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NUMERICAL SIMULATION OF FLOWS IN CURVED DIFFUSERS
WITH CRUSS-SECTIONAL TRANSITIONING USING A
THREE~DIMENSIONAL VISCOUS ANALYSIS
by C. E. Towne® and B, H. Anderson**
National Aeronautics and Space Administration

Lewls Research Center
Cleveland, Ohio 44135

SYMBOLS
P1.p one~dimensional p.essure correction
Pa.p three-dimensional inviscid pressure field
ul,uz,u3 locnl Cartesian valocities
Xy)¥pr¥g local Cartesian coordinates
Y11¥91Y3 curvilinear computational coordinates
8 Kronecker delta
Mo effective viscesity
P density
velocity potential for irrotational cowmponent
of secondary flouw
Y stream function for rotational component of
secondary flouw
Q streamuise vorticity

INTRODUCTION

Three-timensional subsonic diffusers are relatively
common in modern airbreathing propulsion systews., The shape
of the duct cross-saction may vary in the streamwise
direction, and offset bends are often present. Strong

*Aerospace Engineer; Member, AIAA.
**Head Aerodynamics Analysis Section; Member, ATAA.
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secondary flows can thus be yenersted. In addition, since
the flow is diffusing, the boundary layer may grow until its
thickness is comparable to the duct radius. These phenomens
have important cffects on overpll diffuser performance and

engine/inlet compatibility.

Conventional boundary layer methods cannot properly
analyze these complex flows. A complete three-dimensional
Navier-Stokes analysis could be used, but extremely large
amounts of computer time and storage would be required for a
detailed solution, thus precluding the use of such an
analysis for routine calculation using present computer

technology.,

However, if it is assumed that a primary flow direction
can be identified, certain approximations csn be made in the
Navier-Stokes equations, resulting in a set of equations for
fully viscous, subsonic; compressible flou that can he
solved by foruard marching. One such method, designated
PEPSIG, was developed by Briley and NcDonaldl. and recently
modified by Levy, McDonald, Briley, and Kzeskovskyz. This
paper presents the results of the first in a series of
studies to evaluate the PEPSIG analysis.

GOVERNING EQUATIONS

In this analysis, the flow is computed by & spatial
marching progedure which solves an approximate form of the
Navier-Stokes egquations. Three basi¢ assumptions are made.
First, it is assumed that the flou is primarily in the
direction of the duct centerline, with transverse secondary
flow, Second, the pressure field is represented by the sum
of a previously determined three-dimensional pressure field
and a one-dimensional pressure correction computed as part
of the marching analysis. RAnd finally, second derivatives

in the primary flow direction are assumed negligible.
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The derivation of the governing equations actually
solved in the PEPSIG analysis is fairly complex, and has
been presented elsewhere?., For completeness, houwever, a
brief discussion is presented here. The equations are first
" written in local Cartesian cooxdinates xj, Xp» and xj3, with
corresponding velocities Uyr Ug, and Ug, The X3 direction |
is the primary flow direction, and is aligned with the duct
centerline at each marching step. The xj and X, directions %
define the transverse, or secondary flow plane. The j
equations are then transformed into general non-orthogonal,

body~fitted, curvilinear coordinates Yy Yoo and yj3.

The X momentum equation is then given, using tensor

notation, hy:

L S 8y; pap 33 %P1 p
3 axj ayi 3x3 ayi ax3 8y3

r d y P s -
axj 8yi 2(. 33 8xj Byn 8x3 Byn
oy, augw

2 —n __K
"3 00 - ) o |

St

(1)

Here P_p = Pa_p (xl,xz,x3) is the known three-dimensional

pressure field and Py.p = Pi-p (x3) is the correction computed
during the marching solution. In the present study, Py_p Was
computed using a three-dimensional potential flow analysis .

