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Table 1 Integration constants Vg, corresponding
to different insulation thicknesses

Vie (x1072) h (x1072 m)
-35 3.79
—-3.25 3.82
-3.0 3.85
—2.75 3.89
—-2.5 3.93
—2.25 3.99
-2.0 4.05
—1.75 4.13
—1.50 4.23
—1.25 4.36
—1.00 4.54
0.035
0.03
h=0.0379m
> 0.025
he]
3
g 0.02
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Fig. 3 Optimum solidity profiles for various thickness of insulation.
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Fig. 4 Comparison of mass per unit area for functionally graded and
uniform solidity insulations.

savings are higher for thin insulation with about 8.6% less mass for
3.79 cm and only about 3.6% savings for 4.54 cm.

V. Summary

We studied the problem of one-dimensional steady-state heat con-
duction in metallic foams used as thermal protection systems with
varying density in the thickness direction. The thermal conductivity
of the foam is a function of temperature as well as the density, and
it has a minimum value in the range of densities of our interest.
An optimality criterion in the form of a differential equation was
derived in order to minimize the total mass of the insulation for a
given heat input. The heat-conduction equation and the optimality
equation were solved numerically to obtain optimum density pro-
files for various values of thickness of the insulation. It is shown that
for a given thickness using functionally graded foams can reduce
the mass of the insulation panel.
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Introduction

HE development of computational-fluid-dynamics procedures

has progressed rapidly during the past two decades. Simulta-
neously, the rapid development in computer hardware has not only
matched the explosive algorithm development but has indeed pro-
vided, and continues to provide, its impetus. Together, the com-
putational resources are now available for the numerical simula-
tion of the flow about many complex three-dimensional aerospace
configurations. An efficient and accurate flow solver is the key to
developing a useful engineering tool for the analysis of complex
three-dimensional flow phenomena about complex configurations.
Consequently, there is an avid interest in finding solution method-
ologies that will produce results in less time and cost, compared
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to wind-tunnel tests. A flow solver, UBIFLOW (unsteady blocked
implicit FLOW solver), that has been evolving for many years now,
was developed for just this purpose. Complex launch-vehicle flow
solutions are presented in this work to evaluate the performance of
UBIFLOW and to begin establishing its credibility for that type of
configuration.

Mathematical and Numerical Formulation

Domain Decomposition Strategy

UBIFLOW uses a structured-grid, blocked domain decompo-
sition allowing nearly unrestricted arrangement of variably sized
blocks.! In this approach the computational region is decomposed
into distinct subregions, each of which is gridded independently.
The grid topology for each subregion is locally consistent with
each component of the geometry. The code requires C° grid line
continuity across block boundaries. As a consequence of this re-
quirement, noninterpolated block-block interfaces are a key fea-
ture of UBIFLOW. In addition, to accommodate truly generalized
time-dependent curvilinear coordinate systems where grid cell de-
formation is likely, UBIFLOW satisfies the geometric (or space)
conservation law.?

Governing Equations

For high-Reynolds-number flows, the viscous effects are con-
fined to a thin layer near the wall boundary and dominated by the
viscous terms associated with the strain rate normal to the wall.
The terms associated with the strain rates along the body surface
are comparatively small. Memory and time constraints make it im-
practical to demand high grid point densities in both the tangential
and streamwise directions to resolve the corresponding derivative
components in those viscous terms. The thin-layer Navier—Stokes
equations are obtained by eliminating from the full Navier—Stokes
equations all viscous terms except those containing derivatives in
the direction normal to the body. Thus, from this point of view, the
equations selected for this study are the time-dependent compress-
ible thin-layer Navier—Stokes equations. These equations in general
body-fitted coordinates (£, 1, ¢, T) are’
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where Q is the conservative variable vector and F., G, and H, are
the convective flux vectors in the &, n, and ¢ directions, respec-
tively. Depending on the block orientation, the viscous flux vector
is given by K, =F,, G,,or H, with [ =&, n, or ¢, respectively. In
UBIFLOW, the surface normal direction can be either &, n, or ¢;
thus, the equation shown in Eq. (1) is modified accordingly to yield
the thin-layer Navier—Stokes equations for each block.

Numerical Algorithm

UBIFLOW utilizes a finite volume method to ease the imposition
of boundary conditions, to inherently uphold the conservative prop-
erty, and to avoid any grid metric singularity problems. An implicit
discretized integral form of Eq. (1) in computational space for a cell
(a finite control volume) with center denoted as (7, j, k) is

AQ"+ ATR"T1 =0 ()
with
AQV! — Q71+1 _ Qn
Rn+1 — SI(F(:)’H—I +5‘/(G(-)n+l +(Sk(H(-)n+1 _ 81(Kv)n+]

where 8,() = ()«+1/2 — ()«—1/2, and the indices i, j, and k are for
the &€, n, and ¢ directions, respectively, and # is the temporal index.
Again, K, =F,, G,,orH, with/ =i, j,or k,respectively, depending
on the block orientation.

