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BOUNDARY-LAYER ANALYSIS OF SUBSONIC INLET DIFFUSER
GEOMETRIES FOR ENGINE NACELLES
by James A. Albers and E. John Felderman:

Lewis Research Center

SUMMARY

Theoretical Mach number distributions and boundary-layer parameters are presented
for subsonic nacelle inlet diffuser geometries with length to exit diameter ratios ranging
from 0.4 to 1.6 and diffuser exit area to throat area ratios ranging from 1.1to 2.0. The
major portion of the study was done with a cubic diffuser contour with the inflection point
at the midpoint of the diffuser, a diffuser throat Mach number of 0.6, and a free-stream
Mach number of 0.12. Calculations were performed at both model (diffuser exit diam -
eter, 30.5 cm) and full-scale (diffuser exit diameter, 183 cm) sizes. Separation limits
were defined by establishing a separation boundary on plots of diffuser area ratio as a
function of diffuser length to diameter ratio. The effects of diffuser contour, inlet lip
geometry, and throat Mach number on the boundary-layer characteristics are illustrated.
The major results of the study indicate that the separation boundary is shifted to greater
area ratios by (1) increasing the diffuser length, (2) increasing the scale of the diffuser,
and (3) moving the inflection point of the diffuser contour to or ahead of the midpoint of
the diffuser. ’

INTRODUCTION

A continuing problem in the development of aircraft engine nacelles is the design of
efficient subsonic inlet diffusers which provide high total pressure recovery, low total
pressure distortion, and uniform flow to the engine compressor during low-speed and
cruise operation. In general, the designer tries to avoid flow separation on the diffuser
surface to enhance the compatibility between the inlet and engine. Most of the diffuser
design guidelines presently available are empirical and are based on correlations of
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experimental data (e.g., ref. 1). Diffuser performance maps based on empirical corre-
lations have been published by Reneau (ref. 2) for incompressible two -dimensional flow
and by Sovran (ref. 3) for incompressible annular flow. More recent experimental work
in diffusers can be found in references 4 and 5. The design of inlet diffusers for engine
nacelles requires more information than generally appears on diffuser performance maps
(such as entrance Mach number and entrance boundary-layer displacement thickness)
since nacelle inlet geometry and engine performance must also be considered. Thus,
there is a definite need to establish design guidelines for the selection of separation-free
diffuser geometries for engine inlets.

Design guidelines were obtained by using a calculation procedure (ref. 6) to deter-
mine the potential flow and two-dimensional boundary-layer characteristics of axisym -
metric inlet diffuser geometries in 2 compressible viscous flow for a wide range of flow
conditions. Comparisons of the potential flow theory with experimental data for inlets
are given in references 7, 8, and 9. An application of the potential flow calculation pro-
cedure to investigate subsonic inlet lip geometries is given in reference 10. Experi-
mental data for boundary-layer comparisons for inlet diffusers are not available., How-
ever, a comparison of boundary -layer theory with experimental data for other applica-
tions is given in references 11 and 12.

This report presents the results of an analytical study to investigate the boundary-
layer characteristics of inlet diffuser geometries for turbofan engines. The purpose of
the study is to establish general guidelines for the selection of a separation-free diffuser
geometry. To obtain realistic boundary-layer conditions at the diffuser entrance a com-
plete inlet configuration including lip and external forebody is used. The inlet diffuser
geometric variables investigated are diffuser length to diameter ratio (0.4 to 1. 6), dif-
fuser area ratio (1.1 to 2.0), and diffuser contour. The effect of inlet lip geometry on
the diffuser boundary-layer characteristics is also presented. Boundary-layer displace-
ment thicknesses, shape factors, and skin friction coefficients are presented for both
model and full-scale sizes. Separation boundaries are also established at various flow
conditions,

The major emphasis of this study is on the low-speed (takeoff and landing) operating
conditions. For all low-speed conditions the free -stream Mach number is 0. 12 with inlet
incidence angles of 0° and 40°. The effects of throat Mach number (ranging from 0.5 to
0. 8) were also investigated.

