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Capabilities developed over the past several years in the area of computational fluid dynamics (CFD) have
provided today’s aerospace engineer with an extremely powerful tool for analysis of complex flowfields of in-
terest. A recent resurgence in the interest in hypersonics has resulted in an increased effort in the development of
supersonic combustion ramjet (scramjet) engines as an efficient means of propulsion for aircraft and missiles
flying above Mach 5. Use of CFD techniques to design and analyze scramjet engine concepts is proving an in-
valuable asset, with applicability ranging from the use of simple inviscid codes for parametric studies of various
inlet geometries to the use of unsteady Navier-Stokes codes with chemistry models to investigate the details of
complex phenomena in a scramjet combustor. This article discusses the evolution of computational fluid
dynamics with reference to milestones in scramijet research in the United States, followed by an overview of some
applications of available computational capabilities to the design and analysis of scramjet engines being
developed at the Johns Hopkins University Applied Physics Laboratory and at the NASA Langley Research
Center. Finally, future directions in the application of CFD to the development of scramjet engines are
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discussed.

Introduction

OMPUTATIONAL fluid dynamics (CFD) has emerged

as an extremely valuable engineéring tool in aero-
dynamic design and analysis, due in part to the ex-
tremely rapid growth in the speed and storage capabilities of
the digital computer. This rapid growth has been coupled
with major advances in the development of numerical
algorithms for the solution of the governing equations of
fluid motion. Capabilities in CFD have been developed over
the past 15 years for a wide variety of applications ranging
from the solution of inviscid incompressible flowfields to the
solution of the Navier-Stokes equations for high Reynolds
number and Mach number. Until recently, a vast majority of
the activity in the field has been focused on research to
dévelop stable, accurate, and efficient numerical algorithms
for solution of the equations governing the various flow
regimes of interest. Although this much-needed research ac-
tivity is continuing, the maturity of many computational
techniques, as well as the growing availability of high-speed
digital computers, has permitted the emergence of CFD as a
design and analysis tool for today’s engineer.

An area of particular interest in which a very powerful
computational capability has been developed is the applica-
tion of CFD to high-speed compressible flows. One such ap-
plication has been motivated by the growing interest in the
hypersonic flight regime,! which has focused considerable at-
tention on the supersonic combustion ramjet (scramjet)
engine for propulsion of both hypersonic aircraft and
missiles. The recent progress in the application of CFD
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techniques has opened the way for a dramatic new approach
in the désign and analysis of scramjet engines. Computa-
tional codes for the solution of the supersonic flow through
scramjet inlets are now in routine use. Although significantly
more complex, computational codes have also been de-
veloped for the solution of the viscous, chemically reacting
flow in scramjet combustors and nozzles. The emerging pic-
ture for the future of scramjet development shows a great
dependence on the design and analysis tools made available
by developments in computational fluid dynamics.

The objective of this article is to discuss several major
topics in the application of CFD techniques to scramjet
engines. First, the reader is provided with a cursory review
of the evolution of CFD techniques, using as a reference
point milestones in scramjet engine research and develop-
ment in the United States. Important applications of CFD to
scramjet analysis are emphasized. A discussion of some
available computational capabilities and a methodology for
application of these capabilities to scramjet engine design
and analysis are then presented. This is followed by an over-
view of recent efforts in the use of CFD for design and
analysis of scramjet engines being developed at the Applied
Physics Laboratory and at the NASA Langley Research
Center. Finally, the authors’ viewpoint regarding future
directions in the application of CFD to the development of
scramjet engines is discussed.

Evolution of CFD—A Scramjet Perspective

The origins of both computational fluid dynamics and
research in scramjet propulsion can be traced back to the
late 1950s; however, their development remained indepen-
dent until the 1970s, and it has been only recently that com-
putational techniques have reached a level of maturity to
become practical tools for the design and analysis of scram-
jet engines. In this section of the paper, an attempt is made
to present the reader with some important milestones in the
evolution of CFD capabilities and scramjet development ef-
forts, with emphasis on applications of CFD to scramjets.
The material presented is in no way intended to be all-
encompassing but rather is designed to give the reader a
sense of what has led up to the present technologies. For a



424 WHITE, DRUMMOND, AND KUMAR

more detailed discussion on the development of scramjet
engines in the United States, the reader is referred to two
previous review articles, one by Ferri? and the other by
Waltrup et al.,> and to papers by Waltrup and Billig# and
Northam and Anderson.’ Several papers containing general
discussions of the evolution and status of CFD techniques
have been written recently.®!® Of particular note is the paper
by Kutler,!! which presents a very broad and well-informed
perspective of current and future capabilities and from which
much of the information in the following discussion was
obtained. ’

As previously mentioned, the major pacing items in the
development of CFD have been the rapidly increasing capa-
bilities of the digital computer and the development of in-
creasingly sophisticated algorithms for the solution of the
fluid dynamic equations of motion. The development of
computational capabilities for fluid dynamics had its origins
in the mid-1950s with the availability of the first digital com-
puter, the IBM 704, and with the introduction of Lax’ first-
order method'? for time-accurate finite-volume or finite-
difference solutions of hyperbolic differential equations.
Lax’ solution method permitted reasonably accurate solu-
tions of flowfields that contained shocks. As a point of
reference, it was the late 1950s when the feasibility of super-
sonic combustion for ramjet engines was analytically demon-
strated to be an attractive propulsion concept for flight
above Mach 5.-15 There was also interest in using super-
sonic combustion to augment the lift of supersonic air-
foils, 16,17

The development of CFD capabilities gained momentum
in the early and mid-1960s, during which time there were two
order-of-magnitude increases in computer speed with the in-
troduction of the IBM 7090 class computer in 1960 and then
the CDC 6600 in 1964. In addition, a second-order accurate
solution algorithm published by Lax and Wendroff,'® when
applied to the fluid dynamic governing equations, resulted in
much better resolution of entire flowfields and, in particular,
flow regions in the vicinity of shocks. In 1966, Morretti and
Abbett!® published results from the application of a time-
dependent computational solution to the previously unsolved
supersonic blunt body problem. The time asymptotic solu-
tion of the unsteady governing equations for the mixed
subsonic-supersonic blunt body flowfield proved to be an
important development in the treatment of flowfields in
which the equations governing the steady flow are of a
mixed type (i.¢., elliptic and hyperbolic) or are completely ellip-
tic in space as are the Reynolds-averaged Navier-Stokes
equations.

The mid-1960s was a time of heightened activity in the
development and testing of scramjet engine concepts in the
United States, with the major sponsors being the Navy, the
Air Force, and NASA.3 From 1965 to 1968, a major effort
evolved at the NASA Langley Research Center, resulting in
the Hypersonic Research Engine (HRE) program, which had
as its objective the demonstration and advancement of
scramjet technology as a means of propulsion for manned
vehicles. The Air Force sponsored three major scramjet
development programs, including the General Applied
Science Laboratory low-speed, fixed-geometry scramjet?
program and the Marquardt Company dual-mode scramjet
program,?! both of which took place from 1964 to 1968, and
a development and test effort focused on a water-cooled
variable-geometry scramjet at the United Aircraft Research
Laboratory? from 1965 to 1968. Navy work in scramjets in-
tensified in the mid-1960s with an increased effort in the
Supersonic Combustion Ramjet Air-breathing Missile
(SCRAM) program under the direction of The Johns Hopkins
University Applied Physics Laboratory (JHU/APL).

