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Study on Computing Separating Flows Within
a Diffusing Inlet S-Duct
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A three-dimensional implicit full Navier-Stokes (FNS) analysis and a three-dimensional reduced Navier-Stokes
(RNS) initial value space marching solution technique have been applied to a class of separated flow problems
within a diffusing S-duct configuration characterized as vortex-liftoff. Both the FNS and the RNS solution
technique were able to capture the overall flow physics of vortex liftoff, and gave remarkably similar results
which agreed reasonably well with the experimental performance data. However, the FNS and RNS also
consistently predicted separation further downstream in the M2129 inlet S-duct than was indicated by experi-
mental data. The separated region associated with vortex liftoff in M2129 inlet S-duct increased in size as the
inlet mass flow increased, although the radial extent of the reverse flow region remained very small. Since the
reverse flow velocity was also very small, the separated flow in the M2129 S-duct might be regarded as incipient.
This, along with the fact that the RNS analysis was able to capture the topology of vortex liftoff, indicates that
the parabolized form of the Navier-Stokes equations are appropriate for separated flows represented by the
M2129 inlet S-duct.

Nomenclature
AJ = inlet throat area
Cf = wall skin friction coefficient
DC60 = distortion descriptor defined as the

maximum (Pt.dve — Ptmin)/qavc in any
60.0-deg sector

DJ = inlet throat diameter
L = length of inlet duct
Mf = inlet throat Mach number
Pfave = average total pressure
P/max = maximum total pressure
Ptmm = minimum total pressure in any sector of

extent 60.0 deg
Pt() = freestream total pressure
#ave = average dynamic pressure at the engine face
/?ef = engine face radius
Rey = Reynolds number based on throat diameter
R,- = inlet throat radius
5sep = separation location measured in terms of

arc length distance along the duct centerline
7Y() = freestream total temperature
X, 7, Z = primary Cartesian coordinates
Xcl, yd, Zcl = Cartesian coordinates along inlet centerline
AZC, = centerline offset distance
6ef = fractional distance across engine face
6 = polar angle referenced to inlet centerline

Introduction

M ODERN tactical aircraft are required to be maneu-
verable at subsonic, transonic, and supersonic speeds,

without giving up good cruise performance. Consequently,
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proper integration of the engine inlet with the airframe is of
paramount importance. Design for optimum airframe-inlet
integration has the following goals: 1) to minimize approach
flow angularity with respect to the inlet cowl lip; 2) to deliver
uniform, high-pressure recovery flow to the inlet face; 3) to
prevent or minimize vortex, wake, and boundary-layer inges-
tion by the inlet throughout the flight envelope; 4) to reduce
FOD/hot gas ingestion by the inlet; and finally 5) to minimize
the potential for flowfield interference from weapon carriage/
firing, landing gear deployment, tanks, pods, or other hard-
ware. The integrated inlet design must provide high-pressure
recovery to maintain the desired thrust levels, and low flow
distortion consistent with stable engine operation.

Engine face flow distortion is one of the most troublesome
and least understood problems for designers of modern inlet
engine systems.1-2 One issue is that there are numerous sources
of flowfield distortion that are ingested by the inlet or gen-
erated within the inlet duct itself. Among these sources are
1) flow separation at the cowl lip during maneuvering flight,
2) flow separation on the compression surfaces due to shock
wave boundary-layer interactions, 3) spillage of the fuselage
boundary layer into the inlet duct, 4) ingestion of aircraft
vortices and wakes emanating from upstream disturbances,
and 5) secondary flow and possibly flow separation within the
inlet duct itself. Most aircraft have experienced one or more
of these types of problems during development, particularly at
high Mach numbers and/or extreme maneuver conditions, such
that flow distortion at the engine face exceeded allowable surge
limits. Such compatibility problems were encountered in the
early versions of the B70, the F-lll, the F-14, the MIG-25, the
Tornado, and the Airbus A300 to name a few examples.

