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Numerical Simulation of the Ram Accelerator
Using a New Chemical Kinetics Mechanism

Michael J. Nusca¤

U.S. Army Research Laboratory, Aberdeen Proving Ground, Maryland 21005

Computational � uid dynamics (CFD) solutions of the full Navier–Stokes equations, including � nite-rate chem-
ical kinetics, are used to numerically simulate the reacting in-bore � ow� eld for a 90-mm (bore diameter) ram-
accelerator projectile propulsion system. In this system a gun tube is � lled with a high-pressure gaseous mixture of
hydrogen, oxygen, and nitrogen. An axisymmetricprojectile is launched into this tube, and rails are attached to the
tube wall to ensure projectile centering. The shock system that develops around the projectile, along with boundary
layers on the projectile and tube surfaces, ignites the mixture on or near the projectile afterbody. The resulting
pressure imbalance on the projectile generates thrust. Numerical predictions of this pressure � eld can be used to
evaluate the thrust ef� ciency of the system, i.e., the projectile design combined with the chemical composition of
the propellant gas. Comparison of the predicted pressure � eld and the measured pressure data is used to judge
the accuracy of the CFD code. The choice of chemical kinetics mechanism used in the CFD code is of critical
importance in achieving an accurate numerical simulation of the ram accelerator.

Nomenclature
C = concentration
C f = forward rate constant, cm3/mole-s
ci = mass fraction of species i
cp = speci� c heat capacity, constant p
cv = speci� c heat capacity, constant volume
Di j = diffusion coef� cient, species i into j
Dim = diffusion coef� cient, species i into mixture
E = Eckert number, V 2

1=h1
E f = dissociation energy
e = speci� c total internal energy
F; G = � ux vectors [Eq. (1)]
g = Gibbs energy, h ¡ T S
H = source term vector [Eq. (1)]
h = molar speci� c enthalpy
k = Boltzmann’s constant
k f ; kb = forward, backward reaction rates [Eq. (15)]
kT = thermal diffusion coef� cient, DT =Dim

L = reference length
Le = Lewis number, Pr=Sc
lm = turbulence mixing length
M = Mach number or chemical third body
M = molecular weight
N = total number of species
Pr = Prandtl number, ¹1cp1 =·1
p = static pressure
q = heat transfer
<i = species i gas constant, N<=Mi
N< = universal gas constant
Re = Reynolds number, ½1 V1 L=¹1
S = entropy
Si j = computational cell area at i; j
Sc = Schmidt number, ¹=½ D
T = temperature
t = time
U = dependent variable vector [Eq. (1)]
u = axial velocity component

Received 4 December 2000; revision received 15 June 2001; accepted
for publication 20 July 2001. This material is declared a work of the U.S.
Government and is not subject to copyright protection in the United States.
Copies of this paper may be made for personal or internal use, on condition
that the copier pay the $10.00 per-copy fee to the Copyright Clearance
Center, Inc., 222 Rosewood Drive, Danvers, MA 01923; include the code
0748-4658/02 $10.00 in correspondence with the CCC.

¤Aerospace Engineer, Weapons and Materials Research Directorate.

V = magnitude of the local velocity vector
v = radial velocity component
Pw = chemical production term [Eq. (13)]
X = mole fraction
x; y = Cartesian coordinates
® = 0 for two-dimensional, 1 for axisymmetric � ow
¯ = forward rate temperature exponent
0 = kT 3
° = ratio of speci� c heats, cp=cv

4H o
f = enthalpy of formation

· = thermal conductivity
3 = ¹Le=RePr
¹ = molecular viscosity
¹t = turbulence viscosity
º 0 = stoichiometric coef� cient for reactants
º 00 = stoichiometric coef� cient for products
½ = density
¾ = numerical dissipation coef� cient
¾i j = collision diameter, species i with j
¾x x = normal stress tensor
¾C = axisymmetric stress tensor
¿x y = shear stress tensor
ÄD = collision integral for diffusion

Subscripts

i = i th species
i; j = mesh indicies
m = mixture
p = constant pressure
T = thermal quanity
v = constant volume
x; y = coordinates derivatives
wall = wall quantity
1 = freestream quantity

Superscript

n = time level

Introduction

T HE ram accelerator is a gun-launch device used for accelerat-
ing projectiles to high velocity with a relatively low g loading.

In this system a subcaliber projectile, typically a conical forebody
attached to a reverse-cone afterbody, and full-bore obturator (i.e.,
backplate of full tube diameter) are injected at supersonic velocity
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Fig. 1 Schematic of the ARL ramaccelerator system—smooth tube,
� nned projectile.

Fig. 2 Schematic of the ISL ramaccelerator system—railed tube, ax-
isymmetric projectile.

into stationary tubes � lled with pressurized mixtures of hydrocar-
bon, oxidizer, and inert gases. Flow stagnation on the obturator
initiates combustion of the mixture, and then the obturator is gasdy-
namically discarded from the projectile. A system of shock waves
generated around the projectile, in conjunction with viscous heat-
ing, sustainscombustion.The resultingenergyrelease,which travels
with the projectile, also generates high pressures that impart thrust
to the projectile.

