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The design of a nozzle of an unfueled quasi-axisymmetric scramjet model is optimized for minimum drag for a

Mach 8 flight condition. The approach to the nozzle design is to develop a simple force-prediction methodology in an

optimization study. The study is completed for an unfueled configuration, but the approach could be used for fueled

configuration by including appropriate combustion modeling. The effects of the nozzle design on the overall vehicle

performance are included. The overall drag of the baseline model for the optimization study wasmeasured in the T4

shock tunnel for Mach numbers ranging from 5.7 to 10.3, confirming the suitability of the force-prediction

methodology. The results of the nozzle-optimization study show that performance is limited by the nozzle area ratio

that can be incorporated into the vehicle without leading to too large of a base diameter of the vehicle and increasing

the external drag of the vehicle. The drag of vehicle designs at different flight Mach numbers is investigated in a

parametric study forMach numbers from 6 to 10. The results confirm that longer nozzles are better at higherMach

numbers.

Nomenclature

A = area, m2

CD = drag coefficient
CTN = thrust coefficient
D = measured axial force, N
Fp = pressure force, N
Fv = viscous force, N
L = length, m
M = freestream Mach number
p = pressure, kPa
Q = heat released by the fuel
R = specific gas constant, J=�kg � K�
Re = Reynolds number
T = temperature, K
U = freestream velocity, m=s
� = ratio of specific heats
� = freestream density, kg=m3

Subscripts

a = ambient
c = combustion chamber
exit = exit
i = intake
s = separation
1 = freestream

I. Introduction

S CRAMJET-POWERED vehicles, with an axisymmetric center-
body and either an annular combustor or several combustion

chambers arranged around the centerbody, have been investigated by
several researchers (e.g., [1–3]). This type of configuration is
attractive for a scramjet-powered vehicle, because it includes an
internal volume for a payload and has the combustion chambers
arranged externally around the vehicle centerbody so that it can
effectively radiate heat away. Such a vehicle could form a stage of a
launch vehicle. Paull et al. [3] demonstrated that such a quasi-
axisymmetric scramjet vehicle could produce enough thrust to
overcome drag, over a limited range of conditions, in tests in the T4
Stalker tube [4] at the University of Queensland. They analyzed the
performance of the vehicle by comparing the measurements with
results from simple hypersonic theory with appropriate modeling
assumptions. They suggest that the overall performance of this type
of vehicle could be improved by incorporating a more effective
nozzle. To test this hypothesis, a nozzle-optimization study is
reported here.

The difference between the thrust and the drag of a scramjet-
powered vehicle can be a small amount relative to the total drag so
that relatively small changes in either can lead to large differences in
the performance of the vehicle. It is, therefore, important to be able to
predict accurately the performance of components of scramjet-
powered vehicles and to account for the interactions between
components. The flow through the engines and around the vehicles
can be complex and three-dimensional (3-D) viscous computational
fluid dynamics (CFD) is often used to evaluate the performance of a
vehicle design [5]. Optimization over a range of conditions can be
used to design high-performance vehicles, but is restricted by the
large computation times when optimization includes full CFD
simulations. Therefore, simpler and more computationally efficient
prediction methodologies are attractive for design optimization
studies.

To develop a simple but adequately accurate force predicting
methodology, a quasi-axisymmetric scramjet model designed for
Mach 6 flight conditions was tested in the T4 shock tunnel over a
range of test conditions. The results from the force-prediction meth-
odology developed were compared with the experimental results of
Paull et al. [3]; this is reported elsewhere [6]. The force-prediction
methodology, that incorporates some inviscid CFD modeling of the
nozzle flow, was able to predict the performance of two, similar
quasi-axisymmetric scramjets forMach numbers ranging from 5.8 to
10 and varying Reynolds number.

The purpose of this paper is to investigate the possibility of the
improvement of this type of vehicle design via a nozzle shape
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optimization for a Mach 8 design condition. There have been a
number of axisymmetric scramjet-powered vehicle design studies
that have concentrated on optimization of the engine inlets (e.g., [7–
9]), but fewer have concentrated on optimization of thrust nozzles
(e.g., [1,10]). Therefore, the present study was directed at inves-
tigating thrust nozzle design. This involved investigating the effects
of varying the length of the nozzle and the amount of external
deflection of the cowl and the shape of the splitters and centerbody.