The numerical solution of the nonlinear system of equations given
by Eq. (2) is obtained using Newton’s method such that

(+AtMP Q7 — Q" =—[Q" ' - Q"+ AR"™'] (3)
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with

wese (Q) (Q)l'
w() (e)

The solution of Eq. (3) generates a sequence {Q} such that as
P — 00, QP_> Qn+l.

In UBIFLOW, this formulation is used for both steady-state and
unsteady solutions. The Jacobian matrices used in this solution pro-
cedure are computed by numerically differentiating the flux vec-
tors. The discretized Jacobians are then used in a Newton-relaxation
scheme where a Newton method is the primary iteration, and a re-
laxation method is the secondary iteration. Formally, Ortega and
Rheinboldt* refer to this particular solution methodology as a dis-
cretized Newton-relaxation method.

Numerical Flux

The flux balance described by the residual term R"*! in Eq. (2)
requires that both convective and diffusive fluxes be evaluated at
each cell interface. Extrapolations are performed such that a finite
difference equivalent of fully upwind or upwind-biased differencing
is used for the inviscid (convective) terms, and centered differenc-
ing is used for the viscous (diffusive) terms. The inviscid flux is
computed using the flux-difference-splitting theory. Summarizing
the approach, Roe averaging® was used to determine the numerical
flux at cell faces, and a variant of the second- or third-order spatial
accurate scheme of Osher and Chakravarthy’ was used. In addition,
the van Leer limiter® was used for the solutions shown here. For fur-
ther detailed discussion of the solution algorithms numerical flux
function, the reader is referred to Refs. 1 and 9.

The method used to evaluate the viscous flux has been described
in detail by Gatlin.!” The turbulent viscosity p, is computed using
the algebraic eddy viscosity model due to Baldwin and Lomax.'!
The Baldwin-Lomax turbulence model is applicable for thin viscous
layers present in boundary layers of attached flow or a thin shear
layer. This turbulence model must be modified for proper use in
regions of massive separation, such as those obtained on the leeward
side of an elongated body at high angles of attack. The modifications
proposed by Degani and Schiff!? for the calculation of the turbulence
model in regions of massive separation was used in this work.

Numerical Simulations

Missile Body at High Incidence Angles

The purpose of this effort was to provide validation and verifi-
cation of the present thin-layer Navier—Stokes flow solver. The first
configuration selected to establish the accuracy of the UBIFLOW
solver is that of a missile for which experimental data were available.
Flow solutions are presented for a five-caliber tangent ogive missile
body referred to as the N3B2 configuration at subsonic high pitch
angles. A 145 x 61 x 45 point C-type grid is used to discretize the
domain around the body. Minimum cell spacing normal to the sur-
face is about 1 x 10~* diameters, and a relatively fine grid resolution
was maintained within the first diameter in the radial direction. To
isolate the effects of the outer boundary, the far-field boundary was
placed a distance of 20 diameters from the body. The Mach number
was 0.6 for all calculations, and the pitch angle o was varied from
0 to 40 deg. The freestream Reynolds number was 5 x 10° per foot.
Local time stepping! was used in order to expedite convergence to
steady state.

The computed normal-force coefficient C, for the set of calcula-
tions in the range 0 deg < o < 40 deg is compared with the experi-
mental data in Fig. 1 (Ref. 13). For the range 0 deg < o < 30 deg the
numerical data are found to be in excellent agreement with exper-
imental data. Beyond 30 deg there is some deviation that is likely
caused by the simplicity of the turbulence model and the complexity
of the separated flow off of the leeside of the missile. For example,
consider the circumferential pressure coefficient C, distribution at
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Fig. 2 N3B2 circumferential pressure coefficient distribution for
x/L=0.82.

x/L =0.82 shown in Fig. 2 for the N3B2 configuration at an angle
of attack of 40 deg. The comparison is quite good on the windward
side of the body, yet this far aft the separated flow on the leeward
side of the body is not well predicted.

Titan IV Configuration

Performance testing for UBIFLOW toward complex launch vehi-
cle applications was first performed by Whitmire'* on a buildup of
the Titan IV geometry. Whitmire’s testing of the Titan IV was for su-
personic flow at zero incidence. The geometries studied were made
more complex by sequentially adding components of the Titan IV
vehicle, running a simulation, and comparing local C, data to ex-
periment. The results of those tests gave a good indication of the
significance each appendage has in accurately predicting the pres-
sure distribution over the overall complex geometry. UBIFLOW was
further tested by solving for the flow over the complete Titan IV A-
model geometry at pitch and yaw angles. The results of those tests
are presented here.

