
JOURNAL OF PROPULSION AND POWER
Vol. 9, No. 2, March-April 1993

Multiblock Implicit Total Variation Diminishing Solution of
High-Speed Internal Flows

F. Grasso* and M. Marinif
Universita di Roma "La Sapienza," Rome, Italy

In this article a multiblock finite-volume technique with a second-order total variation diminishing spatial
discretization and an efficient implicit time integration has been developed to simulate complex internal flows
at high Mach numbers. This method employs a lower and upper approximate factorization of the implicit
operator with symmetric successive over relaxation sweeps. In the presence of multiblocks, an asynchronous-
interface treatment has been devised for an accurate coupling of the blocks. A detailed validation by comparison
of the computed results with experiments has shown the capabilities of the method to resolve complex high-
speed internal flows and to simulate the influence of bleed as a boundary-layer control system.

Nomenclature
A, B = in viscid Jacobian matrices
a = eigenvalue of inviscid Jacobian matrix
c — speed of sound
E = total energy per unit volume
e = internal energy per unit volume
F = vector flux
g = antidiffusive flux
H = total enthalpy per unit volume
/ = unit tensor
k = spectral radius of viscous Jacobian matrix
L, U = lower and upper operators
TV = scalar diagonal matrix
n = unit normal to cell face
P, Q = viscous Jacobian matrices
Pr = Prandtl number
p = pressure
q = heat flux
R = right eigenvector of inviscid Jacobian matrix
Re = Reynolds number
rA> rs = scaling parameters of spectral radii
S = cell area
T = temperature
u = velocity vector
u, v = cartesian velocities in the x and y directions,

respectively
W — vector of conserved variables
jc, y = cartesian coordinates
a = vector of characteristic variables
y — characteristic speed of the antidiffusive flux
As = cell face length
77 = implicit weighting factor
fji = viscosity coefficient
p — density
PA> PB = spectral radii of inviscid Jacobian matrices
a- = stress tensor
O = numerical antidiffusive flux contribution
^ = entropy function
a) = relaxation parameter
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Subscripts
E

num
V

inviscid contribution
cell vertex indexes
cell indexes
numerical counterpart
viscous contribution
cell face index
freestream

Superscripts
e
k
n
v
0

inviscid
vector component
time level
viscous
stagnation

Introduction

T HE successful development of the second generation of
supersonic transport aircrafts (SST) and of hypersonic

air-breathing vehicles depends on the propulsion system and
its integration with the airframe. An important role is played
by fluid dynamic performances of the inlet when flying at high
speed: the inlet must supply a uniform mass flow with some
prescribed values of pressure, temperature, and velocity to
the combustion chamber, and a given value of pressure re-
covery.

Flows through inlets are dominated by complex phenomena
and must be optimized over the entire flight envelope. For a
realistic simulation, shock-shock, shock-expansion, and shock-
wave boundary-layer interactions must be accounted for. Strong
viscous-inviscid interactions, typical of high Mach number
flows, produce substantial modifications of the flow structure:
separation and recirculation regions, with upstream propa-
gation of disturbances through the boundary layer, and lam-
inar-turbulent transition.

Off-design operation of fixed inlet geometries is physically
possible only if flow spillage is allowed. Moreover, to make
the shock system stable and avoid the unstart induced by the
shock-wave boundary-layer interaction, a boundary-layer
control system must be introduced as a means to enlarge the
effective section of the flow.

These phenomena can be correctly predicted only by solv-
ing the complete Navier-Stokes equations, whose solution
requires a strong computational effort in terms of CPU time,
storage capacity, etc. In recent years, several investigators
have analyzed the flows through supersonic and hypersonic
inlets. Knight1 made numerical simulations of realistic high
speed inlets by solving the Navier-Stokes equations and using
a flow geometry divided into overlapping regions. Garnero2
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applied the multiblock technique to compute ramjet and
scram jet inlet flows; Fujimoto et al.3 have simulated the flow
through supersonic inlets and the effects of bleed and throat
bypass systems, by solving the Navier-Stokes equations by
means of a finite-volume formulation coupled with a second-
order accurate (MUSCL) scheme.

