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Reacting Flow Establishment in Ram Accelerators:
A Numerical Study

S. Yungster,* K. Radhakrishnan,f and M. J. Rabinowitz}
NASA Lewis Research Center, Cleveland, Ohio 44135

The temporal evolution of the combustion process that is established during projectile transition from
the launch tube into the ram accelerator section containing an explosive hydrogen-oxygen-argon gas
mixture is examined. The Navier- Stokes equations for chemically reacting flow are solved in a fully
coupled manner, using an implicit, time-accurate algorithm. The solution procedure is based on a spatially
second order, total variation diminishing scheme and a temporally second order, variable-step, backward
differentiation formula method. The hydrogen- oxygen- argon chemistry is modeled with a nine-species,
19-step reaction mechanism. Results of the numerical simulations are presented for two representative
cases. We study the temporal developments of shock-induced combustion and thrust force. Positive thrust
occurs in both ram accelerator configurations presented; however, combustion in the boundary layer

enhances its separation, ultimately resulting in unstart.

Introduction

HE ram accelerator is a chemical propulsion method for

accelerating projectiles to very high speeds. In this device,
developed at the University of Washington,' > a projectile is
accelerated inside a tube filled with an explosive gaseous mix-
ture. The projectile can, in theory, be accelerated to velocities
in excess of 10 km/s, while a high ballistic efficiency is main-
tained throughout the velocity range; several ram accelerator
operation modes, spanning the 1-12 km/s velocity range have
been proposed.' > This concept can be scaled for projectile
masses ranging from grams to hundreds of kilograms, and it
has the potential for a number of applications, such as hyper-
velocity impact physics, hypersonic testing, and direct launch
to orbit of acceleration-insensitive payloads.

The University of Washington ram accelerator consists of a
light-gas gun or driver (using helium as the driver gas), launch
tube, helium dump tank, ram accelerator section, final dump
tank, and projectile decelerator section (Fig. 1). The gas gun
delivers the initial acceleration to the projectile, which travels
through the evacuated launch tube and enters the ram accel-
erator section. The large evacuated tank serves as a dump for
the helium driver gas. The ram accelerator section can be di-
vided into several parts, which may contain differentexplosive
gas mixtures. These parts are separated from one another by
thin Mylar diaphragms, which are ruptured by the projectile.
In the high-speed mode of operation considered in this paper,
ignition is achieved by means of shock heating. The resulting
combustion reaction couples with the shock, forming either a
shock-induced combustion wave or a detonation wave, de-
pending on the mixture composition, pressure, and tube di-
ameter. The final tank serves as a dump for the products of
combustion.

Computational studies on the ram accelerator either have
focused on steady-state solutions* ® or have been based on
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fully transient but inviscid approaches, utilizing simple one-
step combustion models.'””'* The first time-accurate, viscous
simulation of the ram accelerator was reported by Nusca,"”
who used a global reaction mechanism for methane- air com-
bustion.

A time-resolved flow calculation clearly provides a more
realistic description of the combustion process in a ram accel-
erator than does a steady-state solution. Also, simple global
reaction mechanisms are often inadequate for studying shock-
induced combustion because the predicted induction times are
incorrect.” Moreover, recent calculations™>'* have demon-
strated that viscous effects are of primary importance, not only
in ram accelerators, but in any hypersonic propulsion concept.
These findings illustrate the need for time-accurate, viscous
(turbulent) computations using detailed (i.e., realistic) chemical
reaction mechanisms.

Such calculations could not be accomplished, mainly be-
cause of the lack of an efficient numerical algorithm. Most
previous time-accurate simulations of multispecies reacting
flows used explicit or point-implicit methods, in which only
the chemical source term is treated implicitly. The reason for
not using the fully implicit methods that are commonly applied
to nonreacting flows is partly because the governing equations
are inherently stiff, thereby complicating the chemical source
terms for these methods (for a general discussion of stiffness
and how it arises, see Ref. 15). Because explicit or point-im-
plicit methods are constrained by the Courant-Friedrichs-
Lewy (CFL) condition, they are very inefficient for solving
viscous, reacting flows. Consequently, new approaches have
had to be adopted for simulating these flows.

