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Introduction

N recent work,"2 an incremental strategy was proposed to itera-

tively solve the very large systems of linear equations that are
required to obtain quasianalytical sensitivity derivatives from ad-
vanced computational fluid dynamics (CFD) codes. The technique
was successfully demonstrated for two large two-dimensional
problems: a subsonic and a transonic airfoil. The principal feature
of this incremental iterative strategy is that it allows the use of the
identical approximate coefficient matrix operator and algorithm to
solve the nonlinear flow and the linear sensitivity equations; at
convergence, the accuracy of the sensitivity derivatives is not com-
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promised. This feature allows a comparatively straightforward ex-
tension of the methodology to three-dimensional problems; this
extension is successfully demonstrated in the present study for a
space-marching solution of the three-dimensional Euler equations
over a Mach 2.4 blended wing-body configuration.

Theoretical Background
Discretization of the Euler equations and the boundary condi-
tions results in a large system of coupled nonlinear algebraic equa-
tions; for a steady-state solution, this system is represented as

RIQD), D] =0 M

where @ is the vector of field variables and D is a vector of input
(design) variables. Differentation of Eq. (1) yields the matrix equa-
tion
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where @’ = dQ/dD. The linear Eq. (2) must be solved for @’ for the

subsequent computation of the sensitivity derivatives of the aero-
dynamic output functions F with respect to the input variables D:
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Differentiation of Eq. (3) yields
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where dF/dD are the sensitivity derivatives of interest.

The standard incremental formulation for iteratively solving the
nonlinear Eq. (1) is

R" . .
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With typical CFD methods, the coefficient matrix operator
OR"/9Q represents only a very rough approximation of the exact
Jacobian matrix that would be associated with a strict implementa-
tion of Newton-Raphson (NR) iteration. Because of memory limi-
tations, NR iteration is not currently feasible on modern supercom-
puters (with the use of in-core solvers) for Euler and/or Navier-
Stokes codes when applied to large two-dimensional and practical
three-dimensional flow problems. This computational difficulty
carries over to the linear sensitivity equations, Eq. (2); as a rem-
edy, these equations should be cast into an incremental form and
solved iteratively as
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Comparison of Egs. (6) with Egs. (5) reveals that the identical left-
hand side, approximate coefficient matrix operator and algorithm
can be used to iteratively solve the nonlinear flow equation [Egs.
(1)] and the linear sensitivity equation [Eqs. (2)]. Thus, only a
change of the right-hand side is required to solve the sensitivity
equations. A more complete discussion of the computational ad-
vantages of this procedure is given in Refs. 1 and 2.

Sample Problem
The three-dimensional Euler equations are solved here for a
fully supersonic flow with the space-marching method described
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Wake Grid

Blended Wing-Body

Fig.1 HSCT 24E blended wing-body configuration.

Table 1 Computational timing comparisons

Number of
Solutions solutions Ratio
Baseline 1 1.000%
Forward finite
difference 3 3426
Quasianalytical 3 0.487

*Baseline solution run time for (R}, /R gm) reduction to

€= 1075 on Cray-2 is 827 s.

Table 2 Force (C) and moment (Cy;) coefficients

C, (= drag) 0.0044
Cy (= side) O(g)
C, (=1ift) ~0.0133
Cu,, (roll) < &(g)
CMy (pitch) 0.0055
Cuy, (yaw) < &)

in Ref. 3. The method is an upwind, cell-centered, finite volume
scheme that is higher order accurate (second order streamwise and
third order in cross plane) and fully conservative in all directions
including the streamwise (marching) direction. The method is lo-
cally “time iterative” in each cross plane with a spatially split, ap-
proximate factorization approach. The Mach 2.4 blended wing-
body surface definition was processed with the method given in
Ref. 4 and the volume grid subsequently generated by the same au-
thors. Figure 1 is a view of the high speed civil transport (HSCT)
24E blended wing-body configuration, including the wake portion
of the computational grid (37 streamwise X 121 circumferential X
15 normal). Grid refinement studies to determine the adequacy of
the computed solutions for modeling detailed physical aspects of
the flow have not been carried out. This study addresses the con-
sistency of solution sensitivity derivatives computed by two ditfer-
ent means, and this consistency is independent of the grid. How-
ever, well-converged solutions are required to verify this
consistency. :

As a consequence of the incremental iterative formulation, the
linear sensitivity equations are solved for the sensitivity deriva-
tives of the field variables in each cross plane with the identical
space-marching algorithm that is used to solve the nonlinear flow
equations. Table 1 shows computational timing comparisons for
calculation of sensitivity derivatives using both forward finite dif-
ferences and the incremental iterative quasianalytical method; all
of the timings are given in terms of a baseline time. The measure

