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SUMMARY.

This paper contains the results of an experimental investigation
into the effect of a jet issuing from two afterbodies (one a right
cylinder and the second conical) at incidence to a uniform subsonic
flow, The tests were performed at a Reynolds Number of 0,3 x 106

based on body diameter and maximum tumelvelocity.

The presence of the jet issuing from an afterbody at incidence
p significantly increases the magnitude of the normal farce, axial force
and pitching moment arising fran the external forces but not including
the direct reaction of the jet, On the bluff cylindrical afterbody
the effect of the jet is comparable in magnitude to the effect of
incidence, However the effect of the jet on the conical afterbody is
secondary to the effect of incidence,
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LIST OF SYMBOLS

CA axial force coefficient in tcrms of total base area
me
C jet thrust coefficient - :
J Lgis
5 DUOS
CM total pitching moment coefficient in terms of total base area
CMB pitoching moment coefficient on bluff afterbody due to base
GN pressures )
e pitching moment coefficient on bluff afterbody due to side pressures
CN normal force coefficient in terms of total base area
M=
c pressure coefficient { = ———
b fal DUZ
s
d body diameter
m jet mass flow
P static pressure (suffix o denotes free stream value)
5 radial distance from jet centre
R radius of body

base area (= II R?)

n

Uo free stream speed

Vb equivalent jet velocity i.e. the velocity attained in an
isentropic expansion from jet stagnation pressure to
free stream static pressure

52 distance from jet exit along afterbody axis positive in
upstream sense

a afterbody incidence in degrees

6 meridian angle

p free stream density
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i Introduction

A previous paper (1) has given the results of experiments to
determine the effect of an undeflected axi-symmetric jet upon the pressure
distributions around representative afterbodies in a uniform subsonic
stream and the effect of afterbody shape on the drag of the body at
zero incidence, The effect of jet deflection on the flow round a blunt
afterbody at zero incidence was the subject of a second paper (2) vy
the same author,

It is of interest to examine the effect of body incidence upon
the forces on and the flow round an afterbody from which a jet is issuing
and in particular to investigate the conditions which exist in the
vicinity of the base. The afterbody at incidence without jet will
experience a normal and an axial force by virtue of its incidence,
The presence of a jet seriously complicates an analytic approach to
the problem., Theoretical papers by Spence (3), Stratford (4) and
Craven (5), and experimental investigations by Dimmock (6), Davidson (7)
and others have explored the analogous two-dimensional problem. Reference
(5) includes some consideration of the axi-symmetric problem but a
solution has not yet been achieved, However an approximate application
of slender body theory leads to the conclusion that, in inviscid flow,

the interference between the jet and the flow around the afterbody
is zero,

It is the purpose of the present paper to ascertain how the viascous
effects, including the areas of separation, modify the result of slender
body theory. Experiments were conducted to investigate the effects
induced by the presence of the jet and in particular to determine the
pressure distributions on the surface of a conical afterbody and on
the base and side surfaces of a bluff cylindrical afterbody at incidence
from which a jet issues, From the pressures, the side force, base drag
and pitching moment induced on the afterbody by the interference of the
jet with the subsonic free stream are calculated,

The experiments described herein are the third phase of a fuller
investigation into the effect of jet flow sponsored by the Ministry of
Supply under Contract No, 7/GEN1473/PR3. The author would like to
thank Mr, F.,M.Burrows for the preparation of Fig, 16, Mr, S, H. Lilley
for the design and erection of the equipment, Mr, H, Stanton for the care
and enthusiasm with which he made the models and the aerodynamic
laboratory assistants who were responsible for taking the experimental
measurements,
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(2l App_aratus

2.,17. The wind tunnel and instrumentation

The tests were performed in a straight-through wind tunnel having
a closed working section measuring 3 ft. square, The compressed air
supply for the jet was led to the working section in a 3% in, dismeter %
pipe along the centre line of the tunnel. The supply pipe was threaded
at its downstream end to take the angled elbows necessary to give the
afterbodies the required angle of incidence., The supply pipe was
encased in a duralumin sleeve 4 in, in diameter, the space between the
sleeve and the supply pipe being occupied by the pressure tubes,

The surface pressures on the models were read from a multitube
water mancmeter,

2,2, The models

Two models were used in these tests : =
Ei) a right cylinder 4" diameter and 12" long
ii) a conical cylinder tapering from 4" to 3" dizmeter in a
length of 9" giving a boat-tail engle of 10%°,

The models were turned from light alloy., The internal cavity of
each model was machined to give a smooth internal flow into a parallel
sided jet 3" in diameter issuing from the model along its centre line,
An internal gauze screcn was fitted between the model and the angled
elbow to eliminate non-uniformities in the compressed air flow from the
supply pipe into the model's pressure cavity.

