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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

RESEARCH MEMORANDUM 

PRELIMINARY INVESTIGATION OF EFFEcrIVENESS OF BASE 

BLEED IN REDUCING DRAG OF BLUNT-BASE 

BODIES IN SUPERSONIC STREAM 

By Edgar M. Cortright, Jr. and Albert H. Schroeder 

SUMMARY 

The drag-reducing effectiveness of bleeding air to the base 
region of blunt-base bodies in a supersonic stream was investigated 
at a Mach number of 1.91. The first phase of the study consisted 
of base-pressure measurements on bodies of revolution with both a 
cylindrical afterbody and with conical boattails. In this phase, 
variable base bleed was provided from an external air supply. 
Base bleed was shown to be an effective means of reducing the 
base pressure drag. Increases in base-pressure coefficient of 
0.04 were obtained yQth the cylindrical-afterbody configuration. 
The variation of base pressure with quantity of base bleed was 
such that bleed-air sources at ambient pressure or less could be 
utilized effectively. 

The second phase of the investigation employed force measure­
ments to determine whether drag reductions could be obtained under 
practical conditions of bleed air intake. Simple drilled holes 
in the cylindrical portion of a hollow cone- cylinder body of 
revolution with open base resulted in total drag coefficient 
reductions of 0.03. Bleed air intake through the nose resulted 
in only slight net-drag reductions. 

INTRODUCTION 

When bodies with blunt bases are submerged in a supersonic 
stream, the external air flow separates from the bodies at the bases. 
This separation results in a semidead .air region at the base that 
is generally at a lower pressur e than the ambient fluid. The 
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resulting pressure drag of t he surf ace area wetted by this 
semidead air is commonly referred to as "base drag ." 

Hi th r espect to total drag , base drag may a ssume varying 
degrees of importance depending on the particular body configurations 
under consider ation . For bodi es of revolution vath cylindrical 
af terbodies and for extreme cases of the so- called blunt- trailing­
edge airfoil, the base drag may be as much as SO percent of the 
total -pressure drag at a Mach number of 1 . 9 . Many other examples 
exist in which base drag is sufficiently large to be worthy of 
serious attention . 

The results of a preliminary study of a technique des igned 
to reduce the base drag of blunt-bas e bodies in a supersonic stream 
ar e presented herein . This technique cons ists in bleeding relatively 
small amounts of air into the semidead air region at t he base and 
is hereinaf ter ref erred to as flb ase bleed." The experiments, whi ch 
were conducted at t he NACA Lewis laboratory in the summer and fall 
of 1950, consisted pri marily of two phases . In the firs t phase, 
the variation of base pressure with ba se bleed was determined for 
a body of r evolution mount ing various boattail configurations and 
supplied with bleed , air f rom a sour ce independent of the model. In 
the s econd phase, drag mea sur ements were made on a cone - cylinder 
body utilizing various means of bl eed-air intake and ejection t o 
determine whet her drag reductions could be obtained under practical 
condi tions of bleed- air intake . No attempt was made to study bleed 
sys tems in detail . 

APPARATUS AND PROCEDURE 

The inves tigation ,.;as condu cted in the lS- by IS-inch (Mach 
nunmer 1. 91) supersonic wind tunnel at the Lewis laboratory. Test­
section total t emperature and pressure were approximately 1500 F and 
atmospheric, respectively . The Reynolds number in the test section 
'fas approximatel y 3.2 X 106 per foot. 

Pressure models. - The apparatus utilized to determine the 
variation of base pressure with amount of base bleed was primarily 
designed for a study of the pressure distributions over a series 
of conical boattails i n the pres ence of a j et operat ing at pressure 
ratios up to 15. A sketch of the support and the models is shown in 
fi gure 1 and a photograph of the model assembly in the tunnel i s shown 
in figure 2 . (The boattail i n the photograph is not one of those 
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included in the present report.) The model configurations were 
bodies of revolution made up of a single nose section with inter­
changeable half-bases to provide boattail variation. The nose 
and the half-bases were assembled with a support strut and splitter 
plate, resulting in an asymmetrical geomet!y at the rear of the body. 
Interference phenomena, however, were limited by the presence of 
the splitter plate to those associated with plate boundary layer 
and with small disturbances from the plate leading edge, which was 
swept back at an angle of 400 • The angle of attack was varied in 
the plane of the splitter plate. Bleed air was ducted into the 
model through the hollow strut and then was turned and passed 
through a screen before discharge from a convergent nozzle of exit 
diameter equal to one-half the maximum body diameter. 