Table 3 Sensitivity derivatives (SD) of force and moment
coefficients (quasianalytical incremental iterative strategy)

SD Design variables, D

Mach no. o B
if) x —0.0024 —0.0225 o)
% <&(e) o(e) —0.0614
igz +0.0079 1.4714 0(10e)
dgg, <o) <) —0.0094
ddcgy ~0.0033 —03244 0(10e)
d_dC;)iz < 0(e) O(e) —0.0009

Table 4 Sensitivity derivative (SD) ratios, finite
difference/quasianalytical, except terms of O ()

;%Z Design variables, D

Mach no. o B
%% 0.9999 1.0000 a
i—% a a 0.9999
if)’ 0.9999 1.0000 a
df,;” : a a 0.9999
dfgy 0.9999 1.0000 a
df,;” : a a 0.9999

3Ratio for extremely small quantities is meaningless.

of convergence levels used for all solutions is given in the footnote
to Table 1. Force and moment coefficients for the flight condition
Mach (number) = 2.4, o (angle of attack) = 0 deg, and P (yaw an-
gle) = 0 deg are shown in Table 2. Sensitivity derivatives of six
output functions (C,, Cy, C., Cy,, CMy, Cy,) with respect to Mach
number, angle of attack, and yaw angle, are given in Table 3.
Calculated sensitivity derivative ratios, forward finite differences
(perturbation size, AD = 1.E—05) to quasianalytical derivatives,
are shown in Table 4; these ratios are seen to be unity, to four sig-
nificant figures. However, the computational cost of the finite dif-
ference method is approximately seven times greater.

Conclusions
A computationally efficient general methodology has been suc-
cessfully demonstrated for iteratively solving the very large sys-
tems of linear equations required for obtaining quasianalytical sen-
sitivity derivatives from three-dimensional CFD codes.
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Introduction

DIFFICULT design problem occurs with military aircraft

where the inlet is located in an offset position. The problem
of angular swirl flow in an S-shaped inlet without guide vanes has
come to the fore in the past several years.!> Many possible modifi-
cations of the inlet geometry have been used in the reduction of
swirl. Prior work by Guo and Seddon®? has shown that a large vor-
tex occurs because of flow separation on the bottom wall near the
duct throat which produces a large swirl at the engine face. In the
prior work, two devices for swirl control were used; one is the
solid spoiler, the other is auxiliary inflow by blowing (auxiliary in-
flow was found to have adverse effects on the flow and pressure
recovery characteristics at lower angles of attack). Seddon” tested
the effect of bottom wall and sidewall fences of various sizes and
combinations in reducing the swirl of an S-duct at a 30-deg angle
of attack. Tests of Vakili et al.’> explored the improvement of the
secondary flow in an S-duct at 0-deg incidence by using a vortex
generator or a flow control rail. The present authors® proposed an
automatically adjustable blade (AAB) method. The AAB was lo-
cated inside the duct, and the function relating angle of attack and
the optimized angle of the fix (where the duct swirl disappears)
was determined. The measures reviewed in the preceding would be
invalid or would produce a large total pressure loss when an S-
shaped inlet is at a high angle of attack. The flow distortion and
duct swirl increase with increasing the angle of attack (up to 80
deg or 115 deg).
" This paper describes an improvement of a severely distorted
swirl flow in an S-shaped duct at very high angle of attack using a
variable lip technique.
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Experimental Description

The S-shaped diffuser investigated is shown in Fig. 1 and con-
sisted of five parts: lip, first bend, straight midsection, second
bend, and straight rear section. The diffuser area ratio (exit area to
throat area ratio) was 1.3095. Figure 1 also shows the shape and
the size of the variable lip device and its location on the model.
The lip is 124 mm long, 50 mm wide, and 10 mm thick with a trail-
ing angle of 45 deg. The variable lip is the same shape as those on
other walls. It was located at an axial station near the entry where
flow separation will occur. The angle of the lip B is 0 deg if the
variable lip is close to the wall. The variable lip may change its po-
sition by rotation to adjust to the entrance air flow direction. Ex-
perimental measurements, including static pressures along the
model walls, the cross flow velocities and the total pressure distri-
bution at the diffuser exit were made at ¢« = 0-, 15-, 30-, 45-, 60-,
70-, and 80-deg angles of attack, and compared with test results
without the AAB. The tests were performed in a mixed wind tun-
nel powered by both a vacuum pump and a blower at the Inlet
Aerodynamics Laboratory of Nanjing University of Aeronautics
and Astronautics. Freestream velocity is about 41.0 m/s. Details of
the data processing are described in Ref. 6.
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Fig. 1 Experimental model and exit velocity field.
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Fig. 2 Variation of SCg with [3.