The differential continuity equation is written in

terms of a scalar potential ¢ as:
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The Xy and Ko momentum equations are cotibined to form
an egquation for vorticity transport in the X3 direction and
a eross~plane stream function equation. After some
simplifications, the vorticity equation is given by:

2
jaﬂ jaﬂ p BX§

and the stream function equation by:

ay ay dy 2 2
1.8 (1 °7k) 3y +'l k) 87y

axi 8yj p axi Byk p axi 3y

2 Byl 3y2 82lp
p axi Bxi Bylay2

+ = -0 (4)

3

The energy equation is eliminated by assuming constant
total enthalpy. A mixing length turbulence model is used,
with the distribution of mixing length given by the Buleev
formulas. The boundary conditions used result in no-slip at

the walls, and symmetry at the symmetry plane.

The above equations are solved by forward marching from
an initial station, uwhere the flow profiles are Known, using
an implicit numerical technique, Details of the solution

procedure are given in references 1l and 2.

COMPUTED RESULTS

Circular S-Duct

As an initial test of the ability of the PEPSIG
analysis to correctly predict the basic physical phenomena
present in curved ducts, a simple circular S-duct was run.
The duct had a diameter of .61 m. (2 £t.) and the centerline
was offset one diameter in a streamuwise distance of five

diameters. The flow was laminar, with an entrance Mach
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numhexr of .2 and a Reynolds number based on diameter of
2006, The initial boundary layer thickness was 3.0 om. (.}
ft.). This case was run with a 20%20 mesh in the
cross-plane, and 41 streamwise stations. The calculation
required 16 minutes on an IBM 370/3033,

Computed total pressure contours are shoun at several
stotions along the duct in figure 1. The boundary layer
growth along the top of the duct in the first bend can be
clearly seen. In the second half of the duct, this region
of low energy flouw expands greatly, forming a pocket of louw

total) pressure at the top of the duct. This phenomenon has
4-5

been seen in several experiments . A comparison between the

analytical results and the results from one of these
experimentsA‘is presented in figure 2. Here total pressure
Although only a qualitative comparison can he made since the
tested case was for a different geometry and flow conditions
than the computed cise, the basic physics of the flow appear

to have been computed correctly.

The mechanism by which the pocket of low energy flow is
tormed has been presented by Bansod and Bradshaua. This
mechanism is present in the analytical results, and can be
explained by examining the cross-flow velocity vectors, as
shoun in figure 3. Except for the results at station 5,
which is 174 of the way through the first bend, the vector
plots are shoun at the same stations as the total pressure
plots in figure 1. In the £first half of the duct (stations
1-21), the classic secondary flow pattern for flouw through a
curved pipe is set up. The low speed boundary layer»fluid
migrates circumferentially from the pressure surface touward
the suction surface, and the essentially inviscid core flouw
responds to centrifugal forces. A pair of contra-rotating
vortices is thus established. In the second bend (stations

21-41), these vortices are intensified, and become centered
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near the top of the duct. As the low encrgy fluid
npproaches the symmetry plane from both sides, it erupts
from the surface forming the pocket of low total pressure
characteristic of S-duct flous.

Fzlé Inlet

To evaluate the ability of the annlysis to compute the
flow throi*+h a realistic diffuser configuration,
caleulations were made for subsonie flow in the F-16 inletﬁ.
N schematic diagram of this inlet is given in figure 4,
Cross~-spctions are shown at various stations along the
inlet, The stotion numbers are fuselage stations from
reference 6. The inlet has a generally S-shaped centerline,
with the first and second bends separated by a strxaight
section. The total offset is .616 m, (2,02 £t.) and the
length from the throat to the engine face is 4.74 m, (15,55
ft.). The cross-section shape transitions from slightly
smile~shaped at the throat to circular at the engine face,

The overall area ratio is 1.33.