SYMBOLS
A flow area
Cf skin friction coefficient
2
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diameter

shape factor, ratio of displacement thickness to momentum thickness
length

Mach number

velocity

M < 2 K@ oo

surface distance from diffuser entrance plane

a inlet incidence angle, angle between free-stream velocity and inlet axis
B maximum wall angle
&%  displacement thickness

9/2 equivalent conical half angle
Subscripts: |
c centerbody
d diffuser
e exit
max maximum
T cowl throat
highlight

) free stream

ANALYSIS
Definition of Diffuser Geometries

The principal geometric variables for the inlet diffuser are illustrated in figure 1.
To ensure realistic boundary-layer conditions at the start of the diffuser entrance, a
complete inlet geometry including inlet lip and external forebody was used for this inves-
tigation. The diffuser was taken to start at the point of the inlet throat (X = 0, fig. 1).
The geometries are representative of conventional subsonic inlets with an NACA series
one external cowl shape and a two-to-one ellipse internal lip. The internal lip area con-
traction ratio AI/AT (D%/D,%) is 1. 35 for the major portion of the study. The inlet max-
imum diameter to diffuser exit diameter was kept constant at Dmax/De =1.11. For this
investigation all the diffusers included a centerbody. The centerbody diameter to diffuser
exit diameter was constant at Dc/De = 0.-4. The centerbody length to diffuser exit di-
ameter was also constant at Lc/De =0.4. The centerbody contour was a two-to-one
ellipse.
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The inlet diffuser geometric variables investigated are diffuser length to diameter
ratio Ld/De, diffuser area ratio Ae/AT, and diffuser contour, The diffuser length to
diameter ratio varied from 0.4 to 1.6 with diffuser area ratios ranging from 1.1 to 2.0.
This range covers most subsonic inlet diffusers for engines. Figure 2 illustrates each
diffuser investigated with their associated geometry identification number. The actual
values of all geometric variables used in this study are given in table I. The equivalent
conical half angle g/2 shown in table I is defined as

‘/ie -]/A_I
—arctan {1 7 V7
Lg

The diffuser contour for the major portion of the study was a cubic, which has an in-
flection point at the midpoint of the diffuser length. An illustration of the diffuser geom-
etries with cubic contours are shown in figure 3. Diffusers 17 and 18 of table I are the
same as the cubic contour of diffuser 10 with different lip contraction ratios. Besides
the cubic, other contours were generated which have inflection points located at 25 and
75 percent of the length of the diffuser (fig. 4). The inflection points were located on the
conical diffuser line, that is, on a straight line drawn from the diffuser entrance to the
diffuser exit. The contours were generated by using two superellipse curves (ref. 13)
and by keeping the slope at the midpoint and endpoint of the diffuser for all three contours
approximately the same,

|

Calculation Procedure

The inlet potential and viscous flows were obtained by using four computer programs
(fig. 5). The first program, SCIRCL (ref. 13), establishes the coordinates and point
spacing on the inlet surfaces. Program EOD is the Douglas axisymmetric incompres-
sible potential flow program. The method is discussed in detail in reference 14, It is
used to obtain three basic solutions for flow about inlets which are used as the input to a
third computer program called COMBYN. The method of this program is described in
detail in reference 15.- It combines the basic solutions to obtain a solution for any com-
bination of free-stream velocity, inlet incidence angle, and mass flow rate through the
inlet. COMBYN also corrects the incompressible potential flow solution for compres-
sibility v.,ing the method described in reference 16. The surface Mach number distribu-
tions obtained from COMBYN were used as input to VISCUS, which calculates the
boundary -layer growth and separation point (if any) on the inlet surface. VISCUS (ref. 17)
is a modified version of the Herring and Mellor program (ref, 11), which calculates the



laminar and turbulent boundary-layer development in compressible flow. The location of
the transition region from laminar to turbulent flow in VISCUS was determined from em-
pirical correlations of reference 18. For more details of the calculation procedure see
references S and 17,

The boundary -layer growth was calculated on the cowl surface from the stagnation
point on the inlet lip to the diffuser exit. The Falkner-Skan laminar wedge flow solution
for stagnation point flow was used for a starting profile. In calculating the boundary-
layer parameters, the surface was assumed to be smooth and the free-stream turbulence
was assumed to be zero. The effects of surface shocks and longitudinal curvature were
neglected. The longitudinal curvature enters the boundary -layer analysis as a correction
term in the turbulent viscosity hypothesis (ref. 11). The criterion used to determine the
point of separation is the condition of zero wall shear stress (zero skin friction
coefficient).