The configuration simulated for this effort consisted of a payload
fairing (PLF), the core vehicle, two solid rocket motors (SRM),
two staging motor fairings (SMF), and two thrust-vector-control
(TVC) tanks. To obtain accurate viscous solutions, a smooth rela-
tively orthogonal grid had to be generated. This was a difficult task,
considering the complexity of the multibody configuration and the
close proximity of interacting components. The grid generation for
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the Titan IV configuration was done with the GUM-B (general un-
structured multiblock) grid-generation tool.'> This software tool is a
general three-dimensional algebraic/elliptic grid-generation system
that generates both the boundary surfaces and the interior grid. The
grid generator uses a multiblock scheme to handle the geometric
complexities.

The grid was comprised of 52 blocks containing approximately
2.5 million grid points. The block system for this configuration
consists of a C-O grid enclosing the PLF, TVC, and SRM, with an
H-O grid surrounding the SMF and the embedded C-O structure.
Away from the body, a C-O type system extends from the nose
of the C-O type system surrounding the body out to the upstream
external boundary. The far-field boundaries were placed 15 PLF
body lengths upstream of the nose of the PLF and outboard of the
PLF. Similar to the wind-tunnel model, the geometry was simulated
with a sting attached to the core vehicle. The Mach number was 0.6
for all calculations shown here. At the incidence angles tested, this
is above the critical Mach number for this vehicle. Independently,
the pitch angle o and the yaw angle 8 were varied from O to 10 deg.
Also, the freestream Reynolds number was 3 x 10 per foot. Again,
local time stepping was used in order to expedite convergence to
steady state.

The computed normal-force coefficient C,, for the set of calcu-
lations in the range 0 deg < o < 10 deg is compared with available
experimental data in Fig. 3 (Ref. 13). For the normal-force coef-
ficient, the comparison with experimental data appears to be quite
good. The source of the slight disagreement in the normal force is
thought to be a combination of the absence of the electric cable fair-
ing from the simulation, and that the numerical-force coefficient in
the figure was generated by integrating pressure only. In subsequent
work, it was found that the viscous contribution added about 2-3%
to the total normal force. A detailed review of flowfield visualiza-
tion reveals that the interaction of the various components is only
slightly related to wake impingement as a result of the side-by-side
arrangement of the largest components of the configuration. The
pitch simulations do generate slight forces in the yaw (sideslip) di-
rection (on the order of a few percent of the normal force), which is
thought to be caused by the asymmetries of the launch vehicle.

In Fig. 4, the computed side-force coefficient C, for the set of
calculations in the range 0 deg < < 10 deg is compared with avail-
able experimental data.'® Unlike the normal-force comparison, the
side-force comparison does not indicate as good agreement with
the experiment. This is likely because of the separated flow of the
upstream components impinging on downstream components. For
example, in sideslip, the flow separating off the SRM impinges on
the core vehicle, and then impinges on the other SRM farther aft.
The complexity of this interaction increases as the angle of inci-
dence increases, and thus the applicability of the simple algebraic
turbulence model used here can come into question. Grid resolution
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Fig. 3 Titan IV normal-force coefficient.
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might be an issue in the regions of flow separation as it is impossible
to know a priori the origins and trajectories of the multiple vortices
trailing off the many components of the vehicle. Similar to the pitch
simulations, the yaw simulations generated slight forces in the pitch
direction as a result of the asymmetries of the vehicle.

Conclusions

The flow solver, UBIFLOW, was developed with the goal of pro-
ducing efficient, accurate flow solution software capable of handling
complex configurations. In the work presented here, UBIFLOW’s
ability to simulate the flowfield of complex configurations was
tested on a couple of launch vehicles. The predictive capability of
UBIFLOW was demonstrated through the use of sample launch
configurations for which experimental data were available. Compu-
tational results were presented for these high-incidence-angle con-
figurations in the transonic speed regime to evaluate the accuracy
and reliability of the UBIFLOW code. Considering the assumptions
in the viscous model used in this study, that is, the thin-layer assump-
tion and the simple algebraic turbulence model, the agreement with
experimental data is thought to be excellent for the pitch simulations
and good for yaw simulations.
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Nomenclature
g = acceleration caused by gravity, m/s
I = specific impulse, s
p
Mgy = spacecraft dry mass, kg
Mp, = payload mass, kg
M,, = primary power mass, kg
M, = propellant mass, kg
wet = spacecraft wet mass, kg
M, = premaneuver spacecraft mass, kg
N = number of data points
P,y = total power at beginning of life, W
ol = total power at end of life, W
Ppp = payload power, W
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