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MODEL INVESTIGATION OF INLET PLENUM FLOW STRAIGHTENING
TECHNIQUES FOR ALTITUDE TEST FACILITY
by Stephen M. Riddlebaugh and Heinz G. Linke

Lewis Research Center

SUMMARY

An investigation was conducted to evaluate and improve the quality of the airflow to
be supplied to the engine in altitude test chambers 3 and 4 of the Propulsion Systems
Laboratory at the Lewis Research Center. One-twentieth-scale models of the inlet ple-
num chamber of the two test chambers were used in the investigation to minimize time
and cost. A variation in flow velocity of approximately 100 meters per second
(300 ft/sec) (maximum - minimum) coupled with a large recirculating flow.region existed
within the inlet plenum upstream of the engine inlet. Mechanical devices that would at-
tenuate the velocity spread, eliminate the recirculation, and straighten the airflow were
fitted into the inlet plenum chambers. The velocity difference was reduced to approxi-
mately 10 meters per second (30 ft/sec). The pressure drop across these devices at a
flow rate simulating a 340-kilogram-per-second (750-1bm/sec) engine flow did not ex-
ceed 0. 5 newton per square centimeter (0.7 psi).

INTRODUCTION

An experimental scale-model investigation was conducted to evaluate modifications
for improving the airflow velocity distribution at the test engine inlet for two new altitude
test chambers in the NASA Lewis Propulsion Systems Laboratory. The importance of
supplying uniform flow to the engine inlet has been well established as a result of many
inlet flow distortion tests. These investigations have shown that engine stall limits are
quite sensitive to inlet flow nonuniformities. In addition, nonuniform flow ahead of the
engine. inlet makes accurate airflow measured extremely difficult. '

The flow patterns in the inlet plenums are adversely affected by three factors:
(1) A multiplicity of lines entering and leaving the plenum. There are two sources

of air, each with its own inlets into the plenum. The primary source is the facility sup-
ply, is preconditioned air. The other source is the atmosphere (for ambient conditions).



The air exits the plenum either through the test section or through a duct controlled by
a high-response valve that bypasses the altitude test section. This bypass line is de-
signed to permit rapid engine transients without upsetting the engine inlet and exhaust
conditions.

(2) Plenum geometry resulting from space restrictions and the need to tie into exist-
ing air supply and exhaust systems. The inlet lines enter the plenum at right angles to
the plenum axis, and the inlet lines are closely coupled to the engine inlet bellmouth.

(3) Projected high flow rates. Proposed expansion of the facility air supply and ex-
haust systems to accommodate testing of jet engines at high flow rates would result in
relatively high Mach numbers (up to 0. 4) in the inlet lines. These flows would enter the
plenums as high-velocity jets.

In designing the inlet plenum modifications, several requirements or ground rules
were established:

(1) Any additional hardware should be internal to the inlet plenums. External mod-
ifications would be extremely difficult and costly.

(2) The designs should work equally well over a broad range of flow rates without
modifications.

(3) Pressure losses across the hardware should be minimal.

(4) At least one screen would have to be incorporated into the designs as a trap for
foreign objects. : A :

(5) A honeycomb section would probably have to be incorporated into the design to
eliminate swirl. _

The test program was divided into two parts. The first part was concerned with
cell 3 of the Propulsion Systems Laboratory (PSL 3). Over 250 flow straightening hard-
ware configurations were built and tested in the PSL 3 model. The second part of the
test was concerned with adapting the PSL 3 results to the PSL 4 model. About 50 hard-
ware configurations were tested in the PSL 4 model. PSL 4 differs from PSL 3 in that
its plenum is two tandem cylindrical sections having different diameters, and the inlets
for the conditioned and atmospheric air are offset and at different axial locations instead
of at the same axial location.

The tests were conducted primarily at a model flow rate of 0. 75 kilogram per sec-
ond (1.65 lbm/sec). This rate corresponded to a full-scale flow rate of 340 kilograms
per second (750 lbm/sec). For selected cases, model flow rates of 0. 34 and 1. 08 kilo-
grams per second (0. 73 and 2. 38 lbm/sec) were also investigated. The model Reynolds
numbers were above<105 so that flow conditions in the model would essentially duplicate
those of the full-scale system. )

The test results are presented in terms of contour maps of velocity just upstream of
the inlet to the bellmouth. In addition, system pressure losses and flow visual observa-
tions are also documented.



APPARATUS AND PROCEDURE
Full-Scale PSL Inlet Plenums

The inlet plenum chambers of the PSL 3 and PSL 4 altitude test facilities are
sketched in figure 1. Included in the sketches are dimensions indicating the size of the
facilities.

Both inlet plenums are characterized by separate inlets for atmospheric air and
conditioned air (i.e., air at nonambient pressures and temperatures for altitude and
Mach number matching). The twin atmospheric air inlet pipes draw ambient air from a
subbasement trench. The conditioned air inlet pipe is tied into the existing facility air
supply system. In the PSL 3 plenum, both types of inlet enter at the same axial loca-
tion; PSL 4 has a stepped plenum in which the conditioned air inlet is upstream of the
atmospheric air inlets.

Located about one inlet plenum diameter downstream of the inlets are the bulkheads
separating the inlet plenums from the altitude chambers. These bulkheads are repre-
sented by broken lines in figure 1. Also indicated are the approximate locations of typ-
ical engine-inlet duct installations. The ducts shown would be the size required for a
430-kilogram-per-second (750-1bm/sec) turbofan engine.

