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AN EXPERIMENTAL INVESTIGATION OF TWO LARGE ANNULAR DIFFUSERS
WITH SWIRLING AND DISTORTED INFLOW

William T. Eckert,* James P. Johnston,} Tad D. Simons,¥
Kenneth W. Mort,} and V. Robert Page}

Two annular diffusers downstream of a nacelle-mounted fan were tested for aerodynamic performance, measured in
terms of two static pressure recovery parameters (one near the diffuser exit plane and one about three diameters downstream in
the settling duct) in the presence of several inflow conditions. The two diffusers each had an inlet diameter of 1.84 m, an area
ratio of 2.3, and an equivalent cone angle of 11.5°, but were distinguished by centerbodies of different lengths. The dependence
of diffuser performance on various combinations of swirling, radially distorted, and/or azimuthally distorted inflow was exam-
ined, Swirling flow and distortions in the axial velocity profile in the annulus upstream of the diffuser inlet were caused by the
intrinsic flow patterns downstream of a fan in a duct and by artificial intensification of the distortions. Azimuthal distortions
or defects were generated by the addition of four artificial devices (screens and fences).

Pressure recovery data indicated beneficial effects of both radial distortion (for a limited range of distortion levels) and
inflow swirl. Small amounts of azimuthal distortion created by the artificial devices producea only small effects on diffuser per-
formance. A large artificial distortion device was required to produce enough azimuthal flow distortion to significantly degrade

the diffuser static pressure recovery.

Because of the complexity of the flow field, the
performance characteristics of diffusers with nonuni-
form inflow conditions are understood qualitatively
in some cases but elude accurate, theoretical analysis.
More study is needed, and careful testing of dif-
fusers with various inflow conditions (especially
swirl) can advance the state of the art (refs. 1 and 2).
Recent experimental studies at Ames Research Center
have provided additional data on the effects of vari-
ous inflow characteristics on the aerodynamic per-
formance of two particular diffuser geometries.

The recent NASA effort directed toward repower-
ing and modifying the Ames 40- by 80-Foot Wind
Tunnel (refs. 3 and 4) has encompassed many areas of
experimental research, development, and optimiza-
tion. In one study, the performance of the drive fan
rotor/stator system and of the diffuser components
of the fan nacelle were examined on a 0.15-scale
model of the drive system proposed for the modified
facility. The tests were conducted over the projected
drive-system operating envelope and in the presence
of various inflow distortions. The aerodynamic and
acoustic results of the fan system portion of the
study are summarized in references 5 and 6,
respectively.

*Aeromechanics Laboratory, AVRADCOM Research and
Technology Laboratories, Moffett Field, Calif. 94035.

tMechanical Engineering Dept., Stanford University,
Stanford, Calif. 94305,

$NASA Ames Research Center, Moffett Field, Calif.
94035,

This report presents the diffuser characteristics
resulting from the inflow patterns imposed during the
rotor/stator testing. The fan nacelle diffuser was
investigated because of its large contribution to the
losses in the wind-tunnet circuit. The effects of swirl
and distortion on diffuser performance were the pri-
mary area of concern in this study.

The following diffuser characteristics are presented
for a range of entering flow patterns (radial variations
of swirl angle and velocity): (1) the longitudinal vari-
ation of wall static pressure coefficient, (2) the distri-
butions of static pressure coefficient and local veloc-
ity near the exit plane, and (3) the diffuser perfor-
mance results expressed as the static pressure
recovery coefficient, both near the exit plane and
near the end of the downstream settling duct.

Data were collected at Reynolds numbers ranging
from 0.7X10° to 2.6X10°. (Reynolds numbers were
based on the 0.463-m (1.52-t) annulus gap and on
the mean flow speed at the diffuser inlet.) The enter-
ing flows (as measured at the survey station) included
swirl angles between 0° and 14°, and effective area
fractions that varied from case to case between 0.78
and 096. The azimuthal distortion, measured in
terms of the ratio of local-radial-average and cross-
sectional mean velocities, ranged from about 0.78 to
1.12.

The authors acknowledge the valuable assistance
of Mr. Daniel J. Clasen of ARO, Inc., Ames Division,
for his careful supervision of the model operation and
data acquisition.
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NOTATION
A diffuser flow cross-section area, m? (ft?)
. . Al
AR diffuser area ratio, —
A,

Cp, cP surface static pressure coefficient refer-
enced to average static pressure near dif-
fuser inlet and made dimensionless by
mean dynamic pressure near diffuser inlet,
P-Preg

‘Ilm

Dy inside diameter of annulus shell, m (ft)

dA element of diffuser cross-section area, m?
(t?)

E effective area fraction at the survey station
and azimuth (a measure of flow radial
uniformity), a

max

E average value of £ for all survey azimuths
at specified conditions

Hy local vertical height of diffuser shell,
m (ft)

L centerline length of diffuser duct, m (ft)

m rate of mass flow through the duct, per-
cent of design value

P local surface static pressure, N/m?
(Ib/ft?)

q dynamic pressure of axial flow, 322 ,
N/m? (Ib/ft?)

Rc/b maximum radius of diffuser centerbody,
m (ft)

R/RS radial distance from centerline of annular
duct, fraction of outer shell radius

r. /b local radius of diffuser centerbody, m (ft)

ry local radius of comer fillet in diffuser,

m (ft)

VM

"p

Subscripts

a

i 1D

axial flow velocity, m/sec (ft/sec)

mean velocity in cross section near dif-
fuser exit plane, m/sec (ft/sec)

local width of diffuser shell, m (ft)

centerline distance downstream from dif-
fuser entrance, m (ft)

swirl angle of flow upstream of diffuser
entrance, measured from duct centerline,
deg

average value of 8, for all survey azimuths
at specified conditions, deg

uncertainty in magnitude of parameter

P, - P
diffuser efficiency, 100

percent

azimuthal angle locating the wall static
pressure taps in the local cross section
0.3 m (1.0 ft) downstream of the diffuser
exit, measured from vertical duct center-
line (zero angle straight up), positive
clockwise looking upstream, deg

fan stagger angle, angle between duct
centerline and blade chord line (compli-
ment of blade angle), measured at
3/4 radius, deg

airflow density, kg/m? (slugs/ft®)

mass-weighted average value of param-
eter at survey azimuth (see Glossary)

area-weighted average value of parameter
for conditions measured 0.3 m (1.0 ft)
downstream of diffuser exit

ideal, one-dimensional flow

Gl -(/AR?)]
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m mean value of parameter from continuity
considerations (see Glossary)

max maximum value of parameter

ref reference value of parameter, taken near
diffuser inlet

SD average condition measured near down-

stream end of ‘settling duct, approxi-
mately three hydraulic diameters down-
stream of diffuser exit

theo max theoretical maximum

1 condition at diffuser inlet plane

2 condition at diffuser exit plane

26 diffusion angle or equivalent cone angle,
deg

MODEL CONFIGURATIONS

LUL Long (1.17 D) upstream contraction sec-
tion, Uniform annulus centerbody diam-
eter, and Long diffuser centerbody

LVL Long (1.17 D) upstream contraction sec-
tion, Varying annulus centerbody diam-
eter, and Long diffuser centerbody

LVS Long (1.17 Ds) upstream contraction sec-
tion, Varying annulus centerbody diam-
« eter, and Short diffuser centerbody

SUL Short (0.67 D) upstream contraction sec-
tion, Uniform annulus centerbody diam-
eter, and Long diffuser centerbody

GLOSSARY

average: mass-weighted average value of parameter
calculated from the survey measurements at
local azimuth

azimuthal distortion: variation of local azimuth aver-
age velocity from mean velocity at duct station
(quantified by V,/V, )

equivalent cone angle: included wall angle of a right
cone with same inlet and exit areas,

et YAz = VAT
tan LJr

first stall limit: condition vaguely dividing the regimes
of steady, uniform, unstalled flow and unsteady,
nonuniform flow with significant transitory
stall (see ref. 1)

hydraulic diameter: 4 (flow area)

outer perimeter

mean: overall mean value at local cross section as cal-
culated by continuity considerations fromn flow
conditions at inlet of test apparatus (rih meter-
ing station)

peak recovery: maximum static pressure recovery
achieved as area ratio is varied at a constant
ratio of axial length to inlet width (shown as
the C_* line in fig. 15 of ref. 1); generally
obtained when flow separation (stall) starts to
occur as area ratio is increased

radial distortion: deviation from rectilinear unifor-
mity of the radial profile of velocity at a given

v
survey azimuth [quantified by E = % a >
max
static pressure recovery: rise in static pressure pro-
duced by diffusion process, P, - P, , or
Pgp -P;,N/m? (Ib/ft*)

station: longitudinal position in duct

MODEL AND APPARATUS

The overall configuration of the test apparatus is
shown in figure 1. Figures 2 through 6 and tables 1
through 5 present additional details of the geometry
and of the instrumentation locations.