The assembled body of revolution had a fineness ratio of 12. 
The f irst half of the body was contoured according to equation (14) 
of reference 1, whereas the remainder was cylindrical except as 
modified by the presence of the conical boattails. Particular 
boattail geometries included in the investigation, along with the 
base-pressure instrumentation, are shown in figures l(b) and l(c). 
These models also included pressure instrumentation ahead of the 
base, which enabled the disturbance of the splitter plate to be 
qualitatively assayed. A pitot tube rake was provided at the nozzle 
entrance to determine the jet total pressure. Because earlier 
experiments had established a uniform flow at the nozzle entrance, 
a single tube of this rake was connected for the base-bleed 
investigation to a dibutylphthalate manometer board referenced to 
vaCUQm. This manometer was used for all pressure measurements . 
All static orifice diameters were 0.015 inch. 

lVith the pressure models, the procedure consisted in merely 
recording the pressure distribution over the entire boattail with 
jet floyl ranging from zero up to that corresponding to a jet pres­
sure ratio of as much as 15. Only the data from the low range of jet 
pressure ratios are presented herein. Because only one quadrant 
of the base was instrumented, it was necessary to vary the angle of 
attack in both the positive and negative directions to get a 
representative base-pressure coverage at the angles of attack of 
30 and 60 • In the case of the cylindrical-base model, a fai r ly 
complete survey ylaS made of the variation of base pressure with jet 
pressure ratio, vhereas for the boattailed bodies the general pro­
cedure vas to determine the base pressure with no base bleed, the 
maximum base pressure, and the minimum base pressure ,vi th an 
occasional extra point to aid in fairing the data. Tunnel static 
pressure in the region of the boattail was d~termined by a cali­
bration relating it to two side-wall static pressures. The dew 
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point was maintained within the range of _100 to 30 F . 
rat io Ivas both increased and decreased to establish the 
of hysteresis in the variations . 

NACA RM E5lA26 

Pressure 
absence 

Force model . - A sketch of the force model, support system,. 
and various model modifi cations i s shown in f igure 3. The basic 
configuration consIsted of a hol low 200 cone-cylinder of fineness 
ratio equal to 8.8 . From practical considerations, the nose was 
blunted to a l / 16- i nch- diameter flat. The model was supported 
f rom the t op of t he tunnel b y a shielded strut mounting strain 
gages in a moment -measuring circui t that was statically calibrated . 
Use of this s ystem for drag determination assumed no pitching 
moment of the model about t he support point. The fact that thi s 
assv~ption was obviously untrue because of the presence of the strut 
shield is r efer r ed to later in t he section "Discussion of Results." 

Three types of bleed- air intake were investigated at an angle 
of attack of O. Type A consisted of drilled holes of progressively 
larf;er diamet-er in the nos e of the model. Type B consis ted of 
drilled 1/16- inch- diameter holes of progressively larger numbers 
starting from 1/4-inch downstream of the juncture of the cone and 
the cylinder. Holes .Tere not located where the support shield 
covered regi on B. A typical type-B configuration is shown mounted 
in the tunnel i n f i gure 4 . Type C consisted of drilled 1/16-inch­
diameter holes of progressively larger numbers starting from 1/2 inch 
upstream of the b ase . With each intake system was utilized a series 
of base configur ations , D of figure 3, which varied the exit area 
Ab and area distribution in a systematic manner. In addition to 
the preceding configurations , two special models were investigated 
that consist ed of the basic model with a hollow tube attached to 
the base by a perforated annular plate (E of fig . 3). A tube of 
1 " h d " 1 7 2- l nc lameter , ~-inches long and a tube of a-inch diameter, 

3 inches long were utilized . Force measurements were made with the 
tubes .ride open and capped. 