Polythene tubing for pressure measurements wag let into slots along

the model's generators at angular intervals of 22—;—0 and secured with
araldite,

e Scope of the tests

The tests on each of the models covered a range of free stream
speeds from 50 to 100 f,p.s. and a range of "equivalent" jet speeds
from O to 1500 f.p.s. The equivalent jet speed is that calculated from
the jet blowing pressure assuming isentropic expansion to free stream
pressure, Defining the thrust coefficient C. by

J
m
CJ = zb
—Q—DUO S
where m = jet mass flow (slugs/sec)
V, = equivalent jet speed (£t/sec)

U, = tunnel speed (f£t/sec)
S = base area of model (sq.ft)

the range of jet thrust coefficient covered by these tests was O < C_ < 40O,

J




The models were set at a series of incidences in the range

OO 8od 150. Within this range of incidence, it is felt that interference
between the jet and the tunnel walls does not affect the results
significantly.

L, Test procedure

The ordinary pressure plotting techniques were used in these tests,
The details are given in ref,.1,

e Results

5.1. Presentation of results

" As in the previous work the pressure coefficients and forces and
moments were found to be presentable in terms of the non-dimensional

thrust coefficient CJ. The jet and free stream velocities are, thereby,

not used explicitly, This use of CJ is justified for two reasons;

firstly it can be shown that the forces on the bodies are proportional

to 031 (e.g. Fig, 17) and for g:'Lven.CJ the results are independent of

tunnel spced; i.e, the effect of Reynolds Number based on free stream
velocity is small,

The pressure distributions on the bluff cylindrical afterbody are
given 11 the form of isobar patterns as follows &=

I's)

Fig, 2 (a) Base pressure distribution at zero incidence (¢ = 0°)
for G, = 0, 1, 2, 4, 10, 20, 40,

(b) Base pressure distribution a = 20, 50, 100, 15° Cy = 0
(c) Base pressure distribution « = 2°, 5°, 10°, 15° Cy =1
(d) Base pressure distribution @ = 20, 50, 100, 15° CJ =2
(=) Base pressure distribution a = 20, 5°, 100, 15° Cy = &
() Base pressure distribution a = 20, 5°, 10°, 15° Oy =10
() Base pressure distribution a = 2°, 5°, 10°, 15° C; = 20
(1) Base pressure distribution a = 2°, 5°, 10%, 15° ©_ = 40

oy




Pig, 5 (a) Side pressure distribution (not in isobar form) for zero
x

incidence plotted against g for CJ w0y 1, 2, &4, 10, 20, 40,

(b) Side pressure distribution a = 2°, 5°, 10°, 15° C; = 0 -
(¢) Side pressure distribution ¢ = 2°, 5°, 10°, 15° Oy =1

(4) side pressure distribution a = 2°, 5%, 10°, 15° C; = 2 ™
(e) Side pressure distribution a = 2°, 5°, 10°, 15° Cy = &

(f) Side pressure distribution « = 2°, 5°, 10°, 15° C; =10

(g) Side pressure distribution o = 2°, 5°, 10°, 15° C; =20

(h) Side pressure distribution « = 2°, 5°, 10°, 15° Cy = 40

The origin for the meridian angle 6 is shown in Fig, 1. The base
and side distributionsare thus symmetrical about a wvertical plane through
the body centre~line, Hence the isobar patterns for incidences of

2° and 50 and 10° and 150 are placed side by side for ready comparison,
In Fig. 5 the iscbars are plotted on axes of the meridian angle 6 and

of the non-dimensional distance (g—) upstream of the base,

Typical radial pressure distributions on the base are given in
Figs, 3 and 4, Fig. 3 shows the dcpendence of the pressure coefficient
upon body incidence ¢ and Fig. 4 gives the variation with meridian
angle ©; both figures being plotted for fixed values of CJ.

