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SUMMARY

A review is presented of recent work on the flow from a single forward-
facing orifice in a supersonic or hypersonic stream. The particular aspect
of this work discussed here is how to shape the profile of the orifice and the
body co that the ejected gas remains attached to the body and thus envelops it
in a smooth layer which can be used to reduce heat transfer to the body
surface. Dissipative effects are neglected, except across the detached shoclk
wave, 'The review begins with a more specific formulation of the problem,
made with the help of some detailed experimental observations by Tucker-.

Then accounts are piven of Eminton's melliod for constant-pressure nrofiles in
plane flow, and of the theoretical and experimental work of Baron and Alzner
on axially symmetric bodies. The results are discussed and it is concluded
that while the aim has in some cases been achieved a reliable method of' design
does not yet exist, Some surpestions for further work are made,
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1 INTRODUC TT ON

Before hypersonie flight in the atmosphere can be sustained some method
must be found for protecting the swrface and especially the nose and the
leading edges of the vehicle from over-heating,  Ablation and heat-sink
techniques are well suited to cases where the heating is of short duration, as
in re-entry flight. 7o reduce aerodynamic heating in sustained flight,
attention has been given among others to methods of placing and maintaining a
layer of gas over the critical parts of the surface: by distributed frans-
piration throuzh a porous surface or, alternatively, by forward ejection from
a shaped orifice. More atlentaon has been given, hitherto, to the former
method, where the diffaculties are chiefly mechanical, but the mechamical
simplicity of the latter has led some to tackle its aerodynamic difficulties.
This aerodynamic rroblem, namely the design and performance of the orifice-
body combination, is the subject of the present review,

The earlier experiments on the ejeotion of a gas from the nose of a blunt
body in a hypersonic stream, by llcliahon® and by Varren®, were mainly
exploratory, No serlouvs atlempt to shape ithe orifice was made. Seperation
or large-scale mixing occurred except at the smallest ejection rates, and no
appreciable reduction of the overall heat transfer was obtained., The nature
of ithe problem had not been fully recognised but the work inspired new efforts
and recently some positive resulis have been obtained. Lam? and EmintonJ
have calculated a family of two-daimensional orifice-body profiles which have
constanl pressure over the curved part of the profile. Because Eminton's
work is more general, the discussion will be confined to her results. For
the calculalion it is assumed that the flow between the interface and the
orifice is incompressible. ‘The resulting pressure distribution along the
interface approximates that due to a hypersonic flow. Boron and Alzneri
have tested a flamily of axially symmetric bodies with wrofiles based on
approximate incompressible solutions for a hemispherical body in a hypersonic
stream,  And Tucker! has made more delailed experimental observations of &
set of axially symmetric bodies with surfaces gensrated from Eminton's two-
dimensional profiles, In both experiments, cases of attached flow were
obtained for a range of ejected mass flows.

A common feature of the above more recent work is ithe considerstion of the
flow 1n the vicinity of the orifice in isolation from the remainder of the flLud.
lloreover, although the main aim is to obtain a flow field which substantially
reduces the heat lransfer to the surlace, heat transfer itself is not
considered. TFinglly, while the layer of ejected gas offers a means of
obtaining a suitable fuel-air mixture required for combustion and also a means
of reducing the drog of the aircraft, mixing and viscous effects and drag
reduction are not investisated,

This review bezins with a more specific formulation ¢f the problem, made
with the help of the detairled flow observations of Tucker’s This is followed
by accounts of Iminton's method? for constant-pressure profiles, and of the
theoretical and experimental work of Baron and Alzner® on exially symmetric
bodies, The assumptions, the analyses and the experimental results 1413
be summarized and some of the shortcomings vwill be discussed.