The response time of the air supply system is too slow for the system to follow
rapid engine transients. Therefore, rapid changes in engine airflow requirements are
handled by bypassing varying amounts of air around the altitude chamber through a pipe
fitted with a high-response valve. The bypass pipes in both facilities exit the plenum
just upstream of the altitude chamber bulkhead. Not shown in the sketches are personnel
hatches fitted into each plenum at the same axial location as the bypass line. Access
through the hatches prohibited locating many of the flow straightening devices down-
stream of this point in the plenum.

_ Test Models

Figure 2 shows cross-sectional schematics of the two models, which were con-
structed from steel pipe sections and had clear plastic windows for flow visualization.
The bellmouth sections and plenum forward and rear bulkheads were constructed from
wood. The inner surfaces of the model plenum consisted of several removable cylindri-
cal sections which permitted rapid changes of the flow straightening configurations. The
bellmouth between the plenum and the altitude chamber was scaled from a bellmouth for
a 340-kilogram-per-second (750-1b/sec) turbofan engine.

Also shown in figure 2 are the locations of the measurement stations. The probe
locations at each station are shown in figure 3. Each station contained one or more wall
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static taps and a single total-pressure probe that could be manually moved to the loca-
tions shown in figure 3. The total-pressure probes were Kiel shielded probes that would
give accurate pressure measurements with flow incidence angles up to 30°. An pres-
sure probes were connected to 254-centimeter (100-in. ) water manometers.

Airflow was achieved by drawing ambient air through the model into a vacuum ex-
haust system. Hand valves in the exhaust and bypass lines were used to control flow.
Airflow measuring was done at stations 1 and 1A, Airflow calculations were based on a
total pressure at the center of the duct, a wall static pressure, ambient temperature,
and an assumed flow coefficient. The three inlet flow rate conditions run in the model
are listed in table I

The bulk of the model testing was done at the 0. 75-kilogram-per-second (1. 65-
lbm/sec) flow condition. When the test operating conditions were set up, Mach numbers
were matched between the model and the full-scale facility. With kinematic viscosity
based on ambient temperature and model pressure levels, model Reynolds numbers at
stations 1 and 3 were 5. '73><105 and 1. 51><105, respectively, at this flow condition. The
corresponding Reynolds numbers in the full-scale facility were 1. 20><107 and 3. 27><106,
respectively. Model theory states that at Reynolds numbers over 105 viscous effects
- become essentially independent of Reynolds number. Therefore, Reynolds numbers in
the model test were assumed to be of sufficient magnitude to duplicate the flow conditions
in the full-scale facility.

TEST CONFIGURATIONS

Over 250 different flow configurations were installed and tested in the two models.
They ranged from quite simple to extremely complex systems of ducts, vanes, straight-
eners, and screen resistances.

The flow straightening configurations covered in this report are summarized in ta-

- ble II. They represent four general approaches to reducing the flow distortion problem.
These approaches are the use of (1) series of screen resistances to attenuate the distor-
tion, (2) turning vanes to redirect the flow, (3) ducts to direct the flow upstream to gain
additional diffusion lengths, and (4) straightening sections to remove swirl from the
flow. Most of the configurations discussed in this report are combinations of all four
approaches.

Brief descriptions of the configurations tested and discussed in this report are given
in the following paragraphs. These configurations represent the primary variations in-
vestigated in reaching the final configuration. Figures 4 to 21 contain sketches of these
configurations along with the velocity patterns they produced. Configurations 1 to 12
(figs. 4 to 18) are the hardware configurations fitted to the PSL 3 inlet model.
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Configuration 1 (fig. 4) is the PSL 3 inlet plenum model with no flow straightening
hardware installed.

Configuration 2 (fig. 5) is the inlet plenum with a single screen installed across it.
At least one screen would be installed in the facility as a trap for foreign objects. Con-
sequently, all the PSL 3 model configurations other than configuration 1 contain at least
one screen.

Configuration 3 (fig. 6) consists of a turning vane assembly installed in the plenum
(along with one screen). The remaining configurations incorporated turning vanes in-
stalled in the elbow of the conditioned air supply line as shown in figure 7. Configura-
tions 4 and 5 (figs. 8 and 9) contain various combinations of screens in the inlet plenum.

Configuration 6 (fig. 10) is an attempt to gain additional flow diffusion length in the
PSL 3 plenum. The design consists of an annular torus through which the supply air is
distributed circumferentially and directed upstream. The flow is then redirected down-
stream into a conical diffuser formed by the inner wall of the torus.

Configuration 7 (fig. 11) is another attempt to gain additional diffusion length in the
plenum by directing the inlet flow upstream. It differs in concept from configuration 6
in that the inlet line is extended into the plenum and directed upstream. The short-
radius elbow used in this configuration was a standard pipe elbow with an inside diameter
of approximately 10 centimeters (4 in.). The plenum bulkhead had to be moved 2 centi-
meters upstream to clear the end of the elbow.

Configuration 8, shown in figure 12 without bypass flow and in figure 13 with bypass
flow, is configuration 5 with a honeycomb section added to remove swirl from the flow.
The honeycomb used in the model test was aircraft structural honeycomb with hexagonal
cells. The individual cells had a length-width ratio of about 5 with a length of about
2.5 centimeters (0. 88 in.). '

Configuration 9 (fig. 14) is configuration 7 with the honeycomb section added.

