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Incomplete Mixing and Off-Design Effects on Shock-Induced

Combustion Ramjet Performance

J. P. Sislian,*R. Dudebout," J. Schumacher,* M. Islam,¥ and T. Redford!
University of Toronto, Downsview, Ontario M3H 5T6, Canada

A shock-induced combustion ramjet (“shcramjet”) model is described to investigate the effects of incomplete
fuel/air mixing and off-design flight conditions on its performance characteristics. A fully implicit, fully coupled,
Newton-iteration, lower-upper symmetric Gauss-Seidel scheme is employed to solve the Euler equations at steady
state. This scheme is coupled with a nonequilibrium chemistry model consisting of 33 reactions and 13 species.
Axisymmetric and planar shcramjet flowfields with variable equivalence ratio profiles representing extreme devi-
ations from homogeneous fuel/air mixing are numerically solved for a range of flight Mach numbers at a constant
dynamic pressure of 1400 psf. Results show that incomplete fuel/air mixing gives rise to a combination of deto-
native combustion and simple shock-induced combustion. Comparison of overall performance characteristics to
sheramjets with homogeneous, stoichiometric fuel/air mixtures demonstrates the degree of performance degrada-
tion. The propulsive characteristics of mixed-compression ramjets are calculated in off-design operating regimes
corresponding to inlet Mach numbers above and below design Mach numbers of 12, 16, and 20; for external-
compression ramjets, the propulsive characteristics are calculated for inlet Mach numbers below design Mach
numbers of 12, 16, and 20. It is found that the propulsive properties of the engines deteriorate when they are
operated at off-design conditions. For mixed-compression ramjets operating at lower-than-design Mach numbers,
the degradation in thrust production is due primarily to reduced heat release in the engine nozzle. At higher-than-
design Mach numbers, thrust production is reduced only slightly due to a modified nozzle geometry, required to
ensure convergence of the numerical method. Generation of thrust for external-compression ramjets deteriorates
at lower-than-design Mach numbers due to a high-pressure zone created in the combustor by the impingement
of the detonation wave on the engine surface upstream of the design point. Mixed-compression ramjets are found
to provide superior performance to external-compression ramjets at off-design operation. External-compression
ramjets are found to be more sensitive to off-design operation than mixed-compression ramjets. It is concluded that
the engine geometry must be varied as flight conditions change if degradation in engine performance at off-design

conditions is to be avoided.

Introduction

GROWING area of interest in hypersonic propulsion is the

shock-induced combustion ramjet, or “shcramjet” In this
mode of heat addition to the supersonic flow, the fuel/air mixing
process is decoupled from the combustion process. The mixing is
organized in the vehicle forebody, which also serves as the inlet of
the engine. Combustion in the more or less homogeneous fuel/air
mixture is then achieved by a conveniently located shock wave that
raises its temperature and pressure to its ignition point. It is clear
that homogeneously mixing the streamwise-injected fuel with the
hypervelocity forebody/inlet shock-layer flow prior to combustion
is a technically challengingtask. However, the mixing problem may
be mitigated by the relatively long residence time the fuel will have
in the propulsive airstream contained by the long and slender fore-
body of the vehicle. Other practical issues must also be resolved to
achieve satisfactory operation of shcramjets.! In this earlier inves-
tigation, the aeropropulsive performance parameters of shcramjets
were derived from the numerical simulation of the entire hypersonic
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flowfield around a specific planar or axisymmetric shock-induced
combustionramjet model. A baseline study of external- and mixed-
compression on-design shcramjets has been carried out (Fig. 1)
where the tangentially injected fuel in the forebody flow was as-
sumed to be homogeneously mixed with the incoming air. Results
obtained showed that shock-induced combustion can be used as a
viable means of hypersonic propulsion.