The goal is to minimize the drag of the vehicle for fuel-off
conditions. The axial thrust of a nonlifting scramjet vehicle can be
written as (Stalker et al. [11])

CTN �
2�Q

U2

�
1 � 0:5�Q

U2

�
� CD (1)

whereCTN ,�Q,U, andCD are the thrust coefficient, heat released by
the fuel, the flight speed and the vehicle’s drag coefficient,
respectively. This shows explicitly how the thrust coefficient depends
on the drag coefficient. Thus, the design study for an unfueled
version of the vehicle is a useful step in the overall design process.
The effect of combustion can be regarded as an increase in tem-
perature as the flow passes through the combustion chamber with an
increase in pressure and a possible variation in the specific heats.
Thus, one of the major effects of combustion is a change in theMach
number of the flow passing into the thrust nozzle implying that the
nozzle-optimization procedures presented here may also be applied
to situations involving combustion, but with a nozzle entry Mach
number that is different from that appropriate to the no-combustion
cases presented here. Note also that there are other effects of
combustion, such as changes in viscous drag, that may also occur. To
complete the optimization process for the combustion case requires
that an optimum choice be made between the nozzles suitable for the
nozzle entry Mach number with combustion and without com-
bustion, but this is not considered here. Therefore, in this study, the
analysis and experiments are done with unfueled scramjet models in
order to demonstrate the optimization of the vehicles while avoiding
the complexities introduced by combustionmechanisms. In addition,
the experimental test models used in this study are not large enough
for combustion because of relatively short combustors. Therefore, a
minimum net drag, instead of a maximum net thrust, is the objective
function for the optimization study. The overall performance with
combustion can be estimated by combining results from this study
with results from a combustion analysis. This approach has been
demonstrated to be suitable in Paull et al. [3].

There are also a number of other issues that can arise when
modeling combustion. For example, Stalker et al. [12] investigated
the effects of nonequilibrium chemistry freezing, which occurs when
a chemically reacting gas undergoing a rapid expansion in a nozzle
from an equilibrium state, is unable to adjust its composition rapidly
enough to maintain equilibrium. The composition of the gas freezes
at some point in the nozzle expansion process. Another possibility is
kinetic afterburning, which takes place when the combustion
reactions are unable to approach chemical equilibrium in the com-
bustion chamber before they encounter the falling pressure and
temperature in the nozzle and combustion continues in the lower
temperature expanded flow in the nozzle. In the case of nozzle
freezing, Stalker et al. indicate that thrust is only weakly affected. In
the case of kinetic afterburning, the results presented from analysis
and experiments by Stalker et al. indicate that there is some loss in
thrust when burning is incomplete at the exit of the combustor and
continues in the nozzle.

For highly engine-integrated scramjet-powered vehicles, the
nozzle design can strongly influence the performance of other
components of the vehicle. Starkey and Lewis [13] and Starkey [14]
investigated optimizing the design of hypersonic scramjet-powered
vehicles and considered the design tradeoffs including nozzle design.
They included multiple-engine designs and the implications for
structural mass and packaging. In this study, the important
consequential effects of changes in the nozzle design on the overall
vehicle performance are included. To ensure that the force-prediction
methodology developed in Tanimizu et al. [6] is applicable for the

type of design changes being considered, a scramjet vehicle was
manufactured and tested in the T4 shock tunnel. It is of interest to
investigate the performance of the designs over a range of flow
conditions. Some improvements in the design of the vehicle tested in
Tanimizu et al. [6] were also made before the nozzle-optimization
study. The next sections detail the design of that scramjet and the
results from the tunnel tests. The optimization study and results are
then presented in Secs. VI and VII.

II. Test Models

In this paper, quasi-axisymmetric scramjet vehicles are inves-
tigated. A primary advantage of this type of vehicle is its large
centerbody volume that can be used to carry the payload and fuel.
The geometry is also amenable to simplified analysis. The model
tested in the present study is 1 in.a series of models tested in the T4
shock tunnel. Figure 1 shows 3-D CAD drawings of three of these
models, showing the development of aspects of their design. The
vehicle of Paull et al. [3], referred to as model 0, is shown in Fig. 1a
and that of Tanimizu et al. [6], referred to as model 1, is shown in
Fig. 1b. Both were designed for Mach 6 conditions. Model 1 was
derived frommodel 0 by altering the nozzle and cowl. The test model
for the present study, referred to as model 2, is shown in Fig. 1c and
was designed for Mach 8 conditions. This was also derived from
model 0, but the higher design Mach number of 8 was chosen. The
forebody cone angle was 9 deg for all models. Stalker [15] indicates
that if a fixed-geometry scramjet operates over a wide range of flight
Mach numbers, a scramjet designed for a higher operating Mach
number would be expected to give better overall performance than
one designed for the lower end of the operating range.Mach 6, 8, and
10 shock-tunnel nozzles were available to test scramjet models in the
T4 shock tunnel. So theMach 8 design condition allows themodel to
be tested both below and above the design Mach number.

Several modifications to the basic design of models 0 and 1 were
incorporated into model 2 to try to improve the performance of the
scramjet. These variations are detailed next. Other variations could
also have been incorporated in the design studies, such as varying the
cowl length and the use of plug nozzles.

