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Abstract

In this paper a multiblock finite volume technique with
a second order total variation diminishing spatial discreti-
zation and an efficient implicit time integration has been
used to simulate complex internal flows at high Mach num-
bers. The method employs a lower and upper approximate
factorization of the implicit operator with symmetric succes-
sive over relaxation sweeps. In the presence of multiblocks a
synchronous interface treatment has been devised for an ac-
curate coupling of the blocks. A detailed validation by com-
parison of the computed results with experiments has shown
the capabilities of the method to resolve complex high speed
internal flows. A complete analysis of the inlet configura-
tions of a hypersonic vehicle has been performed, evaluating
the inlet performances during the phases of acceleration at
low altitude and cruise at high altitude.

Introduction

The rapid increase of air traffic all over the world 1s stim-
ulating the development of hypersonic airbreathing vehicles.
The successful development of new transportation systems
depends on the propulsion system and its integration with
the airframe. When flying at high speed the fluid dynamic
performances of the inlet play an important role: the inlet
must supply a uniform mass flow, with some prescribed val-
ues of pressure, temperature and velocity, to the combustion
chamber , and a given value of pressure recovery.

Hypersonic flows through inlets are dominated by com-
plex 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, typ-
ical of high Mach number flows, produce substantial modi-
fications of the flow structure: separation and recirculation
regions, with upstream propagation of disturbances through
the boundary layer, and laminar-turbulent transition. Off-
design operation of fixed inlet geometries is physically pos-
sible only if flow spillage is allowed.

These phenomena can be correctly predicted only by
solving the complete Navier Stokes equations, whose solu-
tion requires a strong computational effort in terms of CPU
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time, storage capacity, etc.. In recent years, several inves-
tigators have analyzed the flows through supersonic and
hypersonic inlets. Knight @) made numerical simulations
of realistic high speed inlets by solving the Navier Stokes
equations and using a flow geometry divided into overlap-
ping regions. Garnero ) applied the multiblock technique
to compute ramjet and scramjet inlet flows; Fujimoto, Niwa
and Sawada ® 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, high Mach number inlet flows are
analyzed by solving the unsteady Navier Stokes equations.
The implicit finite volume multiblock total variation dimin-
ishing approach developed in Refs. (5)—(7) has been here
applied. The multiblock technique is the most qualified for
realistic inlet flow simulations. The multiblock approach
consists in partitioning the computational domain into re-
gions, called blocks, so that: 1) the topology of each block
is rather simple; 2) the grid for each block can be easily
generated. The partitioning of the computational domain
in blocks introduces interfaces. The treatment of such in-
terfaces plays a critical role, especially in the presence of
discontinuities that cross the interfaces. To inhibit spurious
oscillations and distortion of shocks, and to ensure conserva-
tion, information between adjacent blocks must be properly
exchanged. A synchronous approach has been developed,
whereby each block is computed sequentially with an im-
plicit interface treatment.

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

Governing Equations

The governing equations solved are the compressible un-
steady Navier Stokes equations in conservation form:

C%/SWdS:— # (F5—Fy) nas (1)

where W, Fg and Fy are, respectively, the vector unknown,
the inviscid and viscous fluxes, defined as:
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The turbulent viscosity y. is defined according to the alge-
braic turbulence model of Baldwin and Lomax.®

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 ex-
ternal and internal. Consequently, for an accurate modeling
of the flow one must account for spillage, bleeding (neces-
sary to have off-design operations with a fixed inlet geome-
try) and proper treatment of complex geometries. Hence, 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, also on
account of the fact that the former can be easily parallelized.
For this reason, in the present work a multiblock approach
has been employed together with a high resolution implicit
scheme.

For two-dimensional inlet flow simulations, the use of
only two blocks is sufficient to account for spillage. For
each block the computational grid is generated indepen-
dently. The two meshes are equally spaced in the z di-
rection, and highly stretched in the y direction. In particu-
lar, for an accurate resolution of the shock-wave boundary-
layer interaction, the near wall cells must have mesh spac-
ing Ay = 0(107*) and an aspect ratio Az/Ay = 0(10?%), as
shown in Ref. (5).