Configuration 10 (fig. 15) is basically configuration 9 with an elbow of different de-
sign fitted to extend the inlet flow line into the inlet plenum. This elbow uses a mitered
joint to achieve a right-angle bend and is fitted with internal turning vanes. This design
does not require moving the end bulkhead upstream, which would be a major modifica-
tion to the facility. :

Configurations 11 and 12 (figs. 16 and 17) consist of an annular sleeve shielding the
bypass flow line fitted to configurations 8 and 10, respectively. As can be seen in the
figures, the extraction point for bypass flow is moved downstream of the inlet bellmouth
lip to provide more uniform removal of the flow around the circumference of the plenum.
Configuration 12 was the configuration ultimately installed in the PSL 3 facility.

The final two configurations discussed in this report are for the PSL 4 inlet plenum.
Configuration 13 (fig. 19) is the open inlet plenum. Configuration 14 (figs. 20 and 21) is
basically configuration 11 adapted to the PSL 4 inlet geometry. In addition, turning
vanes were fitted in the 45° bends of the two atmospheric air supply lines. However, no

5



vanes were installed in the bends in the conditioned air line. Configuration 14 was ul-
timately installed in the PSL 4 facility.

RESULTS AND DISCUSSION
PSL 3 With Conditioned Air

Figure 4 shows the velocity profile in the inlet plenum with no flow straightening
hardware installed (configuration 1). All the positive flow (flow directed downstream)
was crowded into the top portion of the plenum, the remainder of the plenum having zero
or reverse flow. The indicated velocity spread at station 3 was 81. 2 meters per second,
compared with the mean velocity of 10 meters per second.

The zero or recirculating flow regions shown in the figure and in subsequent figures
were regions where the measured local total pressures (probe directed upstream) were
lower than the wall static pressure. Visual observations of tufts located on the total-
pressure probe confirmed reversed and unstable flow in these regions. The local veloc-
ities were calculated by using a flow equation rearranged to make velocity a function of
the difference between the local total pressure and the wall static pressure. In these
recirculating flow regions the local pressure differences were negative and resulted in
calculated negative velocities. While the calculated negative velocities cannot be con-
sidered to be accurate, they are presented because they do give an indication of the con-
ditions in these regions. It should be pointed out that the recirculating flow regions dis-
appeared as successful flow straightening devices were evolved.

Figure 5 shows the effect of a single 39-percent-open-area screen across the inlet
plenum (configuration 2) on the velocity profile at station 3. The positive flow region was
slightly larger than that in the open plenum (fig. 4), and the velocity spread was reduced
by a factor of nearly 2.

Turning vanes fitted into the plenum (configuration 3, fig. 6) produced inconclusive
results. Comparison of the velocity patterns produced by configurations 2 and 3 shows
that, while turning vanes increased the size of the positive flow region, the overall ve-
locity spread was unchanged. The velocity spread was reduced by installing additional
. screens in the plenum, but the screens alone produced a comparable reduction in veloc-
ity spread.

A significant contributor to the station 3 distortion pattern when conditioned air was
flowing proved to be the elbow in the supply line immediately upstream of the plenum.
The flow in the supply line downstream of the elbow (station 2) was greatly distorted
compared with the flow upstream of the elbow (station 1), as shown in figures 7(a)
and (b). The effect of the flow entering the plenum nonsymmetrically with respect to the
plenum axis was to add a large swirl component to the plenum flow pattern.
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Turning vanes fitted to the elbow eliminated much of the distortion at station 2
(fig. 7(c)), while reducing the pressure drop across the elbow by a factor of 7. Some
improvement in the distortion pattern at station 3 was noted, mostly a reduction in swirl
but also some reduction in velocity spread.

Considerable improvement in station 3 velocity profiles was achieved by using
turning vanes in the conditioned air supply line combined with a series of screen resist-
ances separated by open spaces. Figures 8 and 9 show the results obtained by using
three and four evenly spaced screens of differing open areas (configurations 4 and 5).
The station 3 velocity spreads were 9.1 and 4. 7 meters per second, respectively, a con-
siderable reduction from those obtained with all previous configurations. The total-
pressure loss across each screen averaged 0. 14 newton per square centimeter (0. 2 psi).
No areas of negative velocities or recirculating flow were observed. The flow straight-
ening mechanism was a combination of high flow resistance through the screens and flow
mixing in the open spaces between the screens. Choking was not a factor. Four screens
were the practical limit for the PSL 3 inlet plenum because of space limitations.

Varying the open areas of the screens produced better results than using the same
open area for all screens. Better results were obtained when the screen closest to the
inlet was of greater open area than downstream screens. If the open area of the up-
stream screen was too low, the inlet flow entered the plenum parallel to the screens and
jetted along the surface of the upstream screen. When four screens were installed in
the plenum (configuration 5), better results were obtained when the first and the fourth
screens had a greater open area than the inner two screens. A series of screens sepa-
rated by open spaces formed a part of all subsequent configurations studied in this test.

Configuration 6 (fig. 10) attempted to gain additional diffusion length in the PSL 3
inlet plenum. The inlet flow was fed into a torus, which discharged upstream. The flow
reversed direction and expanded in a conical diffuser formed by the inner wall of the
torus. This configuration suffered from a relatively high pressure drop of 0. 69 newton
per square centimeter (1 psi), possible because of the high-velocity inlet flow impinging
on the inner wall of the torus. Tufts indicated that the inlet flow split into streams
which jetted around the torus to the top of the plenum, where they entered the conical
diffuser. The torus exit screen would probably have to be sized to operate choked in
order to improve flow distribution. The effect of operation with a choked screen would
be to increase the system pressure loss further.

