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SUMMARY

This pc aper presents the results of an experirwvnbtal inves t:w"tlon
intc the effect of supersonic Jets upon the base pressure of o bluff
cylinder in a uniform subsonic {low, The ratio of jot cl:_wmter to base
diameter was 0,1875.

Jet staognation pressures giving slight underuzxpm',_,ion of the jet
cause an increase in the base pressurc but for largor Jet stagnation
pressures the base pressures is agoin reduced,

A simple theory, based on a momentun integral, shows the dependence
of the base drag upon thc Jet and free stream speeds and upon the dimensions
of the jet and the base.

e S - e o =

The author wishes to acknovledge the permission glven by the Comnandint
of the Royal Air Force Techmical College to undertale at the College of
Aeronoutics, Crunfield, the study reported in this paper,






1e

2e

LIST OF CONITNTS

Summary
List of Symbols
Introduction

The dependence of the base drag coefficient
on jet conditions

Apparatus

The scope of the Tests

Test procedure

Results

Discussion

Conclusions

References

Appendix - A potential flow model for
the flow in the vicinity of
a bluff body

Figures



LIST OF SYMBOLS

base drag cocfficient e D280, 0005 e
5 2 & B
bog, v, v =k

modified base drag coefficient defined in egn, 15

[y
—r

jet momentun coefficient mrv Jg p u? s
<o

[<=)
base pressurce coefficient

radius of mixing region in the plane of the velocity traverse

P MJD
Jjet stagnation pressure perameter =~ e

e ; .vz“ 1
- oy
1+ Y502 ) 7
D
distance of' the plane of the velocity traverse from the base
rate of Jet mass flow
nozzle design Mach Nuwber
Jet stagnation pressure
static pressure
base pressure
Jjet static pressure at nozzle exit
radial distance from Jjet centre line
radius of a vortex ring
fond
/T
base radius
Jjet radius
base area s (R}i - R; )
strecammrise velocity
Jet velocity at exit
velocity normal to free stream direction
equivalent jet velocity (Jjet velocity attained in isentropic

expansion from jot stagnation pressure to free stream
static pressure



List of Symbols (Continued)

(=

X distance dovmstream of base

x distance of vortex ring downstream of base
5 X /o

P density

DJ Jet density at nozzle exit

¥ vortex strength

n r/a

g x/1

sulfices

wundisturbed frec strecamn

3

1 free stream in planc of the base
2 free stream in plane of the velocity traverse

D at nozzle design conditions



1. Introduction
In the past the majority of work on base pressures has concentrated

upon the base in supersonic flow, A comprchensive bibliography has been

prepared by Wilson (Ref, 1), Very little information is available on base

drag in subsonic flow, The prescnt author has considered the effect on

the base drag of a subsonic Jet in the choked and uncholred condition

issuing from the base (Ref. 2g . The effect of jet deflection (Ref, 3)

and of body incidence (Ref, L) have also been studied, both with a subsonic

Jet issuing from the base. In each casc the base diameter has been large

comparcd with the jet diameter,

It has been shown (Ref, 2) that, for a subsonic Jet, the presence of
a bubble (or a volume of rcecirculating fluid) extending from the basc to
sore four body diamecters dovmstrcam, and considerable regions of reverscd
flow, cause substantial reductions in the base pressure and increases in
the base drag., These effects increase in magnitude as the jet stagnation
pressure in inecreased.

The prescnt paper presents the results of an experimental investigation
into the effect of supersonic jets upon the base pressure on a bluff
cylinder in uniform subsonic flow, The geometry of the base, Jjet diamcter/
body diameter = 0,1875, is not intended to be representative of current
aircraft practice, although it is fairly representative of the base geanetry
of unguided rockets, The main reason for selecting this geometry was a
desire to explore the flow in the vieinity of the basec and therefore the
consequent advantages of using the above dimensions are obvilous,

A simplc theory, based on a momentum integral, is derived which shows
the dependence of the base drag on the Jjet and free stream speeds and
upon the dimensions of the Jjet and body. In order to confirm the flow
pattern dovnstream of the base a simple potential flow model has becn
taken consisting of a toroidal vortex to rervrcsent the bubble and a line
distribution of sinks along the Jet centre-line to represent the entrain-
ment effect of the Jjet, It is shown that this model yields a pressure
distribution on the base similar to that obtained by experiment,