First, the bevels on the leading edges of the intake cowl formodel 2
face toward the inside of the intake rather than toward the outside, as
for models 0 and 1. This modification means that the flow that is
compressed by the bevelled leading edges of the cowl passes into the
combustion chambers rather than being spilled. This compressed gas
is then available for thrust production in the nozzle. This will also

Fig. 1 Three-dimensional CAD figures of the models 0, 1 and 2.
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provide a higher compression ratio for the intake than if the
compression was on the outside.

The second major modification from models 0 and 1 is that a
shorter and divergent combustion chamber is employed. The results
[6] of the force predictions formodel 1 indicate that amajor source of
skin-friction drag is on the walls of the combustion chamber and that
the skin-friction drag becomes dominant with increasing Mach
number. The combustion chamber of model 2 is designed to reduce
skin-friction drag on the combustion chamber surfaces by employing
a short combustor. The combustion chamber is only 30 mm long so
an ignition promoter, such as silane, would be needed to initiate
combustion. Diverging the combustion chamber can prevent thermal
and frictional choking [16]. The ratio of the cross-sectional area at the
combustor exit to that at the combustor entrance is 1.8. The flow
properties inside the combustion chamber for models 1 and 2 for
Mach 8 flow conditions for a nozzle-supply enthalpy of 3 MJ=kg are
shown in Fig. 2. These are calculated using generalized one-
dimensional flow [17]. For the case of no combustion, the Mach
number in the combustion chamber of model 1 decreases along the
chamber, due to friction, but the Mach number increases in the
diverging combustor of model 2. It can be seen that the intake of
model 2 produces a higher compression than does that of model 1.
The pressure then decreases gradually, due to the divergence in the
combustion chamber, but the average pressure level in the combustor
of model 2 is still higher than in that of model 1.

The centerbody of model 2 consists of a 9 deg semi-angle conical
forebody, and a 11.3 deg semi-angle conical afterbody. The inlets and
combustion chamber entrances consist of compression ramps formed
by six splitters, which deflect theflow that has already passed through
the conical forebody shock wave by a further 8.5 deg. Model 2 has a
3000 mm2 intake capture area, which is 20% larger than that of
model 1. The leading edge of the intake cowl is cut out at an angle of
70 deg. The interior of the intake cowl leading edge has bevels that
are at 5 deg to the freestream direction to avoid shock detachment.
The slightly divergent combustion chambers are bounded by the side

walls, conical afterbody, and cowl. Downstream of the end of the
combustion chamber, the splitters deflect the flow through an angle
of 7.6 deg and the cowl internal surface deflects the flow through an
angle of 6 deg. The 11.3 deg semi-angle conical afterbody forms the
inner surface of the thrust nozzles. The nozzle of model 2 is 75 mm
long and the external cowl deflection angle is 3.5 deg. The ratio of
nozzle exit area to nozzle entrance area is 15.6. The distance from the
cone tip to the entrance of the combustion chambers is approximately
180 mm and the complete length of the model is approximately
320 mm.

III. Force-Prediction Methodology

The force-prediction methodology that was used in the present
optimization study is similar to that detailed in [6]. Hence, only a
brief description and the differences from the previous modeling are
given here. Drag force is produced by the tangential (viscous) and
normal (pressure) forces acting on the surfaces of the test model
exposed to flow. The total drag force has been calculated by addition
of the contributions from each component. The methods used to
calculate the inviscid forces on the conical forebody, intake and cowl
are similar to those used by Paull et al. [3]. The viscous drag due to
laminar boundary layers is calculated using a reference temperature
method. The effective boundary-layer running length is used to
determine the boundary-layer state (laminar or turbulent). The
transition Reynolds number was determined from a correlation
obtained in a study of transition in the T4 shock tunnel by He and
Morgan [18]. The viscous drag for turbulent boundary layers is
calculated by the theory of van Driest [19] when the Reynolds
number exceeds the transitional Reynolds number. The boundary
layers in the combustion chambers and nozzles were assumed to be
turbulent, because it is expected that the disturbances caused by the
crossing shocks generated by the splitters of the intakes will induce
transition [20]. The conditions in the combustion chamber and the
nozzlewere determined using the in-house CFD code, EILMER [21]
run in inviscid mode with viscous forces calculated separately [6].

Since the intake ofmodel 2 is different from that ofmodels 0 and 1,
the theoretical modeling of the intake flow was changed appro-
priately. The modeling of the flow in the intake is shown sche-
matically in Fig. 3. First, the conditions on the inside surface of the
cowl are calculated by finding the conditions downstream of
the shock wave from the bevel and then passing this flow through the
shock wave generated by the splitter. Second, the flow conditions on
the splitter surface are divided into two regions (see Fig. 3a). Theflow
conditions in region 1 are taken as those for flow that has passed

a) One-dimensional flow analysis for model 1

b) One-dimensional flow analysis for model 2

Fig. 2 Flow properties in the different shapes of combustion chambers

(M1 � 7:9, p1 � 2:6 kPa, T1 � 230 K, and Cf � 0:002).

