- =

<38

NACA RM E57E06

810L

Copy
RM E57E06
_—d
=
==
]
FT==2
L=
LSS &
=3 E
=:¥
JET EFFECTS ON BASE PRESSURES OF CONICAL AFTERBODIES
AT MACH 1.91 AND 3.12
By L. Eugene Baughman and Fred D. Kochendorfer
Lewis Flight Propulsion Laboratory
Cleveland, Ohio
Chassiicss i ¢y
o :‘” f | %nc td (er chappgp w'--L"\‘\c—«\‘:.:.s.E:._c,é )
ECYERTR rpe ),J 1ZED TOQF‘A:G T4 Beet % 2 C3
By...... 2 = ,
NATIONAL ADVISORY COMMITTEE
| FOR AERONAUTICS
D, WASHINGTON
August 12, 1957




NACA BM ES7EO6 .AL

TABLE OF CONTENTS

SUMMARY .
INTRODUCTION
SYMBOIS . . . . . .

MODELS . e

Basic Models

Rocket Model . .

Tail Interference Mbdel .

Air Supply . .

Tunnel Installatlon .
Support struts . .
Effect of struts on flow

Boundary Layer . .
DATA REDUCTION

INTRODUCTORY CONCEPTS .
Flow Geometry . .
Wake Pressure Rise Ratio
Theoretical Flow Model
Role of Variables .

BOATTATI, AND WAKE PRESSURES .
Boattall
Wake

RESULTS AND DISCUSSION

Effect of Jet Pressure Ratio .
Effect of Base-to-Jet Diameter Ratio
Effect of Body-to-Jet Diameter Ratio

Effect of Bogttail Angle
Effect of Nozzle Angle .
Effect of Jet Mach Number .

Effect of Free-Stream Mach Number .

Effect of Fluid Properties
Effect of Jet Temperature .

Effect of Tail Interference .

WAKE PRESSURE RISE RATIO

PREDICTION OF BASE-PRESSURE COEFFICIENT .

"

= i

8143938

Page

~1 OO OU U

I:“(O(DNI-J

. 13
. 13
. 13

. 13
. 15

. 17
. 18
. 20

. a1l
. 2l



NACA RM ES7EO6

Page

SUMMARY OF RESULTS . 24
APPENDIXES

A - CALCULATION OF THEORETICAL WAKE PRESSURE RISE RATIO . . . . 26

B - CALCULATION OF EXPERIMENTAL PRESSURE RISE RATTO pw/pb « « . 29

REFERENCES . 30

BIBLIOGRAPHY . 32

FIGURES 38



NATTONATL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

JET EFFECTS ON BASE PRESSURES (OF CONICAIL. AFTERBODIES
AT MACH 1.91 AND 3.12

By L. Eugene Baughman and Fred D. Kochendorfer

SUMMARY

Date are presented which show the effect of a jet on base pressure
for a series of conical afterbody-jet-nozzle combinations having boat-
tall angles that varied from 0° to 11° gnd base-to-jet dismeter ratios
thet varied from 1.11 to 2.87. The jet nozzles had exit angles from O°
to 20° end were designed for exit Mach numbers from 1.0 to 3.2. Pres-
sure ratios up to 30 were tested for both a cold (air) and a hot (rocket)
jet. The investigabtion was conducted at free-stream Mach numbers of
1.91 and 3.12.

In general, base pressure increased for increasing values of boat-
tail angle, nozzle engle, Jet temperature, and jet total pressure and
for decreasing values of base-to-Jet diameter ratio, jet Mach number,
and free-stresm Mach number. The addition of tail surfaces produced
only small changes in base pressure.

For all variables, base pressure is governed by the meximum pres-
sure rise that can be supported by the wake fluid in the region of the
trailing shock. The wake pressure ratio is In turn governed by the jet
and free-stream Mach numbers adjacent to the wake region and by the
gstate of the boundary layer on the boattail and on the nozzle.

Values of wake pressure ratio computed using the theory of Korst,
Page, and Childs were in good agreement with experimental values for
convergent nozzles.

INTRODUCTION

Predicting the pressure on & blunt annular base surrounding a pro-
pulsive jet has proven to be a stubborn problem. In the 6 years it has
received attention, a completely general and comsistently successful
approach has not been forthcoming.
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Part of the difficulty arises from the large number of variables in
the problem and the relatively tedious calculations required in analyzing
the flow field iIn the base region. Geometric parameters include boattail
and nozzle shapes and base size; flow varisbles include temperature, pres-
sure, Reynolds number, Mach number, and gas properties of both the exter-
nal stream and the Jet. Actual base-pressure calculations require a de-
talled analysis of the flow conditions of both the jet and the external
stream in the base region as well as the mixing process in the wake.

As a result, most of the investigations into this problem area bhave
been experimental in nature and limited in scope. Until recently, the

most successful approaches to predicting the pressure on a base surround-

Iing & Jet have been empirical in nature, having used experimentally deter-
mined values of the governing pressure rise across the region of the
trailing-shock formaetion (e.g., refs. 1 to 4). These studies, in general,
arallel similexr gpproaches to the base-pressure problem without a Jet
refs. 5 and 6). The extensive studies of the pressure rise associated
with shock-induced boundaxy-layer separstion and reattachment have con-
tributed greatly to the progress of this field.

More recently, theoretical approaches have been evolved for the two-
dimensional laminer (ref. 7) and turbulent (ref. 8) base-pressure prob-
lem. The latter theory was applied to a base separating two different
streams and has been modified herein to apply to the annuler base.

The present report provides base-pressure data for a systematic set
of afterbody and nozzle geometries. The data are then used to calculate
the important wake parameters in en attempt to gain further insight into
the factors that govern base pressure.

The ranges of the important parameters are as follows: free-gtream
Mach numbers, 1.91 and 3.12; Jjet Mach number, 1.0 to 3.2; bosgttail angle,
0° to llo; nozzle angle, 0° to 20°; base-to-jet diameter ratio, 1.1l to
2.67; Jjet temperatures, 540° R (air) and 4200° R (rocket); and Jet total-
to free-stream static-pressure ratioc, jet off to 30.

Part of the present date has been discussed previously in reference
1. A Dbibliography of investigations concerning Jet-stream interaction
effects is inecluded.

SYMBOLS
C pressure coefficient, 2 [ _
P 2 \%o
c chord
d diameter

C e aeyr———a - X I
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L length

M Mach number

P total or stagnation pressure

static pressure

R gas constant

by radius

T total temperature

t thickness

v velocity

X exiel distance from base

y radial distance from boattail

a deflection angle at trailing shock of fluid Jjust outside mixing
region, deg

B angle of boattail, deg

T ratio of specific heabs

5 boundary-laeyer thickness

€ angle of nozzle at exit station, deg

v Prandtl-Meyer engle (angle through which a supersonic stream is
turned to expend from M =1 to M> 1), deg

@ angle of intermal flow with axis, deg

¥ angle of external stresm with axis, deg

Subscripts:

a boattail station Just upstream of base for Jjet-off conditions

B body maximum
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b base

c Just ashead of trailing shock

e external stresm between a and c

i internal stream between ¢ and c

J Jet conditions at nozzle exit

1 limiting streamline

t throsat

W wake conditions downstream of interaction point of jet and

external streams

0 free stream

MODELS
Basic Models

The model (fig. 1) was composed of & strut-mounted 8° cone-cylinder
forebody and interchangesble conical boattails. The over-all length weas
20.44 inches, and the fineness ratio L/dB of the body was 10.2. The

boattall and base instrumentation was located behind and 90° from the
struts. The average jet total pressure was measured by a single-
calibrated pitot tube located ahead of the convergent portion of the
nozzle.