In the present work, the unsteady Navier-Stokes equations
are solved for the analysis of inlet flows. An implicit lower
and upper (LU) finite-volume multiblock total variation di-
minishing approach is developed. Yoon and Jameson4 have
first applied the LU scheme to solve transonic and supersonic
flows for the Euler equations cast in a finite-volume formu-
lation. They also developed a modified LU scheme, called
LU-SSOR, that uses a symmetric successive over relaxation
technique, by splitting the inviscid flux Jacobians in such a
way to increase the diagonal dominance of the LU factors,
and to avoid matrix inversion. Lately, Rieger and Jameson5

extended the LU-SSOR scheme to three dimensions to solve
the steady compressible Navier-Stokes equations in the frame-
work of a finite-volume discretization technique. Grasso and
Marini6'7 have developed a lower and upper factorization
scheme that uses a total variation diminishing approximation
to solve complex hypersonic flows. Here the technique has
been extended to a multiblock approach, that is the most
qualified for realistic inlet flow simulations. The multiblock
approach consists of partitioning the computational domain
into regions—called blocks—so that 1) the topology of each
block is rather simple; 2) the grid for each block can be easily
generated; and 3) complex phenomena such as spillage, bleed,
in viscid-viscous interactions, etc. can be efficiently accounted
for. The partitioning of the computational domain in blocks
introduces interfaces, whose treatment plays a critical role,
especially in the presence of discontinuities crossing the in-
terfaces. Spurious oscillations and distortion of shocks at in-
terfaces have been inhibited by a conservative treatment,
amounting to enforce variables continuity.

Supersonic and hypersonic inlet flows have been computed
to test the validity of the implicit finite-volume multiblock
approach. The computed results are compared with available
numerical and experimental data, and show that the method
is well-suited to predict complex inlet flows.

Governing Equations
The governing equations solved are the compressible un-

steady Navier-Stokes equations in conservation form

[FE-Fv)-nds (1)

where W, FE, and Fv are, respectively, the vector unknown,
and the inviscid and viscous fluxes, defined as

W = (p, pu, pE)T

FE = [pu, puu + pi, pu (E + plp)]

Fv= [0,cr, -(q - u-a)]T

o- = v(Vu + VuT) - foV-ul

q=-y±Ve

(2)

(3)

(4)

(5)

(6)

(7)

where f = TIT*;, sl = 120/T.; s2 = HO/T^. The turbulent
viscosity jjit is defined according to the algebraic turbulence
model of Baldwin and Lomax.8

Numerical Solution
Realistic inlets are geometrically complex to allow proper

compression of the flow. Moreover, the design of the inlets
is such that the compression may be of a mixed type, both
external and internal. Consequently, for an accurate modeling
of the flow, one must account for spillage, bleed (necessary
to have off-design operations with a fixed inlet geometry),
and proper treatment of complex geometries. Therefore, a
solver for simulating flows through inlets should have either
block or unstructured capabilities.

At the present stage, the performance of block-structured
approaches is better than the unstructured ones. For this rea-
son, in the present work a multiblock approach has been
developed together with a high-resolution implicit scheme.

For two-dimensional inlet flow simulations, the use of only
two blocks is sufficient to account both for spillage and bleed.
The two blocks are classified as external and internal, and for
each block the computational grid is generated independently.
The two meshes are equally spaced in the x direction, and
stretched in the v direction. In particular, for an accurate
resolution of the shock-wave boundary-layer interaction, the
near wall cells must be highly stretched with a rather smooth
aspect ratio distribution.6-7

Finite-Volume Formulation
Space and time discretizations are separated by using the

method of lines, and a system of ordinary differential equa-
tions is obtained for every computational cell. A cell-centered
finite-volume formulation is employed and, approximating
surface and boundary integrals by means of the mean value
theorem and midpoint rule, the governing equations are cast
in the following discretized form6-7:

At = 0 (8)

where /3 stands for the generic cell face, n is the positive unit
normal to cell face whose length is As, and SfJ is the cell area.
The numerical flux vector is

7 • _ J7
E,num " V,num (9)

Numerical Inviscid Flux Discretization
An upwind-biased second-order TVD scheme has been used

to evaluate the inviscid flux contribution. The scheme has
good properties of monotonicity and conservation in the pres-
ence of discontinuities, and it yields second-order accuracy
and oscillation-free solutions (strictly true for a one-dimen-
sional scalar equation). Thus, enforcing consistency at cell
face i + 3,7, one has

(10)

The term 4>I-+1/2,y- represents the numerical antidiffusive flux
contribution that modifies the inviscid flux to make the scheme
upwind-biased TVD and second-order accurate. Its expres-
sion is obtained by characteristic decomposition in the direc-
tion normal to cell face, thus obtaining9'10:

(11)

where the subscript j has been dropped for simplicity, and
R*+i/2 is the Mi eigenvector.