2 A FORMULATION OF THD PROBLEI!

A sketch of the desired flow field is shown in Fig,1. It features a
uniform hyperscnic flow upstream, a curved detached bow shock-wave, an
ejected gas stream, a distinet repular interface and a shaped orifice-body.
The chief requirement is that the ejected gas follows the surface without
separation, turnin; to envelop the body so that the oncoming stream has no
contact with the surfave. For a two-dimensiocnal or axially-symmetric body
there will be a free, detached, stagnation point on the interface. Thus an
obvious onerating condition is that the total nressure of the ejected gas
(on the stegnation sireamline) equal the total pressure of the oncoming flow
on the stazgnation streamline downstream of the shock, Since the oncoming
fiow is hypersonic the flow downstream of the normal part of the shock will
be at & low subsonic smeed, and it is plausible to regard that flow, and the
adjoining e jecied flow, as incompressible.

Fig.2(2) is a typical shadowgraph due to Tucker1, of the flow described
above, Tucker constructed his axially symmetric models by the simple
expedient of rotating theoretical two-dimensional profiles of Eminton5, 80
his observations camnot be guantitatively related to the theory. Neverthe-
less, the observations are instructive. The orifice cannot, of course, be
seen, but the interface is distinet”, In Fig.3 is shown the corresponding
measured distribution of sfatic pressure around the nrof'ile. The station
at which the ejected flow reaches sonic velocity, as calculated by assuming
isentropic flow, is marked S. Also shown are pressure distributions for
zerc ejection rate and for a mass flow so large that separation of the
ejected gas and serious distortion of the bow shock occur, This breakdown
of the ejected stream is shown in the shadowzraph of Fig.2(b). HNote that
where the desired flow is obteined the pressure gradient around the profile
is nearly zero or favourable but there is a strong adverse pressure gradient
in the undesirable flow, The shadowgraph 2(b) shows the adverse pressure
gradient fto be associated with separation end extraneovs shock waves,
iiote also that in the desired flow the sonic point is reached only after the
ejected gas hes turned through sbout 130° whilst in the undesirable flow the
sonic point lies well up the orifice, before the ejected gas has turned at
all,

The experimental evidence sug ests that two conditions should be aimed
at in the desipgn of the profile. First, the shape should be such that
adverse pressure gradients on the surface are avoided. This would ensure
that the ejecled psas does not separate and would minimize the risk of large-
scale mixing with the oncoming flow, It is possible that the interface is
unstable and unsteady but there has not yet been any experimental evidence
(with only small density differences across the interface) of such an
instability at supersonic speeds, Secondly, and related to the first
condition, most of the turning of the ejected pas should be accomplished sub-
sonically, to minimize the risk of over-expansion, which would be followed by
compression, extraneous shock waves, and possibly by separation.

%  The ejection ratg here is gbout 25 times the value at which Warren's ejected
flow became detached”, in terms of Warren'smass-flow coefficient,
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It is not easy but nevertheless possible to satisfy the above conditions.
The existence of a stagnation point on the interface implies that adverse
pressure gradients must exist within the ejected flow, close to where th?y arae
required to be favourable, This is 3illustrated in Fig.hk, which shows lines
of constant jressure (or velocity) and velocity veclors, for one of Eminton's
profiles. lote that the curved part of the body is an iscbaric sur?ﬁce.
Since, in the real flow, the pressure must be continuous across the interface,
the ejected pas must accelerate at some stage to supersonic speeds, It
might be assumed, as Emintor? and Baron and Alznert have done, that both the
ejected flow and the flow downstream of the shock are incompressible. The
argument 1s that there will be a limited region where the assumption is valid,
and that if the resulting theoretical pressure distiribution along the inter-
face in this limitled region approximates the actual distribution the method
will be justified.