Experimental testing and gasdynamic modeling of the ram ac-
celerator has been carried out at the U.S. Army Research Labora-
tory (ARL) under the Hybrid Inbore RAM propulsion program.1¡4

This research program seeks to provide a highly ef� cient method of
achieving hypervelocity (¸3 km/s) projectile gun launch for use in
high-speed impact testing applications. The ARL ram accelerator
system used a 120-mm (bore diameter) tube, which was modeled
after the 38-mm system at the Universityof Washington,5 where the
tube is of smooth bore and the projectile includes four to six � ns to
ensure projectile centering in the tube (see Fig. 1). Ram accelera-
tion has also been demonstratedat the Instituteof St. Louis (ISL) in
France.6;7 One of the ISL systems uses the smooth-bore tube and a
� nned projectile6 and the other uses an axiymmetric projectileand a
railed tube7 to ensureprojectilecentering(see Fig. 2). Experimental
data gathered in these facilities are available for use in validationof
numerical simulations of the ram accelerator. In turn, these simula-
tions assist the experimentalist in formulating an understanding of
the physics of ram acceleration.

A number of numerical simulations have been generated for the
ram accelerator, mainly for the smooth-bore/� nned-projectile sys-
tem, including those reported at the ARL; a comprehensive review
is providedby Bruckner.5 Numerical solutionsof the Navier–Stokes
equationshavebeenobtainedat theARL via computational� uid dy-
namics (CFD) codes for nonreactingand reacting, two-dimensional
(i.e., neglecting the projectile � ns) and three-dimensional � ows.
These codes include models for chemically frozen (nonreacting)
gas, � nite-rateglobal and multiple step chemical kinetics, and equi-
librium chemical processes.3;8¡16 Numerical simulation based on
� nite-rate chemical kinetics for hydrocarbon-basedgases creates a
very great demand on computational resources because the number
of intermediate species and the number of kinetic steps for typical
hydrocarbon fuels are prohibitively large. In addition, experimen-
tally validated chemical kinetics mechanisms for the types of fuel-
rich and high-pressure conditions prevalent in the ramaccelerator
have not been available. Accordingly, CFD results from separate
codes often yield very different results, even when attempting to
simulate the same set of ram-accelerator data; a good review is
provided by LeBlanc et al.16

Recently, a detailed hydrocarbonkinetics mechanism was devel-
oped by Petersen and Hanson at Stanford University, California.17

Fig. 3 Schematic of double-wedge/channel con� guration (from
Ref. 18).

This mechanism can be used to model � nite-rate chemical reaction
rates for gaseous mixtures of CH4, H2 , O2 , and diluent at typical ra-
macceleratorconditions:pressuresfrom35 to 260atm, temperatures
from 1040 to 1600 K, and stoichiometric to fuel-rich (equilavence
ratio ¸3)compositions.This mechanismwas validatedusing shock-
tube data.17 The presentpaperdiscussesCFD simulationsof the ram
acceleratorusing this new chemical mechanism.

The following sections review the ARL reacting-�ow model, the
Stanford chemical kinetics mechanism, code validationusing a test
case, and � nally simulations for the ram accelerator.The ARL CFD
code is validatedusinga test case that is pertinentto propulsive� ows
involving combustion of hydrogen/oxygen/nitrogen in high-speed
� owthrougha channelcontaininga double-wedge,i.e., � ow through
parallel plates with each plate consisting of a wedge-like surface
as displayed in Fig. 3. Results of simultaneous schlieren/planar
laser-induced � uorescence (PLIF) (for hydroxyl radical, OH) pho-
tography for the double-wedge/channel � ow, produced at Stanford
University,18 reveal signi� cantdetailsin this � ow� eld.This test case
has also been employed for CFD code validation by Choi et al.19

For the present ram-acceleratorsimulations three-dimensional� ow
effects and multiple � ow ignition sites caused by the projectile � ns
are eliminatedby choosingthe ISL’s ramacceleratorcon� guration—
axisymmetric projectile and railed tube (see Fig. 2). The rails on
the tube wall are ignored, and the projectile is assumed to travel
down the center of the tube thus allowing a two-dimensional sim-
ulation. Experimental pressure data, gathered using a multiple taps
placed between the rails, provide data that are compatible with
this scenario. In contrast, pressure data taken using taps placed
along a smooth-bore tube can include the effects of masking by
the � ns on the projectile (see Fig. 1) as it slowly rotates in the tube.
This situationwould make comparisonbetweencomputedand mea-
sured data dif� cult when the CFD simulationassumesa nonrotating
projectile.