"~ The boundary -layer calculations were made two-dimensional, since relatively small
differences existed between two-dimensional and axisymmetric calculations. In general,
for the diffuser geometries considered, the boundary-layer thicknesses were thin rel-
ative to the changes in surface radii. The boundary-layer thickness is slightly thinner
for axisymmetric calculations than for two-dimensional calculations. Thus, the results
contained in this report would be slightly conservative (i.e., the diffuser geometries with
axisymmetric calculations would be less likely to separate). Circumferential flows in
the boundary layer were neglected. The effect of secondary flows may be important for
inlet diffuser geometries at angle of attack.

DISCUSSION OF RESULTS

The effects of diffuser area ratio A e/AT and diffuser length to diameter ratio
L d/D e ON the diffuser boundary-layer characteristics are first discussed with a fixed
diffuser contour and throat Mach number. This is followed by a discussion of the effect
of diffuser contour, inlet lip geometry, and throat Mach number,

Effect of Diffuser Area Ratio and Diffuser Length to Diameter Ratio

For this portion of the study, geometries 1 to 12 of figure 3 are investigated. The
diffuser contour is a cubic with the inflection point at the midpoint of the diffuser length,
and the one -dimensional throat Mach number MT is 0.6. Both model (De = 30.5 cm)
and full -scale (De = 183 cm) sizes are considered at low-speed conditions at zero angle
of attack. Also, the results for model size at angle of attack and cruise conditions will
be discussed.

1S TN END A SN S SO CN S PO CO O SOt O A



Low -speed conditions at zero angle of attack. - Potential flow and boundary-layer
calculations were obtained for a free-stream Mach number M_ of 0.12, an inlet inci-
dence angle o at 0°, and at a model size De of 30.5 centimeter (1 ft). Surface Mach
number distributions and boundary -layer parameters are presented in figure 6 for four of
the shorter diffusers (I..d/De from 0.4 to 0. 8) and in figure 7 for four of the longer dif-
fusers (Ld/De from 0.8 to 1.6). The figures are plotted against the nondimensional sur -
face distance from the diffuser entrance X/De. The Mach number distributions (part (a)
of figs. 6 and 7) are also shown for negative values of X/De since the stagnation point
occurs ahead of the diffuser entrance. The boundary-layer parameters presented are
skin friction coefficient C; (part (b)), nondimensional displacement thickness 6*/De
(part (c)), and shape factor H (part (d)).

A close examination of Mach number distributions indicates the overall Mach number
gradient in the diffuser increases with diffuser area ratio Ae/AT and decreases with
length to diameter ratio Ld/De' For example, for a constant Ld/De of 0.4 (diffusers
1 and 2, fig. 6(a)), the overall Mach number gradient increases as Ae/AT is increased.
For a constant A /Ay (diffusers 6 and 11, fig. 7(a)), the overall Mach number gradient
decreases as Ld/De increases. Thus, a conservative diffuser would be long with a low
area ratio. However, a general design objective is to design the shortest diffuser (to
minimize weight and skin friction losses) whose surface is separation free. Guidelines
for determining the optimum length and area ratio can be obtained by examining the
boundary-layer parameters for the various geometries.

The results of figures 6(b) and 7(b) show that the flow of diffusers 2, 3, and 6 are
separated while the flow of diffusers 1, 5, 8, 10, and 11 are not separated. The skin
friction coefficient Cf drops rapidly in the diffuser and becomes zero when separation
occurs. For attached flow conditions, the skin friction coefficient reaches a minimum
nonzero value which occurs in the region of minimum Mach number gradient. The min-

imum value of skin friction coefficient can be used as a measure of the proximity to
separation.