Upstream Ducting
The ducting upstream of the diffuser, as shown in

figure 1(c), consists of three parts: (1) an inlet bell-
mouth and constant-area, square inlet duct, (2) a




contraction with shape transition from the inlet duct
to the annulus, and (3) an annular duct containing
the fan rotor/stator system, drive motor, centerbody,
and support struts. The basic (i.e., “reference™) aero-
dynamic design parameters of the drive fan system
are summarized in table 1.

Figure 2(a) shows a portion of the inlet duct and
the contraction sections. Two contraction duct
lengths were tested: the short contraction was
0.67 throat diameters in length and the longer one
was 1.17 diameters long; both had a contraction ratio
of 1.68 and provided a linear variation of fillet radius
from the square cross section of the inlet duct to the
circular cross section. Figure 2(a) also shows the
placement of the various distortion-generating devices
described further in figure 2(b).

Figures 3(a) and 4(a) present the details of the
nacelle annulus, including the survey location where
swirl and velocity distributions and area-fraction data
were measured. Figures 3(b) and 4(b) show the duct
cross section at the survey location and the four azi-
muth positions (top, starboard, bottom, and port)
around the duct where the radial surveys were made.
Additional geometry, including details of the annulus
and motor support struts, are given in table 2.

Diffusers

Two annular diffuser duct geometries were
obtained by using the fixed outer shell with two dif-
ferent centerbodies.

The annular diffusers were preceded upstream by
the constant-diameter annulus which had a length of
1.7 outer diameters. The diffuser shell cross-sectional
shape changed uniformly (i.e., a linear variation of
corner fillet radius) over the length from circular at
the inlet to rectangular at the exit. The height-to-
width ratio at the exit was about 1.1. (The geometry
is shown in side view and in cross section in figure 5
with additional details in table 3.)

The two diffuser centerbodies were different pri-
marily in their length (i.e., fineness ratio). Both cen-
terbodies (with coordinates given in table 4) tapered
gradually from maximum diameter at the diffuser
inlet to terminate at zero diameter. The long center-
body extended to just downstream of the diffuser
exit, while the short tail cone extended for only
about 70% of the diffuser length, The area distribu-
tions through the two diffusers are given in table 5.
The overall equivalent cone angle of 11.5° and

the overall area ratio of 2.3 were the same for both
diffuser systems.

Downstream Ducting

Downstream of the diffuser exit was a constant-
area, rectangular “tail pipe” or settling duct (fig. 1(c))
with a length of approximately three hydraulic diam-
eters of the diffuser exit. For all configurations, the
flow rate through the model was controlled by a pair
of common-hinged doors forming a throttle wedge
(shown in fig. 1(b)) at the end of the settling duct in
the final exit from the test rig.

Instrumentation

All calculations and results were based on tempera-
ture and pressure data, taken as required. Tempera-
ture measurements were made with five thermocou-
ple probes located at the test rig inlet face and three
more probes midway through the constant-diameter
annulus. The inlet thermocouple probes were located
one at the center of each lip of the bellmouth and
one on the flow centerline. The annulus thermocou-
ple probes were located at the 3/4 radius position,
approximately evenly distributed around the cross
section at a station just upstream of the motor sup-
port struts.

The pertinent pressure-measuring locations are
shown in figures 1(c), 3, 4, and 5(a). There were five
pressure data systems used: (1) surface pressure ori-
fices around the inlet duct measured the mass flow,
m, through the calibrated bellmouth (fig. 1(c));
(2) a traversing, six-port survey probe (fig. 6), used at
any of four azimuth positions (figs. 3(b) and 4(b)) in
the annulus upstream of the diffuser inlet, measured
swirl- and velocity-related parameters; (3) surface
pressure orifices on the centerbodies and diffuser
shell walls (shown schematically in fig. 1(c) and in
detail in figs. 3(a), 4(a), and S(a)) measured static
pressure coefficient information; (4) total pressure
rakes and static pressure surface orifices just down-
stream of the diffuser exit (located as shown in
figs. 1(c) and 5(a)) were distributed to give equal-area
measurements of the pressures and velocities near the
diffuser exit plane; and (5) surface pressure orifices
on the walls of the settling duct measured additional
static pressure recovery information.
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REDUCTION OF DATA
Data Sources and Handling

The diffuser performance parameters were deter-
mined from different sources in a variety of ways.
The inflow swirl angle and velocity distributions were
determined from the survey probe data taken at sev-
eral discrete points across the annulus. The dynamic
pressures and velocities at the diffuser inlet were
mean values based on measurements taken near the
calibrated bellmouth inlet, adjusted for area dif-
ferences. The discrete local and mass-weighted-
average velocities at the survey station were com-
puted from total and static pressure measurements.
Static pressure coefficients, based on data from wall
static pressure taps, were referenced to the static
pressure at the diffuser inlet (an interpolated value
because no measurement was taken at exactly that
location), and were made dimensionless by the mean
dynamic pressure entering the diffuser.

Calibration and Accuracies

The flow through the inlet bellmouth was cali-
brated on a 0.305 m (1.0 ft) square scale model. The
calibration was conducted using a precalibrated, stan-
dard ASME long-radius flow nozzle. The calibrated
mass flow of the inlet was based on the static pressure
drop at the throat and the temperature at the
entrance. (All data presented here were taken above
the critical Reynolds number of the bellmouth.)

The survey probe (fig. 6) was calibrated in the
Ames 7- by 10-Foot Wind Tunnel (Number 1). The
pressures were calibrated in terms of dimensionless
pressure differences measured by the six-port, direc-
tional pitot-static probe. Total and static pressures
were calibrated against a known standard. The flow
angle was determined from an inclinometer for
upright and inverted probe calibration runs. During
testing operation, measured quantities were adjusted,
using the calibrations, for angularity effects to give
corrected values. (The radial flow angles were cali-
brated and measured but were small and are not
reported.)

All pressure readings used to determine the calibra-
tions and the various flow parameters were accurate
to about $0.75 mm (20.03 in.) of vertical water
column height. The survey probe installation errors
did not exceed +0.5°. The effects of calibration,
installation, and other errors and uncertainties for

the annulus flow data, determined by the methods
of reference 7, are presented in figure 7(a) as func-
tions of swirl angle. Figure 7(b) shows the uncer-
tainties in the results of the static pressure coeffi-
cients and the diffuser exhaust velocity distributions.

The position of the survey probe was known to
within about +3 mm (0.1 in.) or about +0.3% of the
shell radius (6 R/RS = 0.003). The other pressure
port locations were accurate to about *6 mm
(0.3 ir.).

Temperature measurements were made within
+1.1°C (#2°F) and the fan speed settings were accu-
rate to about 2 rpm, or less than 0.2% of the nominal
(design) value. The mass-flow rate was accurate to
within 1% of the design value (see table 1).

TEST PROCEDURE

The 1.83-meter-diameter, low-speed fan used for
the studies of references S and 6 was used as the gen-
erating device for the diffuser inflow conditions for
this study. The fan system design conditions used as
the “reference” here and in references 5 and 6 are
those given in table 1. (These conditions were derived
from the 300-knot maximum flow-speed design point
for the high-speed test section of the modified Ames
40- by 80-Foot Wind Tunnel (refs. 3 and 4).)

The swirl imparted to the flow by the rotor/stator
system varied with mass flow as did the radial uni-
formity of the velocity profile. (The swirl and uni-
formity effects were coupled and changed together as
a result of fan loading.)