Reacting Flow Model
The chemically reacting hypervelocity � ow� eld around a body

is numerically simulated using CFD. The NSRG2 code solves the
two-dimensional/axisymmetric, unsteady, real-gas Navier–Stokes
equations including equations for nonequilibrium chemical kinet-
ics, chemical transportby diffusion, and heat transfer.14;20¡23 These
partial differential equations are cast in conservationform and con-
verted to algebraic equations using a � nite volume formulation.
Solution takes place on a mesh of nodes distributed in a zonal fash-
ion throughout the � ow� eld such that sharp geometric corners and
other details are accurately represented.The conservationlaw form
of the equations ensures that the end states of regions of disconti-
nuity (e.g., shocks) are physically correct even when smeared over
a few computational cells.

The Navier–Stokes equationsfor two-dimensional/axisymmetric
reacting (N species) and unsteady � ow are written in the following
conservation form. All variables have been nondimensionalizedin
a conventionalfashion.20;24

@U

@t
C @ F

@x
C @G

@y
C H D 0 (1)
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The G array is similar to the F array but contains y-derivative
terms.20 The ordinary diffusion coef� cient D (see Le and Sc) is
computed using Fick’s law; diffusion components caused by con-
centration and thermal gradients (i.e., rci and r T , respectively)
are included (see de� nitions of 0 and 3). The diffusive � ux for
species i is given by

½i Vi D ¡½Dimrci ¡ ½kT Dimr T (2)

The thermal diffusion ratio kT can be computed using semi-
empirical formulations (see Refs. 20, 25, and 26 for details). The
multicomponent diffusion coef� cient Dim is given by Bird et al.26

in terms of the species density ½i , velocity Vi , and mole fraction
X i , as well as the binary diffusion coef� cient Di j . In general, Dim

depends on position in the � ow� eld, but for situations in which this
dependence is slight Dim ´ Di j . For mixtures where component i
diffuses into a mixtureconsistingof components j D 2; N that move
with the same velocity (or are stationary), an approximate formula
can be used. This formula relates the binary diffusion coef� cient
for species i diffusing into species j , Di j , to the multicomponent
diffusion coef� cient for species i diffusing into the mixture Dim ,

Dim D
1 ¡ X iP
j

X j

¯
Di j

(3)

The theory describing Di j or diffusion in a binary gas mixture at
low to moderatepressureis well developed.SolutionofBoltzmann’s
equation and assuming an ideal-gas law results in the expression27

Di j D 0:00266T
3
2

pM
1
2
i j ¾

2
i j ÄD

(4)

where Mi j D 2[.1=Mi / C .1=M j /]¡1 is the combined molecular
masses of species i and j . Rules used to obtain the interactionvalue
¾i j from¾i and¾ j as well as ÄD , which is relatedto thecharacteristic
Lennard–Jones energy, are given by Reid et al.27

The species enthalpy per unit volume, mixture temperature, and
speci� c heat are given by

hi D ei C <i T (5)
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(cp similarly de� ned). The speci� c heat of each species (per mole)
is given by the following polynomial28 with coef� cients a1 ¡ a7:

cvi D <i

¡
a1T ¡2 C a2T ¡1 C a3 C a4T C a5T 2 C a6T 3 C a7T 4

¢
(8)

with cpi D cvi C <i . Equations (5–8) are solved iteratively for the
mixture temperature.The Peng–Robinsonequationof state29 is used
to determine pressure because gas pressure in the ram-accelerator
system is very high (i.e., 50–500 atm).

p D N<T =. Nv ¡ b/ ¡ a=[ Nv. Nv C b/ C b. Nv ¡ b/] (9)

a ´ 0:45724
¡

N<2T 2
c

¯
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¢£
1 C 0:37464

¡
1 ¡ T 0:5

r

¢¤2

b ´ 0:0778. N<Tc=pc/ (10)

where a is dependent on the critical temperature Tc and critical
pressure pc for the mixture. The mixture covolume is b, and Nv is the
speci� c volume of the mixture (see Ref. 29).

The species viscosity¹i and thermal conductivity·i can also de-
termined from curve-� t data. Coef� cients A¹i ¡ D¹i and A· i ¡ D· i

are given in Ref. 28.

.¹i / D A¹i .T / C B¹i =T C C¹i

¯
T 2 C D¹i (11)

.·i / D A· i .T / C B· i=T C C· i

¯
T 2 C D· i (12)

The mixture viscosity and thermal conductivity are determined us-
ing Wilke’s law.30 The mixture viscosity is then augmented by a
turbulent component ¹t . The Cebeci–Smith turbulence model31 is
used to de� ne ¹t .