Centerbody

Splitters

Splitter

A A'

1
2

3
5

4

View from A-A'

a) Surface on the splitter

b) Surface on the centerbody

Fig. 3 Shock-wave structures in the intake for model 2.
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through the oblique shock wave generated by the splitter. The flow
conditions in region 2 are calculated by passing the flow first through
the shock wave from the splitter and then accounting for the
additional compression generated by the bevels. Finally, the flow
conditions on the centerbody surface are divided into three regions
(see Fig. 3b).The flow conditions in region 3 are calculated by
passing the oncoming flow through the oblique shock from the
splitter.

The flow conditions in region 4 are obtained by taking the flow in
region 3 and accounting for the additional compression from the
bevel. The flow conditions in region 5 are computed by taking the
condition across the oblique shock from the bevel. The flow entering
the combustion chamber is not uniform, due to shocks and expansion
waves. The problem can become complex and a simple solution is
sought. Paull et al. [3] applied an adiabatic stream tube analysis to
calculate equivalent uniform conditions that could be used at the
entrance to the combustion chamber. They calculate the conditions
thatwould exist for an adiabatic 1-Dflow from the intake capture area
to the total cross-sectional area of the combustion chamber. The
analysis includes an allowance for entropy changes across the
crossing shock waves [22].

IV. Validation of Theoretical Modeling

Experiments performed in the T4 stalker tube [4] at the University
of Queensland were used to validate the modified theoretical
modeling. Three different (Mach 6, 8, and 10) tunnel nozzles [23–25]
were used to produce a range of test flows for the current study. All
measurements in this paper were conducted after the test flow was
fully established. Flow establishment time includes nozzle starting
time and the boundary-layer establishment time. The former was up
to 1 ms for the lower enthalpy conditions and shorter for the higher-
enthalpy conditions and the latter was taken as the time required for
the flow to traverse 3.3 body lengths [26]. The determination of the
test time obtained for each shot in the T4 shock tunnel is the same as
that detailed in Tanimizu et al. [6]. All measurements reported here
were taken after flow establishment and before the end of the steady
test flow. The initial test gas temperature and pressure in the shock
tube, the measured nozzle-supply pressure, and the measured speed
of the primary shock wave down the shock tube were used to
determine the test flow conditions using codes STN [27], ESTC [28],
and NENZF [29]. The details of the performance of the three tunnel
nozzles used in this study are shown in [23–25,30]. A single
component stress wave force balance [31] was used to measure the
drag forces acting on themodel. This forcemeasurement technique is
able tomeasure the pressure forces and viscous forces acting on a test
model during the very short duration of a shock-tunnel test [31–33].
Drag coefficientswere then computedwith themeasured drag forces.
The vertical lines in Figs. 4–6 indicate that the 95% confidence
interval uncertainty in the measured drag coefficient determined
from following the procedure in [34]. The drag coefficientsmeasured
for model 2 in theMach 8 nozzle tests are plotted as a function of the
nozzle-supply enthalpy in Fig. 4. As the nozzle-supply enthalpy
increases, the unit Reynolds number of the flow decreases and the
Mach number of the flow from the shock-tunnel nozzle decreases.
These effects are shown on the horizontal axis of the plot. Both
experiment and theory show the same trend of increasing drag
coefficient with increasing nozzle-supply enthalpy although the
variations in the experimental values are close to being within the
uncertainty limits. The theoretical and experimental results generally
agree to within experimental uncertainty, but there is a tendency for
the measured drag coefficient to increase somewhat more rapidly
with nozzle-supply enthalpy than is indicated by the theoretical
calculations.

To investigate the performance at offdesign conditions, the drag
coefficients measured for model 2 for the Mach 6 and 10 nozzle tests
are plotted as a function of nozzle-supply enthalpy in Figs. 5 and 6.
For model 2 the forebody shock wave was not captured completely
by the cowl for all conditions in the Mach 6 nozzle tests. A
background-oriented schlieren (BOS) image [35] of the flow around
model 2 is shown in Fig. 7. For this condition the freestream Mach

number was 6.2 and nozzle-supply enthalpy was 5:8 MJ=kg. This is
below the design Mach number of 8 for model 2. It is seen that the
forebody shock wave generated at the tip of cone is not captured at
this condition. An oblique shock wave generated at the crotch of the
cowl can be seen also. Therefore, some of the compressed flow was
spilled over the cowl. This spillage then affects the overall
performance of model 2. The effect of the spillage is included in the
theoretical methodology by modeling the flow over the cowl as that
behind the forebody shock. Drag coefficients approximately 5%

Fig. 4 Drag coefficients for tests with the Mach 8 nozzle for model 2.