By integrating the appropriate pressure distributions the coefficients
of axial force, normal force, pitching moment due to base pressure
variations, pitching moment due to side pressure variations and total
pitching moment about the centre of the base have been calculated and are

given in Figs. 6 = 10 respectively plotted against CJ for given values of

incidence and against incidence for particular values of CJ.

The pressure distributions on the tapered afterbody are given as
isobar pattcrns as follows : = =

Fig. 11 (a) Side pressure distribution (not in iscbar form) for zero

incidence plotted against J for C. = 0, 1, 2, 4, 10, 20, 40,

(b) Side pressure distribution a = 2°, 5°, 10°, 15° C; =0
(¢) Side pressure distribution a = 2°, 5°, 10°, 15° Cy =1

(d) Side pressure distribution a = 2°, 5°, 10°, 15° Cy =2

(e) Side pressure distribution a = 2°, 5°, 10°, 15° Cy =4
(f) side pressure distribution a = 2°, 5°, 10°, 15° C; =10
(g) Side pressuce distribution « = 2°, 5°, 10%, 15° ©; = 20
(h) Side pressure distribution a = 2°, 5%, 10°%, 15° € = 49
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Again the pressure distribution on the tapered body is symmetrical
about the vertical planc through the body centre line, By integration
of the pressure cocfficients, the coefficients of axial force, normal
force and pitching moment about the centre of' the jet were calculated
and are given in Figs, 12 = 14 respectively plotted as for the bluff
cylindrical afterbody.

In all the curves drawn the jet has not reached the overchoked condition,

5.2, The pressure distribution on the bluff afterbody

5.2.,1. The base pressures (Fig, 2a - h)

The general trend of the pressure distribution on the base remains
unaltered as body incidence is increased, The base suction increases with

radial distance to a peak at =7 approximately and then decreases

(Pigs. 3 and 4), For any particular value of CJ and% (except very close

to the jet exit), the variation of pressure coefficient with meridion

angle shows a steady increase in suction from 6 = O  to 135 and thereafter
remains sensibly constant (Fig, 4). In other words the maximum suction
occurs over a narrow band situated at % = .7 opproximately and stretching

for about 450 on eithcr side of the plane of symmetry, The radial position
of the peak suction moves outwards as the incidence increases, e,g, peak

suction occurs at —;— = o /70 for a = 0°
et = = .71 for a= 5°
at % = ,73 for a = 10°
and at £ = .78 for & = 15°
in the case 6 = 180°, Cy = 40 (FPig., 3).

Furthermore the radial pos ition of the pcak section moves outwards as
meridian o.row.gle © changes from O to 90 a%d then slightly inwards again
to 6 = 1807, e,g. in thc case when a = 10, C. = 20 (FPig, &)

5 =
peak motion occurs ot -1:% = 6L for 6 = O°
st = = ,70 for 6 = 45°
at & = .75 for 6 = 90°
at % = ,72 for 6 = 135°
and at £ = 75 far 0 = 180°




At zero body incidence and at % = 0,6 approximately for all values

of’ CJ there appeared a suction peak followed at a slightly larger radius
by a second and larger suction peak, The same effect is goted with the
afterbody at incidence but in a modified form, At 6 < 45~ the effect is
absent, As O increascs the effect becomes apparent but the fall and
subsequent rise covers a much larger region than for zero incidence,

The magnitude of the angle of incidence does not seem to affect this
phenomenon,

The jet choked at a particular value of CJ for a given freestream

speed, A small increase of C. above this value caused a rapid decrease in
suction over the base by abou‘g ten per cent of its wvalue when the jet
choked. The values of the pressure coefficient remained constant if CJ

was further increased, The effect was the same for all body incidences.,
This feature has been omitted from the isobar patterns to avoid confusion,

5.2.2, The side pressure distributions (Figs. 5a - h)

As on the base, the presence of the jet increases the slight suction
on the side of the body. As in the previous experiments it was found that
the jet had negligible effect at distances greater than two body diameters

upstream of the base., For any volue of CJ and any value of -- the suction

rises with increase of meridian angle 6, At small :mcldences this trend

is maintained over the whole range of 6, At :Ln01denceo greater than 5
however a suction pea.k occurs between 0 = 67 and 90 and further increase
of 6 results in a reduction of suction until at 6 = 180° (the upper surface)
the pre(s)sure is not appreciably different from that on the under surface