Chemical reactions can be expressed in a general reaction equa-
tion given by (X i represents the symbol for species i )
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With a general reaction-rate equation given by
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The forward rates are speci� ed

k f D C f T ¯ e¡E f =kT .cm3 mole¡1 s¡1/ (15)

while the backwardrates are obtainedfrom the equilibriumconstant
Keq D k f =kb . Entropy S and enthalpy h are computed using curve
� ts,28 and then for each reaction

Keq D exp.¡4g= N<T /; 4g D gproducts ¡ greactants

g D h ¡ T S (16)

Reaction-rate data for C f ; ¯, and E f are discussed in the next
section.
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The integral form of the conservation equations [Eq. (1)] is
convenient for the � nite volume solution scheme:

@

@t

Z

Ä

Z
U dx dy C

Z
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M ¢ On ds C
Z
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Z
H dx dy D 0 (17)

where Ä is the region or computational cell, dÄ is the boundary
or the cell sides, and On denotes the normal direction. The term
M D F Oix C GOiy denotes the � ux vector (second-ordertensor), using
unit vectors in each coordinate direction.
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The semidiscrete form of Eq. (18) is given by

d
dt

.Si j Ui j / C LUi j ¡ DUi j C Si j Hi j D 0 (19)

where LUi j is the spatial discretization operator and DUi j is the
smoothing or dissipative operator. The effective � ux through a cell
facecan be written as LUi j ¡ DUi j . Four steps areused to determine
the dependent variable array U [see Eq. (19)] for a cell centered
at i; j , and time level n C 1; the modi� ed version of the classic
Runge–Kutta scheme popularized by Jameson et al.32 is chosen
for the present work. The spatial discretization operator LUi j is
comprised of the � ux terms F and G, which must be de� ned on the
boundaryof eachcell. A combinationof upwinddifferencesand� ux
limiting is employed for this purpose.20 The local stability bound
for explicit schemes is de� ned using the Courant–Friedrichs–Lewy
(CFL) number

4t D min

³
4tc;

CFL ¢ 4x

juj C a
;

CFL ¢ 4y

jvj C a

´
(20)

where a is the local � ow sound velocity. Because Pwi can be as-
sumed to remain nearly constant over a time step 4t, the chemical
relaxation time step is given by

4tc D 4.½ci /= Pwi (21)

The CFL number can be speci� ed as the same for all mesh cells and
therefore 4t can be different for each cell because 4x; 4y; u; v;
and a can be different. Under this condition the solutions are not
time accurate, but steady state can be achieved in fewer time steps.
The mesh-constant CFL condition (local time stepping) acts like a
preconditioner that reduces the numerical stiffness of the discrete
system of equations arising from widely different mesh spacing
and/or eigenvalues. For time-accurate simulations 4t is constant
over the entire mesh, and the CFL number is de� ned in terms of
local � ow conditions; for the modi� ed Runge–Kutta scheme the
CFL limit is 2

p
2.

The present numerical solution scheme permits third-order odd-
even decoupling throughout smooth regions of the � ow� eld and
permits � rst-orderoscillationsnear shocks.An appropriatesmooth-
ing formulation for this scheme, i.e., DUi j term in Eq. (19), is one
that is fourth-order throughout smooth regions of the � ow� eld and
second-ordernear shocks. Jameson et al.32 de� ned a dissipationop-
erator that is a blend of second- and fourth-order smoothing with
a pressure criterion; the pressure derivative acts as a “detector” for
shock waves and gives the smoothing operator a second-orderchar-
acter (fourth order in smooth regions). However, rapid expansions,
entropy singularities,and stagnationpointscan exhibitpressuregra-
dients large enough to introduce second-order damping; it is not
clear that these features require much damping to resolve them. An
alternateschemeaddsa � nal step to theRunge–Kutta time-marching
scheme

U n C 1
i j D U n C 1

i j C 4U .1/

i j C 4U .2/

i j (22)

4U .1/

i j D ¾ Dx x U n C 1
i j ; 4U .2/

i j D ¾ DyyU
n C 1
i j (23)

where a single constant ¾ , chosen small enough to minimize nu-
merical smearing of gradients and yield a unique and numerically
stable solution (typically in the range of 0.0001 to 0.001), is used.
The dissipation operators are undivided differences,

Dx x U n C 1
i j D .Ui C 1; j ¡ 2Ui j C Ui ¡ 1; j /

n C 1

DyyU
n C 1
i j D .Ui; j C 1 ¡ 2Ui j C Ui; j ¡ 1/n C 1 (24)

The terms ¾ Dx x and ¾ Dyy can be regardedas the arti� cial viscosity
that has been added to the semidiscrete equation in order to damp
oscillatorysolutions.This form of the dissipationoperator is second
order. The central undivided differences for @2U=@x2 or @2U=@y2

act as the detectorsfor gradientsof all conserved� ow variables(i.e.,
are zero for no gradients and large for large gradients) and can be
dropped for boundary layers (i.e., ¾ D 0), where arti� cial viscosity
is not desired nor required. The added dissipation can reduce the
accuracy of the solution locally to � rst order.