The mass flow, which controlled the swirl and uni-
formity, was in turn controlled by the throttle at the
duct exit. All data were taken at the same fan rota-
tional speed. Additional distortion was provided by
the installation of upstream boundary-layer thicken-
ing devices.

The various condition parameters (mass-flow rate,
inflow swirl angle, profile uniformity, and blockage)
were held constant while data were taken by the
survey probe at 10 to 20 discrete radial locations in a
single azimuthal quadrant downstream of the stators.
The survey apparatus was then moved to another azi-
muth position and the process repeated.

The model was configured in four selected combi-
nations of six components. (The abbreviations used
for the four configurations (LUL, LVL, LVS, and
SUL) tested are defined at the end of the Notation
section.) The components were a long or short con-
traction section, a uniform or varying annulus center-

5
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body diameter, and a long or short diffuser center-
body. Each configuration was studied over a range of
test conditions (fan stagger angle and/or amount of
artificial distortion). Table 6 shows the configurations
and test conditions used.

Most data were taken with the long contraction
and long diffuser centerbody installed. However,
these two components were changed for some tests to
determine the effects of upstream duct geometry and
of a second diffuser geometry. (When the diffuser
centerbody was changed, the upstream annulus
centerbody geometry was also changed (see fig. 4(a)).)

Two duct geometries were used as baselines for the
various comparisons made. The configurations with
the long contraction (fig. 2(a)), uniform annulus cen-
terbody (fig. 3(a)), and long diffuser centerbody
(fig. 5), designated LUL, were used as the reference
for comparisons showing the effects of contraction
length and azimuthal distortion. They were also used
to show general diffuser performance trends and char-
acteristics in the presence of swirling and/or radially
distorted inflow. The same configuration, but with
the varying-diameter annulus centerbody (fig. 4(a))
and designated LVL, was used as the baseline for
showing the effects of diffuser centerbody length.

The inflow Reynolds numbers (based on annulus
gap and mean flow speed at the diffuser inlet) varied
from 0.7X10% to 2.6X10%, and swirl angles in the
annulus ranged between 0° and 14°. As mass flow
rate changed, the uniformity of the velocity profile,
measured by effective area fraction, varied (not inde-
pendent of swirl angle) from about 0.78 to about
0.96 because of the change in fan loading. The arti-
ficially generated inflow distortion varied from none
(Va/Viyy = 10) to significant (V,/V,, = 0.78 and
1.12) amounts.

The studies considered only steady-state diffuser
performance characteristics. No attempt was made to
determine the effects of gusts or oscillatory flows.

RESULTS

Annulus flow patterns upstream of the diffuser
inlet and diffuser performance results are presented in
figures 8 through 33, which are in turn indexed by
configuration in table 6.

Configurations With Uniform Annulus Centerbody

Details of the experimental annulus flow distribu-
tions (without artificial azimuthal distortion) for the

6

LUL configuration are presented graphically in fig-
ures 8 and 9. The averaged inflow parameters based
on these and similar additional data are summarized
in figure 10. The corresponding duct wall static pres-
sure distributions are plotted in figure 11. The cross-
sectional distributions near the diffuser exit plane of
exhaust velocity and pressure coefficient are shown in
figures 12 and 13, respectively. The diffuser per-
formance parameters are summarized in figure 14.
Data summaries for the same configuration, but with
the short contraction (configuration SUL), are pre-
sented in figure 15 for the annulus flow and in
figure 16 for the diffuser performance.

The annulus flow patterns generated by the four
distortion devices operating on the same LUL duct
geometry are shown in figures 17 and 18. The result-
ing longitudinal distributions of wall pressure are
given in figure 19. The related diffuser exhaust veloc-
ity distributions and pressure recovery data are
plotted in figures 20 and 21, respectively.

Configurations With Varying Annulus Centerbody
Diameter

The basic annulus flow data for the LVL configu-
ration are shown in figures 22 and 23 and are sum-
marized in figure 24. The longitudinal distributions
of wall pressure are given in figure 25. Figures 26
and 27 show the cross-sectional distributions near the
diffuser exit plane of the velocity and the wall pres-
sure. The diffuser performance parameters are sum-
marized in figure 28.

Summaries of the annulus flow data for the same
configurations except with the short diffuser center-
body, configuration LVS, are presented in figure 29.
The longitudinal distributions of wall pressure coeffi-
cient and the cross-sectional distributions (near the
exhaust) of velocity and wall pressure coefficient are
given in figures 30, 31 and 32, respectively. Figure 33
summarizes the resulting performance parameters.

ANALYSIS AND DISCUSSION

The major effects and trends which may be
derived from these data are presented in figures 34
through 42. Table 7 provides an index to these figures.
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Effect of Contraction Length

The effect of the contraction length on the dif-
fuser inflow is shown in figure 34. The average swirl
angle (fig. 34(a)) was virtually the same, through the
range of mass-flow rate, for both contractions. How-
ever, the velocity profile, as measured by the average
effective area fraction (fig. 34(b)), was more uniform
for the longer, more gradual contraction. At the same
time, the static pressure recovery near the exit plane
(fig. 35(a)) was slightly better (i.e., higher) with the
long contraction. However, in spite of this difference
in the immediate pressure recovery, there was no sig-
nificant change in the static pressure recovery down-
stream in the settling duct (fig. 35(b)).

General Diffuser Performance

The contraction effects data of figures 34 and 35
indicate that, for a given swirl angle, a more radially
uniform entering flow produces a greater pressure
recovery. This trend agrees in general with conclu-
sions that may be deduced from some results found
in the literature (e.g., see refs. 9—17, and fig. 36,
derived from fig. 2 of ref. 13). However, the present
results and those of Sovran and Klomp (ref. 1) plotted
in figure 37 indicate there are limitations on this
conclusion.

In particular, figure 37 shows two features of
special interest: (1) the double-valued nature of the
E versus Cp, | “parabola” with an apparent minimum
around E = 092 and (2) the shift in magnitude of
¢ for the current data from that of Sovran and
Klomp (ref. 1). The first aspect implies that, for a
range of E values below about 0.92, more radial dis-
tortion (lower E) can give higher pressure recovery.
The second aspect implies a lack of correlation
between current and previous results. Both of these
topics are discussed in appendix A; the conclusions
and explanations are reasonably simple.

A parabolic or double-valued form of the E—Cpe
curve has not been generally described previously,
despite the trend of the Sovran-Klomp data as shown
in figure 37 and the trends shown in figure 34(a) of
reference 18. However, depending on the nature of
the velocity profile, the trend is real. Greater irregu-
larity, more rapid variation across the duct, and cer-
tain defect locations cause decreases, even severe

decreases, in pressure recovery as shown in refer-
ence 13. But with “well-behaved” profiles as reported
here and by other authors, the E'Cpe curve can be
double-valued with a real minimum. The shift in the
E versus Cp, | curve, as discussed in appendix A, could
have been the result of the mixing effect of the large-
scale turbulence created at the diffuser inlet by the
two large motor-support struts.

The general performance of the present diffuser,
then, correlates with data of other authors and, in
fact, extends and clarifies previous resuits.

Effects of Inlet Radial Distortion and Swirl Angle

The correlated data from the current test, showing
the effects of swirl on the £ versus C, curve, are
plotted in figure 37. The envelope of the curves for
various constant B_a values generally follows the shape
of the B, = 0 curve. Figure 38 shows the effects of
E on the §; versus G o CUITVE in a different cross plot.

The trends and results shown for the static pres-
sure recovery in figures 37 and 38 can be summarized
into two major points. First, for the current LUL
geometry and inflow patterns, the data suggest that
two levels of distortion can produce the same static
pressure recovery and that a minimum recovery
occurs at about £ = 0.92. Second, at a constant dis-
tortion level, a minimum pressure recovery is sug-
gested at about 5° of swirl. While additional recovery
is limited, in the lower-swirl directior- io zero swirl
the limit in the higher direction was not attained but
seemed to be greater than the value reached. Refer-
ences 2 and 9 support a trend showing that more
swirl holds the greater potential for better diffuser
performance. However, caution must be exercised in
the use of swirl for increased diffuser performance.

