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Launch-Vehicle Simulations Using a Concurrent,
Implicit Navier-Stokes Solver

Stephen Taylor* and Johnson C. T. Wangf

California Institute of Technology, Pasadena, California 91125

A large-scale multibody launch-vehicle simulation at supersonic speed is described. The simulation was con-
ducted on a 256-node Intel Delta machine using a concurrent implementation of the Aerospace Launch System
Implicit/Explicit Navier-Stokes code. This general Navier-Stokes solver has been used for a broad range of practi-
cal simulations. Those of interest involve a variety of nozzle flows and multibody launch-vehicle configurations such
as the Titan IV. The code utilizes a finite volume total-variation-diminishing scheme for computing both steady and
unsteady solutions to the three-dimensional compressible Navier-Stokes equations. The scheme is second-order
accurate in space and is fully vectorized for operation on Cray computers. A line-by-line relaxation algorithm is
used to accelerate the convergence for steady-state solutions. The code employs a variety of features that increase
its practical utility. These include multibody configurations, turbulence modeling, and propellant-burning capa-
bilities. The procedures for extending this code to distributed-memory parallel computers are described. Results
of the application to a Titan IV launch vehicle at freestream Mach number 1.6 are discussed.

Nomenclature
E,F,G = flux vectors
E, F, G = transformed flux vectors
e = total energy per unit volume
cx>£.v> &z = unit vectors in the x,y, and z directions, respectively
J = Jacobian of the transformation
k = thermal conductivity
p = pressure
q = heat transfer vector
T = temperature
t = time
U = vector of conserved variables
U = transformed vector of conserved variables
u,v,w = Cartesian velocity components
V = Cartesian velocity vector
x,y,z = Cartesian coordinates
•y = ratio of specific heats
A = finite difference of a variable
A. = bulk viscosity
[L = viscosity
T = viscous stress tensor

Subscripts

Superscripts

n
T

: indices for cell center
: transformed coordinates

= index for time step
= transport of a matrix or vector

Introduction

T HIS paper describes a concurrent implementation of the
Aerospace Launch System Implicit/Explicit Navier-Stokes

(ALSINS) code.1 This general code has been used for a broad range
of practical flow simulations, which include a variety of nozzle
flows and multibody launch-vehicle configurations such as the one

Received March 28, 1995; revision received Jan. 30, 1996; accepted for
publication Feb. 9, 1996. Copyright © 1996 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved.

* Assistant Professor, Department of Computer Science, Scalable Concur-
rent Programming Laboratory, MS 256-80. Member AIAA.

'''Visiting Associate, Department of Computer Science, Scalable Concur-
rent Programming Laboratory, MS 256-80.

illustrated in Fig. 1. Notice that the computational grid is irregular in
shape as well as in structure and the computational domain contains
multiple bodies.

The basic governing equations utilized by the ALSINS code
are the three-dimensional, compressible Navier-Stokes equations
in conservation-law form. The code solves this set of equations in a
transformed domain where the irregular computational domain and
cells are mapped into a rectangular block with rectangular cells.

The numerical scheme uses a finite volume approach: The gov-
erning differential equations are discretized into a set of finite dif-
ference equations that equate the change of states at a cell center to
the net sum of fluxes across the cell surfaces. This approach allows
the three-dimensional operator of the Navier-Stokes equations to
be reduced to the sum of three one-dimensional operations. The in-
viscid (convective) fluxes are evaluated using an extension of the
total-variation-diminishing (TVD) algorithm of Harten.2 The vis-
cous fluxes are computed using a standard central difference scheme.
The numerical solutions are second-order in space. For unsteady-
flow problems, the time derivatives representing the change of states
at the cell center are discretized using a first-order-accurate explicit
Euler scheme.

For the steady-flow problems, the solution is obtained by using an
implicit algorithm that allows Courant-Friedrichs-Lewy numbers

Fig. 1 Multibody launch-vehicle simulation.
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602 TAYLOR AND WANG

on the order of hundreds.1 Using this implicit algorithm, the govern-
ing equations are cast into a block-tridiagonal system of equations
with the changes of state as dependent variables and the net sums
of fluxes as nonhomogeneous parts. A full set of equations is given
in Ref. 1. In this paper we extract only those parts of the equations
that are necessary to explain the method of concurrent execution.