Chemical Kinetics Mechanism
A detailed hydrocarbon kinetics mechanism was developed by

Petersenand Hanson17 using the shock-tubefacilityat StanfordUni-
versity. This mechanism can be used to model shock-tube ignition
delay times forCH4/H2/O2/D gases(D as a diluentonly,e.g.,N2, He)
at pressures from 35 to 260 atm, temperaturesfrom 1040 to 1600 K,
and stoichiometricto fuel-rich(equilavenceratio ¸3) compositions.
The new detailedmechanismcalledRAMEC (38 speciesand190re-
actions) produceschemical ignitiondelay times that agree well with
the shock-tube data. Comparisons of the Chapman–Jouget detona-
tion velocity using the RAMEC mechanism and theoretical values
are very encouraging.17 Petersen and Hanson17 have also produced
a skeletal mechanism REDRAM (22 species and 34 reactions) that
essentiallyreproducesthe shock-tubedata and resultsof the detailed
mechanism RAMEC. In addition, a H2/O2/D kinetics mechanism
(D as a diluent only, e.g., N2, He) that forms a subset of the
REDRAM mechanism is used in the present study. Table 1 lists
this mechanism and rate data (M is a third body). The rates for re-
actions 11, 13, and 14, are more complex.17 Collision ef� ciencies
for reactions involving M are given in Ref. 17.

Alternatives to the REDRAM chemical kinetics mechanism for
H2/O2/N2 are that of Jachimowski (20 reactions and eight species
when N and NO are dropped from the originalH2-air mechanism)33

and a modi� ed-Jachimowskimechanism.34 The Jachimowskimech-
anism accounts for all reactions given in Table 1 (albeit with differ-
ent rate parameters and third-bodycollision ef� ciencies) along with
� ve additional reactions: H2 C O2 ! 2OH, HO2 C H ! H2O C O,
HO2 C O ! O2 C OH, HO2 C OH ! H2O C O2, and O C H2O2 !
OH C HO2. The modi� ed-Jachimowski mechanism excludes the

Table 1 REDRAM kinetics mechanism (from Ref. 17)

Number Reaction C f ¯ E f =k

1 O C H2 $ H C OH 5.0 £ 104 2.7 3165.6
2 H C O2 C M $ HO2 C M 2.8 £ 1018 ¡0.9 0.0
3 H C O2 C O2 $ HO2 C O2 3.0 £ 1020 ¡1.7 0.0
4 H C O2 C H2O $ HO2 C H2O 9.38 £ 1018 ¡0.8 0.0
5 H C O2 C N2 $ HO2 C N2 2.6 £ 1019 ¡1.2 0.0
6 H C O2 $ O C OH 8.3 £ 1013 0.0 7253.7
7 H C HO2 $ O2 C H2 2.8 £ 1013 0.0 537.5
8 H C HO2 $ OH C OH 1.34 £ 1014 0.0 319.6
9 H C H2O2 $ HO2 C H2 1.21£ 107 2.0 2617.0
10 OH C H2 $ H2O C H 2.16£ 108 1.5 1726.2
11 OH C OH C M $ H2O2 C M 7.4 £ 1013 ¡0.4 0.0
12 OH C HO2 $ O2 C H2O 2.9 £ 1013 0.0 ¡251.6
13 OH C H2O2 $ HO2 C H2O 1.75 £ 1012 0.0 161.0
14 HO2 C HO2 $ O2 C H2O2 1.3 £ 1011 0.0 ¡820.3
15 O C O C M $ O2 C M 1.2 £ 1017 ¡1.0 0.0
16 O C H C M $ OH C M 5.0 £ 1017 ¡1.0 0.0
17 H C OH C M $ H2O C M 2.2 £ 1022 ¡2.0 0.0
18 H C H C M $ H2 C M 1.0 £ 1018 ¡1.0 0.0
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reaction H2 C O2 ! 2OH and reverses the reaction HO2 C H !
H2 C O2 (uses reverse reaction rate).

Results for Test Case
Experimental Results

Stanford has embarked on an experimental investigation of the
shock-wavestructureandcombustionfrontsaroundbluntbodiesand
wedge geometries similar to the ram accelerator. One such geome-
try is the double-wedge/channelshown schematicallyin Fig. 3. This
modelwas mountedin the test sectionofan expansiontubedescribed
byMorriset al.18 The testgasmixturewas 2H2 C O2 C mN2 (m D 12
or 17; m D 12 was used for the present study), and the freestream
� ow conditionsfor the channelwere 2130 m/s, 0.12 atm, 290 K, for
velocity, pressure, and temperature, respectively. The freestream
Mach number and Reynolds number are 5.8 million and 1:4 £
106 per meter, respectively.

Figure 4 shows photographs that combine schlieren images with
PLIF images of OH, for the double-wedgechannel � ow. These im-
ages were produced at Stanford.18 The leading-edge shocks ema-
nating from the wedges and shock interaction at the centerplane
are recognized as typical schlieren features. Areas of combustion
(i.e., presence of signi� cant OH) in the wall boundary layers and
centerplane shear layer are shown as bright white regions residing
between the delimiters of the PLIF sheet. The PLIF image of the
OH species was taken for a restricted length along the channel (see
Fig. 3); the absence of a white-glow superimposed on the schlieren
image in a region that is out of the PLIF � eld of view does not nec-
essarily indicate an absence of OH in the � ow� eld. For example, it
is expected that OH is present upstream of the PLIF � eld of view in
the shock layers and boundary layers on the wedge surfaces.