Despite these encouraging research efforts concerning shcram-
jets, there are many aspects thatrequire furtherinvestigationto allow
the concept to come to fruition. This paper contains the results of
two studies concerningthe impact 1) of nonuniform fuel/air mixing
effects arising from practical difficulties of fuel injection into a hy-
personic flow; and 2) of off-design, i.e., an engine operating under
flight conditions for which it was not designed, on the propulsive
performance of shcramjets. The design of a shcramjet engine is in-
extricablylinkedto the flightconditionsunder which the engineis to
operateto the extent that, ideally, the engine geometry will vary with
varying flight conditions. Because it would be practically difficult
for the engine’s geometry to vary continuously along the flight path,
the geometry would likely remain fixed over discrete flight Mach
number intervals within which performancedoes not deteriorate too
significantly. Extreme degradation of performance may mean that,
in its present form, the shcramjet engine is not practically viable.
Minor degradation can indicate that shcramjet propulsionis elastic
with respectto operatingconditions,and that the degradationin per-
formance may be overcome by minor modifications to the engine
design or may be small enough to warrant no change.

To date, only a few studies on the extent to which nonuni-
form fuel/air mixing and off-designflight conditions affect shcram-
jet performance have been presented in the published literature.
Cambier et al.? investigated the effects of nonuniform fuel/air mix-
ing on the structure of a detonation wave. Their study employed
a two-dimensional Navier-Stokes code to compare the flow of a
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Fig. 1 Schematic shcramjet configurations: a) external and b) mixed
compression.

hydrogen/air mixture over a wedge having uniform stoichiometric
mixing with a flow having a pseudosinusoidal function of equiva-
lenceratioin the range 0.1 < ¢ < 1.9.1t was shown thata flow with
variable equivalenceratio produced a more complex curved detona-
tion front in which the flame is strongly coupled to the wave front.
The study found that the structure of the detonation wave is domi-
natedby mixing propertiessuch as variationin molecularweight and
Mach number, rather than heat-release fluctuations. This situationis
referred to as a “mixing-controlledenvironment.” It was concluded
that the shock-inducedcombustion concept can be extended to such
an environment. The study was limited to the investigation of ef-
fects on the detonation wave itself without an analysis of a complete
shcramjet configuration.

Morrison® published a report in which off-design shcramjet per-
formance was considered as part of a larger assessment of shcram-
jets for hypersonicair-breathing propulsion. His analysis was based
on a mixed- and an external-compression shcramjet designed for
operation at Mach 8, and used an ideal-gas model with a con-
stant specific heat ratio and simple heat addition (solution of
the Rankine-Hugoniot equations) for the detonation wave. Both
shcramjets were designed with the intention of minimizing both
spillover at Mach numbers below the design Mach number and
shock ingestion at Mach numbers above the design Mach num-
ber, while keeping the diffuser length from becoming excessive.
The results of his study showed that both types of shcramjet suf-
fered performance degradation at off-design conditions. He found
that the external-compression shcramjet offered the most compact
design and efficient performance at on-design operation, whereas
the mixed-compression shcramjet, although not as compact as the
external-compressionshcramjet, was nearly as efficient at the design
pointand also provided good performance for a range of off-design
flight Mach numbers. For the external-compressionshcramjet, large
spillage losses occur at lower-than-design Mach numbers, whereas
at high Mach numbers, the intake shocks intersect within the in-
gested airstream leading to the formation of a third shock, incurring
high-stagnationpressurelosses. With this type of shcramjet, stagna-
tion pressure losses were found to be greater at higher-than-design
Mach numbers than at lower-than-design Mach numbers, whereas
degradationof thrust coefficients and specific impulses were smaller
at higher-than-design Mach numbers than at lower-than-design
Mach numbers. The study showed that the mixed-compression
shcramjet experienced less spillover at lower-than-design Mach
numbers than the external-compressionshcramjet, and also that the
absence of shock intersectionsin the mixed-compressionshcramjet
reduced the losses at higher-than-design Mach numbers. In gen-

eral, the performance of the mixed-compression shcramjet always
exceeded that of the external-compression shcramjet at off-design
operating conditions. On the basis of these findings, Morrison® con-
cluded that the mixed-compression shcramjet offers the least com-
plex geometric configuration amenable to off-design operation.