Fig. 5 Drag coefficients for tests with the Mach 6 nozzle for model 2.

Fig. 6 Drag coefficients for tests with the Mach 10 nozzle for model 2.
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lower than those in Fig. 5 are obtained if this effect is neglected. For
the Mach 6 test cases, the theoretical predictions are slightly higher
than those measured at lower nozzle-supply enthalpies, but the
theoretical predictions agree with measurements to within experi-
mental uncertainty over the range of nozzle-supply enthalpies tested.

For the tests in the Mach 10 nozzle, the theory consistently
underpredicts the drag coefficient, as was the case for model 1 (see
[6]). This may be due to a stronger influence of swept oblique shock-
wave boundary-layer interactions [36] caused by the splitters at the
relatively low Reynolds numbers for the Mach 10 nozzle tests. The
boundary layers are expected to be laminar on the centerbody at the
splitters for all tests with the Mach 10 nozzle and skewed shocks are
more likely to induce laminar boundary-layer separation [20] than
for turbulent boundary layers. However, the theoretical and
experimental results show similar trends. Some measurements differ
from the theoretical prediction by more than the uncertainties in the
measurements.

The major factor influencing the drag coefficient is the Reynolds
number. This can be seen by plotting the measured drag coefficients
as a function of the freestream unit Reynolds number, see Fig. 8. A
reduction of the drag coefficients is observed with increasing
Reynolds number. In the theoretical calculations, the boundary layers
in the combustor and nozzle are treated as turbulent and the turbulent
skin-friction drag coefficient decreases monotonically with
increasing Reynolds numbers. At similar Reynolds numbers (e.g.,
around 4 � 106) the tests with different tunnel nozzles produce
similar drag coefficients. A closer investigation of the results from
modeling shows that as theMach number increases, the contribution
to pressure drag coefficient is similar, due to the competing effects of
decreasing intake drag and decreasing nozzle thrust. The result is that
variation of the drag coefficient for this model dependsmainly on the
contributions of skin-friction drag.

V. Nozzle-Optimization Study

The Nelder and Mead simplex method [37] was used in the
optimizer. A coarse mesh (40 � 20 � 20 cells) was used for the
inviscid nozzle-flow calculations to reduce the calculation time
required for each iteration in the optimization. This mesh size was
determined to be suitable from a mesh refinement study. After the
optimization routine had located the optimum solution a finer mesh
(80 � 40 � 40 cells) was used to calculate the final forces for the
optimized shape.

As discussed in the Introduction, the objective function in the
present study was the net drag coefficient of the complete vehicle. It
is appropriate for an airbreathing engine to use the intake capture area
as the reference area in the drag coefficient. The net drag coefficient
for the nozzle and cowl was calculated using

CD � �Fp � Fv � CFDresults	=�0:5 � �U2Ai� (2)

where Fp is the pressure drag on the cowl external surface, Fv is the
skin-friction drag on the cowl’s external surface and CFDresults is the
axial force on the nozzle calculated using EILMER. Fp and Fv were
obtained using the force-prediction methodology [6]. Note that there
will be additional mass required for longer nozzles and that this has
not been accounted for in the current optimization study.

VI. Results of Optimization and Parametric Studies

A. Parametric Study for Mach 8 Flow Conditions

The first step in the optimization study was to vary the key
parameters in the nozzle design to investigate their influence on
performance and to verify that the optimization code can successfully
identify the lowest drag design. The optimization code used in this
study is a local searchmethod that can potentially capture only a local
minima. A parametric study is a good way to check that the global
minimum is found and it also shows how much the performances of
the designs vary as the parameters are changed. A previous scramjet
nozzle-optimization study conducted by Jacobs and Craddock [10]
indicates that the effect of the centerbody shape is limited. Their
optimized nozzle produces only 8% more thrust than a simple
straight ramp nozzle for the same area ratio nozzle. Therefore, the
major nozzle design parameters that influence the overall perfor-
mance of a quasi-axisymmetric scramjet of the form studied here are
expected to be the length of the nozzle and the external deflection
angle of the cowl (see Fig. 9).

An axial cross-section of the combustion chamber and nozzle
takenmidwaybetween the splitters is shown in Fig. 9a. Thegeometry
of the nozzle is specified by six points. Points C,D, E, and F arefixed.
Point A can move in both the axialX and radialR directions. Point B
is fixed at the same radius as the sting and is at the sameX location as
point A.

The length of the nozzle, measured from the end of combustor (see
Fig. 9), was varied from 35 to 155 mm in steps of 10 mm. The

Fig. 7 BOS picture of model 2, shot No 9417, 5:8 MJ=kg,M1 � 6:2.