Computational Grid and Boundary Conditions

Figure 5 shows the shock/shear-layeradaptedcomputationalgrid
consisting of 106 cells in the streamwise direction and 75 cells in
the stream-normal direction (chosen after further grid-re� nement

Fig. 4 Simultaneous schlerien/PLIF (OH species) for double-
wedge/channel test case (from Ref. 18). Upper view for 2H2 + O2 + 12N2
mixture. Lower view for 2H2 + O2 + 17N2 mixture.

Fig. 5 Computationalgrid for the double-wedge/channel test case.

demonstrated results that were essentially grid independent). The
� gure displays only half of the actual number of grid cells, for
clarity. The grid is adapted to the leading-edge shocks and concen-
trates more cells near the channel centerplane. Solid wall surfaces
are prescribedwith no-slip, isothermal, noncatalyticboundary con-
ditions. For noncatalytic walls the surface-normal gradients of the
species mass fractions are zero. The channel in� ow is supersonic
as is the out� ow (with minor corrections to account for the chan-
nel wall boundary layers). The small upper and lower grid sections
upstream of the wedge surfaces are treated as lines of symmetry.

Computational Results

Figure 6 shows the computeddensity� eld displayedas grey-scale
� ood/line contours. Comparing Fig. 6 with the schlieren images of
Fig. 4, it is encouragingto see a good correlationwith the locations
of leading-edgeshock intersections(at about 20 mm) and the down-
stream intersection of re� ected shocks (at about 50 mm). Figure 7
shows the computed OH mass fraction � eld displayedas grey-scale
� ood contours. In each case the location of the PLIF image (from
Figs. 3 and 4) is overlayedfor reference.Because of signi� cant � ow
heating in the shock layers near the wedge surfaces, OH is readily
formed in these regions. Flow expansion from the wedge surfaces
onto the channel walls causes a local thickening of the boundary
layers; subsequently shocks re� ected onto the channel walls cause
a local thinning of the boundary layers. These � ow features can be
recognized by a distinctive “bump” in the wall distribution of OH
mass fraction located at about 84 mm. The lack of signi� cant OH
formation at the channel centerline (compare Figs. 4 and 7) can
be the results of 1) incomplete � ow mixing caused by inadequate
turbulence modeling, 2) inaccurate chemical kinetics rates for low
gas temperatures, or 3) inadequate grid resolution.Grid re� nement
was not found to improve the results. Neither alternativeturbulence
models nor improved kinetics rateswere implemented in the present
study. Because Choi et al.19 observed combustion at the centerline
to be a highly transient event, resolution of this issue was delayed
pending further investigation.

The solution was checked for grid independenceby doubling the
number of grid cells in each direction and verifying that the same
results were acheived. Additional computations using the chemical
kineticsmechanism of Jachimowski33 and a modi� ed-Jachimowski
mechanism34 were performed.Althoughthemodi� ed-Jachimowski
mechanism produced OH mass fraction distributions that were very
similar to those achievedusing the REDRAM (Table 1) mechanism,
results using the Jachimowski mechanism were quite different. In

Fig. 6 Nondimensionaldensity (½/½1 1 ) contours for the double-wedge/
channel test case.

Fig. 7 Mass fraction contours (OH) for the double-wedge/channel test
case.
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the latter case OH concentrations remained high throughout the
channel after the leading-edge shocks with little structure (unlike
the structured OH distributions shown in Fig. 7).

Results for the Ram Accelerator
Computational Grid and Boundary Conditions

Figure 8 shows the computational grid used for the ram-
accelerator simulations. There are 314 grid cells in the axial di-
rection and 40 grid cells in the radial direction (chosen after fur-
ther grid re� nement demonstrated results that were essentiallygrid
independent). The � gure shows every other grid cell. The grid is
essentially uniform in each direction with some radial grid cluster-
ing near the tube wall and the projectile surface wall. The wall grid
spacing is approximately 0.07 mm, which is considered more than
adequate for inviscid � ow simulations and satisfactory for viscous
� ow simulations (the turbulence model follows a law-of-the-wall
methodology). All dimensions follow those used in the ISL ram
accelerator (Fig. 2). The projectile nose tip is pointed as is the pro-
jectile base. A grid region that is 4 mm long was placed in front of
the projectile nosetip and 10 mm were placed behind the projectile
base.

The in� ow is prescribed in accordance with the conditions of
Shot 222 of the ISL (see Refs. 7 and 35). The out� ow is assumed
supersonic for inviscid � ow simulations with boundary condition
corrections applied for viscous simulations in the thin boundary-
layer region on the tube wall and the projectile wake region near the
tube centerline. The wall boundary conditions are no penetration
for inviscid and no slip for viscous simulations with isothermal and
noncatalytic conditions imposed as well. Computations are done
in the projectile-�xed reference frame assuming a constant � ow
velocity (i.e., the in� ow and the tube wall are assumed to be moving
at the prescribed projectile velocity). As a direct result, a boundary
layer will not form on the tube wall until the projectile’s bow shock
re� ects from it (for viscous � ow simulations). The small sections
of tube centerline ahead of and behind the projectile are treated as
lines of symmetry.