Another simplifying assumplion, made by Eminton3 and by Baron and Alznerh,
is that viscous effects and mixing are negligible., Tle limited experimental
evidence shows that this is not Jjustiified for the ejected flow as a whole:
an application? of the conservalion laws to ihe problem of thrust recovery
wrth forward ejection yields recovery values for invaiscid flow that are
appreciably larger than the measured ones, lowever, in the limited region
near the orifice, and for the purpose of designing the shape of the curved
wall, possible viscous displacement effects are the main concern, and it
may be assumed that here, where the wall is hipghly curved and pressure forces
are large, viscous displacement effects along the wall and along the inter-
Taces will be negligible, lo a first approximation.

It 1s worth noling that if a satisfactory inviscid and incompressible
solution for the ejected flow 28 found, the solution will in principle
suffice for any ejected gas no matler what the density. This can be deduced
from ihe equations of motion amd the condaition of continuity of pressure across
the interface. For a given free stream, and a given body, flow similarity
willzbe naintained with different ejected jases simply by keeping
Pjvj constant, where v‘j is some characteristic velocity of the ejected gas
and 0. is its density. In practice, ihis generalization may fail, if much
mlxiné across the interface occurs or if the interface becomes unsiable, for

the interface will be a vortex sheect when there is a difference of density
across 1t.

It is also worth noting the close relation between ejection from a two-
dimensional profile and ejection from an infinitely long swept leading~edge,
a case of obvious importance, As is usual in such cases, two-dimensional
flow is assumed in the plane normal to the leading edge. Thus Eminton's
method, and her results, apnly equally to both swept and unswept leading-
edges, An important physical difference in the swept case is that only the
components of flow normal to the leading-edse are brought to rest. Although
the problem is still essentially two-dimensional, another parameter is at
one's disposal: the component of ejected flow parallel to the leading edge.

3 THE (ETHOD OF EMINTON5F0R CONSTANT-IRESSURE PROFILLS

Eminton replaces the low field of Fig.1 by one in which the flow on
each side of the interface is incompressible and inviscid, the bold approach
noted in Seciion 2 above., She considers the irrotational two~-dimensional
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flow about a symmetrical orifice-~body which is to be shaped so that the
pressure on the curved part of the profile is constant. The condition that
the pressure st the r esulting interface should be that of a body in hypersonic
flow is not satisfied specifically, but lhe analysis is ocarried out on the
hypothesias that the condition will be satisfied approximately in some of the
solutions (as it is). To avoid separation a body shape with constant or
falling pressure must be found. The two-dimensional problem for a body with
constant pressure (or constant velocity) is readily solved by the hodograph
method; Llhe corresponding problem in axially symmetric flow camnnot be solved
with comparable eose,

In the usuval manner, a complex velooity Z and a complex potential w are
introduced, which are analytic funciions of the complex varisble z, related
by

dw .
'a'z- = ‘.; - (1)

The prescribed quantities are the free~stream velocity V.o the initial
velocity of the gas to be ejected far upstream in the orifice vj, and the
(conslant) speed v, of the ejected gas as it rounds the profile (in Lam's
workz, Vg = vm). Irom there the essential features of the flow in the Z or

hodograph plane are constructed, and the complex potential at a point £ is
written down:

L y -1
o = «=m log(y + vj) + m log(d = vg) -z - v&)

-m 1og(v$/ﬁ + vj) + m log(vi/Z - v;) - p(vﬁ/Z - v&}_1.
eee (2)

The terms on the right~hand side are due, respectively, to a source of
strength m at 7 = =y 8 sirk of equal strength at £ = v_ (the final state

of the ejected gas), a doublet of atrength -y at & = vg)(the far free-stream)
and such other singularities ocutside the cirele of radius v, as make the

circle a streamline, Since ilie origin in the hodograph plane is a stagnation
point in the hodograph flow, ihe doublet strength 1 and the source strength m
are related, from equation {2), by