The author wishes to express his gratitude to Mr, G, II, Lilley for
his help and encouragement throughout the study, to Dr. R, I'. Sargent of
the Bristol-Tiddeley Acro-engiic Company for providing the nozzle ordinates,
to Mr, S, H, Lilley for the design and erection of the experimental
equipment, to Mr, H, Stanton for making the nozzles and other equiprient
and to the loboratory assistants of the Aerodynamics Department who were
largely responsible for taking the experinental wmeasurerents,



2. The dependence of the base drag coefficient on jet conditions

e e=a

Consider the flow into and out of the clement ADCDEF (Fig, 1).
BC coincides with the base and EF is sufficiently far dovmstrcam for the
clement to include completely the bubble and any reversed flow,

Let the jet radius (AB) = Ry
the base radius (AC)

and the radius of the
mixing region (FE) = d at a distance 1 dovmstream of the
base,

We write © to represent the bowndary layer thickness on the body at C,
2.1, Ihe basic eguations

The equation of conservation of mass flow applicd to the element
yields

jzﬁerqur + [ 2Ty pu dr =f2wrpudr+zwd fpvdx
AB CD ¥E DE

(1)

and from the conservation of monentum
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If we neglect the jet boundary layer thickness (1) con be written in the
form
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and (2) becomes
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‘which docs not include the pressure integrated over tle arca of the jet
at the rozzle exit, we can rocplacc Pp in (4) from ( 5) to give
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Yow with constant static pressure along FR
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and (7) mey be rowritten in the form
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It is rcasonable to tole the specds u,, U, and the presswure p,, Dy B
outside the mixing region equal respectively., Thus (8) reduces to
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where the boundory layer thickness O has been assuncd very siwll compared

with BB °



With the same appreximations for the speeds and pressures outside
the mixing region, equation (3) can be written
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Now the last term of (9) is
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and, substituting from (10) and (11) into (9), we obtain

Thus
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If we define a thrust cocfficient CT by
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forua. > u_ .

2.3, The case when R << RB and 1.1:r > u

If, in equation (12), we virite
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design conditions,
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Thus, provided the Mach number of the Jjet at exit is supersonic, we have
by substituting (17) and (18) into (16)
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From velocity traverses ocross the mixing region it has been found that
for any particular jet and stream conditions the integrated seccond term in
(19) is roughly independent of the position of the traverse (provided the
position of the traverse is in the established weke) and that it is of the
same order of magnitude as the first (constant) term. Thus we deduce that
the integrand is nearly independent of u ve but is a function of the Jet

J/ e
conditions Uy /uJ and p J /‘OJ %%
D D
Hence - "
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New the jet static pressure at exit is not markedly different from the free
stream static pressure and RJ << PB Hence CDB will be of the same order

as CDB. Thus, defining a Jjet stagnation pressure parameter J by
M

£ J.
J D

T = == v s — 21
- (21)
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we have for large Jet veloclties

u, G, = f(J) (22)

Dy

It is shown in PFig, 3 that the results for the base drag coefficients,
found in the experiments described in later sections of this paper, for
different Jet design Mach nurbers collapse on the basis of u, GDB plotted

against J for supersonic exit velocities,
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2.k The case th.n RJ << RB and uJ <u,
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Although accurate experimental results are not available for the case
when the Jjet velocity is less than the free stream speed, it is of interest
to consider the case for it represents the problem of "base bleed" associated
with a small central Jet.

From equations 12 and 13 if d = RB’ RB >> RJ and.
7
u,
2 9., & f
P (- S B
GDB—CT_-pu = & /1—u)nc1n

e o BB 0

If Cp ® 0 it is scen that, because the integral is always positive,

the base drag is reduced when Py Uy > 0 and uy < u,,

3. Apparatus
Jo1e Ihe 3dnd tunnel ond instrumentation

The tests were performed in a straight through wind tunnel having a
closed working section measuring 3 £t., square, The COn'rprossod air supply
for the Jet was led along the centre line of the tunnel to the working
scection in a }1 in, diameter pipe which was threaded at its dovmstream end
to atbach the models, The supply pipc was encased in a duralumin sleeve
L in, in diameter, the space between the sleeve and the supply pipe being
occupicd by the pressure tubes. The surface pressures from the model were
read from a rulti-tube water manometer,