From the late 1960s to the mid-1970s, there were several
very important strides in the development of CFD as a prac-
tical engineering tool in fluid dynamics. Perhaps the most
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notable algorithm introduced was by MacCormack in his
classic 1969 paper on the effect of viscosity on hypervelocity
impact cratering.?> The MacCormack explicit solution
technique, which is a variation on the Lax-Wendroff second-
order accurate scheme, uses a predictor-corrector approach
to achieve second-order accuracy while using only first-order
accurate finite differences. Since it is easily applied to com-
plex flowfields and is very robust, the MacCormack scheme
quickly gained widespread acceptance throughout the CFD
community. and is still widely used today. In fact, many of
the codes currently being applied to scramjet analysis, which
will be discussed in subsequent sections of this paper, use the
MacCormack scheme as the basic solution algorithm. Im-
plicit solution techniques appeared in the 1970s and were
motivated by the increasing interest in solving the Reynolds-
averaged Navier-Stokes equations, which require fine-grid
resolution in the near-wall regions to resolve the boundary
layer. The implicit schemes are not subject to severe stability
restrictions on the size of the marching step imposed on ex-
plicit schemes by the compressed grid and, therefore, may
achieve a convergence rate increase of one to two orders of
magnitude. However, the implicit solution procedure is
generally more difficult to program and requires more compu-
tation time per step. The pioneering work on implicit schemes
for finite-difference solutions to the fluid dynamic equations of
motion was performed by Briley and McDonald?* and Beam
and Warming.? The order-of-magnitude increases in com-
puter speed continued with the introduction of the CDC 7600 in
1968, but more important to the dramatic increase in the
capability of CFD was the introduction of the vector processor
in the mid-1970s, which made the solution of multidimensional
viscous flows much more practical.

During the 1970s, scramjet research went through a period
of adjustment. The development of the HRE by NASA was
halted upon termination of the X-15 program in 1968, and
NASA'’s interest then focused on the development of an
airframe-integrated hydrogen-fueled modular scramjet con-
cept for hypersonic propulsion.?6?” The Navy SCRAM pro-
gram continued at JHU/APL until 1977, when concern over
shipboard storage of highly reactive and toxic fuels dictated
a change in concept. The result was the development of the
integral rocket dual combustor ramjet concept, which per-
mitted use of conventional hydrocarbon fuels by incor-
porating a fuel-rich gas generator to preburn the fuel for a
main supersonic combustor.?® The Air Force program in
scramjets was basically nonexistent throughout the 1970s.

It was during the 1970s that techniques in computational
fluid dynamics were considered for use in the analysis of
scramjet components. A considerable amount of pioneering
work on the solution of the combustor and nozzle flowfields
for hydrogen-fueled supersonic combustion ramjet engines
utilizing multistep/multicomponent chemical kinetics models
was done under the direction of Ferri.?® A viscous
characteristics approach was used that split the solution into
strongly coupled parabolic mixing and hyperbolic wave-
solver solutions. Upgrades to the solution technique were
made by Spalding and his colleagues®® to increase the effi-
ciency of the viscous characteristics approach by applying a
fully implicit methodology. However, the original solution
approach required lengthy iterations to arrive at a local
pressure field, and it represented waves in a highly smeared
manner.3! A very significant effort in the application of
finite-difference solutions of the viscous flow in a high-speed
inlet was the work of Knight.3? Knight utilized the explicit
MacCormack predictor-corrector algorithm to perform a
time-dependent solution of the two-dimensional, full, mean,
compressible Navier-Stokes equations in conservation form.
Computed flowfield properties compared favorably with ex-
perimental measurements for two different supersonic inlet
designs, and the solution predicted the qualitative behavior
of shock-wave/boundary-layer interactions. Although highly
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successful in proving the feasibility of the computational ap-

« proach, this capability was by no means a practical engineer-
ing tool, given the computer technology of the time. In fact,
Knight stated that the two flowfield solutions obtained re-
quired 21 and 33.8 h of CPU time on a CDC 6600.

The application of techniques in computational fluid
dynamics to the analysis of air-breathing engine components
has undergone a maturation process that started in the late
1970s and is continuing today. In 1980, Knight published an
improved numerical algorithm for high-speed inlets®® that
still used MacCormack’s explicit scheme but included a
modified treatment of the viscous sublayer and transition
wall region for turbulent boundary layers and incorporated
time-split finite-difference operators to obtain an order of
magnitude increase in efficiency over his previous code. Us-
ing a hybrid explicit-implicit numerical algorithm,3* in 1983,
Knight developed a vectorized code for the solution of the
three-dimensional Navier-Stokes equations in high-speed in-
lets®> and presented a short course on its use.36

The capability for viscous analysis of high-speed inlets
using a parabolized Navier-Stokes code called PEPSIS (Par-
tially Elliptic Streamwise Implicit Supersonic) has been
developed under the direction of the NASA Lewis Research
Center. The original code development was performed by
Buggeln et al.?” The parabolized Navier-Stokes (PNS) equa-
tions assume that the streamwise viscous terms are negligible
which, along with the special treatment of the subsonic
region of the boundary layer, removes the spatial ellipticity
from the steady form of the equations and permits a solution
by streamwise marching computational techniques. The ma-
jor advantage of the PEPSIS code, and the PNS codes in
general, is that they solve a steady form of the governing
equations and are much more efficient than time-dependent
codes for solution of the unsteady Navier-Stokes equations.
However, large regions of subsonic or separated flow cannot
be resolved since upstream influences become important.
The PEPSIS code has been used to analyze the supersonic
flow (i.e., upstream of the terminal shock region) through
high-speed inlets typical of jet fighters*®-* and to analyze the
axisymmetric Lewis 40-60 inlet.** In 1983, Anderson
presented a design methodology for the solution of the
flowfield in a complete supersonic inlet, using a zonal ap-
proach and applying the PEPSIS code to the region
upstream of the terminal shock, an unsteady Navier-Stokes
code (MINT) in the terminal shock region, and a globally
iterated PNS code (PEPSIG) for the subsonic diffuser
flow.#

Although the capabilities developed with the Knight code
and the PEPSIS code are applicable to scramjet inlet
analysis, they were not used as actual analysis tools for
scramjet applications until recently. The work by Knight has,
thus far, basically been a research effort in the development
of a computational capability, and the PEPSIS code has
been mainly used for low supersonic Mach number, high
Reynolds number flows through aircraft inlets. These codes
are currently being investigated for applications related to
scramjet engines operating at high Mach number and low
Reynolds number flight conditions.

Work in the application of modern CFD techniques to the
design and analysis of actual scramjet engines has been under
way since the late 1970s at the NASA Langley Research Center
and The Johns Hopkins University Applied Physics
Laboratory. The Langley efforts have focused on the use of
finite-difference codes for the solution of flows applicable to
their hydrogen-fueled modular scramjet engine. The inlet
analysis capability, initially published in the early 1980s by
Kumar,* involved the development of a two-dimensional,
time-dependent Navier-Stokes code, NASCRIN. Subsequent
code developments included a three-dimensional inviscid
code® and finally a three-dimensional Navier-Stokes code,

SCRAMIN.* Work by Drummond et al.** to'develop a finite-
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difference capability for the analysis of the Langley modular
scramjet combustor initially involved the development of a
code for the time-dependent solution of the two-dimensional
Navier-Stokes and species equations about a slotted perpen-
dicular hydrogen fuel injector to study the fluid dynamic effects
of perpendicular hydrogen injection into a supersonic
airstream.* The results of a parametric investigation of staged
fuel injection were published in 1981.%7 Subsequent develop-
ment included the incorporation of a complete reaction
hydrogen chemistry model and application of the resulting
capability, a code called TWODLE, to the analysis of
geometries typical of the Langley engine.*®-*® The inlet and
combustor capabilities have been combined to perform a
viscous two-dimensional solution of the flow through a com-
plete modular scramjet engine configuration.’® The most re-
cent work has involved the incorporation of an equilibrium air
capability for the inlet codes and the extension of the com-
bustor code to include an 18-equation H,-air chemistry model
in a version of the code called SPARK.

