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SUMMARY

An experimental investigation was conducted in the NASA Lewis 9- by 15-Foot
Low-Speed Wind Tunnel to determine the flow characteristics in the test section
during wind tunnel operation. In the flowfield investigation, a 20-probe
pitot-static flow survey rake, spanning the test section horizontally, was used
to obtain cross-sectional total and static pressure surveys at four axial loca-
tions in the test section, including near the entrance, the model test plane,
and the exit. At each axial location, the cross-sectional flowfield surveys
were made by repositioning the pitot-static flow survey rake vertically. In
addition, a calibration of the new wind tunnel rake instrumentation, used to
determine the wind tunnel operating conditions, was performed. A correlation
was determined between the pressures measured by the wind tunnel upstream and
downstream rakes and the pressures measured in the test section model test
plane at the model centerline location. Boundary layer surveys were also made
at three axial locations in the test section: near the entrance, the model
test plane, and the exit. The test section flowfield investigation was con-
ducted at tunnel Mach numbers 0.20, 0.15, 0.10, and 0.05.

The test section profile results from the investigation indicate that
fairly uniform total pressure profiles (outside the test section boundary
layer) and fairly uniform static pressure and Mach number profiles (away from
the test section walls and downstream of the test section entrance) exist
throughout the wind tunnel test section. The static pressure and Mach number
results near the test section walls were influenced by the flow around the
test section wall slots and by the large contraction ratio in the tunnel inlet
section near the test section entrance. The largest variations in the total
pressure, static pressure, and Mach number profiles occurred at a tunnel Mach
number of 0.20 and diminished at Tower tunnel Mach numbers.

The results of the wind tunnel rake instrumentation calibration indicate that
differences exist between the pressures measured by wind tunnel rakes and the
pressures measured in the model test plane at the model centerline location at
all tunnel Mach numbers, but these differences diminish at lower tunnel Mach
numbers. Therefore, pressure measurements obtained from either of the wind
tunnel rakes to define the wind tunnel operating conditions must be corrected
to determine accurate freestream conditions at the model centerline at all tun-

nel conditions.

The test section boundary layer survey results indicate that the boundary layer
thickness varies throughout the test section, from approximately 2.8 to 3.5 in.
near the test section entrance, to approximately 5.3 in. near the model test
plane, and from approximately 7.3 to 13.5 in. near the test section exit.



INTRODUCTION

In support of the NASA Lewis Research Center Advanced Turboprop Project
propeller research program, an investigation was conducted in the NASA Lewis
9- by 15-Foot Low-Speed Wind Tunnel (LSWT) to determine the test section flow
characteristics. The wind tunnel flow characteristics have been previously
documented (ref. 1). However, with the addition of acoustic insulation in the
test section and the replacement of portions of the wind tunnel pressure
instrumentation which provides the wind tunnel operating conditions, another
investigation was necessary to determine the test section flowfield properties
during wind tunnel operation.

In propeller testing, the aerodynamic performance of the propeller is
expressed in terms of efficiency. The propeller performance depends on several
performance parameters, including the propeller power and the freestream veloc-
ity. At a constant propeller rotational speed, a 1.0-percent change in the
freestream velocity near the propelier takeoff design point changes the power
absorbed by the propeller approximately 1.3 percent and changes the propeller
efficiency approximately 0.5 percent. Therefore, an accurate velocity distribu-
tion at the propeller-model plane of rotation in the test section must be known
to correctly calculate the propeller performance.

The test section flowfield investigation consisted of several parts. The
first part was the determination of the pressure and Mach number profiles at
four axial locations in the test section. The axial survey locations were
chosen to obtain pressure data near the test section entrance, the model test
plane (that is, the plane of the test section where the model is located dur-
ing testing, including the propeller-model plane of rotation), and the test
section exit. The second part of the investigation was the calibration of the
new wind tunnel rake instrumentation used to determine the wind tunnel flow
conditions. A relationship was found between the total and static pressures
measured by the upstream and downstream wind tunnel rakes and the total and
static pressures measured at the model centerline location in the model test
plane. Finally, the test section boundary layer profile was determined at
three axial locations in the test section: near the test section entrance,
the model test plane, and the test section exit. Flowfield measurements were
made at wind tunnel Mach numbers 0.20, 0.15, 0.10, and 0.05.