Finite Volume Formulation

Space and time discretizations are separated by using
the method of lines, and a system of ordinary differential
equations is obtained for every computational cell. A cell
centered finite volume formulation is employed and, approxi-
mating surface and boundary integrals by means of the mean
value theorem and mid-point rule, the governing equations
are cast in the following discretized form (9):

daw,, &
— 2 4+ (Frum - nAs)s =0 (8)
t =

S5

729

where § stands for the generic cell face, n is the positive
unit normal to cell face whose length is As, and S;; is the
cell area.

The numerical flux vector is:

Fnum = FE,num - FV,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 conservativity in
the presence of discontinuities, and it yields second order
accuracy and oscillation free solutions (strictly true for a
one-dimensional scalar equation). Thus, enforcing consis-
tency at cell face i + 1/2, j, one has:

(FE,num . nAS)H—l/Q,j =

1
[E(FE.-_J +Fg) 04 @i Asiprya; (10)

The term @, ; represents the numerical antidiffusive flux
contribution, that modifies the inviscid flux to make the
scheme upwind biased TVD and second order accurate. Its
expression is obtained by characteristic decomposition in the
direction normal to cell face, thus obtaining (*9):

1d 3
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k=1
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where the subscript j has been dropped for simplicity, and
Rf, /2 Is the k—th eigenvector. The right eigenvector matrix
of the normal inviscid flux jacobian is defined (® in terms
of the normal (U) and tangential (V) velocity components,
as given in the following

1 1 1 0
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where cosd, sinf are the components of the unit normal,
and Roe’s averaging is used to evaluate u, v, ¢, H at i+ 1/2.
The vector @, is the difference of the characteristic

variables, defined as:
aipre = R A1 s W (12)

The entropy function 1 here adopted is that of Harten OF
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where § is a parameter that enforces the entropy condition
for vanishing eigenvalues, whose value depends on the type




of flow to be computed. For all cases a value of § = 0.425
has been used.

A minmod flux limiter is employed for the antidiffusive
flux g:

g% = minmod (a,-k_l/pa?g/z) (14)

The characteristic speed v* of the antidiffusive flux is given

by:

k k
Y1 — Gi . 2
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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 @) in the direction normal to the wall is
zero.

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 (I,J) and (I,J — 1) and the centers of the two
adjacent cells (4,7) and (¢ + 1,7). For an arbitrary func-
tion ¢ the numerical derivatives at ¢ + 1/2,j are evaluated
according to the following formulas:
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The grid values ¢;,5, @7 7—1 are obtained by bilinear inter-
polation of cell center values. Hence, the discretized viscous
flux contribution at cell face ¢ + 1/2,j is an algebraic func-
tion of grid and cell center values, i.e.

(Fvinum)iprfes = F (Wi Wiga s Wr s Wy y_1)  (16)
Implicit Solver

Linearization of the flux vectors about the previous time
step yields the unfactored implicit form of the equations )

AW,
Sij 240 Y [(A+P)AsAW]g +
At 8=1,3

n 2 (B +Q)AsAW]s = R}, (17)

$=2,4
where R7; is the residual; AWy is the time variation of
the solution at cell face 8; and 5 is 2 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 +1/2,7 (1,7 + 1/2):

P= BO_W(FV ‘N)iti/2,)

A block triangular form of the implicit operator is ob-
tained as follows. First, using flux difference concepts, the
contribution of the inviscid flux jacobians at each cell face is
split into the positive and negative part. The positive (neg-
ative) inviscid flux jacobian matrix At (A7) is constructed
so that it has non negative (non positive) eigenvalues. To
obtain a well conditioned diagonally dominant operator ma-
trix, the following formulas &% have been used

0
A= 3—W(FE ‘Mitijz;

At e At :52“1 (18)
pa = ra max(|\(A))) (19)

where A(A) are the eigenvalues of the inviscid flux jacobian,
74 is a constant of o(1) that affects the stability and conver-
gence, w® is a relaxation parameter that enhances the effects
of the inviscid eigenvalues (a value of w® equal to 2 has been
used), and I is the unit matrix. Then, at cell face 1 +1/2,5
one has

(AAW) i1 = ALAW + AL AW (20)

The viscous flux jacobians are reduced to a diagonal form
by using the spectral radii,(®) thus obtaining:

P = 0w kn,I (21)

where k, is the spectral radius of the viscous jacobian matrix

and w? is a relaxation parameter introduced to inhibit the
effects of the viscous eigenvalues (a value of w® equal to 1/2

has been used). The matrices B and Q are similarly defined.
To reduce the computational effort a symmetric succes-
sive over relaxation technique is implemented,(56) thus elim-
inating the need for 4 x 4 matrix inversion at each cell. Sub-
stituting Egs. (18)—(21) and neglecting the variations of Asg
in the « and y directions (strictly valid only for undistorted
cells), the following scalar diagonal matrix is obtained

N =1+ a(palsiz + ppAsz )|l (22)

where
a=n(At/S);
Then, Eq. (17) is reduced to the following factorized form:

L-UAW,;; =p3NR,; (23)
where § = (At/S); ;, and L, U are the lower and upper fac-
tors. For steady state solutions, the efficiency of the method
has been improved by freezing the evaluation of the jacobian
matrices for o(m) cycles. Numerical experiments ¢ indi-
cate that the higher the Mach number is, the more often the
jacobian matrices need to be evaluated: for supersonic flows
m is o(10); for hypersonic flows m is 0(2). The solution of
Eq. (23) is obtained in three phases:
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Forward Sweep

Once the residual R, ; is calculated at time level n, the
forward sweep is performed:

LAW;, = ANRY, (24)

Eq. (24) is inverted performing a cell by cell sweep in the
forward direction, starting from the bottom left-most corner,
thus yielding at each cell 7, 5:

AW, = Nt (NR}+
aA:-*_lyjAs;;AW;‘_l’j + aB;fj_lAs4AW;j_1) (25)
At the left and bottom boundaries AW~ is set equal to zero.

Backward Sweep

Once AW7, is obtained, the domain is swept in the back-
ward direction (starting from the top right-most corner) and
the time change of the solution is obtained according to the
following equation:

UAW;; =AW, (26)
By matrix inversion of Eq. (26) one has

AW, ; = N7! (W;;-
aA;_LjASIAWi-i—l,j — aBZ]-_'_lASgAWiyj.'_l) (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 fol-
lows:

Wit = Wi, + AW, (28)

Multiblock technique

The multiblock strategy here devised uses patched
blocks. However, for an efficient treatment of the boundary
conditions, fictitious cells are introduced along the bound-
aries, and the blocks are effectively overlaid. To properly
couple the blocks at the interfaces, the contmuity of the
variables is imposed by injecting the solution of the under-
laying block onto the overlaying one ) (see Fig. 1).

For the block interface treatment a synchronous approach
has been employed, that consists to solve sequentially the
two blocks. Referring to Fig. 2, the solution of block 1 is
computed first (phases .1 and U.1). Then, the solution is
injected onto block 2 at the interface (phase 1.12). Finally,
block 2 is updated 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;‘YLI of Eq. (25), is required. Likewise, to start the
backward sweep on block 1, the block matrix B;,,;,; of Eq.
(27) is needed. According to the interface treatment, these
two matrices are function of variables exchanged between
the blocks and are determined as:

(B Dstock2 = (B, )biock 1 (phase 1.12) (29)
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(Bijs1)si0ck 1 = (B )utock 2 (phase 1.21) (30)

Results

A complete study of the inlet behaviour of an airbreath-
ing hypersonic vehicle has been performed to assess the va-
lidity of the present finite volume multiblock approach. Two
different flight conditions have been analyzed corresponding
to the acceleration at low altitude and cruise at high alti-
tude.

Two geometric configurations, differing in the internal
compression ratio §, (defined as the ratio of throat pres-
sure to entrance pressure) , have been studied. They cor-
respond to the NASA P2 and NASA P8 inlets,(') where
the number stands for the design value of internal compres-
sion ratio, that have been designed to achieve high efficiency
and approximately uniform static pressure at throat section.
The choice of the internal compression ratio depends on the
mission requirements: the lowest value (yielding a throat
pressure ratio (p/pu )i = 6.25) corresponds to the acceler-
ation phase at low altitude, while the highest value (that
give (p/Poo)in = 25.0) is representative of the cruise at high
altitude.