The ALSINS code is unusual in that it allows complex irregular
calculations to be conducted in a manner that is highly vectoriz-
able. Thus, the code executes efficiently on Cray-style computers
and provides a reliable vehicle for performance comparisons be-
tween parallel machines and vector supercomputers. This paper
concerns experiments that utilize the code on scalable multicom-
puters. We present results for large-scale simulations of the Titan
IV launch vehicle shown in Fig. 1. This application utilizes all of
the concepts described in this paper, including inviscid and viscous
solutions, implicit techniques, irregular grid decompositions, and
multiple bodies.

Basic Equations
The basic governing equations to be solved are the conservation-

law form of the three-dimensional Navier-Stokes equations in the
Cartesian coordinate system:
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For a polytropic gas, the energy e is related to the pressure p by
the equation of state p = (y - l)[e - p(u2 + v2 + w2)/2]. The
viscosity and thermal conductivity are decomposed into molecular
and turbulent components as /z = /xM + /xr and k = kM + kT,
respectively. Here /x7 is evaluated using Baldwin-Lomax turbulence
model.3

Governing Equations in the Transformed Domain
We apply to the basic equations a general coordinate transforma-

tion of the form

(8)

Thus, Eq. (1) can be written in the following form:

dU 3E 8F dG

where

0 = U/J, EJ = Ei;x

FJ = Erjx + Frjy + 'Gife, GJ = E$x + Ft;y

In Eq. (9), J is the Jacobian of the transformation:

J = (10)

Equation (8) transforms an irregular computational domain, such as
that shown in Fig. 1, into a rectangular one, and irregular cells into
regular cells. Equation (9) reduces to Eq. (1) if £ = jc, rj = y, and
f =z. The appeal of this transformation is that irregular computa-
tional domains yield regular domains that can be calculated with a
high degree of vectorization on Cray-style architectures.

Explicit Difference Equations
Carrying out a finite volume integration over the cell and using

the first-order Euler differencing for the time-derivative term, the
difference form of Eq. (9) becomes

(11)

The terms inside the bracket, representing the fluxes across the cell
surfaces, are depicted in Fig. 2.

There are two parts, inviscid and viscous, in each surface flux
term. We will use superscript inv to indicate the inviscid part, and
vis the viscous part. For example,

Details for computing the surface fluxes are given in Refs. 4-7. For
the purposes of this paper, it is sufficient to point out that the com-
putation of the inviscid part of E requires information concerning

^i-l/2,j,k i+J/2,j,k

Fig. 2 Flux terms for finite volume calculation.
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Un at positions i, i ± 1, and i ± 2 for second-order spatial accuracy,
i f»i.e.,

and

ZTMIW
'

fjinv
= E si A\(14)

Note that in Eqs. (13) and (14), the values of j and k are kept the
same. The central difference scheme is used to compute the viscous
terms, therefore:

Evi

f j n \
> ui±lj,k)

(15)
Unlike Eq. (13), for a given j and k, because of the cross derivatives
for the viscous terms, Evis depends also on Un at j ± 1 and k ± 1.
For example, see the definition of rxz in Eq. (7).

Implicit Difference Equations
To accelerate the convergence for steady- state problems, a nu-

merical technique was presented using a line relaxation procedure.
The discretized equation in the z'th direction is a block tridiagonal
system:

D A+ Atf/V ljt k =RHS (16)

where A~, D, and A+ are preconditioned 5 x 5 matrices. The un-
knowns At/77 are defined as

&U".k = U" +k
l - U"-k (17)

In Eq. (16), RHS is the second term of the right-hand side in Eq.
(11). For a steady-state solution AU" = 0 by definition. When this
condition is reached, from Eq. (16) it follows that RHS = 0. This
represents a solution to the steady-state Navier-Stokes equations.
Figure 2 shows a computational cell of size A£ AT? A£ with cell
center at £, 77, f and the surface fluxes.

Simulation Results
The concurrent solution methods described here have been val-

idated in Ref. 8 using standard shock-tube results and a complex
shock interaction problem involving steady-state effects from a su-
personic flow (Mach 3.17) over two inclined faces.9'10 Here, we
show the results of using the same code for a complex multibody
simulation of the Titan IV launch vehicle at Mach 1.6. A similar
calculation with much coarser grid has been presented in Ref. 11,
using a Cray Y-MP.

The Titan IV launch vehicle exhibits acoustic buffeting due to
aerodynamic effects centered near to the main guidance systems and
payload fairing. These effects can degrade the guidance systems and
can be detrimental to delicate payloads. Accurate flowfield simula-
tions of the effects have been produced at Mach 1.6 with zero angle
of attack. These results have been used to understand and resolve a
variety of design issues. Prediction of the effects near the transonic
region and at nonzero angles of attack will further enhance our un-
derstanding of the aerodynamic phenomena involved in complex
launch-vehicle configurations.