= 2 2 2 B
= ! -
m % :Qw'+ vj)(V&ij + vm) va/{(vm V&) Vj} _lm’ (3)
and m i3 related to the initial width 2h of the orifioce by

m = hvj/'rt. (%)
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From equations (1) and (2), md making use of (3),

v m=n

- _m - 00(Y - Ho(y . -1
z = - log(Z + VJ.) 5 log(Z voo) + 5 (2 Voo)
dJ voo e
m v, " voo mo+ ) Dy =l
- —51 Log(y + v /v,) = S log(d - vy /v ) -l v, & - v)
Vi Vi
+ a constant. ()

Equations (2) and (5) enable z and w to be evaluated from chosen values of
the velocrty Z. Thus, to find the shape of a profile, choose & = v el¥ and

evaluate z for O € 0 € &, The shape depends only on ihe ratios v v v

-~
m
or v /v end vj/vm, with h as a soaling faotor.

IEminton concludes by showing how the incompressible results may be
adapted to the hypeisonic problem. If the pressure p at the interface can
be approximatied by lhe modified-Newtonian relation

P-P
— =00320, (6)
. - 7.,

where P, is the pressure of the hypersonic free~stream, P, is the pressure

at the stagnoiion point and 6 is the angle between the normal to the surface

and the free-stream direction, the velocity of an incompressible ejected ras
along the inlerface would be given by

= {2, - 2 )/,

4
Y

v = r2 |
J |

ain 0 . (7)

In the hodograph plane this represents a circle through the origin with
its centre on the axis of symmetry, llow, {or many combinations of v v and

v./v_ the theoretical interface in the hodograph plane does in fact approximate
t8 1e above and has a diameter of, say, k. lHence, by identifying the two,

2
pJ v, ) P, - t)o/\r./vm>2 o
Ty 2 k y ( )



where p_and V__ (% v ) are the density and velocity of the hypersonic free-

stream, This is a relation between the momentum flux cosfficient of the
ejected gas, & free-stream prossure coefficient and a parameter (vj/%m)/k

related to the shape of the profile., For a given profile in a given hyper-
sonic stream the right-hand side will be fixed. Then, if the rate of

ejection is set so that the left-hand side balances the righl,and the assumptions
are jJustified, the pressure arouand the curve of the profile will be

approximately constant. A selection of Zminton's profiles is presented in
Figs5. ©Each is identified by the values of v«/Vm and vj/vm assizned to il.

The aprroximate value of the diameter k is also given. Only ithe part of the
profile shape which i1s of inierest in the present context has been drawn.

The main doubts about lhe method concern the assumption of incompressible
flow and the neglect of the boundary leyer displacement thiclmess along the
wall and of mixing across the interface., These are not easily resolved.

An extension of the method to include viscous effecils of two different gases
would be very valuable, Tor a direct experimental test of the method, a
test of two-dimensional models at hypersonic speeds would be desirable, o
tests in Lypersonic wind-turnels have so far been reported.

L TIIE VORK OF DARON AlD ALZNER4 ON AXTALLY SYIZIETRIC BODIES

Like Eminton, Baron and Alzner replace the flow {ield of Fig.1 by an
incompressible one, but they use a solution previously obtained by Martin/
for an axially symmelric closed body and construct profiles by following the
theoretlical s tream surfaces inside ithis body. They place each model in a
wind-tumnel vith a free-stream liach number of 4.3 and toeke shadowgraphs for
a range of mass flows,

Hartin's solution7 is intended for the hyersonic flow past a hemis-
pherically blunt body. He assumes that the shock wave is also hemispherical,
conceniric with the body suriace, and that the density downstream of the shock
is constant, Diffusion effects are neplecled, but voriicity is admitited.
This enables him to obtain a solution in closed form for the flow hetween
the shock and the body, by approximately integrating the momentum equations
and satisfying the contimuity equation and apwropriate boundary conditions
at ihe shock and at the body sur“ace. A stream function ¥ is used, defined
by

1
%% = PV, T sin 8
(9)
!
% g% = = p VI sin 0

where r, 0 are spherical polar coordinates (Fig.6) with 6 measured from the
axis of symmelry, and v, and A denote the corresponding velocity components,

