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Thrust Losses in Hypersonic Engines Part 2: Applications

D. W. Riggins*
University of Missouri – Rolla, Rolla, Missouri 65409

The methodology developed in Part 1 of this investigation (Riggins, D. W., McClinton, C. R., and Vitt,
P. H., ‘‘Thrust Losses in Hypersonic Engines Part 1: Methodology,’’ Journal of Propulsion and Power,
Vol. 13, No. 2, 1997, pp. 281 – 287) for the identi� cation and evaluation of the thrust losses in a scramjet
engine is applied to one-dimensional scramjet engine � ows with coupled loss mechanisms. Thrust and
thrust potential losses are related directly to increases in irreversible entropy caused by friction, heat
transfer, mixing, nonequilibrium reaction, and shocks. This method is extended to enable the evaluation
of thrust losses in multidimensional � ows. The fundamental relationship between performance assessment
utilizing multidimensional � ow� elds and cycle analysis performance prediction is shown and discussed.

Introduction

T HE successful development of air-breathing propulsion
systems for high-speed aerospace vehicles requires the ra-

tional optimization of engine thermo� uid dynamic character-
istics. Because of the integration of the propulsion system and
the airframe necessary for achieving high Mach number � ight,
overall mission-oriented optimization of a hypersonic vehicle
can strongly in� uence many design features of the propulsion
system. However, even within the context of vehicle and mis-
sion constraints, the primary function of an air-breathing pro-
pulsion system designed for any speed regime is the effective
utilization of the onboard fuel to deliver adequate thrust for
achieving both acceleration and cruise requirements of the mis-
sion. Therefore, identifying mechanisms that cause reductions
in the ability of a propulsion system to deliver thrust and quan-
tifying the thrust losses associated with these mechanisms are
of critical importance in the design and evaluation of high-
speed engines. This investigation focuses on demonstrating the
application of the methodology developed in the companion
paper for describing and evaluating thrust losses resulting from
� ow irreversibilities within the propulsion � ow paths of su-
personic combustion ramjet engines (scramjets). However, the
methods and techniques described in this investigation are use-
ful for any Brayton cycle aerospace engine, including ramjets
and engines with turbomachinery.

The speci� c purposes of this investigation are to � rst dem-
onstrate the application of the one-dimensional method for
quantifying thrust losses caused by irreversibilities and then to
extend the application of the method to multidimensional pro-
pulsive � ow� elds. Irreversibilities are manifested by associated
increases in entropy or, equivalently, by reductions in work
availability as measured from some reference condition. There-
fore, the irreversible entropy increase associated with a real
thermo� uid dynamic process is a measure of how far (in terms
of reduced potential for delivering work) that process is from
the completely reversible process, i.e., the process that would
(potentially) deliver the maximum work for the same heat in-
put. Since the useful work of an aerospace jet engine is the
thrust work delivered by the engine to the vehicle, it is nec-
essary to de� ne the � ow losses of the actual irreversible engine
as losses in delivered thrust work as measured from the thrust
work of the reversible engine. In addition to the reversible
engine, an ideal engine can also be de� ned; such an engine is
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both reversible and has maximum (complete) heat release. The
thrust loss of the reversible engine as measured from the ideal
engine then de� nes the thrust loss caused by incomplete heat
release (or combustion). Based on these observations, the com-
panion paper of this investigation1 develops a method for di-
rectly calculating the lost thrust work in an actual engine in
terms of the irreversible entropy increases and incomplete
combustion.

Previous applications work in the area of the second-law
analysis of jet engines includes that of Clarke and Horlock,2

who utilized standard availability concepts to analyze a tur-
bojet. Lewis3 discussed the propulsive ef� ciency and its rela-
tionship to energy availability and observed the inevitable dif-
ference in application between standard energy availability and
obtainable thrust work (even for the ideal engine). Riggins et
al.4 performed a computational investigation in which they as-
sessed optimal combustor length in three-dimensional scramjet
combustor simulations by measuring the axial distribution of
the maximum thrust work availability by isentropic expansion
to a reference condition (� xed area or pressure). This proce-
dure (utilizing a � xed area) for evaluating thrust work potential
in a � ow is also used in this work for the presentation of some
of the results. Murthy5 discusses the method of applying stan-
dard exergy (available work) concepts to a scramjet engine;
reductions in work availability measured from ambient con-
ditions are computed in a straightforward manner utilizing the
quanti� able irreversible entropy increases in the actual engine.
Then, to relate the losses in exergy to the propulsive losses,
an engine effectiveness parameter is de� ned as the ratio of
thrust work losses to exergy losses.