Flow separation in diffusing S-duct geometries character-
ized as vortex liftoff has been studied by Harlof et al.3 using
full Navier-Stokes (FNS) analysis techniques and by Ander-
son and Farokhi4 using an reduced Navier-Stokes (RNS) ap-
proach. This class of separated flows are very common within
inlet ducts, and are a major cause of pressure loss and dis-
tortion at the engine face, particularly circumferential distor-
tion. A RNS solution technique using FLARE approximations4

has been shown to physically describe the topological and
topographical structure of flow separation associated with vor-
tex liftoff, however, no detailed comparative study has been
made between FNS and RNS viscous analyses for this phe-
nomenon over a wide range of inlet flow conditions.
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This article examines the phenomena of vortex liftoff using
both FNS and RNS solution techniques, each with an alge-
braic eddy viscosity turbulence model. Specifically, the goals
of this article are as follows:

1) To examine the capability of the FNS and RNS analyses
to describe the phenomena of vortex liftoff over a wide range
of inlet flow conditions.

2) To characterize the phenomena of vortex liftoff and iden-
tify uncertainties in the analysis of this interaction.

3) To examine the prediction of the relevant inlet perfor-
mance parameters of total pressure recovery and various en-
gine face distortion descriptors relative to experimental mea-
surements.

Theoretical Background
Reduced Navier-Stokes Analysis

Three-dimensional viscous subsonic flows in complex inlet
duct geometries are investigated by a numerical procedure
which allows solution by spatial forward-marching integra-
tion, utilizing flow approximations from the velocity-decom-
position approach of Briley and McDonald.5'6 The goal of this
approach is to achieve a level of approximation that will yield
accurate flow predictions, while reducing the labor below that
needed to solve the full Navier-Stokes equations. The gov-
erning equations for this approach have been given previously
for orthogonal coordinates, and the approach has been ap-
plied successfully to problems whose geometries can be fitted
conveniently with orthogonal coordinate systems. However,
geometries encountered in typical subsonic inlet ducts cannot
be treated easily using orthogonal coordinates, and this led
to an extension of this approach by Levy et al. ,7 to treat ducted
geometries with nonorthogonal coordinates. In generalizing
the geometry formulation, Anderson8 extended the analysis
to cover ducted geometries defined by an externally generated
gridfile, such that it allowed for 1) reclustering the existing
gridfile, 2) redefining the centerline space curve, and 3) al-
tering the cross-sectional shape and area distribution without
returning to the original gridfile. This version of the three-
dimensional RNS computer code is called RNS3D. The tur-
bulence model used in RNS3D is that of McDonald and
Camarata9 that employs an eddy-viscosity formulation for the
Reynolds stresses.

The analysis as presented here is applicable only when the
primary velocity is not negative. Since "small" regions of
reverse flow can arise in curved inlet ducts, the numerical
method is locally modified to permit forward marching when
the flow contains small regions of reverse flow. The technique
used follows Reyhner and Flugge-Lotz,10 by adding small ar-
tificial convection at grid points where the primary flow is
reversed. This is known as the FLARE approximation, after
the authors.10 For thin regions of reverse flow, although the
area of flow separation can be very large compared to the
passage itself, the technique permits the analysis to proceed
downstream beyond reattachment, confining the FLARE ap-
proximation to the separated region.

Full Navier-Stokes Analysis
The PARC3D11 code, selected for this study, solves the full

three-dimensional, Reynolds-averaged, Navier-Stokes equa-
tions in strong conservation form with the Beam and Warming
approximate factorization algorithm, by advancing an initial
solution in time to steady state. The implicit scheme uses
central differencing for a curvilinear set of coordinates. The
code was originally developed as AIR3D by Pulliam and
Steger.12 Pulliam13 later added the Jameson14 artificial dissi-
pation and called the code ARC3D. Copper11 adapted the
ARC3D computer code for internal propulsion applications
and named the code PARC3D. To simplify the solution of
the block pentadiagonal system of discretized equations, the
block implicit operators were diagonalized by decomposing
the flux Jacobians, resulting in a scalar pentadiagonal system.