This report presents the results of the investigation conducted to deter-
mine the flow characteristics in the test section of the NASA Lewis 9- by
15-Foot Low-Speed Wind Tunnel. The results shown include pressure, Mach
number, and boundary layer profiles at the four axial survey locations, includ-
ing the test section entrance, the model test plane, and the test section exit.
In addition, calibration results are presented that correlate the pressures
measured at the model test plane with the pressures measured by the wind tun-
nel rake instrumentation used to define the wind tunnel operating conditions.

SYMBOLS
M Mach number

P pressure, psf



Q total pressure minus static pressure, psi

Subscripts:

¢l model test plane centerline condition
ref reference condition

s static condition

t total condition

0 freestream condition

1 upstream wind tunnel rake condition

2 downstream wind tunnel rake condition

APPARATUS AND PROCEDURE
Apparatus

The 9- by 15-Foot Low-Speed Wind Tunnel (LSWT) is illustrated in figure 1.
The overall wind tunnel circuit is shown in figure 1(a). As shown, the test
section is located in the return leg of the 8- by 6-Foot Supersonic Wind Tunnel
(SWT). In figure 1(b), a diagram of the test section is shown. The test sec-
tion measures approximately 28.6 ft, from the end of the tunnel inlet section
to the beginning of the tunnel diffuser section.

The photographs in figure 2 show the instrumentation hardware used in the
investigation. Figure 2(a) is a view of the test section looking downstream
from the entrance. The north wall of the test section is on the left. Acoustic
treatment in the test section is provided by perforated boxes covering all the
test section surfaces. Several of the forward boundary layer survey rakes are
shown on the left. Slots in the test section north wall are shown running from
the left side to the center of the photograph. The upstream wind tunnel rake
is shown in the upper left corner. The pitot-static flow survey rake, installed
horizontally in the test section, is on the right. The vertical tube, perpen-
dicular to the flow survey rake, is the secondary support tube. The downstream
wind tunnel rake is directly above the flow survey rake, next to the secondary
support tube, at the right. The model test plane boundary layer survey rake
is next to the downstream wind tunnel rake. Figure 2(b) provides a view of
the test section instrumentation looking upstream from the test section exit.
The large airfoil-shaped hardware around the test section exit is the aft
boundary layer survey rakes.

Figure 3 shows the location of the wind tunnel rake instrumentation and
the locations of the forward, model test plane, and aft boundary layer survey
rakes used in the investigation. The forward boundary layer rake locations,
near the test section entrance at test section station 28, are shown in
figure 3(a). As shown, two forward boundary layer rakes were used on the tun-
nel ceiling and sidewalls, and one rake on the tunnel floor. The test section
station number is the distance (in inches) from the beginning of the test
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section. Test section station O corresponds to tunnel station 27.7 (fig. 1(b))
where the tunnel station number is the distance (in feet) from the beginning

of the tunnel inlet section. The axial locations of the boundary layer rakes
in the test section were determined by the location of the total pressure probe
on top of the rake. The boundary layer survey rakes located near the same axial
location in the test section were given the same test section station number.
Figure 3(b) shows locations for the aft boundary layer survey rakes near the
test section exit, at test section station 336. Each tunnel surface was
instrumented with two aft boundary layer rakes. The test section locations of
the model test plane boundary layer rake and the two wind tunnel rakes are
shown in figure 3(c). The model test plane boundary layer rake was located at
test section station 210. The upstream tunnel rake was located at test section
station 8, and the downstream tunnel rake was located at test section station
210. The downstream tunnel rake and the model test plane boundary layer rake
were positioned to obtain pressure measurements near the Advanced Turboprop
Project propeller-model plane of rotation.