Let £7 and V be, respectively, the velocity components nor-
mal and tangential to cell face. The right eigenvector matrix



GRASSO AND MARINI: TVD SOLUTION OF HIGH-SPEED FLOWS 257

of the normal inviscid flux Jacobian is11

I 1 1 0 "

u — c cos 6 u u + c cos 6 — sin 6

y — c sin 0 v v + c sin 6 cos 6

H - Uc (u2 + v2)/2 H + Uc V

where cos 6, sin 6 are the components of the unit normal,
and Roe's averaging is used to evaluate u, v, c, H at / + i

The vector ai+l/2 is the difference of the characteristic var-
iables, defined as

The entropy function if/ here adopted is that of Harten9

2[(z2/5) + 8] if

Izl if

z<8
(13)

z >

where 5 is a parameter that enforces the entropy condition
for vanishing eigenvalues, whose value depends on the type
of flow to be computed.

g makes the scheme second-order accurate. In the present
work a minmod flux limiter is employed

gf = minmod(af_1/2, af+l

where

minmod(jc, y) = sgn(jc)-max{0,

(14)

The characteristic speed yk of the antidiffusive flux is given
by

if af+1/2 ± 0

if «?+i/2 = 0
(15)

For second-order accuracy, boundary conditions on g are
required. At all boundaries the normal derivative of g has
been set equal to zero. Conservation is enforced by imposing
that for all cells along the walls, the contribution (due to the
modified flux O) in the direction normal to the wall is zero.
In the presence of bleed the TVD property is enforced by
imposing a nonzero contribution of the antidiffusive flux 4>
through the bleed passages.

Numerical Viscous Flux Discretization
According to the constitutive equations, the viscous fluxes

depend upon the gradients of the unknown vector, and the
numerical counterpart is obtained by applying Gauss' theorem
to a computational cell whose vertices are the two grid nodes
(/, 7) and (7, 7 - 1) and the centers of the two adjacent cells
(/, 7) and (/ H- 1, /). For an arbitrary function 9 the numerical
derivatives at / + 2 ,7 are evaluated according to the following
formula:

dcp\ = A,-cpA/:y - A/pAj?

dcp

where

A,(-) = A/-) = (•),,, - (•)/.,-.
The grid values cp/7, (p/,/_i are obtained by bilinear interpo-
lation of cell center values. Hence, the discretized viscous flux
contribution at cell face i 4- i, 7 is an algebraic function of
grid and cell center values, i.e.

(16)

Implicit Solver
Linearization of the flux vectors about the previous time

step yields the unfactored implicit form of the equations6'7

r,
(3 = 2,4

(17)

where /??, is the residual, AW^ is the time variation of the
solution at cell face /3, and 17 is a weighting factor that weighs
the numerical flux between the time levels n and n + 1. The
matrices A (B) and P (Q) are the Jacobians of the inviscid
and viscous fluxes in the direction normal to cell faces i ±

A = 4: ^ = 4:.

A block triangular form of the implicit operator is obtained
as follows. First, using flux difference concepts, the contri-
bution of the inviscid flux Jacobians at each cell face is split
into the positive and negative part. The positive (negative)
inviscid flux Jacobian matrix A+ (A~) is constructed so that
it has nonnegative (nonpositive) eigenvalues. To obtain a well-
conditioned diagonally dominant operator matrix, the follow-
ing formulas4-7 have been used:

- = co*[(A ± pAI)/2]

pA = rA max(|AC4)|)

(18)

(19)

where A (A) are the eigenvalues of the inviscid flux Jacobian,
rA is a constant of 0 (1) that affects the stability and conver-
gence, a)e is a relaxation parameter that enhances the effects
of the inviscid eigenvalues (a value of coe equal to 2 has been
used). Then, at cell face / + 2, 7 one has

l-l,/ (20)

The viscous flux Jacobians are reduced to a diagonal form by
using the spectral radii,5~7 thus obtaining

P = covkxnj (21)

where kx is the spectral radius of the viscous Jacobian matrix
and a)v is a relaxation parameter introduced to inhibit the
effects of the viscous eigenvalues (a value of a)v equal to \ has
been used). The matrices B and Q are similarly defined.