This paper � rst presents a review and discussion of the
method for evaluating lost thrust caused by irreversibilities
within the context of quasi-one-dimensional streamtube theory.
An application to a scramjet � ow� eld generated by a cycle-
code is shown both in terms of distributions of raw engine
stream thrust with stream thrust increments lost because of
various loss mechanisms and in terms of engine stream thrust
potential1 distribution and stream thrust potential losses. As a
demonstration of the parametric assessment of thrust loss con-
tributions, a study of the effect of fuel temperature on thrust
losses in a scramjet engine is reviewed. The focus in subse-
quent sections is on evaluating losses in multidimensional
� ows; fundamental issues involving multidimensional losses
are discussed and the methodology for performing thrust loss
calculations in such � ows is developed. The resulting tech-
nique is � rst applied to an analytical (non-numerical) multi-
dimensional � ow� eld to assess its reliability. The method is
then applied to a complex multidimensional � ow� eld with fric-
tion, heat transfer, fuel – air mixing, and � nite rate reactions
and shocks. Results are shown in terms of � ow� eld structure,
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Fig. 2 Schematic of generic scramjet engine geometry used for
cycle code studies.

Fig. 1 Schematic of scramjet engine showing reference isentropic
expansion to nozzle exit area and additional expansion to recover
lost thrust caused by irreversibility.

irreversibility distributions, and the lost thrust increments
caused by various loss mechanisms within the � ow.

Computation of Engine Performance Losses Caused
by Flow Irreversibilities

A method for computing engine thrust losses caused by ir-
reversibilities is developed in detail in the companion paper of
this investigation.1 This section provides a brief discussion of
the application of this technique to aerospace engines. The
method is based upon the observation that the lost thrust work
as measured from that of the reversible engine is recoverable
(and, hence, is able to be quanti� ed) by an additional isentropic
expansion of the nozzle exit � ow� eld (see Fig. 1). The analysis
utilizes quasi-one-dimensional streamtube theory and the sec-
ond law of thermodynamics to fully describe the � ow through
an aerospace engine. The additional nozzle expansion neces-
sary to recover the lost thrust is derived in terms of the irre-
versible entropy gain as follows:

A /A = exp(DS /R)er e irr

Here, Ae is the nozzle exit area, Aer is the area that the � ow
must be isentropically expanded to quantify the lost thrust as-
sociated with the irreversible entropy increase DSirr, and R is
the gas constant. The expansion process is shown in the com-
panion paper of this investigation to describe a stream thrust-
equivalent family of engines with irreversibilities progressively
removed from nozzle exit to inlet entrance, such that the exit
stream thrust of the completely reversible engine is exactly
recovered at the end of the expansion process. This analytical
technique for recovering stream thrust lost because of irre-
versibilities in a � ow� eld then enables the direct calculation
of the magnitude of the lost net thrust. The concept is readily
extended to deal with � ows with coupled losses, i.e., losses
that are concurrent and interact with one another through the
local � ow conditions. This extension to include coupled losses
is possible as long as a detailed differential description of the
� ow irreversibilities is provided. The technique of additional
expansion for quantifying thrust losses can then be applied,
moving differentially (from nozzle exit to inlet entrance) along
the thermodynamically consistent path of recovering stream
thrust losses. Thrust losses associated with individual loss
mechanisms (friction, heat transfer, nonequilibrium kinetics,
mixing, or shocks) can be speci� cally assessed. However, be-
cause coupling between mechanisms is implicitly included
within the calculated entropy changes, the magnitude of a
thrust loss caused by a speci� c mechanism cannot be consid-
ered as independent of the thrust losses because of the other
loss mechanisms.

The method also allows the direct quantitative assessment
of mixing enhancement techniques in scramjet combustors.
Such techniques usually rely on geometry or � ow variation to

enhance mixing and heat release. Because of the inevitable
generation of irreversible entropy (i.e., � ow losses) by the use
of these techniques, there exists a critical balance between the
generated irreversibility (which adversely affects engine per-
formance), and the performance bene� t of increased combus-
tion. Mixing enhancement techniques have typically been as-
sessed in terms of mixing/combustion ef� ciency; they are also
occasionally presented along with the total pressure drop (i.e.,
the irreversible entropy gain) associated with the mixing en-
hancement scheme. To date, however, there has been no reli-
able technique for rigorously relating the two phenomena from
the standpoint of performance assessment. The method de-
scribed in this investigation, however, enables the direct com-
putation of the thrust losses caused by irreversibility and the
thrust losses caused by incomplete combustion and should pro-
vide a useful design tool in the development of practical mix-
ing enhancement strategies for high-speed engines.