Boattails with half-sngles B from 3° to 11° and body-to-base di-
ameter ratios db/dj from 1.11 to 2.67 were used (fig. 2(a)). The loca-

tion of the boattall pressure taps is shown. -

The convergent and convergent-divergent jet nozzles had s body-to-
Jjet dismeter ratio dB/dJ of 2.67 except for one convergent-divergent
nozzle which had a d.B/dj of 1.89. Other hdzzle paremeters and pres-
sure tap locations are shown in figure 2(b).

Rocket Model
A propene-oxygen rocket (fig. 3(a)) with the same size and shape

nozzle and external configuration as the basic model was used in order
to obtain a heated jet. The propellants were gaseous and were metered

BOSE. |
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to permit control of the fuel-air ratio over the range of combustor pres-
sures used. A schemabic disgram of the fuel system is shown in figure
3(b). The propane tank was immersed in a heated water tank to incresse
its pressure. The fuel and oxidant were injected into the combustion
chamber through l/é-inch diametrically opposed tubes. The mixture was
ignited from the end of the model by means of a retractable spark source.
Water was circulated through the model in order to keep the nozzle and
combustion-chamber-wall temperatures low enough for continuous rocket
operation.

The afterbody configuration of the rocket model was modified with
shells to give base-to-jet dismeter ratios d-b/dJ of 1.40, 1.67, and

2.00 and boattail angles B of 5.63°, 7.030, and 11.00°. Two nozzles,
a convergent and a convergent-divergent with a design pressure ratioc of
10.5, were run.

The base pressure was measured with four static teaps locsted 90°
spart. Boattaill instrumentation (for the 5.63° boattail angle only) con-
sisted of five static taps Just ahead of the base duplicating that of the
basic "cold" model. In order to determine the Jet pressure ratio, a wall
static tap was placed inside the nozzle as close to the exit as possible.

The static temperature of the jet was determined using the sodium D
line reversal method. The temperasture was spproximstely 4200° R in the
center of the Jet just downstream of the base. The specific heat ratio
of the jet was estimsted to be between 1.15 and 1.25.

Tail Interference Model
Rectangular planform tails were sttached to the basic model after-
body (fig. 4). The tails had a thickness ratio t/c of 5 percent with
a l%-inch chord and a 4.5-inch span. The tails could be moved fore and

aft by repositioning in longitudinal slots. The supporting boattalls
hed angles of 0°, 5.63°, and 9.33°. The cylindrical or 0° boattail had
8 base-to-jet diameter ratio of 2.67 while the 5.63° and 9.33° boattails
had & base-to-jet dismeter ratio of 1.40. Base pressure was measured
with four static teps 90° apart in line with the taill surfaces.

Air Supply
Air for the jet was supplied by a 125-pound~per-square-inch service

air line. The range of pressure ratios availsble varied from the no-
Jet-flow condition to a Jet pressure ratio PJ/PO of 18 for the conver-

gent nozzle to a P j/PO of 38 for the convergent-divergent nozzles. To
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obtain the effect of specific heat ratio, carbon dioxide was also used
as the jet fluid. Liquid carbon dioxide was heated in a heat exchanger
and converted to a gas at the desired pressure and temperature. .

Tunnel Installation

The models were run in two facilities, the Lewis 18- by 18-inch
Mach 1.91 supersonic tunnel and the 12- by 1l2-inch Mach 3.12 supersonic
tunnel. The basic model installed in the tunnels is shown in figure 5.
The Reynolds number per foot for the Mach 1.91 tunnel was 3.2XL0° and
for the Mach 3.12 tunnel was variable from 2.33 to 8.16X10°.

Support struts. - The model was supported in the tunnel with 9.3-
percent-thick double struts located 3.75 body diameters shead of the
basge (fig. 1). Air or carbon dioxide for the Jet and the fuel-oxidant
for the rocket were ducted through the struts to the model along with
the instrumentation lines.

Effect of struts on flow. - In order to determine the effect of the
struts on afterbody pressures, the model was run both with single and
with double struts. The boattall pressures near the base for both the
single and double struts were in good agreement with Van Dyke's second-
order theory (ref. 9) and the splitter-plate model of reference 10

(fig. 6(a)).

The base pressures showed some effect of the number of struts, With
a double strut, base-pressure coefficients were lower than those of the
single strut by 0.03 and were in better agreement with those of reference
10. If the base pressures are adjusted for the differences in bhoattail
presgures between the present data and those of reference 10 (Acp,b =

0.03 fram fig. 6(a)}), the agreement is excellent. Double struts were
used for all subsequent experiments.

The curves for the boattail pressure 90° from the strut (fig. 7(a))
show & rise near the base, and those for pressures behind the strut show
a bump just ahead of the base. These increases result from the shock
from the interaction of strut leading edge and the wall boundary layer
(fig. 7(b)). Similar effects were observed for ell boattails.

Boundsry Layer

The boundary layer on the boattail was measured with a pitot rake.
In order to keep the transition point the same for all runs, transition
was forced with a 0.005-inch wire ring 1/2 inch in dismeter on the nose
cone of the model. Typical velocity profiles of the boundary layer Just

ahead of the base are shown in figure 8 for Mach 1.91 and 3.12. The | o

lalalalal



difference between the side and bottom profiles is due to the strub
shocks as well as to the strut wake. For the afterbody configurations
with boattails, the boundary layer thickened slightly with a Sa/dB of
approximetely 0.06.

DATA REDUCTION

The jet total pressure was found directly from the calibrated pitot
tube Jjust upstream of the nozzle. Jet static pressures were calculated
only for PJ./pb > (Pj/pj)design (fig. 2(b)). The jet Mach number was

assumed equal to the design value, and p: was compubted from
p, = (P.) /(®./2.) ’
J J‘measured! V" J *j‘design’

With respect to this calculation 1t should be mentioned thet the
pressures measured on the nozzle wall near the Jet exit (fig. 2(b)) were
canpared with the theoretical design vaelues. For the two divergent noz-
zles designed for a pressure ratio of 20, the measured values were high
by 8 percent. For all other values the discrepancy did not exceed 3
percent.

For the rocket model no internal pltot was used, and the Jet static-
pressure ratio was computed directly from the exit wall tap.

The base-pressure coefficient was calculated from an averasge of the
two measured base pressures.

INTRODUCTCRY CCNCEPTS
FPlow Geometry

Typical schlieren photographs of the flow in the base region are
presented in figures 9(a) and (b), and a simplified sketch showing the
important features of the flow in the interaction region is shown in
figure 9(c). It is convenient %o consider three distinct regions. In
the first, upstream of the base, the static pressures Pj and p,, the

Mach numbers Mj and M., and the flow directions € and B of the
jet and the stresm are, in general, all unequal.

The second region is that downstream of the base and upstream of the
trailing shock. In this region the flow directions of the Jet and the
gtream can still be umequal; however, since the two flows are separated
by a core of semidead air, their boundery pressures p, and p; can be

assumed equal to the base pressure. (It should be noted that this is a
somewhat simplified picture since p, may vary somewhat, particulerly
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in the region just upstream of the tresiling shock.) The Jet deflection
at the base ®, - € depends on PJ/Pb: MJ, and T35 the stream deflec-

tion *b - B depends on Pa/bb and Ma‘ For the three-dimensional case

the constant-pressure boundaries of both the Jet and the stream are curved
80 that both ¢ and ¥ will vary with the distance downstream of the

- X = X
base x. Since q)—f(dj) end ¥ g(db)’ the variable d.b/d.J will

play an importent role in determining P and ¥,, the flow directions
Jjust upstiream of the trailing shock.

In the third region, downstream of the trailing shock, the flow
directions as well as the static pressures must be equal. Therefore,
the pressure of both streams must equal the wake pressure Dy, end from
geometry the deflections oy end o« must be such that

Brief consideration shows that the value of the base pressure is not
determined uniquely by these requirements. The previous equation can be
satisfied for all values of Py less than that for which the two flows

D
By
sure ratlo pw/ﬁb equals the normal shock value corresponding to Mi or

are parallel (¢c = Va3 = 1.0) and greater than that for which the pres-

M., whichever 1s lower. Thus, the appropriate unique value of the wake

bressure ratio Pw/Pb must be known before the base pressure is
determined.