Ostrander et al.* developed a computer code to assess the perfor-
mance of a mixed-compressionshcramjet using an ideal-gas model
with constant but different specific heats upstream and downstream
of the detonation wave. The gas in the engine was assumed to be
brokenup into four distinctzones: one of pure air (N,, O,, and Ar) in
the inlet, followed by pure H, in the injection region, and perfectly
mixed air and H, before the detonation wave; after the detonation
wave, complete, frozen combustion products were assumed. Their
code did not solve the chemical kinetic equations for the combus-
tion of hydrogen in air, but used an empirical formula to estimate
the induction time, and hence, the induction distance for the hydro-
gen/air reactions; if the induction distance was found to be less than
1 ft, a detonation was deemed to have formed. The postdetonation
state of the gas was determined from the oblique shock equations
plus the energy equation with an additional heat-release term. The
products of combustion were considered frozen in composition dur-
ing expansionin the nozzle. The engine geometry was generated by
the code based on a specified forebody angle and cowl height and
the constraint that the first two intake shocks be of equal strength.
The remaining geometric parameters were varied until the induction
distance was found to be less than 1 ft. The off-design performance
data generated by their computer code predicted better performance
of the engine in terms of fuel-specific impulse and thrust per unit
area for off-designoperation than for operationat design conditions.
A source of error that may account for this questionableresultis the
method by which the shock intersectionat higher-than-designMach
numbers was treated. Instead of solving the actual shock intersec-
tion, the authors averaged the flowfield properties and used these as
upstream conditions for a standard detonation-wave solution. The
authors themselves expressed doubt as to whether it is possible to
assess the inaccuracies associated with this approach without ac-
tually solving the detonation-shock interaction. Furthermore, with
their formulation, it is notclear whether a detonationwave can be es-
tablished or will extend all the way across the flowfield at off-design
conditions.

Mostrecently, Atamanchukand Sislian® carried out a comprehen-
sive study of off-design shcramjet performance. They used a first-
order Godunov numerical method with a perfect gas model, simple
heat addition,and constantspecific heats to determine the off-design
performance of mixed- and external-compression shcramjets. By
specifyingthe forebodydeflectionangles, the freestreamconditions,
and the flight Mach number, the inlet geometry was determined. The
remaining on-design characteristics were determined by specifying
the cycle temperature ratio Ti.x/7w and the amount of heat addi-
tion for the detonation wave; i.e., whether it is a Chapman-Jouguet
(CJ) or an overcompressed detonation. In this study, the off-design
analysis was then carried out by varying the amount of heat addition
Q required to maintain cruising conditions (a thrust-to-dragratio of
1). As expected, the results of the simulation showed that off-design
performance of the shcramjet was always inferior to performance
at design conditions in terms of propulsive efficiency. On the ba-
sis of the results of their numerical simulation, Atamanchuk and
Sislian concluded that the mixed-compressionshcramjets could op-
erate over a wider range of the off-design flight Mach numbers than
the external-compressionshcramjets. The three studiesreviewed are
the only investigationsinto off-design shcramjet performance to be
found in the published literature. While each study has made useful
contributionsto the field of shcramjet technology, each has its own
limitations and deficiencies.

Morrison’s study,? the first to offer any sort of assessment of
off-design shcramjet performance, was based on a simple ideal-gas
model with constant specific heats and to completely disregard the
hydrogen/air chemistry of the shock-inducedcombustion. Ostrander
etal.* also employed an ideal-gas model, but modeled the hydrogen
combustion with empirical formulas. However, the applicability of
the modeling approach they used and the validity of their results is
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questionable considering that they obtained better performance for
the engine during off-design operation than during on-design oper-
ation. Also, their design procedure did not necessarily produce an
engine geometry that minimized losses or maximized performance.
The work of Atamanchukand Sislian® was the first to employ a two-
dimensional numerical simulation in the investigationof off-design
shcramjet performance. However, the detonation wave was mod-
eled by simple heat addition, meaning that again the hydrogen/air
reaction was not taken into consideration.In fact, the amount of heat
addition was varied independently of the flight Mach number. Be-
cause, in reality, the amount of heat released depends on the strength
of the detonation wave, and hence, on the flight Mach number, this
aspect of the study was clearly not realistic. Also, the Godunov
numerical method used was only spatially first-order accurate, a
definite limitation when a more detailed analysis needs to be carried
out. Finally, the engine geometry was not designed to provide CJ or
near-CJ detonation.