A solution of the form



¢ = <52sin” 6 £(x), (10)
Yo
13 assumed, and it is shown that
L 2 -1
flr) = A(r/ro) +B(r/r0) +C(r/ro) . (11)
with
- 2 T \=~2
A = %i 2N -2, 4 /;-"-’\
- A\Peo/ oo | o/

2 3
C = -l-' r {/2 - Z‘E + 6—t [fﬂ
15 [E— P Pca . ‘\ro/

r = r on body, r = r,on shock,

and vhers rw/%o is given by the condition ¥ = O, whers r = Ty that is, by
the equation A + T + C = O.

Baron and Alznerh anply the above solution to bthe rezion r < L that is

to say, to the continuation of i:artin's flow inside the body, They take the
former body surface, r = r_, now lo be the interface between an ejected gas

and the oncoming stream, and regard the family of siream surfaces in r < o

defined by assigning positive values to ¢ in equation (10), as a family of
body profiles, This continuation of Martin's seolution cannot strictly be
defended, because the flow between 1he shock and the interface has a vorticity
derived from the curvaiure of the shock, and the vorticity of the ejected flow
bears no relation to this, However, at the interface itself the theoretical
vorticity is zerc so, provided the vorticity of the ejected flow is not
appreciable, a limited amounti of continuation might be acceptable. A more
serious shortcoming is the need to fair the profiles into parallel ducts as
shown in Fig.6, departing from the theoretical surfaces because these all start
from a "point source" and give infinite velociiy ot the origin and sonic
conditions at about a quarier radius from the stagnation point.

The ejected mass flow Q is calculated by relating the mass flow ilhrough
a cirecular stream tube upstream of the shock to the stream function and

-9 -



gssuming that 1lhe same relation holds for the ejected flow. The validity
of the continuation is taken for granted. The result is

(rs\ 2

9 = i 84
1 = ;q;i;y - f ¥ (12)

[ o]

Tour ejection models were conslructed by taking the available
combinations of two diameters (1.2 inches and 0,8 inches) and two design
mass flows (Q/(paav;avnrg } equal to 0,014 and 0,028 ), TFor each a set of

shadowgraphs were taoken, covering the range of mass flows from zero to past
the design value. The shadowgraphs presented for the model 1.2/0,028 show
physical features similar to those of Fig,2, The results are more signifi-
cant than Tucker's, however, in the sense that the interface detachment
distance could be measured and indeed reached the design value at the design
mass flow; serious {low separation occurred when the design mass flow was
exceeded, The interface then become irregular and the shock became
gppreciably distorted, 'Tucker's observations had no such theoretical
counterpart. All the olher models also showed smoothly attached flow for
lower mass flows, but the asbove breakdown occurred befors the design mass
flow was reached at values from at most 90" to at most 70. of the design
value, The objective of relating flow behaviour to design, apparently
achieved with model 1.2/0.028, is vroved elusive by the behaviour of the
other models.,

A number of reasons can be advanced for the above lack of consistency,
In the first place, surface vressure gradients are not even considered in
the design; in the absence of the duot adverse pressure gradients will
certainly be present and it is not known how the subatitution of the
arbitrarily faired duct for the source flow affects the pressure distribution.
Then, the continuation of liartin's solution Yo within the body (or interface)
is not strictly valid, and, even if it were salisfactory for practical
purposes, there remains the fact that llartin's solution, like Iminton's,is
inviscid and incompressible. Iinally, even if the theory were in every other
way satisfactory, there is the need to introduce the arbitrarily faired duct
which disturbs the flow in some generally unpredictable manner, and which
also precludes the establishment of a consisteni rational design method.