Wake Pressure Rilse Ratio

It has been suggested (refs. 1, 4, and 6) that the amount by which
the wake pressure exceeds the base pressure is simply the maximum pres-
sure rise which can be sustained by the wake in the region of the trail-
ing shock and must, therefore, be directly dependent on some physical
characteristic of the wake.

Data from forward- and resrward-facing steps (refs. 11 and 5) and
from blunt-based bodies and eirfoils (refs. 6 and 12) show thaet the pres-
sure rise ratio depends on the Mach number, the form of the boundary
layer, and the ratio of boundery-leyer thickness to step or base height.
When the boundary leyer is turbulent and thin relative to the base or
step, the pressure rise apparently depends only on the value of the Mach
nunber ahead of the shock. The veriation of shock pressure rise ratio
with approach Mach nunber is shown in figure 10 for steps and airfoils
having thin turbulent boundery leyers. The results for the airfoils fol-
low the same trend as those for the rearward-facing steps over the Mach

f08¢
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number range but begin to depart from those for the forward-facing steps
at Mach numbers sgbove 2.0.

Theoretical Flow Model

Some ingight into the similarities between the wske flows for the
rearward-facing step and the blunt-based airfoil as well as into the
nature of the factors governing the wake pressure rise itself can be ob-
tained from a flow model proposed in references 7 and 8.

Edge of mixing .
region Trailing shock-\\
# Separating or limiting
' . streamline
Me
M
~ P
(ﬂ\ - / .
Py =~
< -‘D/

(a)

The previous sketch shows that as the stream passes into the wake
reglon the velocity profile is altered first by the expansion around the
base and then by the turbulent mixing in the wake region. Of particulsr
importance in the theory are the "separating" streemlines (dashed lines).
A separating streamline is defined as that streamline outside of which
the mass flow is equal to that flowing over the body Jjust ahead of the
base. (It should be noted, however, that, because of mixing, both stream
and wake fluid can cross the separating streamline. It is not Intended
that the term "separating" denote a division in the gbsolute sense.) From
continuity all £luid outside the separating streamlines must continue
downstream through the trailing shock. The inside fluld must reverse
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dlrectlion and move toward the base. Since of all fluid thet must pass
downstream the fluid on the separsting streamline possesses the lowest
dynamic head (or total head or Mach number), the separating streamline
must also be the streamline which limits the wake pressure rise ratio

P,/Pp-

For simplicity, the separating streamlines are shown in sketch (a)
to change direction abruptly at the trailing shock. Actually, the higher
wake pressure will be trensmitted upstream, and the inner streamlines
will chenge direction smoothly beginning some distence upstream of the
shock. The compression process slong the separating or limiting stream-
lines may therefore be almost isentropic so that P,/p, ~ p, /p, where

PZ is the stagnation pressure on the limiting streamline. The Mach num-
ber Mz must then be

r-1

2 Py
wrH () -

Application of this method obviously requires detailed informetion
on .the velocity profiles in the wake region. The anelysis of two-
dimensional jet mixing (refs. 7 and 13) was used in reference 8 to esti-
mate base pressures. However, since the only availsble information was
for fully developed turbulent profiles, the results should apply strictly
only to the case for which the distance to the trailing shock is large
relative to the boundery-layer thickness; the condition xc/s >20 1is

stated as a requirement in reference 13. If it is assumed that the ve-
locity profiles are relatively unaffected by the presence of a surface,
the results should apply to the rearward-facing step as well as to the
blunt-based airfoll. The solid curve of figure 10 shows the excellent
agreement obtained between the theory and the data for blunt-based air-

foils or rearward-facing steps. B ;

A similer model can be applied to the problem of jet effects on base
pressure. In this case the total pressures of the jet and the stream
are, in general, unequal. Filgure 11 shows the case for PJ > Pg, and,

since Pj/bb 1s then grester than Po/bb, Mi must be greaster than Mé.

In general, then, the stagnation pressure on the separsting streamline

in the jet will be greater than that along the separating streamline in
the external flow. Since the two limiting streamlines, which are Just
able to negotiate the wske pressure rise, by definition must have egual
stagnation pressure, the separating streamlines cannot be the limiting
streamiines for PJ f Py. There will exist, however, two new streamlines,

one In the internal flow and one in the external flow, which satisfy the
followlng conditions:

808¢
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(1) The stagnation pressures (or Mach numbers) are equal.

(2) The mass flow between the new streamline and the separsting
streamline in the internal flow must equal that between the new and sepa-
rating streamlines in the external flow.

The second condition satisfies the requirement that the total flow
that passes downstream through the trailing shock must equal that up-
stream of the base. The new streamlines are therefore the limiting
streamlines so that the Mach number will equal the value of M; defined
previously.

For the case illustrated in figure 11 (PJ. > Py), the two limiting

streamlines lie outside their corresponding separating streamlines. A
portion of the stream fluid is continually being "trapped" in the wake,
and an equal smount of weke fluid is carried downstresm by the higher
energy Jet. It is interesting to note that for a high-tempersture jet
the Jet-stream pressure ratio should plsy an important role in debermin-
ing the wake temperature; high wake temperatures should accompeny low
Jet pressures (PJ/PO < 1) and vice versa.

Calculations for the theoretical values of wake pressure rise ratio
were made for PJ # Py by using the tabulated turbulent mixing gquanti-

ties of reference 1l4. Details of the procedure are given in appendix A,
and the results are presented in figure 12. Wske pressure rise ratio is
plotted as a function of external Mach number Mé for severasl values of

jet total-pressure ratio, which is defined as the ratio of the Jjet total
pressure to the free-stresm total pressure PJ/?O. Also shown are lines

of constant internal Mach number M;, where M; is related to PJ/PO
and Mé through

r=1

- 1.2 P\ 7Y -1
mpage() (o)

It can be seen that increasing the pressure retio (at constent Mé)

results in & significant Increasse in wake pressure rise ratio. The
curve for PJ/PO = 1.0 along which M, = M; 1is identical to the solid

curve of figure 10.

Role of Varisbles
Ag a result of the wake pressure rise concept, base pressure can be

expressed as a product of two more fundemental gquentities, the wake pres-
sure and the wake pressure rise ratio, as follows:
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Any of the parsmeters which tend to lncrease P, Or decrease Pw/Pb or
both will increase bagse pressure. It has been shown that pw/pb depends
on mixing conditions in the wake and on the Mach numbers Mi and M,.

The wake pressure, on the other hend, is essSentially fixed by Jet and
stream conditions (i.e., by afterbody and ndzzle geometry, free-stream
Mach number, and jet pressure ratio) and is relstively independent of
conditions in the weke. This i1s illustrasted in figure 13. The curve was
obtained by calculating the wake pressure for the experimentally cbserved
value of base pressure as well as for several higher and lower base pres-
sures. (This method is presented in sppendix B.) The afterbody and noz-~
zle geometry, M,, and Pj/ro were held comgtent. If the weke mixing

process could be altered in some menner, thereby changing the wake pres-
sure rise ratio (e.g., by bleeding air through the base), the wake pres-
gure itself would remain essentlally comstent. Actually, for large

changes in wake pressure rise ratlo, wake pressure will change; the impor-

tant point is that the change in wake pressure is small compared with the
change in weke pressure rise ratio.

The effects of the different variables —can now be summarized as
follows: -~ 7 '

(1) The value of the wake pressure is determined primarily by the
geometry -of the nozzle and the aefterbody, the free-stream and jet Mach
nunbers, and the Jet pressure ratio. _ o

(2) The base pressure is lower than the wake pressure by a factor
which depends on the local Mach numbers in the base region, on the -
trailing-ghock distance, and on the form and glze of the boundary layers
ahead of the base.