The displacement thickness (figs. 6(c) and 7(c)) increases at a faster rate for the
geometries where separation is observed and reaches its maximum value at the separa-
tion location. For the nonseparated flow conditions, the displacement thickness reaches
a maximum value in a region of the minimum local Mach number gradient and then de-
creases near the diffuser exit where small favorable Mach number gradients occur. The
fall off of the boundary -1ayer displacement thickness can be attributed to both the local
Mach number gradients and the sensitivity of the displacement thickness to the local
boundary -layer velocity profile.

The shape factor (figs. 6(d) and 7(d)) decreases downstream of the diffuser entrance
(X/De = 0) and reaches a minimum value in the 1.6 to 1. 8 range. Transition to turbulent
flow was predicted just downstream of the diffuser entrance. As the flow decelerates the
shape factor increases. If separation occurs, the shape factor exceeds a value of 2. 2.
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If separation does not occur, H reaches a maximum value in the region of minimum skin
friction coefficient and then decreases as the Mach number gradient becomes small.

To summarize the previous results, the diffuser geometries (1) to (12) of table I are
represented on a plot of area ratio Ae/AT against length to diameter ratio L d/De in
figure 8. The flow of the geometries is indicated as either separated or unseparated. A
separation boundary was estimated by using the minimum values of Cf from figures 6
and 7 as an indication of the proximity of separation. Because of the uncertainty in de-
termining the exact location of this separation boundary, it is shown as a separation band
with the upper separation line shown dotted. Since the slope of minimum Cf against
area ratio is nearly linear and steep, the estimated separation boundaries are reasonably
located even at large Ld/De' The flow in geometries falling above this boundary would
be expected to separate while the flow in those falling below the boundary would remain
attached.

For a given area ratio Ae/AT the designers should choose the minimum length dif -
fuser along the separation boundary in order to increase the efficiency of the diffuser and
to minimize weight and skin friction losses. If larger area ratios above the separation
boundary than indicated in figure 8 are required for a given application, some means of
boundary-layer control will be necessary.

Model and full -scale comparisons. - A comparison of boundary-layer parameters of
some of the previous geometries at model (De =30.5 cm (1 ft)) and full-scale (De =
183 cm (6 ft)) sizes is presented in figure 9. Because of the expense of full -scale testing,
it is very important that the designer has some guidelines to extrapolate from model to
full scale. The surface Mach number distributions for both sizes are the same as shown
in figures 6(a) and 7(a) since potential flow calculations are independent of scale. Similar
general trends in the boundary-layer parameters are evident for both model and full
scale. However, the local Reynolds number at full scale is six times the local Reynolds
number at model size. This results in less tendency to separate for the full-scale sizes
because the minimum value of skin friction coefficient is further away from zero than at
the model size (fig. 9(a)). For example, the flow of diffuser 3 is separated at model size
but attached at full scale. The nondimensional displacement thicknesses are also thinner
at full scale (fig. 9(b)). The results of full -scale calculations for diffusers 1 to 12 are
summarized in figure 10. As was done for model size, the minimum value of Cf and its
proximity to separation were used to estimate the location of the separation boundary.

Low-speed conditions at angle of attack. - A series of calculations were carried out
at model size to show the effect of an incidence angle a of 40°. The surface Mach num-
ber distribution and boundary-layer parameters for the windward side of the diffuser are
presented in figure 11(a). Higher Mach numbers and larger Mach number gradients oc-
cur on the diffuser surface when the inlet is at an incidence angle. These high Mach
numbers may give local shocks. However, the effects of shocks were not considered in
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the analysis. The skin friction coefficient (fig. 11(b)) indicates separation of the flow in
all the diffuser geometries except 4 and 9 which have a diffuser area ratio Ae/AT of
1.2. The separation results for all the diffuser geometries and the estimated separation
boundary for the 40° incidence angle is shown in figure 12,