Figure 3 shows a cross section through the three-dimensional
pressure field computed around the Titan IV vehicle; these results
are based on a freestream Mach number of 1.6 (note that all results
are nondimensionalized). The results were obtained by running the
Concurrent-ALSINS code on the Intel Delta Machine using 256
computing nodes. Figure 4 shows the calculated surface pressure
on the centerline of the vehicle compared with experimental wind-
tunnel data. Notice the close correspondence between experimental
and computed values, indicating that the flowfield provides an ac-
curate characterization of the behavior of the vehicle in the neigh-
borhood of the measured results. We believe the one point that does

not agree arises from a cable in the wind tunnel that connects the
core vehicle to the booster. The vehicle's acoustic buffeting arises
from a recirculation region immediately above the main guidance
system and adjacent to the payload fairing. Figure 5 shows the vec-
tor velocity field in this region and highlights the presence of the
recirculation.

In addition to determining buffeting characteristics, these flow-
field simulations have a variety of other practical uses. From a cal-
culated pressure field, it is possible to determine the forces acting
on the vehicle and thereby predict its stability in different regimes
of flight. The results can be used to predict the aerodynamic drag
of the vehicle, which is useful to engineers in determining load
characteristics. By extending the calculated bow shock structure, it
is possible to determine the strength of the sonic boom created by
the vehicle. Calculated temperature contours are used for thermal
protection considerations.

The ALSINS code has previously been used for a wide variety
of nontrivial simulations on Cray-style architectures. In summary,
these results are as follows:

1) CrayX-MP. On the available Cray X-MP, the largest simulation
we were able to execute was a vectorized single-body launch-vehicle
calculation as presented in Ref. 11. This involved a grid of dimen-
sions 79 x 56 x 10 (44,240 grid points). The limiting factor was
the available memory; this computation used 5.03 Mwords (113
words/cell). The performance for this simulation was 0.68 x 10~4

(s/cell)/iteration.
2) Cray II. The constraints imposed by the X-MP forced us to

transfer the code to an available Cray II architecture. Using this ma-
chine, the largest simulation we have been able to execute is a com-
plex multibody launch-vehicle configuration11; the grid for this sim-
ulation is shown in Fig. 1. This grid has dimensions 159 x 86 x 62
(847, 788 grid points), uses 65 Mwords (77 words/cell), and exe-
cutes at 0.78 x 10~4 (s/cell)/iteration.

3) Intel Delta. The driving force behind our consideration of
parallel architectures is the memory and scheduling constraints
imposed by the available Cray machines. On the double-wedge
problem presented in Ref. 8, a 145-node Intel Delta machine, run-
ning at approximately 70% utilization, obtained a performance of
0.28 x 10~4 (s/cell)/iteration. The computational grid had dimen-
sions 72 x 108 x 108 (839,808 grid points) and used 100 Mwords of
memory (128 words/cell). The Titan IV results took approximately
120 h of machine time on a 256-node machine, at approximately
60% utilization. Although there are numerous optimizations that we
could perform, we consider these results acceptable and are more
interested in solving larger problems. The results indicate that it is
reasonable to expect that during the next two years we will be able
to execute problems at least 16 times larger and 35 times faster than
our largest previous simulation, using a 2000-node Intel Paragon
machine currently under installation.

Unfortunately, because of the cost of these large-scale simula-
tions, it has not yet been possible to perform a side-by-side com-
parison of convergence on the Cray and Intel machines. We expect
there to be some difference due to the segmentation of the line-
relaxation technique involved in the parallel algorithms. However,
we have not perceived a substantial difference in the convergence
that would cause us concern; we suspect this is due to the pipelining
effect inherent in the algorithms.

Domain Decomposition
The basic numerical scheme outlined in previous sections is im-

plemented on parallel machines using the technique of domain de-
composition. This technique involves dividing the data structures of
the program and operating on the parts independently.

To cope with complex geometries it is necessary to decompose
the irregular grids into blocks of varying sizes. However, a com-
pletely arbitrary decomposition is not needed. For a wide variety
of practical launch-vehicle configurations it is sufficient to decom-
pose the domain along the axes. Figure 6 shows an example of this
type of decomposition. An irregular grid, such as that shown in
Fig. 1, is first transformed into a regular computational grid through
the transformation previously described. The computational grid is
then decomposed into blocks of varying sizes along each axis. For
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Fig. 3 Simulated pressure contours.
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Fig. 4 Predicted surface pressure in comparison with wind-tunnel data: ——, calculated surface pressure and o, experimental results.