BOATTATI: AND WAKE PRESSURES

At this point it is clear that in order to obtain the quantities
necessary for an anslysis of Jjet effects on base pressures (i.e., Ma,

M, Py and pw/pb), values must be known for the pressures pg, pj, and
Py, and for the Mach numbers M; and Mj. The methods for cbtaining

Py and Mj have been discussed previously. Boattail and wake quanti-”
ties were obtained as follows. . : -

808%
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Boattaill

Theoretical and experimental boattail pressure coefficients are com-
paered for a boattall angle of 5.63° in figures 14(a) and (b) for
My = 1.91 and in figure 14(c) for My = 3.12. These data are for jet-
off operation and are shown for ell the 5.63° boattalls tested. The
theoretical values are Van Dyke's second-order theory from reference 9.
The strut-body interference neasr the boattall break and the effect of the
strut-tunnel well shock discussed with figure 7(a) are agaln apparent in
figure 14. Except for these local disturbances, however, good agreement
was obtained. Results were similsr for other bogttail angles. Comse-
quently, in order to avoid effects of the locgl disturbances, the theo-
retical values of pressure at the end of the boattail will be used where
needed to analyze base-pressure date. These values are shown In figure
15 as a function of the base-to-jet diemeter ratio for several values of
bogttail angle.

The boattail Mach number M, was computed from Pa/Pa where the
pressure ratio was obtained as follows:

where pa/ro was obtained from figure 14, PO/PO from tunnel calibra-
tions, and Py/Py = 1.

Wake

The wake pressure was calculated using the observed value of the
base pressure. (Deteils are given in appendix B.) Briefly, the process
was as follows: (l) From the observed base pressure, values were com-
puted for the Mach numbers M; end M, and for the flow directions @,

and V.. (2) A vaelue was assumed for the weke pressure ratio, the de-
flection angles oy and o, were computed, and the sum of the deflec-
tion angles was compared to the sum of the flow angles. (3) The process
of step (2) was repeated until the relation oy + @g = Pp + ¥ Was
sgtigfied.

RESULTS AND DISCUSSION
Effect of Jet Pressure Ratio

The effect of Jjet pressure ratio Pj/PO on afterbody pressures is
shown in figure 16 for db/dj =1.11, p = 5.63°, and My = 1.91. The
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conventionel ratio of Jjet total pressure to free-stream static pressure
is gshown in this and in many of the figures concerning Jet pressure ratio.
Jet pressure ratio should not be confused with Jet total-pressure ratioc
PJ/PO (fig. 12) or with jet static-pressure ratio pj/po, which will be

considered subsequently.

Bage-pressure coefficient is presented in figure lG(a). Also shown
are schlieren photographs corresponding to operation at several pressure
ratios. As the Jet pressure ratio is increased above the no-flow value,
base pressure firgt increases, then decreases, then again increases al-
most linearly. The Jjet at first adds low-energy air to the wake, thus
reducing the allowable value of pW/pb end, as a result, increasing the
base pressure. This is the region of "base-bleed" operation. The Jjet
flow is so small that the wake configuration is more nearly that of the
no-Jjet-flow case (sketch (a)). The maximum base pressure with base bleed
merks the transition between the two types of wake flow. It can be seen
that the base-bleed pressure can be considerably higher than the Jet-off
value.

In the second region, the jet and the stream combine to aspirate the
base and base-pressure decreases, the minimm value being consgiderably
lower than the Jet-off value. Finally, as Jet pressure ratio becomes
sufficiently high, base pressures again lncrease.

For the case shown, the rate at which base-pressure coefficient in-
creases begins to fall for pressure ratios greater than 12 (Cp’b > 0.15).

This occurs because the base pressure becomes sufficiently high to sepa-
rate the boattail boundary layer. The effect on the location of the
trailing shock cen.be seen in the schlieren photographs (fig. 16(a)); the
effect on boattall pressure distribution 1s shown In figure 16(b). Varia-
tion of pressure coefficient with distance along the boattail is plotted
for several Jet pressure ratios. Also shown are the corresponding base-
pressure coefficients. At low pressure ratios (PJ/PO < 5) the base pres-

sure is lower than the Jjet-off pressure near the end of the boattail pg,,
and all boattail pressures equal the Jjet-off values. At higher pressure
ratios, however, the base pressure exceeds DP,, the higher pressures feed

upstream, and pressures near the aft end of the boattall increase. At a
pressure ratio of 186 large pressure changes can be observed. The flow
deflections resulting from these pressure gradients tend to increase the
effective value of db/aj and, as will be shown, this should decrease

the rate at which base pressure increases with jet pressure ratio.

Reasons for certain of the base-pressure variastions of figure 16
are more appsrent if base pressure is factored into component pressure

P/ P
ratios as follows: pb/bo = 52§5§' Values of these components calculated
W
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from the experimental data and the corresponding values of intermsl and
external Mach nunber are plotted in figure 17. Also shown are the gppro-
priate theoreticsl wake pressure rise ratios from figure 12. It should
be noted that the base-to-Jet dismeter ratio is 2.0 rather than 1.11 as
in figure 16. The change was made because more data were aveilable neer
the minimum base-pressure point for the larger diemeter ratio.

Jet pressure ratios greater than that corresponding to minimum base
pressure (i.e., Pj/bo > 4) should be considered first. As pressure ra-

tio increases (1) wake pressure increases rapidly because the angle of
approach @, + ¥, increases, and (2) weke pressure rise is almost con-

stant because the Mach numbers and M; vary only slightly and, in
addition, in opposite directions (see fig. 12). In general, agreement
between theory and experiment is excellent. Base pressure therefore in-
creases because of the increase in wake pressure.

As Jjet pressure ratio decreases below the value corresponding to
minimum base pressure, the jJet total pressure (or Mi) becomes so low
that weke pressure rise ratio must decrease rapidly. Base pressure con-~
sequently incresses even though wske pressure continues to decrease.

Velues of wake pressure could not be calculsted for conditioms in
the base-bleed region. The Jjet becomesg subsonic end, as stated previ-
ously, the flow more closely resembles that of the Jet-off condition.

Effect of Base-to-~-Jet Diameter Ratio

The effect of varying the base-to-Jjet dleameter ratic is shown in
figures 18 and 19 for several values of Jet Mach number and for free-
stream Mach numbers of 1.91 and 3.12. The boattail angle is constant
at 5.63° for these curves.

Increasing the base-to-Jet diameter ratio, in general, decreases the
base pressure. The form of all the curves, however, is similar; that is,
base pressure first increases, then decreases, and finaslly increases wilth
Jet pressure ratio. Also, in general, the maxlmum base pressure in the
base-bleed region is greater than the jet-off value, which in turn is
greater than the minimm value. For base-to-jet diameter ratios greater
than about 1.67, base pressures increase gulte slowly with pressure ra-
tio, and high pressure ratios are required before base pressure exceeds
the Jet-off wvalue.

The reasons for base pressure decreassing as dlameter ratio increases
are again clearer if base pressure is factored into components as follows:

"y



16 NACA RM ES57E06

Thege rgtios are plotted in figure 20 as a function of base-to-Jet diam-
eter ratio for fixed values of boattail angle, Mach number, and Jjet pres-
sure ratio. As the base-to-jet dismeter ratio increases (1) the boattail
pressure pa/po decreases (fig. 14); (2) the weke pressure Pw/ba de-

creases because for the larger bases the trailing-shock distance xc/dj

increases, Jjet curvature effects become more important, and, therefore,
¢, decreases; and (3) the wake pressure rise ratio increases because

both Mé and M; increase. Since all camponents very in a manner that

tends to reduce base pressure, the combined effect is large. It is inter-
esting to note that, since the factor that shows the greatest change is
the wake pressure itself, Jet curvature pleys an important role. The
theoretical and experimental values of weke pressure rise are again in
excellent agreement.