To reduce the computational effort, a symmetric successive
over relaxation technique is implemented,4"7 therefore elim-
inating the need for 4 x 4 matrix inversion at each cell.
Substituting Eqs. (18-21) and neglecting the variations of As^
in the ;c and y directions (strictly valid only for undistorted
cells), the following scalar diagonal matrix is obtained:

N=[l (22)

where

^w = [(As,



258 GRASSO AND MARINI: TVD SOLUTION OF HIGH-SPEED FLOWS

Then, Eq. (17) is reduced to the following factorized form:

L-J7AW,-, = pNRifj (23)

where /3 = (MS)ij7 and L, U are the lower and upper factors.
For steady-state solutions, the efficiency of the method has
been improved by freezing the evaluation of the Jacobian
matrices for 0(ra) cycles. Numerical experiments6'7 indicate
that the higher the Mach number is, the more often the Ja-
cobian matrices need to be evaluated: for supersonic flows m
is 0(10); for hypersonic flows m is 0(2).

The solution of Eq. (23) is obtained in three phases.

Forward Sweep
Once the residual RfJ is calculated at time level n, the for-

ward sweep is performed

LAW*,. = (24)

Equation (24) is inverted performing a cell by cell sweep in
the forward direction, starting from the bottom left-most cor-
ner, thus yielding at each cell z,;

(25)

At the left and bottom boundaries AW* is set equal to zero.

Backward Sweep
Once AW*, is obtained, the domain is swept in the backward

direction (starting from the top right-most corner) and the
time change of the solution is obtained according to the fol-
lowing equation:

(26)

By matrix inversion of Eq. (26) one has

- afl--+1As2AW,v+1) (27)

At the top and right boundaries AW is set equal to zero.

Updating of the Solution
Once AW, , is computed, the solution is updated as follows:

W"/1 = AW,;. (28)

Multiblock Technique
For an efficient treatment of the boundary conditions, fic-

titious cells are introduced along the boundaries, and the
blocks are overlaid. To properly couple the blocks at the
interfaces, the continuity of the variables must be imposed.
In the present work, grid and metric continuities are enforced
when generating the blocks, and the introduction of a fictitious
layer of cells surrounding the blocks allows to impose the
interface boundary conditions by injecting the solution of the
underlaying block onto the overlaying one (see Fig. 1).

Two different approaches have been analyzed for the block
interface treatment: 1) synchronous and 2) asynchronous.

The synchronous-interface approach amounts to solve se-
quentially the two blocks with an implicit interface treatment.
Referring to Fig. 2, the solution of block 1 is computed first
(phases L.l and U.I). Then, the solution is injected onto
block 2 at the interface (phase 1.12). Finally, block 2 is up-
dated by performing the two sweeps (phases L.2 and U.2),
and the auxiliary cells of block 1 are updated by injecting the
block 2 solution (phase 1.21). Referring to Fig. 2, to start the
forward sweep on block 2, the block matrix B^ of Eq. (25),
is required. Likewise, to start the backward sweep on block

j = nj + 1!

block 2

fictitious cells

block 1

Fig. 1 Block interface treatment.

1.12 (CI)

block 2

1.21 (CI)

block 1

Fig. 2 Schematic diagram of synchronous (asynchronous) interface
treatment.

1. the block matrix B^nj+l of Eq. (27) is needed. According
to the interface treatment, these two block matrices, that are
function of variables exchanged between the blocks, are de-
termined as

«k2 = (^tJbiocki (phase 1.12) (29)

*ki = (5f:2)biock2 (phase 1.21) (30)

Due to the sequential character of the synchronous interface
treatment, the blocks are strongly coupled.