The loss of time consistency, caused by the inconsistent dif-
ferentiation of the decomposed Jacobians, does not affect the
spatial accuracy of the steady-state solution.15 The turbulence
model used in PARC3D is the Baldwin-Lomax16 model that
is also an algebraic eddy viscosity model. In the present com-
putations, the turbulence model has been modified to improve
the simulation of the reverse flow regions based on the study
by Deiwert.17 In the regions of reverse flow, the inner layer
is replaced with the outer model that extends all the way to
the wall. In the absence of reverse flow, the conventional
Baldwin-Lomax turbulence model is used.

Results and Discussions
The experiment on which this study is based comes from

the AGARD Fluid Dynamics Panel Working Group 13 nu-
merical subgroup test case 3.18 AGARD Working Group 13
was formed to investigate the subject of inlet performance
using results from both experimental and computational tech-
niques. One of the test cases chosen by Working Group 13
was the DRA inlet model M2129, which is a circular inlet
followed by an S-duct diffuser. This set of experimental data
was chosen because it provided information on the separation
characteristics over a large inlet mass flow range. The M2129
inlet duct geometry is shown in Fig. 1 and was based on a
study by Willmer et al.19 and by Gibb and Jackson.20 The
centerline of the inlet defined in terms of the coordinate sys-
tem shown in Fig. 1 is given by

Zcl = -AZcl[l - (1)

and the radius distribution measured perpendicular to the duct
centerline is described by

R - = 3 | 1 -T - 4 V - T » + 1 w
For the purposes of the calculations, the M2129 S-duct was
nondimensionalized with respect to the throat radius, thus
Rf = 1.0, Ref = 1.183, L = 7.10, and AZcl - 2.13.

A polar grid topology was chosen for the M2129 S-duct
which consisted of 49 radial, 49 circumferential, and 61
streamwise nodal points in the half-plane, for a total number
of 146,461 grid points (Fig. 1). The internal grid was con-
structed such that the transverse computational plane was
perpendicular to the duct centerline. Grid clustering was used
in the radial direction in order to redistribute the nodal points
to resolve the high shear regions near the wall. The radial
spacing was chosen to provide a nominal y+ of 0.5 at the first
grid point away from the wall. A study on the effects of near-
wall resolution y + on the separation characteristics of vortex
liftoff and the engine face flowfield was performed by An-
derson and Farokhi.4 The flow in the inlet was considered
turbulent throughout, and the inflow boundary-layer thick-
ness 8/Rf was 0.012. This provided approximately the same
inlet mass flow as in the experiment. However, it must be

Fig. 1 Geometry definition for the M2129 inlet S-duct.
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Table 1 Initial conditions and summary of inlet performance for the M2129 inlet S-duct

Mach
no.
0.100
0.200
0.300
0.412
0.500
0.600
0.700
0.794

RNS analysis
Reynolds no.
0.301 x 10e6
0.594 x 10e6
0.873 x 10e6
1.158 x 10e6
1.385 x 10e6
1.577 x 10e6
1.723 x 10e6
1.848 x 10e6

Sxp/Ri
4.456
4.897
5.109
5.323
5.109
4.675
4.236
3.794

Ptef/Pt0

0.999
0.997
0.994
0.990
0.985
0.979
0.971
0.962

FNS analysis
DC60 Ssep/R;

0.320 ——
0.273 4.893
0.254 ——
0.254 4.456
0.267 ——
0.297 ——
0.348 ——
0.416 4.674

PtJPt* DC60

0.996 0.229

0.987 0.321

0.958 0.441

Table 2 AGARD test cases, initial conditions

Test case 3.1
Total pressure
Total temperature
Throat Mach number
Throat diameter
Throat area
Reynolds number (based on £>,)

Test case 3.2

Total pressure
Total temperature
Throat Mach number
Throat diameter
Throat area
Reynolds number (based on £>,)

Test case 3.3

Total pressure
Total temperature
Throat Mach number
Throat diameter
Throat area
Reynolds number (based on D,)

Pt() = 29.889 in.Hg
Tt(} = 293 K
Mi = 0.794
D, - 5.071 in.
Ai = 25.254 in.2

Key = 1.848 x 106

Pt0 = 29.865 in.Hg
7Y0 = 293 K
M,- = 0.412
D, - 5.071 in.
Af = 25.254 in.2

Key = 1.158 x 106

F/o - 29.889 in.Hg
7>0 - 293 K
Mi = 0.200
D, - 5.071 in.
Ai = 25.254 in.2

Key = 0.594 x 106

understood that the experimental inlet mass was not very
accurate since it was determined using a standard 72 probe
engine face rake.