Thrust Losses in Scramjet Engines
(Cycle Code Results)

The previous section reviewed the background of a stream-
tube-based method for evaluating thrust losses caused by var-
ious irreversibilities in jet engines. This section summarizes an
application of this technique to a cycle code generated � ow-
� eld for a scramjet con� guration and provides a discussion on
the relationship between the actual stream thrust losses
throughout the engine (computed using the method described
in the previous section) and the related stream thrust potential1

losses utilizing the same method.
Figure 2 is a schematic of the engine geometry that has been

selected for consideration in this section. In� ow and injection
conditions are as speci� ed in this � gure. This example is not
an optimized con� guration but is de� ned only to be represen-
tative of general scramjet � ows for a Mach 12 � ight condition.
The one-dimensional cycle code developed in this work is
fully described in the companion paper1; the code is a standard
cycle solver with � nite rate H2– O2 reaction capability. It has,
however, been written with detailed attention given to both
second-law accounting (i.e., the computation of irreversibilities
caused by loss mechanisms) and associated performance loss
assessment. This code assumes instantaneous mixing of the
airstream and the fuel stream at the location of injection; in-
complete combustion results from � nite rate reactions within
the mixed stream as the � ow progresses down the combustor
and into the nozzle. This simple treatment of the mixing pro-
cess is not mandated by the thrust loss-performance method
that is the focus of this work. This method can be readily
applied to higher level cycle codes and, as will be shown in
subsequent sections in this paper, to multidimensional � ow-
� elds as well.

Actual stream thrust (mÇ U 1 PA) vs axial distance is plotted
in Fig. 3; this quantity corresponds to the bottom curve in this
� gure. The actual stream thrust declines in the inlet because
of the � uid dynamic compression (area decrease) and the ac-
tion of friction. The magnitude of the net inlet drag can be
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Fig. 4 Stream thrust potential and lost stream thrust potential vs axial distance through generic scramjet engine.

Fig. 3 Stream thrust and lost stream thrust vs axial distance through generic scramjet engine.

obtained by simply subtracting the in� ow stream thrust from
the actual inlet exit stream thrust. Note that the stream thrust
of the reversible engine (or the stream thrust of the actual
engine with lost thrust work recovered) also declines in the
inlet because of � ow compression and wall cooling. The actual
stream thrust in the combustor increases initially because of
the downstream-directed component of fuel momentum at the
injection location and then drops throughout the constant area
section because of friction. In the nozzle (X > 6 m), the stream
thrust increases because of nozzle expansion; it is only in this
expansion region that any bene� t of upstream combustion is
realized in terms of increasing stream thrust. At the end of the
nozzle, the � ow stream thrust has barely reached the inlet
stream thrust itself. This results in approximately zero net
thrust for this (unoptimized) scramjet � ow� eld.

The region A 1 B 1 C in Fig. 3 represents the total stream
thrust lost because of irreversibilities in the engine and is com-
puted simply using the local area as the base area for the lost
thrust recovery process discussed in the previous section. Re-
gion D represents the lost thrust caused by incomplete com-
bustion. For this example, these results indicate (by examining
the various stream thrust losses at the nozzle exit) that about
57% of the overall engine thrust effectiveness is lost because
of incomplete combustion, 25% is lost because of friction, 8%
because of � nite rate reaction losses, and 10% because of
fuel – air mixing and injection losses.

Figure 4 is based on the same � ow� eld analysis, except
results are presented in terms of stream thrust potential using
the nozzle exit area as the reference area, i.e., the local � ow
is isentropically expanded to the nozzle exit area before the
lost thrust recovery method is performed (see Fig. 1). In the
inlet, from the standpoint of thrust potential, the reversible
� ow can always be returned (expanded) to the inlet area (equal
in this example to the nozzle exit area) with no loss in stream
thrust caused by irreversibilities. Thus, any loss in the thrust
potential of the ideal engine through the inlet is a result only
of wall heat removal. Hence, the rationale for showing earlier
results in terms of actual stream thrust throughout the engine
(Fig. 3) is to demonstrate that the method of recovering lost
stream thrust work and, hence, quantifying losses, can be per-
formed on the local � ow (utilizing the local cross-sectional
area) with no thrust potential issues involved. Signi� cantly, at
the nozzle exit, the stream thrust potential and associated thrust
potential losses are exactly equal to the associated actual
stream thrusts (by inspection of Figs. 3 and 4 and by de� nition
of the thrust potential parameter). Hence, reductions in overall
engine thrust effectiveness caused by � ow losses are equiva-
lent whether examining raw stream thrust or stream thrust po-
tential.