Recently, we developed a computational fluid dynamics
(CFD) code that addresses the need for efficient, time-accurate
simulations of viscous, chemically reacting flows.'® The solu-
tion procedure is based on a spatially second order, total var-
iation diminishing (TVD) scheme, and a temporally second
order, implicit, variable-step, backward differentiation formula
(BDF) method. The inversion of large matrices is avoided by
partitioning the system into reacting and nonreacting parts; a
fully coupled interaction between the fluid flow and the com-
bustion chemistry is, nonetheless, maintained by subiterating
in time.

In the present paper we use this code to study the temporal
evolution of the shock-induced combustion process in a ram
accelerator, with an important objective being the assessment
of the numerical method for such applications. We investigate
projectile transition from the launch tube into the ram accel-
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Table 1 H,-O,- Ar reaction mechanism®

No. Reaction A b Q]

1 H.+ O,=HO-.+ H 1.0 X 10™ 0.0 28197.38
2 H+ 0,=0H + O 2.6 X 10™ 0.0 8459.21
3 H.+ O=0OH + H 1.8 X 10 1.0 4481.37
4 H,+ OH =H + H0 22 %X 10" 0.0 2593.15
5 OH + OH =0 + H.O0 6.3 X 102 0.0 548.84
6° H+OH+M=HO +M 2.2 X 102 -2.0 0.0
7° H+H+M=H.+M 6.4 X 107 -1.0 0.0
8 H+O+M=0H +M 6.0 X 10 -0.6 0.0
9° H+ O+ M=HO-+ M 2.1 X 10" 0.0 —503.52
10 0O+0+M=0,+M 6.0 X 107 0.0 906.34
11 HO- + H = OH + OH 1.4 x 10" 0.0 543.81
12 HO-+ H=HO + O 1.0 X 102 0.0 543.81
13 HO, + O = 0, + OH 1.5 x 102 0.0 478.35
14 HO- + OH = HO + O, 8.0 X 10" 0.0 0.0
15 HO> + HO> = H,0, + O 2.0 X 107 0.0 0.0
16 H + HL0-= H, + HO» 1.4 X 10% 0.0 1812.69
17 O + H0,= OH + HO, 1.4 X 10° 0.0 3222.56
18 OH + H.0-= H0 + HO» 6.1 X 10” 0.0 720.04
19° HLO-+ M =0OH + OH + M 1.2 X 107 0.0 22910.37

“Forward rate coefficient k, = AT exp(—®/T ); units are moles, seconds, centimeters, and Kelvins.
Third-body efficiencies: reaction 6, H;O = 6.0; reaction 7, H,O = 6.0; reaction 8, H,O = 5.0; reaction
9, H,O =16.0, H, = 2.0; and reaction 19, H,O = 15.0
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Fig. 1 Schematic of the University of Washington’s ram accel-
erator facility.”

erator section containing an explosive hydrogen-oxygen- ar-
gon gas mixture. We also examine the effect of projectile shape
on the resulting net thrust. The hydrogen-oxygen-argon
chemistry is modeled with a nine-species, 19-step reaction
mechanism (Table 1), which is based on the hydrogen-air
mechanism developed by Jachimowski'” for application to
scramjet combustion.