The non=orthogonal, body fitted mesh generator
currently used in the PEPSIG analysis requires
super-elliptin cross~section shapes7. Meshes can thus be
generated for ducts with cross-sections that vary from
nearly rectangular or square (with a large super-ellipse
exponent) to ellipticall or circular (with an exponent of 2),
The actual F-16 cross-sections could therefore not be
modeled exactly. Instead, the following procedure was used.
At each streamwise station, the major axis of the
super-ellipse was chosen to watch the maximum spanuise
dimension of the actual cross-section. The minor axis used
uns the gapwise distance in the symmetry plane of the inlet.
The super-ellipse exponent was then computed to give the
correct ared; hut was not allowed to fall below 2,
corresponding to an ellipse. The result was the baseline

configuration shoun in figure 5a.
6
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A calculation was made for turbulent flow in this
configuration at a Reynolds number per meter of 1.44x107
(4.4x106 per foot) and a free stream Mach number of .9, The
initial boundary layer thickness specified was .91 com, (,36
in.,). These flow conditions correspond to one of the test
conditions of reference 6, A 24x24 mesh was used in the
cross-plane, with 250 streamwise stations. The calculation
required about 2 1/2 hours on an IBM 370/3033.

Computed total pressure contours are shouwn at several
stations along the duct in figure 6. Boundary layer growth
around the entire circumference is evident through the first
half of the duct, About halfway through the duct, the
boundary layers at the top and bhottom start grouwing more
rapidly, while near the sides the boundary layer becomes

thinner.

The surprising aspect of this calculation was the
degree of symmetry hetween the contours in the top and
bottom halves of the duct. Based on the S-duct calculations
presented earlier, as well as experimental results for
S-duects, it had been expected that secondary flow vortices
would be generated by the centerline curvature and would
cause a shift in the total pressure contours. A comparison
of computed and esxperimental exit plane total pressure
contours is presented in figure 7, The data are from
reference 8, and are for a somewhat different geometry and
incoming flow than was used in the analysis. (In the test,
the inlet had an external ramp forebody and a cowmpressor
face hub, and was run at a 1 degree angie of attack, The
Reynolds number was 4.9x106 per meter (1.5x106 per foot) and
the free stream Mach number was .8). The experimental
results, houwever, are similar to the computed results in the
degree of symmetry between the upper and lower halves of the
inlet., It should be noted that the computed boundary layer

grows very quickly during the first few wmarching steps.
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This is believed to be caused by appreciable numerical
diffusion in this thin boundary layer calculation as a
result of inadequate mesh Tesolution. This resulted in
larger calculoted total pressure losses than were measured
experimentally, With proper mesh resolution, tiixs problem
should be alleviated,

It was then hypothesized that the effect of the change
in cross~section shape was much more important in this flow
than the effect of the centerline curvature, 7To verify this
hypothesis, two additional geometries were run. The first,
shoun in figure 5b, had the same distribution of
cross~section shape as the baseline configuration, but with
a straight centerline, The second, shown in figure 5¢, had
the same centerline shape and area distribution as the
baseline configuration, but with circular cross-sections,
These configurations were chosen to isolate the effects of

shape change and canterline curvature., The £flow conditions

and grid were the same as for the baseline calculation,.

The total pressure contours for the straight centerline
configuration are shown in figure 8, and are virtually
identical to those for the baseline configuration. The
results for the circular cross-section case, shoun in figure
9, do show a slight shift in the total pressure contours,
indicating that the centerline curvature is strong enough to
generate at least a weak secondary flow vortex, This is
confirmed when the cross-flow velocities are examined. The
computed secondary flow velocity vectors at the exit plane
for all three F-16 configurations are shoun in figure 10.
The secondary flow patterns for the baseline and straight
centerline configurations are basically similar, Although
some: influence of cen%erline curvature can be seen in the
baseline results, no vortexr pattern is set up. The circular
cross-section configuration, however, has an obvious

secondary flow vortex at the exit plane.
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Additional insight e¢an he gained by examining the
circumferential pressure gradient in the baseline F-16
configuration., In figure lla the inviscid static pressure
is plotted for a cross-section at about the mid-point of the
duct. The pressure is higher in the region of the
converging sides of the cross-section than at the diverging
top and bottom. The low energy boundary layer fluid is thus
driven in hoth directions auay from the sides of the inlet,
causing the boundary layer thickness to decrease there and
to incrense at the top and hottom of the anlet. By the time
the second bend is reached, most of the cross-section
transitioning has been completed. The circumferential
pressure distribution in the second bend, shown in figure
11bh, is similar to thet found in the second bend of a
constant area S-duct, However, the boundary layer has

