for NPR>2
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AFFDL-TR-78-57

2
C CD

SYMBOL NPR ~~o p0(psfa) ReL ~(1bm/sec) 2(in.) A ,~ ~ ~~
— -0—— 5.18 .90 2000 8.7 x io6 0.000 2 -.02585 -.01602 0.240
—0— 5.18 .90 2000 8.7 x io6 0.062 2 -.01969 -.00883 0.240

-G• - 5.18 .90 2000 8.7 x 1o6 0.115 2 -.01833 -.00600 0.240

CUT—OFF
B—I BOATTAIL

0.2

0.0

*
—0.2 - - I  Cp

—0.4 /

X (In .)

• Figure 66. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR>2
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AFFDL-TR-78-57

CD CD ~~~SY~~OL ~~ N p0(psfa ) ReL ti(lbm/sec) t(ln.) A~ A ,1 DbDM
—Ø--— 5.18 .90 3000 13.1 x 1O~ 0.000 2 - .02615 - .01549 0.240

—s—— 5.18 .90 3000 13.1 x io6 0.062 2 -.02244 -.01243 0.240- .- ~~~~~~
... 5.18 .90 3000 13.1 x io6 0.117 2 - .01957 - .00786 0.240

CUT—OFF
B — I BOATTAH.

0.2

/

_ _ _ _ _ _ _ _  ~00.0 ,•

~~ .0
Icy

*—0.2

C~ /

— 0.6

I~O 2~O
X (In.)

Figure 67. Mass Injection Effect on Boattail and Base PressureCoefficients for NPR>2
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AFFDL-TR-78-57

2
C0 CD ~~~

SYMBOL NPR P4~ p0(psfa) ~~ ih(lbrn/sec) ~(in.) 
A
~ 

A
1 

DbDM

—0---- 5.15 .95 3000 13.4 x io6 0.000 2 -.02312 -.01398 0.240
—s—— 5.15 .95 3000 13.4 x io6 0.064 2 -.01696 -.00714 0.240

- . - ~~~~~~ .- . 5.15 .95 3000 13.4 x io6 0.115 2 -.00934 -.00240 0.240

CUT—OFF
8-I BOATTAIL

02

0.0 
cIP

•

* ,-. C

-0.2 -

Cp _O .4 I,
.

X (In.)

Figure 68. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR>2
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AFFDL-TR-78-57

2
c c

SYMBOL NPR M0, p0(psfa ) Re1~ t~i(1bm/sec) 
DA~ 

DA 1 çç
—.0-— 2.0 .90 2000 8.7 x io6 0.000 .08832 .08984 0.340
—0— 2.0 .90 2000 8.7 x io6 0.062 .09130 .09317 0.340...e... 2.0 .90 2000 8.7 x io6 0.118 .09227 .09463 0.340

CUT—OFF
B—I BOATTAIL

0.2

0.0 1
-0.2 :

Cp
-0.4

/

- 0.6 

0.0 ~O 2 ~0
X (in.)

Figure 69. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR=2 , D5>l’
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AFFDL-TR-78-57

2
C C

SYMBOL NPR pO p a eL ~i(1bm/sec) ,s ~~j b M

—0-—— 2.0 .95 2000 8.9 x ~~ 0.000 .10859 .10860 0.340
—0— 2.0 .95 2000 8.9 x io6 0.062 .11774 .11883 0.340
•.-~~

... 2.0 .95 2000 8.9 x i06 0.115 .12002 .12209 0.340

CUT-OFF
8—I BOA TTA IL

0.2

0-

0.0 I~0 2~O
X (In.)

Figure 70. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR=2 ,
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AFFDL-TR-78-57

C C j
SYMBOL NPR M~ p0(psfa) ~ L iii(lbm/sec) 

0A
~ 

A~ ~~~

—.0-.— 2.0 .90 2000 8.7 x 10~ 0.000 .08171 .08171 0 397
— 0— 2.0 .90 2000 8.7 x io6 0.061 .08331 .08331 0.397
..-

~~~~~~
..- 2.0 .90 2000 8.7 x 0.114 .08440 .08440 0.397

CUT—OFF
B—I BOAT TA I L

0.2 

~~:~~~~~~~
1:

~~c;

Cp I:

-0.4

-0.6 

0.0 ~O 2 ~O
_ _

/

I.6

~~~~~~~

TING

XIin .)