The asynchronous-interface approach amounts to perform
independently the forward and backward sweeps on each block
with an explicit interface treatment. Hence, referring to Fig.
2. phases L.I, U.I, and L.2, U.2 are performed simulta-
neously. Then, once the solution is obtained at air interior
cells of the two blocks, it is cross-injected for interface treat-
ment (phase CI) as done in the / phase of the synchronous
approach [Eqs. (29) and (30)]. In this approach the two blocks
are more loosely coupled. However, the approach has the
potential for parallel applications. Indeed, the execution of
the tasks for the different blocks can be simultaneously dis-
patched to different processors, and then, by message-passing
procedure, cross injection can be performed.

Bleed System Simulation
In the present work we are concerned only with the effects

of bleed rather than with the details of the flow through the
bleed passages. Therefore, appropriate boundary conditions
must be imposed to account for these effects. The boundary-
layer control system is simulated by assuming that the flow
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through the bleeding passages is driven by the pressure dif-
ference between the (shock) downstream pressure and the
pressure inside the passages. Consequently, at the bleeding
boundary the pressure is imposed, and the entropy, the nor-
mal Riemann invariant, and the tangential velocity compo-
nent are extrapolated in the direction normal to the boundary.

Results
Supersonic and hypersonic inlet flows have been computed

to assess the validity of the present finite-volume multiblock
approach and its ability to account for a boundary-layer con-
trol system. Freestream boundary conditions are imposed at
inflow, no-slip and fixed wall temperature conditions are en-
forced along the centerbody and cowl surfaces, and second-
order extrapolation conditions are set at the outflow bound-
aries.

NASA P8 Hypersonic Inlet
The first test case has been selected for validation purposes.

The NASA P8 represents a typical configuration of a hyper-
sonic air-breathing vehicle inlet with high contraction ratio
and mixed-type compression, designed to provide an internal
throat compression ratio pc = 8. The numerical solution has
been obtained by using two blocks of 176 x 48 and 176 x
14 cells with the normal mesh spacing Ay/L (where L is the
height of the inlet entrance section) ranging from 0.2 x 10~3

to 0.5 x 10"S corresponding to viscous coordinates (y+)
varying from 35 at the wedge leading edge to approximately
5 near the throat, and an aspect ratio of about 240 in the
proximity of the wall. Approximately 20 cells (at the throat
section) are fitted within the centerbody and cowl boundary
layers.

For this test case both the synchronous and asynchronous
block-interface treatments have been tested. The computed
results show no differences, and only those obtained with the
asynchronous approach are reported. For high Mach number
flows the robustness of the scheme is affected by the selected
values of the Courant-Fredrichs-Lewy (CFL) number, the
parameters rA and rB (that determine the diagonal dominance
of the implicit operator), and often by the Jacobian matrices
that are evaluated.6'7 In the present applications, the com-
putations have been performed with a CFL number equal to
2, the Jacobian matrices have been reevaluated every two
cycles, and the parameters rA, rB have been set equal to 1.6.
For this test case the entropy factor 5 has been set equal to
0.425 (by numerical experiments it has been found that smaller
values do not yield stable solutions).

Experimental tests have been conducted in the NASA Ames
3.5-ft hypersonic wind tunnel12 at a nominal freestream Mach
number M^ = 7.4 and unit Reynolds number Re^ = 8.86 x
lO6!!!"1. The freestream total pressure and temperature are,
respectively, p° = 4.14 x 106 Pa and T° = 811 K, and the
wall temperature is rwall •= 303 K. The forebody wedge angle
is 6 = 6.5 deg, that yields a design Mach number of 6.032 at
the inlet entrance. This inlet configuration is such that the
cowl-generated shock wave should cancel at the centerbody,
to provide a uniform flow at the throat. Real gas effects are
neglected due to the rather low temperature values, and the
flow is assumed to be fully turbulent.

Iso-Mach lines are shown in Fig. 3. The shock wave that is
generated at the wedge leading edge (that in an inviscid sim-
ulation hits the cowl leading edge2) crosses the interface be-
tween the two blocks ahead of the cowl leading edge, thus
allowing for flow spillage. The shock wave generated at the
cowl lip reflects on the centerbody and interacts with the
boundary layer, thus causing a nearly separated flow. The
relatively thick boundary layer is clearly observed in the con-
tour plots. Compression waves are generated by the contin-
uous curvature of the internal cowl surface and are clearly
shown in the iso-pressure contours of Fig. 4. The centerbody
and cowl pressure p/p^ vs x/L are plotted in Figs. 5 and 6.
Having neglected the three-dimensional effects, the pressure

Fig. 3 Iso-Mach lines (AM = 0.50) for NASA P8 hypersonic inlet.

x = 80 cm. x = 135 cm.