Bffect of Body-to-Jet Diameter Ratio

The ratio of body-to-jet diameter was held fixed at 2.67 for all but
one of the afterbody configurations. For this one configuration the Jet
dlameter wes increased such that the ratio d.B/dJ = 1.89. The effect of

this change is shown in figure 21. To minimize effects due to changes in
boattail pressure, values of Pb/?a are shown. It is apperent that de-

creasing dB/dJ decreases basgse pressure slightly. Since the ratio of

base-to-jet diameter is the same for both configurations, jet or stream
curvabtures should not be contributing factors. This is confirmed by
figure 22 which plots the component pressure ratios for a Jjet pressure
ratio of 15; wake pressure expressed in terms of the boattail pressure
ratio Pw/ba is independent of diameter ratio.

Base-to-boattail pressure ratio increases with body-to-jet diameter
ratio because the boattail and external Mach nunmbers decrease (l.e., Py

increases), and, therefore, wake pressure rise ratio decreases.

Experimental wvalues of wake pressure rise ratio fell below the theo-
retical values. This trénd wae observed for all configurstions having
convergent-divergent nozzles (Mj > 1) and willl be discussed further in

the section Effect of Jet Mach Number.

ROBE
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Effect of Boattall Angle

The effect of changes in boattail angle B on base-pressure coeffi-
cient 1s shown in figures 23 and 24 for free-stream Mach numbers of 1.91
eand 3.12, respectively. In general, for a fixed value of db/dj in-

creasing boattall angle increases base pressure. However, for the largest
angle, B = ll°, the curve levels out at the higher pressure ratios (again
due to pressure feedback through the bosattail boundary layer), snd the
trend of base pressure with boattall angle is reversed.

The varistion of the component pressures with boattail angle is pre-
sented in figure 25 for a Jjet pressure ratio of 8. It can be seen that
wake pressure pw/bo increases only slightly with boattail sngle. Even

though the wake pressure shows a definite increase when expressed in terms
of Dgs the effect is canceled out by the variation in p, itself.

The most importent effect on base pressure clearly results from the
change in wake pressure rise ratio. It is interesting to note that had
the experimental values of Pw/Pb followed the theory, the effect of

boettail angle would have been about half that actually observed.

It has been proposed in reference 1 that the effects of boattail
angle can be correlated by use of the stream angle at the base 1Yy, after

deflection. This parsmeter is shown in figure 26 as a function of jet
pressure ratio for the dats of figures 23(a) and 24(a). At any pressure
ratio the values 1V, agree within 1° at My = 1.91 and 1.3°% at My = 3.12.

Since these angles correspond to pressure coefficient differences of only
0.020 and 0.016, respectively, this simple correlation has been fairly
successful.

Effect of Nozzle Angle

As nozzle-exit engle € increases, the internal flow angle ¢, in-
creases, so ¥, must decrease. Therefore, base pressures must Increase.
This effect can be seen in figure 27 for Jet Mach numbers of 2.19 and

2.60. Increases in pressure coeffilcient of as much as 0.13 result from
increasing nozzle angle from 0° to 20°.

In this case as, in general, for all variables which involve changes
in the form of the jet, curvature effects are significant. Jet curvature
increases with nozzle angle (ref. 15) and therefore tends to compensate
for nozzle angle effects. Since in addition to curvature (or d@/dx) the
change in jet direction ¢, - ¢, Gepends on xc/dj, the compensabing

effects of curvature should be grester for s larger value of db/aj- For
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exsmple, at a pressure ratio of 20 increasing nozzle angle from 0° to 20°
increases base-pressure coeffiiclent by 0.11 for db/aj = 1.40, but the

sene change In nozzle angle for db/dj = 1.87 increases base-pressure
coefficient by only 0.05 (fig. 27(b)). '

The effect of nozzle angle on the component pressure ratios 1s shbwn_"
in figure 28 for a Jet Mach number of 2.19 and a Jet pressure ratio of-15.

In contrast to the trend with boattail angle (fig. 25), increesing nozzle

angle significantly increases wake pressure. This increase and the reduc-

tion in wake pressure rise ratio cambine to produce a large increase in
base pressure.

Although experimental and theoretlcal wake pressure ratios show
similar trends, the experimental values are lower. The magnitude of the
difference is similar to that observed previously for a supersonic Jet.
Mach number (see fig. 22).

In the preceding section it was found that boattall angle effects
could be correlated by the use of the stream angle *b' A similar cor-
relation for nozzle angle using internal flow sngle Py has been '
attempted in figure 29. For the smaller dismeter ratio (db/d.J = 1.40,
fig. 29(a)) base pressure is relatively independent of nozzle angle when
plotted against internal flow angle Py - For the larger dilameter ratio,
however, Jjet curvature effects become of sufficlent Importance to render
the correlation useless (fig. 29(b)).

Effect of Jet Mach Number

The effect of Jet Mach number on base-pressure coefficient 1s shown
in figure 30. At a fixed value of Jet pressure ratio PJ/?O’ increasing
jet Mach number produces a large reduction in base pressure. This occurs
because for equsl values of PJ/PO increasing Jet Mach number decreases
the jet angle ¢, and hence the wake pressure. This effect can be seen
clearly in the component pressure plots of figure 31(a). The curves rep-
resent the effect of Jet Mach number at constant jet pressure ratio. As
Jet Mach number increases, wake pressure decyreases rapldly. Therefore,
since wake pressure rise ratio remains essentislly constant, base pres-
sure decreases rapidly.

The agreement between theoretical and eiXperimental wake pressure rise

ratios follows the trend noted previously; ab Mﬁ = 1 agreement is good,
but as Mj increases, theory and experiment diverge.

It has been reasoned (ref. 1) that, since the Jet angle Py depends
mainly on the Jjet-to-base static-pressure ratio pj/bb, the large effect
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of jet Mach number on wake pressure (and hence on base pressure) could
be reduced if the Jjet static-pressure ratio rather than the jet pressure
ratio itself were held constant. The component pressures are presented
in figure 31(b) for a jet static-pressure ratio pj/po of 2.0. The re-
sulting varietion in Jet total-pressure ratio PJ/PO is also shown. The

effect of jet Mach number on both wake pressure and base pressure has been
reduced consideraebly by holding Jet statlc-pressure ratioc constent.

A good correlastion is also obtained for other geometries and: Jet
pressure ratios as shown in figures 32 and 33. Again base pressure is
relatively independent of Jet Mach number when plotted as & function of
Jet static-pressure ratio. The largest discrepancies amount to 0.030
at My = 1.91 and 0.016 at My = 3.12.

The utility of Jet engle as a parameter may again be questioned at
this point. For each jet Mach number, the two-dimensional expansion
angle ¢, - € cen be obtained for any value of Jet-to-base static-

pressure ratio pj/ﬁb (fig. 34), and the data can then be replotted as
shown in figure 35. Obviously, the correlation using P, is not as good

as that obtained with the Jjet static-pressure ratio pj/bo. Since base
pressure is largely determined by the jet angle just ahead of the trall-
ing shock @, pj/bo must be & better measure of @, then is ¢ . The

reason is that as the Jet Mach number is increased the Jjet curvature de-
creases (ref. 15). This means that for a glven value of Pe increasing

Jet Mach number decreases Py - Fixing the static-pressure ratio does,

in fact, correspond to decreasing @, as Jet Mach number increases (fig.
34). As s result, use of the Jet static-pressure ratio PJ/PO as a
parameter corrects fortuitously for the change in curvature.

Actuslly, the good correlation cbtained for jet Mach number effects
resents s dilemms. If wake pressure rise rgtio had followed the theory
%fig. 31(b)), bese pressure would have decreased considerably as Jet Mach
nunber increased. Therefore, if the theory is correct Jet static-pressure
ratio should not correlate the effects of Jet Mach number. This problem

will be discussed in the section WAKE PRESSURE RISE RATIO.