The effect on engine thrust production of varying fuel tem-
perature at constant fuel equivalence ratio in a similar geom-
etry with the same in� ow conditions is shown in Fig. 5. For



RIGGINS 291

Fig. 5 Effect of fuel temperature on thrust losses in a scramjet
engine.

this case, the fuel injection angle is chosen as 30 deg (directed
downstream). This � gure plots fuel temperature vs computed
stream thrust at the engine exit with thrust losses caused by
various loss mechanisms shown as increments above the actual
stream thrust (bottom curve). The actual stream thrust in-
creases because of increasing fuel temperature. The difference,
however, is slight in terms of gross stream thrust. The lost
thrust increment caused by the fuel/air mixing irreversibility is
seen to decrease signi� cantly with increasing fuel temperature.
This is because of lower temperature gradients between the
(hot) air and the (cooler) fuel within the mixing region. The
thrust loss associated with irreversibilities caused by � nite rate
reaction also drops slightly with increasing fuel temperature
because of the higher bulk temperature after mixing. The same
effect increases the thrust loss caused by friction (because of
more heat transfer between the � ow and the wall, which is
held at 1000 K). These one-dimensional results utilizing the
thrust loss recovery method demonstrate its potential for di-
agnosing engine performance and for assisting in injector de-
sign and evaluation.

Irreversibilities in Multidimensional Flow� elds
The preceding sections describe the development and appli-

cation of a technique for the systematic evaluation of thrust
losses. These losses are caused by � ow-generated irreversibil-
ities and are measured in terms of reductions in either local
stream thrust or stream thrust availability, i.e., the thrust ob-
tained by expanding the local � ow isentropically to a reference
area. The analysis is developed from the standpoint of quasi-
one-dimensional � ow (� ow in a variable-area streamtube) with
friction, convective heat transfer, fuel injection and mixing
(mass, momentum, and energy addition), and nonequilibrium
reaction. To be useful for analyzing numerical computational
� uid dynamics (CFD) solutions, this methodology for evalu-
ating thrust lost caused by individual loss mechanisms must
be extended to multidimensional � ows, in which there are mul-
tiple adjacent and interacting streamtubes. These streamtubes
are bundled together within an aerospace engine � ow� eld such
as to form the primary (or overall) engine � ow-path stream-
tube. Within this primary streamtube, each secondary stream-
tube works on or is worked upon by adjacent streamtubes and/
or system boundaries through the action of viscosity. This
process simply represents momentum transfer from higher ve-
locity streamtubes to lower velocity streamtubes, usually cul-
minating in wall shear stresses and the associated frictional
drag on the � ow at the boundaries of the wall-bounded stream-
tubes. Similarly, heat is transferred from hotter to cooler
streamtubes within the � ow. For � ow in the vicinity of an
adiabatic wall, this mechanism results in a continuous � ow of
heat into the outer � ow, away from the wall region. This heat
has its source in the friction-driven transfer of directed kinetic
energy into internal energy within the low-velocity near-wall
region. For a cold wall, heat � ows into the wall itself as well
as into the outer � ow, away from the inner boundary-layer

region. Finally, mass transfer by diffusion can also take place
between neighboring streamtubes. This process is driven by
variations in species composition. In a real � ow, all three trans-
fer mechanisms (mass, momentum, and energy transfer) be-
tween adjacent streamtubes or boundaries have associated and
quanti� able increases in irreversibility.

In addition to irreversibilities caused by transfer mechanisms
between adjacent streamtubes (or with the system boundaries),
there can also be the production of irreversible entropy within
the � ow caused by � nite rate reactions and the presence of
shock waves. In actuality, the irreversibility associated with a
shock is caused by the large gradients in momentum and en-
ergy through the shock structure itself. Hence, a Navier–

Stokes simulation with grid resolution adequate enough to cap-
ture the internal shock structure would automatically incor-
porate the shock irreversibility within the context of explicitly
computed transfer mechanisms between adjacent streamtube
sections (located within the shock layer). However, it is rarely
practical or desirable to obtain multidimensional numerical
simulations that adequately resolve inner shock structure;
hence, for shock prediction, numerical simulations usually rely
on the implicit entropy jump permissible within the context of
Euler equations (which are essentially the multidimensional
representation of the Rankine – Hugonoit one-dimensional re-
lations). This is also partially true for full Navier – Stokes sim-
ulations as well, since the Euler equations are simply a subset
of the Navier – Stokes equations. However, in a Navier– Stokes
simulation of a complex � ow, a portion of the shock-induced
irreversibilities may, in fact, be captured by the computations
involving the transfer mechanisms between adjacent stream-
tubes. This is because of shock spreading across cells (or
streamtubes) caused by physically modeled diffusion pro-
cesses. In general, the � ow losses caused by particular loss
mechanisms are both cumulative and coupled:

1) The � ow in a streamtube at a given station is dependent
on the complete loss history upstream of that station.