become so thin near the converging sides of the duct that
the boundary layers in the top and bottom halves of the
inlet are essentially isolated from each other., Louw energy
boundary layer fluid cannot migrate through this thin
boundary layer region, and therefore no segondary flow
vortex is Yormed. In the circular cross=-section
configuration, of course, the houndary layer does not thin
out at the sides of the duct, and a vortex pattern is
generated, Thus, althouyh the centerline curvature in the
baseline F~16 configuration is strong enough to produce a
secondary flow vortexr, the changing cross-section shape
suppresses its formation.

CONCLUDING REMARKS

1. The PEPSIG analysis gives at least qualitatively
correct predictions of the development of secondary flow

vortices and total pressure distortion in S-shaped ducts.

2. More detailed quantitative comparisons with

experiment are needed to determine the accuracy of the
analysis,
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3. Mesh studies arxe necedad to detexrmine the resolution
raquired for thin boundaxy layer calculations.

4. The analysiz aan be ussd to help understand the
development of secondary flow phenomena in complex
configurations.

5. There is a critical need for detailed experimental
data on secondary flou drgvelopment in ducts with centerline
curvature and/or cross-section transitionhing for proper code
evaluation,

REFERENCES

1, Briley, W. R. and McDonald, H., "Analysis and
Computation of Viscous Subsonic Primary and Secondary
Flows," AXIAA Paper 79-1453, July 1974,

2. Levy, R,, McDonald, H., Briley, W, R., and KresKovsky,
J. P.. "A Three~Dimensional Turbulent Compressible
Subsonic Duct Flow Analysis for Wse with Constructed
Coordinate Systems," AIAA Paper 80-1398, July 1980,

3. Buleev, N. I., "Theoretical Model of the Mechanisms of
Turbulent Exchange in Fluid Flow," Atomic Energy
Research Establishment, U. K., AERE-Trans-957, 1963.

4. Bansod, P. and Bradshaw, R., "The Flow in S-Shaped
Ducts," Aeronautical Quarterly, Vol. 23, Pt. 2, May
1972) ppt 131-1”00

5. Rouwe, M., "Measurements and Computations of Flow in Pipe
Bends," Journal of Fluid Mechanics, Vol. 43, Pt, 4, pp.
771~783.

6. Leamer, P, C. and Kennon, I. G., "Experimental
Investigation of a 0.15 Scale Model of an Underfuselage
Normal=-Shock Inlet," NASA CR~30649, 1978,

10

e KA e g Lok B B e Iy e P

[y

A 3ata



e

s g e

7,

8.

Eisemah, P. R., McDonald, H., and Briley, W. R., "A

Hethod for Computing Three-Dimensional Viscous Diffuser

Flous," United Technologies Research Center, East Hartford,
CT, R75-911737=1, July 1975,

Hawkins, 9. E., "Experimental Investigation of a
0.15~Scale Model of a Conformal Variable-Ramp Inlet for
the F~16 Alrplane," General Dynamics, Fort Worth, TX,
ERR-FW=-2014, Mar, 1980, (NASA CR~159640)

11

cokatia bk, ST

ST SR

s A s it B T

CAAT e 0

S |




v "‘mamm,!
e

1
Z
*
"
[
¢
¥
¥
13
i
i
‘
i
*
1
.
‘
e .
DA e 0 b st B i

RS 1 O A et R e - TR 2y

Flgure 1, = Computed total pressure confours for clrcular S=duct,

4

ANALYSIS EXPERIMENT (REF, 4)

Flgure 2, ~ Qualltative comparison between com-
puted and experimental total pressure contours
atexit of circular S-duct.
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