A summary of the inlet test conditions used in this study is
presented in Table 1, and covers the nominal inlet throat
Mach number range from 0.1 to 0.8. It also includes the
AGARD test case 3.1 and 3.2 test conditions defined in Table
2.

For the purposes of examining the separation characteristics
within the M2129 inlet S-duct with both FNS and RNS so-
lution techniques at a low inlet throat Mach number, a third
test case was also defined in Table 2.

Presented in Table 1 is the computed location of separation
5sep from both the FNS and RNS analyses (as measured in
terms of the arc length along the inlet centerline), the area-
averaged engine face total pressure recovery Pfef/Pf0, and the
DC6() engine face distortion, both determined from the flow
values on the computational mesh.

The initial flowfield for the FNS computations was obtained
from the RNS solution. In addition, the imposition of the
inlet boundary layer, which was held fixed during the time-
marching FNS solution, was straightforward since the initial
flowfield had the same initial inlet boundary layer. The av-
erage computing time for the RNS solutions was 4.2 min on
the Cray X-MP, while the average computing time for the
FNS solution technique was 300 min on the Cray Y-MP, start-
ing from the RNS solution as the initial flowfield guess. A
FNS computation was also performed with uniform free-
stream flow as the initial guess for the flowfield, with the
boundary-layer profile unchanged. The computational time
for this case was about the same as the RNS solution as the
initial guess.
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Fig. 2 Effect of inlet throat Mach number on engine face: a) total
pressure recovery, Ptef/Pt<> and b) engine face Z)C60 distortion, M2129
inlet S-duct.

Figures 2a and 2b present the effect of inlet throat Mach
on the area-averaged total pressure recovery Ptef/Pt() and DC60
engine face distortion as determined from the RNS, FNS
solution technique, and experimental measurements. The two
solution techniques gave essentially the same total pressure
recovery characteristics over the inlet throat Mach number
range investigated (Fig. 2a) and agreed very well with ex-
perimental measurements. However, differences between the
FNS and RNS solutions were observed when comparing the
circumferential distortion as measured in terms of the DC6()
engine face descriptor (Fig. 2b). Although these differences
are relatively small, they can be attributed to a number of
factors including 1) the different turbulence model used in
computer codes, 2) artificial viscosity used in the FNS analysis
which could influence the flow physics of vortex liftoff, and
3) the influence of the Deiwert approximation in the FNS
analysis. Convergence with this variant of PARC3D could not
be achieved without the Diewert approximation. However
this modification to the Baldwin-Lomax turbulence model
destroyed the flow physics of the liftoff topology.

Above an inlet throat Mach number of 0.4, the two solution
techniques gave essentially the same qualitative behavior, i.e.,
an increasing Z)C60 engine distortion with increasing throat
Mach number. However, below a throat Mach number of 0.4,
the two solutions techniques indicated opposite trends with
inlet throat Mach number. The RNS solution indicated very
good agreement with experimental measurements, whereas
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the FNS solution tended to indicate a somewhat larger DC60
engine face circumferential distortion than is indicated by the
data above an inlet throat Mach number of 0.4. The generally
good averaged inlet performance results that were obtained
with both the FNS and RNS solution techniques obtained for
the M2129 inlet S-duct should be viewed with caution, since
not all of the inlet flow physics were well predicted by either
Navier-Stokes solution techniques as the following discussion
will indicate.