( 8 = 0°) for the same values of Cs -E
Except at points close to the base (g < ,05) the side pressure

distributions for choked and overchoked jet coincided for the same tunnel
speed and incidence,
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5.3, The Forces and Moments on the bluff afterbody

The force and moment coefficients were obtained by dividing the
particular force by %-DUZS, S being the maximum cross-sectional area of

the afterbody, and the momernt by =0 UéSd where d is the maximum afterbody

diameter, The origin for moments is the centre of the jet orifice,

5.3.1. Base drag (Fig. 6)

The base drag is presented as the axial force in the direction of the
afterbody's centre line, The base drag coefficient increases with increase
of CJ for all values of body incidence., The increase is large initially

but moderates as CJ increases,

A second important feature is that for any value of CJ other than
zero within the range of these experiments, the drag decreased as the incidence

increased up to 27 = 57, depending upon the C':r involved, thereafter increasing

with incidence,

( Th§ effect of overchoking the jet is the same as reported previcusly
refs. ¥J.

5.3.2, Normal force (Fig. 7)

The nomal force, jet off, measured positively in the direction

= 180° and perpendicular to the body centre line shows a considerable
rise as the incidence is increased, Furthermore the effect of the jet is
to produce a normal force augmenting that due to incidence alone. It
is evident that, except for the large incidences, the normal force depgnds
only slightly upon the effect of the jet. Indeed it is only at a = 15
that an apprecinble increase in CIW occurs at values of CJ greater than 10,

5.3.3. The pitching moment

All pitching moments are measured about the centre of the basc and
taken positive in the nose-up sense,

5.3.3,1. Moment duc to base pressures (Fig. 8)

The pitching moment due to the variation of the base pressure
distribution with incidence and C_ is found to be positive for all values

of CJ and @ within the range of the experiments, Increase of C J and

cause a rise in pitching moment except at high incidence and low GJ where

there is a tendency for the value of CMB to fall for further increase of CJ.
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5.3.3,2, Moment due to the side pressures (Fig., 9)

The moment due to the side pressures is nose-up for all values of
incidence and CJ. The magnitude of CMN increases shorply with increase of
incidence up to 2° for all values of CJ. For CJ € 20 there is a further
sl%ght increase up to o = 10° and then a small decrease as « approaches

(5T ey CJ > 20 the value of decreases with increase of incidence

until at a = 15 it differs only slightly from the values for CJ = 20,
These results are toobe expected from the side pressure dlﬁtr%butlons
(Fig, 5a = g), For a= 5 for the higher values of Cy, and a = 10" and 15

far 211 CJ the pressure distributions show the peak suctions occurring

in the region 6 = 90° vhere they have little effect on moment, The pressures
on the upper and lower swrfaces arc nearly the same and hence an almost
constant value of CMN is to be expected at the high incidences,

5.3.3.3. Total pitching moment (Fig, 10)

The sum of the base and side moments is the total pitching moment
acting on the afterbody, It increases, in general, with incidence and C..
However, far small values of CJ , the increase of GM with o is very small
for values of incidence greater than 50.

5.4, The pressure distribution on the tapered afterbody (Fig., 11a - h)

The pressure distributions on the tapered afterbody which were
symmetric about the body centre line at zero incidence now showed marked
variations with change in meridian angle, although thg variation along
generators showed the same general trends as at ¢ = 0, ItOWas noted that,
at the higher incidences, suction peaks developed at © = 45 approxmately.

Because of the possible errors due to the proximity to the elbow,
the pressure distributions on the parallel portion of the aftcrbody

(*/a > 2,5) are not given.

Wt
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5.5, The forces and moments on the tapered afterbody

The forces and pitching moments are in the directions and senses
defined in paragraph 5, 3. 3.

5.5.%., The axial force (Fig. 12)

Increase of incidence causes a large increase in the axial force

coefficient and increase of CJ further increases CA‘ The effect of the

Jjet is only very slight for CJ < 10 at all incidences and for all CJ

at zero incidence, For C. > 10 the jet interference significantly augments
the drag due to incidence, .