Figure 71. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR=2 ,
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AFFDL—TR- 78-57

C0 C0
SYMBOL NPR ~co 

p0(psfa) ~~ ici(l bm,sec) A 5 A
1 

0b0M

—Ø~
—_ . 2.0 .95 2000 8.9 x 1o6 0.000 .10258 .10258 0.397

—0— 2.0 .95 2000 8.9 x io 6 0.064 .10756 .10756 0.397
. -- ~~~~~~

... 2.0 .95 2000 8.9 x io6 0.118 .11004 .11004 0.397

CUT—OFF
B— I BOATTAIL

I~0 2~0
X(i n.)

Figure 72. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR=2,
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AFFDL-TR- 78-57

SYMBOL NPR M p0(psfa) ~ L ,~(1bm/sec) ____ ____

—0--— 2.0 .90 2000 8.7 x io6 0.000 .07629 .07366 0.464
—-0— 2.0 .90 2000 8.7 x io6 0.062 .07686 .07378 0.464

~~~~~~~~~~~~~~ 2.0 .90 2000 8.7 x io6 0.114 .07895 .07526 0.464

CUT —OFF
B-I BOAT TAIL::~~~~~~

—0.2 ~~~~~~ 
~~~~— - - —~~~~

/
—0.4 ‘-

~ (I

—0.6

— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

._ 

1.8” 
SLEEVE

— I -~0.0 1.0 2.0

X(In.)

Figure 73. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR=2,
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AFFDL-TR-78-57

C0 C0
SYMBOL NPR M

00 
p0(psfa ) ~ L ici(lbni/sec) A ,~ 

A 1 DbDM

—0—-—. 2.0 .95 2000 8.9 x io6 0.000 .10077 .10014 0.464
—a— 2.0 .95 2000 8.9 x io6 0.062 .09732 .09483 0.464
- ..Ø... 2.0 .95 2000 8.9 x ~~ 0.115 .10220 .09872 0.464

CUT—OFF
B— I BOATTAIL

0.2 

-0.2- \ 19V
C~ 

\
~,~

4Lo 
•

—0 

~~~~. O I ~O 2 ~O

X (in.)

Figure 74. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR=2 , Ds>l”
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AFFDL-TR-78-57

2
C C Di 0s

SYMBOL NPR M
oo 

p0(psfa) ReL ri (lbm/sec) 
DA~ 

0A 1 ~~
— —6—- — 2.0 .90 2000 8.7 x io6 0.000 .09607 .09843 0.240 .465
—Q—--- 2.0 .90 2000 8.7 x io6 0.000 .08832 .08984 0.340 .651
—0— 2.0 .90 2000 8.7 x io6 0.000 .08171 .08171 0.397 .744
- -~~~~~.- . 2.0 .90 2000 8.7 x i06 0.000 .07629 .07366 0.464 .837

CUT-OFF
B— I BOAT TAIL

0.2

0.0

-I

V
—0.4 ‘ 

-

—0.6 -

D~/2

— -I-
0.0 1.0 2.0

X(In .)

Figure 75. Sting Size Effect on Boattail and Base Pressure
Coefficients
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AFFDL-TR-78-57

2

SYMBOL NPR Moo p0(psfa ) 
~ L i(lbni/sec) 

~~~~~~~~ ~~~~~~ ~t ~i_.
— .— ~~~~— . — 2.0 .90 2000 8.7 x 106 0.063 .09717 .10089 0.240 .465
—0—--- 2.0 .90 2000 8.7 x io6 0.062 .09130 .09317 0.340 .651
—0—— 2.0 .90 2000 8.7 x io6 0.061 .08331 .08331 0.397 .744-- •

~~~~~-•- 2.0 .90 2000 8.7 x io6 0.062 .07686 .07378 0.464 .837

CUT—OFF
B—I BOATTAIL

0.2

0.0 
___________________ /

*

~~~~~~~

.