A model for a shcramjet that addresses the deficiencies of, and
is more physically realistic than, the previous three studies is thus
required for a more accurate investigationinto off-designshcramjet
performance. Also, at the presenttime, there have been no investiga-
tions on the effect of incomplete fuel/air mixing on the performance
characteristics of shcramjets. This paper addresses these important
issues.

Shcramjet Design Methodology

The two main types of shcramjet configurations considered in
this paper are shown in Fig. 1. The design methodology behind
each component of the engine—inlet, combustor, and nozzle—is
geared toward minimizing entropy production in each component
and is described in detail in Dudebout et al.! The shcramjet design
methodology is given here briefly for completeness and includes
modifications dictated by the present study.

Inlet

External Compression

The flow passes through two shocks in the inlet (AC and BC)
(Fig. 1), which raise the temperature and pressure of the fuel/air
mixture. The inlet is designed to ensure that the static temperature
after the second inlet shock remains below the spontaneousignition
temperature of the mixture (assumed to be 900 K) to avoid uncon-
trolledand deleteriousburning. The geometry of the inletis designed
to provide equal strength shocks to minimize entropy production®
For on-design considerations, the position of the cowl tip is speci-
fied at the intersection of the two inlet shocks. The overall length of
the inlet is scaled to be 15 m, which is considered to be the charac-
teristic length of the shcramjet. Fuel (hydrogen) is injected into the
flow in the inlet and mixed with oncoming air before it reaches the
combustor. In the case of the on-design baseline configuration, the
fuel and air are assumed to be homogeneously mixed at an equiva-
lence ratio of unity on entry to the combustor. This is simulated by
specifying such a mixture as an inflow condition for the portion of
the flow between the body and cowl tip. Consideration of nonuni-
form fuel/air mixing is simulated with a Gaussian distribution of
equivalenceratio ¢, as an inflow condition (Fig. 2):

¢ = Ae B’ ()

It is well known’ that a Gaussian distributionis used to describe
the near-field fuel concentration profiles in a round jet issuing into
the surrounding atmosphere. It is assumed here that in the early
stages of mixing of an injected fuel, e.g., from an inlet wall slot,
with oncoming air, the fuel concentration profile will be similar to
the single-jet near-field concentration distribution, and that it per-
sists (no furthermixing occurs) as the flow proceedsthroughthe inlet
up to the combustion zone. Therefore, the assumed Gaussian distri-
bution of the equivalence ratio represents the worst fuel/air mixing
case, and propulsive characteristicsobtained in this case will repre-
senttheirextremedegradation(lower limiting values). The constants
in the Gaussian distribution are determined from the following con-
ditions: the maximum value of ¢ occursat y =0; the total integrated
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Fig. 2 Equivalence ratio profile schematic: a) external and b) mixed
compression.

fuel mass flux is equal to a uniform stoichiometric distribution (ho-
mogeneously mixed case) over the capture area of the inlet section
between the tips of the body and the cowl, AJ (Fig. 2a), taken equal
to 3o, where o is the standard deviation. The result is a distribution
thatranges from ¢ = 2.4 at the body to ¢ ~ 0.02 at the farthest point
from the body. However, the position of the tip of the cowl is not
known a priori. An iterative procedure is employed to distribute the
equivalenceratio profile over the proper spatial range.

Mixed Compression

The resulting shock system is composed of three equal strength
shocks (AC’, BC/, and BC), as shown in Fig. 1b. Specification of
the hydrogen/air mixture temperature and distribution are identi-
cal to those of the external-compressionshcramjet. The tip of the
cowl is positioned to intersect the shock AC' for on-design opera-
tion, and the characteristic length of 15 m is taken to be the axial
componentof AC’. Unlike the external-compressionshcramjets, the
mixed-compression shcramjet design uses both the inlet body and
cowl as regions of fuel injection (see Fig. 1b). This provides high
concentrations of fuel near both walls, with decreasing amounts as
the distance normal from either fuel injector increases. As in the
case of external compression, the fuel distribution from each of the
injectors is modeled after a Gaussian curve. Because the fuel has
two injector sources, a summation of two Gaussian curves is used.
The maxima of the curves are at the boundaries of the flow, y =0
and y =AA’ =L (Fig. 2b), therefore,

¢ = Ae B 4 CemPO-L? )

The four constants in this distribution are determined from the fol-
lowing requirements (assumptions):

1) The first requirement is to have equal maximum fuel-
equivalence ratios at each boundary. Because of the geometry of
the mixed-compressionshcramjet, the body inlet wall is about three
times longer than the cowl inlet wall (Fig. 2b). Therefore, the fuel
injected from the body side will stretch farther into the flow with a
longer time available for it to diffuse compared with the cowl side.