Even though swirl has been shown to be advan-
tageous in this study as in references 2 and 9, care
must be exercised in the use of swirl in fan diffuser
applications. Some residual swirl may (and probably
will) remain downstream of the diffuser exit for cases
of swirling flows at the inlet. Persisting swirl could
cause unwanted flow distortions and poor flow qual-
ity in downstream components — especially critical
in closed<circuit, wind-tunnel applications where
turning vanes and honeycombs may not entirely
remove the residual swirl before the flow reaches the
test section. In addition, leaving residual swirl at a
fan discharge means a loss in net axial fan thrust and
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thus a loss in efficiency. Inevitably, some energy must
be diverted and held in the swirling flow.

Effects of Distortion Devices

Figure 39 summarizes the effects of the four floor-
mounted artificial distortion devices on the diffuser
inflow characteristics. The data points for distortion
types A and B are clustered around the curve for
“undistorted” inflow, indicating negligible effects on
inflow from these two devices. Distortion C produced
somewhat more swirl at a given flow rate (as seen in
fig. 39(a)), but no measurable differences in velocity
profile uniformity for the limited data obtained (see
fig. 39(b)). In contrast, distortion device D produced
a significant variation in swirl and radial distortion
between the two azimuth positions studied, indicat-
ing large azimuthal distortion.

The diffuser performance resulting from the four
artificially distorted inflows is shown in figure 40. As
expected, devices A and B produced only a small
change in performance, suggesting a qualitative limit
on azimuthal distortion without significant penalty.
The type C device caused about a 3.8% reduction in
static pressure recovery, but type D, the most severe
azimuthal distortion, produced a decrease in static
pressure recovery of about 6% (fig. 40(a)). This effect
for the type D device showed up more dramatically as
an 8% decrease in the final, downstream pressure
recovery Gy, <D in figure 40(b).

Pressure Distribution

A theoretical longitudinal distribution of pressure
coefficient in the diffuser is presented in figure 41.
This distribution was calculated assuming ideal isen-
tropic flow. Figure 41 also shows the pressure coeffi-
cient at the diffuser exit as predicted by the relation-
ships given in reference 8. These theoretical estimates
are compared to the experimental results for azi-
muthally undistorted flow (configuration LUL).

From these curves, three results are clear. First, as
is common, the experimental pressure recovery con-
tinued to increase into the downstream settling duct.
Second, despite the simplicity of the approach of
reference 8, the actual pressure recovery was pre-
dicted reasonably well. (The diffuser loss calculation
approach of reference 8 was based on a collection of
data from widely varying diffuser geometries which
was reduced to a single, simple analysis technique.)

8

Third, some experimental results (e.g., as indicated in
fig. 14(a)) show pressure recoveries greater than 0.8
for ideal incompressible flow.

The proper explanation of the latter result is dis-
cussed in detail in appendix B. The cause of the
apparent ‘“‘extra” pressure recovery is centered in the
reference parameter chosen for the recovery coeffi-
cient and in the kinetic energy factor. This observa-
tion of C, values greater than calculated for one-
dimensional ideal flow is rare, but theoretically possi-
ble for nonuniform inflow conditions, as suggested
in reference 1.

Effect of Diffuser Centerbody Length

Although the two diffusers with different center-
bodies had the same overall diffusion angle and area
ratio, the rate of diffusion in the upstream portion of
the system was naturally greater with the short cen-
terbody. The effects of this on performance are pre-
sented in figure 42. The parameters of exit and down-
stream (settling duct) static pressure recovery
coefficients both show that the short centerbody sig-
nificantly degraded performance, almost certainly
because of the increased severity of flow separation
in the more rapidly diffusing geometry. The full-
fength centerbody, with its more gradual area varia-
tion, gave the best performance.

CONCLUSIONS

Some conclusions about diffuser performance may
be drawn concerning (1) the importance of upstream
duct geometry, (2) the effects of azimuthally undis-
torted but radially nonuniform and swirling inflows,
(3) the performance penalties for azimuthal flow dis-
tortions, and (4) the importance and effects of
centerbody geometry.

It is clear that the geometry of the contraction
used ahead of a fan and nacelle diffuser is important.
The contraction geometry can affect the fan inflow,
the resulting fan discharge flow, and therefore the dif-
fuser inflow and performance. The results of this
study show that, while the final performance level (as
measured by the downstream (settling duct) static
pressure recovery) may not be appreciably affected,
the immediate pressure recovery at the diffuser exit
may suffer. A gentle or long contraction duct pro-
duces better inflow to the fan than does an abrupt or
short contraction. (Although more complex, the con-
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traction design suggested in reference 8, one with
cubic wall contours, should produce even better
inflow than the long linear contraction used in this
study.)

Even for azimuthally undistorted diffuser inflow,
the rate of change of velocity profile across the annu-
lus apparently can affect the static pressure recovery
characteristics. For relatively gradual profile varia-
tions and for geometries similar to those reported
here, entering radial velocity uniformities (£ values)
near 90% and entering swirl angles less than 5° should
be approached cautiously. Minimum performance
(minimum static pressure recovery) was suggested
at these conditions. Better performance was indicated
for the diffuser in this study for the higher swirl
angles and for either more or less inflow uniformity.
Generally, swirl angles between 10° and 14° pro-
duced greater static pressure recovery. Swirl, being
easier to achieve than “perfect” flow, may be more
effective than area fraction in maximizing pressure
recovery. However, for reasons of adverse, secondary
downstream effects and “lost” energy, the relative
merits of swirl, flow quality, and fan system effi-
ciency must be evaluated for each application.

Ames Research Center
National Aeronautics and Space Administration

Moffett Field, Calif. 94035, August 20, 1979
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Artificial devices producing azimuthal distortion
had qualitatively predictable effects on diffuser per-
formance: the greater the distortion, the poorer the
performance. However, a relatively large solid block-
age (covering about 40% of the upstream duct area)
was necessary to produce even a 6% decrease in exit
static pressure recovery. This decrease was equivalent
to an 8% reduction in the ultimate pressure recovery.
(As suggested in reference 19, static pressure recovery
measured in the downstream settling duct may be a
more sensitive and accurate indicator of overall dif-
fuser performance.) Azimuthal distortion tended to
cause far more significant penalties in diffuser per-
formance than did radial distortion of comparable
magnitude. Maintenance of axial symmetry is impor-
tant to the performance of annular diffusers,

Even for identical overall diffusion angles and area
ratios, the rate of diffusion within the diffuser com-
ponent affected its overall performance. The long
centerbody produced higher static pressure recovery
than the short one. Gradual diffusion (i.e., lower rates
of diffusion at the beginning of the component,
probably due to suppression of separation), gave
better diffuser performance for this geometry.



APPENDIX A

BASIC DIFFUSER PERFORMANCE
CHARACTERISTICS

Figure 37 presents current data for the LUL con-
figuration ‘and similar zero-swirl data derived from
reference 1 for static pressure recovery, Cpe’ as a

function of inlet effective area fraction E. These data
imply that: (1) Cpe is a double-valued function of E

with a minimum, for this geometry, at about £ = 0.92
and (2) the present data show uniformly higher levels
of pressure recovery than do previous data, regardless
of swirl angle.

The first implication raises doubts (as in
refs. 9—17) as to whether greater uniformity (higher
values of E) always produces greater static pressure
recovery. The second implication, the shift in Cp,
levels, concerns whether the current data correlates
with previous measurements. Both results are resolv-
able and contribute to the understanding of diffuser
performance.

Static Pressure Recovery and Inflow Distortion

The lower parabolic line in figure 37 shows the
effect of E on diffusers whose geometries are near the
first stall limit where peak values of C, occur. It is
based on the correlation line given in figure 24 of
reference 1, derived from experiments on two-
dimensional, conical, and annular diffusers without
inlet swirl and with very low levels of turbulence at
the inlet. (At zero inlet swirl, the geometry of the
diffuser tested in this program would be near the
peak recovery geometry typical of other annular
diffusers as shown by the Cp* line in fig. 15 of
ref. 1).

This parabolic curve shows that, for no entering
swirl, the diffuser pressure recovery is a double-valued
function of effective area fraction E. The pressure
recovery coefficient may be improved from its mini-
mum, at about E = 0.92, by either an increase or a
decrease in profile uniformity as expressed by the
parameter £. Thus, a given pressure recovery, based
on the mean upstream dynamic pressure, may be
achieved by two inflow distributions (two levels of
uniformity) at zero entering swirl angle.