Summary of low-speed conditions. - A summary plot of the estimated boundaries for
low-speed conditions is shown in figure 13. All three separation boundaries increase
with Ld/De‘ The effect of increasing the scale is to move the separation boundary up-
ward. This requires diffusers at a given area ratio to operate at shorter lengths with
attached flows. The effect of increasing the incidence angle is to lower the separation
boundary. For a diffuser operating with an incidence of 400, the diffuser area ratio
A e/AT should be below 1.5 for unseparated flow. At zero incidence angle the diffuser
area ratio can be as high as 1.7 and the flow can be unseparated. Equivalent conical half
angle lines of 40, 50, and 6° are shown on the plot. The 6° line is often used as a guide -
line for unseparated flow of diffusers (ref. 1). This line falls along the separation
boundary for scale model at a=0° for Ld/D ranging from 0.5 to 0, 85. For L / e
greater than 0. 85, the 6° conical line falls above the separation boundary predlcted by the
present analysis. As the length to diameter ratio Ld/De increases the separation bound-

aries cross over to lower equivalent conical half angles.

Cruise conditions. - As a supplement to the preceding low-speed predictions, addi-
tional calculations were obtained with a free-stream Mach number M_ of 0.75. The
surface Mach number distributions and boundary-layer parameters are presented in fig-
ure 14 for model size at an incidence angle of 0°. The Mach number gradients are not
as severe along the surface as were obtained in the low-speed cases (figs. 6(a) and 7(a)).
Of the geometries investigated, diffuser 12 is the only geometry for which separated flow

was obtained at cruise conditions compared with four of the designs with separated flows
at low speeds. One may conclude that the cruise condition is less severe than the low-
speed condition. Thus, the separation boundary will be shifted to greater diffuser area
ratios as the free-stream velocity is increased.

Effect of Diffuser Contour

The previous results were obtained using a cubic contour with the deflection point
located at 50 percent of the diffuser length. Additional contours were generated with in-
flection points located at 25 and 75 percent of the diffuser length (fig. 4). The effect of
the diffuser contours is presented in figure 15 for diffusers 10, 13, and 14 at an incidence
angle of 0° and in figure 16 for diffusers 4, 15, and 16 at an incidence angle of 40°,
Conservative diffuser geometries were chosen at a 40° incidence angle since all the ge-
ometries of figure 15 separated at a 40° incidence angle. The surface Mach number
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distribution shows little effect of diffuser contour near the entrance or exit. However,
significant variation is noted in the central portion of the diffuser.

The diffuser geometries with inflection points at 25 and 50 percent of length remain
attached. However, at incidence angles of 0° (fig. 15) and 40° (fig. 16), the flow of the
diffuser with the inflection point at 75 percent of length separated at approximately its
inflection point. Examination of figures 15(b) and 16(b) shows little differences in the
minimum values of skin friction coefficient for the diffusers with the inflection point at
25 and 50 percent of length. For some overall diffusion it is usually better to diffuse
more rapidly in the first portion of the diffuser. Thus, one may conclude that separation
is less likely to occur if the inflection point is moved to or ahead of the midpoint of the
diffuser.

Effect of Lip Geometry

The effect of lip geometry on diffuser Mach number distributions and boundary -layer
parameters is presented in figure 17. The lip geometry was varied by considering in-
ternal lip contraction ratios of 1.26, 1.35, and 1.42. The surface Mach number distri-
butions indicate that the 1.26 contraction lip has the highest peak Mach number and Mach
number gradient near the diffuser entrance. The Mach number distribution in the dif-
fuser is affected moderately but only near the entrance. The boundary-layer parameters
indicate that the flow of the diffuser with the 1.26 contraction ratio lip separated. How-
ever, there are small differences in the minimum skin friction coefficient for lip con-
traction ratios of 1. 35 and 1.42. The general trend is that the larger the contraction
ratio the greater the resistance of the diffuser to flow separation.