A much more successful reverse-flow device was created by extending the condi-
tioned air supply line into the inlet plenum and directing its exit upstream. Figure 11
shows a sketch of the final arrangement, configuration 7, and the resulting station 3
velocity profile. The variation in velocity at station 3 was 4.2 meters per second. The
pressure drop across the reverse-flow elbow was 0. 14 newton per square centimeter
(0. 2 psi).



While the velocity distortion was nearly eliminated with this configuration, tufts
attached to the total-pressure survey probe showed that the flow at station 3 was still
. not oriented in parallel streamlines. This remaining distortion was corrected by fitting
a honeycomb section into the inlet plenum downstream of the other flow straightening
hardware. Figures 12 and 14 show configurations 8 and 9, obtained by adding the honey-
comb section to configurations 5 and 7, respectively. Velocity profiles deteriorated
somewhat, probably because the honeycomb arrested the flow mixing mechanism down-
stream of the screens and the screen spacing was reduced.. The reduced screen spacing
was necessary with the honeycomb section because of the facility space limitations.

PSL 3 With Bypass Flow

The flow condition discussed so far did not include bypassing flow around the test
section through the bypass flow pipes located as shown in figure 1. It was anticipated
that bypassing as much as 40 percent of the inlet flow around the test section would have
an adverse effect on the flow profiles at station 3. This proved to be true, as shown in
figures 13-and 15.

Figure 13 shows the effect on the station 3 velocity pattern resulting from bypassing
40 percent of the inlet flow with flow straightening configuration 8. Figure 13 can be
compared directly with figure 12 for this configuration with no bypass flow. It can be
seen that the bypass flow reintroduced a large region of recirculating flow into the inlet
plenum. Bypass flow also increased the velocity spread from 11.5 to 25. 0 meters per
second.

Figure 15 shows the resulting velocity profile when flow is bypassed with a flow
straightening configuration incorporating a reverse-flow elbow (configuration 10). As
with configuration 8, the bypass flow resulted in a region of recirculating flow at the
bottom of the inlet plenum.

The only practical solution found for the bypass flow problem was to fit an annular
sleeve into the inlet plenum. The bypass flow was then drawn uniformly from around
the circumference of the plenum at a point downstream of the engine inlet bellmouth. -
Figures 16 (configuration 11) and 17 (configuration 12) illustrate this device as applied
to configurations 8 and 10. Velocity profiles both with and without bypass flow are
shown. Flow recirculation was eliminated at the expense of increased velocities at sta-
tion 3 due to reduced flow area.

Configuration 12 (fig. 17) was the flow straightening hardware ultimately built into
the full-scale PSL 3 inlet plenum. The resulting velocity spreads at station 3 with and
without bypass flow were 7.3 and 8. 6 meters per second when conditioned inlet air was
used.



PSL 3 With Atmospheric Air

The inlet flow straightening devices tested generally gave slightly better perform-
ance when atmospheric air was used than when conditioned air was used. The principal
reason for this seemed to be that the atmospheric inlet flow entered the plenum at two
points rather than one, which lessened the problem of diffusion.

However, fitting a reverse-flow elbow to the conditioned air inlet line created a
blockage in the flow path of the atmospheric air. This is shown in figure 18, which illus-
trates the performance of configuration 12 when operated with atmospheric inlet flow
with and without 40-percent bypass flow. The blockage created a low-velocity region
near the center of the station 3 velocity profile. This low-velocity region was small and
was not serious. Another problem, a tendency of the inlet flow to jet around the elbow
to the top of the duct, was solved by fitting a horizontal deflector to the elbow (fig. 18(a)).
This deflector had no effect on operation with the conditioned air supply flow.

PSL 4 With Conditioned Air, Bypass Flow, and Atmospheric Air

-Only the performance of the open plenum and the final configuration installed in the
full-scale PSL 4 plenum are presented. The intermediate configurations tested were
primarily the same as the PSL 3 configurations. Differences in the performance of the
two inlet plenums were due to differences in the locations of the conditioned and atmos-
pheric air inlet lines.

The PSL 4 conditioned air supply line is located farther upstream from the altitude
chamber inlet than the PSL 3 line (fig. 1). The benefits to the velocity profiles gained
from the additional diffusion length were largely cancelled by the impingement of the in-
coming flow on the 3. 7-meter-diameter forward extension of the plenum. Turning vanes
were not installed in the conditioned air supply line elbow because the bulkhead extending
over the inlet made straightening of the velocity profile at station 2 of questionable value.
Also, reverse-flow devices such as found in configurations 6, 10, and 12 were impos-
sible to install. .

The PSL 4 atmospheric air inlets are located closer to the test section bulkhead than
the PSL 3 inlets, so that there is less room for flow straightening hardware. The at-
mospheric inlet pipe centers are located closer to the plenum axis than the PSL 3 pipe
centers, and the incoming flow had a tendency to jet to the top of the plenum. This was
prevented by fitting turning vanes in the elbows where the inlet lines bend inward to join
the plenum, : :

Figure 19 presents the velocity patterns at station 3 in the PSL 4 inlet plenum with
no flow straightening hardware installed (configuration 13). Both the conditioned air in- -
let (fig. 19(b)) and the atmospheric air inlet (fig. 19(c)) results are presented. As in the
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PSL 3 inlet with an open plenum (configuration 1), these flow patterns were character-
ized by a large recirculating region at the bottom of the plenum. The indicated velocity
spread at station 3 was 93. 4 meters per second with conditioned inlet air and 107. 5 me-
ters per second with atmospheric inlet air.

