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FUAINTAIL A8PT,5 OP SUPERSONIC COIJBU STION

J. Swithenbank and M, Jacques

The aplpication of turbulence theory to the design of supersonic

combustors has been investigated both experimentally and t~ieoretically.

Experimental studies carried out in the 150 mm shock tunnel have shown

that a vortex fuel injector can release the heat extremely rapidly

(,e 200 mm) at a stream velocity of about 3000 m/s. A rarpdly

responding sampling probe sultable for monitoring gas composition

variations within milllsec. has also been developed. The

theoretical studies have led to the prediction of an important

limitation on the performance of supersonic burners due to the

fundamental requirement to produce turbulent kinetic energy at the

expense of stream energy.

INTRODUCTION

The application of turbulence theory to the design of practical

gas dynamic systems such as combustors has been previously limited

by mathematical complexity. A new technique based on turbulent

energy balance principles has been developed and is being applied

to supersonic combustion systems. An extensive report presenting

the theory has recently been prepared (Ref. 1) and the details

will not be repeated herein. Earlier experimental work is given

in Ref. 2 and some current investigations and results are describc'-d

below.

Exoerimental Studies

The mixing and combustion of hydrogen in a supersonic air-stream

1s being investigated in a two dimensional Mach 3.5 test section.

The stagnation conditions being used are 5000*X at 20 M1i/m 2



corresponding to a flight Mach number of 10. These conditions are

obtained using a 150 mm. combustion driven shock turnel, operating

at the tailored interface condition. A computer programme has been

developed which accurately predicts the performance of the tranel.

This tan be used quite reliebly to give the requir,;d initial conditions.

for any desired operating conditior (Fig. 1). These programmes can

be easily extended to predict the test eection conditions for

isentropic nozzle operation. This will enable the nozzle efficiency

to be determined which can then be used to give an accurate

determination of test section conditions prior to mixing and combustion.

The available test time for tailored operation is 9 3 msec, and

the mini= time required for mixing and combustion to be established

in the 750 mm long test section is 01 msec. Driver gas cont~amination

has been shown by various workers to affect test times by as much

as an order of magnitude depending on the gases used, when operating

close to the tailored condition. For this reason a detailed study

of the two saggested contamination mechanisms has been carried out,

and it has been established both theoretically and experimentally

that within the present operating range, using combustion driving,

drivzr gas contamination is not a serious problem. For the particular

dimensions and operating conditions of the Sheffield tunnel, the

primary shock Mach number for tailoring is within the range 10.9-9.6,

whereas contamination due to transmitt;ed shock bifurcation occurs

only for Mach numbers gt-eaterlhan 12.4; and contamination due to

contact surface instability for Uach numbers greater than 12.7.

The current experimental programme is concerned with the

mixing and combustion associated with mid-stream axial injection

of ýydrogen into a Mach 3.5 airstream. The present injector

configuration was designed to promote rapid turbulent mixing, and
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the turbulence level was chosen which was compatible with the

aerodý.amic blockage retio. The turbulence is generatedi in an

unconventional wake region by the production and interaction of

swiss-roll type vortices formed each side of the rear ward facing

delta shaped louvres. The hydrogen, at room temperature, is

injected into this turbulent region through holes situated beneath

each louvre in the base of the wedge.

The formation and interaction of the 24 vortices ensures a

rapid conversion of pressure energy into turbualent energy. The

initial eddies formed by this will be small and of high Zrequenny,

hence they will dissipate their turbulent energy uiich faster than

would the initial eddies formed by a conventional wedge shaped

bluff body of equivalent blockage. Therefore for a given throughput

the mixing and subsequent combustion will take place at a raster

rate than that obtained using either a wedge or concentric injection

system.

Measurements of wall static pressures in the test section for

various hydrogen flow rates indicate that rapid mixing and subsequent

heat release is taking place.

Fig& 2 shows typical static pressures obtained with and withcut

combustion. St I is positioned 15 mm in front of the injectors

leading edge and gives the undisturbed static pressare. St 2 is

positioned f.65 mm downstream of the injection point with St 3

-500 mm from the injection. Run number 14T4/19 shows the pressures

obtained with an equivalence ratio of 0,057s and the pressure at St 2

is seen to be high and very steady when compared with that of run

number MJ4/24 in which no hydrogen was injected. The oscillatory

nature of St 2 is attributed to the fact that the leading edge

shock is reflected from the wall in the vicinity of St 2 for the
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no combusti~on caae. The interaction of the shook and the boundary

layer leads to these pressure fluctuations.* When combu-stion is

occuring behind t-he injector the inCr-eased pr'essure 'pushes' the

leading edge sh~ock fhr~ther 3'Orward and nto pre,-<nme fluctuations Ar

seer-,

Fig. 3 shows the -,ýatia prmssur-es m~auro- :tor varions equivalen~ce

ratios. 16t should be pointed out that the pOSiticn of Ithe pressure

MAXimum and thze ehape of the curves, are those found using only 3

pressure Zrndcr~ However thse importsance -,f t-hese curves is

that isy do show the gerieraL form of the static pressure distribution.

This gen~eral form indicates that foilcwing injection there~ is-a-

comparison zone follo'-5-1 by a re-expensior. zon.'e Thie compression

gone 1lw by the oombined effect of hcat and. mass additi~on,

and the theory which shows an eqnuivalence between heat and maA~s

sources staltes t6hat If is 'la-rge- steep compressinn zill result,

and if the c-ompression -waves coalesce shock vraves may even be formed.