From references 13, 16, and 18, it is clear that the
pressure recovery is dependent on the exact nature of
the velocity profile, that is, the form, location, or
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magnitude of the distortion. Figure 37 confirms that
at least two distributions (two values of E) can pro-
duce the same static pressure recovery. Reference 13
shows that the same value of E can give two very dif-
ferent levels of pressure recovery.

Thus it can be inferred from the literature that in
figure 37 the increase in Cp, as E drops below 0.92
must be dependent on profile shape. At a given value
of E, the pressure recovery was improved in refer-
ence 13 (figs. 2 and 3) or not changed in reference 18
(fig. 34(c)) by changes in the profile shape. (In other
words, E is not a uniquely defining parameter for pre-
dicting pressure recovery.) It is therefore reasonable
to predict that certain careful or fortuitous selections
of the velocity profile will further improve static pres-
sure recovery at the same value of E. The data pre-
sented in figure 34(a) of reference 18 support this
potential and the current data confirm it.

Strut Wakes and Increased Pressure Recovery

Initially, figure 37 may seem to imply disagree-
ment in the magnitude of Cp,, between the previous
results of other authors and the current data. No
zero-swirl curve was generated by the data collected
in this study. However, if a set of data had been
obtained at B, = 0, it is likely that it would have been
observed, when plotted in figure 37, to be 0.05 to
0.03 points in Gy, higher than the reference B,=0°
curve. There are several reasons for believing this.
First, the small shifts between curves of Ea # 0 are
not consistent with the large drop in Cp to the

B; = 0° curve. None of the other annular diffuser
experiments that used inlet swirl showed discon-
tinuous or sudden changes of the swirl effect between
B; = 3° and 0° (see refs. 2, 14, and 15). Clearly they
showed very small or zero changes in Cpe versus

Ea until Ea exceeded 3°. The second and more physi-
cally appealing reason for believing that a “measured”
B = 0 curve would have to be higher on the graph of
figure 37 is the mixing effect of the large-scale tur-
bulence that may have been created at the diffuser
inlet by the wakes behind the two large struts sup-
porting the fan motor. The wakes and turbulence
thus produced have in other cases been shown experi-
mentally to cause increases in pressure recovery
(refs. 16 and 17).

The benefits of wakes at the inlet are more
apparent than real since they create a total pressure




loss penalty that must be charged to the overall per-
formance of the diffuser. This penalty will appear far
downstream after the mixing is complete, and the
mixing loss will probably offset the small gain deliv-
ered by an increase in «Cpe’ namely, the estimated
boost in G by 0.03 to 0.05 points above the B,=0
curve in figure 37.

APPENDIX B

MAXIMUM THEORETICAL PRESSURE
RECOVERY

Some current experimental results, such as those
in figure 14(a) for configuration LUL, show pressure
recoveries greater than 0.8 for ideal, incompressible
flow shown in figure 41. The proper explanation of
ihis result is known but often overlooked. The refer-
ence static and dynamic pressures, although they
possess some uncertainty, do not appear to be suffi-
ciently in error to account for the phenomenon of
‘“extra” pressure recovery. However, the form of the
equation for pressure recovery in figure 24 of refer-
ence 1 provides an understanding:

_ 1 1~ [E/E:) /aR?)
Pe FE2| 1-(1/4R?)

Here, £, (usually less than E) is the effective area
fraction at the diffuser exit and AR is the diffuser
area ratio. Clearly, the pressure recovery depends on
the flow uniformity at each end of the diffuser and
depends most strongly on the radial uniformity at the
inlet (E). While the theoretical values in figure 41
were derived for uniform inflow (£ = 1), the experi-
mental results arose from flows with greater radial
distortion (£ < 1). Since the pressure recovery and
the effective area fraction are inversely related as
shown in the above equation, the nonuniform experi-
mental inflows could be expected to produce larger
indicated values of pressure recovery than the ideal-
ized, uniform (one-dimensional) theoretical inflow.

This observation has been demonstrated theoreti-
cally in reference 16, where the maximum theoreti-
cal pressure recovery of a diffuser with nonuniform
inlet profile is larger than the ideal, one-dimensional
recovery, Cpi D 1 - (1/AR?). For incompressible
flow, ’

_ 1 A%
Cptheo max CPi,x-D +{A L,(V,m) dA]

and the inlet kinetic energy factor is greater than
i u . .
unity so that Cp theo max ™ st exceed CP:,x-D As
confirmed in reference 1, the actual observation of
real Cp values greater than CPi D is rare, but theo-

-1

retically possible.
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TABLE 1.— FAN DRIVE SYSTEM DESIGN PARAMETERS

Design values

For configurations with

For configurations with

S uniform annulus varying annulus
ystem parameters centerbody diameter centerbody diameter
(see fig. 3) (see fig. 4)
Complete system:
Hub-to-tip-diameter ratio 05 04375
Drive power, W (hp) 376.7 X 10 (505) 376.7 X 10° (505)
Total pressure rise (head), m (ft) of air 207.3 (680) 207.3 (680)
Weight flow, N/sec (Ib/sec) 1632.5 (367) 1632.5 (367)
Rotor only:
Number of blades 15 15
At 3/4 radius: Chord, ¢m (in.) 15.95 (6.28) 15.67 (6.17)
Maximum thickness, cm (in.) 1.60 (0.628) 1.57(0.617)
Solidity(Chor.d - no. °fb'ades) 0.554 0.546
circumference
Stagger angle, deg 408 43.6
Rotational speed (counterclockwise looking upstream), 1200 1200
rpm
Tip speed, m/sec (ft/sec) 115(377) 115 (377)
Stator only:
Number of blades 23 23
Chord, cm (in.) 11.13 (4.38) 13.44 (5.29)
Maximum thickness, cm (in.) 1.11 (0.438) 1.49 (0.529)
At 3/4 radius:
Solidity 0.594 0.717
Stagger angle, deg 4.28 8.00
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TABLE 2.— ANNULUS GEOMETRY DETAILS
Measurements
For configurations with | For configurations with
. uniform centerbody varying centerbody
Quantity diameter diameter
(see fig. 3) (see fig. 4)
Shell diameter, m (ft) 1.84 (6.03) 1.84 (6.03)
Centerbody diameters, m (ft):
At inlet 91 (3.00) 80 (2.61)
At exit 91 (3.00) 91 (3.00)
Fan rotor and stator (see table 1)
Length, m (ft) 3.1(10.3) 3.1(10.3)
Motor support struts:
Number 2 2
Chord, m (ft) 91 (3.0) 91 (3.00)
Maximum thickness, m (ft) 084 (0.276) 084 (0.276)
Thickness distribution (see table below)
Flow areas, m? (ft?):
At inlet 1.996 (21.489) 2.155(23.199)
Minimum at stators 1.877 (20.205) 1.977(21.276)
Minimum at struts 1.918 (20.645) 1.918 (20.645)
At exit 2.001 (21.536) 2.001 (21.536)

Motor support struts
D:sta'nce from Thickness,
leading edge, .

fraction of chord fraction of chord

0.007 0018
014 026
025 034
0625 050
101 .062
175 078
25 088
351 092
5 088
.701 068
.800 052
95 .018

1.00 0




TABLE 3.— DIFFUSER GEOMETRY DETAILS

Entrance dimensions:

Shell diameter, m (ft) 1.84 (6.03)
Centerbody diameter, m (ft) 91(299)
Hub-to-shell-diameter ratio 496

Flow area, m? (ft?) 2.001 (21.536)

Exit dimensions:

Shell height, m (ft) 2.21(7.25)
Shell width, m (ft) 2.08 (6.83)
Long centerbody diameter, m (ft) 206 (0.20)
Short centerbody diameter, m(ft) 0

Flow area 4.597 (49.486) !