Mach6
Mach8
Mach 10
Theory (M6)
Theory (M8)
Theory (M10)

0  2e+006  4e+006  6e+006  8e+006  1e+007
Unit Reynolds number Re/m

0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

C
D

Fig. 8 Overall performance for model 2 (Reynolds number effect).

External cowl
deflection angle

Nozzle length

Splitter angle

Splitter angle

R

X

B

A
E

axis of scramjet model

Note that these are not scaled.

D C

F

Splitter

Splitter

a) Centerbody

b) Splitter shape for a long nozzle

c) Splitter shape for a short nozzle

Fig. 9 Parameters for nozzle study.
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external deflection angle of the cowl was varied from 0 deg to 10 deg
in 1 deg increments. These ranges were chosen by considering the
size limitations of the test core flow in T4. Correspondingly, the
shape of the splitter was changed as the nozzle length changed. This
is shown in schematically in Figs. 9b and 9c. Note that a shorter
nozzle will have a large splitter deflection angle (see Fig. 9c).

For the parametric study, the freestream was set at a Mach number
of 7.9, static temperature of 230 K and static pressure of 2.65 kPa.
Since the size of the test models are limited by the size of the test core
flow, the tunnel conditions are at higher-pressure conditions than the
flight conditions using � L scaling [38]. Thus, the model test
conditions are equivalent to the flight conditions at an altitude of
approximately 30 km [39] for a vehicle 2.2 times the size of a model
that could be tested in the T4 Stalker tube. It is noted that the
equivalent flight conditions are likely to require a combustion igniter
such as silane for these conditions. The flow conditions at entry to the
combustion chamber and the conditions for theflowover the external
surface on the cowl were obtained using the force-prediction
methodology [6] with the modifications described in this paper.
Table 1 shows these conditions.

As the nozzle length and external cowl deflection angle are varied,
the area ratio of the nozzle, defined asAexit=Ac, varies.Ac is the cross-
sectional area at entry to the combustion chamber and Aexit is the
cross-sectional area at exit of the nozzle. Theway that Aexit varies for
the chosen ranges of these parameters is shown in Fig. 10. As can be
seen, the area ratio varies from approximately 12 to 46.

Contours of the overall vehicle drag coefficient are shown in
Fig. 11. The white square shows the estimated location of the
optimum design. The estimated minimum drag coefficient is 0.28 at
Mach 8 flight condition. The white zone shows the region of over-
expanded conditions where the flow is expected to separate in the
nozzle, due to overexpansion.

The conditions for which flow separation takes place within thrust
nozzles and the locations of separation are reported in the literature
(see, e.g., [40]). The nozzle-flow separation criterion of Summerfield

et al. [41] was used in this study. This simplest approach has
limitations, as discussed by other researchers (e.g., Kalt and Badal
[42], Morrisette and Goldberg [43] and Romine [44]), but is
considered to be adequate for the present purpose. Therefore, there
might be some small errors involved in the estimated drag coefficient.
For an axisymmetric nozzle, they found thatflow separation occurred
for pressure ratios ps=pa between 0.34 to 0.40, where pa is the static
pressure into which the nozzle-flow exhaust and ps is the static
pressure at which separation occurs. For the present study, incipient
separation was assumed to occur when ps=pa 
 0:37. This pressure
level (ps=pa) was calculated using generalized one-dimensional
flowanalysis including area change and effects of friction [17].Using
this criterion, the maximum nozzle area ratio for which a nozzle
would expand the flowwithout separation is 23.1 for the present flow
conditions at entry to the nozzle.

As can be seen in Fig. 11, the objective function is well behaved
and has only one minimum. The force-prediction methodology
provides a breakdown of the viscous and inviscid forces acting on
different parts of the vehicle. An examination of the components of
the drag coefficient from the force-prediction methodology shows
that the thrust from the nozzle increases with increasing cowl angle
and length. The drag coefficient also increases with increasing
external cowl deflection angle and length. For nozzle lengths from 35
to 65 mm and external cowl deflection angles from 0 to 1 deg, the
increase in nozzle thrust outweighs the increase in drag, due to the
cowl deflection. This causes the overall drag coefficient of thevehicle
to decrease. However, for higher cowl deflection angles, the drag
coefficient increases with increasing angle. The drag also increases
with increasing nozzle length.

The results indicate that the benefit from incorporating a larger
area ratio and longer nozzle is limited for this type of scramjet engine.
The optimum nozzle is about 60 mm long with an external cowl
deflection angle of approximately 1 deg. The area ratio of this nozzle
is approximately 13.