2) Since each local loss affects the local � ow condition,
which in turn affects the loss mechanism itself, the individual
losses are then coupled with each other via the local � ow con-
ditions.

It is important to note that, although the second law demands
that the overall cumulative irreversible entropy must increase
throughout the � ow, it is possible that, in a � ow with coupled
losses, an individual cumulative entropy (associated with a
particular mechanism) can actually decrease. A simple example
of this phenomena is convective heat transfer from a � uid to
a cold wall (through a boundary layer). The convective heat
transfer results in an increase in total pressure, although the
associated (coupled) frictional total pressure drop is always
such that the total irreversibility increases.

Thrust Modeling Methodology
for Multidimensional Flows

It is conceptually easy to envision the straightforward ap-
plication of the lost-thrust method (as previously developed
for a single streamtube) by analyzing each streamtube sepa-
rately within a given multidimensional � ow. Consider, as an
example, � ow with uniform axial in� ow in which the complete
spatial differential description of all irreversibilities and
streamtube locations and shapes are known at given axial
planes out to some speci� ed exit plane. It is possible, then, to
separately compute the thrust losses for each streamtube using
the lost thrust work recovery technique described earlier and
then to sum the results across the streamtubes at the exit of
the � ow. Note that to account for � ow angularity each stream-
tube is isentropically turned into the axial direction at the axial
position of interest (before the lost thrust increments at that
position are computed). This is done since the base area as-
sociated with quantifying the lost thrust is the cross-sectional
area of the streamtube and the calculation of the lost thrust is
most usefully referenced in the axial direction. For evaluation
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Fig. 6 Schematic for analytical oblique shock � ow� eld; used for
application of lost thrust methodology to multidimensional � ow-
� eld.

Fig. 7 Stream thrust potential and lost stream thrust potential
for oblique shock � ow� eld.

of the thrust potential (if desired), the exit area for the local
reference isentropic expansion before the loss evaluation for
each streamtube would be determined by the ratio of the in-
dividual streamtube mass-� ow rate to the overall mass-� ow
rate and by the desired overall reference area (most usefully
the actual nozzle exit area).

This procedure for analyzing multidimensional � ows can be
demonstrated for a simple analytic oblique shock problem as
shown in Fig. 6, in which the inviscid oblique shock relations
are used to generate a simple � ow� eld composed (at any given
axial location) of a lower (shocked) streamtube and an upper
(unshocked) streamtube. The shocked streamtube experiences
a pointwise irreversibility increase at the station at which it
traverses the shock. Since this multidimensional � ow� eld is
completely analytical, there are no numerical or grid issues
involved (i.e., CFD or modeling issues), and the merit of the
previous approach for thrust modeling of multidimensional
� ows can be rigorously examined.

Figure 7 demonstrates the results of applying the technique
discussed earlier to the analytical oblique shock � ow� eld.
These results are shown in terms of stream thrust potential or
stream thrust availability referenced to the in� ow area itself.
The � ow is � rst analyzed at selected axial stations by expand-
ing the two separate streamtubes independently and isentrop-
ically to the reference areas associated with their respective
mass � ow rates (after turning the shocked streamtube isentrop-
ically back into the axial direction, this involves an area
change for that streamtube). The lost thrust caused by the
shock is then computed or recovered by an additional isentro-
pic expansion of the shocked streamtube, as detailed in pre-
vious sections. The resultant stream thrusts for the two stream-
tubes are then added together. This procedure returns the
in� ow stream thrust as shown in Fig. 7.