Figure 20 shows configuration 14, which was installed in the full-scale PSL 4 ple-
num, and the resulting station 3 velocity profile when conditioned supply air was used.
The inlet flow impinging on the forward bulkhead produced a low-velocity ''shadow'’ re-
gion at station 3. The resulting velocity spread was 15. 6 meters per second. When
40 percent of the inlet flow was bypassed, the velocity pattern improved with the velocity
spread dropping to 10. 3 meters per second.

The performance of configuration 14 when atmospheric inlet air was used and none
or 40 percent of the inlet flow was bypassed is shown in figure 21. The velocity spread
at station 3 was 12. 6 meters per second without bypassed flow and 16. 7 meters per sec-
ond with bypassed flow.

Performance Summarization

The flow straightening performance of the 14 configurations discussed in this report
is summarized in figure 22 and in table ITII. The velocity spreads at station 3 and the
pressure drops across the flow straightening devices are presented. It should be noted
that the lowest velocity spread did not occur at the highest pressure drop.

Figure 22 relates the velocity spread to the pressure drop across the flow straight-
ening configurations in the PSL 3 model. Only conditioned inlet air data are presented.
Each data point is numbered as to configuration.

Three conclusions can be drawn from this figure:

(1) The addition of a fourth screen to the three-screen configuration reduced by a
factor of about 2 the velocity spread with no additional loss in pressure (configurations
4 and 5).

(2) The effect on performance of the addition of the honeycomb section can be seen
by comparing configurations 5 to 8 and configurations 7 to 9. In both cases, the velocity
spread increased noticeably. On the other hand, the pressure drops across the config-
urations were only slightly affected by the honeycomb.

(3) When the bypass system was used with the bypass sleeve installed (configurations
11 and 12), pressure increased by about 20 percent in both cases; however, the velocity
spread was reduced by about 18 to 30 percent below the no-bypass flow conditions.

While the number of points presented in figure 22 is fairly low, they fall in a band
of lines defined by the equation
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AV = Constant

AP2

" where AV is the velocity spread at station 3 and AP is the pressure drop across the
flow straightening configurations, from station 2 to station 3. From the criteria of low
pressure drop combined with low velocity spread, the best performing configurations
(5 and 12) fall on the line

Effect of Airflow Rate

The model data presented here were taken at an airflow rate of about 0. 75 kilogram
per second. A limited amount of data was also taken at flow rates of 0.34 and 1. 08 kilo-
grams per second. Two problems encountered at the lower flow rate were (1) difficulty
in maintaining a stable flow condition in the model and (2) insensitivity of the manome-
ters to minor velocity changes at station 3. The main problem at the higher flow rate
was that of manometer range.

Model performance of 0. 34, 0.75, and 1. 08 kilograms per second is presented in
figure 23. Three configurations are compared at these flow conditions. The data taken
at these flow rates indicated that any particular flow straightening configuration produced
similar velocity patterns at all three flow rates, although both the velocity spread and
the pressure drop increased with flow rate.

SUMMARY OF RESULTS

One-twentieth-scale models of the inlet plenum sections of PSL 3 and PSL 4 altitude
test chambers were used to investigate various flow straightening techniques designed to
improve the flow distribution. The following results were obtained:

1. A series of uniformly spaced screen resistances prevented flow recirculation
" from occurring within the inlet plenum and produced relatively uniform velocity profiles.
The screens did not choke or produce excessive pressure losses. Better results were
obtained if the screen closest to the inlets had greater open area than downstream
screens.

2. Additional diffusion length was obtained by extending the conditioned air supply
line into the plenum chamber. The extension turned and directed the inlet flow upstream
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and discharged it at the forward end of the plenum.

3. A honeycomb grid was required to remove rotational components from the flow.
Any distortion pattern present at the honeycomb inlet was transmitted with some modifi-
cation through the honeycomb.

4, Extracting bypass flow through a single outlet at the bottom of the plenum pro-
duced a large region of recirculating flow. This recirculation was prevented by install-
ing an annular sleeve that moved the extraction point downstream of the engine inlet bell-
mouth. The bypass flow was then drawn from around the circumference of the plenum
rather than from a single point.

5. Through the combined use of the various flow control devices, it was possible to
reduce the velocity spreads in both inlet plenums from approximately 100 meters per
second to 10 to 15 meters per second.

6. Pressure drops across the final PSL 3 and PSL 4 flow straightening configura-
tions averaged 0. 31 newton per square centimeter (0. 45 psi) when conditioned inlet air
was flowing at a rate of 0. 75 kilogram per second (1.6 lbm/sec) (equivalent to
340 kg/sec (750 Ibm/sec) in the full-scale plenums). When atmospheric inlet air was
flowing at the same rate, the pressure drops averaged 0. 43 newton per square centime-
ter (0. 62 psi).