Effect of Free-Stream Mach Number

Compearison of figures 18 and 19 or 23 and 24 shows that variations
in base-pressure coefficient are similar at free-stream Mach numbers of
1.91 and 3.12. The effect on base pressure itself is shown in figure
36. Base pressure expressed in terms of free-stream static pressure
Po is plotted as a function of jet pressure ratlo for two configurations.

If other conditions are held fixed, base-pressure raetio decreases as free-
stream Mach number incresses. The reasons for this trend can be seen from
the effect of free-gtream Mach number on the component pressures for a
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constant Jet pressure ratio of 8.0 (fig. 37). It can be seen that, de-
gpite the fact that boattaill pressure ratio decreases, wake pressure ratio
increases slightly as free-stream Mach number increases. The predominant
effect, however, 1ls the large increase in weke pressure rise ratio and

the bage-pressure decreases.

Effect of Fluld Properties

The most importent fluld property from the standpoint of jet geom-
etry and variation in Jjet geometry with pressure ratio is the ratio of
specific heats ¥. The effect on base pressure of changing the Jet fluid
from air (y = 1.4) to carbon dioxide (y = 1.3) is shown in figure 38.
Base pressures with the carbon dioxide Jjet are congistently higher than
those with the air Jet. Two factors can comtribute to this result: (1)
the effect of v on the Jet geometry (and therefore, on the wake pres-

sure), and (2) a possible effect of vy, density, smnd/or viscosity on the
wake pressure rise rgtio. If the effect on jet geometry can be deter-
mined, at least approximately, the effect om wake pressure rise ratio
can be evaluated.

For convenlence the effect of y on Jet geometry can be broken into
two parts: +the effect on the Jet-to-base static-pressure ratio Pj/Pb

required to produce any given initial Jjet angle Py and the effect on
Jet curvature and hence on the finael angle Q.. Characteristic solutions
presented in reference 15 show that, for the case M, = 2.0, p3/pp = 1.0,

and € = 10°, the effect of 7Y on curvature is negligible, at least as
fer downstream as the point for which the internal angle ¢ = 0. For
lack of additional information, it will be assumed thet this result is
general; that is, v will be assumed to have no effect on jet curvature.
It 1s therefore necessary to consider only the effect on the relation
between the pressure ratio and the deflection angle.

The two-dimensional, Prandtl-Meyer relation is essentially

Py/By, = f[(q’b - e)’MJ’]

If for simplicity MJ is taken equal to 1 and € equal to zero, the

pressure retio corresponding to any value of 71 divided by the ratio
for Y = 1.4 can be expressed as

(04/pp )y __layr)
(oy/oply=1.a  £(P,,r=1.4)

= F((pb:T)

This ratio is plotted in figure 39 for several values of 7. These curves
can be used directly to estimate bhase-pressure effects resulting from

changes in Jet geometry.
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In figure 38 the abscissa of each polnt for the dashed curve is
equal to the abscissa of the curve for air multiplied by the correspond-
ing value of F(¢5,7=l.3). Agreement with the experimental data is good.

The small difference indicates that the effect of the properties of car-
bon dioxide on the pressure rise ratio must be small.

Effect of Jet Temperature

The effect of jet temperature on base pressure is shown in figure
40. EFEffects are included for several values of base-to-Jet dlameter,
several values of bosttail angle, and two jet Mach numbers (figs. 40(a),
(b), and (c), respectively). The hot jet was obtained from s propane-
oxygen rocket with a combustlon-chamber temperature of approximately
4000° R. Except for B = 11° vhere separation occurs (fig. 40(b)), the
curves are essentially pesrallel, those for the hot Jet shifting upward
from those of the cold Jjet by a pressure coefficient of about 0.08.

A question which immediately occurs is whether temperature effect
can be explained solely by the associated change in specific-hest ratio.
Curves for several values of y predicted from the cold air jet (v = 1.4)
are shown in figure 41. Although the proper value of y for the rocket
Jet is not known exactly, the value is probebly not less than 1.15.
Therefore, additional factors (heat transfer, etc.) must come into play.
In this respect i1t should be noted that for a cooler (2000O R) gasoline-
air jet good agreement has been obteined using the vt correction alone
(see ref. 1).

Effect of Tail Interference

The effect on base pressure of the addition of tail surfeces is
shown in figure 42. Tail interference expressed as change in base-
pressure coefficient 1s plotted as a function of Jet pressure ratio for
several velues of boattail angle in figure 42(a). The effect is a slight
reduction in base pressure (ACP,b = -0.01). No trend with either pres-

sure ratic or boattall angle is apparent.

Figure 42(b) shows the effect of the mumber of surfaces. Except
for the double-surface configuration, interference seems to be propor-
tional to the number of surfaces. An additional factor, however, may be
the location of the tail surfaces with respect to the model support
struts.

The effect of the axial position of the tail is shown in figure 42(c).
The greatest effect results if the trailing edge is located shead of the
base by 0.5 chord length (x/c = -0.5).
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WAKE PRESSURE RISE RATIO

In the preceding discussion it was found thst theoretical wake pres-
sure rise ratios were in relatively good agreement with experiment if the
Jet Mach number M.j equalled unity. As Jet Mach number increased above

unity, these pressure rise ratios fell below the theory by an increasing
amount (see fig. 31(b)).

A similar trend 1s apparent in the summary curves of figure 43 in
which wake pressure rise ratlios calculated from the data are compared
with the theoretical values for a wide range of geometries and pressure
ratlios and for free-stream Mach numbers of 1.91 end 3.12. Wake pressure
rise ratio is plotted as a function of the external Mach number Me for

several values of Jet totel-pressure ratio P J/PO. (It should be remem-

bered that fixing M, and the total-pressure ratio is equivalent to fix-
ing both M, and M:L) Each dashed curve represents a given geometry;

the points represent different pressure ratios as indiceted on the
figure.

When considering the results for the convergent nozzle (M‘_j = 1)

(fig. 43(a)), the agreement is quite good, especially at the higher pres-
sure ratios. At a free-stream Mach number of 3.12 the highest jet pres-
sure ratio PJ/PO was 24, so the highest Jet total-pressure ratio for

which a comparison cen be made is 0.50.

In contrast to the good agreement obtained for the convergent noz-
zle, the experimental data for the convergent-divergent nozzle (fig.
43(b)) fall below the theoretical values. The trends with respect to
both pressure ratio and Mach number follow those of the theory, but the
values are low.

Certain differences between theory and experiment of figure 43 are
to be expected. The theoretical values are associsted with a fully de-
veloped turbulent mixing profile and should therefore represent the high-
est weke pressure ratlios obtainable. For the convergent nozzle (fig.
43(a}) and for the lowest diameter ratio d.b/dJ = 1.11, distances to the

trailing shock x./8, very from 0.9 to 1.4, depending on the pressure

ratio. BSince these distences are small for fully developed profiles, 1t
is not surprising that the experimental values fall below the theoretical.
Also, since the tralling-shock distances increase with diameter ratio
(x./8, varies from 2 to 3 for db/dJ = 1.4 and from 4 to 5 for d.b/dJ

= 2.00), agreement between theory and experiment should and doee improve
as diemeter ratio increages.
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Reasgons for the differences for the convergent-divergent nozzle
are not so obvious. One possibility is that the intermal boundsry layer
could have been thicker for the convergent-divergent nozzles. The thick-
ness unfortunstely was not measured; however, a calculation based on the
static wall pressures for the nozzle of figure 43(b) (Mj 2.6) showed
that the internal boundary layer was thinner than the external
(s /5 = 0.5). Comsequently, it is difficult to believe that boundary-

layer thickness could be a primary factor.