2) It is then assumed that the minimum equivalenceratio (¢ = 0)
will occur at two-thirds of the full breadth of the inlet L.

3) Following this reasoning, the assumption is made that roughly
two-thirds of the total fuel is contained between the body inlet wall
and this minimum point.

4) Finally, the resulting distribution is scaled to produce a curve
with an average equivalence ratio equal to unity (the same as in the
homogeneously mixed baselinecase). This distributionresultedin a
curve that ranged from ¢ =~ 3.5 at either wall boundary to ¢ ~ 0.02
at the minimum, a length 2 L from the body wall (see Fig. 2b).
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Combustor

Flow from the inlet is ignited in the combustor via a shock gen-
erated by the combustor wedge (line CF). This oblique shock raises
the temperature of the fuel/air mixture above its ignition point, and
combustion ensues. If the chemical reactions involved in the com-
bustion are very rapid and couple with the final shock (CE), a det-
onation wave is formed. For equilibrium flows with heat addition,
classical gasdynamic theory predicts the existence of a detonation
wave for which entropy production, and hence stagnation pressure
losses, are a minimum. Such a detonation wave is known as a CJ
detonation. Dudebout et al.' has shown that a CJ condition also
occurs for nonequilibrium flows. The combustor angle is chosen
to achieve a minimum of entropy production while maintaining
stability. Thus, a CJ angle plus 3 deg (overdriven) is prescribed
for on-design configurations. The overdriven case has the advan-
tage of reducing the induction distance (and hence, the combustor
length), with only a slight increase in entropy over the CJ angle.
However, in the case of nonuniform fuel/air mixing, the structure
of the detonation wave is not comparable with that of the preceding
reference, and thus, the condition of minimum entropy through the
detonation wave is not applicable as a design criteria in choosing
the appropriate cowl wedge angle. The design criterion used in the
nonuniformfuel/air mixing case is maximum overall net thrust. This
criterionis based on the assumption that maximization of thrustim-
plies a minimization in entropy production, and thus, the results of
the shcramjet flowfield analysis can be compared with those pre-
sented in Dudebout et al." Using the numerical solution for the inlet
and combustor sections and employing the method of characteris-
tics for calculating the nozzle flow (see next section), the overall
net thrust of the shcramjet can be determined. Estimation of net
thrust in this manner was subsequently shown to have excellent
overall agreement with results obtained from the employed Euler
numerical solution of the integrated shcramjet flowfield. The cowl
wedge angle used in the design of the combustor is that which pro-
duces the greatest overall thrust. A plot of thrust as a function of
cowl wedge angle (line CF) is shown in Fig. 3 for the external-
compression axisymmetric shcramjet, M, =14 case. It can be seen
thata distinctmaximum thrustexists over the range of wedge angles
solved (in this case at =6 deg). The cowl angle corresponding to
the maximum thrust is determined for each configuration and case
independently.

The investigation into off-design shcramjet performance ideally
shouldbe carried outby varyingthe flightconditionsfor fixed engine
geometries. Some practical considerations prevent this for higher-
than-designMach numbers. At flight Mach numbers higher than the
design Mach number, the shock angles, including the detonation-
wave angle, become more shallow. As a result, the detonation wave

Overall Net Thrust [kN]

L L L L . L
0 1 2 3 4 5
Cowl! Angle (8)

Fig. 3 Thrust as a function of cowl angle (line CF in Fig. 1) for an
axisymmetric shcramjet, M = 14 case.

no longer impinges on the combustor wall, but is ingested by the
nozzle. With the detonationwave downstream of the nozzle “throat”
(EF section in Fig. 1), the low-energy flow along the combus-
tor wall upstream of the nozzle throat must turn the sharp corner
situated at point E. In this case, the iterative lower-upper sym-
metric Gauss-Seidel (LUSGS) numerical scheme employed in the
present study produces nonphysical (negative) temperatures at the
corner.