7. The flow straightening configurations produced similar velocity patterns at the
three flow rates, although the magnitudes of the velocity spread and the pressure drop
across the configurations increased as the flow rate increased.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, October 16, 1975,
505-04.
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TABLE I. - INLET FLOW CONDITIONS

SIMULATED IN PSL 3 AND

PSL 4 INLET MODELS

Mach number
at station 1,

Model

[ Full-size facility

Equivalent flow rate

TABLE II. - SUMMARY OF FLOW STRAIGHTENING DEVICES

conditioned
air inlet kg/sec | Iom/sec | kg/sec | lbm/sec
~0, 10 0.34 0.73 ~140 ~300
.25 .75 1.65 ~340 ~T750
~. 40 1.08 2.38 ~500 ~1100

Test Configur- | Figure ; Number Location of Type of Honeycomb | Bypass Comments
chamber ation of turning vanes | reverse-flow flow
screens device sleeve
PSL 3 1 4 0 None None No No Open plenum
2 5 1 None | | | | | J|eeemcemeae--
3 6 1 Insideplenum { | | | | | feeemmmmea—--
4 8 3 In conditioned | | | | o} | |feeemmencca--
' air line
5 9 4 0 1 v | 1 | | |eeeecccccaa-
6 10 4 Cone diffuser | | | | |ecemoeccoaa-
i 11 4 Round elbow { ............
8 12, 14 4 None Yes | | |eeccccmmane-
9 13 -4 Roundelbow | | - | | |-ccmccccaaas
10 15 3 Mitered elbow R
11 16 4 None Yes |-ceeomcmaa-o
12 17, 18 3 \ Mitered elbow Yes | Final configuration
PSL 4 13 19 0 None None No No Open plenum
14 20, 21 3 In atmospheric None Yes Yes | Final configuration
air line
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TABLE IIl. - SUMMARY OF PERFORMANCE OF

FLOW STRAIGHTENING DEVICES

[Inlet flow rate, 0.'75 kg/sec.]

Test Configur-| Inlet flow 40-Percent | Velocity | Pressure drop
chamber ation bypass flow | spread at across flow
station 3, | straighteners,
m/sec | from station 2
to station 3
2 .
N/cm psi
PSL 3 1 Conditioned No ag1.2 0.01 | 0.02
2 ayr .03 .05
3 248.3 .18 .26
4 9.1 .35 .51
5 4.1 .35 .51
6 12.4 .64 .93
7 4.2 .42 .61
8 Conditioned No 11.5 0.32 0. 46
Conditioned Yes 226.0 .30 .44
9 Conditioned No 6.2 0. 43 0.62
10 Conditioned Yes 218.0 .32 . 47
11 Conditioned No 12.5 0.41 0.59
Conditioned Yes 7.8 .49 .71
12 Conditioned No .6 0. 26 0.37
Conditioned Yes .3 .32 . 46
Atmospheric No 14.6 0.43 | 0.62
Atmospheric Yes 18.9 .50 .72
PSL 4 13 Conditioned No 293.4 | ~0 0.72
Atmospheric No 2107.5 | ~0 .72
i4 Conditioned No 15.6 0.31 | 0.45°
Conditioned Yes 10.3 .31 .45
Atmospheric No 12.6 0.42 | 0.61
Atmospheric Yes - 16.7 .42 .61

3Based on estimated negative velocities.
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{a) PSL 3.
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T
| Engine ';)
L2 L
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Inlet plenum
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Bulkhead -1

Bypass flow pipe
(diam, 1.2) —— 7

Conditioned air L Atmospheric
supply pipe air inlet pipes
(diam, 2.1} — (diam, 1.5)

{) PSLA. .

Figure 1. - Schematics of inletplenum chambers. (Dimensions in meters.)
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Atmospheric
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1 Iniet plenum
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Atmospheric
air inlet line -
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A <J

b) PSLA4.
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Figure 2. - Sectional views of one-twentieth-scale model inlet plenums.
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L Atmospheric
3 air inlet
line




Station 3 = Static-pressure tap Station 3
o Total-pressure survey
location

—
~

°
°

o 00 0 o
o
°

(@) PSL 3. b} PSLA.

Figure 3. - Locations of model inlet instrumentation.

Altitude
chamber

Station 3

No hardware
in inlet plenum

Station 2 \)

—— JS/- 39-Percent-
Conditioned air |Sta“°" 1 o S _ open-area
supply line i 9 screen
| N
(a) Schematic of configuration 1.
Velocity,
misec

(b) Station 3 velocity pattern, looking downstream; velocity spread,
81. 2 meters per second (based on estimated negative velocities).

Figure 4. - Schematic and performance of configuration 1 in PSL 3 inlet model.
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Velocity, Axis of altitude
misec

a_ir supply pipe

{a) Station 1 velocity pattern, {b) Station 2 velocity pattern, without looking (¢} Station 2 velocity pa’ttern,' looking downstream,

looking downstream. downstream, turning.vanes in elbow. with turning vanes in elbow.

Rad,
10.16 mm—

5mm——|

5mm
T

{d) Sketch of turning vane installation in elbow of conditioned air supply line.

Figure 7. - Effects of installation of turning vanes in conditioned air supply line of PSL 3 inlet model. Velocity patterns taken at flow
rate of (. 75 kilogram per second (1. 65 Ibm/sec).

19



“|opow J9|ul
€ 1Sd Ul § uolleanbyjuod jo aouew.opad pue 2yjewayds - '¢-34nbiJ

*puodas Jad sJajaw 'y ‘peaads Aidojan
tweapsumop bujoo) ‘uayed A)a0jaA € uonels (q)

29 /W
*Ry1o0jaA

.

