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sumtARY

As it is well known each component of a scramjet (supersonic combustion
ramget 5 frg. 1 i.e., the air 1inlet (0-1), the connecting duct (1-2), the
combustor (2-4) and the exhaust nozzle (4-5), may be analysed in separate and
experimental results can be incorporated where needed. This work reviews and discusses
some thermodynamical aspects for  fized scramjet combustor geametries aiming at the

design of a test facility.

INTRODUCTION
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Fig. 1 Schematic of a scramjet engine.
t,~wall shear stress, éw - wall heat flux
we —-fuel mass flow rate
a-combustor divergence angle, B-fuel injection angle

Mj—mach number at Jth station.

The analysis of such problems usually deals with
the one dimensional conservation equations plus the
appropriate equations of state and a pressure-area
relationship, first suggested by L. Crocco, of the
form g#f/e—' = constant [1]. This relation, along
with the equation of the state and the mass and
momentum conservation equations only, yields, for a
thermally perfect gas, convenient ratios for pressure,
area and temperature [1]. However it might be of
interest to notice that those relations must be made
compatible with the energy equation [2]. These
equations can be simultaneously solved if the equation
of state at the exit of the combustor (station 4 in
Fig. 1) is known, the wall pressure distribution is
given and if working expressions for the wall shear
and heat flux are known[3].The equation of state for
station 4 is obtained assuming that thermodynamical
equilibrium has been reached there, that the air and
fuel properties are known and then making use of the
existing computer codes for such calculations [4]. The
wall pressure distribution is chosen to obey the above
referred Crocco's relation. For the wall shear and
heat flux, one assumes that the Reynolds Analogy
remains valid for reacting flows. However, as the
values for ¢ and p,/p, (the pressure ratio across the
existing shock at section 3 of Fig. 1) are not known
a priori, the usual technique is to assume that in
the neighborhood of section 4 the flow is one
dimensional and that the nozzle flow (between stations

757

4 and 5 of Fig. 1) is isentropic and then to use the
constraints that th/Tt + 0 as A+ A were Tt is the
total (stagnation) temperature and that 22

dA|e=const.
:plisentro 5 as A - A,. Notice that as it has been
sﬁ wn elseghere,this latter constraint is sufficient
by itself to yield the relationship between e and
p3/p2 [2].

This work uses a numerical scheme taken from
Operations Research to solve simultaneously this
highly non linear system, aiming at the design of a
test facility. Thus it obtains the desired solutions

for different fixed geometries.

4y

COMBUSTOR ANALYSIS

As mentioned above the use of one-dimensional
conservation equations along with the appropriate
equations of state consist in a known technique for
the analysis of supersonic combustors. Hence,choosing
the control volume shown in Figure 1, one may write
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where y is the specific heat ratio, R - the specific
gas constant, w - the mass flow rate, A - the cross-
sectional area, f -the fuel to air flow ratio
(f=wg/w, ), the subscripts f, w, 2 and 4 stands for
fuel, wall and stations 2 and 4 respectively, and
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Notice that equations (1) +to (3)

were. obtained without the use of

the energy equation. However it might be of
interest ‘to notice that these relations must be made
compatible with the energy equation. Thus, to make
equation (3) compatible with the energy equation it
is necessary - that: B
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where, = 1 dA i
Ql JC qw d. - and where the subscript t
stands for stagnation conditions.
Defining next [1]:
Q = Q_. / Vi‘
T S
7 A,
where Q / A is the average heat flux along the
combustor wall, then this parameter can be
nondimensionalized by Ah, written as:
&h=h__ + fh 0.5 f ik
t2 te * e e L (8)

where h , is the enthalpy of the air at the average
wall temperature, nc - the combustion efficiency,
AHf —the fuel lower heating value and the factor 0.5
is used to yield an average for the overall combustor,
[1]. Experimental data taken from a variety of fuels
and combustor geometries over a wide range of initial
conditions allow Ql/Ah to be plotted vs the
parameter fnCAH [1]. One aproximation to those
correlations yields:

Q1/8h = 0.80502x10 " + 3.450217x10™'° x 4

-17

+ 1.571077 X* - 1.057881x10 *° ¢ (7)

where y = fnCAHf and AHf is in J/kg.