Both the FNS and RNS analysis indicated that the M2129
inlet flow separated over the nominal Mach number range
from 0.2 to 0.8. The location of separation, as determined
from both the FNS and RNS solution techniques, is presented
in Fig. 3, and suggests that some of the computed differences
in the DC60 engine face distortion indicated in Fig. 3 can be
attributed to differences in the prediction of flow separation
location within the inlet duct. Figure 3 also indicates that the
location of flow separation is effected by inlet throat Mach
number, and that no consistent statement can be made as to
the prediction of separation using either FNS or RNS solution
techniques over the inlet mass flow range considered in the
experiment. However, both computational techniques using
current mixing length type turbulence models predicted sep-
aration much further downstream in the inlet duct than was
measured using oil flow techniques.20 Grid resolution studies
performed using RNS3D revealed little change in the vortex
liftoff location as a result of either refining the computational
mesh or further resolving the near wall region. Resolution
studies were not performed using the FNS analysis because
of the large resources involved. In general, the RNS and FNS
solution techniques were more consistent with each other than
with the experimentally measured separation locations. Thus,
it is unlikely that the current generation of mixing length
turbulence models can predict the conditions under which the
vortex pair that is generated in the first section of the S-duct
will liftoff the walls of the inlet.

Presented in Figs. 4-6 are measured and the computed
engine face total pressure recovery maps for the test case 3.1
and 3.2 initial conditions. Figure 4 presents a comparison
between the measured recovery maps for the test case 3.1
and 3.2 inlet flow conditions (Figs. 4a and 4b), respectively.
Figures 5 and 6 present a comparison between the predicted
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separation S^/fl,, M2129 inlet S-duct.
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Fig. 4 Measured engine face total pressure recovery map, M2129
inlet S-duct. Test case a) 3.1 and b) 3.2 conditions.

Fig. 5 Computed engine face total pressure recovery map, M2129
inlet S-duct. Test case 3.1 conditions: a) RNS and b) FNS analysis.

b)
Fig. 6 Computed engine face total pressure recovery map, M2129
inlet S-duct. Test case 3.2 conditions: a) RNS and b) FNS analysis.
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Fig. 7 Average ring total pressure recovery characteristics, M2129
inlet S-duct. Test case a) 3.1 and b) 3.2 conditions.

engine face total pressure recovery map using both RNS and
FNS solution techniques at the test case 3.1, and 3.2 initial
flow conditions. In general, there is strong similarity between
the engine face flowfield as computed by the two Navier-
Stokes techniques, although the FNS solution at the test case
3.1 and 3.2 flow conditions indicated a somewhat more de-
veloped recovery map as a result of stronger secondary ve-
locities. The more developed engine face flowfield computed
by the FNS analysis is indicated in Fig. 2b as a higher DC6Q
engine face distortion. In general, there was good qualitative
agreement between the two analysis techniques and the ex-
perimental data with regard to the enginejace total pressure
__cover maps, although the vortex appears to have altered
the flow over a greater region of the engine face flowfield in
the experiment than in the analyses for the test case 3.1 initial
conditions (Fig. 4a).

The quantitative nature of the computed differences be-
tween the FNS and RNS solutions technique are revealed
more clearly in Figs. 7-9, which presents the average ring
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Fig. 8 Radial pressure ring distortion characteristics, M2129 inlet
S-duct. Test case a) 3.1 and b) 3.2 conditions.
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Fig. 9 60-deg sector circumferential pressure ring distortion char-
acteristics, M2129 inlet S-duct. Test case a) 3.1 and b) 3.2 conditions.

total pressure recovery characteristics (Fig. 7), the radial pres-
sure ring distortion distribution (Fig. 8), and the 60-deg sector
circumferential ring distortion characteristics (Fig. 9) for the
test case 3.1 and 3.2 flow conditions. These ring parameters
are very useful in quantifying difference because they describe
the distribution of total pressure recovery, radial distortion,
and circumferential distortion in terms of the fractional dis-
tance across the engine face flowfield 8ef. The distribution of
average ring total pressure recovery (Figs. 7a and 7b) are
predicted remarkably well by both the RNS and FNS analyses
for the test case 3.1 and 3.2 flow conditions. However, the
analyses tended to overpredict the total pressure recovery in
the engine face center region while underpredicting the pres-
sure recovery in the outer region near the engine face, sug-
gesting that more mixing had taken place in the experimental
inlet duct. The radial pressure ring distortion as computed by
both Navier-Stokes techniques are presented if Fig. 8a for the
test case 3.1 flow conditions and in Fig. 8b for the test case
3.2 conditions. The underprediction of the total pressure re-