* uoneJnbyLI0 JO J1jeWaYdS (B)

A |
$ aul| Ajddns D
useIds o ! S
pae-uado I'w L uopeys| 18 POUONIPUOD JJJJJJ
uadiad 46— - _ N
£ uoyers >
D ar—
o . °
o . °
S 1o
[ . °
<] . °
Q . °
b g I gl u99.9s eale
m L¢3 -uadoyusntad-L pe
o . ° °
Jaqueyd $ i3 §TTe---usaus eose
spmy g i 8 -uada-juaniad-9¢
1 S
U3aJJs B3R | - U34S eale
-Uado-Juaduad -6¢ ~ -uado-juadsad g1

*[apow }8jul
£ 1Sd Ul § uoneanbyuod Jo sdurw.oyad pue dpewayss - g 8anbi4

*puodas Jad sudjaw 1°6 ‘pesdds A1I0jeA
tweaJysumop Hupoo] ‘uaaped A)d0jaa ¢ uolels (¢

295 jW
*Ryo0j2A

N

usans 3
pase-uado =gy~ uone,
UB0Iad 66 ~2 1UoRas

{W‘

O\

wnua|daju|

~=~~—U33.2s eale
-Uado-jusridd 9¢

Jequey?
Ly

©©00Q0000000000000

gpoeoceccssscseoons

€ uoliels

i R AT I IR A I I

— Uga.os eate

uaalds wwLmL -uado-uadiad-L 12

-uado-jusosad 51

20



*[apou 33ju)
€ 15d Ul £ uonesnByuod Jo 3dueuLIoad puB J1RWAYIS - "1 24nbi4

*pu02as Jad suajaw 2°y ‘peaJds Ai0jan
‘weasumop Bupyoo ‘ussped Aoojea £ uoRels (g

‘100137

* 1 UoneanBiuod o a1jewayds (e}

N
usans 9 auly
pa.e-Uado g~ fyddns ae
2 uolje uoijl D
.Eou‘_wn_-omkm.\ [ uolejs pd .ru:ooJ/d
€ uoijels Uasos

1eplo.o}.
o o °
Q o o
[+] o °
) o °
wnugjd | ¢
s e .
| ] o °
S 8 :
[ © °
usRns 5§ 3 o

J8qUIRLD paJe-uado 5 5 : cmm_w_m
-juadJa, 5 2 ~ eaJe-uado ¢

pnly _~ d¢s o -JU3213d -6 5 !

U uwens [/ Cuseas Moq|a Jea)d ,_

eaJe-usdo ,  eaue-uado 0} weaJjsdn i

-JUBdJad 9 — -JUadJad-1'pZ  panow peayying -

*lepow 11Ul
£ 715d U1 9 uonyeanbijuod Jo aduew opad pue JnewaydS - *07 a.nbiy

*pucoas Jad ssjaw 71 ‘peasds AJ130[aA
tweaysumop buloo| ‘utsped K1o0jan € uolelS (G

mr \)
5 aul| S
m?_M@w“mw - fjddns e /deJJ
> 2 Tuones|  puonipuoy
U9dId-66—3 NPUOY
=
()
[+
4 [
13 Q
0 ] )
o] [} °
g S ssnyp S
° 3 ! 3
I E::om_ 3 S |eauo) 3
FE] m m e
JaqUEYd s 3 ‘
3pmn|y ¢ uoljers g /
j

"S- suaauos ease [/
-uado-juadsad 6~

21



*Moly $sedAq yym [apow Ja|uj
€ 1Sd U} 8 uotienblyuoo Jo aouewloyad pue J1jewaYdS - €1 a4nbyy
*($81)120]3A aAjjebau pajew)ysa uo

paseq) puodss Jad sajaw gz ‘peads A)dojan
‘wieapsumop Bupyoo] ‘usapied Kjaojan ¢ uones (Q

("UIW) PIT-

uoiba. mop
bupenas29a |10 0437

0sjW
‘K}12019A

"8 UoleANBIU0D JO JNRWAYIS (B)

N

uaaos ou Adns

ea.e-uado > [ ool

-JuadJad g —2 1 uopeyg| 4le pauolipuoy
(yua.ad ()

3as/6y ¢ 0 ~ ‘mo)) ssedhg

; = 3 . ¢ 5 wnugdie
295 /6y guopes 3 e ;s wnuajd ja)u
0~ = & ¢ e -——~—_—UgaIds
© *+ o ©
'ol3 W g iie eaJe-uado
M g3 -uddsRd-L Y2
=1 g : 22
pub [T 2 & 2 Soemmm-— UBAIDS
J5quieys wookeuon-— § 1 ¢ ¢ pae-uado
apmyly ¢ = S 32 -JUadJad-9¢

~.

! uga.2s ease | ~— U335 23t

-uado-)uadad-6¢ - -uado-juadtad 41

*|3pol 13 u}

€ 1Sd Ul 8 uoyeanbiyuco Jo aduew jojsad pue slewayds - "z a4nbl4

*puooas Jad susjew 112 ‘peadds A120{aA
tweapsumop bupjoo| ‘uiaped A1a0jan ¢ uoiels (@ -

. J9sjw
EIEMEN

*g uoleanBijuod 4o J1jewWayas (e}

N\

o
o

UBDLDS gy,
eaJe-uado ¢

oo

Ajddns ane
[ UOlRlS|  pauoi}ipuo)

a0l

JU82I3d -6€ S
-

€ uones >

Jaqueyd
PNy

P16
quodAsuoH

EIRNRRRREAREERENN

1000000000000000000

> wnuaid jju|

boo

ST m-—es UB3DS
paJe-uado
-usdiad-L v

_ _————U83J2s
edse-uado
-JU8243d -9¢

P R
cee0c0sco0000poan

©00Qo0000000CO

Usa.s gaJe
-uado-juadad -6 —

"S- Uga.Jos eaJe
-uado-juantad g1

22



*moj) ssedAq ypm japou 33jul
€ 1Sd Ul 07 uoijeanbijuoo jo a3uew Joj.ad pue 21jewayds - ¢ a4nbl4