B. Optimization for Mach 8 Conditions

This section describes the results of the study to optimize the
nozzle shape for the Mach 8 condition. The optimization method of
Nelder and Mead [37], that is used here, is suitable for optimizing
functions ofmany variables. However, more function evaluations are
required for more variables and there are some cases where the
optimum may not be found. The optimization procedure for the
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Table 1 Flow conditions for optimization

and parametric studies

Conditions Values

Freestream
Velocity, m=s 2392.0
Mach 7.9
Static pressure, kPa 2.65
Static temperature, K 230.0
Static density, kg=m3 0.040

Combustion chamber (entrance)
Velocity, m=s 2200.0
Static pressure, kPa 71.0
Static temperature, K 653.0

External flow
Mach 7.52
Static pressure, kPa 3.0
Static temperature, K 250.0
Static density, kg=m3 0.041
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Fig. 11 Results from parametric study for Mach 8 condition (fuel off).

Table 2 Breakdown CD for models A1 and 2

Model A1 Model 2

Area ratio 12.4 Area ratio 15.6

Thrust �0:078 �0:092
Pressure drag on intake and cowl 0.255 0.277
Skin-friction drag on intake and cowl 0.051 0.054
Skin-friction drag on combustion
chamber and nozzle

0.053 0.058

Total drag coefficient 0.281 0.297
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current application was conducted using the following steps. Firstly,
an initial optimization was conducted. Two main parameters were
varied in the first step—the nozzle length and the external cowl
deflection angle. Then the shapes of the model centerbody and the
splitters to produce maximum thrust for the nozzle length and

external cowl angle determined from the first step in the optimization
study were found in a second optimization step.

1. Optimization Step 1: Nozzle Length and External Cowl

Deflection Angle

The starting geometry of the nozzle was that of model 2. (See
Fig. 1c.) After 450 iterations, the optimizer converged to a solution.
This optimized scramjet vehicle is referred to as model A1. The
optimum nozzle length and external cowl deflection angle were
found to be 58.0 mm and 0.75 deg, respectively. The area ratio of the
nozzle is 12.4. This is close to the optimum point identified in the
parametric study, giving confidence that the optimization code was
able to find the correct optimum.

It is of interest to identify the drag and thrust forces from different
components for the optimized shape. Table 2 shows a breakdown of
the components of drag coefficient for models A1 and 2 for
M1 � 7:9, p1 � 2:65 kPa, T1 � 230 K and �1 � 0:04 kg=m3.
The thrust coefficient of model A1 is smaller than that of model 2
because of the smaller area ratio of the nozzle of model A1, but the
overall drag coefficient of model A1 is smaller than that of model 2.
The main contribution to the reduced drag is the reduced external
pressure drag on the cowl.

2. Optimization Step 2: Nozzle Shape

The nozzle length and external cowl deflection angle determined
from the first step of the study were fixed in this step of the
optimization study. The nozzle internal shape was changed using
three Bezier points [45] in an attempt to improve the performance of
the nozzle. Usually, nozzles with curved surfaces, such as bell-
shaped nozzles, achieve higher performance than nozzles with
simple straight surfaces, such as conical nozzles [46].

The Bezier points used to define the shape of the centerbody, H, G,
and I (see Fig. 12) were located at equal distances, �x, apart. The
Bezier points were free to move in both the R and � directions (see
Fig. 12).

After 400 iterations, the optimizer converged to a solution. The
optimized scramjet is referred to as model A2. The optimized nozzle
for theMach 8 flow condition is shown in Fig. 13. The general shape
of the optimized centerbody is similar to that from the optimization
study performed by Jacobs and Craddock [10]. They used a full
Navier–Stokes solver, whereas the current study used the
combination of an inviscid CFD model and simple viscous theory.
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Table 3 Breakdown CD for models A1 and A2

Model A1 Model A2

Area ratio 12.4 Area ratio 12.4

Thrust �0:078 �0:080
Pressure drag on intake and cowl 0.255 0.255
Skin-friction drag on intake and cowl 0.051 0.051
Skin-friction drag (C.C and nozzle) 0.053 0.055
Total drag coefficient 0.281 0.280

Table 4 Flow conditions for parameter studies (offdesign)

Mach 6 Mach 7 Mach 9 Mach 10

Freestream
Velocity, m=s 1778 2080 2686 2990
Mach 5.9 6.9 8.9 9.9

Combustion chamber
Velocity, m=s 1546 1877 2484 2794
Static pressure, kPa 68.4 68.7 99.3 103.5
Static temperature, K 604.8 622.0 738.6 778.7

Outside flow
Mach 5.7 6.60 8.60 9.5
Static pressure, kPa 3.1 3.1 2.6 2.6
Static temperature, K 243.6 246.1 244.0 248.5
Static density, kg=m3 0.040 0.040 0.040 0.040
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This gives further confidence in the suitability of the current method
for nozzle optimization.