Numerical Formulation

Governing Equations

The conservation form of the nonequilibrium Navier-
Stokes equations describing two-dimensional or axisymmetric,
chemically reacting flows involving N species can be writ-
ten in general curvilinear coordinates (£, m), as follows:

QJF dF — F,) N G — G,)
at 1S am

+ 68 —-S)=w (1)

where the parameter 0 is zero for two-dimensional flow and it
is one for axisymmetric flow, and Q is the (N + 3)th-dimen-
sional column-vector of dependent variables:

0= Jﬁl(p,, P2 -+ -5 PN PU, PV, e)” 2)
The dependent variables are the mass density p; of the ith
species (i = 1, ..., N), the total energy per unit volume e, and
the momentum components per unit volume pu and pv, where
p is the mixture mass density and u and v are the velocity
components in the & and m directions. J is the grid Jacobian,
and F and G are the inviscid flux vectors in the & and m di-
rections, respectively. Similarly, F, and G, are the viscous
fluxes. The terms S and S, are axisymmetric source terms, and
W is the chemical source term. A detailed description of the

terms in Eq. (1) and additional state and constitutive equations
needed for system closure are given by Yungster.*

Numerical Method

The numerical method used for solving Eq. (1) is summa-
rized next; a detailed description is available elsewhere.'® The
equation set is discretized using a temporally second-order,
variable-step, implicit, BDF method because its accuracy and
efficiency for chemical kinetics applications have been well
established.'”® The difference equations are solved step-by-
step; that is, approximate solutions {Q}, where the subscripts
j and k denote spatial grid point indices in the £ and m direc-
tions, are generated at the discrete time points t" (n = 1, 2, .
..). Thus, starting with the known initial conditions {Q .} at
time ¢ = 7o, the numerical method advances the solution at each
grid point in time, until the desired end state is reached. At
each integration step, the time step At” (= t"*' — ") is selected
automatically by using the procedure described by Yungster
and Radhakrishnan.'

Assuming that approximate solutions have been produced at
the discrete time points 7 (j = 0, 1, ...), the formula for
advancing the solution to the current time t"*' [i.e., for solving

the governing equations over the time interval (¢", £"*")] can
be written'®
AQ./"ZI\* = ’YAQ.:/:] - BAtn[E/+ 12,k Fj— 1/2.k + Gj,k+ /2
- G./'x’\” 2 7 FV/+ 12,k + F"/— ek G"/_k+|/2 + G"/.k— 12
- W/',k + e(Sj,k - Sv,_k)]nH (3)
where, for the current step
AQ=0%" — Qi 4)

is the incremental solution vector, and -y and [ are the variable-
step BDF method coefficients. The terms F and G are the
numerical fluxes in the & and m directions. They are computed
using Yee’s second-order TVD scheme.”

Equation (3) is linearized in a conservative manner and
solved iteratively using a lower-upper relaxation procedure
consisting of successive Gauss—- Seidel (LU-SGS) sweeps. At
each time step, successively improved approximate solutions
to Eq. (3) are generated, until an appropriate convergence cri-
terion is satisfied.'®

For the method to remain temporally second order, the flux
Jacobians (0F/0Q and dG/0Q) must be exact; otherwise, the
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accuracy reduces to first order. The inversion of large matrices
is, however, avoided by partitioning the system into reacting
and nonreacting parts; a fully coupled interaction between
the flow and the combustion chemistry is, nevertheless, pre-
served by subiterating in time. The benefit of the partitioning
is that the computational cost of the linear algebra associated
with matrix formation and LU decomposition is the same as
that of the commonly used point-implicit methods. The reason
is that the matrices arising in the two approaches are the same
size.

Another important advantage of our method is that it re-
mains stable for large values of the CFL number, so that large
time steps can be used, thereby minimizing execution time.