Fig. 4 Iso-pressure lines (Ap = 1.75) for NASA P8 hypersonic inlet.

5.80 6.00 6.20 6.40 6.60 6.80 7.00
x/L

Fig. 5 Centerbody pressure p/px vs x/L for NASA P8 hypersonic inlet
(—, present method; n, experimental12; *, design12).

'20-

10-

6.40
x/L

6.80

Fig. 6 Cowl pressure p/px vs x/L for NASA P8 hypersonic inlet (—,
present method; n, experimental12; *, design12).

level is overpredicted with respect to the experiments12 (about
20% on the centerbody and 11% on the cowl, both at throat
section). Along the cowl the numerical solution is in good
agreement with the experiments. The design pressure value
is constant in the region of the throat, and the cowl shock
only partially cancels at the centerbody. The computed in-
ternal compression ratio is equal to fic = 9.957, in disagree-
ment with the design value of 8; however, it is in better agree-
ment with the (estimated) measured value pc = 8.611. The
disagreement with respect to the design is due to the fact that
the cowl-generated shock wave does not cancel at centerbody,
but reflects strongly and affects the flow approaching the throat
region. Computed results indicate that, due to the interaction
between the cowl generated shock wave and the centerbody
boundary layer, the flow nearly separates at x/L — 6.0. How-
ever, this is not substantiated by the experiments due to the
lack of information.



260 GRASSO AND MARINI: TVD SOLUTION OF HIGH-SPEED FLOWS

0.20-

a
a
D

a

1.00

Fig. 7 Static pressure profile at inlet entrance section (—, present
method; n, experimental12; *, design12).

0.50-,

0.00
5.0 6.0

Fig. 8 Mach number profile at inlet entrance section (—, present
method; n, experimental12; *, design12).

y/L

0.350-

0.300-

0.250-

0.200-

0.150-

0.100-

0.050-

0.000-
.000 .010 .020 .030 .040 .050 .060 .070 .080

PpitotIsr
Fig. 9 Pitot pressure distributions at x = 104.14 cm (—, present
method; •, experimental12) and x = 109.22 cm (—, present method;
a, experimental12).

0.200n

y/L

.000 .010 .020 .030 .040 .050 .060 .070 .080 .090 .100
Pinto!
P§T

Fig. 10 Pitot pressure distributions at x = 116.84 cm (—, present
method; •, experimental12), and Jt = 125.73 cm. (—, present method;
o, experimental12).

Detailed comparisons of the computed and measured flow
properties at the inlet entrance section (x = 81.28 cm) are
shown in Figs. 7 and 8. The distributions of static pressure
and Mach number agree well with the experiments. In Fig. 9
the Pitot pressure distributions at two-section upstream of the
shock impingement (jc = 104.14 cm and x = 109.22 cm) are
reported, which are in good agreement with experiments,
showing clearly the cowl-generated shock wave that crosses
the sections. The pitot pressure profiles at x = 116.84 cm and
x = 125.73 cm (throat section) are shown in Fig. 10. In the
throat region the agreement with experiments becomes worse
and this is due to the incorrect prediction of boundary-layer
thickness. However, in the latter, the reflected shock at the
cowl is observed. Figures 11-13 show the static pressure, the
Mach number, and total temperature distributions at the throat
section (x - 125.73 cm). The predicted static pressure is
slightly higher than the experimental one (again due to the
absence of three-dimensional effects). However, in the prox-

0.140-

0.120-

0.100-

0.080-
y/L

0.060-

0.040-

0.020-

0.000
10 15 20 25

JL.
35 40 45

Fig. 11 Static pressure profile at inlet throat section (— present
method; n, experimental12; *, design12).

.00 .50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00
M

Fig. 12 Mach number profile at inlet throat section (—, present
method; n, experimental12; *, design12).