—0.6

0.0 t~0 2~O
x (In.)

Figure 76. St ing Size Effect on Boattai l and Base Pressure
Coefficients
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AFFDL-TR-78-57

CD C0 ~~~~SYMBCL NPR M0, p0(psfa) ReL th (lbm/sec) A
~ 

A 3 0b0M Db

— .—- ~~~~— .— 2.0 .90 2000 8.7 x 106 0.116 .09730 .10206 0.240 .465
—0----- 2.0 .90 2000 8.7 x io6 0.118 .09227 .09463 0.340 .651
—0— 2.0 .90 2000 8.7 x io6 0.114 .08440 .08440 0.397 .744
••.
~~~-.. 2.0 .90 2000 8.7 x io6 0.114 .07695 .07526 0.464 .837

CUT — OFF
B—I BOAT TAIL

0.2

0.0 __________________  
-

*—0.2 - 
. S • p

Cp
—0.4

I ’ S

-0.6

• 

-

~~~~~~~~~

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0.0 1.0 2~~
X ( I n .)

Figur~o 77. Sting Size Effect on Boatta i l and Base Pressure
Coefficients
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AFFDL-TR- 78-57

2
CD CD

SYMBOL ~~ M0~ p0(psfa ) 
~~ iii(lbm/sec) 

~~~~~~~~~~ ~ii ~~~
—0--— 2.0 .90 2000 8.7 x i06 0.000 .10732 .10300 0.205

• 0 2.0 .90 2000 8.7 x io6 0.033 .10163 .09766 0.205
••-~~ --- 2.0 .90 2000 8.7 x 1o6 0.066 .10102 .09787 0.205

CONICAL BOAT TAIL
0.2

0.0

- FLAGGED SYMBOLS

- 0.2 — — — 
DENOTE BASE PRESSURE

Cp
-0.4

INJEC TIONS RINGS
- 0.6 

— 

___ _ __ __ __j
~j~j~ 

36 PORTS (004 ~ A)/R (NG

BASE PRESSURE

1.0” DIA .

—

.~~~ 

2.9” 

2 .0 

P

3

(:TING 1:— ST ING

X( in .)

Figure 78. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR=2.0, D~~l”
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AFFDL-TR-78-57

C C j

SYMBOL NPR M p0(psfa) ReL i~i(1bm/sec) 
0A 5 °A~ ~~~

—0--—-- 2.0 .95 2000 8.9 x 106 0.000 .11335 .10861 0.205
—0— 2.0 .95 2000 8.9 x io6 0.035 .11235 .10771 0.205
- ‘ - G- - -  2.0 .95 2000 8.9 x io6 0.066 .10768 .10389 0.205

CONICAL BOATTAIL

0.2 

- 

~~~~~~~~~~~~

-0 .6

0.0 I~0 2~0 ~O
X (In.)

Figure 79. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR=2.O ,
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AFFDL-TR-78-57

SYMBOL NPR M p0(psfa) ~ ~(1bm/sec ) 
CDA 

CDA

—0-—— 2.0 .80 2000 8.3 x io6 0.000 .1161 6 .11183 0.205
—0— 2.0 .80 2000 8.3 x 10 0.033 .10389 .09751 0.205

- - -~~~~~~
... 2.0 .80 2000 8.3 x io6 0.066 .09942 .09512 0.205

CONICAL BOATTA IL

0. 2 -  

0.0 I~O 2~O 3~O

X( In.)

figure 80. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR=2.0 ,
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AFFDL-TR-78-57

2
C c D1

SYMBOL NPR M0, p0(psfa ) 
~~ i~t(1bm/sec ) 

0A 0A 1~5~

s— 2 0  .85 2000 8.4 x 0.000 .10512 .10111 0.205
-

~~~~~~~~~
— 2.0 .85 2000 8.4 * io6 0.035 .09919 .09284 0.205

••- ~~ • - -  2.0 .85 2000 8.4 * 106 0.065 .09529 .09082 0.205

CONICAL BOATTAIL

0.2

~~~~~~~~~~ 

— - 

•
. :  

.