3.2, Ihe models

The models used in these tests were each right cylinders 4 in, in
diameter and 12 in, long turned from light alloy. The internal cavity of
cach model was machined to give smooth Zl.ntC.I‘llu.l flow into a convergent-
divergent nozzle 3 in, exit diameter, each model howving a nozzle designed
to give parallel flow at the jet exit at its design Mach murber, The
design Mach numbers of the nozzles, allowing for a nominal boundary layer
correction, were 1,0, 1,2, 1.4, 1.6, 1.8 and 2.0, An internal gauze screen
was fitted between the model and the supply pipe to eliminate non-uniformities
in the compressed air flow from the supply pipe into the model's pressure
cavity,

Polythene tubing for pressure measurements was inserted in slots
along the base radii and the models generators at angular intervals of 22%
and secured with araldite,



L, [The Scope of the Tests

The tests on each of the models covered a range of free stream speeds
from 50 to 100 fi/sec, The actual "design" Mach numbers Il.-IJ of' the nozzles
D
tested were 1.0, 1,23, 1.4, 1,60, 1,82 and 1,98, Defining the jet stagnation

pressure paranmcter J as in equation 21, i.e,

Ll
P AR .
T B Yl
(1 Y=l 42 j2v=1)
g

where PJ_ = Jet stagnation pressure
P, = Tree stream static pressure

MJ = Jet design Mach number,

D

sufficient Jjet stagnation pressure was available to engble J to be wvaried
in the range 0 to 4,0.

The thickness of the turbulent boundary layer on the side of the
body at the base section is 0.6" approximately from which we deduce that
the effective length of the body is 2,3 ft. Based on this length and a
tumel speed of 100 ft/sec., the Reynolds number of these tests was 1.5 x 10°,

5. Iest procedure

The ordinary pressure plotting techniques were used in these tests,
Pressure measurements were taken at tunnel speeds of 50, 55, 60, 65, 70,
80, 90, 100 and 120 f't/sec, for each of twelve jet stagnation pressures.

Total head and static pressure traverses were made in a diametral
plane across the jet and mixing region at two, three, four, six and eight
body diameters dovmstream of the base, The total head measurements were
made using a Conrad yawmeter from which the flow direction at any station
was determined, The static tube was aligned in this direction when meking
static pressure measurements, The total hcad and static tubes vere calibrated
at low speeds; no further corrcctions being applied to the readings.



6. Results
6,1, Presentation of results

The analysis of section 2 shows that the product of base drag coefficient
and free stream speed is dependent only on jet conditionsg for the supersonic
Jet. We may infer that the product of the base pressure coefficient and free
stream speced also depends only on Jjet conditions and is independent of free
stream speed, Thus the pressure distribution on the base is presented in
the form of graphs of OP u, against r/R for given values of the jet stagnation

parameter J (Figs, 2 b = 4d),

The base pressures have been integrated over the base to determine the
base drag coefficient GDB referred to base area [i.e. W(R% - R?r)_'[ and
free strean speed, C. u, is plotted against jet stagnation pressure

"5

J in Fig. 3.

The foregoing method of prescntation breaks dovm for low values of Jet
stagnation pressure. It is knowm (Ref, 2) that the base pressure and base
drag cocfficients in subsonic flow with no jet are constent and independent
of free strecam spced. It is to be expected that any Cp 1, curve would

B

break up into several branches (one for each tunnel speed) for values of J
less than JD. However for such Jet stagnation pressures it is lmown that

the flow from any of the nozzles is subsonic and it has been showm (Ref, 2)
that, for subsonic jet flow, the base pressure and base drag coefficients

are properly presented in terms of the Jet momentum coefficient CJ defined by

"
pu2 )

c3 0o

E

CJ =

-+

where m is the rate of mass flow from the Jet and v is {the cquivalent jet

velocity (i,e, the velocity which the jet would attain in isentropic
expansion from its stagnation pressure to free stream static pressure.