Lengths, m (ft):

Shell 4.08 (13.38)

Long centerbody 4.11(13.50)

Short centerbody 2.88 (9.45)
Area ratio 23

Equivalent cone angles, deg:

Shell 8.16
Long centerbody 12.64
Short centerbody 1798

Overall system 11.53




TABLE 4.— DIFFUSER CENTERBODY COORDINATES

) Tail cone radius,
Distance from . . .
. fraction of radius at diffuser entrance
diffuser entrance,
fraction of diffuser length Long centerbody | Short centerbudy

0 1.000 1.000
.05 .999 966
.10 997 933
15 992 .899
.20 983 .865
.25 973 .830
.30 960 .793
35 944 754
40 925 713
45 904 .665
.50 878 610
55 .846 .542
.60 .810 454
625 .789 .398
.65 72 334
675 .749 252
.70 .728 105
.706 725 0
75 677
.80 617
.85 .546
.90 457
925 406
95 .340
975 260

1.00 133




TABLE 5.- AREA DISTRIBUTIONS IN DIFFUSER

Diffuser areas,
Position, fraction of net flow area at diffuser entrance
fraction of
diffuser length Diffuser with long centerbody | Diffuser with short centerbody
downstream of | Outer
diffuser entrance | shell | Long centerbody | Net flow | Short centerbody | Net flow
blockage area area blockage area area
0 1.326 0.326 1.000 0.326 1.000
.05 1.390 325 1.065 304 1.086
10 1.452 324 1.128 284 1.168
15 1.512 321 {.191 263 1.249
.20 1.571 315 1.256 244 1.327
.25 1.629 .309 1.320 225 1.404
.30 1.685 .300 1.385 .205 1.480
.35 1.739 291 1.448 185 1.554
.40 1.791 279 1.512 .166 1.625
45 1.842 .266 1.576 144 1.698
.50 1.892 251 1.641 d21 1.771
.55 1.940 233 1.707 096 1.844
.60 1.986 214 1.772 067 1.919
625 2.009 .203 1.806 052 1.957
.65 2.03} .194 1.837 036 1.995
675 2.053 .183 1.870 .021 2.032
.70 2.074 173 §.901 004 2.070
.706 2.079 A7 1.908 0 2.079
75 2.115 149 1.966 2115
.80 2.155 124 2.031 2.155
.85 2.194 097 2.097 2.194
90 2.230 .068 2.162 2.230
925 2.248 054 2.194 2.248
95 2.266 .038 2.228 2.266
975 2.283 .022 2.261 2.283
1.00 2.299 .006 2.293 2.299
1.0} 2.299 0 2.299 2.299




i * # ﬂ 5 Areununs asuewio)1ad 135041 €€
I3 )& suonnquUIsIp anssaxd suerg 43
1IX3 1B SUCHINGUISIP AJJO[IA I€
suonnquIsSIp arnssaid oSness frem o€
TI'sy yoys SAT Arewuwns mop snjnuuy 62
J]qeUBA '} 4 Arewnwuns asuewioyiad 1asnyjiq 8C
4l % 4 X2 1€ suonnquystp anssaid snerg L
‘e 11xa 18 suonnquIsip A1150[aA 9
Y&l % suonnquisIp aInssaid ones rem ST
J|qeLep Alewswuns mopj snnuuy v
rals 4 sayoid 1190194 snpnuuy €
[%44 JUON Suifrep TAT suonnquUIsIp afdue-[1Ms snjnuuy (44
4 4 A 4 1IX3 Je SUonNg.1SIp ainssaid oneg 12
X3 1B SUONNGLNSIP 10O (174
suonnquisip amssaxd sness frem 61
saijoid A11d0jaA snuuy 81
80v 11\ 4 3uo n1 SUORNQUISIP S[3UB-|ILmS snjnuuy Ll
» 110Ys 1ns Areununs aouewiroyiad sesniyiq 91
ﬂ uoys 1ns Areununs moy snnuuy S1
Arewruins aouewrojiad 1asnyiq vl
J[qeLIBA 31X 18 suonnqu)sIp aInssaid onelg €1
8 0p X3 Je SUONNQLISIP AID0[A 4!
8 0ov suonnquisip ainssaid sners frepm 11
alqeueA Arewiins Moy} snjnuuy )
g0ov sapjosd Lydofaa snnuuy 6
SOV auoN Juoq uuojiup) Suo n1 suonnquIsIp Bue-[Ims snnuuy 8
8ap =M“ﬂww€ %M«awh”wu_oo »wﬂmmw.__wu WiBuay 2poa uonduasaq IaquinN
‘3 Ny : UOoNoBIU0) uonenaIqqy T
Yy lasnygia sn[nuuy
UORIPUOD IS0, uopein3yuo) a8y

ERC VoY

P

-

il & e

STANOIA VLVA JISvd OL XddNI —'9 14Vl

18




b

L PR RN - S it pin e v
|
!
142 SA1 ouewlojiad 1asnyyrp
xoiddy JUON yiog Suikrep pueTAT uo y13uaf Apoqlajuas Jasnyjip jo 1934J rd 4
{ 1 suonnquisip amssaid
SOov AUON 12SNJJIp [RIUSWLIAIXA pUk [EONI0Y ] 182
ssuewod
8°0r v J3sNJIP UO UORIOISIP [BYINWIZE JO 103)J] ov
moy
8'0op v SNINUUE UO UONIOISIP [BYINWIZE JO 193}J7 6f
4 weysuod 1e 7 yam
alqeuep SUON 3uo wiojiun n1 A1310531 ainssaid onels £{1e3 Jo uoneueA 8¢
¢ 9131 * | 9dUaIa}al 10} PaQLIISIP SE PUE g yuersuod e g yam
Jlqeuep JUON Suo wiojtun 1 K12a0%31 ainssaid sness Ages jo uoneyep LE
aouewsofrad
€' €1 1By ‘6 99UIIIJIL 10§ PAQLIISIP SY - J3snJJIp UO UOHIOISIP [EIPEI JO 193]} 9¢
1ns sourwiojsad
pue 1(Y1 13snJ1p uo Yyidua) uondeIuod Jo 1535)3 S§
, ns mopy
ﬁ ) 2 auoN 8uo usojiuny pue N1 snjnuue uo Yyidua| uondeNuod Jo 19357 vt
}
| 3p :””__“Hv awﬂmﬂﬂﬁu AH.HHM_MO (s)apod uondussag loquiny
‘3 ’ : uonosenuo) UONEIAIQqQY T
fepynry Josnyjiq sninuuy
uonipuod 1S9 uoneingyuo) andiy
STANDIA SISATVNV ANV NOSIIVAWOD OL X3ANI —'L 18Vl
I
R —— . . .l‘.'«‘l‘lqul‘ |‘\|l T T A - * T
VR e Y N PR Rl st \rr.sl’n . 4 o - .

PP Ty

o




1

e

" weay i

TR

! (a) View from the front quadrant.

(b) View from the rear quadrant.

Figure 1.— Overall exterior views of test model and apparatus.
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Figure 1.— Concluded.
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(a) Side view.

Figure 3.—- Details of annulus component with uniform centerbody.




TOP
" T D =
A 1 0.91 1.84 (6.03)
i ; 1 (3.00)
: } T % ¥ 1
., STARBOARD T s PORT
| —p o ”,‘ ‘ﬁ -
5 ot
T .
s s
11 }
! S
E
STRUT
STRUT
BOTTOM

VIEW LOOKING DOWNSTREAM

' SURVEY LOCATION FOR
B.V/Vem, E DATA

ALL DIMENSIONS IN m (ft)

(b) Cross section at annulus survey location.

Figure 3.— Concluded.

26




D; = @
b CONTRACTION | 183 O = DIFFUSER
- <__' . m ’————>
e diam e
2 { A4 A\~ A= GEE = S = 4
¥ ; 0.4
m LONG (1.17 Dy) ~ask— —o——o
. CONTRACTION }
‘ STATORS  0.80 0.91 0.91
, — (2.61) (3.0) — — (2.99) !
y diam diam diam !
S ' o o o ‘
i FAN 0.2
| ROTOR (0.7) 0.9 (3.0)» |+—0.2(0.6)
i — L ¥ O— G —o-e6-—6-0-—o:
o [ 3.1 (10.3) —————

PRESSURE-SURVEY STATION FOR “X*
PARAMETER (SEE FIGURE 4 (b))

' O SURFACE PRESSURE ORIFICE LOCATION FOR WALL
! STATIC PRESSURE COEFFICIENT DATA

' ALL DIMENSIONS IN m (ft)

(a) Side view.