Results

The goal of the present work was to study numerically the
establishment of reacting flow during projectile entrance into
the ram accelerator section, to improve our understanding of
the physical and chemical processes in ram accelerators. Be-
cause time-accurate, viscous, chemically reacting flow simu-
lations of ram accelerators using detailed reaction mechanisms
have not previously been attempted, it is important to dem-
onstrate the efficacy of our numerical method for this appli-
cation before attempting parametric studies. The accuracy of
our method has previously been demonstrated for steady-state
flows, inviscid and viscous and nonreacting and reacting, by
numerous studies, including shock-boundary interactions* and
oblique and normal shock-induced combustion and detona-
tion.>*** Recently, the solution method was extended to enable
simulation of time-dependent phenomena.'® To validate the
time-accurate portion, we studied unsteady shock reflection
from a wedge' and several pulsating shock-induced combus-
tion flows,'® one of which, because of its relevance to ram
accelerator phenomena, is discussed in this paper. In addition,
to examine further the time-accurate feature of our code, a
shock-wave diffraction simulation, for which results of previ-
ous numerical studies are available, is presented. Although
these benchmark cases involve inviscid flow, the viscous part
of the algorithm has been validated in earlier studies.*>***
Before discussing these benchmark cases, however, we first
present results that establish that the spatial differencing
method used in our algorithm is second-order accurate.

Spatial Accuracy

To verify the second-order spatial accuracy of our algorithm,
we examined supersonic nonreacting flow in a nozzle by solv-
ing the two-dimensional Euler equations. The uniform inflow
condition, M = 2.5, was specified at the inflow plane, and zero-
order extrapolation was used at the outflow boundary. Because
there is no analytical solution for this two-dimensional prob-
lem, we adopted a commonly used procedure. Numerical so-
lutions were generated with progressively finer grids until the
solution showed essentially no change with further grid re-
finement, that is, the solution had become grid independent.
The numerical solution obtained with the finest grid used (800
grid points) was defined to be the standard solution and was
used to estimate global errors in the solutions generated with
the coarser grids.

The geometry and computed steady-state density contours
obtained with the finest grid (i.e., standard solution for density)
are shown in Fig. 2a. Interactions between compression and
expansion waves give rise to an oscillatory density distribution
that would be difficult to capture accurately with a first-order
scheme. As a further check of our standard solution, it was
compared with results produced by the widely used NPARC
code,” using the same fine grid discussed in the preceding text.
The density distributions obtained along the symmetry plane
with the two codes are shown in Fig. 2b. Excellent agreement
can be observed between the results produced by the two
methods.

——— Present Method
- ===~ NPARC

P/ Pe

o6 ’ , é é 10
b) 0 2 4

Fig. 2 Computed flow (M = 2) in a two-dimensional nozzle whose
shape is described by y = V/{1.398 + 0.347 X tanh[0.8(x — 4)]}/m:
a) density contours and b) normalized density distributions along
nozzle centerline.
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Fig. 3 Error norms vs axial grid spacing (Ax) for nozzle flow
given in Fig. 2.

For the solutions obtained with the coarser grids (50, 100,
200, and 400 points, respectively), the [, and /, norms of the
error, |lerr||, and |err| . respectively, were computed as fol-
lows:

N
1
ferr|: = NZ |Pi - PS'T,:'|

1 N 172
lerr|l, = |:_ Z (p; — pS’T,i)z:|
N =

Here, N is the total number of grid points in the coarsest grid
examined (i.e., N = 50), p; is the density at grid point i of the
coarsest grid, and psr; is the standard solution value for density
at grid point i. Figure 3 shows the variation of the [/, and [,
norms of the local error with axial grid spacing, along with
least-squares straight line fits to the numerical results. It is
clear from this figure that the method is second-order accurate.

(%)

Benchmark Test Cases

The first test case, taken from the work of Young and Yee,”

simulates shock wave diffraction from a 40-deg wedge in air,
as shown in Fig. 4a. The top of the wedge was rounded, with
a radius of curvature of 0.17 times the base width. Figures
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Fig.4 Computed density contours: a)- e) temporal evolution of shock
diffraction by wedge using present method, and f) results of Young
and Yee™ at approximately the same instant as that of Fig. de.