Work at JHU/APL in the application of CFD techniques
for scramjet applications has focused on the development of
practical design and analysis tools for the development of the
dual combustion ramjet (DCR) engine concept. Early work
by Griffin led to the development and application of effi-
cient spatial marching inviscid finite-difference codes for the
three-dimensional analysis of various scramjet inlet con-
figurations. An application of the developed capability to the
parametric investigation of the air capture, additive drag,
and cowl drag of three candidate scramjet inlet configura-
tions was presented in 1981.°! Similar codes for internal
scramjet inlet flowfields played an instrumental part in the
development of the multiple inward-turning scoop inlet con-
cept for the DCR engine. Recent improvements by Van Wie
have included the incorporation of equilibrium air chemistry
and integration of the CFD codes with automated numerical
optimization techniques for the design of optimal inlet and
nozzle geometries.”? Although inviscid codes are very useful
as-a design tool, any gquantitative inlet analysis must include
the effects of viscosity; therefore, a NASA Ames three-
dimensional PNS code’® was modified for internal axisym-
metric geometries’ and applied to the design and analysis of
DCR inlet concepts.’> A cooperative effort between
JHU/APL and NASA Langley, established in 1983, has per-
mitted application of the time-dependent Navier-Stokes
codes developed by Kumar to the analysis of the DCR in-
let.5¢ The analysis of a supersonic DCR combustor using a
zonal solution methodology for the application of finite-
difference computational techniques to the hydrocarbon-air
combustion process was presented by Schetz et al. in 1981.57
The same basic computational approach has also been ex-
tended to the analysis of scramjet nozzles.*® The inviscid and
PNS inlet analysis capabilitics, as well as the combustor
analysis capabilities, have been used to provide performance
estimates for the combined DCR engine cycle.’® A concept
for the application of these capabilities to the design of a
complete tactical missile has been presented. 5

Considerable expertise for the application of space-marching
viscous codes has been recently developed at SAIC. Two-
dimensional planar or axisymmetric inlet flowfields can be
solved using the sister PNS codes SCRAMP and SCRINT for
external and internal flows, respectively.®! Solutions can be
generated assuming either perfect gas or equilibrium air. Com-
bustor and nozzle flowfields are solved using the SCORCH and
the SCHNOZ PNS codes,5? respectively, both of which include
the effects of H,-air chemical kinetics. By integrating the
aforementioned capabilities, solutions have been generated for
a complete, generic scramjet engine flowfield at high hyper-
sonic Mach numbers.

A major factor that has permitted the solution of the
multidimensional Navier-Stokes equations has been the
growing availability of powerful vector-processing supercom-
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puters with steadily increasing speed and storage capacity.
The Cray X-MP, which became available in 1983, and the
Cyber 205 provide performance capabilities several orders of
magnitude greater than their counterpart scalar machines. A
significant improvement in future computer capabilities
related to CFD applications is the development of the
numerical aerodynamic simulator (NAS), which is a super-
computer complex being developed at NASA Ames Research
Center. The goal of the NAS, dedicated in March 1987, is to
provide the computational capability to simulate the realistic
flow about a complete aircraft. The capability of the NAS
relative to past and present computers is presented in Fig.
1.!' An excellent discussion of the planned NAS computa-
tional facility is presented by Bailey and Ballhaus.%

The growth of CFD since its embryonic stages in the late
1950s and, in particular, in the last 15 years, has been truly
remarkable. Mature technologies are now becoming available
to solve the flowfield through a complete scramjet engine.
The methodology for, and some examples of, the application
of CFD techniques to the design and analysis of scramjet in-
lets, combustors, and nozzles at NASA Langley and
JHU/APL will be discussed in detail in subsequent sections
of this article.

CFD Applied to Scramjets
Flowfield Modeling

The flowfield through a scramjet engine can be described
by the Reynolds-averaged, unsteady Navier-Stokes (UNS)
equations.* In addition to these governing fluid dynamic
equations, relations between thermodynamic properties are
required. To obtain closure, an approximation for the
laminar viscosity coefficient is obtained often  using
Sutherland’s law, and an estimate of the turbulent viscosity
coefficient, using a model appropriate for the particular
flowfield of interest, is also required. For analysis of the
combustor and nozzle flowfield, solution of the species con-
tinuity equations is required to account properly for the
transport of species produced by chemical reactions. It also
becomes necessary to incorporate a model for either hydrogen
or hydrocarbon combustion. The turbulence models, as well as
the combustion models, will be discussed in subsequent sec-
tions; so, for now, let us concentrate on the solution to the fluid
dynamic governing equations.

Application of the Reynolds-averaged Navier-Stokes equa- -

tions to a scramjet flowfield requires transformation to a
body-fitted coordinate system as discussed in Ref. 44.
Although the flowfields of interest are usually steady, the
Navier-Stokes equations are elliptic in space (i.e., distur-
bances at a point can be felt throughout), which precludes
numerical solution by straightforward spatially marched
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Fig. 1 Trend of effective speed of general-purpose mainframe
computers. . a
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finite-difference schemes. The generally accepted method of
solution uses a time-dependent approach in which the
unsteady equations (which are temporally hyperbolic), along
with the appropriate auxiliary equations necessary to obtain
closure, are iterated in time until a steady-state solution is
obtained. Convergence to a steady state often requires
several thousand iterations which, coupled with the enor-
mous number of grid points required to properly resolve a
three-dimensional viscous flow, results in computer run
times of several hours, even on the latest supercomputers.
Therefore, in the application of CFD techniques to the
design and analysis of scramjet engines, various levels of ap-
proximation to the Navier-Stokes equations are used to
obtain relatively efficient flowfield solutions for different
phases of the design process (Fig. 2).

Parabolized Navier-Stokes (PNS)

As just mentioned, the Navier-Stokes equations are elliptic
in space; for supersonic flow, however, the equations can be
made parabolic in the streamwise direction by assuming that
the streamwise viscous terms are negligible and by special
treatment of the pressure.in the subsonic, near-wall region of
the boundary layer. The steady equations can then be solved
using a streamwise marching finite-difference scheme,
resulting in a dramatic increase in efficiency over a time-
dependent ‘solution. It is emphasized that most PNS solu-
tions require that a supersonic core flow exist, and they
become unstable if a large region of subsonic flow or any
streamwise separation occurs.

Reduction in Dimension

Often, characteristics of the flowfield of interest are such
that no simplifying fluid dynamic assumptions can be made.
To make a solution more economic and still be able to
predict the proper fluid dynamic flow characteristics, it may
be desirable to make the geometric assumption of two-
dimensional planar or axisymmetric flow. This is especially
true in a combustor where, along with the fluid dynamics,
combustion models requiring significant computational
overhead must be solved.

Euler/Boundary-Layer Superposition

High Reynolds number supersonic flows may often be
characterized as mainly inviscid with a thin viscous boundary
layer near a solid boundary. Solution of the inviscid (Euler)
equations results in a great saving in computer time, not only

Unsteady Navier-Stokes

® All continuum flows

® Required for subsonic
or separated regions

Parabolized

Navier-Stokes Unsteady Euler

® Viscous supersonic flow
® External forebody flow
o Internal flow w/o separation

® [nviscid flow

® Mixed subsonic/
supersonic flow

Boundary layer
Equations

® Steady attached BL flow

® |nlet forebody and
combustor applications

Steady Euler

® Inviscid supersonic flow
® Qualitative inlet analysis

Fig. 2 Hierarchy of fluid dynamic governing equations.
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Fig.3 Schematic of a suggested zonal meth-
odology for scramjet flowfield soltunions.