Figure 4.— Details of annulus component with varying centerbody diameter.

27




TOP
T D, =
THA
Sao D) 184603
I (2.61)H
STARBOARD LR . PORT
P T -
?JT a1
2 7
BOTTOM

VIEW LOOKING DOWNSTREAM
SURVEY LOCATION FOR
\ 8, VIV, E DATA

ALL DIMENSIONS IN m (ft)

(b) Cross section at annulus survey location.

Figure 4.— Concluded.




ANNULUS |= 4.12 (13.50) - _@
-—
- 4.08 (13.38) »|| |seTTLING DUCT
e 288(9.45) Y - o
~ O OO0 %—C ~ ~t
doolooooo—00
S~ 2.21 (7.25) HIGH

N BY
2.08 (6.83) WIDE

1.84 (6.03) === SHORT CENTERBODY

diam
@ PRESSURE-MEASURING STATION FOR
“X"" PARAMETER

O SURFACE PRESSURE ORIFICE LOCATION FOR
WALL PRESSURE COEFFICIENT DATA

ALL DIMENSIONS IN m (ft)
(a) Side view.

Figure 5.— Diffuser geometries (with long and short centerbodies) and instrumentation locations.




30

D —e .

2 Rc/b_

e s

SIDE VIEW
(WITH LONG CENTERBODY)

SECTION Y-Y

r (TYPICAL)

D, = 1.84 (6.03)
L = 4.08 (13.38)
Re/b = 0.46 (1.50)

re/b/ Re/p = (SEE TABLE 4)
"$/Dg =% (1 -3
Hyp, = X
¢/D, = 1+0.202 %)
W = X
s/D, = 1+0.133 &)

ALL DIMENSIONS IN m (ft)

(b) Duct shape parameters.

Figure S.— Concluded.




T

-aqoid Aanins jiod-xis Sutsiaael] —'9 amdig

(S140d 8) ONiY
IYNSS3Hd JILVIS

31

140d
3HNSS3IHd
w10l

S1HOd
IYNSS3IYd
JTONY THIMS

(urggy)
wigeZl




S nd b adeene s p -

. - e
- —de >
- - P
2
o 3
e w
° El
< 3
W g
4 — . Y ] £
2 o
g &
- 8
T 3
_ 5 2
L . 1 | LA g
&
a
&

L P N N B I P B 1 _ Wy

@ °© z 2 8 8 °© 3 3 S s °©

bop g 5 5 8 8 2 e ) >
. AA
319NV THIMS WA/A DA 3
‘ALNIVLYIONN Wa/A ¢ ACAe YO F¢

‘OILVYH ALID0TIA MOT4NI
'ALNIV1Y3ONN

‘H3LIWVHYC ALIWHO4LINN
IVHLNWIZY HO TvIavH
‘ALNIVLYIONN

Figure 7.— Uncertainties in plotted and tabulated results.




8228
& o N
IR

2
b

g
T

5Cp.8Cp, ORBCp

1 I 1 | J |

UNCERTAINTY,
PRESSURE COEFFICIENTS,

0 A 2 3 4 5 6 7
MAGNITUDE OF PRESSURE COEFFICIENT,
(Cpl. ICpyl. OR ICogp!
A4 —
j =) 12
, - &
. E ’;‘ >|.E 0
L IE 2 s
S ] | £ 06
= 422 WL
;. 0 £ > © 04—
2
2 02
‘ w 0 L 1| 1 1 ] L J
! 30 40 50 60 70 80 90 100
FLOW RATE, m, % OF DESIGN 4
(b) Diffuser internal and exhaust flow and performance data. ;

Figure 7.~ Concluded. 7

TV AT g

A




r - <
|
!
|
" 20
| B SURVEY M, ba,
} AZIMUTH % OF DESIGN deg
i (o] TOP 715 89
4 O PORT 69.0 108
! 15 |- A PORT 89.1 41 a)
R o
- a
! g 2 °
. S o] o)
¢ | x
L { %
J
{ 5
Lo
) )
i a)
0 Y ] 1 _J
' 10 —
- g
o
3 o
: ! «
P =
7}
4
b R/RS
~
P (a) ™~ 70%
‘ (b) m = 90%
Do Figure 8.— Annulus swirl-angle distributions for LUL configuration (see Notation and table 6) with £ = 40.8°
1

34

and no artificial azimuthal distortion




SURVEY m Ba.

. 10 [— AZIMUTH  %OF DESIGN  deg
! 4] TOP 944 35
A TOP 99.8 2.7
g O ToP 105.1 2.0
< 0 PORT 104.3 1.0
4 45
| T
. S n OO
i (7] M T
c)
0 | | | 1 1
1
| g
Q
-
E
=
(7] E
) -
- ' .g
-
-
, T
Z
. (c) m=~95% 1
(d) m=~100%
“ (e) m = 105%
|
' Figure 8.— Concluded.




e —«TH«W-'“

AZIMUTHAL
v DISTORTION,
SURVEY M, = ot Va/Vin
AZIMUTH % OF DESIGN Vimax
O ToP ns 0.85 1.03
O PORT 69.0 088 0.94
A PORT 89.1 0.91 0.99
1.2 —
o]
© o
©
& o ® ® o o
> 10— — —_——— — —_
> o a o
D
o g D
w28 1 ] | N
125 —~
A A A A A
£
Fol—————A A
> A O
A a
25 L2 i | J B
5 7 8 9 1.0
R/RS
(a) m =~ 70%
() m ~90%

Figure 9.— Annulus velocity profiles for LUL configuration (see Notation and table 6) with § = 40.8° and

no artificial azimuthal distortion.




U

b, Shaatraiauast ol

R St RS T e e
—

VIV,

VIV,

VIV,

1.26

75

1.25

.75

1.26

SURVEY M,
AZIMUTH % OF DESIGN
O ToP 94.4
A TOP 99.8
— g ToP 105.1
O PORT 104.3

AZIMUTHAL

v DISTORTION,
E=—2 Va/V,
Vmax am
0.93 1.01
0.94 1.01
0.94 1.00
0.94 1.00

R/RS

(c) m=~95%
(d) m ~ 100%
(e) m=~105%

Figure 9.— Concluded.




-
o

FAN STAGGER
‘; 12 ANGLE, £, deg
; o | O 38.0
: 3 g 40.8
; & 10F 62.9
i w
ar|
| g .
T { <
i -
«
. S 6
' )
. w
| g
c 40 3
w
z
A
a)
0 | { | | J
.96 r—
9
Z 92 Y rpIC
9 /.\1_;,’ ¥ e o]
5.90— L<:'///ln -
g .88 — o /',,/ i 4
w .
- ¢ 86— M ;
S ol }
q’ A
g 82+ r
- .80
O
o .78+ i
lﬁ 76 - A |
0 I N Y SO NN SN N S B
20 30 40 50 60 70 80 90 100 110 120 . |
FLOW RATE, m, % OF DESIGN '
L
(a) Average swirl angle.
(b) Effective area fraction.
Figure 10.— Annulus flow parameters for LUL configuration (see Notation and table 6) and no artificial

azimuthal distortion.




1.0 — ANNULUS DIFFUSER SETTLING DUCT

e ————e e B

TAP LOCATION

. |
l O BOTTOM WALL
ce A CENTERBODY BOTTOM
2 l O CENTERBODY TOP
O TOPWALL
5} ; 4
-2 ] }
) Ol
Al | | L | |

J
L 1
4
]
|
o 2.0
2
Lo
(a) m =~ 70%
(b) m ~90%

Figure 11.— Longitudinal distribution of static pressure coefficient for LUL configuration (see Notation and
table 6) with £ = 40.8° and no artificial azimuthal distortion.