4b - 4f present the temporal evolution of the airflow during the
nonreacting diffraction process for an incident shock Mach
number M, of 2.0. A 313 X 140 uniform grid was used, and
inviscid flow was assumed.” This test problem is well suited
for evaluating the time-accurate procedure used in our numer-
ical method because viscous and chemistry effects are not in-
volved, but a time-dependent flow is considered; therefore, the
only feature of our method that is tested is the time-accurate
procedure.

Figure 4b shows density contours during the formation of
the triple point, with the Mach stem and a contact discontinuity
emanating from it. As the shock wave moves over the rounded
top, the Mach stem evolves into a curved shock (Figs. 4c and
4d), which travels slightly faster than the incident shock. Fig-
ure 4e shows the reflection of the shock from the flat rear
portion of the body and the formation of a new Mach stem.
Figure 4f shows the computational results obtained by Young
and Yee™ at approximately the same instant as that of Fig. 4e.
Their calculations were based on the MacCormack symmetric
TVD method.” The agreement between the two sets of results
is excellent. (Although not discussed here, the two sets of re-
sults displayed similar levels of agreement at previous times).

The second test case was a simulation of Lehr’s® ballistic
range experiments, which consisted of 15-mm spherically
nosed projectiles being fired into a premixed, stoichiometric
hydrogen - air mixture. Figure 5a shows the shadowgraph im-
age obtained by Lehr” for a Mach number M = 4.18. For this
case, the computational results'® are shown in Fig. 5b in the
form of density contours. They were obtained using a 220 X
220 uniform grid and a nine-species, 19-step reaction mecha-
nism for the hydrogen-oxygen chemistry (Table 1). Under the
conditions of the test, the reacting flow was unstable, resulting
in a higly regular, periodic flow structure. Figures 5a and 5b
show that the numerical simulation has captured all of the
essential features of the flow; that is, a bow shock, a detached
combustion front near the projectile surface, a single pulse in
the combustion front at the nose region, and a contact discon-
tinuity emanating from this pulse. Although these comparisons
are qualitative in nature, quantitative comparisons between the-
oretical results and experimental measurements were accom-
plished by means of the frequency of oscillation. For the con-

b)

Fig. 5 Experimental and computational results for projectile mov-
ing at M = 4.18 in stoichiometric hydrogen- air mixture: a) experi-
mental shadowgraph image™ and b) computed density contours.'®

ditions shown in Figs. 5a and 5b, Lehr” obtained a frequency
of oscillation of 148 kHz; the computed frequency was 163
kHz, which compares favorably with the results (160 Hz) of
Matsuo et al.® Our computations for other flow conditions
exhibited even better agreement with experimental data.'® It
must be emphasized that to compute the oscillation frequency
accurately, the numerical method must be able to accurately
compute ignition delay times, as well as shock waves, expan-
sion waves, contact discontinuities, reaction fronts, and their
interactions with one another.'

Ram Accelerator Reacting Flow Establishment

Three simplifying assumptions were made in this work,
which represents a preliminary numerical study of reacting
flow establishment in a ram accelerator, with the goals of both
assessing the efficacy of the numerical method for such appli-
cations and gaining insight into ram accelerator operation.
First, the bursting of the diaphragm between the buffer section
and the ram accelerator section occurred instantaneously and
ideally, at the moment of projectile arrival. Second, to avoid
computations involving extremely large pressure gradients be-
tween the evacuated launch tube and the first ram accelerator
section, a buffer section containing oxygen was introduced be-
tween the two segments (Fig. 6). Third, an isothermal bound-
ary condition was imposed at the projectile surface.

We also examined the effects of an adiabatic boundary con-
dition. The result was very rapid combustion all along the
boundary layer, with unstart following immediately thereafter.
In addition, the calculated temperature at the projectile surface
was so high that overheating and ultimate destruction (melting/
burning) of the projectile was certain to occur. These results
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Fig. 6 Ram accelerator configuration considered in the present
study.
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Fig. 7 Schematic of ram accelerator projectiles used in this
study. Dimensions are in centimeters.

suggest the necessity of providing some form of projectile
cooling. For example, hollow projectiles can be filled with a
cold gas or even liquid nitrogen to provide the necessary cool-
ing.