Fuei-injection struts

Combustor

Nozzle

‘. o
e

Cross-section of strut region

Fig. 4 NASA/Langley scramjet engine module.

because of the reduction in the number of computations but
also because of the dramatic reduction in the number of grid
points necessary to resolve the flowfield properly. If, in addi-
tion, the flowfield is supersonic throughout, the solution can
be obtained by a spatially marched finite-difference scheme
requiring only a few seconds of computer time. The resulting

inviscid solutions can be coupled with a boundary-layer code.

to assess viscous effects; however, it is noted that for hyper-
sonic flows, iteration is usually required to obtain accurate
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Code validation — turbulence models, transport properties
Air chemistry for inlet codes
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3-D effects throughout engine

Computational efficiency (design versus assessment)

results using Euler/boundary-layer superposition. Regard-
less, this capability can be quite beneficial in scramjet inlet
design, as will be discussed shortly.

Solution Techniques

The explicit predictor-corrector finite-difference algorithm
of MacCormack? has been used for all the scramjet codes in
routine use at NASA Langley and JHU/APL, with the ex-
ception of the codes that solve the boundary-layer equations
for the combustor and the PNS equations for the inlet. The
solution algorithm is used for both inviscid supersonic steady
marching codes and for the time-dependent solution of the
Navier-Stokes equations.  For inviscid applications, the
technique is both easy to program and efficient. For time-
dependent viscous calculations, it has gained renewed
popularity with the development of vector-processing super-
computers. In addition, the inlet codes of Kumar also have
the option of using MacCormack’s implicit scheme® for in-
creased efficiency.

When applied to a time-dependent solution of the govern-
ing equations, the MacCormack algorithm computes the
flowfield at time (#+d¢) from a known flowfield at time (¢)
such that the entire flowfield is marched in time to a con-
verged steady-state solution. A similar approach is used for
the steady supersonic marching applications, except the solu-
tion in plane (x+dx) is calculated using the solutions in
plane (x) with the marching direction being the streamwise
spatial coordinate instead of time. These solution techniques
require the addition of a fourth-order numerical damping
term to smooth oscillations in the neighborhood of strong
shocks.

The PNS solution algorithm uses an implicit noniterative
finite-difference procedure formulated by Schiff and Steger%
and the alternating direction implicit (ADI) algebraic equa-
tion solver of Beam and Warming.?* The original code for-
mulation by Chaussee and Steger> has been applied to exter-
nal inlet flowfield analyses and has also been modified for
internal flow and applied to an axisymmetric scramjet inlet.

Solution Methodology

Even with the relatively simple geometries associated with
scramjet engines, there exists a complete range of complex
fluid dynamic and chemical kinetic phenomena that must be
accounted for. A flowfield solution through a complete
scramjet engine can be made practical through the im-
plementation of a zonal solution methodology shown
schematically in Fig. 3. The implementation of this solution
methodology would involve application of parabolized
Navier-Stokes equations in regions of attached supersonic



428 WHITE, DRUMMOND, AND KUMAR

flow in the inlet, combustor, and nozzle and resort to
use of the unsteady Navier-Stokes (UNS) equations in regions
of flow separation or subsonic pockets likely to occur
because of strong shock wave/boundary-layer interactions in
the inlet and in the vicinity of nonaxial fuel injection in the
combustor. Blunt leading edges on the forebody and the
cowl lip are also handled with UNS or more efficient viscous
shock layer (VSL) codes when applicable. Euler/boundary-
layer superposition can be used for parametric design in-
vestigations in the inlet, and superposition using PNS or
UNS codes with coarse grids and boundary-layer codes
employing very fine grids has application in the combustor
and nozzle. For hypersonic flight Mach numbers above 7,
the inlet codes must account for equilibrium air chemistry.
The combustor codes must include, preferably, finite rate
fuel/air chemical kinetics; however, global combustion
models do have application when the reactions can be as-
sumed to be mixing-controlled and for some parametric design
investigations. Figure 3 also lists some of the important
technical issues to be addressed for the proper application of
CFD codes to scramjet analysis.

Applications

The most effective way to highlight the application of
CFD techniques to scramjet engine analysis is to present ex-
amples of, and a discussion of, the techniques applied to the
analysis of the various engine components. As mentioned
earlier, the emphasis is placed on capabilities in use at NASA
Langley and JHU/APL and applied to scramjet engines
under development at those laboratories.

An engine concept developed at NASA Langley for a
hypersonic cruise vehicle is an airframe-integrated, hydro-
gen-fueled scramjet in which the entire engine system is
divided into several identical rectangular modules. An exam-
ple of one such module is shown with the sideplates removed
in Fig. 4. The module has a fixed-geometry inlet with swept
wedge-shaped sidewalls which, along with a recess in the
cowl, allow starting over a wide range of flight Mach
numbers. In the module shown, the compression is com-
pleted by three struts, which also provide locations for the in-
jection of gaseous hydrogen fuel. The fuel-air mixture reacts
in the combustor portion of the module, and the effluent is
expanded through the nozzle. Computational techniques
have been used to analyze the entire engine flowfield.

The dual combustor ramjet (DCR) engine under develop-
ment at JHU/APL for the propulsion of hypersonic missiles
is shown schematically in Fig. 5.2 A small portion of the
captured air is mixed with all of the hydrocarbon fuel in a
fuel-rich subsonic dump combustor, which preheats the fuel
for burning with the remainder of the air in the supersonic
combustor. A multiple inward-turning scoop inlet concept in
which four scoops provide air to the supersonic combustor
and two scoops provide air to the gas generator is currently
being investigated for the DCR engine. Techniques in CFD
have been used in the design and analysis of the inlet, the
supersonic combustor, and the nozzle.

Inlet Applications

Two- and three-dimensional computational codes for the
time-dependent solution of the unsteady Navier-Stokes (or
Euler) equations have been developed by Kumar for applica-
tion to the analysis of flow through scramjet inlets.*2*
These codes are operational on the Control Data VPS 32 at
NASA Langley and have been optimized to take maximum
advantage of the computer’s vector-processing capability.
Turbulence is modeled using the algebraic two-layer eddy
viscosity model of Baldwin and Lomax%® and, as previously
discussed, the MacCormack predictor-corrector solution
algorithm is applied.

An application of the three-dimensional code to the
analysis of the modular engine is the solution of the flow in
a two-strut inlet shown in the line diagram of Fig. 6.5
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Fig. 5 Schematic illustration of a hypersonic dual combustion
ramjet.
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Fig. 6 Line diagram of the NASA two-strut scramjet inlet
configuration.
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Fig. 7 . Pressure contour plot and velocity vector field at mid-inlet
height.

Special treatment of the computational boundary upstream
of the cowl accounts for the interaction of the internal flow
with the external flow. Flowfield solutions were generated
using a geometry for which experimental data are available
and simulating the experimental conditions of M, =4.03,
p,=8724 N/m?, and T, =70 K. The calculation was initially
performed with 80,000 grid points on the VPS 32 and re-
quired approximately 100 min of run time to obtain a con-
verged solution. To improve resolution in regions of high
gradients near the walls and inlet throat, a solution has been
generated using 275,000 grid points, requiring 8 h of run
time. The code achieves a compute rate of 0.7x 105 s per
grid point per time step on the VPS 32,

Some representative results from the latter calculation are
shown in Figs. 7 and 8. The velocity vector field and the



SEPT.-OCT. 1987

static pressure contours in a plane located at mid-inlet height
are presented in Fig. 7. Several regions of separation caused
by the shock/boundary-layer interaction on the inlet surfaces
are evident in the velocity vector diagram. The pressure con-
tour plot clearly shows the complex shock and expansion
wave structure in the inlet. The surface pressure distributions
on the inlet sidewall and on the inner strut surfaces are
shown to agree very well with experiment® in Fig. 8. The
results of this analysis demonstrate the validity of the ap-
plication of CFD techniques to the solution of the complete
Navier-Stokes equations for a scramjet inlet using state-of-
the-art computer technology. Use of a time-dependent code
for solution of the complete equations permits resolution of
important shock/boundary-layer interactions and the result-
ing regions of separation.