Effect of Throat Mach Number

The previous results were obtained using a throat Mach number of 0.6. For a given
diffuser geometry the effects of throat Mach number ranging from 0.5 to 0. 8 are pre-
sented in figure 18. The Mach number level shifts upward with an increase of throat
Mach number and greater overall diffusion, although the curves retain a generally sim-
ilar shape. The boundary-layer parameters indicate an increased tendency to separate
as the throat Mach number is increased. For the diffuser geometry considered in fig-
ure 18 (Ly/D, = 1.2, A_/Aq = 1.6), flow separation was obtained at a throat Mach num-
ber of 0. 8.

The results of this series of calculations are summarized in figure 19 by showing
the effect of throat Mach number on the estimated separation boundary. Increasing the
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throat Mach number shifts the separation boundary downward, thus restricting the range
of length to diameter ratio and area ratio for which the flow will remain attached.

SUMMARY OF RESULTS

Theoretical Mach number distributions and boundary-layer parameters were pre-
sented for subsonic diffuser geometries with length to exit diameter ratios ranging from
0.4 to 1.6 and exit area to throat area ratios ranging from 1.1to 2.0. The major por-
tion of the study was done with a cubic contour with the inflection point at the midpoint of
the diffuser and with a diffuser entrance Mach number of 0.6 and a free-stream Mach
number of 0.12. Calculations were performed at both model (diffuser exit diameter,
30.5 cm) and full -scale (diffuser exit diameter, 183 cm) sizes. Separation limits have
been defined by establishing a separation boundary on plots of diffuser area ratio against
diffuser length to diameter ratio. The effects of diffuser contour, inlet lip geometry,
and throat Mach number on the boundary-layer characteristics are illustrated. The prin-
cipal results of this study are as follows:

(1) The longer the diffuser length and the smaller the diffuser area ratio, the less
likely the flow is to separate. However, there appears to be a maximum value of dif-
fuser area ratio beyond which flow separation will always occur. For small values of
diffuser lengths, the 6° equivalent conical half -angle line falls along the separation
boundary for scale model at 0°.

(2) The separation boundary will be shifted to greater diffuser area ratios by the fol-
lowing changes in geometry:

(a) Increasing the diffuser length

(b) Increasing the size of the diffuser

(c) Increasing the inlet lip contraction ratio

(d) Moving the inflection point of the diffuser contour to or ahead of the midpoint
of the diffuser

(3) The separation boundary will be shifted to greater diffuser area ratios by the fol -
lowing changes in flow conditions:

(a) Decreasing the incidence angle
(b) Increasing the free-stream velocity
(c) Decreasing the throat Mach number

(4) For a given diffuser area ratio, the designer should choose the minimum length
diffuser along the separation boundary in order to increase the efficiency of the diffuser
and to minimize weight and skin friction losses,

10



It is felt that the separation limits set forth in this report will provide useful guide-

lines for designing separation free inlet diffusers for propulsion systems. However, ex-
perimental data are needed to confirm these analytical results.

Lewis Research Center,

31

National Aeronautics and Space Administration,
Cleveland, Ohio, January 21, 1974,
501-24.
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TABLE I. - INLET DIFFUSER GEOMETRIC VARIABLES CONSIDERED

[Diffuser exit diameter for model size, 30.5 cm: diffuser exit diameter for full -scale size. 183 cm. ]