Computational Results

Figures 9–11 show results for the inviscid, inert � ow� eld. The
projectile bow shock re� ects from the tube wall at about 70 mm

Fig. 8 Computational grid for the ISL ramaccelerator con� guration.

Fig. 9 Nondimensional temperature (T/T 11 ) contours for inviscid,
nonreacting � ow conditions.

Fig. 10 Nondimensionalpressure (p/p 11 ) contours for inviscid, nonre-
acting � ow conditions.

Fig. 11 Nondimensionalpressure (p/p 1 1 ) distributionsalong tube wall
and projectile wall for inviscid, nonreacting � ow conditions. Compari-
son with measured pressure data.

Fig. 12 Nondimensional temperature (T/T1 1 ) contours for viscous,
nonreacting � ow conditions.

Fig. 13 Nondimensional pressure (p/p 11 ) contours for viscous, nonre-
acting � ow conditions.

Fig. 14 Nondimensionalpressure (p/p 1 1 ) distributionsalong tube wall
and projectile wall for viscous, nonreacting � ow conditions.Comparison
with measured pressure data.

from the grid origin as indicated by a sharp rise in temperature
(Fig. 9) and pressure (Figs. 10 and 11) at this point. Pressure is
nearly constanton the projectile forebody and decreases in the � ow
expansion onto the midbody (Fig. 11). The bow shock re� ection is
slightly curved as a result of its interactionwith the expansionwave
generatedat theprojectileforebody-midbodyjunctionand intersects
the projectile near the end of the midbody (Figs. 9 and 10). Note
the pressure rise on the projectile surface at about 100–110 mm
(Fig. 11). This shock re� ects again and is severely weakened in the
expanding afterbody � ow� eld. It intersects the tube wall at about
150 mm (note the small pressure rise in Fig. 11 at this location). A
strong recompression is noted at the projectile base along the axis
(Figs. 9–11). The computedpressuredistributionis not in agreement
with the tube wall data (Fig. 11) because these data were taken in
the reactive � ow environment.

Figures 12–14 show results for the viscous, inert � ow� eld.
Laminar boundary layers are permitted to naturally form on the
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tube wall and the projectile walls. Note the thick regions of higher
temperature on the walls in Fig. 12. The boundary layer on the pro-
jectile forebody is very thin and does not cause noticeable changes
to the pressure and temperature � elds as compared to the inviscid
results. Observations of laminar boundary-layer thickening on the
projectile midbody surface, after the � ow expansion, prompted the
choice to let the boundary layer become turbulent at the axial lo-
cation of about 75 mm (see Fig. 14). For consistency, this location
was also used on the tube wall (i.e., about 5 mm downstream of the
bow-shock re� ection point). For both surfaces the transition to tur-
bulence causes a small shock to form (Figs. 12 and 13) as indicated
by a pressure increases on both walls at about 80 mm (see Fig. 14).
As for the inviscid � ow� eld, the projectile bow shock re� ects from
the tube wall at about 70 mm from the grid origin as indicated by a
sharp rise in temperature (Fig. 12) and pressure (Figs. 13 and 14) at
this point. The bow-shock re� ection is more highly curved (Fig. 13)
because of its interaction with the expansion wave generated at the
projectile forebody-midbody junction and the small shocks gener-
ated on the body and on the tube at the location of boundary-layer
transition. The resultant shock intersects the projectile farther from
the end of the midbody (Figs. 12 and 13). Note the larger pressure
rise on the projectile surface at about 105 mm (Fig. 14). This shock
re� ects again and is weakened in the expandingafterbody � ow� eld
(Fig. 13). It intersects the tube wall at about 120 mm (note the pres-
sure rise in Fig. 14 at this location). A strongrecompressiondoes not
occur at the projectile base along the axis (as is the case with invis-
cid � ow; see Fig. 10) because of the thick boundary layer from the
projectile afterbody (Fig. 12). The computed pressure distribution
is in better agreement with the tube wall data (Fig. 14) as compared
to the inviscid result (Fig. 11). The double-pressurespike computed
between 70 and 90 mm begins to approach the measured pressure
levels. Smaller computed pressure increases at 102 and 120 mm
seem to mimic the pressure data trends at these locations.

Figures 15–17 show pressure results for the viscous, reacting
� ow� eld. Comparing Fig. 13 (viscous, inert � ow) and Fig. 15 (the
contours have been purposely plotted using the same limits), one
can observe regions of high pressure on the tube wall in a gener-
ally similar pattern or distribution. The same can be said for the
projectile surface except that on the afterbody (110–165 mm) the
pressures are not only higher for reacting � ow but the distribution
is not as characteristic of simple � ow expansion. Rather, the af-
terbody pressures for reacting � ow are more concentrated on the
surface because of the heat release of combustion. Figure 16 shows

Fig. 15 Nondimensional pressure (p/p1 1 ) contours for viscous, react-
ing � ow conditions.

Fig. 16 Nondimensionalpressure (p/p 1 1 ) distributionsalong tube wall
and projectile wall for viscous, reacting � ow conditions. Comparison
with measured pressure data.