Fig. 5 Simulated velocity field in proximity to SRM booster.



TAYLOR AND WANG 605

Table 1 Basic iterative algorithm

Fig. 6 Irregular domain decomposition.

example, in Fig. 6, decomposition along the X axis yields blocks
with X dimensions containing 3, 5, and 4 cells; decomposition of
the Y and Z axes yields blocks with dimensions containing 2, 4, and
3 cells.

In generating the decomposition, it is necessary to specify the
boundary conditions for each block independently. In addition to
the standard solid- wall and freestream boundary conditions, we add
a further condition that specifies a face resulting from a cut through
the domain.

This decomposition is capable of modeling a variety of single-
body geometries, but is not sufficiently flexible to model multibody
launch vehicles such as that illustrated in Fig. 1. To generalize the
basic decomposition strategy, we consider some blocks in the de-
composition as holes. These holes are surrounded by solid bound-
aries and thus represent multibody configurations. Figure 6 uses
shaded areas to signify the location of holes, representing multiple
bodies, in the decomposition.

Concurrent Algorithm
Given the decomposition previously outlined, it is straightfor-

ward to build an iterative concurrent algorithm. Equations (13) and
(14) are used to compute the inviscid flux across a cell surface. The
second-order-accurate numerical scheme requires two cells of in-
formation from other blocks at time t — 1 . Thus to compute a block
in the decomposition, it is necessary to communicate neighboring
faces from adjacent blocks in the decomposition. Unfortunately,
this communication scheme is not sufficient to calculate the vis-
cous effects as indicated in Eq. (15). Recall that this is due to the
cross derivative terms of the viscous shear. Thus each block of the
decomposition needs to have available the 12 neighboring corners
from adjacent blocks. The shaded regions in Fig. 7 illustrate the
types of communication structure necessary to compute all cells in
a single block at time t based on values at time t — 1 .

Implicit Solutions
Although this basic communication structure is sufficient for

the explicit simulations, it requires some changes to the numeri-
cal scheme to handle implicit calculations. Recall that a line-by-line
relaxation scheme is used for this calculation. Unfortunately, this
scheme is a sequential algorithm that iterates through an entire di-
mension of the domain; it cannot, therefore, be executed concur-
rently within each block. However, in the steady state, the change
in dependent variables from one time step to another will be zero:

AUfa = = 0

We take advantage of this fact by setting the required At/77 from
an adjacent block equal to zero. From previous experience in using
the sequential code, we know that this approach does not cause
instability and even speeds up convergence.

Model for Time
Recall from Eq. (11) that the value of Ar is bounded by the

Courant number. To find the next Ar at step r, it is necessary to com-
bine information from all blocks in the decomposition. Although for
steady-state problems the use of a local Ar has been suggested in
the literature, our experience is that this yields results that compare
poorly with experimental data. Therefore, we use a uniform Ar even
for implicit calculations. It is calculated by finding a local minimum
Ar for all blocks independently and then combining these values to
provide the minimum value over the entire domain.

block(...)
{ load geometry data into block

calculate local Ar and send to minimum calculation
while (time not exhausted) {

receive global Ar
extract 6 faces and 12 corners from block and send to neighbors
receive 6 faces and 12 corners
compute dependent variables at r + Ar using
faces, corners, and Ar
calculate new local Ar and send to minimum calculation

minimum(...)
{ receive a local Ar from each block

calculate the minimum and broadcast minimum to all blocks

Corner
Communication

Face Communication

Fig. 7 Communication structure.

Turbulence Modeling
To complete the basic algorithm we require a method for utilizing

turbulence models on parallel machines. For simplicity we achieve
this by requiring that blocks next to a solid boundary be thick enough
to contain the turbulent boundary layer inside a single block. This
allows all turbulent effects to be calculated without communication
or adding sequential operations to the concurrent algorithm.

Single-Body Algorithm
To simplify the implementation, we represent each block in the

domain as a concurrent process and associate with it communication
channels to eighteen neighbors; these channels connect a block to
the six neighbors required for face exchanges and twelve neighbors
used for corner exchanges. End-around connections are used at the
boundaries to ensure that every block has a full complement of
neighbors. It is trivial to establish the appropriate channels using
the techniques described in Ref. 12. In outline, the basic algorithm
may now be expressed as shown abstractly in Table 1.