Pigs, 5 a - f show clearly this dependence and the point at which this
presentation also breaks down, The radial pressure distribution for the
subgonic Jjet is shown in Fig, 2a in terms of C_,



6.2, The base pressure distribution (Fig. 2)

For any given Jject conditions the base pressure distribution follows
the same general pattern, From the edge of the jet the base pressure falls
with increcse of radial position to a minimum at 0,7 RB approximately, after
widich it rises steadily to the circumference of the base, Thc position of
the minimum base pressure moves outwards from 0,68 RB at the low values of

Jet stagnation pressure to 0,73 RB at the highest available pressures, 4

variation from the general pattern of the pressure distribution was noticed
near the Jjet exit for values of J less than Jpe In the region from the jet

exit (r/HB = 0,1875) to some point close to r/RE = 0,3 the base pressure
rises slightly before conforming to the general reduction noted previously.
Furthermore the position of maxdirmm base pressure moves inwards as the jet
stagnation pressure is increased up to J.. When the nozzle is at its design
condition the pressure variation in the region 0,1875 < :c'/‘R:B < 0.3 48
negligible,

At any radial position the base pressure falls as the jet stagnation

pressure rises to its design value for any nozzle, As PJ increases further

in the ronge d; < J < 3.0 the base pressure rises only ‘o fall again

for J > 3.0n

6.3. The base drag (Fig, 3)

The base drag coefficient increases with jet stagnation pressure for J
less than JD' For J between JD and 3,0 increase of jet stagnation pressure

causes a substantial reduction of base drag coefficicnt; but for J greater
than 5,0 the base drag coefficient again increuses.

6.4, The velocity distribution in the mixing region

Reliable velocity traverses were obtainable only at distances greater
than four body dismeters dovmstream of the base, In all cases the velocity
distribution was of the form shown in Fig, 1. The distributions, when integrated
according to equations 12 and 16 of paragraph 2, gave values of the base
drag coefficient shown in Fig. L.

Examples of the velocity distributions are given in Pigs., 11 and 12,
The readings from which these distributions were obtained were taken in
regions where the Jet flow had become subsonic,



7o Disoussion
7.1. Accuracy of the results

The jet stagnation pressure was maintained, by continual adjustment of
the oontrol valve, to an accuracy better than 2.5% during any test. The
tunnel speed could be kept constant to within 1% and the surface vpressures
measured to an accuracy of 0,02 in, of water, Hence the overall error in
the pressure coefficients and in the base drag coefficients is considered to
be less than 5. This is borne out by examination of Fig, 3 in which maximum
and minimum values are shown,

No account has been taken of tunnel interference effects, Any errors
from this cause are expected to be small since the Jet was aligned along
the tunnel centre-~line and the tunnel speed was adjusted to its prescribed
value as the jet stagnation pressure was altered and before any pressure
readings were taken,

7.2, Ihe flow in the basc region

The flow in the base region, for zero jet velocity, consists of a large
volume of slowly recirculating flow (bubble or, if idealised, a toroidal
vortex), Only at some three to four body diameters dowmstream of the base
(Fig. 6a) is the wake well esteblished, The form of the base pressure
distributions and the regions of very slow and reversed flow indicated by
the velocity traverses show that, in the presence of a jet, the bubble still
exists and from its inside edge flow is entrainei into the Jjet.

When the jet stagnation pressure is less than the nozzle's design
pressure the jet flow is subsonic everywhere in the nozzle or passes through
a normal shock in the divergent portion and is subsonic at exit, Tor the
subsonic Jet the maximum base pressure occurs near r/RB = 0,3 (Fig. 2a)

and indicates the existence of an attachment line there, The air impinging
upon this line comes from the bowndary layer on the body (Fig. 6b) and thus
has a stagnation pressure much less then that of the free stream, The falling
pressure gradient inwards is indicative of flow towards the jet along the
immer portion of the base radii for the low jct speed (Fig. 6b), As the jet
velocity is increased the bubble decreases in length and consequently the

base pressure becomes more negative, Entrainment into the jet increases with
increase of the jet velocity. In other words the vortex gets stronger with
increase in jet velocity. It is also noted (Fig. 2a) that the attachment line
moves imvards towards the edge of the jet as the Jet spced increases,