5.5.2, The normal force (Fig, 13)

As with the axial force, incidence is the major factor affecting
the normal force, the jet interference having only a secondary effect.
Values of CJ less than 10 seem to have no effect at all and far GJ = 40

the increment in normal force coefficient due to the jet interference is
only 30% of that due to incidence, It should be noted that as with ordinary
conical afterbodies the nomal force is negative,

5.5.3. The pitching moment (Fig, 14)

The pitching moment is negative for all values of CJ and incidence,

Up to « = 5O increase of incidence causes an increase in the magnitude of
the pitching moment coefficient, PFurther increase of incidence is accompanied
by a slight reduction in the magnitude of GM The presence of the jet has

a negligible effect on the pitching moment,
6. Discussion

6.1. Accuracy of results

The jet supply pressure during any one test was maintained at the
required walue within limits of 2%, The tunnel speed could be kept
accurate to within 1% and the surface pressures were measured to 0,02 in,
of water, The overall crror in the pressure coefficients and the fopce and
moment coefficients is therefore expected to be less than 5%,

6.2. The flow around the cylindrical afterbody

It is found that setting the afterbody at incidence causes major
modification of the toroidal vortex system which is set up when the jet
issues from the centre of the bluff base of the undeflected afterbody (ref.1).
Except in the vertical plane of symetry the flow on the base is no longer

radial but curves from an attachment line at 'IIQ-‘ = o3 approximately to a
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separation line at -E- = .8 approximately, This is shown in Fig. 15 which is

dravn from a series of surface flow pictures., There is also a weak flow
into the separation line inwards from the edge of the base (ER: = 1) and the

air entrained into the jet at its exit curls into the jet from the attachment
line, The separation and attachment lines show little evidence of eccentricity
for small incidences but at the higher incidences a degree of eccentricity

in the separation line is apparently equivalent to IIQ" = o1, This is consistent

with the form and extent of the radial pressure distribution, The presence
of the separation line is to be expected in view of the adverse pressure
gradient outboard of the peak suction at -E = .8 approximately and the

attachment line is confirmed by the minimum suction that occurs at -E- = o5

approximately, This and the degree of eccentricity can be seen more
clearly if the pressure coefficicnts are pleatted against radial distance
fer a series of meridian angles at one incidence and at one meridian angle
for a series of incidenccsr%]e-. g. Figs. 3 and L),

In the lower plane of symetry ( 6 = Oo) there is relatively little
variation 18 pressure coefficient with radius, The surface flow patterns
near © = O show little accretion of fluid and the attachment line is very
indefinite, As the meridian angle increases so the radial vagiation of ‘ghe
base suction coefficient is increased until in the region 135 < 6 <180
the pressure variation is greatest, The separation is strongest in this same
rcgion as indicated by the high suction lobes in that region on the isobar
patterns, The boundary laycr which scparates from the base appears to roll
up and form a pair of spiral vortex sheets, These vortices originate near
the base in the lower plane of symmetry and increase in sgrength as ghey
move round the base until they separate in the region 135~ < 6 < 1807,

They pass downstream and eventually must merge into the jet (Fig. 16).

There arc no features in the surface flow patterns which correspond
to the first suction peak at % = 0,6 (Figs. 4 and 15), The form of the

pressure distribution is, however, consistent with the development of a

laminar type boundary laycr up tO% = 0,6 fallowed by a laminar separation

and turbulent reattachment, Turbulent separation then occurs, as stated
above, at = - 0, 8.
R
The pressure distributions on the side of the bluff afterbody suggest
that the flow over the afterbody with jet is go‘t significantly different from
that at the same incidence with no jet. At 2~ incidence it would appear
that the cross flow doecs not separate for any value of C., At 5 incidence

J
separation occurs at 0 = 1350 except for GJ = 40 and in this case the

effect of entrainment into the jet is sufficient to precvent separation on
the side surfaceg, At the higher incidences separation occurs as one would
expect at 6 = 70" approximately, the separated boundary layers rolling up
to form the characteristic vortex pair,




- AL

The mixing rcgion beyond ebout two body diameters dowmstrcam of the
base contains threce intially distinct flows; the jet, the pair of vortex
sheets shed from the base and the pair shed from the sides of the afterbody
(Fig. 16). Yavmeter investigations in the wake did not give sufficient
detail to determine the exact nature of the mixing processes between the
vortices and the jet. From tuft investigations it was found that the inner
separated regions close to the base of the body extended to about one body
diameter downstream of the base.