Although the method outlined earlier yields exact results for
the case of a � ow� eld with constant total enthalpy, a more
general method can be developed. This general method also
does not require the tracking of each individual streamtube and
its associated loss history from the in� ow to the station of
interest. Typical numerical simulations rely on spatial grids,
which do not, in general, de� ne coherent streamtube surfaces,
i.e., the tracking of a single streamtube and its losses (irre-
versible entropy increases) from in� ow to exit is, at best, a
very dif� cult interpolation problem fraught with numerical is-
sues. Instead, it is possible to mix the local streamtubes as
de� ned by the local grid at a given axial station to de� ne the
equivalent overall engine streamtube. If done isentropically,
such a thermodynamically permissible process fully preserves
the inherent work availability that exists between streamtubes
at different enthalpies. In the simple oblique shock example
discussed earlier, the two streamtubes are appropriately mixed
by turning the shocked streamtube into the axial direction is-
entropically and then performing an isentropic mixing process
on the two streamtubes. The resulting one-dimensional � ow
can then be expanded to the in� ow area and an additional
nozzle expansion performed that corresponds to the recovery
of the lost thrust work caused by the irreversible shock-in-
duced entropy gain. The results of applying such a technique
are identical to those for the previously de� ned method as
shown in Fig. 7. This procedure eliminates entirely the need
to track individual streamtubes and their losses from in� ow to
exit; the individual irreversibilities can be computed cellwise
and then summed over the axial grid spacings using the CFD
grid in a straightforward manner. This second-law distribution
is then used to provide the lost thrust increments caused by
the various mechanisms based now on the overall engine
streamtube, just as done in the single streamtube cycle-code
examples shown earlier. Note also that, in the general case,
any mixing process (whether irreversible or reversible) implies
heat/work/mass transfer between streamtubes with varying to-
tal enthalpies. This can actually result in marginal increases in
the mixed � ow thrust potential over that of the separate (un-
mixed) � ows for real (irreversible) mixing processes. This, in
fact, occurs in turbofan engines in which the core and the
secondary (fan) streams are mixed before the nozzle. The is-
entropic mixing process described here provides the second-
law limit for that increase in thrust potential. Note that, if de-
sired, an irreversible (rather than isentropic) mixing process
could be utilized in this method. However, such a process has
an inevitable (stepwise) increase in irreversible entropy with
an attendant loss in thrust potential.

Relation Between Thrust Prediction
in Multidimensional Flows and

One-Dimensional Flows
It should be emphasized that the methods outlined here re-

late the multidimensional thrust performance (or the prediction
of the local stream thrust) to the cycle code thrust performance
or stream thrust prediction (computed for reversible � ow with
the same geometry). It is possible, then, to directly relate the
actual predicted engine thrust/drag (or the local net thrust or
drag anywhere in the � ow) from a multidimensional � ow� eld
to the ideal cycle code (one-dimensional) computed thrust for
the same geometry and conditions. This becomes apparent
when it is considered that the fundamental difference (other
than grid and numerical issues) between a steady-state multi-
dimensional Navier – Stokes simulation that has been one di-
mensionalized as suggested in the previous section and an
ideal (reversible) cycle code simulation with the same total
axial enthalpy schedule is a result only to the effect of � ow
losses (which are quanti� able in terms of performance as in-
crements above the actual provided thrust).
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Fig. 9 Mixing and combustion ef� ciency vs axial distance.
Fig. 8 Two-dimensional scramjet inlet and combustor (H2 mass
fraction and pressure contours).

Thrust Losses in a Multidimensional Scramjet
Engine Flow� eld

The following section describes the application of the
method for evaluating lost thrust to a multidimensional scram-
jet engine � ow� eld. This application is performed by utilizing
the technique described in the previous section.

A two-dimensional (subscale) scramjet geometry is de� ned
that has a compression ramp (corresponding to an inlet) fol-
lowed by a constant-area section (combustor) in which fuel is
injected and burned (see Fig. 8). The in� ow to the domain is
Mach 5 air with a static temperature of 1066 K and static
pressure of 50 KPa. A 1-cm � at plate region is included up-
stream of the compression ramp. The domain height at the
in� ow is 4.1 cm and the angle of the ramp is 10 deg. The
overall inlet length (including the upstream section) is 0.1455
m. The length of the constant area combustor is 10 cm. Hy-
drogen is injected as shown at the shoulder of the inlet-com-
bustor at a downstream-directed angle of 12 deg with a veloc-
ity of 3110 m/s and static temperature and pressure of 426 K
and 150 KPa, respectively. The injector is sized such that the
fuel equivalence ratio is approximately 1.0. The upper bound-
ary is a re� ection plane, whereas the lower boundary is treated
as a no-slip and adiabatic wall. The grid utilized in this sim-
ulation is Cartesian with 401 nodes in the axial direction and
101 nodes in the vertical direction (except for a grid conver-
gence study discussed in the following text). The geometry
and � ow conditions for this case are chosen as representative
of a realistic scramjet � ow. The speci� c injection conditions
are selected to examine the effect on fuel – air mixing of
closely matching the fuel velocity, pressure, and injection an-
gle to that of the local (turned) � ow at the inlet shoulder. It is
expected that the additional penetration driven by such a se-
lection might result in an increased mixing rate. Note, how-
ever, that rapid fuel – air mixing in real scramjet combustors
must, in general, rely on three-dimensional effects such as vor-
tex generation from ramp structures.6,7 The two-dimensional
geometry and resulting � ow� eld shown in this work are se-
lected primarily to demonstrate the application of the thrust
modeling techniques discussed in previous sections. From the
second-law standpoint, this � ow is highly complex with all the
relevant features of a three-dimensional simulation, i.e., em-
bedded shocks, mixing and reaction, viscous effects, and heat
transfer between streamtubes.