The pitot-static flow survey rake used in the investigation is shown in
figure 4. Figure 4(a) provides a schematic overview of the flow survey rake,
as seen from upstream of the rake and looking downstream. The flow survey rake
consisted of 20 pitot-static pressure survey probes mounted on a main support
tube that spanned the test section horizontally, and was mounted to the tunnel
structure at both ends of the main support tube. The survey probes on either
end of the rake were located approximately 0.5 ft from the test section walls.
Near the middle of the flow survey rake, a vertical secondary support tube,
mounted to the test section floor and ceiling, was used to stiffen the flow
survey rake and prevent the rake frcm vibrating during testing. The spacing
of the survey probes on the flow survey rake allowed better data resolution in
the propeller-model plane of rotaticn and near the test section walls. (The
location of the model centerline in the model test plane is 2 ft to the left
of the test section centerline, looking downstream). Figure 4(b) is a photo-
graph of a portion of the flow survey rake showing the left side, or north
wall, mounting location and survey grobes 1 through 8. The clustering of sur-
vey probes in the test section boundary layer and in the location of the model
test plane can be seen. Figure 4(c) shows details of a typical pitot-static
pressure survey probe used in the flow survey rake. Each survey probe consisted
of a single total pressure measurement (obtained at the hemispherical-shaped
end of the probe) and a single static pressure measurement (provided by eight
equally spaced holes at the same axial location around the outside of the
probe). The survey probe design allowed a large tolerance of flow angularity.
The axial location of the flow survey rake in the test section was determined
by the location of the static pressure measurment on the model centerline sur-
vey probe (probe 8).

The upstream wind tunnel rake at test section station 8 is shown in
figure 5(a). The downstream wind tunnel rake, at test section station 210, fis
similar in design to the upstream wind tunnel rake. Both tunnel rakes are now
part of the permanent wind tunnel instrumentation. The pitot-static pressure
probe design used in the wind tunnel rakes is similar to the pressure survey
probe design used in the flow survey rake. The axial location of the wind tun-
nel rake instrumentation in the test section, like the location of the flow
survey rake, was determined by the location of the static pressure measurement
on the rake. Figure 5(b) provides details of the wind tunnel rakes. The
pitot-static pressure probe is mounted at the bottom of the rake. The wind



tunnel rakes extend approximately 12.25 in. into the flowfield from the test
section ceiling, which is far enough into the test section to avoid the test
section boundary layer. Four total temperature thermocouples were mounted on
the rake above the pressure probe, far enough away to avoid influencing the
flowfield around the pressure probe.

Figure 6 provides details typical of the forward boundary layer survey
rakes. Figure 6(a) is a closeup view of one forward boundary layer survey
rake located near the test section entrance at test section station 28. The
seven forward boundary layer rakes were similar to the boundary layer rake
shown, having seven total pressure probes and being typically 5.75 in. tall.
On each forward boundary layer rake, the farthest probe from the tunnel sur-
face (the seventh probe) was not used. A schematic of the total pressure probe
locations on the forward boundary layer survey rakes is shown in figure 6(b),
and typical dimensions for each of the forward boundary layer rakes are given
in table I(a). Figure 7(a) shows the model test plane boundary layer survey
rake located at test section station 210. The rake was approximately 12.5 in.
tall and consisted of 24 total pressure probes 0.5 in. apart. A schematic of
the total pressure probe locations on the model test plane boundary layer
survey rake is shown in figure 7(b), and dimensions of the model test plane
boundary layer rake are given in table I(b). Figure 8(3) shows a typical aft
boundary layer survey rake located near the test section exit at test section
station 336. A schematic of the total pressure probe locations on the aft
boundary layer rakes is shown in figure 8(b), and typical dimensions for each
of the aft boundary layer rakes are given in table I(c). The eight aft boundary
layer rakes were typically 24.5 in. tall and consisted of 16 total pressure
probes; however, the first and the last probes on each of the rakes were not

used.

Instrumentation

During the investigation, two separate Electronically Scanned Pressure
(ESP) measurement systems were used to obtain pressure data. The ESP system
consists of a module with individual pressure ports. Each port consists of a
dedicated differential pressure transducer, with one side of the transducer
connected to a constant reference pressure. A single pressure measurement is
obtained from each pressure port. In the investigation, one of the ESP systems
used modules of 32 pressure ports, with each pressure port transducer having a
full-scale measurement range of 30 psi (accurate to within =0.10 percent of
full scale). The other ESP system used modules of 16 pressure ports, with each
pressure port transducer having a full-scale measuring range of 2 psi (accurate
to within £0.10 percent of full scale).

The accuracy required in obtaining pressure data determined which ESP sys-
tem was used during the investigation. The total and static pressures from the
pitot-static flow survey rake were measured by using the 2-psi ESP system in
order to obtain more accurate pressure measurements at lower tunnel Mach num-
bers. This system was also used to measure the total and static pressures
from the wind tunnel rake instrumentation at test section stations 8 and 210
(fig. 3). The 30-psi ESP system was used to measure total pressures during the
test section boundary layer surveys, where the accuracy of the pressure meas-
urements was not as important.