Although the capability just described provides an ex-
tremely valuable analysis resource, the solutions require
several hours of run time even on the latest supercomputers.
Therefore, the application of computational techniques as a
practical engineering tool for the design of scramjet inlets re-
quires a more conservative approach using appropriate ap-
proximations to the complete Navier-Stokes equations in the
various phases of the design process. The tools currently in
use at JHU/APL for the design and analysis of a supersonic
inlet for the DCR engine include inviscid codes integrated
with numerical optimization procedures for parametric
design investigations, PNS codes for preliminary assessment
of viscous effects on inlet performance, and Kumar’s
unsteady Navier-Stokes (UNS) codes for quantitative perfor-
mance analysis of developed inlet designs.

~"" Present results

©® Experimental results (Trexler)

Strut

P/P,

Sidewall

Fig. 8 Pressure distribution on the inlet strut and sidewall éurfaces.
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Preliminary inlet design investigations for a scramjet
engine can entail evaluation of several candidate inlet con-
figurations (chin, annular, etc.) in an effort to determine the
one design most applicable to the particular engine under
development. On choosing a preferred inlet configuration, it
is often desirable to investigate parametrically various design
variables (i.e., forebody bluntness, cowl angle, etc.) as to
their effect on inlet performance. This phase of the design
process, which previously required extensive wind-tunnel
testing, can now be accomplished with computational tools.
In particular, inexpensive steady-state inviscid marching
codes for supersonic flow, such as those described by
Kutler,% have been routinely used for parametric investiga-
tions of inlet performance. The flowfield solutions for a
desired inlet can be processed to provide the inlet designer
with qualitative estimates of important parameters such as
air capture ratio, additive drag, cowl wave drag, and internal
kinetic energy efficiency. An example of the application of
such a capability is shown in Fig. 9, where the air capture
ratio for an axisymmetric supersonic inlet is determined as a
function of the nose radius on the sphere-cone forebody.
Details of these calculations and more applications of the in-
viscid codes are presented in Ref. 59.
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Fig. 9 Air capture vs sphere-cone nose radius for a typical scramjet

inlet.
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Fig. 10 Schematic illustration of a multiple inward-turning scoop
(MITS) scramjet inlet.
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As just summarized, inviscid analysis techniques, when
used within their realm of applicability, can provide a very
valuable screening tool for preliminary inlet design.
However, inviscid codes are limited by the very nature of the
inviscid approximation and, in most cases, the performance
estimates must be considered qualitative. Several important
examples in which accounting for viscous effects is essential
in scramjet inlet applications include hypersonic flight
regimes where viscous-inviscid interactions are important;
flight at angle of attack, where boundary-layer effects on the
leeward side of the inlet may dominate performance
characteristics; and internal flowfields for which boundary-
layer effects, including shock/boundary-layer interactions,
play a major role in determining the inlet flow structure and
the resulting inlet performance.

To address these factors and provide a quantitative
analysis for flowfields typical of the multiple, inward-turning
scoop (MITS) scramjet inlet shown in Fig. 10, the zonal
solution methodology discussed earlier is applied. The blunt-
nose region of the forebody is solved using an axisymmetric
UNS code, which provides a starting plane for a PNS solu-
tion over the conical forebody. Angle-of-attack starting
planes are generated by rotating the axisymmetric blunt-body
solution. The internal flow in a single scoop has been solved
first using the PNS code to obtain preliminary estimates of
boundary-layer displacement effects, and then using the
UNS code to resolve expected regions of boundary-layer
separation due to reflections of the cowl lip shock. Applica-
tion of this inlet analysis approach has resulted in predictions
that agree reasonably well with wind-tunnel measurements
and has provided an invaluable diagnostic tool for analysis
of the inlet flowfield structure. The internal flowfield struc-
ture, as calculated using Kumar’s three-dimensional Navier-
Stokes code, for an inlet operating at Mach 4, zero angle-of-
attack flight conditions is shown in the velocity vector
diagram and the pressure ¢ontour plot of Fig. 11. The inlet
kinetic energy efficiency, plotted as a function of axial sta-
tion in the inlet for the viscous computation, is compared
with the corresponding inviscid prediction in Fig. 12. The
importance of viscous effects on inlet performance is
clearly evident from the significantly lower inlet efficiency.

Closer inspection of Fig. 12 shows a relatively constant
reduction in inlet efficiency due to the effects of viscosity
upstream of the inlet throat and in the downstream section
of the diffuser; however, in the region of the inlet throat, the
losses are much greater than what might be expected due
solely to viscous effects. It was hypothesized that the addi-
tional loss resulted from the regions of separation, which act
as effective bodies and thereby modify the internal shock

_Scoop lip

Mg =4.0 o
a) Velocity vector diagram

- Scoop lip F

b) Pressure contour piot

Fig. 11 Velocity vector field and pressure contour plot near .the
MITS inlet throat. . :
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structure. To determine the validity of this hypothesis, a
computational experiment was conducted in which the
separated regions were modeled as solid bodies (Fig. 13) and
the inviscid solution was repeated. A decrease in inlet effi-
ciency in the throat region of the inlet, similar in trend to
that of the viscous calculation, was predicted by the inviscid
calculation using the effective inlet contour (Fig. 14). This
result seems to validate the original hypothesis as to the
source of the additional inlet loss and demonstrates the
usefulness of CFD as a diagnostic tool for the analysis of
scramjet inlet performance.

As discussed, the use of CFD techniques in scramjet inlet
design and analysis provides a valuable tool for all phases of
the design process. By no means has the wind tunnel been
eliminated as an essential requirement for inlet design, but
the maturation of capabilities in CFD has reduced the
dependence on testing by nearly eliminating the need for
parametric experimental investigations in the preliminary
design phase. CFD techniques have also proved to be a
valuable diagnostic tool with which to complement and inter-
pret experimental data.
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Fig. 15 Schematic of a NASA scramjet engine with expected shock
structure and regions of combustion.

Combustor Applications

The flowfield in a scramjet combustor, although predomi-
nately supersonic, is often characterized by regions of
embedded subsonic and recirculating flow to which the
unsteady Navier-Stokes equations must be applied. In addi-
tion, the fluid dynamics must be coupled with a combustion
model to simulate properly the chemical reactions that occur
when the fuel/air mixture is burned. Incorporation of a com-
bustion model with the fluid dynamics results in a significant
increase in the amount of computations necessary due to the
increase in the number of governing equations. Also, the
characteristic time for the chemical reactions is usually much
less than that for the fluid dynamics so the size of the time
step must be greatly reduced to maintain stability, or the
iteration algorithm must be modified to allow for larger time
steps. Although some work is in progress for the develop-
ment of a three-dimensional capability, current computer
technology has limited the practical application of CFD
capabilities to scramjet combustors to two-dimensional or
axisymmetric analyses. With this in mind, computational
codes for the analysis of hydrogen/air combustion in the
NASA Langley modular scramjet and for the analysis of
hydrocarbon/air combustion in the main combustor of the
JHU/APL dual combustion ramjet have been developed and
are in routine use.