5 CONCLUSIONS

The aim of shaping the profile so that the ejected gas remains attached
has been interpreted as: to shape so thal (i) adverse pressure pradients are
avoided ard (ii) most of the turning of the gas is accomplished subsonically,
There is scme scope in how lhese conditions may be satisfied. Both theory
and experiment have so_far taken the easiest way. For two-dimensional
flow, Eminton's method> is available as a starting point; ii applies equally
to swept leading-edses, but no iests of either case have yet bgen made, Tor
axially~symmetiric {low, tests are readily carried out but mathematical diffi-
culties have so far discouraged the development of an adequate theory. It

% This 18 about one-third the {low rate successfully used by Tucker1 to
obtain the results presented in Figs.2(a) and 3.
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1
has been established, by the experiments of Baron and Alznerh and of Tucker ,
that the desired smooth layer of ejected gas can be obtained, with a shaped
profile, bul a complete and reliable method of design does not yet exist.

The way to further progress is not easy but is discernible. The use of
a suffic:ently large wind-tunnel {preferably hyuversonic) should enable tesis
to be made of a two-dimensional model with a cross-section which is both large
enough to hold the necessary instrumentation and small enough to eliminate
blockapge problems and resiriect the influence of the side-walls to the ends of
the model, iminton's approach cannot be applied to axially symmetric {lows,
but axolly symmetric bodies with an interral duct and Tavourable or nearly
zero pressure gradients could be obtained from distributions of ring vortices
and ring sources, even if ithe process is tedious, Such tests of two-
dimensional and axnally symmetric designs are needed to check how far the
assumption of incompressible flow is adequate, whether skin {riction and
displacement effects are important and whether differences in density across
the interface lead to much maxing or to instability, It is also highly
desirable to apply and extend existing methods for caleculating binary boundary
layers 1o the case of nose ejection and to consider the conditions at o free
stagnation point with different pases on either side,

A,B,C, coelficients in equation (11)

f function defined by equation (1%)

h half-width of ejection orifice far upstream ~ Section 3

k approximate drameter of inlerlace in hodograph plane - Section 3
m source strength - Section 3

] swalic pressure

0 mass flow - Section 4

r,0 spherical vpolar coordinates - Section 4 (0 also angle between

surface normal and free-stream direclion - Section 3)

T, T, radil of bounding stream surface and shock-wave, respectively,
Section &

v velocity in compressible flow

v velocity in incompressible {low -~ Section 3
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Subscripts

STmoLs {cowr,

velocity components in spherical polar coordinates - Section &
complex variable - Section 3

complex veloeity - Section 3

doublet stren;ih - Sectlion 3

density

stream function, defined in equations {9)

complex potentiel = Section 3

J far upstream in orifice

m around curve of Tminton's profiles

8 at the stagnation point

oo in undisturbed free-stream
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envelops it In a smooth layer which can be used to reduce heat trangfer to
the bocy surface, Dissirstive effects are neglected, eXcept across the
detached shock vwave, The review begins with a more speciflic formulation o*
the problem, made with the help of some detailed experimertsl obseryations by
Tucker!, Then accounts are given of Emintents method® for constant-pressure
profiles in plane flow, and of the theoretiecal and eXperimental work of Baron
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A review is presented of recent work on the flow from a single forward-
facing orifice {n a sypersonic or hyperscnlc stream, The particulsr aspect
ot this work discussed here 1s how to shape the profile of the orifice and
the body so that the ejected gas remains attached to the body and ttus
enveloos {t 1n a smooth layer which can be used to reduce heag transfer to
the body svrface. Dissipative effects are neglected, except across the
detached shock wave, The review begins with a more specific formulstion of
the problem, made with the help of some detailed experimental observations by
Tucker!, Then accounts are given of Eminton's method? for .onstant-pressure
profiles in plane flow, and of the theoretical and exXperimental work of Bzron
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and Alzner!* on axially symmetric bodies, The results are discussed ana 1t
18 concluded that while the aim has In some cases been achleved & relfable

mathod o” degign does not yeot exist,.
are mades

Some suggestions for further work
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