These trends continue until the jet reaches sonic velocity (for the
convergent nozzle) or its design Mach number (for convergent-divergent nozzles),
For this condition the bubble is shortest and the attachment line has moved
to the edge of the jet (Fig. 6¢). The flow on the inner portions of the base
is outwards and very slow,



In a slightly under-expanded jet (i.e, the jet stagnation pressure
slightly greater than the design value) the length of the pseudo-laminar
mixing region originating at the Jjet exit is greater than that for a jet at
its design condition, This means that the strong extraimment occurs at some
distence from the base (Fig, 6d), Hence the length of the bubble must increase
causing the base pressure to increase (i.e, GD is reduced slightly).

B

For a more highly under-expanded Jet the extra oxpansion of the Jjet as
it leaves the nozzlc results in a smaller bubble (Fig, 6e). The vortex
strength must increase causing the base pressure to be more negative, For
large under-expansions the jet displacement effect tends to £ill up the region
dommstrcam of the base and for still larger jet stagnation pressures, the jet
gives a compressive effect on the external flow (Fig, 6f). Thus it is
conjectured that the base pressure reaches a maximum suction for certain
Jjet conditions and then must increase with further inecrease of jet stagnation
pressure, This second maximum in, and subsequent reduction of, base suction
was oubside the range of Jjet stagnation pressure available in the experiment,

The structure of the axi-symmetric recirculating flow postulated here
has similar properties to those of the two-dimensional laminar separation
bubble described by Burrows and Newmen (Ref, 5).

7.3. [The base pressure and the base drag,

Previously (Ref, 2) it has been shown that, for subsonic Jets, the base
pressure distribution and the base drag cocfficient are independent of free
strecam speed when plotted against the Jet momentum coefficient CJ. defincd by

veriations with forward spced only being apparent for jet stagnation pressures
approaching that at which the nozzles choked, For a supersonic nozzle, CJ

is again the controlling parameter provided that the Jet stagnation pressure
is not sufficiently large to choke the nozzle (Fig, 5). As the nozzle design
pressurc is approached variations with forward speed are agein apparent

but, for Jet stagnation pressures cxcceding twice the design pressure, the
dependence of base drag coefficient on jet momentum coefficicnt is not
affected by free strecam speed., Comparison of Figs, 5a — f show that the

presentation of CD against GJ_ still leaves a dependence upon the norzle design

Mach number,

The theory of paragraph 2 shows that, for a base diamcter considersbly
larger than the jet diameter, the product of the base drag cocfficicnt and
free strecam spced is dependent only upon conditions in the jet, As base
drag is obtained bv integration of the base pressure, we would expect from
the theory that the product of base pressure and free stream speed is also
dependent only upon Jet conditions.
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For jet stagnation pressures approaching and exceeding the design
pressure it is shown in Fig, 2 that, whatever nozzle was used, the product
cp Y, is dependent only upon the jet stagnation pressure paraveter J and not

explicitly upon the jet stagnation pressure or the design Mach number of the
nozzle, In Fig, 3 the dependence of GDB U, upon J is shown., In this figure
the maximm and minimum values for CDB U., are showm for the different nozzles
at various values of J and it is clear that the resulting curve is independent
of the jet Mach number explicitly provided the Jet stagnation pressure is
greater than the design value,

The subsonic base drag for a base without jet is a constent independent
of free stream speed, It is therefore not surprising that there is considerable
scatter in the values of CD u, for J less than JD. The departure of the

B
experimental results from the theoretical prediction for low Jjet stagnation
pressures is attributed to imperfect establishment of the entrained flow
dovmstream of the base for such jet conditions.,

For values of J greater than Jy the jet is underwexpanded and, as it

leaves the nozzle considerable expansion occurs, Further the mixing region
near the jet exit is probably pseudo-laminar and significant entrainment
occurs only downstream of the compression region in the Jet. The effect of
this expansion on the base pressure has been discussed in the previous section,
It is sunmarised in Fig., 7.