An unsteady Navier-Stokes code, TWODLE, has been
developed at NASA Langley for the analysis of the com-
bustor flowfield in the NASA modular scramjet engine. The
code solves the two-dimensional form of the Navier-Stokes
equations along with one or more additional transport equa-
tions describing the species present in the flow. Both the
unsplit?® and the time-split™ versions of MacCormack’s
predictor-corrector finite-difference technique have been
used for integration of the governing equations. No-slip vel-
ocity boundary conditions are used at the walls, which are
also assumed to be adiabatic and noncatalytic. The turbulent
viscosity is calculated using the algebraic eddy viscosity
model of Baldwin and Lomax.%

In TWODLE, combustion of the hydrogen/air mixture is
modeled using a complete reaction model in which instan-
taneous reaction is assumed at any point where both fuel and
air are present. The extent of the reaction is determined by
the amount of fuel present in a fuel-lean condition and by
the amount of oxidant present in a fuel-rich condition. No
reaction is allowed when the fraction of hydrogen in air is
less than 4% by volume. It is pointed out that the complete
reaction model is applicable only when the reaction is
mixing-controlled rather than controlled by kinetics and im-
plementation of a more general combustor model for finite-
rate hydrogen/air chemistry using nine species equations has
recently been incorporated in a version of the code called
SPARK. Further details of the complete reaction combustor
model used for the results discussed herein are presented in
Ref. 48. ’ _— ]

The code described has been applied to the solution of the
flow through a two-diniensional scramjet engine module

CFD TECHNIQUES FOR SCRAMJET ANALYSIS 431

shown schematically, with expected inlet shock locations and
regions of combustion noted, in Fig. 15. This geometry is a
two-dimensional projection of an actual scramjet engine
design. Flow enters the inlet at M=5.03, T=335 K, and
p=3546 Pa. Hydrogen is injected transversely to the main
flow from the single fuel injection strut and from the engine
sidewalls at M=1.05, T=246 K, and p=254,824 Pa. This
injection results in a fuel equivalence ratio of 1. The four
transverse injectors (Fig. 15) are located 6 cm downstream of
the engine cross-sectional minimum and are each 0.1 cm
wide.

Results for an engine solution using a grid with 87 nodes
in the streamwise direction and 30 nodes in the transverse
direction are summarized in Figs. 16-18. Figure 16 shows the
magnified velocity vector field in the engine. The air entering
the inlet is turned by shocks emanating from the inlet leading
edges. (Shocks are indicated by a. coalescence of pressure
contour lines in Fig. 17.) These shocks strike near the strut
leading edge and coalesce with shocks produced by the strut.
The resulting shocks then have sufficient strength to separate
the boundary layer when they reach the engine sidewalls, as
indicated by a reversal of the velocity vectors; induced
shocks then result from the separation regions.

The transverse hydrogen fuel injectors located downstream
of the minimum can also be seen in the figures, along with
their associated flow separations leading and trailing the in-
jectors. The flow becomes subsonic near the fuel injectors
due to both the main flow blockage by the injectors and the
heat release from chemical reaction. Some reaction takes
place in the separated regions ahead of the injectors; signifi-
cant reaction occurs downstream of the injectors.

Computed contours of combustion-related flowfield prop-
erties are presented in Figs. 18a-c. The effect of chemical
reaction on the static temperature field can be seen in Fig.
18a. Contours are plotted for temperatures of 400, 600,
1000, 1400, 1800, 2200, and 2600 K. Maximum temperatures
are reached in the separated regions just ahead of the injec-
tors and at the edge of the hydrogen/air mixing layer just
downstream of the injectors. It is at these locations that the
highest degree of reaction occurs. Figure 18b describes the
total hydrogen mass fraction distribution, including gaseous
hydrogen and the hydrogen in water, in the combustor. Con-
tours are plotted for 0.1, 1, 10, 20, and 40% by mass of
hydrogen. This distribution provides a good indication of
fuel/air mixing. The highest concentrations of hydrogen lie
closest to the strut and engine sidewalls, but concentrations
of around 1% hydrogen do penetrate across the flow, in-
dicating reasonable mixing but at a considerable distance
downstream of the injectors. The water mass fraction
distribution in the combustor for contours of 0.1, 1, 10, 20,
and 24% is shown in Fig. 18c. The results agree with the
previous figures in that the maximum concentration of water
lies midway through the fuel/air mixing layers where the
degree of reaction is the highest and the temperatures peak.
However, values of water concentration midway across
cross-sectional planes in the combustor are still quite low.

For the conditions shown here, it is evident that the injec-
tors are not of sufficient strength to penetrate across the
flow at the point of injection, and the opposing mixing
layers do not meet until approximately 11 cm downstream of
the injectors. Reaction occurs across the entire flowfield
beyond this point, although the highest degree of reaction
still occurs in the interior of the mixing layers. The results in-
dicate a need to relocate or reconfigure the injectors to im-
prove fuel penetration and mixing. Ideally, the fuel should
be well mixed with air throughout the flowfield downstream
of the injectors. The program allows the degree of mixing to
be evaluated over a range of configurations so that the injec-
tor design and location can be optimized. This capability is
demonstrated in the following example.

In an attempt to improve fuel/air mixing, the injectors
were relocated 4.7 cm upstream of the previous injector loca-
tion. Results for this case are given in Fig. 19, which is a
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velocity vector field plot of the engine flowfield. Note the
large regions of separated flow that persist in the inlet nearly
to the leading edge. The separation results from choking at
the engine minimum, which results in a strong adverse
pressure gradient along the engine sidewalls. The fuel injec-
tor location for this engine geometry would not be accep-
table. The calculation was terminated once the massive
separations and a severe mass imbalance formed. The pro-
gram could be used to find the resulting flowfield after
the engine choked by redefining the physical domain and
boundary conditions. Such information is not that helpful,
however, once it has been determined that a particular
engine configuration is not useful. To investigate the source
of the choking problem, the aforementioned calculation was
repeated without chemical reaction. This calculation pro-
ceeded normally with mass conserved and without the ap-
pearance of any significant separation. Therefore, it was
concluded that thermal choking was produced by chemical
reaction and subsequent heat release near the injectors.

The preceding two-dimensional engine calculations demon-
strate a capability for the analytical prediction of scramjet
performance over a range of conditions typical of hypersonic
propulsion applications. The computer program was used to
calculate successfully details of the turbulent reacting
flowfield in a scramjet and has provided information needed
to actually design an engine. Further extension of the pro-
gram to three dimensions, along with the addition of im-
proved chemistry and turbulence models, is necessary before
actual three-dimensional engine configurations can be con-
sidered. The successful analysis of a two-dimensional scram-
jet engine model problem indicated that such an extension
was feasible, and work is currently under way to develop and
extend the program. Again, computer growth will probably
be the pacing item for a complete engine analysis.

A schematic illustration of the model used to analyze the
flowfield in the JHU/APL dual combustor ramjet (DCR) is
shown in Fig. 20. Afterburning of the fuel-rich discharge
from the gas generator occurs in the main supersonic com-
bustor, generating a precombustion shock train in the super-
sonic flow supplied by the inlet. Separated zones are present
on both the combustor outer wall and in the base of the gas
generator nozzle. To render this complex flow tractable, a
composite model has been adopted using a zonal solution
methodology. The central core flow is solved by applying a
mixing and burning code, which is based on the parabolic
boundary-layer equations, using a relatively coarse grid
(25-30 points) in the transverse direction. Slip boundary con-
ditions are imposed at the wall. The flowfield solution is ob-
tained for an axisymmetric combustor by marching
downstream from the initial data plane using an explicit
finite-difference scheme. Solution of the entire combustor re-
quires approximately 1000 axial steps. Initial conditions and
an axial pressure distribution are provided from integral
analysis techniques’! based on estimates of overall heat
release, and the solution is iterated if the calculated overall
heat release is significantly different from the estimate. Any
a priori knowledge of the effective combustor area distribu-
tion is not required. In fact, A (x) is an output of the code,
and its proximity to the actual combustor geometry being in-
vestigated provides a measure of the validity of the com-
puted flowfield solution.

The resulting solution of the core flow is evaluated at the
wall to obtain edge conditions, including the turbulent kinetic
energy (TKE), for a wall boundary-layer analysis that is then
used to calculate wall skin friction and heat transfer. For this
analysis, the boundary-layer equations are solved using an im-
plicit, axial marching, finite-difference algorithm with 101
grid points from the wall to the edge of the boundary layer.
The code used is a greatly extended version of the boundary-
layer code presented in Ref. 72. The modified code includes
multicomponent diffusion of species and calculates the correct
laminar mixture properties in the near-wall region of the
boundary layer. ; '
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Fig. 20 Schematic illustration of the flow model used in the com-
posite DCR engine analysis.
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Fig. 21 Computed duct contours and flame shapes for the DCR
engine at Mach 4 and 7 with FR=0.5.
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Fig. 22 Computed exit plane mass flux profile for the DCR engine
at Mach 7 with ER=0.5.