Assuming also that the Reynolds Analogy remains
valid in the case of turbulent flow with heat
addition [1], then one can write:

(@/a) /(EF u }?w> & ?w /u (8)

- L
where %= (LR
= (1/ w) f T, cosa dAw,

2
and hr is the mean recovery enthalpy and ; is the
average gas velocity in the combustor which can be
taken approximately equal to u, if it is assumed that
the effects of the deceleration through the shock
waves and the heat addition are compensated by the
combustor divergence [8luistit following Billig's

758

approach [1] one may choose E; = C; Et where
C1 = 0.93 and ht = ht2 + fhtf + szncAHf
where; for' the hydrogen fuel; C, = 0.9 and
MH_ = 1.4329%108 jkg —'°,

op
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as mentioned earlier.

This leads to the solution for a given heat
flux in the combustor which corresponds also to a
unique value for p, /p, .

SOLUTION PROCEDURE

The highly non linear characteristics of the
scramjet balance equations (equations (1) to (9))make
it very difficult, if not impossible, the use of
standard solution methods. This led the authors to
employ an Operation Research Technique to solve the
above equations. Thus it was used the Hooke and Jeeves
optimization algorithm to minimize the goal function
defined as the sum of the absolute values of each
equation in the system [5]. If there is a solution of
the system, then the minimum of the goal function is
zero; reciprocally, if there is a minimum and it is
zero, then each term of the goal function must also
be zero and therefore the whole system is solved.

NUMERICAL RESULTS

As it was already mentioned, this work intends
to help the setting up of some design parameters for
a ground test facility used to evaluate combustors
operating in a supersonic regime.

In order to achieve a situation similar to
those met in real flight, one has to simulate the
airflow conditions at the combustor entrance, that
is,after it went through an oblique shock train. To
bring the air flow to the desired conditions (i.e.,
to a Mach Number between 3 and 5, to a temperature
around 1300 K and to a pressure of 0.5 atm), the
facility posesses a sue heater besides a supersonic
nozzle and a settling chamber. Notice, however, that
the air entering the combustor is in the so-called
"'vitiated conditions" (as one injects fuel to '"burn"
the enriched air in the sue heater) i.e. it has the
following composition: 12% H,0, 69% N, , 19% 0,, by
weight.

Choosing gaseous Hydrogen at 298.15K and using
the data listed below in Table 1 one may use the
Hooke routine to solve simultaneously equations (1)
to (9). The parameters to be optimized were p,, M
T, /%, py/p. and A,/A;, . The angle a was taken
varying from 1°© to 5° thus allowing the combustor
configuration to be chosen (or tested). The results
are shown in Figure 2. They were obtained for a ratio
Prue/ou, = 0.35 [1] and by using the NASA code
SP273 [4] to obtain R, = R, (p,) and
Yo =iy, kD)
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Table 1.

Parameters used to obtain results
shown in Fig. 2.

n =08
c
o =1, 2, 3, 4 and 5°
B = 90°
Y = 1.3862
D = 39215.7 Nm -
m = 356K
M, = 3.633 (which corresponds to a flight
regime of MO=10.O, Zo= 30000m (flight
altitude) as suggested by Billig
[1], for proper inlet conditions)
0, = 0.38161 kgm
u, = 1401.07 msec |
T =5298,15K
f .
=
,«f = 0,06192 kgm
Pf = P
Ul = 298.15K (temperature outside the
air ;
scramjet walls)
=
b . = 1119.5 J(Kg.K)
air o
MH, = 1.4329 x10° J.Kg
5
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4
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Fig. 2 Design date for supersonic combustor
test facility.
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CONCLUSIONS

An analysis of the scramjet engine cycle and
optimization process was done with the purpose
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of collecting data for the desigﬁ of a test facility
which will be built in the authors' research
laboratory. The numerical scheme used to solve the
problem has been discussed in detail elsewhere [6,7].
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