7.4 Comparison between theory and experiment (Fig. 4)

The base drag calculated from the velocity traverscs and equation 12
of section 2, shows reasonable agrcemcnt with that obtained by direct integration
of the base pressure distribution for the same jet conditions, The theory

can be simplified in the case when Ry << BB and Uy >> 1, giving a value of

base drag which underestimates the experimental wvalue only slightly, The
general expression tends to overestimate the base dreg by some fiveper cent.
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7.5. A potential flow model to represent the mixing rogion

==

In an attempt to show that the flow in the mixing region postulated in
previous reactions is consistent with the experimcntal results a simple
potential flow model has been considered. The model, which is described more
completely in the appendix to this paper, ropresents only the flow outside
the jet itself, The recirculating flow is represented by a vortex ring of
strength T and radius r’ at a distance x’' dovmstream of the base. The
entrainment effect of the jet is represented by a distribution of sinks along
the jet centre line. By setting up the appropriate image system the base
autcrmatically becomes a streamline, and the radial veloeity on the base can
be calculated,

The pressure distributions calculated from the radial velocity show the
same general trends as the experimental distributions but there are some
wide differences in the magntiudes of the pressure coefficients involved,
The major source of error lies in the use of free stream static pressure and
speed as reference conditions, Since the recirculating and entrained flows
near the base oame mainly from the boundary layer of the body it is necessary
to use as reference conditions some lower value of spced as a rcfercnce, In
the appendix a speed equal to the average speed in the boundary laycr was
used with some improvement to the correlation betiween experimental and
theoretical values (Figs. 9 and 10).

The model fails in that it is nccessary to use experimentally determined
boundary conditions to determine the velues of the vortex strength and position.
A much more sophisticated model is neccssary if one wishes to predict base
pressures by purely theorctical means, The model postulated here does not
make the radial velociky zero at the outer edge of the base, Xven so the
pressurc predicted there is not seriously in error and the movement of the
centre of the recirculating flow and its increase in velocity is also predicted
to a certain extent. The results obtained from this model are sufficient to
show that the actual flow in the base region is as described in previous
sections of this paper.

8. Conolusions

s When the supersonic nozzle is not choked, the base pressure falls (and
base drag 3‘.11orcascs) with increase of Jet stagnation pressure.

2 For chcked nozzles (designed for Mach numbers in the range from 1 to 2)
an incrcase of Jet stagnation pressure beyond the design pressure
(JD <J < 3,0) causes an increase in base pressure, Further increase

of jet stagnation pressure (J > 3,0) agedn causss a reduction in base
pressure,

5 The flow dovmstrcam of' a large base consists of a toroidal bubble covering
most of the base area, The flow entrained into the jet near the nozzle
exit comes from the edge of this recirculating region, The normal
flow associated vith jet mixing is established only some three to four
body diameter downstrcam of the base, The size of the bubble is reduced
with incrcase of Jet stagnation pressure,
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A simple momentum analysis and an elementary potential flow model give
results consistent with the postulated flow in the mixing region,
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A potential flow model for the flow in the vicinity of a bluff base

In order to establish the effect, on the base pressurc distribution,
of the viscous and turbulent mixing processes in the separated flow region
downstream of the base it is instructive to consider the corresponding
potential flow model. Only the region outside the Jjet will be considered,
The inflow into the Jjet is represented by a continuous distribution of sinks
of strength q per unit length on the axis of the jet. The circulating
flow in the base region is represented by a vortex ring of strength T and
radius ¥ placed at x downstream of the base (Fig. 8). To satisfy the
condition of no flow normal to the base an image vortex ring of strength =T
is taken at ~X and a continuous distribution of sinks is placcd on the
reflection of the jet centre line, The external flow is represented by a
surface distribution of sources of strength p.u * &  per unit length in

the plane x = 0 and in the region RB € r <, This source distribution is
assumed to give no flow radially in the plane x = 0, It should be noted
that this model only attenpts to represent the flow on and dovmstream of
the base,

By virtue of the radial symmetry, the radial flow along the base x = 0
is given by

21 ) oo
Wr) = BEI -c0s 0 a0 -~ o f SAESx
. o 3
R r2 2 12 / /e & o (:'c"+:c'2)3
X +r +r «=21rrcosb

,.....,E'.f!/.{’_,._g.n ) -K(k) w1 il mz_f/.zf_._.....'u (k) | - S
,,,I.:J(%’)EJ, (1 + ( (2% (%~ 1)2>E =
woves  (dt)

vhere K(k), E(k) arc respectively complete elliptic integrals of the first
and second kind