Combustion was modeled in both the mixing and burning
code for the core flow and the boundary-layer code for the
near-wall flow using equilibrium chemical reactions including
H,C,0, and N atoms and the molecular combinations of O,,
N,, H,, CO, CO,, H,0, OH, and NO. This system is re-
duced for improved computational efficiency by assuming a
double flame sheet model,” which considers an inner H,
flame and an outer CO flame with only the O,, H,, N,,
H,0, CO, and CO, molecules present. The flame sheet
model has been shown to provide accurate results below a
temperature of 2500 K. If the computed temperature at par-
ticular grid points is above 2500 K, then a complete
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equilibrium calculation is made before proceeding to the next
axial step.

Turbulent transport properties are calculated for the core
flow using a Prandt] energy method” for jet mixing that is
based on an eddy viscosity model tied directly to the tur-
bulent kinetic energy throughout the flow. In the boundary-
layer analysis at the wall, a turbulent transport model is used
that applies a conservation equation for the TKE suitable for
the wall region. Details of the turbulence model, as well as
additional details for the combustion models, can be found
in Refs. 57 and 59.

The composite combustor analysis capability was applied to
a representative DCR engine (recall Fig. 5) at simulated flight
conditions of Mach 7 and Mach 4 using Shelldyne H fuel at an
overall equivalence ratio (ER) of 0.5. Calculations were made
starting with the application of the integral analysis technique
to determine an axial pressure distribution P(x) and the initial
conditions for a specified combustor wall shape. With this in-
formation, the mixing and burning code was then run. The
calculated shape of the flow boundary for the given P(x) is
shown in Fig. 21, along with the shape of the H, and CO
flames for the two operating conditions. The size of the flames
is evident from the figure, indicating that the combustor
length is sufficient to provide for complete combustion. The
validity of the modeling approach using zonal finite-difference
solutions based on a pressure distribution calculated by an in-
tegral analysis is demonstrated by the close proximity of the
computational boundary to the actual combustor geometry.
The qualitative features of the separated zone on the outer
boundary of the shock interaction region at the combustor en-
trance are also evident. .

The exit plane mass flux profile results shown in Fig. 22
indicate that even though combustion has been completed,
residence time in the combustor is not adequate to yield
uniform property profiles in the combustor exit plane. The
degree of thrust decrement due to nonuniformity depends on
the exhaust nozzle geometry and can be determined using the
techniques discussed in the subsequent section of this paper.
Some detailed profiles across the duct at an axial station
near the end of the H, flame are shown for the Mach 7 case
in Fig. 23. The full equilibrium calculations were made at
several points to resolve properly behavior that could not be
predicted with the flame sheet model. The combustor core
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Fig. 23 Computed flow profiles near the end of the H2 flame for
the DCR engine at Mach 7 with ER=0.5.
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flow calculation was evaluated at the boundary to provide
input edge conditions of velocity, temperature, molecular
mass fraction of each species, and turbulent kinetic energy,
for the subsequent boundary-layer calculation.

Boundary-layer calculations were run for the Mach 7 case
to an axial distance about halfway down the combustor. The
wall temperature was assumed to be constant at 2000°R. The
variation of the skin friction coefficient based on local edge
conditions, C, along the combustor wall is shown in Fig.
24. The region labeled compression ahead of the combustor
results from the simplified representation of the interaction-
shock region that was used to provide initial conditions for
the calculation. The skin friction values in the combustor are
rather high for this high Reynolds number flow, and they do
not decay roughly at x~!5 as would be the case for a
constant-pressure flow. Thus, the indirect effects of the
flame on the boundary layer are seen to be significant. The
dimensional wall heat-transfer rate also shown in Fig. 24 is
more sensitive to the local pressure gradient. These heat-
transfer rates are rather large, even though this case is lean
overall and the flame does not impinge on the wall.

The modular analysis approach just described for the
DCR engine provides the capability to investigate combustor
performance for a wide variety of conditions. Important
properties can be calculated, including combustor exit flow
profiles, flame structure, and wall skin friction and heat
transfer.

Nozzle Applications

The zonal solution methodology applied to the DCR
supersonic combustor has been applied in the development
of a computational capability for analysis of scramjet
nozzles. The simplifying assumption that the radial pressure
gradient is negligible, made in the combustor core flow to
permit use of the parabolic boundary-layer equations, can-
not be made for the nozzle. As a result, the core flow of the
nozzle is calculated using the axisymmetric form of the
unsteady Navier-Stokes equations. The equations are in-
tegrated in time using MacCormack’s predictor-corrector
technique with a grid of 20-25 radial points and 30-40 axial
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Fig. 24 Computed skin-friction coefficient and heat-transfer rate
for the DCR engine at Mach 7 with ER=0.5.
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Fig. 26 Combustor exit profiles used as inflow for nozzle flowfield
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and nonuniform inflow.

points. The wall boundary conditions allow for velocity slip,
and the wall properties are evaluated and used as input to
the same boundary-layer code presented for the combustor
analysis. The code used for the core flow calculation is a
modified form of the VNAP2 code developed by Cline at
Los Alamos.” Chemical reactions were modeled using the
same species assumed present in the combustor (see earlier
discussion). Assumptions of frozen flow, local equilibrium,
or simple finite-rate chemistry are made when appropriate.
The finite-rate scheme uses a flame sheet model for produc-
tion of water from hydrogen and oxygen molecules, and a
rate equation for the production of carbon dioxide from car-
bon monoxide and oxygen molecules. Again, the turbulent
transport properties are calculated using a partlal dlfferentlal
equation for the TKE dlstrlbutlon
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Fig. 28 Calculated exit plane mass flow profiles for uniform and
nonuniform flow.

The developed computational capability for nozzle
analysis has been applied to candidate DCR nozzle con-
figurations. One such nozzle is shown in Fig. 25 with Mach
contours from an inviscid calculation, integrated with a
numerical optimization on nozzle thrust coefficient, per-
formed to determine the design contour. The main objective
in developing the CFD capability is to evaluate the effect of
nozzle inflow nonuniformities and the turbulent mixing of
those nonuniformities on nozzle performance. A flowfield
solution for the nozzle shown in Fig. 25 was run using both

n ‘“‘equivalent’’ uniform inflow and the actual nonuniform
combustor exit flow shown in Fig. 26. The effect of nozzle
inflow nonuniformity on Mach number is shown in Fig. 27,
indicating that the nonuniform inflow actually produces a
more uniform Mach number profile at the exit. However,
the exit mass flow distribution (Fig. 28) for the nonuniform
inflow is more nonuniform than that for the uniform inflow
case. This information can be used, along with similar infor-
mation for stream thrust, to evaluate the performance of
various nozzle designs. More details and additional applica-
tion of the nozzle analysis capability are presented in Ref. 58.