-0.6 

I~O

X( In.)

FIgure 81. Mass Injection Effect on Boatta-i l and Base Pressure
Coefficients for NPR=2.O , D5=l’
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AFFDL-TR-78-57

D 2
C C

SYMBOL PI1,~ 
p0 ps a eL iii(lbm/sec ) ,s ~~j b M

—0—— 2.0 .80 3000 12.4 x 1o~ 0.000 .10184 .09805 0.205
—0— 2.0 .80 3000 12.4 x io6 0.032 .09170 .08842 0.205

- .~e... 2.0 .80 3000 12 .4 x i06 0.066 .09016 .08725 0.205

CON ICAL BOATTA IL
0.2

1

1.0 2~O

X ()n.)

Figure 82. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR=2.0, D~=1 ’
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AFFDL—TR-78—57

_  _  

CD CD 
Di
2

SYMBOL NPR ~ p0(psfa) ~ L ñi (lbm/sec) A 5 A ,1 DbDM

—0--— 2.0 .85 3000 12.7 * io6 0.000 .10241 .09845 .0205
—0— 2.0 .85 3000 12.7 * io6 0.033 .09806 .09428 .0205
“ G-- 2.0 .85 3000 12.7 x io6 0.067 .09527 .09195 .0205

CONICAL BOATTAI L.

0.2

Cpi~~~ 

I
~~~~~

Liff c;

-0.6

0.0 1.0 2.0 3.0

X (In .)

Figure 83. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR=2.0, D5

=1 ’
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AFFOL—TR-78-57

2
C C j

SYMBOL NPR ~ p0(psfa ) ~ L i~(1bm/sec) ~ _~~ j  ~i
.Ø.. 2.0 .90 3000 13.1 x io6 0.000 .10477 .10047 0.205
—0— 2.0 .90 3000 13.1 x 1O~ 0.033 .10390 .09961 0.205
.•

~~~~~~ - - 2.0 .90 3000 13.1 x io6 0.066 .09915 .09546 0.205

CONICAl. BOATTA U.

.
. 

-

1 .0 2.0 3.0

X(In.)

Figure 84. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR=2.0, D~ =1 11
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AFFDL-TR-78-57

CD CD
SYMBOL ~~ ~ p~(psfa) ~ L ñi(lbm/sec ) ~~~~~~~ ~~~j

—0—— 2.0 .95 3000 13.4 * io
6 0.000 .11374 .10892 0.205

—0— 2.0 .95 3000 13.4 * io6 0.033 .10950 .10497 0.205
-.•

~~~~~~-.- 2.0 .95 3000 13.4 * io6 0.066 .10723 .10301 0.205

CONICAL BOAT TAIL

0.2

- - - 

C9
-0.4

-0.6 -

0.0 I~0 2~0 3.0
X(in.)

Figure 85. Mass Injection Effect on Boattail and Base Pressure
Coefficients for NPR=2 .O , D5

=1
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AFFOL-TR-78-57

CD CD
SYMBOL NPR M p0(psfa) ~ L ti~(1bm/sec) 

A 5 ~~~~~~ 
DbDM

0 2.0 .80 2000 8.3 x io 6 0.000 . 11616 .11183 0.205
—

~~~---— 2.0 .80 3000 12.4 x io 6 0.000 .10184 .09805 0.205

CONICAL BOATTA IL

0.2

_

0.0 1.0 2~0 
• _ _ _ _ _ _ _ _

X (In.)