Another possibility is that the intermal mixing process msy not have
been completely turbulent for the convergent-divergent configuretioms.
Laminar or transitionsal mixing could greatly reduce the theoretical val-~
ues of figuvre 43.

In view of the good correlations obtalned for the convergent nozzle,
it is unlikely that the trouble could be with factors such as departure
from two-dimensional mixing (which would affect the theoretical values)
snd/or inaccuracies in the values of jJet or free-stream curvature which
were used to calculate wake pressure ratio from the experimental data
(see appendix B). An investigation of the effect of nozzle configuration
on the internal mixing process sppesrs necessary before these questions
can be answered.

PREDICTION CF BASE-PRESSURE COEFFICIENT

Values of base-pressure coefficient corresponding to the theoretical
values of wake pressure ratio were calculsted for the convergent nozzle.
The results are compared with the experimentel walues in figure 44.

Except for a diameter ratio of 1.11 at low pressure ratlos, the agreement
is excellent as was expected. Although a coxrresponding calculation for
the convergent-divergent nozzle was not made, a difference of 0.1 in wake
pressure ratio is equivalent to a difference of from 0.0l to 0.02 in base-
pressure coefficient at Mb = 1.81. Theoretical base-pressure coeffi-

cients should then be too low by an average of 0.06.

Reference 4, published prior to the present report, suggests that
wake pressure rise ratio can be gpproximated by using a curve similar to
that of figure 10 with M; = % (Mg + M;). Figure 45 presents an example

of the results obtained by this method. Wake pressure rise ratio is
plotted as a function of jet pressure ratio for a given configuration
(db/d = 2.00, B = 5.83°) for free-stream Mach numbers of 1. 91 and 3.12.

The solid curve is the result of using figure 10 with M == (M + M;),

the date points come from experimental base-pressure measurements, and

" e N
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the dashed curve was obtalned by using figure 12. Good agreement is ob-
tained except at low pressure rastios for the data at Mb = 3.12, that is,

except for cases where M, 1is greatly different from M; as shown in
the following table:

NACA BM ES7EQS

Cese | External | Internal | Wake pressure Wake pressure
Mach Mach rise ratic from |rise ratio from
number, number, fig. 12, fig. 10,

M My Pyl Py Py/Py
A 2.6 2.6 2.76 2.76
B 2.7 2.5 2.75 2.76
c 2.2 3.0 2.70 2.76 i

1

In all three cases M; =3 (Mg + My) = 2.60. For M =M, (case A)

the two methods are of course identical. For Mé close to My (case B)
figure 10 is still in good agreement with figure 12. As M, eand My
become greatly different (case C), however, the agreement becomes poorer.

With respect to the over-all value of the correlations obtained in
figure 43, it should be pointed out that calculation of the base pressure
from the weke pressure rise ratio is & trisl-snd-error process which in-
volves knowledge of the shape of both the jet and the stream in the base
region. This informstion 1s not generslly availsble for noncircular
afterbodies or for unususl nozzle configurstions (ejector-type nozzles,
etc.) so experimental methods will still be required for base-pressure
information. Nevertheless, the correlation is of comsiderable value
gince it shows that the flow model of figure 11 is essentially correct.

SUMMARY COF RESULTS

An investigation was conducted on the effect of a central jet on
supersonic base pressures to provide data for a systematic set of after-
body and nozzle geometries and, in addition, to gain further insight
into the factors which govern base pressure. The results are as follows:

1. Other quantities remaining constant, the ratic of base pressure
to embient pressure was, in generasl, increased by (a) decreasing base-
to-Jjet diameter ratio, (b) increasing boattaill angle, (c) increasing noz-
zle angle, (4) decreasing jet Mach number (at constant jet pressure ratio),
(e) decreasing free-stream Mach number, (f) increasing jet temperature or
decreasing jet specific heat ratio or both, and (g) increasing Jjet pres-
sure ratio (for pressure ratios grester than design nozzle pressure ratio).

.
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2. Addition of tail surfaces produced only small changes in base
pressure. The largest effect at a free-stream Msch number of 1.91 was
a change in base-pressure coefficlent nearly equal to -0.02.

3. For certain variables (boattail angle, specific heat ratio , and
Jjet Mach number) base-pressure data could be correlated by means of
relatively simple parameters. For jet Mach number, however, the results
may be somewhat fortuiltous because of associated changes in nozzle bound-

ary layer.

4. For all variables, base pressure is governed by the maximm pres-
sure rise which can be supported by the wake fluid in the region of the
trailing shock. The wake pressure rise ratio therefore determines the
strength of the trailing shock.

S. The wake pressure rise ratio in turn was found to increase with
free-stream Mach number and jet-to-stream total-pressure ratio (or with
free-stream and jet Mach nunbers).

6. Wake pressure rise ratio decreases as the boundsry-layer thick-
ness on the boattall incresses sbove some critical value.

7. Values of weke pressure rise ratio computed using previously
published results of an asnalysis of two-dimensionsl constant-pressure
Jet mixing by Korst, Page, and Childs were in good agreement with experi~
mental values for the convergent nozzle. For the convergent-divergent
nozzle, however, the experimental values were consistently lower than
the computed values. The effects of nozzle boundary layer on wake pres-
sure ratio require additional investigation.

Iewis Flight Propulsion Leboratory
National Advisory Committee for Aeronsutics
Cleveland, Ohio, May 15, 1957
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APPENDIX A ..

CALCULATION OF THEORETICAL WAKE PRESSURE RISE RATIO

The calculation is based on an analysis presented in reference 13
of two-dimensional turbulent mixing of a compressible Jet expanding into
a constant-pressure region. From an aesympfotic solutlon corresponding
to a fully developed velocity profile in the mixing region, several quan-
tities of importance in the base-pressure problem have been calculabted
and are tebulated in reference 14.

The following symbols are essentlally those of reference 14 bub are
listed here only if different from those of the present report:

u Yy - 1
C —_— =M
Upna 2(1 + L—é—l- Mz)
g scceleration of gravity
G weight flow per unit width between streamlines s and

n
Il(czn) f -i@g—z (tebuleted in ref. 14)

-C

o 1 ch
u velocity in X-direction
X distance from base along boundary (x used in ref. 14)
Y distance normel to X (y wused in ref. 14)

Y
n o3
o proportionality factor (approximately 12 for M <<1)
o{n) velocity ratio, -uu; (tabulated in ref. 14)
Subscripts:
J conditions on separating streamline —

max maxlmum,

808e
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8 conditions on limiting streamline (u.secl to denote conditions
along an arbitrary streasmline in ref. 14)

2 conditions just outside of mixing region
With the assumption that the total temperature is constant through

the mixing region, the weight flow per unit width between streamline s
and the separating streamline J is

_Xpg x| 2xr __p
% =5V Ir - T Wz Ca [Il(cz“s) - Il(cznjﬂ (a1)
end the velocity ratio is
\ uS CS
o(n,) =— =5 (a2)
87wy Gy

Since streamline g8 i1s teken as the limiting streamline, conditions
which must be satisfied are as follows:

(1) The jet flow between s and J must equal the free-stream flow

between J and s; that is, GS:L = —GS or from equation (Al), assuming
e
0; = Oy T3 =Tg> Ri = Re, and Ti = Te:
X302, Il(cze“s ) - I;(Cy my )
_ e e ‘e (A3)
XC, ~ "I (C,m. ) -1(C,mn,7J
eze lZisi _lzj_J:L

(2) Since the Mach number along both s, and s; must be such that

the fluld can Just negotiate the weke pressure rise, Mg must equal Msi'
e
This mesns that cSe = csi, or with equation (A2):
o(n, ) C
e''sg B 25
@i(nsi) Ca

(as)

Equations (A3) and (A4) are sufficient to determine wake pressure
rise 1f the boattail geometry and the Mach numbers Me and M; are

specified. For the present calculation, however, a further simplifying
agsumption was made. It was assumed that the jet and free-stream angles
were either small or equal so thet X, = X,. The ratio X;/X  can then

be dropped from equation (A3), and the solution is independent of after-
body geometry.
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For given values of Co and 02 the calculation procedure is
as follows: € 1

(1) Celculate M_, M;, end P;/Py(M =C [ 2
© ! }Vw - 1)@ - c?)