covery in the region near the engine face casing is indicated
in Figs. 8a and 8b as an overprediction in radial distortion in
the same region of engine face flowfield. The primary differ-
ences in the prediction of flow separation computed by FNS
and RNS analyses as compared to experimental measure-
ments shows itself as a difference in circumferential pressure
distortion as indicated in Figs. 9a and 9b. At the test case 3.1
flow conditions (Fig. 9a), both the RNS and FNS analyses
overpredicted the maximum 60-deg engine face ring distor-
tion, although the analyses predicted the overall distribution
quite well including the location of maximum distortion at 0.8
of the engine face dimensional radius 6ef. At the test case 3.2
flow conditions (Fig. 9b), the RNS analyses predicted the 60-
deg sector ring distortion very well, whereas the FNS analysis
overpredicted the maximum circumferential distortion by about
1.0%.

If agreement between solution techniques is measured in
terms of the standard inlet parameters such as total pressure
recovery and the standard engine face distortion descriptors,
then the two Navier-Stokes analyses gave remarkably similar
results for a inlet duct experiencing flow separation charac-
terized as vortex liftoff, and agreed reasonably well with ex-
perimental measurements. However, the FNS and RNS also
predicted separation much further downstream in the M2129
inlet S-duct than was indicated by experimental data. This is
consistent with the results of the FNS analysis of separation
in an S-duct by Harlof et al.3

Once the vortex pair have detached from the walls of the
inlet duct, they no longer can be strengthened by the gen-
eration of secondary flow, and they must be attenuated by
diffusion, mixing, and viscous dissipation. Diffusion tends to
enlarge the region of total pressure distortion thus leading to
increased distortion level, while forced mixing and viscous
dissipation tend to attenuate total pressure gradients which
will decrease engine face distortion. Thus, an inlet S-duct
configuration which experiences separation sooner witt on the
one hand be expected to have a higher distortion because of
diffusion, but on the other will tend to have a lower distortion
because of the moderating effects of mixing and viscous dis-
sipation over the longer length of free vortex travel. There-
fore, the physical process involved in the phenomenon of
vortex liftoff tends to be self-compensating with respect to
engine face distortion. The two Navier-Stokes computations
predicted averaged performance parameters at the engine face
remarkably well. The fact that the analyses predicted vortex
liftoff much further downstream in the M2129 inlet duct than
was measured indicates that while the accumulative effect of
diffusion, mixing, and viscous dissipation were nearly the same
between analysis and data, the individual terms could not have
been accurately predicted. This may have resulted from a lack
of grid resolution in both the RNS and FNS analysis, partic-
ularly downstream of vortex liftoff.

Presented in Figs. 10 and 11 are a comparison between
measured and computed wall static pressure along the 0 =
0.0 deg, and 0 = 180.0 deg surface elements for the test case
3.1 initial conditions (Fig. 10) and the test case 3.2 flow con-
ditions (Fig. 11). The static pressures distributions as deter-
mined from the FNS and RNS solution technique are in sur-
prising agreement (Figs. 10 and 11). However, since both
solutions techniques predicted the vortex liftoff (separation)
location further downstream than was measured by Gibb and
Jackson,20 the differences between the computed and mea-
sured static pressure distributions are greater than the differ-
ence between the wall pressure distributions obtained with
the RNS and FNS solution techniques. In addition to over-
predicting the vortex liftoff position within the M2129 inlet
S-duct, the two solution techniques also underpredicted the
influence of the separation on the main flow as indicated by
the wall static pressure distribution at the test case 3.1 flow
conditions (Fig. 10). Since the separation region associated
with vortex liftoff was very thin, the vortex pressure field
interaction was probably more complex than a simple bound-
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Fig. 10 Static pressure distribution, M2129 inlet S-duct, test case 3.1
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Fig. 11 Static pressure distribution, M2129 inlet S-duct, test case 3.2
initial conditions. 0 - a) 0.0- and b) 180.0-deg surface elements.

ary-layer displacement effect. The fact that Navier-Stokes so-
lutions tend to underpredict the effect of separation (vortex
liftoff) on the main flowfield was also indicated in the study
by Harlof et al.3 However, the RNS and FNS wall static
pressure distribution results are in much better agreement
with measured wall static pressure distributions at the test
case 3.2 initial conditions (Fig. 11) suggesting that the pressure
liftoff interaction weakens as the inlet throat Mach number
decreases.