The computations are performed utilizing a two-dimensional
version of the time-accurate Navier– Stokes code, SPARK, de-
veloped at NASA Langley Research Center.8 This code has
been previously and extensively validated for mixing and re-
acting high-speed � ows. A seven-reaction, seven-species (H2,
O2, H2O, OH, H, O, N2) � nite rate kinetics model is utilized
in this work to model H2– air chemistry. Species diffusion and
thermal conduction are scaled by the calculated viscosity
through the selection of the turbulent Schmidt and Prandtl
numbers. In this study, both quantities are held constant at 0.5
in the combustor region, whereas the turbulent Prandtl number

is equal to 0.9 everywhere in the inlet. The turbulent viscosity
for the solution presented here is generated utilizing a simple
algebraic scheme, modi� ed to include injection effects.4 More
accurate predictions of turbulence diffusion quantities are de-
sirable for future detailed studies of thrust-performance losses
in engine � ow� elds utilizing the techniques introduced in this
work. The � ow� eld in this study is time-averaged over an
appropriate number of iterations (once minimal convergence
requirements are met) to ensure a steady � ow� eld approxi-
mation for use in the second-law analysis presented next.

Figure 8 shows both predicted hydrogen mass fraction con-
tours and pressure contours in this � ow. The oblique shock
re� ects from the top boundary and impinges upon the hydro-
gen jet near the injector itself. The effect of the shock on the
fuel plume is to pinch the fuel, such that the fueled region
� attens noticeably along the wall. The interaction of the plume
with the re� ected shock effectively destroys the re� ected inlet
shock; subsequent weaker shock structures downstream are
caused primarily by � ow recompression behind the expansion
over and behind the fuel jet. Figure 9 plots mixing ef� ciency
and combustion ef� ciency vs axial distance along the com-
bustor. Mixing ef� ciency is de� ned here as the ratio of the
integrated mass � ux of the least available reactant in water
product if complete reaction occurred with no further mixing
over the integrated mass � ux of the least available reactant. It
is a parameter that describes the degree of mixedness between
fuel and oxidizer and varies between 0 and 1. Combustion
ef� ciency is de� ned as the ratio of the mass � ow rate of hy-
drogen actually associated with reaction-generated water to the
total injected hydrogen mass � ow rate. Both mixing and com-
bustion are seen to be relatively low (as expected) for this two-
dimensional � ow. The combustion ef� ciency is about 4%
lower than the mixing ef� ciency at the end of the computa-
tional domain because of the presence of intermediate species
OH and H.

Figure 10 presents a complete summary of the cumulative
irreversible entropy distribution in this � ow� eld as referenced
from the in� ow station. The overall irreversibility (entropy) is
seen to increase monotonically; it is nearly linear in the inlet.
The individual entropy gain associated with a particular loss
mechanism is computed for each of the cells within the sim-
ulated � ow� eld; these values are then summed (for each par-
ticular loss) over all cells on the i th row of cells (i.e., between
x and x 1 d x). The shock-induced irreversibility is then backed
out at each axial position by simply subtracting the sum of all
other entropy gains from the overall irreversible entropy in-
crease. The primary contributor to the overall entropy gain in
the inlet region is the oblique shock. Heat transfer irreversi-
bility in the inlet is minimal, whereas the frictional contribu-
tion is signi� cant. The combustor is seen in Fig. 10 to produce
over 80% of the total irreversibility for this � ow� eld; this ir-
reversibility is caused by friction, heat transfer, fuel – air mix-
ing, � nite rate kinetics, and the shock structures. Note that the
vertical ordering of these loss mechanisms is arbitrary. Because
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Fig. 10 Irreversible entropy axial distribution in two-dimensional scramjet inlet-combustor.

Fig. 11 Grid re� nement effect on irreversibility in inlet.

Fig. 12 Stream thrust potential and lost stream thrust potential
increments vs axial distance in two-dimensional scramjet engine.

of the low relative temperature of the injected fuel, additional
shearing between fuel and air, and the increased turbulence
behind the jet, the rate of irreversible entropy increase caused
by friction is seen to increase signi� cantly in the combustor.
Losses caused by heat transfer are driven mainly by temper-
ature differences between the air and the jet, and increased
turbulence and are observed to increase dramatically over sim-
ilar losses in the inlet region. By the end of the combustor, the
total cumulative heat transfer entropy increase is about 20%
greater than the overall frictional increase. The mixing-induced
entropy increase is associated solely with species diffusion,
and yet represents the largest single irreversible increment in
this � ow. This is despite the low overall bulk mixing, as seen
in Fig. 9. Both heat and mass diffusion are driven by the se-
lection of the turbulent diffusion numbers (Prandtl and
Schmidt numbers); the actual spatial distributions of these ra-
tios are unknown at this time for such � ows.