*($9111903A aAl}eBAU pajewsyse UO
paseq) *puodas 43d sJajaw 1 ‘peasds A120j9A
tweaysumop bupjoo| ‘usayed £120jaA ¢ uonels (Q)

s w

‘A190197

. ‘01 uoe.nB1Jud Jo 21jewayds (e)

“13pout Jaju}

€ 1Sd Ul 6 uonenbiyued Jjo aouew.iojad pue dReWaYdS - “pT aJnbl4

'pU0das Jad suajow 2°9 ‘pedtds Q120
tweapsumop buijoo) ‘uaped KIs0jaA ¢ uoneys (@

o9sjl
‘Raaojap

*6 uonesnbiyuod Jo Newayds (e)

.
au]
[TECT [ Y
gae-Uado gy Jone Kiddns Jie
-JuddJad -6 % 1 Uohiels pauolipuody
Yusdaad op)
2as )by €0 Tz uone
‘Mo|j ssedkg ¢ uonas
. — Q0 o o
—i QO o o
-
—{ © o o
R S
=R RS IS
lquodfeuoH4— § ¢ - @u
= 85 [
e N N\
] %o : _-—Us9IS
Iaquieyd wnuadpu A § 8 -~ ease-uado
BPNUNY ¢ s o JUdJAd-) V2
£ uoijeys! ua8Jos mm._m_, N_ugaJds eale
-

-Uado-}uadad-6¢

-uado-}uUadsad-9¢

: uoie
mf T uolejs
usalIs 2
eose-Uado "o J1e pauoIIpuo)
-JU82Iad-6¢ -0
&
— :8;%
uo| paJe-ua
€ uol Sm> ZUeIS] sase tate
SRENE T
Ol o ° Q,
wnuajd 1BIU| 2 g
ol o o E
O o 3
IR u3as |
ol o o jeptoJoj —
0O, ° °
p11b I
quodfuoH-= 8| ° : ___—uaams
Jaqueys S 77T easeuade
apmly 3l A o -juddsed-1'pZ 3 ._
usaLos ease ZLusas Mogj Jeajdy
-uado-juddiad-¢¢— ea.te-uado 0} weansdn i

-juadIad-9¢  panow peayyng-

23



24

15-Percent-open- —39-Percent-open-

)
area screen—_ \ area screen .

~ Station 3

N Altitude
36-Percent-open- 3 ¢ : 2 [ chamber
area screen—-_3 : - © .

5 = 5 FlHoneycomb| |
4.7-Percent-open-5 = * & O | o
area screen—-——"2"% : ¢ |

ot 1 S I Annular !

2018
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Station 2§ Bypass flow
j—-—‘j (40 percent)
$ (]
\\\\\ Conditioned  |Station 1 &3 Percent-open-
& air supply i 2762 SCTEEN
& line 3

L]
{a) Schematic of configuration 11, N

~—Annular bypass:
flow passage —~-~--

(b) Station 3 velocity pattern, looking downstream, (c) Station 3 velocity pattern, looking downstream,
without bypass flow; velocity spread 12.5 with 40percent bypass flow; velocity spread,
meters per second. 1.8 meters per second.

Figure 16, - Schematic and performance of configuration 11 in PSL 3 inlet model.
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(@) Schematic of configuration 12. N

-—Anqular bypass
flow passage ———_ \

(b) Station 3 velocity pattern, looking downstream, (c) Station 3 velocity pattern, looking downstream,
without bypass flow; velocity spread, 8.6 meters with 40-percent bypass flow; velocity spread,
per second. 7.3 meters per second.

Figure 17. - Schematic and performance of configuration 12 in PSL 3 inlet model.
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(a) Schematic of configuration 12.

(b) Station 3 velocity pattern, looking downstream, (c) Station 3 velocity pattern, looking downstream,
without bypass flow; velocity spread, 14.6 meters with 40-percent bypass flow; velocity spread,
per second. 18.9 meters per second.

Figure 18. - Schematic and performance of configuration 12 in PSL 3 inlet model with flow from at-
mospheric air inlets.
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{a) Schematic of configuration 13.

Velocity,
misec
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Zero or recirculating .
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Zero or recirculating flow region
+

%50.7 Min.)

(b} Station 3 velocity pattern, fooking downstream; (o) Station 3 velocity pattern, looking downstream;
conditioned inlet air; velocity spread, atmospheric inlet air; velocity spread,
93. 4 meters per second (based on estimated 107. 6 meters per second (based on estimated
negative velocities). negative velocities).

Figure 19. - Schematic and performance of configuration 13 {plenum with no flow straightening
hardware installed) in PSL 4 inlet mode!.
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{a) Schematic of configuration 14,
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~—Annular bypass
15.6 flow passage—\\

(Max. )

{b) Station 3 velocity pattern, looking (c} Station 3 velocity pattern, looking
downstream, with no bypass flow; downstream, with 40-percent by-
velocity spread, 15.6 meters per pass flow; velocity spread, 10.3 .
second. meters per second.

Figure 20. - Schematfc and performance of configuration 14 in PSL 4 inlet model with
conditioned inlet air.
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(a) Schematic of configuration 14.

{b) Station 3, velocity pattern, looking {c) Station 3 velocity pattern, looking
downstream, with no bypass flow; downstream with 40-percent bypass
velocity spread, 12.6 meters per flow; velocity spread, 16.7-meters
second. per second.

Figure 21. - Schematic and performance of configuration 14 in PSL 4 model with atmospheric
inlet air.
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