39




L er mvtes B ey e v e

j.s T T N A T T R T S T S S T TS T N T R T ) LI S . TN ‘.;J,ﬁr:ﬁiﬁcﬂﬁﬂxﬁ‘. RTINS Y, AT TR M L SRRV N e Ty~ e~ s
4 K i b

M —

m I -]
Z - a
o 0 0O
TLBT
4 3 > >
Qa0
Ssz909
PMRRA
AOEEW
FEEES
QO wuw o
a oo -
o400

b —— — -]

X/L
(c) m=95%

DIFFUSER
(d) m = 100%
Figure 11.-- Continued.




v o¥

TAP LOCATION
I O BOTTOM WALL
A CENTERBODY BOTTOM

2 | O CENTERBODY TOP
| O ToP WALL
Q ﬁ
| |
~2F 9 I
I I
-4 | | | [ 1
-5 0 5 1.0 15 2.0

X/L

(e) m ~105%

Figure 11.— Concluded.

41




TOP
00000000000 00000000000RE0R0AEAE00R0ANER00N00000000000000000

- .
.. - L] .
i . 1,303 1,454 1,000 1,080 .
. :
] ° s
S . .
k. . .
- . .
- . 1,356 0,337 0,538 1,027 .
T * .
{ L o )
o .
. .
L ®
* [ 1128 atenan IYYIIT 1,170 Py
. .
H d [ ]
! = BRZAL o N
' g * .
i Qe »
! * 1,004 0,397 0,092 1,552 Py
* *
LJ )
. T T «
. .
Ll o
. 1,320 1,001 0,058 1,016 .
. .
L) )
‘ . TTTTTT o T .
. " .
L )
. 1,080 T,a%% 1,158 1,340 .
. .
. .

SetEN00000000000080000000000000000000000000000000000000 R0 Y

DECIMAL POINTS OMOW APPAQNINATE "2.. LOCATIONS
NOTEY V/VM & eseses DENOTES REVERSE PO

(a) m~70%

Figure 12.- Distribution of velocity, looking upstream, near diffuser exit plane for LUL configuration (see
Notation and table 6) with ¢ = 40.8° and no artificial azimuthal distortion.

42




, - e

TOP
R00ERER0AER000RAN0PPANNRNALANANRRASEARERANEARAONEARERROY

. .
L] -
* 1,078 1,602 1,619 1,343 °
L4 .
LJ ]
» «
. '
[ )
* 1,071 0,471 0,898 1,922 .
" .
L] e .
) .
L .
[ 4
* 1,478 IIIIT shatne 1,484 .
] .
- S ———
[ V/VM *
Se .
ae [}
[ 1,222 I Y ateeng 1,914 Py
. .
L] . &
L] - - T [)
* I3
* [’}
. 1,068 0,618 0,286 [ YL] .
i | J «
o ¢ & o .
! Py .
L] .
. *
\ . 1,088 1,582 1,548 1,179 .
. .
< [ ] . . _ .}
4 0800000000000 0000000000000000600000000000000000000000¢0RRRAY
CINaL POINTSE OmoN APPRGNIMAYTE PR LOCATI0NS
%ngTiv-Tr.T.r.i iti%ﬁl # e '
o (b) i ~90% ;

Figure 12.— Continued.




44

PORT

TOP

S00000RRARQOEANORRARNERARARCRANERIGEANEOARABNEGSE0RANEERDONS

L []
L] 2
L 1,344 1,%00 1,803 1,278 .
. [
[ L . B
° - .
L .
L] [}
. 1,032 0,54 0,099 1,597 .
L [
L - [
. .
. .
L] s
] [P 1.1] 1T YT 1,401 PY
L] .
. _ .
I 2 7 7 ) .
[ ] .
[ .
[] 1,564 ahtnse PYYYYYS 1,000 .
. .
L _ .
* _‘ T .
L] *
* []
. 1,82¢ 0,778 0,010 1,003 .
L] .
. o I )
R - - s
. .
[ Iy
. 0,%21 1,337 1,999 1,080 .
. .
. [

NERGA0R000000000000000000000000000000000080000000000008000000

PECINAL POINTS SnOW aPPRQEINATE PROOE LOCATIONS
o 1 i S e L R L

(c) m ~95%

Figure 12.-- Continued.

e e i eihean

My S R

—
Lo




PORT

TOP

000000 A0000080RNRARARARARENRRRARIRRRAAARARRANRERARRARRADNEY

- ]
[ _ [
. 0,999 1,391 1,674 1,005 .
. [
. o o B .
L [
L] []
. L e
. 1,547 0,752 0,822 1,521 .
. *
[] - L)
. .
. *
* e e SR
) 1,664 I YL L 1,52¢ »
. «
L] .
[ V/Vm [
. .
e N — N
. 1,480 YIS YT 1,499 .
* .
L L]
. . .
. .
. e IS ]
. 1,347 0,760 63 1,508 .
* []
. [
D I .
. .
. e *
. 0,6%¢ 1,282 1,380 0,%28 «
» .
. .
N P000RRERREERRRRESERARENNNENEReENERe000eaneaneestaaRantany

OECIMaL POINTS BWOWw APPRoXIMATE "8“ LOCATIONS
NOTEY VY/VN B eesncn DENOTES REVERSE FLOW

(d) m ~100%

Figure 12.— Continued.

- rsim, bt s ktttin

e thant. st




TOP

S0000000000000008000REREERRtAERRAPRRRSRRARAERSRAnendateteate n ]
. . .
- " » .
. 0,668 1,844 1,18} 0,97 .

LN . e B

S . o _ e
i L] [
i . .
R 3 [ .
ro . 1,452 1,012 1,092 1,548 .
A L ] [ ]
I ® S
. .
. .
. e . .
® 1,602 0,451 6,151 1,933 .
. .
i - L4 »
. . ViV .
i s 4 .
I -9 X e e ————tir 0
! . 1,398 0,226 0,182 1,072 *
. .
. .
L .
. .
» e . 3
. 1,388 1,024 0,977 1,522 °
. .
. - .
. . N T .
! . .
L . e e W
. 0,738 1,10} 1,140 0,862 .
. .
\ . o o ) .
PR R NS NCANNC IR SRR NeRenceaetaeetntetiontantdnhanny

DECINAL POINTS BMOW LPPROXIMATE PROBE LOCATIONS

(e) m =~ 105%

Figure 12.— Concluded.

46 )




\
3
o - i
| APPROX.m, PRESSURE
Ji % OF DESIGN RECOVERY, cPe
= o 70 0.711
o 1.0 (m] 90 0.644
b F O 95 0.658
; A 100 0.664
2 a4 105 0.674
Co
|
4 | | | ] ] |
0 60 120 180 240 300 360
6, deg ;
71
. Figure 13.— Distribution of wall static pressure coefficients near diffuser exit plane for LUL configuration (see .
. Notation and table 6) with £ = 40.8° and no artificial azimuthal distortion. i
!
4
-
i
f
1

47




[ PV

48

PRESSURE RECOVERY COEFFICIENT, Cpe

.98
.96

74 —
T2 -

J0M—

FAN STAGGER
ANGLE, £, deg

O 380
O 408
A4 629

T T 1

.88 —
.86 —

.82 —

J8 —
76 |—

62 1 L 1 | | | 1 ]

30 40 50 60 70 80 90 100 110
FLOW RATE, m, % OF DESIGN

(a) Static pressure recovery coefficient near exit plane.

Figure 14.— Diffuser performance for LUL configuration (see Notation and table 6) with no artificial azimuthal
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Figure 21.— Effect of distortion on wall static pressure coefficients near diffuser exit plane for LUL configu-
ration (see Notation and table 6) with £ = 40.8°.
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Figure 22.— Annulus swirl-angle distributions for LVL configuration (see Notation and table 6) with § = 43.2°
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Figure 24.  Annulus flow parameters for LVL configuration (see Notation and table 6) with no artificial
azimuthal distortion.
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Figure 25, Longitudinal distribution of static pressure coefficients for LVL configuration (see Notation and
table 6) with £ = 43.2° and no artificial azimuthal distortion.
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Figure 29.- Annulus flow parameters for LVS configuration (see Notation and table 6) with & = 43.1° and
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Figure 30.— Longitudinal distribution of static pressure coefficient for LVS configuration (see Notation and
table 6) with £ = 43.1° and no artificial azimuthal distortion.
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Figure 32.— Distribution of wall static pressure coefficients near diffuser exit plane for LVS configuration (see
Notation and table 6) with £ = 43.1° and no artificial azimuthal distortion.
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