Fig. 17 Nondimensionalpressure (p/p1 1 )distributionsalongprojectile
wall for both nonreacting and reacting, viscous � ow conditions.

Fig. 18 Mass fraction (OH) contours for viscous, reacting � ow condi-
tions.

Fig. 19 Mass fraction (OH) distributions along tube wall and projec-
tile wall for viscous, reacting � ow conditions.

the pressure distributions, and Fig. 17 compares the projectile sur-
face pressure distributions for inert and reacting � ow. Comparing
Fig. 14 (viscous, inert � ow) and Fig. 16 (the pressure axis has been
purposely plotted using the same limits), one can observe a very
similar pressure rise between 70 and 75 mm (as a result of the re-
� ectionof the projectile’s bow shock on the tube wall) and a marked
increasein pressureson the tube wall after thatpoint.This is because
of combustion. Note the similarities between computed and mea-
sured tube wall pressures, displayed in Fig. 16, with the exception
of the region near 105 mm. Here we see a measured pressure rise to
about 60 with no correspondingcomputed pressure peak; the com-
putationsdo show a comparablepressure rise at 120 mm on the tube
wall (more will be said about this below). Figure 17 highlights the
computed increasein pressureon the projectile surface as a result of
combustion.In particular,the reacting � ow, relative to the inert � ow,
shows very slight increases in pressures on the forebody, where the
projectile generates a drag force, but marked increase in pressure
on the afterbody (>110 mm) where the projectile generates thrust.
Note in Fig. 17 that the forebody and afterbody pressure are nearly
the same for inert � ow but that the afterbody pressure is notably
higher than the forebody pressure for the reactive � ow. This is of
course where the ram-accelerator concept provides its propulsive
mechanism.

Figures 18 and 19 show the computedmass fractioncontoursand
surface distributionsfor the specie OH. The OH radical (along with
the H2O molecule) is noteworthybecauseit is formedduringheat re-
lease in H2/O2 combustion.Plotted results for H2O are qualitatively
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similar those of OH (other species such as HO2 and H2O2 form
behind the projectile’s bow shock and subsequent shocks re� ected
from the tube wall to the projectile). Very small levels of OH are
observed on the projectile forebody with signi� cant concentrations
found in the hot wall boundary layers. The mass fraction of OH
in the space between the projectile and tube walls is smaller than
0.001. The qualitative pattern of the OH contours, seen in Fig. 18,
is strikingly similar to that photographedin the Stanford University
expansion tube (Fig. 3) and computed using the ARL CFD code
(Fig. 7).

For Fig. 19 the levels of OH on the projectile surface and on the
tube wall are similar except for a signi� cant reduction in OH on the
tube wall between 95 and 115 mm. The cause of this reduction is
unclear without further investigation, but the associated reduction
in heat release causes a lower then expected pressure in this region
(see Fig. 16).

There has been some evidence presented by Seiler et al.35 that
the projectile surface participates in the chemical ignition process
of the � ow� eld, sustained combustion results for an aluminum and
a titaniumprojectile,but not for a steel projectile.The computations
were repeated using a fully catalytic boundary surface condition on
the projectile.The wall is said to be fully catalytic if the chemical re-
actionsare catalyzedat an in� nite rate, i.e., the mass fractionsof the
species are at their local equilibriumvalues at the local pressureand
temperatureat thewall. These resultsare generallyindistinguishable
from those acheived with noncatalytic walls. Closer examination
reveals that even though the wall values of OH and other product
species are different (e.g., equilibrium mass fraction of OH on the
projectile wall is smaller by about a factor of two) the net effect on
� ow� eld properties far from the walls is small. It can be postulated
that aluminum and titanium, when used in the construction of the
projectile, provide a catalytic and/or ignition effect, which allows
shock/boundary-layer� ow heating to complete the combustionpro-
cess. The Stanford chemical kinetic mechanism, used in the ARL
CFD simulations, does not model this wall catalysis effect. How-
ever, the model proves useful in achieving a good comparison with
measured results for those cases in which sustainedcombustionwas
observed in the experimental � ring.

Conclusions
Computational� uid dynamicssolutionsof the fullNavier–Stokes

equations, including � nite-rate chemical kinetics, are used to nu-
merically simulate the reacting in-bore � ow� eld for a 90-mm ram-
accelerator projectile propulsion system. The shock system that
develops around the projectile along with boundary layers on the
projectileand tube surfacesignites the mixtureon or near the projec-
tile afterbody. Examinations of the computed pressure distribution
on the projectile shows that the forebody and afterbody pressure
are nearly the same for inert � ow but that the afterbody pressure is
notably higher that the forebody pressure for the reactive � ow. This
is of course where the ram-accelerator concept provides its propul-
sive mechanism. Comparisonof the predictedpressure � eld and the
measured pressure data shows that the CFD code, coupled with the
chemical kinetics mechanism, is able to resolve most of the details
in the ram-accelerator� ow� eld.
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