In an attempt t o ind.icate the re'Lative contribution of heat and mass

addition '4est-s w.-re carzied, out using N2 as an inert test gas and

injecting R,., Lnto it. A comparison of the pressures obtained is

sho%.vr in Fig. 4. This shows that a significant proportion of t~he

compression is due to heat release. Hence it may be concluded that

miliiig and subsequent combustolon oc.curs within a very short distance

of injection. Making a simplifying assumption that the pressure

disturbances due to mass add4".tion remain constennt for each case.,

and that the pressure disturbances due to heat rele-xse is stuperimpoeed

on this. Then the orm of the pr~essure distribution fits in very

well with the concepte of parfectly sti.-rcd rt~aotors and plug flowI reactors. In the well stirred region increases rapidl~y until
ax.,

a maximum value iL reachea. Then after ent~ering the plug flow

region will decrease slowlyv until. com~bustion is complieud. The



pressure rise erected for complete combustion of stoichiomet-i¢c

hy•rogen at test seclicn conditions has been calculated using

Mil:ier chats, anC& togetrer with the wall frIction drag pressure

rise-io shown on 0?1g. 3 as the equilibrium pressure.

The olose agreement Is perhaps a little surprising for such

a large difference in equivalence ratios. It should be noted that

the equivalence ratios were computed assuming no dissociation of the

test air in the nozzle, In actual fact under these conditions there

will be substantial orygen depletion due to the formation cf oxides

of nitrogen.

The dotted line on the graph shows the results of an analytical

approach for mid-streem axiul Injection of hydrogen in a constant

area Mach 2 aLt eam) obtained by Slutsky and TsraWgo. The

agreement in overall shape is miosw encouraging. The difference

in pressure levels is probably due to the different initial conditions

and the *'act that the analysis i.s based on an inviscid theory.

Thes~e experimental resa2!ts have shown the type of pressure

profiles tL be expected in actual ocramjet combustors employing

similar geometry. An increase jx. test section instrumentation will

help give a mo,'e detalled cture of tite- complex phenomena of mixii•,g

and combustion under these conditions.

One addition ot the test section instrumentation is to be a

mid-stream probe capable of measuring pressure and changes in gaEI i
composition simultaneously, having a response time of msec,4

This probe has been developed from the design proposed by

R.J. Stalker, for detecting contamination in shock tunnels.

The probe consists essentially of a heat exchanger and plenum

chamber whose function ie to supply the sampled gas stream at a

constant temperature for re-expansion through a sonir2 orifice into
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The pressure in the cavity at any instant is given by

P = toRT c

ai.a differentiating w.r.t, time,gbr constant temperature

dP = dm.RT .... (a)

The masa flow rate through the sonic orifLce es

dm = K Peae e... (2)

and taking conditions In the plenum as local stagnation conditions

I
Pe 2 a T a e (..L2 andP =o PP o M , + 1L a+\
p0  a0

RT0
-. Peae = (~.) Pa~

substituting in (2) gives +
(dm = X P8 a °0 . Ae 0060 (3)

0

substit.ut~ig (3) in (I) gives

•+I
d- o 2 K.Ae.T, I . P . a o

" \/ T0.+
0

and because of low mass flow rates and high thermal mass of the probe

and heat exchanger we assume that Tais constAnt, then

T 0

d • = B. Pa. a0

so if P and P. are measured, any change in the slope of P without
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a corresponding change in PS means a0 has changed, and at constant

tem oerature this means a change in molecular weight.

Plate I shows an exploded view of the probe being used at

Sheffield. The heat exchanger and plenum chamber constitute the

horizontal piece together with a miniature transducer for measuring

Ps. The gas flows through the sonic orifice into the vertical

chamber, which is also fitted with a transducer to monitor dQ.
dt

The critical factors in the design of this probe have been found

to be:-

1. Sampling time - the gas must continue to flow into the

chamber for the total test time under investigation. This 'filling'

time is found to be depsndent on the ratio of chamber rolume to

orifice area.

2. Response time - for good resolution the response time mu~t

be an order of magnitude below the sampling t-me. A simple RC

analogue shows that the response time of the probe ir. directly

proportional to the ratic of planur, + heat -x:hang•-e vrime to

chamber volume. This design restraint may bs overcome by having a

bleed from the plenum.

This probe has been tested in the Mach 3.5 test section, and

has been used to verif~y the contaminoation data. The next phase cf

the experimental programme includes the utilisation of this probe

to investigate the nature and position of the mixing and combustion

zones, both in the near flow field and in the far flow field

downesream of the injector. This, together with extra static

pressure transducers will be used in a more detailed experimental

investigation of the mixing and combustion of hydrogen ini a

supersonic airstream.

7-



References

1. J. Swithenbank, "Combustion Fundamentals", Report Nc. HIC 153,0
Dept. of Chem. Eng., Sheffield University.

2. R.J. Parsons, "Supersonic Combustion Research Techniques in a j4

Hypersonic Shock Tunnel", Ph.D. Thesis, 1969, Sheffield
University.

*1t

.|*-

4
rI



IN

FIG. 1.

COMPUTED AND MEAS-URED PRESSURES

2500-

2000-

I\

15oo-

Pressure

1000-
MS 9"98

PRIvE-= 14 0  mm. H9.

PDRvE: =3900 p.s.i.

500

0 I2 3

Time msec.



STATIC PRESSURE RECORDS
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