Experimental tests have been conducted in the NASA
Ames 3.5-Foot Hypersonic Wind Tunnel V) at a nominal
freestream Mach number M, = 7.4 and unit Reynolds num-
ber Re,, = 8.86 x 105m™. The freestream total pressure
and temperature are, respectively, p2 = 4.14 x 10° Pa and
T =811 K, and the wall temperature is Ty = 303 K. In
the experimental apparatus a forebody wedge of # = 6.5 deg
was used to yield at the inlet entrance section a design Mach
number of about 6.0, which corresponds to a vehicle flying
at Mach number M = 12. The throat height (hy) varies
from about 2 to 6 cm. and the contraction ratio (C'R), de-
fined as the ratio of the ideal capture area to the throat
area, varies between 3 and 7.7 (see Table 1). In the Table 1
the values of throat location X;, and throat height Ay, are
expressed in cm. . For all computations real gas effects have
been neglected, due to the rather low temperature values,
and the flow is assumed to be fully turbulent.

NASA P2 inlet

The NASA P2 inlet represents a typical configuration for
the acceleration at low altitude, with low contraction ratio
(CR = 3.007) and low internal compression ratio (8, =
2). This inlet configuration is such that the cowl generated
shock wave should cancel at the centerbody, to provide a
uniform flow at the throat. 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 ranging from 0.5-1073 to
0.5-107%, with an aspect ratio of about 90 in the proximity
of the wall. Approximately 20 cells (at the throat section)
are fitted within the centerbody boundary layer, and about
15 cells within the cowl boundary layer. The computation
has been performed with a CFL number equal to 2, the
Jjacobian matrices have been reevaluated every 2 cycles, and
the parameters r4,7p, which affect the diagonal dominance
of the implicit operator, have been set equal to 1.6.




Iso-pressure contour lines are shown in Fig. 3. The shock
wave that is generated at the wedge leading edge crosses the
interface between the two blocks ahead of the cowl leading
edge, thus allowing for flow spillage. The shock wave gen-
erated at the cowl lip reflects on the centerbody and inter-
acts weakly with the boundary layer and with the expansion
waves generated toward the exit section. Thus, on the inter-
nal cowl surface the flow is practically undisturbed almost
everywhere, with a little pressure drop due to the expan-
sion upstream of the exit section. The centerbody and cowl
pressure p/po, vs z/L (where L is the height of the inlet
entrance section) are plotted in Figs. 4, 5. The pressure
levels are slightly higher than the experimental and design
values ) (about 13% at throat section, both for center-
body and cowl), and this is mainly due to the absence of
three-dimensional effects and most likely to the simple alge-
braic turbulence model here employed. However, the cowl
shock impingement position on the centerbody is well pre-
dicted. The pressure along the cowl is constant, in agree-
ment with the experimental and design values. The pre-
dicted internal compression ratio agrees well with the design
value (8. = 2.027, difference of 1%), while the average static
pressure at the throat section is only slightly over-predicted
(the difference is about 3%).

Detailed comparisons of the computed and measured ¢
flow properties at the inlet entrance section (z = 81.28 cm.)
are shown in Figs. 6-8. The static pressure, Mach num-
ber and total temperature distributions agree well with the
experiments. The thickness of the boundary layer is also
well predicted. Some discrepancies are found in the total
pressure recovery distribution (not reported). However, the
effects of the cowl lip shock and flow spillage on the accu-
racy of the measurements are not indicated. At the throat
station (z = 119.38 cm.) flow uniformity is achieved as
shown in Figs. 9-11, where the static pressure, the Mach
number and total pressure distributions are reported. The
Mach number of the core flow is well predicted (about 5) and
the relatively thick boundary layer is clearly observed. The
predicted static pressure is about 13% higher than the ex-
perimental one and a rapid decrease of pressure is observed
on the edge of centerbody boundary layer, probably due to
the mechanism of shock-wave boundary-layer interaction.

NASA P8 inlet

The NASA P8 inlet represents the configuration for hy-
personic airbreathing vehicle cruise, with high contraction
ratio (CR = 17.7) and is designed to provide an internal
throat compression ratio 8, = 8. The geometric config-
urations of the two inlets are the same up to z = 87.0
cm. . Then, the NASA P8 centerbody and cowl profiles
are designed in such a way that the resulting thrust of the
propulsive module is aligned with the longitudinal axis of
the vehicle, which is a desiderable condition to maximize
the propulsive efficiency in cruise operation.