Various projectile configurations, flow conditions, and
hydrogen-oxygen-argon mixtures were studied; we present
two of these cases to represent our findings. In the first case
(Fig. 7a), the tail was truncated to closely resemble the pro-
jectiles used in the University of Washington experiments.' >
In the second case (Fig. 7b), the tail ended at a sharp point,
and the projectile shape was modified with the aim of maxi-
mizing thrust. Both cases modeled the transition from a pure
oxygen buffer section at p = 1 atm and T = 300 K into a ram
accelerator section containing an explosive hydrogen-oxy-
gen-argon mixture at the same pressure and temperature.
To illustrate both robustness of our numerical method and ef-
fects of flow parameters, the flow was assumed to be laminar
in the first case and turbulent in the second.

Accelerating frame of reference effects were neglected in
this study, based on the rigorous analysis of Bruckner et al.”
Their study showed that the projectile acceleration terms in the
governing equations can be neglected for accelerations less
than approximately 30,000-40,000 g. This acceleration level
is higher than that experienced by current ram accelerator pro-
jectiles (=15,000 g). Assuming an acceleration of 20,000 g,
the projectile would have increased its velocity by approxi-
mately 20 m/s during a time interval of 100 ws, which, for
reasons discussed later, was approximately the duration of our
simulation. Because this velocity increase represents less than
1% of the projectile’s speed (>2 km/s), its acceleration was
ignored in the present calculations.

Case 1

This case considered the ram accelerator configuration
shown in Fig. 7a. The explosive gas mixture in the ram ac-
celerator section was H, + 3.50, + 1.5Ar. The projectile’s
speed was 2136.5 m/s, which corresponded to Mach numbers
of 6.5 in the buffer section and 6.065 in the ram accelerator
section. The flow was assumed to be laminar, and a constant
wall temperature of 300 K was specified at the projectile sur-
face. A two-block 210 X 110, 80 X 159 nonuniform grid was
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10 32 54 76 98 120

L 5

a) t=3.27 us f) t=68.65ps
m :
b) t=44.58 us g) t=76.64 s

FPO ———
~ AIAA/JPP13:5
1194308

.16 us

c) t=49.92 us

- | -=<

d) t=55.90 us i) t=91.78 us
X
e) t=60.94 us t=148.9 us

Fig. 8 Nondimensional temperature contours showing reacting
flow establishment in ram accelerator for case 1. Projectile speed =
2136.5 m/s; reacting mixture: H, + 3.50, + 1.5Ar; T.. = 300 K.
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Fig. 9 Nondimensional net thrust force on ram accelerator pro-
jectile. (4, is the maximum cross-sectional area of the projectile.)

utilized, based on previous grid-independence studies for sim-
ilar ram accelerator configurations.”

The time evolution of the flowfield is shown in Fig. 8 in the
form of nondimensional temperature 7/7.. contours, where 7.,
the freestream temperature, was 300 K. Figure 8a shows the
projectile just before entering the ram accelerator section. The
reflected shock wave from the tube creates a small separation
of the boundary layer, which grows slowly with time. At ¢ =
44 .58 s, ignition occurs in the projectile boundary layer (Fig.
8b). Combustion spreads both downstream and toward the ram
accelerator tube (Fig. 8c). A shock-induced combustion wave
is established and then reflected from the tube wall (Figs. 8d
and 8e). The shock-induced combustion wave produces a large
pressure over the back of the projectile, and positive thrust
begins to be generated at t = 69.4 ws (Fig. 9). At t = 68.65
ws, the reflected conical shock created by the small ramp ig-
nites the mixture, creating a new shock-induced combustion
wave (Fig. 8f). This wave magnifies the separation in the pro-
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jectile’s boundary layer, and combustion spreads upstream
through the boundary layer, as shown in Figs. 8g-8i, ulti-
mately resulting in unstart at t = 135 s (Fig. 8j).