To prevent this from happening, some modifications to the com-
bustor geometry have been made for the cases where the flight Mach
number is greater than the design Mach number. The combustor
surface on the body side of the engine is redesigned (lengthened)
accordingto the procedure outlined in the preceding text, so that the
detonation wave can no longer extend into the nozzle. Point F, the
nozzle throat on the cowl side of the engine, remains unchanged.
The nozzle is redesigned using the new slanted line EF as the initial
value line for the method of characteristics. Although redesigning
the nozzle results in further changes to the engine geometry, it is
necessary if shocks in the nozzle are to be avoided. For the cases
where the flight Mach number is less than or equal to the design
Mach number, the flow just upstream of the nozzle throatis at post-
detonation conditions,and sufficient heat has been added so that this
temperature drop poses no problems.

Nozzle

The design goal of the shcramjet nozzle is to specify the wall
contours that expand the flow such that internal shocks are avoided
and losses are therefore minimized. Because of the curved shock-
detonation wave presented in the combustor, the method of char-
acteristics for rotational flow was employed to specify the nozzle
contours. The design criteria for the nozzle in the present study is
that the flow be expanded to a specified static pressure P, and be
parallel to the shcramjet axis (which is parallel to the freestream
flow), at the exit plane. The nozzle exit pressure is chosen so that
the flow is expandedto the shcramjetaxis. The flow is assumed to be
frozen at the combustoroutflow. A false-wall technique was used for
external-compressionconfigurations, whereas the dual-wall design
was used for mixed-compressionshcramjet models. Substantialsav-
ings in nozzle length with corresponding minimal thrust losses are
attainablethroughnozzle truncation. The nozzlein the presentstudy
has been truncated so that only 5% of component thrust is lost. The
savingsin length would resultin reduceddrag due to frictional shear
forces. Having specified the nozzle contours as outlined earlier, the
entire shcramjet flowfield is solved using the Euler equations. Good
agreement has been found between the method of characteristics
(MOC) solution and the nonequilibriumchemistry (Euler) solution,
lending credibility to the assumption of frozen flow in the nozzle
section.

Governing Equations and Numerical Simulation

The planar or axisymmetric shcramjet flowfield is described by
the Euler equations for a reacting, multispecies gas in chemical
nonequilibriumin curvilinear coordinates and conservative form.!
The hydrogen/air combustion chemistry model employed was sug-
gested by Jachimowsky? It consists of 33 reactions between 13
species (H,, O,, H, O, OH, H,0, HO,, H,0,, N, NO, HNO, N,,
and NO,). The numerical method employed is a fully implicit,
fully coupled, Newton-iteration, total variation diminishing (TVD)
scheme for solving nonequilibrium, chemically reacting flows at
steady state. It combines the LUSGS method developed by Yoon
and Jameson® and a TVD scheme developed by Yee.!” The numer-
ical scheme used has been validated by comparison with analytical
results where available, and experimental exothermic blunt-body
flows investigated by Lehr.!!

Results and Discussion

Incomplete Fuel/Air Mixing Effects

The combustor flowfields resulting from the variable equivalence
ratio distributions depicted in Fig. 2 are shown in Figs. 4a and 4b.
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Fig. 4 Shock-induced combustion-detonation wave configurations
generated by nonuniform fuel/air distributions and H, O mass-fraction
contours: a) axisymmetric external-compression shcramjet, Mo =
14, gqyn =1400 Ib/ft*> and b) planar mixed-compression shcramjet,

Mo =10.4,gayn = 1400 Ib/ft2.