Future Directions

Computational techniques for scramjet inlet analysis are
the most mature of the engine component analysis tools.
Codes are already in use that solve the complete unsteady
Reynolds-averaged Navier-Stokes equations, with tur-
bulence, for which no simplifying fluid dynamic assumptions
are made. The current efforts are focused on the application
of this capability to a broader and more geometrically com-
plex range of problems and on the development and applica-
tion of new, more efficient numerical solution techniques. A
discussion of the status and directions of some of these new
numerical techniques has been presented by MacCormack.”®
The goal of these techniques is to greatly increase the solu-
tion convergence rate, and an example of a viscous super-
sonic blunt-body flowfield solution is given in which the
number of iterations for convergence is reduced by an order
of magnitude when compared to a conventional implicit
solution. A promising algorithm development is also emerg-
ing in the application of upwind relaxation schemes, which
recognize the hyperbolic nature of the inviscid form of the
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governing equations, to the solution of the Navier-Stokes
equations. The work of Thomas and Walters” uses an up-
wind scheme for the thin-layer Navier-Stokes equations and
applies a line Gauss-Siedel relaxation approach. Future ef-
forts will focus on applying these upwind schemes to the
solution of internal scramjet flowfields. An alternative ap-
proach to the solution of the unsteady Navier-Stokes equa-
tions for flows with zones of subsonic or recirculating flow is
to solve the PNS equations using a global iteration scheme.
Efforts to develop a globally iterated PNS capability for the
accurate solution of scramjet inlet flowfields that include
large regions of subsonic or separated flow are currently
under way. These efforts are discussed in Refs. 79 and 80.

Analysis of scramjet combustor flowfields has, thus far,
been limited to fairly simple chemistry and turbulence
models to make the problems tractable on available com-
puter systems. Chemistry is often modeled with either com-
plete reaction (mixing-controlled) or global (finite-rate
chemistry models, which assume mixing-controlled combus-
tion, and turbulence modeled with either algebraic eddy
viscosity, turbulent kinetic energy, or k-¢ models. However,
chemical reaction throughout a scramjet combustor is con-
trolled, in general, by kinetics and not mixing. The recent

development of the SPARK code with its 18-equation finite-.

rate chemistry model for H,-air combustion and more
thorough treatment of the turbulent dissipation terms takes a
step in the direction of applying more elaborate models for
unsteady Navier-Stokes applications.

Research to develop improved reacting flow models is pro-
ceeding along three directions, including the development of

detailed finite-rate kinetic models, the extension of advanced

turbulence modeling techniques used for nonreacting flows
to include reaction, and the development of improved
numerical algorithms for solving the resulting equations that
govern turbulent reacting flows. Chemistry is being modeled
with up to a 9-species, 18-equation finite-rate model to
describe the hydrogen/air reactions of importance in current
scramjet designs. To analyze the flow in the upstream por-
tion of the combustor, particularly near flameholders, it is
necessary to consider important ignition species to ensure
that they are continuously produced in sufficient quantity to
allow reaction to proceed to later species. A detailed dif-
fusive fuel/air mixing model has also been developed to
describe small-scale mixing of the various chemical species.
'This model considers the multicomponent diffusion of each
species into all other species on diffusive scales.

Phenomena present in chemically reacting flows place ad-
ditional complications upon the already difficult problem of
modeling turbulence in nonreacting flows. Direct simulation
of turbulent reacting flows would provide many of the
details needed to understand important phenomena, but
computer limitations restrict even the computation of
nonreacting flows in the turbulent regime. Chemical reac-
tions introduce additional important scales that further com-
plicate the problem; however, large eddy simulation relieves
some of the scaling constraints, since only the large-scale
phenomena would be computed. Small-scale phenomena are
described in this scheme wusing subgrid scale models
developed for nonreacting flow, and work has begun to ex-
tend some of these models to reacting flow.5! To perform
needed engineering calculations for the design of scramjet
combustors, however, phenomenological models of tur-
bulence must still be employed. Direct simulation will not be
extended into a realistic Reynolds number regime for some
time to come, and the large eddy simulation is not amenable
to the routine day-to-day calculations necessary for design of
a scramjet combustor. Rather, it appears that the most
reasonable approach is to use the more detailed techniques to
understand important phenomena present in turbulent
chemically reacting flow. The resulting numerical data can
then be used to improve the phenomenological models used
in design calculations._ ' '

J. PROPULSION

Reacting flow experiments carried out to provide data for
improving both finite-rate kinetics models and turbulence
models are discussed in detail in Ref. 82. The information
available from experiment has improved markedly in recent
years due to advancements in nonintrusive diagnostics. The
new diagnostic techniques, including laser Doppler velocim-
etry (LDV) and coherent anti-Stokes ramon spectroscopy
(CARS), allow measurement of flow properties without any
flow perturbations, and they yield data on fluctuation prop-
erties as well as on mean quantities. This experimental data,

 used in conjunction with the numerical data discussed in the

previous paragraph, should be extremely useful in improving
and validating models used to compute turbulent reacting
flows.

Work is also currently under way to develop improved
numerical algorithms for solving the equations governing
chemically reacting flows. This system of equations is
characterized by a widely separated range of time scales that
causes the system to be numerically stiff. This stiffness
comes about from both the time scales associated with the
evolution of each chemical species and the diffusive stiffness
introduced by the fine spatial resolution required to resolve
high spatial gradients present in chemically reacting flows.
There have been a number of papers published on the solu-
tion of stiff systems of ‘equations describing chemically reac-
ting flows, and the reader is referred to Refs. 83-92 for a
more detailed discussion. The resolution of large spatial gra-
dients can be enhanced by implementing methods of higher
order than those that have been applied in past work. Spec-
tral methods fall into this class of higher-order methods and
are proving to be an effective technique for investigating
basic combustion phenomena. With proper application,
these high-order approximations can produce extremely ac-
curate numerical solutions, resulting in a significant reduc-
tion in the required number of grid points needed relative to
a finite-difference computation. Spectral methods still repre-
sent a relatively new method for solving chemically reacting
flows, and the approach is not without difficulty. Problems
still remain when dealing with complex geometries and
shocks in supersonic flows. The method does offer much
promise for future work, however, particularly with regard
to achieving a better understanding of basic combustion
phenomena. The reader is referred to Refs. 93-95 for a more
detailed discussion on the application of spectral methods to
chemically reacting flows and to Refs. 96-98 for a further
discussion of spectral methods themselves.

Conclusions

The evolution of computational fluid dynamics can be
traced back to the late 1950s, about the same time research
in scramjet engines for hypersonic propulsion was beginning.
The two technologies evolved independently through the next
two decades. Maturing CFD technology, brought about by
the explosive growth in capability over the past 15 years,
coupled with a resurgence in interest in scramjet propulsion
in the 1980s, has resulted in the development of valuable
computational tools for the design and analysis of scramjet
engines. Three-dimensional computational techniques in-
cluding efficient inviscid supersonic marching codes,
parabolized Navier-Stokes codes, and unsteady Navier-
Stokes codes are currently in routine use for the design and
analysis of scramjet inlets. The capability to compute the
two-dimensional planar or axisymmetric flow in a supersonic
combustor using finite-difference codes has been developed
for both hydrogen- and hydrocarbon-fueled engines. A very
significant capability for the application of CFD techniques
to scramjet engine design and analysis has been developed
and has proved to be of great value in the design and
analysis of scramjet engines at the NASA Langley Research
Center and at the Johns Hopkins University Applied Physics
Laboratory.
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Recently, interest in scramjet propulsion has reached a
level reminiscent of the 1960s, and the prospect for large-
scale research and development efforts in future years ap-
pears to be very promising. Unlike the earlier efforts,
however, CFD is playing an instrumental role in scramjet
development programs. As a result of this increased interest,
the future evolution of CFD capabilities for scramjet ap-
plications will continue to accelerate greatly with major ef-
forts throughout government, industry, and university
laboratories. Prominent areas of development will be in the
application of new numerical techniques for solution of the
governing equations, more sophisticated models for tur-
bulence and combustion, and the development of an in-
tegrated capability for the solution of the flow through a
complete scramjet engine. It is emphasized that the applica-
tion of CFD techniques remains an art as well as a science
and that meaningful results depend not only on code integ-
rity but also on user experience. It is important that the user
be knowledgable about the physics being modeled, as well as
the code being applied. With such knowledge the application
of CFD techniques to scramjet engine analysis can be an in-
valuable engineering tool.
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