Tunnel static pressure in the region of the model was deter­
mined from a cal i br ation relating i t to the upstream bellmouth 
total pressur e, which was measured with four pi tot tubes. Tunnel 
de'T point was mai ntained i n the s ame range as for the pressure-model 
tests . 
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DISCUSSION OF RESULTS 

The drag-reducing effectiveness of base bleed as obtained with 
the pressure models and as obtained with the f orce models are con­
sidered separately in the follo\rrng discussion. 

Pressure studies. - The results of the investigation of the 
variation of base pressure with base bleed are presented in figures 5 
and 6 where base-pressure coefficient Cp, b is plotted against jet 
pressure ratio Pj/po for each of the body configurations at angles 
of attack ~ of 00 , 30 , and 60 • 

where p refers to static pressure, q refers to dynamic pressure, 
and the subscripts 0 and b refer to free stream and base, respec­
tively. Jet pressure ratio P./PO' where P. is the total pressure 

J J 
of the bleed air, 
for convenience. 
no base bleed. 

is indicative of the bleed flow and is used only 
The lowest recorded value of Pj/po corresponds to 

In the case of the cylindrical base model (fig . 5), the variation 
of base-pressure coefficient with radial distance from the body axis 
was small, hence an average value is plotted for each value of 
angular location e, where e is measured from the windward surface 
of the model. A mean curve has been faired through the data points 
for each angle of attack . From these curves it is seen that the base­
pressure coefficient increases rapidly with slight increases in jet 
pressure ratio (or bleed flOW) . The maximum increase in base-pressure 
coefficient, approximately 0 .04, appears to be independent of angle of 
attack. For all angles of attack, the minimum base drag was obtained 
with approximately the same jet pressure ratio of 0 . 86, which indicates 
that bleeding from free - stream static pressure or less should be 
effective. Also , because the base pressure decreased with increasing 
angle of attack and the bleed t otal pressure for minimum base-pressure 
drag remained the same , the requir ed amount of base bleed increased 
slightly with angle of attack . Increasing the bleed flow beyond that 
required for minimum base- pressure drag caused the base pressure to 
decrease below its origi nal value . This r ever sal of variation may be 
qualitatively explained in at leas t two ways . Entrainment of air from 
the annular s emidead air region by the bleed air itself could cause a 
lowering of the base pressure with increasing jet velocities. In 
addition, the displacement effect of the jet may act in a manner 
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analogous to a support s ting and thus cause the base pressure to 
approach the lower two-dimensional value with increasing jet pres­
sure ratio and resulting displacement (see reference 2). Either 
explanation indicates that the r atio of jet-exit diameter to base 
diameter may be expected to have an effect on the variation of base 
pressure ,vi th jet pressure ratio. 

The data obtained from the bodies with coni cal boattails with 
half-angle ( of 5 . 630 , 7.030 , and 9.330 and with a base-to-body 
diameter ratio of 0 . 704 are similarly presented in figure 6. For the 
boattail configurations, however , all the recorded base pressures were 
aver aged for a s ingle reading at each setting . In general , the effect 
of bleed vlaS similar to that observed with the cylindri cal-base model. 
Certain differences can be noted) hm-lever. It was necessary to uti ­
lize a hi gher value of jet pressure ratio (p /pO ~ 1) to bleed suffi-

cient air to reach the minimum pressure-drag condition. This increase 
was probably a result of the higher initial base pressures . For all 
the boattails at ~ = 00

, the maximum increase in base-pressure coef­
fi cient due to bleed vras approximately 0 . 05} vlhich was larger than 
for the cylindrical-base model . In addition, this maximum increase 
in base-pressure coeffi cient increased ,vi th increasing angle of attack, 
reaching a value of approximately 0.072 for the three boattails at 
~ = 60 •. The decreases in pressure drag due to bleed were approxi­
mately independent of boattail angle (fig . 6), whi ch may have resulted 
in tpis case from the fact that base pressure with no bleed did not 
vary 'vi th boat tail angle . 