A block process can be executed at any computer in the ma-
chine. Each block loads the appropriate geometry information from
a unique file concurrently. In this manner a block is informed of its
boundary conditions. Notice that the algorithm is self-synchronizing
by virtue of the explicit number of face and corner exchanges re-
quired. In the cases where the boundary conditions signify values
communicated are unimportant, we send only a single number and
discard it at the receiver. The load and compute steps in the algo-
rithm are simply existing Fortran code from the original ALSINS
code. This code is modified to deal with a single additional boundary
condition: that of a face in the domain.

Multibody Algorithm
The scheme is adapted to deal with multibody simulations by

allowing any block to represent a hole in the domain. A block is
informed that it represents a hole when the geometry information
is loaded. If a block represents a hole, the compute function does
nothing, the extract function returns a vector of length /, and the
calculate function returns infinity.
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Load Balancing
The computation will be reasonably well balanced if the blocks

are similar in size. For the most part, our blocks are sufficiently
large that a simple mapping technique is sufficient. Each block is
numbered to identify it uniquely, and mapping is achieved by map-
ping the /th block to the ith computer, for the most part placing
contiguous blocks close together. Most of our current experiments
have been based on this simple technique.

Further Concurrent Extension
The research described here employs a number of constraints

to simplify the initial implementation and allow existing launch-
vehicle grids to be utilized. A single computational domain with
holes is employed for multibody problems. The domain was decom-
posed only along the domain axes. Multiple bodies were represented
by holes in the decomposition. This allowed a trivial communica-
tion and synchronization structure to be used in which every block
(including those representing holes) simply exchanged values with
neighbors at each iteration.

This approach has a number of shortcomings that have become
apparent in our work on the more complex nine-booster Delta II
launch vehicle. For more complex geometries it is difficult to obtain
a single computational domain when designing the grid. If this can
be achieved, it results in a complex and wasteful gridding struc-
ture. This occurs because of the fine grid required to characterize
boundary layers. When a single domain is used, the boundary-layer
gridding must be extended into the outer reaches of the grid. This
causes the resulting grids to utilize a high density of grid points
in areas that might otherwise require only a few isolated points. A
corresponding waste of storage and computing resources is caused
when this type of grid structure is used by the solver.

To solve these problems we have developed a multiblock solver in
which the block interfaces and the grid points on the interface of the
basic domain decomposition need not be matched.13 An example
of the gridding structure used by this solver is shown in Fig. 8 for
the double-wedge problem. Notice how the boundaries at each step
along the length of the wedge do not match.

This solver substantially simplifies grid generation. It allows iso-
lated regions in the flowfield that require a refined mesh to cap-
ture the physics of the flow, without incurring overheads where a
large mesh is sufficient. The entire computational domain is divided
into blocks of different size with arbitrary topological arrangement.
However, conceptually, we view the blocks as overlapped. At the
block interfaces each block has at least two cells that protrude into
the adjacent blocks. These cells we term fictitious cells, and they
serve to characterize the block interface. The cells are used to con-
struct the fluxes at the interface and preserve the second-order ac-
curacy and TVD properties of our algorithms.

The use of an interpolation scheme has a number of implica-
tions for the concurrent algorithms. Each block in the domain may
now communicate an arbitrary number of messages, of varying

Fig. 8 Mismatched grid structure.

size, at each time step. However, all of the necessary information
to construct the messages and predict their destination can be ob-
tained statically during grid generation. To simplify the task of us-
ing the algorithms on different geometries, we have developed a
table-driven communication and mapping structure using the con-
current graph abstraction developed within the group. Tables are
constructed in files during grid generation, and this generic library
is used to distribute the computation on machines of differing size
and architecture.

Conclusion
This paper gives a status report on the development and applica-

tion of an industrial-strength Navier-Stokes code for concurrent su-
percomputers. The code has been carefully validated using symmet-
ric three-dimensional shock interaction problems for which there
are experimental data, analytical results, and computations using
non-TVD algorithms. Large-scale calculations are shown here that
exercise various options within the code, including turbulence mod-
eling, irregular decompositions, multibody configurations, and im-
plicit techniques. The efficiency of the concurrent calculations is dis-
cussed. The concurrent formulation utilizes domain-decomposition
techniques that allow the irregular computational grid to be decom-
posed into regular blocks of varying sizes. This is achieved by de-
composing each axis independently. Multibody configurations are
modeled through holes in the decomposition that serve simply to
synchronize the concurrent algorithm. A further improvement in the
capability of the concurrent code that allows nodally mismatched
grids has been described.
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