(2) Calculate czi/cze

(3) From tables (ref. 14) find Il(czende) and Il(czinii)
(4) Assume @e(nse)
(5) Find @i(nsi) from equation (A4).

(8) From tables (ref. 14) find Il(czense) and Il(czinsi)

(7) Calculate right side of equation (A3) and compare with value of
Czi/Cz (step (2)). Repeat starting with step (4) until agreement is
e

obtained.

(8) Calculate C, from value of ¢e(ns ) for which equation (A3) ia
setisfied: €

CS = Csj_ = Cse = q)e('r]se)cze
i
- -1
(9) Calculate M, and pw/rb = (} + T 5 L Mg)

Calculations were made for a range of values for M, and M; from

1.4 to 3.6, and the resulting values of wake pressure ratio are plotted
in figures 12 and 43 as a function of M, for several values of PJ/PO'
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APPENDIX B

CAICULATION OF EXPERTMENTAT:. PRESSURE RISE RATTO pW/fb

In order to calculate the wake pressure ratio pw/rb, it is neces-

sary to know the flow geometry (fig. 9(c)) Jjust shead of the trailing
shocks, namely ¥, and 9., and the internsl and extermal Mach numbers

M; and Mé. Then, by an iteration procedure a wake pressure ratio can
be found that will satisfy the flow conditions.

An important point in making the wake pressure calculations for an
axisymmetric body and jet is the sizeable changes in intermal- and
external-flow direction that can occur between the base and the point of
intersection. The streamlines can be calculated by the method of char-
acteristics or determined from experimental data. In this report the
shape of the Jjet as a function of Jjet pressure ratio, Mach number, and
nozzle angle was determined from quiescent air schlieren photographs.
Recently, however, a report (ref. 15) has been published with a conven-
ient method of determining the jet boundaries. These boundaries are
approximated by circular arcs defined by the initisl flow direction and
the maximum Jet diameter. The values of reference 15 agree well in gen-
eral and vary at most by 2° fram the values of the present report and
probably would be more convenient to use. Calculated jet boundaries can
also be cobtained from reference 17.

Since the curvature of the external stream was small compared with
that of the internal stream, an approximate correction was used. This
was obtained from reference 16 by interpolation and extraspolation of the
theoreticael boundaries. These boundaries compared favorably with those
determined from schlieren photogrephs.

A typical calculation of pressure rise ratio is as follows:

Given these conditions:
(1) Base pressure pb/bo

(2) Boattail flow direction B, boattail Mach number M, , and Dboat-
tall static-pressure ratio Pa/bo (from fig. 15)

(3) Nozzle flow direction €, jet Mach number M., and jet static-
pressure ratio pj/ﬁo

(4) Base-to-jet diameter ratio db/dj,

the direction of the external streamline Just downstream of the base and
the external Msch number can be obtained from the following isentropic

flow relations:
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= £(My)
My = &(pp/Po)
= £(M.)

¥ = (ve - v) + B

Similerly, the initial direction of the internal streamline and the
internal Mach number can be obtained from

vy = f(MJ)
Mi = g(Pb/PJ)
Vi = f(NL_L)

@, = (vy - VJ) + €

By knowing the conditions Jjust downstream of the base, the jet and
free-stream streamline curvatures can be determined from references 15, 16,
and 17. The flow field at the point of intersection X, can be con~-

structed, and *b and P, can be measured by combining the internal and

external streamlines. By using the curves of the static-pressure ratio
across an obligue shock pW/bb a3 a function of free-stream Mach number

M, or M; (fig. 46), a value of weke pressure ratio p,/Pp is chosen

and the corresponding deflection angle o« 1s determined. This process

is repeated until V¥, + @, = oy + a3 for the value of Pw/Pb chosen.
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(a) Boattall geometries.
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d.b/bj; 1.11, 1.40, 1.67, 2.00,

g; 3.0°, 5.6°, 7.0° and 11.00°

A
4
0.375 »
dt
- I -
Axial exlt Divergent exit
Design jet |Design Jet Body-to-jet Nozzle angle, |Nozzle-throat d_b/d 3 L/a
Mach number, | pressure ratio,| diameter ratio, €, deg angle, 3
MJ PJ/PJ dB/dj €45 deg
2.2 10.5 2.67 o] 11.0 0.710 [1.31
2.6 20 2.67 o] 20.7 .588 | 2.41
3.2 50 2.67 (o] 26.8 .440 | 2.80
2.2 10.5 2.67 10 10 712 .79
2.6 20 2.67 10 10 590 | 1.17
2,2 10.5 2.67 20 20 .T15 .48
2.8 20 2.67 20 20 596 .64
2.2 10.5 1.89(d4 = 1.056 o] 11.0 T10 | 1.31
(b) Rozzle geometries. CD-53396

Figure 2. - Boattall and nozzle geometries.
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- Rocket model.

(a) Schematic disgram.
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Flgure 4. - Tail interference model.
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('b) Three-guarter view of srucifoom tail on 5.83° boattail.
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(b) Free-stream Mach mmber, 5.12, 1- by 1-foot supersonic tummel.
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- Goncluded. ‘Tunnel installatlon.

Figure J.
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Boattail pressure coefficienf, CP

Base-pressure coefficient, Cp,p

.05

8

~.15

[2v]

-.2

Jet pressure ratio, PJ/PO

(b) Base pressure; ratio of base areg to body area, 0.276.

Filgure 6. - Effect of struts on boattall and base pressures.
Boattail angle, 5.63°; free-stream Mach number, 1.91.
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Figure 7. - Bffect of strute on body pressure. Cylindrical afterbody; free-stream Mach
nunber, 1.91; no Jet flow.
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(b) Schlieren photograph.

Figure T. - Concluded. Effect of struts on body pressure. Cylindrical afterbody;
free-stream Mach mumber, 1.91; no jet Fflow.
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Ratio of loeal veloclty to local free-stream velocity, V/Vo

.8

.6

o

.6

.4

.2

Distance from surface
Body dlameter ’

s
¥/dp

(b) Free-stream Mach number, 3.12.

Pigure 8. - Boundary-layer veloclty proflles at end of

cylindrical afterbody. No Jet flow.

T,

a [
~——LH ~
g— T
/ L
Locatlion of
Instrumentation
Ea Behind strut
900 from strut
{a) Free-stream Mach number, 1.91.
w— o |
P ,,4:? -
pad L]
/ gl
Vi -
/ i
jz;//
|
.O4l .08 .12 L .20 . .24

49



50 o — EACA RM ESTEC6

(a) Schlieren photograph. Convergent nozzle; Jet pressure ratlo, 16.5;
boattall angle, 3.0°; free-sgtream Mach mumber, 1.91.

Flgure 9. - Flow geometry.
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CW-7 back

(b) Schlieren photograph. Convergent nozzle; Jet pressure ratio, 16.0;
cylindrical afterbody; free-stream Mach number, 3.12.

Figure 9. -~ Contimued. Flow geometry.
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Free-stream Mach number, M,

Figure 37. - Variation of component pressures with

Base-to-jet diameter

free-stream Mach number.

ratio, 1.40; boattail angle, 5.63°; Jet Mach num-

ber, 1.0; Jet pressure ratio, 8.
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Figure 39. - Gamma correction function.
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Flgure 40. - Effect of hot jet on base pressure. Free-stream Mach nuber, 1.91.
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angle, 5.63°; Jet Mach number, 1.0.
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