The computation has been performed by using two
blocks with the same number of cells as in the previous case,
normal mesh spacing varying between 0.2:107® and 0.5-107"
and the aspect ratio near the wall is about 240. About 20
cells are fitted within both the centerbody and cowl bound-
ary layers at the throat section. The computation has been
performed with the same numerical parameters used in the

11)
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previous test case.

Compression waves are generated by the continous cur-
vature of the internal cowl surface and are clearly shown in
the iso-pressure contours of Fig. 12. The centerbody and
cowl pressure distributions p/p. vs ©/L are shown in Figs.
13, 14. Having neglected the three-dimensional effects, the
pressure level is over-predicted with respect to the experi-
ments (1) (about 20% on the centerbody and 11% on the
cowl, both at throat section). Along the cowl the numer-
ical 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 cen-
terbody. The computed internal compression ratio is equal
to 8. = 9.957, in disagreement with the design value of 8;
however it is in better agreement with the (estimated) mea-
sured value 8, = 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. Moreover,
the interaction between the cowl generated shock wave and
the centerbody boundary layer causes a nearly separated
flow.

Figures 15-17 show the static pressure, the Mach number
and total temperature distributions at the throat section
(z = 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 proximity
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.

Overall Performances

The predicted overall performances of the two inlets are
reported in Table 1, expressed in terms of the pressure re-

covery factor (1,) and the kinetic efficiency (1), defined
(12)
as

0
_ Pezit

7
s

1 2 [( P >L;—1 1]
m=1l-—— ] -
(v = 1)MZ L\ pgyin

As the contraction ratio increases, the shock waves be-
come stronger and yield greater total pressure losses. As a
consequence, the pressure recovery factor and the kinetic ef-
ficiency decrease. However, the former is affected the most.
The predicted values are reported in Table 1. Observe that
for the highest compression ratio configuration the shock-
wave boundary-layer interaction is more critical, and it yields
a nearly separated flow, thus giving an even lower pressure
recovery factor.

Conclusions

A multiblock finite volume technique with a total varia-
tion diminishing scheme and an implicit time algorithm has
been applied to compute high Mach number inlet flows. The
blocks are accurately coupled by means of a synchronous in-




terface treatment. A detailed analysis of the inlet behaviour
of an airbreathing hypersonic vehicle has been performed, Table 1 — Tnlet Performances
evaluating the overall performances of the inlet in two flight
conditions: acceleration at low altitude and cruise at high

altitude. Model | Xy hin CR Be Tp Ng
Comparisons with experimental results have shown that
the technique has good capabilities to compute complex high P2 | 119.38 | 6.091 | 3.007 | 2.027 | 0.493 | 0.979

speed internal flows. The static pressure, Mach number and
total temperature distributions are well predicted. The wall
pressure levels are over-predicted, mainly due to the ab-
sence of three-dimensional effects, the fully turbulent as-
sumption and the intrinsic limitations of the algebraic tur-
bulence model employed. However, the model is capable
of predicting the effects of the contraction ratio and shock-

P8 | 125.73 | 2377 | 7.707 | 9.957 | 0.356 | 0.963

wave boundary-layer interaction on the inlet performances. block 2
j=2
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Fig. 1 Block interface treatment

block 2

Fig. 2 Schematic of synchronous interface treatment
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Fig. 3 Iso-pressure lines (Ap=0.50) for NASA P2 hypersonic inlet
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Fig. 8 Total temperature profile at inlet entrance section
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Fig. 9 Static pressure profile at NASA P2 throat section
(—, computed; O, experimental '1; *, design )
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Fig. 10 Mach number profile at NASA P2 throat section
(—, computed; O, experimental 1'; %, design ')

Fig. 11 Total pressure recovery profile at NASA P2 throat
section (—, computed; O, experimental ; %, de-
sign 1)

z = 80 cm.

Fig. 12 Iso-pressure lines (Ap=1.75) for NASA P8 hypersonic inlet
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