6.3, The flow pattern around the conical afterbody

At low values of Cj (CJ. < 2) the flow around the conical afterbody

is little affected by the jet. The flow appears to separate at about ene

body diameter upstream of the jet exit and only for CJ > 2 is the entrainment

into the jet sufficient to cause reattachment. At the larger incidences

the pregsurc distributions show evidence of boundary layer separation at

© = 45  with the separated boundary layers rolling up to form the pair

of rolled-up vortex shcets characteristic of a body of revolution at incidence,
At the higher values of CJ the entrainment effeect of the jet is to reduce

the strength of the vortices since less flow is fed into them, This has the
effect of reducing the suction pceaks on the sides of the body.

6.4. Dependence of the results on Cf;
If the results for the normal force acting on the bluff afterbody are
expressed in the form 1og(cN - Cy ) and plotted against log Cy (Fig. 17)

CJ=O

it is found that, for each incidence, a straight line is obtained the slope
increasing with incidence indicating that thc incidence effect and jet
effect are additive and that

n
v = Oy ~ O gle)
C,. =0
J
where n is a constant depending upon the incidence @, and g1( a) is

o]
zero when ¢ = O,

[N

It is noticed that, for incidences considered, n/sin®a is a constant

and equal to 1,55 approximately,
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o} e} 100 150

n 0.290 0. 455 0. 6440 0,792

Vain a 0.1868 0, 2953 0,41 66 0.5058

Il/" gin & 1.55 1-54 1o5ll- 1-56
Then log(CA =00 ) is similarly plotted (Fig, 18) it is again seen
C. =0
J
that CA - Cj\ is proportional to C? g2( ). The value of n is 0,58
C, =0
J

approximately and appears to be independent of incidence,

While the normal force coefficient for the conical afterbody does abey
a law of the form

n
J=

the relation between n and a cannot be stated as precisely as for the
bluff afterbody., To within 20% accuracy the relation n

-1 = 4,7

sin®q
covers the experimental points., The axial force on the conical afterbody
is predominantly dependent upon incidence; the expcrimental evidence is
not sufficient to deduce a functional relationship between axial force and
jet momentum coefficient.
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Ti- Conclusions

(i) The presence of a jet issuing from the afterbody at incidence
significantly increases the magnitude of the normal force, drag and pitching
moment on a bluff cylindrical afterbody and a conical afterbody. This
effect is in addition to the normal jet reaction.

(ii) On the bluff cylindrical afterbody the effect of the jet is comparable
in magnitude to the effect of incidence, The effect of the jet on the conical
afterbody is secondary to the effect of incidence.

(iii) Typical magnitudes of these effects on the cylindrical afterbody are
as follows ;=

At 15O incidence the normal force coefficient was raised from 0,27 at
GJ = 0 to 0,73 at CJ = 4O, The base drag coefficient was raised from
0,31 to 1,38 for the same increase in CJ but the increment in drag coefficient

is roughly independent of incidence,

(iv) On the conical afterbody the maximum effect was experienced at 150
incidence where the axial force coefficient was raised from 0,81 tg 0,97

by increasing CJ fram O to 40, The corresponding values for a = O are

0,11 and 0,13, The normal force coefficient at 1 5o incidence changed from
~0,46 to =0.59 for the same range of CJ.
(v) The pitching moment on the bluff afterbody was predominantly due to
the pressure variations on the base whereas on the conical afterbody it
was sensibly independent of jet interference.
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TABIE 4 BASE SUCTION COEFFICIENTS 2° INCIDENCE
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FIG. |. DEFINITION OF SYMBOLS.

FIG. 2a. PRESSURE DISTRIBUTION ON BASE AT ZERO INCIDENCE .
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FIG. 2h. BASE PRESSURE DISTRIBUTION CJ = 40
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FIG.15. BASE FLOW DETAILS
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FIG. 16a. RELATIVE POSITIONS OF THE
JET & VORTICES DOWNSTREAM OF THE BASE
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FIG.16. THE FLOW IN THE MIXING REGION
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