.30 .40 .50 .60 .70 .80 .90 1.00 1.10

Fig. 13 Total temperature profile at inlet throat section (—, present
method; n, experimental12).
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imity of the centerbody a pressure value close to the design
one is predicted. Very good agreement is shown for the Mach
number and total temperature.

Supersonic Transport Inlet
The second test case corresponds to a mixed compression

inlet of a supersonic aircraft of the new generation,3 and it
has been carried out to assess the ability of the model to
simulate bleed, by assuming that along the centerbody there
are three holes in communication with the ambient. The com-
puted results are compared with those of Fujimoto et al.3 The
optimal cruise Mach number is M^ = 2.5, the flow is assumed
to be laminar (Re^ = 106) and adiabatic. The computational
domain has been partitioned into two blocks, with, respec-
tively, 176 x 34 and 176 x 14 cells with the normal mesh
spacing ranging from 0.1 x 10~2to0.7 x 10-1, and an aspect

Fig. 14 Iso-density lines (Ap = 0.15) for supersonic transport inlet
(bleeding).

Fig. 15 Iso-density lines (Ap = 0.15) for supersonic transport inlet
(no bleeding).

8-]

7-

6-

5-

Poo 4-

3-

2-

1-

0-
3

x/L

ratio of about 42 near the wall. All computations have been
performed with a CFL number equal to 5, and the Jacobian
matrices have been re-evaluated every 2 cycles. The entropy
function parameter (5) is set equal to 0.125 for the solution
without bleed; however, when the boundary-layer control sys-
tem is active, it has been found necessary to increase this
value to 0.425.

Figures 14-17 show the iso-density contour lives with and
without bleeding and the sidewall and cowl pressure distri-
bution vs x/L. When the boundary-layer control system is
active, the freestream pressure in the bleed region is achieved.
Moreover, a weak normal shock seems to appear immediately
downstream of the bleed region. The pressure peak is the
same with and without bleed, even though in the presence of
bleed the shock pattern is displaced downstream. However,
no effects on the outflow pressure arise. From the cowl pres-
sure distribution, a normal shock at the throat is visible, and
a higher peak pressure is predicted with bleed due to a stronger
normal shock. Bleed through a third hole, which is located

3
x/L

Fig. 17 Cowl pressure p/px vs x/L for supersonic transport inlet (—,
no bleeding, • • • , bleeding; n, Ref. 3).

-1.00 -.50 .00 .50 1.00 1.50 2.00 2.50 3.00

Fig. 18 Tangential velocity component through the third bleeding
passage (— , no bleeding; — , bleeding).

Fig. 16 Sidewall pressure p/px vs x/L for supersonic transport inlet
(—, no bleeding, • • • , bleeding; n, Ref. 3).

Fig. 19 Skin friction coefficient Cf vs x/L for supersonic transport
inlet (—, no bleeding, • • • , bleeding).
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near the foot of the cowl lip-generated shock impinging on
the centerbody boundary layer, affects the solution the most.
In the absence of bleed, the flow recirculates due to the in-
teraction of the latter shock with the boundary layer, as shown
from the tangential velocity component (qt) and skin friction
distributions (see Figs. 18 and 19). When the bleed is active
the entire boundary layer is sucked out, thus inhibiting the
effects of the cowl-generated shock.

Conclusions
A multiblock finite-volume technique with a second-order

total variation diminishing spatial discretization and an effi-
cient implicit time integration has been developed to simulate
complex internal flows at high Mach numbers. The method
employs a lower and upper approximate factorization of the
implicit operator with symmetric successive over relaxation
sweeps. In the presence of multiblocks an asynchronous-
interface treatment has been devised for an accurate coupling
of the blocks.

A detailed validation by comparison of the computed re-
sults with experiments has shown the capabilities of the method
to resolve complex high speed internal flows. The static pres-
sure, Mach number, and total temperature distributions are
well-predicted. The wall pressure levels are overpredicted,
mainly due to the absence of three-dimensional effects, the
fully turbulent assumption, and the intrinsic limitations of the
algebraic turbulence model employed. However, the model
is capable of predicting the effects of the contraction ratio
and shock-wave boundary-layer interaction on the inlet per-
formances. The model is also capable of simulating the influ-
ence of bleed (as a boundary-layer control system), whose
effect is that of weakening the interaction of the cowl gen-
erated shock on the centerbody boundary layer.
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