The major difference between FNS and RNS solutions oc-
cur in the wall skin friction distribution upstream of flow
separation, i.e., the region of adverse pressure gradients in
the first section of the S-duct at the test case 3.1 and 3.2 initial
flow conditions, Figs. 12a and 12b. Except for the initial ex-
pansion region at the entrance of the M2129 inlet S-duct, the
skin friction distribution computed from RNS and FNS so-
lution techniques are essentially the same at the test case 3.3
flow conditions (Fig. 12c). The skin friction in the separated
region is characterized as very constant and very close to zero
for both analysis techniques. This is consistent with the results
obtained by Harlof et al., and indicates that the reverse flow
velocity was very small. This is in agreement with
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Fig. 12 Wall skin friction distribution along the 0 = 180 deg surface
element. Test case a) 3.1, b) 3.2, and c) 3.3 conditions.

Fig. 13 Reduced Navier-Stokes solution for the separation topology
associated with vortex liftoff.

ec the experimental measurements of Whitelaw and Yu21 within
the M2129 inlet S-duct.

Presented in Fig. 13 is the RNS solution for the separation
topology associated with vortex liftoff. A very striking and
significant feature captured by the RNS analysis is the sym-
metric pair of spiral nodes and pair of saddle points that are
clearly indicated in Fig. 13. A detailed discussion on the to-
pology of vortex liftoff as computed using an RNS analysis is
given by Anderson and Farokhi.4 This very familiar topo-
logical pattern describes the important stage in the develop-
ment of the pair of counter rotating vortices that form in the
first bend of the inlet duct which results in vortex liftoff in
the second bend. This limiting streamline topology must be
present under the conditions of flow separation characterized
as vortex liftoff. The Deiwert approximation17 used in the
FNS analysis, however, destroyed this familiar topological
pattern and should not be used for internal flows of this type.

The development of the separated region is similar in all
the RNS cases, but the separated region occupies an increas-
ingly greater area as the inlet mass flow increases. The radial
extent of the reverse flow is small over the inlet mass flow
range considered and the magnitude of the negative velocities
near zero so that the separated flow might be regarded as
incipient. Since the liftoff topology flow physics was properly
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simulated with the RNS analysis, the parabolized form of the
Navier-Stokes equations is appropriate for the type of sepa-
rated flows represented by the M2129 inlet S-duct. The same
conclusion was reached by Whitelaw and Yu21 in a low Rey-
nolds number laser velocimeter experiment in the M2129
S-duct.

Concluding Remarks
A three-dimensional implicit FNS analysis and a three-di-

mensional RNS initial value space marching solution tech-
nique has been applied to a class of separated flow problems
within a diffusing S-duct configuration characterized as vortex
liftoff. Both the FNS and the RNS solution techniques were
able to capture the overall flow physics of vortex liftoff, and
gave remarkably similar results which agreed reasonably well
with the experimental measured averaged performance pa-
rameters of engine face total pressure recovery and distortion.
However, the FNS and RNS also predicted separation much
further downstream in the M2129 inlet S-duct than was in-
dicated by experimental data, suggesting compensating errors
were present which may have been grid related.

The separated region associated with vortex liftoff in M2129
inlet S-duct increased in size as the inlet mass flow increased,
although the radial extent of the reverse flow region remained
very small. Since the reverse flow velocity was also very small,
the separated flow in the M2129 S-duct might be regarded as
incipient. This, along with the fact that the RNS analysis was
able to capture the topology of vortex liftoff and provide good
agreement with the experimentally measured performance,
indicates that the parabolized form of the Navier-Stokes equa-
tions are appropriate for separated flows represented by the
M2129 inlet S-duct. The fact that the location of vortex liftoff
was not properly predicted does not alter this conclusion, since
the FNS analysis suffers the very same difficulty.
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