The entropy component caused by the � nite rate reaction in
Fig. 10 actually declines slightly near the jet (note the slight
overlap between the � nite rate and the mixing regions on this
plot), but begins to increase signi� cantly in the downstream
region. It approaches the magnitude of the cumulative increase
associated with the friction mechanism by the end of the do-
main. As discussed earlier, the entropy caused by an individual
loss mechanism can actually decline in a complex � ow� eld
with coupled losses; this effect, of course, must be countered
by a corresponding (greater) increase in irreversible entropy
caused by the other coupled loss mechanisms. Finally, the
shock-induced irreversibility remains relatively constant across
the combustor. However, this observation must be made in
conjunction with the earlier discussion in which it was pointed
out that some portion of shock losses may be automatically
captured within the separate friction and heat transfer loss
computations caused by spatial diffusion of the shocks across
grid cells.

Figure 11 illustrates the effect of grid re� nement on the
computed cumulative irreversible entropy increases within the
inlet. Entropy gain predictions using a grid with 201 3 101
nodes are compared to those for a 401 3 151 grid. Slight
differences are seen in the individual entropy losses, although
the overall entropy increase between the two grids is almost
identical. This � gure provides con� dence that the computed
loss mechanisms and subsequent lost thrust predictions are rep-
resentative of a grid-converged scramjet combustor � ow� eld.

The stream thrust-potential distribution with associated
thrust loss increment distributions is shown in Fig. 12 (for this
� ow� eld) in which the reference area for all thrust-potential
calculations is taken as the inlet area. The lowest curve on this
� gure represents the actual stream thrust availability through
the � ow� eld. The actual thrust availability decreases in the
inlet because of irreversibilities generated by shocks, heat

transfer between streamtubes, and viscous work between
streamtubes and the boundary. The lost (or recovered) thrust
increments in the inlet are similar in trend and relative mag-
nitudes to the cumulative irreversible entropy increases shown
in Fig. 10. In the inlet, the loss-corrected multidimensional
thrust potential yields exactly the isentropic (one-dimensional)
cycle predicted thrust potential, i.e., simply the inlet stream
thrust itself.

Downstream-directed fuel injection takes place between x =
0.1455 m and x = 0.16 m and is responsible for the abrupt
gain in thrust potential observed in that region in Fig. 12. The
actual stream thrust availability is seen to decline slightly be-
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cause of losses immediately after the injection and then begins
to rise in the latter part of the combustor because of energy
release associated with exothermic � nite rate reactions. The
lost thrust increments caused by various loss mechanisms
within the combustor are similar (but not identical) in trends
and relative differences to the entropy gains shown in Fig. 10
for that same region. The top line in Fig. 12 corresponds to
the multidimensional � ow with all irreversibilities removed
(i.e., the thrust lost caused by irreversibilities is fully recov-
ered). Also, plotted at various axial stations are thrust potential
results for a cycle code simulation of the reversible engine.
This simulation is independent of the multidimensional simu-
lation, with the exception that the species mass � uxes from
the CFD simulation are used to schedule the species distribu-
tion within the cycle code simulation. The cycle code results
and the corrected (reversible) thrust potential calculated from
the multidimensional simulation show excellent agreement.
This establishes the relationship between the performance po-
tential of a complex multidimensional � ow� eld and the cycle
code predicted performance potential of the same � ow. Ideally,
this agreement should be exact; any discrepancies are caused
mainly by either numerical issues within the CFD simulation
itself or in approximations in the computations of the individ-
ual entropy changes caused by individual loss mechanisms
(which are calculated on a cell-to-cell basis as a part of the
foregoing analysis).

Conclusions
This investigation continues the development and applica-

tion of a method for directly computing thrust losses in an
aerospace engine in terms of irreversible entropy increases.
The method is extended to allow the second-law-based per-
formance assessment of multidimensional � ow� elds and pro-
vides a consistent link between performance assessment
utilizing multidimensional numerical simulations and perfor-
mance prediction utilizing one-dimensional cycle code simu-
lations. Coupling between losses in realistic � ows is fully ac-
counted for by consistently applying the method while using
the differential entropy axial distribution for the engine � ow-
� eld. The design of mission-optimized high-speed vehicles re-
quires detailed understanding of performance loss mechanisms

within the engine; this and related investigations provide tech-
niques for contributing to this understanding. Although this
method for evaluating thrust losses is useful for any Brayton
cycle engine, it should be particularly useful for high-speed
engines for both quantitative evaluation and fundamental un-
derstanding of the physics of mixing enhancement strategies
as well as in parametric engine design studies.
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