In contrast to the ideal case of stoichiometric, uniform fuel/air dis-
tribution considered in Dudebout et al.,! where the combustor flow
consisted mainly of a near CJ detonation wave with a very short
shock-induced combustionregion, the effect of the extreme fuel/air
mixing nonuniformity considered here is to significantly increase
the ignition delay distancein both external- and mixed-compression
shcramjets. The ignition delay distance AD are 25 and 18 cm, re-
spectively, as compared with 5 and 3 cm for the uniform fuel/air
distributioncase at the same design and flight conditions. Coupling
of the combustion and shock fronts occur between points B and
C, and there is appreciable curvature of the wave front. As a con-
sequence, the combustor will be larger than those that consist al-
most exclusively of a detonation front (uniform mixing) due to the
steeper angle associated with this front. This length increase due to
nonuniform fuel/air mixing will cause performance degradationin
the form of increased drag and cooling loads for the combustor sec-
tion. Indicative of combustion activity behind the wave front are the
water mass fraction contours shown in Figs. 4a and 4b. (The com-
bustion front is defined as the locus of points where the H,O mass
fractionis 1% of its maximum value.) Pressure variations along four
streamlinesin the combustor for an axisymmetricexternal compres-
sion shcramjetat M., =14 (correspondingto Fig. 4a) are shown in
Fig. 5 (streamlines 2 and 3 are equally spaced between streamlines
1 and 4). It can be seen that after an initial rise through the wave
front along streamlines 1 and 2, the flow is almost immediately
expanding. Therefore, the combustor flow is more indicative of a
post-CJ detonation flowfield. Figure 6 shows the net fuel specific
impulse for planar shcramjet configurations over the Mach number
range 8-24. Comparison of the incomplete fuel/air mixing case (¢
variable) with the curve representing a shcramjet with a homoge-
neous stoichiometric (¢ = 1) fuel/air mixture, shows a degradation
in performanceover the Mach numberrange considered. A decrease
of approximately 29 and 44% in fuel specific impulse is shown in
Fig. 6 for the lower and upper limits, respectively, of the flight
Mach number range considered. The mixed-compression, incom-
plete mixing case shows a loss in fuel specific impulse of 40% at
the lower bound and 33% at the upper bound. This decrease over

150000 |- .
Streamline 1—
{closest to body)
I
125000 |- 7
I
100000 |-

Streamline 4.
75000 Hclosest to cowl) /
/

/ i
! i i

Pressure [Pa]

50000 |- | y i

25000 |-

/ i E
!

15.00 1505 1510 1515 1520 1525 1530 1535 1540
X-position [m]
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planar shcramjet configurations, gqyn = 1400 psf.

the flight Mach number range considered shows more degradation
in the specific impulse due to incomplete fuel/air mixing than the
external-compressioncase. Comparing these data with the typical
value of a rocket (400s) suggests that, even with the loss in impulse
due to incomplete mixing, the mixed-compression design shows
superiority up to nearly the Mach 22 point.

Off-Design Flight Effects

The flowfield in the combustor changes considerably during off-
design operation. The key features are shown in Figs. 7-10 by
considering a planar mixed-compression shcramjet with a uniform
fuel/air distribution designed for Mach 16, operating at off-design
flight Mach numbers of 15 and 17 (slightly below and above the de-
sign Mach number). Because the third shock from the inlet, at flight
Mach number 15, impinges on the cowl surface upstream of the
leading edge of the detonation wedge, a reflected shock is formed
at the point of impingement and intersects the shock formed at the
leading edge of the detonation wedge. Temperature contours in this
complex wave-interactionregion are shown in Fig. 7. At this lower-
than-designMach number, the detonation-waveangle is higher than
at the on-design Mach number, causing the wave to impinge on the
body surface upstream of the nozzle inlet, shown in detail in Fig. 8.
Because of the convergingcross section of the combustor,a reflected
shock begins to form between the point where the detonation wave
hits the body surface and the nozzle inlet. Once the flow reaches the
nozzle inlet, however, rapid expansion takes place, causing the re-
flected shock to die out. This high-temperature,high-pressureregion
is one of the causes of the degradation of the engine’s performance
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Fig. 7 Temperature contours near leading edge of detonation wedge in mixed-compression shcramjet combustor for Mach 15 (off-design) operation.
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Fig. 8 Temperature contours near nozzle throat in mixed-compression shcramjet combustor and nozzle for Mach 15 (off-design) operation.