The temporal variation of the net thrust on the projectile is
shown in Fig. 9. During transition into the ram accelerator
section, the drag decreases, because the Mach number of the
flow ahead of the projectile abruptly drops from 6.5 to 6.065.
Therefore, as the projectile penetrates into the ram accelerator
section, the wave drag decreases progressively. Positive thrust
is produced after the first shock-induced combustion wave hits
the projectile (at t = 69.4 ws). A new peak is formed after the
second shock-induced combustion wave hits the projectile (at
t = 82 ws). As the combustion front moves upstream, a third
peak forms (at = 110 ws), after which the combustion front
moves toward the projectile nose, resulting in reduced thrust
and ultimately unstart. These results reinforce our previous
findings on the importance of viscous effects on ram acceler-
ator performance, and, hence, the need for both including the
viscous terms in the governing equations and the accurate
modeling of these terms.*’

This simulation required 4900 iterations and 15.2 h of CPU
time on a Cray C90 computer; the maximum CFL number
varied between 3-11.

Case 2

The ram accelerator configuration shown in Fig. 7b was con-
sidered. The 30-deg ramp was shortened, and the projectile’s
shape modified with the aim of improving performance. The
explosive gas mixture in the ram accelerator section was H,
+ 3.750, + 0.25Ar. The projectile’s velocity was 2136.5 m/s,
corresponding to Mach numbers of 6.5 in the buffer section
and 5.863 in the ram accelerator section. The flow was as-
sumed to be turbulent, and a constant wall temperature of 300
K was specified at the projectile surface. For this calculation
a turbulent boundary layer was assumed and the Baldwin-
Lomax turbulence model® was used, because it is simple and
gives reasonable results across a wide range of Mach numbers,
from subsonic to hypersonic.”® A 315 X 110 nonuniform grid
was utilized, again based on our previous experience with sim-
ilar types of ram accelerator configurations.

The temporal evolution of the flowfield is shown in Fig. 10
in the form of nondimensional temperature 7/7. contours,
where T.. = 300 K. Figure 10a shows the projectile just before
bursting of the diaphragm. The initial flow development is sim-
ilar to that described for the preceding case. That is, ignition
begins in the projectile’s boundary layer (Fig. 10b), and a
shock-induced combustion wave is established (Fig. 10c). This
wave is then reflected from the ram accelerator tube (Fig. 10d),
and when it reaches the projectile surface, a large pressure is
established over the back of the projectile (Fig. 10e), produc-
ing positive thrust at t = 58.9 ws (Fig. 11).

For this ram accelerator configuration, the reflected shock
created by the ramp is not strong enough to ignite the mixture.
In Fig. 10g, combustion is seen to propagate upstream through
the boundary layer. The combustion occurring inside the small
separation bubble forces it to expand. The boundary-layer
combustion continues to propagate upstream (Fig. 10h), ulti-
mately resulting in unstart of the ram accelerator (Fig. 10i).
Thus, even when the boundary layer is turbulent, unstart oc-
curs by the same mechanism as in the laminar case.

The net thrust on the projectile is plotted in Fig. 11. The
initial development of the thrust force is similar to that for the
previous case. That is, the drag decreases progressively as the
projectile enters the ram accelerator section, where the speed
of sound is higher (and the Mach number is therefore lower).
There is then a sudden jump to positive thrust (at = 58.9 ws),
when the reflected shock-induced combustion wave reaches
the projectile surface. The thrust shows a short increase (at ¢
= 78 ws) prior to unstart (at £ = 89 ws).