Some question remains as to the accuracy of the preceding 
result s when applied to a complete body of revolution because of 
support-system interference. Pressure disturbances resulting from 
misalinement of the splitter plate with the free stream or from 
plate boundary-layer growth might be expected to alter the pressure 
distributions up stream of the base and hence the base pressure. 
Although the data are not presented herein, the pressures upstream 
of the base vari ed in accordance with exact potential-flow theory at 
an angle of attack of O. The pressures were slightly hieher, hOvlever, 
as might be expected from the presence of the boundary layer on the 
body . No large variation with circumferential station was noted. 
For thes e reasons pressure disturbances from the plate leading edge 
and boundary layer were felt to be small at an angle of attack of O. 
Another form of interference results from the fact that the plate 
boundary layer provi des a possible source of air influx into the 
base region, which may affect t he base pressure. This possibility 
is qualitatively borne out by the fact that f or no bleed air at an 
angle of attack of 0 the cylindrical-base model registered a base­
pressure coefficient of - 0 .132, whereas other observers have recorded 
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values from -0.15 to -0.16 (references 2 to 4). This discrepancy 
indicates the possibility of some effect of support interference on 
the variation of base pressure with base bleed. Additional investi­
gation is required to check this point. 

Force studies. - The basic model for the force tests was chosen 
for ease of manufacture and does not represent a low-drag configu­
ration. For this reason, appreciable improvements in base drag do 
not represent large percentage improvements of the total drag in 
this case. 

'\Ilith a closed base (no bleed flovT), any modifications of the 
type attempted herein to the basic body VTould probably result in a 
change in the drag coefficient. This change , however, is not neces­
sarily considered significant in the present investigation inasmuch 
as no effort was made to control any such effect. Of prime interest 
herein is the change in drag coefficient between the modified case 
,vi th no bleed and vTi th base bleed. In this regard it should be noted 
that this change in drag coefficient due to base bleed is representa­
tive of more than the change in base pressure, which ","as considered 
in the pressure stUdies. Any reduction in axial velocity of the bleed 
air from intake to exit ,vill constitute a momentum loss and will 
appear as a drag increase. This drag component should be small for 
small values of bleed mass flow, particularly when the bleed intake 
is in a region of low-energy boundary-layer air. In the case of air 
intake through the nose, however, the internal drag should be more 
~erious. In addition to this effect, a local pressure drag is 
probably established at each drilled side-intake hole during bleed 
by excess air that is o_eflected in the vicinity of each hole. 
Effects of bleed-air intake on the external friction drag are 
probably small because schlieren photographs indicated turbulence 
over most of the cylindrical portion of the body for all configu­
rations vn th and "li thout bleed. 

The results obtained with the force models are presented in 
figures 7 to 9 where the body drag coefficient CD based on the 
maximum cross-sectional area of the body Am is plotted against 
the appropriate intru{e-area ratio for the three systems of air 
intake utilizing various base configurations. Intake-area ratio 
is defined as the ratio of side or nose-intake area, As or An' 

respectively, to the maximum body cross-sectional area Am. 
The configuration utilizing air intake in the relatively low 

pressure region just downstream of the cone (side-front intake) is 
represented by the data of figure 7. In this figure, the variation 
of drag coefficient ,vi th intake-area ratio is presented for four base 
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configurations. Curves are faired through the "no-bleed" points corre­
spondine to a closed base and the points obtained with the most effec­
ti ve base configuration, which "'as the configuration "nth the base 
completely open, Ab/Am = 0.84. The maximum decrement in drag coeffi-
cient due to base bleed of approximately 0.0325 vas obtained iVi th the 
largest intake area attempted and was a net gain. The unusual varia­
tion of drag coefficient iVith intake-area ratio for the no-bleed con­
dition is not fully understood but may be due to boundary-layer effects 
on the friction and base drag combined iVith the follOwing limitation 
of the drag-measuring technique. Presence of the support strut might 
be expected to introduce a pitching moment that would make the abso­
lute magnitude of the drag forces obtained some",hat in error. If this 
error remained constant, the results of the investigation can be con­
sidered relatively unaffected. In the case of the side-front intake, 
hOlfever, locating the intake holes in the vicinity of the support 
strut might have varied this pitching moment and hence the indicated 
drag in an unpredictable manner. 