The shapes of the centerbodies and splitters in the nozzles for
modelsA1 andA2 are compared at the bottomof Fig. 13. Thegeneral
shapes are similar to those found by Jacobs and Craddock [10] for
2-D optimized scramjet thrust nozzle designs. The optimized
geometry gave only a 0.5% reduction of the overall drag coefficient
from that of model A1. Table 3 shows the breakdown of the

components of the drag coefficient for models A1 and A2 at the
design condition. The thrust coefficient from the nozzle of model A2
is only a modest 3% larger than that for model A1. It is noted that a
longer nozzle has more potential for thrust increase by changing
centerbody shape because of the greater opportunity for wave
cancellation. However, skin-friction drag will also be higher in
longer nozzles. The skin-friction drag coefficient in the combustion
chamber and the nozzle for model A2 is 2% larger than that for
model A1.

C. Parametric Studies for Various Mach Numbers

The effects of changes in the flight Mach number on the
performance of the model were investigated. The optimization study
for Mach 8 conditions presented in the previous sections shows that
the main parameters affecting the performance of the quasi-
axisymmetric scramjet are the nozzle length and the external cowl
deflection angle. Therefore, these parameters were varied and the
overall performances were calculated for Mach numbers of 6, 7, 9,
and 10. The nozzle length was varied from 35 to 155 mm in steps of
10 mm and the external cowl deflection angle was varied from 0 to
10 deg in steps of 1 deg.

Table 4 shows the flow conditions for these parametric studies.
Note that Mach number and velocity are changed for offdesign
freestream conditions. Pressure, temperature and density are the
same as those for the Mach 8 condition. This was done to investigate
the effect of varying flight speed at a fixed altitude. The results of the
parametric studies for these offdesign conditions are shown in
Figs. 14a–14d. The white square shows the location of the estimated
optimum for each condition. Thewhite zones show the regionswhere
the nozzles are overexpanded to such an extent that separation is
expected according to Summerfield et al.’s [41] nozzle-flow
separation criteria.

The estimated optimum length of the nozzle increases from
approximately 55 mm for the Mach 6 condition to approximately
65mm forMach 10 condition, giving the expected result that a longer
nozzle is more advantageous when a scramjet operates at higher
flight Mach numbers. The optimum angle of the cowl varies little
from around 1 deg as the flight Mach number varies from 6 to 10.

The main results from this part of the study are summarized in
Table 5. The contribution of skin-friction drag coefficient to the
overall drag does not vary much over the range of Mach numbers
considered, but the performance of the nozzle dramatically decreases
with increasing Mach number. Therefore, the net drag coefficients
increase with increasing Mach numbers.

VII. Conclusions

Parametric and optimization studies for the design of a Mach 8
scramjet nozzlewere performed using computational fluid dynamics
and simple theories adapted from Tanimizu et al. [6]. The Nelder and
Mead algorithm [37] was used in the optimization studies. The
optimization study for the scramjet-powered vehicle was conducted
atMach 8 flight conditions for an altitude of 30 km. The results of the
optimization study for fuel-off conditions indicate that a short nozzle
with a small external cowl deflection angle (55 mm long and around

Fig. 14 Results from parametric studies for offdesign conditions.

Table 5 Results from parametric studies (offdesign)

Mach 6 Mach 7 Mach 9 Mach 10

Nozzle length, mm 55.0 55.0 65.0 65.0
Cowl deflection

angle deg
1.0 1.0 1.0 1.0

Thrust �0:139 �0:101 �0:091 �0:075
Pressure drag on intake

and cowl
0.282 0.265 0.248 0.25

Skin-friction drag on
intake and cowl

0.052 0.051 0.048 0.051

Skin-friction drag
(C.C and nozzle)

0.064 0.056 0.065 0.060

Total drag coefficient 0.260 0.271 0.270 0.285
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1 deg) is good for fuel-off conditions, but improvement of the
performance of the model was not significant.

The main goal of this paper was to investigate the improvement of
the overall performance by improving the nozzle performance. The
key factors for improving the nozzle performance are the nozzle area
ratio and length. However, the optimization results indicate that the
overall performance of the vehicle cannot be increased just by
increasing the nozzle area ratio because of the implications for
external drag on the cowl. The basic geometry of this quasi-
axisymmetric scramjet design means that a large external cowl
deflection angle is required to attain a large nozzle area ratio. This
large external cowl deflection angle produces additional pressure
drag. Therefore, the benefit of improving nozzle performance by
extending the cowl is balanced by the production of additional
external drag on the cowl. This implies that other techniques will be
required to improve the performance of a scramjet of this design. For
example, it may possible to reduce the drag internally by techniques
such as boundary-layer combustion [47] in order to achieve better
overall performance without compromising the nozzle performance.
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