1.530 T
2.82x10°
1.540 2.66x10°
2.50x10°
—1.550 2 34x10°
E 2.19x10°
21.560 5 03x10°
g 1.87x10°
T 1.570 1 71x10°
3 1.55x10°
@1.580 1.39x10°
1.23x10°
1.590 induction zone 1.08x10°
Leading edge of - 9.17x1oz
1.600 T detonation wedge 7.59¢10°
6.00x10

21.8 21.9

x-Coordinate [m]

22.0

Fig. 9 Temperature contours in induction zone region for Mach 17 (off-design) operation of mixed-compression shcramjet.



SISLIAN ET AL. 47

1.46
1.48
E 1.50 §
o
@ 1.52
=
8 1.54
Q
>
1.56
1.58
22.1 22.2

P

1.13x10°
1.05x10°
9.77x10°
9.00x10*
8.22x10*
7.45x10*
6.68x10*
5.91x10*
5.13x10*
4.36x10*
3.59x10*
2.82x10*
2.05x10*
1.27x10*
5.00x10°

22.3

x-Coordinate [m]

Fig. 10 Pressure contours at nozzle throat in mixed-compression shcramjet for Mach 17 (off-design) operation.
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Fig. 11 Net fuel specific impulse of planar shcramjet configurations, g4y, = 1400 psf: a) mixed- and b) external-compression shcramjet.

at off-design conditions. Of particularinterest s the induction zone
for the off-design operations at Mach 17, shown in detail in Fig. 9.
Here, the third inlet shock intersects the shock formed at the leading
edge of the detonation wedge, point D, about 1 cm above the cowl
surface and 6 cm downstream of D. Chemical reactions begin about
9 cm downstream of this intersection point. The initiation of chem-
ical reactions is delayed to about 15 cm downstream of point D,
~5 cm farther downstream than in the on-design case. Because of
the modifications in combustor geometry mentioned earlier, Fig. 10
shows that for off-design operation at Mach 17, there is little dif-
ferencein the combustor flowfield around the detonation wave near
the nozzle entry section in comparison with the on-design flowfield
(Mach 16).

Figure 11 plots the net fuel specific impulse for mixed- and
external-compressionshcramjets, with a uniform fuel/air distribu-

tion, operatingat on- and off-designconditionsfor flight Mach num-
bers from 12 to 20. The solid curves represent the locus of points
corresponding to on-designoperation.! Data points not lying on the
curve (solid symbols without an outline) are the performance val-
ues for off-designoperation. Performance values for a single engine
geometry operating at a lower-than-designflight Mach number, on-
design, and higher-than-design Mach number are joined by dotted
lines.

For both mixed- and external-compression shcramjets, the on-
design curve shows that I, decreases as the Mach number in-
creases. The figures show that [y, deteriorates in the off-design
operating regime, and more so for mixed-compression shcram-
jets than for external-compression shcramjets. Of note is the data
point in Fig. 11b corresponding to the operation of the Mach 12
external-compressionshcramjetat Mach 10. This was the only case
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considered for which the difference between on- and off-design
Mach numbers was greater than 1. The figures show that the fuel
specific impulse of mixed-compressionshcramjetsremains superior
to that of external-compressionshcramjets for off-design operation.

Conclusions

While there is a degradation in most overall performance
parameters, shcramjets with extreme deviations from complete
(homogeneous) fuel/air mixing have acceptable levels of perfor-
mance; mixed-compression shcramjets being superior to shcram-
jets with external-compression inlets. It was also found that
mixed-compression shcramjets produce more net thrust then
external-compressionshcramjets when operatingat off-design flight
conditions.For both typesof engines, the relative loss of thrust at off-
design conditions decreases as the flight Mach number increases.
External-compression shcramjets are more sensitive to off-design
operation than mixed-compression ones in their overall aerody-
namic performance, such as lift and thrust to lift ratios. The ability
to sustain adequate levels of thrust at differentflight conditionsis an
essential feature of an accelerating body such as the shcramjet. The
presentstudy shows that thrust generation of the engine deteriorates
when no changes to the engine geometry are made for off-design
operation. It is reasonable to assume that thrust generation can be
recoveredwith slightchangesto engine geometry, particularly at the
high end of flight Mach numbers where the shcramjet is believed to
be superior to scramjets.
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