Figure 86. Reynolds Number Effect on Boattail and Base Pressure
Coefficients
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AFFDL-TR-78-57

D D
SYMBOL ~~ 

M p0(psfa) ~ L i~(1bm/sec ) A 5 A 1 %~~
_

• —0--— 2.0 .85 2000 8.4 * io 6 0.000 .10512 .10111 0.205
—0— 2.0 .85 3000 12.7 * io6 0.000 .10241 .09845 0.205

CONICAL BOA TTAIL

0.2 

-0 .6

0.0 1.0 2.0 3.0
X(in.)

Figure ~7 . Reynolds Number Effec t on Boatta i l and Base Pressure
Coeff ic ients
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AFFDL-TR-- 78-57

SYMBOL ~~ ~ p0(psfa ) Re,~ ii(lbm/sec) 
CDA 

CDA :

—0----. 2.0 .90 2000 8.7 x io6 0.000 .10732 .10300 0.205
—

~~~~ — 2.0 .90 3000 13.1 x io6 0.035 .10477 .10047 0.205

CON ICAL BOATTAII.

0.2

— 
. 

s
_ _ I

c;

-0.6

X( i n )

Figure 88. Reynolds Number Effect on Boattail and Base Pressure
Coefficients

112

- _ _____ _



AFFDL-TR- 78-57

2

SYMBOL NPR tt p0(psfa ) Re1 ii(lbm/sec) A 5 
~~~~~~~

—0-—- 2.0 .95 2000 8.9 x 106 0.000 . 11335 .10861 0.205
—Q— 2.0 .95 3000 13.4 x io6 0.000 .11374 .10892 0.205

CONICAL BOAT TAIL
0.2

C9 -0.4

-0.6 

:.~ I~O ~~~~~~~~~~~~~3O
X (In.)

Fi gure 89. Reynolds Nur:ber Effect on Boattail and Base Pressure
Coefficients
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AFFDL-TR-78-57

2
CD Ci:~

SYMBOL NPR M p0(psfa) ReL th(lbm/sec) A 5 A
3 

DbDM

—0--— 2.0 .80 2000 8.3 x io6 0.000 .11616 .11183 0.205
—0—— 2.0 .85 2000 8.4 x 106 0.000 .10512 .10111 0.205
-- .~~~~~~

-.. 2.0 .90 2q00 8.7 x 0.000 .10732 .10300 0.205
—-—a—.— 2.0 .95 2000 8.9 x ~~ 0 .000 .11335 .1086 1 0.205

CONICAL BOATTAIL

0.2

0-So _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

-0. 2 

cp
—0.4

• — -  

-0.6

-------- --

~~~~~~~~~~~~~~~~~~~~~

I~O 2~0 3~~
X ( in . )

Figure 90. Mach Number Effect on Boatta-i l and Base Pressure
Coefficients
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AFFDL-TR-78-57

D 2
CD CD

SYMBOL NPR 
M D0(psfa ) ReL r~i (1 bm/sec ) 

A
~~ 

A~ 0b0M

—G--— 2.0 .80 3000 12.4 x io6 0.000 .10184 .09805 0.205

—0---— 2.0 .85 3000 12.7 x i06 0.000 .10241 .09428 0.205
...

~~~~~~ ..- 2.0 .90 3000 13.1 x iO~ 0.000 .10477 .10047 0.205

— .— ~~~~ -.— 2.0 .95 3000 13.4 x 106 0.000 .11374 .10892 0.205

CONICAL BOATTAIL

0 . 2 -

:: 
— — - — — C (M ~~ 0.85)

cp
— 0 . 4 

C1~ (M , : 0.8)

-0.6 

:.~ ~~~~~~~~~~
X ( i n .)

Figure 91. Mach Number Effect on Boattail and Base Pressure
Coefficients
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Figure 127. Afterbody Drag Coefficien t Variation With Mass Injection
for Different Reynolds Numbers , and NPR=2
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