In the case of the side-rear intake, data for all the bases 
investigated are presented (fig . 8). The maximum decrement in drag 
coefficient due to base bleed was approximately 0.03 and was mostly 
a net gain when the intake-area ratio As/Am was approximately 0.35. 
For larger intake-area ratiOS, the net gain was less inasmuch as the 
presence of the bleed holes appreciably increased the drag for the 
case of no-bleed flow. In this case, the base iVith a hole of half 
the body diameter was slightly superior to the completely open base. 
Despite this and some other exceptions, it was generally observed 
in all the force tests that with a fixed bleed-air-intake geometry 
the reduction in total drag coefficient due to base bleed increased 
with increasing open area in the base ~. 

Where the bleed-air intake is obtained through the nose (fig. 9), 
the data are somewhat more difficult to interpret. The drag coeffi­
cient 1fl th no bleed waS observed to vary in the manner expected, 
increasing iVith increasing nose bluntness. When the base was opened 
"Tide , however, the drag coefficient decreased to only approximately 
0.013 below its original value for 10v1 values of intake-area ratio. 
For larger intake-area ratios, the net improvement in drag coeffi­
cient became negligible. The increase in fore cone pressure drag 
from the original condition due to truncating the cone is theoreti­
cally negligible for these cases during bleed. Because external­
flow departure angles obtained from schlieren 'photographs indicate 
that the base drag did decrease in a manner comparable iVith the 
side-intake models, particularly in the case of the larger intake­
area ratiOS, it appears that the absence of appreciable net gain 
was primarily a result of bigh internal drag. 
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The results of the side-intake tests are summarized in fig-
ure 10 where the increment in drag coefficient due to base bleed is 
plotted agains t intru{e-area ratio for the cases of the most effec-
tive bases investigated. Drag decrease due to base bleed is obtained 
quite rapidly and then appears to approach a limit, as would be 
expected. Utilization of side-front intake required more intake 
holes to obtain full benefit of base bleed because this intake region 
was at a lower pressure. The increments in drag coefficient of -0.03 
are less than the -0.04 value predicted from the pressure investigation 
as a probable result of the aforementioned drag effects of handling the 
bleed air. 

The purpose of the limited investigation of the basic body 
mounting hollow tubes supported by a perforated plate to the base 
was to attempt to stimulate increased reverse flow into the semidead 
air region by reaching downstream into the high-pressure wake. In 
order to evaluate the results, it was necessary to investigate the 
configurations with the tubes capped to determine if drag reduction 
might result from the presence of the tube alone. The results are 
summarized in the f ollowing table : 

Base-tube Total drag coeffiCient, CD 
configuration 

Length Inside No tube Tube capped Tube open 
(in. ) diameter 

(in. ) 

2~ 7 0 .402 0 .388 0.385 
2 16 

3 3 . 402 .394 .382 -
4 

As sho.m in the table, there is a drag-reducing effect of the capped 
tubes alone. When the tubes were opened so as to permit air circu­
lation the drag was further markedly decreased only in the case of 
the 3/4-inch inside-diameter configuration. 

Typical schlieren photographs that illustrate the effect of 
base bleed on the base pressure as indicated by the external-flow 
departure angle are presented in figure 11. The flow over a conical 
boattail of half angle (:::: 5.630 is shown in figure ll(a). The 
departure angle markedly decreased when the amount of base bleed was 
set at the optimum value . The same effect of bleed is illustrated 
for the cylindrical-base force models in figures ll (b) and ll(c) 
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where a decrease in strength of the trailing shock "ifaVeS vii. th base 
bleed is also evident. All other models ,nth bleed (including the 
nose-intake models) indicated qualitatively similar results. Esti­
mates of the effect of base bleed calculated from the external-flOlJ 
departure angles obtained from schlieren photographs correlate roughly 
\-lith the pressure and force data. 