This simulation required 3400 iterations and 7.8 h of CPU
time on a Cray C90 computer, with a maximum CFL number
of between 4-10.
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Fig. 10 Nondimensional temperature contours showing react-
ing flow establishment in ram accelerator for case 2. Projectile
speed = 2136.5 m/s; reacting mixture: H, + 3.750, + 0.25Ar; T, =
300 K.

\
J
-

F/(p.Ay)
o
o
/

-40 /

0.0 20.0

40.0 60.0 80.0 100.0
t, us

Fig. 11 Nondimensional net thrust force on ram accelerator pro-
jectile. (4, is the maximum cross-sectional area of the projectile.)

Pressure Distribution

Figures 12 and 13 show the pressure distribution on the
projectile at various times for the two cases previously de-
scribed. The results for case 1 are separated into surface pres-
sure distribution (Fig. 12a) and projectile base pressure distri-
bution (Fig. 12b). At t = 49.92 s, the surface pressure is
similar to that observed just before diaphragm bursting (¢t =
3.27 ws), except that the pressure level at the nose is smaller
because of the transition to a lower Mach number flow. At ¢
= 76.64 ps and ¢t = 91.78 ws, the high pressure established
over the back of the projectile, caused by the shock-induced
combustion wave, can be clearly seen. The pressure plots at
these times show four peaks. The two small peaks are both
caused by boundary-layer separation. The first of the larger
two peaks is produced by the ramp, and the second peak is
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Fig. 12 Nondimensional pressure distribution for case 1 at var-
ious times: a) projectile surface and b) projectile base. Note: hor-
izontal distance x is measured from the nose tip, vertical distance
y is measured from symmetry axis, and L (=10 cm) is a length
scale.
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Fig. 13 Nondimensional pressure distribution along the projec-
tile surface for case 2 at various times. Note: horizontal distance
x is measured from the nose tip and L (=10 cm) is a length scale.

p/p,,

0

produced by the shock-induced combustion wave. The pres-
sure distribution on the projectile base is presented in Fig. 12b.
The base pressure increases significantly during the transient
phase, and then decreases to a level somewhat higher than that
prior to combustion.

The pressure distribution for the second case is given in Fig.
13. The plots at t = 45.78 and 58.09 ws give the distribution
after ignition, but before positive thrust is being produced. At
t = 70.51 ps, positive thrust is being created, and the high
pressure over the back of the projectile is evident in Fig. 13.
After unstart (r = 89.24 ws), a large pressure is established

over the ramp, resulting in a small, but negative, total thrust
at this time.

The unstart observed in both cases suggests the need to exert
some control of the boundary-layer flow, for example, through
the use of boundary-layer bleed or, as proposed in Ref. 12, a
pure hydrogen core maintained inside a thin-walled balloon.
The latter method would not only prevent boundary-layer com-
bustion, but would reduce the gasdynamic heating of the pro-
jectile.

Conclusions

A numerical investigation of the temporal evolution of the
reacting flowfield established during projectile transition from
the launch tube into the ram accelerator section was presented.
A methodology for simulating the reacting flow establishment
was described, and computations for two configurations were
presented, to illustrate the capability of the numerical ap-
proach. The efficiency of the time-accurate, fully implicit
method was demonstrated by computing high-speed, reacting,
viscous flows at CFL numbers as high as 11.

Calculations with adiabatic projectiles showed very rapid
combustion all along the boundary layer, resulting in very high
projectile surface temperatures and inducing unstart immedi-
ately after ignition. These results suggest the necessity of cool-
ing the projectile. Even when the projectile surface was cooled
and its temperature maintained at 300 K, ignition was obtained
in the boundary layer for all projectile geometries and
hydrogen-oxygen-argon mixtures considered. The combus-
tion in the boundary layer spread downstream and toward the
ram accelerator tube, establishing a shock-induced combustion
wave. Subsequently, combustion also propagated upstream
through the separated boundary layer. This process unstarted
the ram accelerator, suggesting the need to exert control of the
boundary layer.
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