Other pertinent instrumentation in the flowfield investigation was used
to obtain the wind tunnel total temperature. Total temperatures from the wind
tunnel rakes were measured with Chromel-Alumel thermocouples (fig. 5).

Procedure

The investigation consisted primarily of three parts: (1) determination
of the wind tunnel test section flow characteristics in a cross-sectional plane
at four axial locations in the test section; (2) calibration of the new wind
tunnel rake instrumentation by correlating the total pressure and static pres-
sure measured at each wind tunnel rake with the total pressure and static pres-
sure measured at the model centerline location in the test section model test
plane; and (3) determination of the test section boundary layer at three axial
locations in the test section. During the investigation, the upstream wind
tunnel rake at test section station 8 was used to obtain the wind tunnel oper-
ating conditions (total and static pressure and total temperature). These tun-
nel operating conditions are referred to as the "reference conditions." From
the reference conditions, the wind tunnel flow velocity was determined. The
flowfield investigation was conducted at reference Mach numbers 0.20, 0.15,
0.10, and 0.05.

Figure 9 shows the locations where axial flowfield surveys were made in
the test section. Total and static pressure measurements were taken at four
axial survey locations in the test section, corresponding to test section sta-
tions 12, 134, 215, and 294 (and axial survey locations 1, 2, 3, and 4, respec-
tively). At each axial survey location, pressure measurements were made at
three vertical survey locations, except at test section station 215 (axial sur-
vey location 3) where 10 vertical locations were investigated. In table II,
the vertical survey test matrix used at each axial survey location is given.
The flowfield survey locations were selected to provide information on the
flow characteristics within the test section, particularly near the test sec-
tion model test plane. At test section station 215, more detailed survey
information was obtained near the Advanced Turboprop Project propeller-model
plane of rotation.

Total and static pressure flowfield survey measurements were made in the
test section with the 20-probe pitot-static flow survey rake (fig. 4). Pres-
sure measurements were taken at all four reference Mach numbers for each verti-
cal survey location at each axial survey location. At each reference Mach
number, five data points were recorded at 30-sec intervals to allow for transi-
ents in the flow. The 20 total and static pressure measurements obtained with
the flow survey rake were recorded simultaneously for each data point. The
flow survey rake was repositioned to a new vertical survey location after pres-
sure measurements were made at the four reference Mach numbers. At the comple-
tion of the vertical survey test matrix (depending on the axial survey location
table II), the flow survey rake was moved to a new axial survey location in
the test section.

The pitot-static flow survey rake was alsc used to calibrate the new wind
tunnel rake instrumentation, at test section stations 8 and 210 (fig. 3), that
provides the wind tunnel flow conditions. For the wind tunnel rake instrumen-
tation calibration, the flow survey rake was positioned at test section station
215 (axial survey location 3, fig. 9), at the center of the test section (ver-
tical survey location 7, table I). Total and static pressure measurements
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were made at each reference Mach number at the model centerline location in the
test section model test plane (corresponding to survey probe 8 (fig. 4) on the
flow survey rake). The model centerline pressure measurements were later cor-
related with the total and static pressure measurements taken simultaneously at
each of the wind tunnel rake locations.

The boundary layer profile surveys taken at test section stations 28, 210,
and 336 (near the test section entrance, the model test plane, and the test
section exit, respectively (fig. 3)) were done in conjunction with the pitot-
static flowfield surveys at each reference Mach number. In order to minimize
any effect of the flow survey rake on the boundary layer survey results, a
boundary layer survey was done with the flow survey rake positioned at the far-
thest point away from the boundary layer survey location.

RESULTS AND DISCUSSION

To provide a qualitative summary of the test section flowfield survey,
results are presented as total pressure, static pressure, and Mach number ratio
contours. Both the cross-sectional and axial contours present results obtained
only within the area investigated with the flow survey rake, not the entire
test section cross-sectional or axial planes. The differences between the
pressure ratio contour levels represent the accuracy of the results, or
+0.030 percent. The differences between Mach number ratio contour levels also
represent the accuracy of the pressure results, since the Mach number is calcu-
lated from the total and the static pressure. The accuracy of the Mach number
results, however, decreases at lower reference Mach numbers since the error of
the pressure measurement introduced into the Mach number calculation becomes
more significant. More detailed representations of the test section flowfield
survey results are presented in appendixes A through F.