Diffuser [Diffuser length | Diffuser | Location of diffuser Diffuser Internal lip | Maximum | Equivalent
to diameter area inflection point. contour contraction | local wall | conical half
ratio, ratio, percent of length ratio, angle. angle,
Ly D, Ag-Ag Al7AL 3, 02,
deg deg
1 0.4 1.1 50 Cubic 1.35 13.36 3.1
2 .4 1.2 17.02 5.6
3 .6 1.4 15.70 6.7
4 .8 1.2 8.170 2.9
5 .8 1.4 11.91 5.1
6 .8 1.6 14.45 6.8
7 .9 1.4 10.61 4.5
8 .9 1.5 11.76 5.3
9 1.2 1.2 5.83 1.9
10 1.2 1.6 9.75 4.6
11 1.6 1.6 7.34 3.4
12 1.8 2.0 | \ 9.36 4.8
13 1.2 1.6 25 Two superellipses 9.75 4.6
14 1.2 1.6 75 9.175 4.6
15 .8 1.2 25 8.70 2.9
16 .8 1.2 75 Y ! 8.70 2.9
17 1.2 1.6 50 Cubic 1.26 9.175 4.6
18 1.2 1.6 50 Cubic 1.42 9.75 4.6
13
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Stagnatlon point -
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Figure 1. - Hlustration of inlet diffuser geometric variables.
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Diffuser length to diameter ratio, Ld/De
Figure 2. - Diffuser area ratios and diffuser length to diameter ratios
considered in this investigation.
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Figure 3. - INustration of inlet diffuser geometries for various length to diameter ratios {L4/0,) and area ratios (A, /Ar).
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Figure 4. - Diffuser contour geometries (expanded vertical scale).
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Output Output Output Output
Inlet slopes . .
: ' Basic Velocities, Boundary-fayer
coordltnates, solution pressures, parameters,
:‘;tucl’va ure, data etc. separation, etc.

Figure 5. - Schematic of calculation procedure.
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Figure 6. - Effect of diffuser geometry on boundary-layer characteristics for length to diameter ratios Ly/D, from 0.4t00.8.
Throat Mach number, My, 0.6; free-stream Mach number, M, 0.12; inlet incidence angle, o, 0°; model size, D = 30.5

centimeters; internal lip contraction ratio, Aj/Ay, 1. 35.
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Figure 8. - Separation boundary for diffuser geometries. Free-
stream Mach number, M, 0. 12; inlet incidence angle, a, 0°;
throat Mach number, Mg, 0.6; model size, D, = 30.5 centi-
meters.
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Figure 10. - Separation boundary for diffuser geometries. Throat
Mach number, My, 0.6; free-stream Mach number, M, 0.12;
intet incidence angle, ¢, O full scale, De = 183 centimeters.

21



‘e "ly/ly “ones uonoesyuod dij jeusayun ‘siaiawnuad ¢ g - °Q 4
‘azis (3poW 210 ‘CW 23Qunu ydew weasns-aas) 19°0 Ly ‘isqunu yoew jeosy) o0V J0 D 31Bue 33uapidul so) SNISHIBRIEYD Jake|-Auepunog uo Aujwoab Jasniup Jo 133 - [T anbiy ,
*10)2e) adeys (p) ) *SSauNDIY) Juawade|dsiqg (2) . ._
3q/X '92UeJIUB JaSNINP WOIJ AIULISIP 3DEJINS |2UOISUBWIPUON
A 0t 8 9’ v 2 0 91 [Al 2l 0’1 8’ 9’ v Z° 0 Z'- y-
I | | I | I 0l [ I I T I I I ] ! 0

=Z
=3
a
4 e g |
2 )
m.
o (B
81 2 —800° o =
g S
s 3
e = o 2
g
5
-
o ¢ %o 7
= -4
0t —loeo- -
"JU31214J203 UOIIILIJ ULXS (Q) -Jaquiny Y3y (e) |
0
] 1 T T T T 1 7

—
L)
(=4

43 “aanaon vonauy unys

13snjjig H
200° —]p-
48@. e A
= )
8
z
—8 S
2
2 -
91 91 Il i !L
91 2t 0t —H01l &
[ [ 6
(Al [N L
2’1 8’ 4
[ vo 1 —z1
h @ 9 U (Yo
VitV /"1
‘o184 '011eJ 13)8WRID !L

eale Jasnyng 0} yibua) Jasnyq Jasnyq

—v1

22
138




2.0

18

L6

1.4

Diffuser area ratio, Agl Ay

128

Diffuser area ratio, AeIAT

2.0

el
o0

~—
o

l
S

—
~>

1.0

[ =]
O Unseparated geometry
O Separated geometry
— o (] ]
o
— =] 0O o

. Estimated separation
boundary

(0]

| | | I | J

4 .6 .8 1.0 L2 14 1.6

Diffuser length to diameter ratio, Ly/Dg

Figure 12. - Separation boundary for diffuser geometries. Throat
Mach number, My, 0.6; free-stream Mach number, Mg, 0.12
inlet incidence angle, a, 40% model size, De = 30.5 centi-
meters.
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Figure 13. - Summary plot of separation boundaries for low-speed conditions. Throat Mach