Lr,,
¥ = —pe 2.2?..-_..&,1‘ o
WD E RS E RS
and q has been taken constant,

or writing ¥’ /¥’ = X and v/y’ =%
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= [3‘2“‘(1 +5)2]2 [_Kk [1 §2+(5-1)2}Ek)] 2w r
(4.2)

4T
X+ (1 + r)?

where k =

It is now necessary to detcrmine values for the vortex strength T and its

position (X, r’) from boundary conditions. We note that the base pressure
is a mininum at r/BB = 0,7 approximately from which we deduce that the

radius v’ of the vortex ring is given by r’/RB = 0,7

Case 1. Ihe subsonic jet

From the experimental results it can be scen that v = 0 when r/B‘]3 = 0,3 ;
1.6, T = 0,017 Ry, Thus (A.2) becomes

o .__.,.9.._9.8..3_ltz_ . D .,-,.-qnn _
'5‘ [K(k) [1 A 0,340 jz(k)} g2 = O

(4.3)

with k = ——wa668

X% + 2,008

The pressure cocfficient based on free strcam conditions and measured at
!
r = r shows that

¥
X)) o 4.5

u

o]

for ua./u = 6
end (4,2) becomes

..}_’._.;E_,.._.,_{_ [K(k} o Fas ‘%’é E(k)J - 3 = 2.7 u Ry ()
TR



We moy approximatec to the strength of the sink distribution representing the
jet by applying the results of Ref, 6., For Uy = 6 we find

vihere m (=7 oy Uy P:Zr) is the mass flow in the Jet

: T
i.0. e ® 35 Uy Ry (A.5)

Substituting from (4,5) into (4,4) and (A,3) and solving we find

X

i

L L
(4.6)
T = Wb

and thus, for a subsonic Jjet (uJ /u = 6), the radial vclocity distribution
o]
(A.2) may be written

62.6
Ao o ' = 0,02
gl QL S [ Y, [1 L ]E(}c) e

[5.60 +(1 + B 9.60 +(F ~1)*

...... CasD)
L v

mld_ k = e . LAy e T _._....v_-:_
9,60 + (1 + )2

On the assumption that the pressure at the point ::'/'B.F3 = 0,5 vwhors v = 0

is the stlagnation pressure of the frce stream, the radizl pressure
distribution has been calculated for the case Uy S = 6 and is showm as
curve A-A in Fig, 9 and compared with an experimentally detecrmined pressure
distribution C-C, The main discrepancy lies near the attachment point
where we have assumed that full free strcam stagnation pressure is reached.,
However the flow attaching at r/RB = 0,5 comes from the boundary layer on

the body and is thus at a much lower total pressure than fiee stream, If
now we take the average spced in the boundary layer at the cnd of the body
as the reference speed and the static pressure as measured at the end of the
body as a reference pressure and calculate the radial pressure distribution
we obtain the curve shovm as B-B in Fig, 9.



Case 2, The Sonic Jet

In this case the attachment point has moved to the edge of the Jjet and
we nay toke Uy = 10, From Ref, 6 it is seen that the appropriate

sink strength ismgiven by

R
i J °J
9 % T a0

With the boundary conditions
(1) v =0 when r/RB = 0,1875

(i1) o, = 1.0 (1.4 -‘Iu; = 1.4) when /Ry = 0,70

we f£ind that (A.2) yields
2,86
' =18.,6

X

Substitution of these values in (4,2) allows the radial pressure distribution
to be calculated as before, Comparison of the theoretical and experimentally
determined pressure distributions arc given in Fig, 10

Case 5, The supersonic jet

The experimental results suggest that the attachment point does not
move once the Jjet has become supersonic. Thus the only veriations in T
and X come from veriations in the sink strength g which is dependent upon
the speed ratio uJ / « However we mey infer from Ref, 6 that an increase

in Uy /o above 10 has little effcet on g and hence we may deduce that the

radial pressure distribution which the potentiel flow model precdicts for
the supersonic jet will vaxry little from that found for the sonic jet.



FIG. I

THE REGION CONSIDERED IN THE MOMENTUM INTEGRAL.
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