CONCLUDING REMARKS 

Base bleed offers an effective means of reducing the drag of 
blunt-base bodies in a supersonic stream. Promising applications 
of this technique include blunt-base airfoils and blunt-base air­
craft, missile, and projectile bodies. Such regions as the annular 
base around a nozzle exit, which may experience very low pressures 
because of jet effect, should also be susceptible to drag reduction. 
In addition, supersonic compressors utilizing blunt trailing-edge 
blades offer a conceivable application. 

Although various authors have hypothesized lfith some success 
simplified flow fields that permit the prediction of base pressure 
characteristics for a limited family of bodies of revolution in a 
supersonic stream (references 2, 5, and 6), the detailed flow proc­
esses are quite complex and remain imperfectly understood. Consid­
eration of base bleed is an added complication. Additional research, 
both theoretical and experimental, is required to further an under­
standing of the phenomena. 

SUMMARY OF RESULTS 

From a \-lind-tunnel investigation at a Mach number of 1.91 to 
determine the effectiveness of base bleed in reducing the drag of 
blunt-base bodies, the follOlving results vTere obtained: 

1 . Bleeding the proper amount of air into the base region of 
bodies of revolution resulted in a substantial increase in the base 
pressure. In the case of the cylindrical-base body, an increase in 
base- pressure coefficient of approximately 0.04 was obtained at 
angles of attack of 00 , 30 , and 60 • In the case of the bodies \-lith 
conical boattails of half-angle 5.630 , 7.030 and 9.330 and lfith base­
to-body diameter ratio of 0.704, an increase in base-pressure coef­
fi cient of apprOximately 0 . 05 was obtained at an angle of attack 
of 00 , increasing to 0.07 at an angle of attack of 60 • 
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2. Total-drag-coefficient reductions of approximately 0.03 
were obtained from force tests of a body of revolution with 
cylindrical afterbody utilizing simple drilled .holes in the cylin­
drical portion as a ·means of air intake. Nose air intake yielded 
little net-drag decrease as a probable result of internal drag. 

3. With a fixed bleed-air intake geometry, the reduction in 
total drag coefficient due to base bleed generally increased with 
increasing open area in the base. 

Lewis Flight Propulsion Laboratory, 
National Advisory Committee for Aeronautics, 

Cleveland, Ohio. 
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.. Bleed air IX~ 

Splitter-plate leading edge L strut Throttle valve 

(a) Model and support with cyl indrical-base configura tion. 

/ Plane of bleed air total­
/ pressure measurement 
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1-----------3 . 50" 
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(b) Cylindri cal-base configuration. 

------
--------- ------

(c) Conical-base configuration. 

Figure 1. - Sketch of pressure model , support strut , and various boattail configurations. 
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Temperature-compensated 
strain Bages 

Tunnel 'm-ll 

9 . 00" 
1---------------------- 13. 25 "---------

diam. 

A Nose- intake- hole diameter : 3 / 32", 1/8", 5/32", and 3/16" 
B Side-front intake region: 1/16 "-diam . holesj 120, 206 , 354 , and 500 holes 
C Side-rear intake region: 1/16"- diam. holesj 120, 180, 240, and 300 holes 

ca9),Q~~~~0 
( bl ) 

-d18m. ~.§f:: ~~ ~ 
no eed 8 8 4 8 8 ' 8 • 

4 8 holes , 12 holes , 
1/8" diam . 1/8" diam . 

Abl-~ ° 0. 000695 0.0625 0 .25 0 . 00556 0.00834 0 . 84 
Base 1 2 3 4 5 6 7 

D Base configurations: Ab , total open base areaj Am , body cross- sectional area 

Section AA 

E Special configurations 

Tube lengt h 
L 

(in. ) 

i! 
2 

3 

Perforated annular plate 
of tota 1 open area Ap 

I.D. O.D. Ap/ Arn 

(in. ) (in . ) 
7 1 0 . 339 

16 "2 
21 3 . 318 
32 4" 

~V 

Figure 3 . - Sketch of force model and balance system showing air- intake location and base 
configurations investigated . 
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Figure 4. - Photograph of force model in 18- by 18-inch tunnel. 
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Figure 11 . - Schlieren photographs of flow in base r egions of typical pr essure and force 
model configurations with and without base bleed at Mach number of 1 . 91. 
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