23

o



g1 lyrly "ones uo12e43U02 di| [eUIB)UL SIBJBWINUI G O » 3
'azis {apow {0 ‘0 ‘3jbue BIUBPIdUL UL *G°Q VW '1IQUINU UIBW WEAINS-331) 19°Q Ly saquinu yaew weasyy suoupuod 351N 40§ SONS1IBIRIRYD J8ke)-AuRPUNOG UD AN3woab 1asnjpp jo AT - 'y anbiy

*J0)2e) ddeys (p)

*$S3UNIIY} Juawade(dsiq ()
| /X ‘aIURJUB JASNJJIP WOLJ FDURISIP 398}NS [RLOISUBWIPUON

91 vl 'l 'R 8’ 9’ P 2 w._ 91 7'l AL 0’1 8" 9’ v Z 0 Z- p- ,v.u
_ I I i | | [ [ [ _ [ [ I [ T | T 0
g
2
i V) .
w 2
& —/800° =
g g
P ]
= g
f1-3
—fa0 2
5
*
2
—910°
on
A
am
— 020’

*13quinu ydew (e)

_ _ _ _ T 0 _ _ _ _ _ _ T [T 0 _
:o:_.mcm:L r e
e . 4
EY ¢’ '
a «
5 L
3 8
g —v 8
z g
pES o .
M-HM M -1,.L
°0 i € .\ —9 m
i ¢ Jasnjna - .
Ly By 2P = .
— 0" ‘o1jed ‘orjes J3)3WeIp g
RaJR JasnyNQ o} Yibuad) Jasnyq Jasnyig
—0'l

24



¢l

Gl w\_< ‘uoIPedu0d di (BuJAlUl *SI3JBWINUED § 0L = uc ‘3715 (apoW 21 0 "W ‘18quNut Ydew weasis-aal) ‘9°Q _2 'Jagunu yaew
woryy 9 dysPy ‘O1d ea4e 7| 2q/Py ‘otjed Jajawesp o) yibusy o0 10 3{BUR A3UBRIBUY 13{UL 1B SIYSIIBIRIRYD S3AR)-ARpUNOG U0 ANOJUOD J3SNYNP 4O 133)j3 - 6f ainbiy
*J019e adeys () *$S3UYDIY) JUBWAeR|dSIQ (9)
3qyx ‘adueaius 13SNJJIPp WOJ) 8IUR|SIP 3JRJINS [PUDISUALIPUON
01 8 9’ v 2’ 0 'l 0’1 8’ 9’ v l 0 - v
I | | | _ | 01 [ I I f | ‘ [
L ' —
(vl
-l
3
o
& ]
28
=4
x
"HU81114303 UOHDIY UIXS () Tsquinu Yoew (e}
{ [ [ { ! “_
|
wosuea] |
e I |
z
m.
z
=
o ——
g
g
M [14
P 0s —
- 13
yiBuay jo ansad
. ‘Juiod uoI3)jul
w0 J3SNJJP JO UOKIEI0T J3SNIG ]

o
s &
30=9 ‘ssauxpiyy Wwawaoe(dsip (euoISUaWIPUOY

=
=

=
i

wo’

A

o

W "J3qunu yaew 3xepng

25




26

Surface Mach number, M

Nondimensional displacement thickness,
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Figure 16. - Effect of diffuser contour on boundary-tayer characteristics at inlet incidence angle of 400 Length to diameter ra-

tio, Ly/Dy, 0.8; area ratio, AeIAI' 1.2; throat Mach number, My, 0.6; free-stream Mach number, M, 0.12; mode! size,
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Figure 19. - Separation boundaries for diffuser geometries with

various throat Mach numbers My. Free-stream Mach num-

ber, M, 0.12; inlet incidence angte, 09; model size,

Dg = 30. 5 centimeters.
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