Test Section Cross-Sectional Profiles

Test section cross-sectional flowfield survey results at each axial sur-
vey location are presented in figures 10 to 12 for reference Mach numbers 0.20,
0.15, and 0.10. The figures present total and static pressure ratio and Mach
number ratio contours for vertical survey locations 3, 7, and 11 (table I) at
axial survey locations 1, 2, and 4 (fig. 9), and vertical survey locations 2
through 11 at axial survey location 3 (fig. 9). The flow survey results at
reference Mach number 0.05 are not shown since the pressure and Mach number
variations in the test section could not be seen in the results. Table III(a)
provides a summary of the cross-sectional total and static pressure and Mach
number variations in the test section at reference Mach number 0.20.

Total pressure cross-sectional flowfield survey results at axial survey
locations 2, 3, and 4 are shown in figure 10. The results at axial survey
location 1 are not presented since the total pressure variations were not large
enough to be seen in the contour results at any reference Mach number. The
results at the other axial survey locations show a near uniform total pressure
distribution across the test section at all reference Mach numbers, with the
largest total pressure differences occurring within the test section boundary
layer. The largest total pressure difference observed outside the boundary




layer was at axial survey location 4 at reference Mach number 0.20 (table III(a)
and fig. 10(g)). The thicker wall boundary layer at the axial survey locations
farther downstream is evident in the results. The irregular shape of the bound-
ary layer, especially toward the upper portion of the test section, can possi-
bly be attributed to flow around the test section wall slots (figs. 10(a), (d),
and (e)). The total pressure variations were not as large at lower tunne!l

Mach numbers (figs. 10(c), (f), and (i)).

Figure 11 presents the static pressure cross-sectional flowfield survey
results at axial survey locations 1 through 4. The results show a large static
pressure variation in the test section at axial survey location 1 near the test
section entrance (figs. 11¢(a) to (¢)), due to the large contraction ratio of
the inlet section. Smaller static pressure variations are shown downstream of
axial survey location 1 and away from the test section walls (figs. 11(d), (@),
and (j)). Near the test section walls, the static pressure profiles appear to
be affected by the flow around the test section wall slots, since large varia-
tions can be seen there, especially at reference Mach number 0.20 (figs. 11(d),
(g), and (j>). Part of the static pressure variation observed near the center
of the test section may possibly be due to a flow survey rake hardware problem,
since the pressure difference persists at nearly the same level for all axial
survey locations at each reference Mach number. However, the error introduced
into the static pressure results is on the order of the accuracy of the
results, or =0.030 percent. Away from the test section walls, the largest dif-
ference in static pressure measured was at axial survey location 1 at refer-
ence Mach number 0.20 (table III(a) and fig. 11(a)). Downstream of axial
survey location 1, farther away from the influence of the inlet section con-
traction ratio, the largest difference in static pressure was measured at axial
survey location 4, near the test section exit, at a reference Mach number of
0.20 (table IIICa) and fig. 11(j)). The variations in static pressure were
smaller at lower tunnel Mach number (figs. 11(¢), (f), (i), and (1)).

Mach number cross-sectional flowfield survey results at axial survey loca-
tions 1 through 4 are shown in figure 12. The results indicate the same trends
as the total and static pressure survey results. Large Mach number variations,
caused by flow distortions induced by the large inlet section contraction
ratio, were found at axial survey location 1 (figs. 12(a) to (c)). Smaller
Mach number differences were found in the test section downstream of axial sur-
vey location 1 and away from the test section walls (figs. 12(d), (g), and
(j)). The largest difference in Mach number was found at axial survey loca-
tion 1 at reference Mach number 0.20 (table III(a) and fig. 12(a)). Downstream
from axial survey location 1, the largest Mach number difference was found at
axial survey location 3 (table III(a) and fig. 12(d)). The thicker boundary
layer downstream can be seen in the figure, with large variations in Mach
number near the upper portion of the test section (figs. 12(d), (g), and (j))
which are probably due to the flow around the test section wall slots. The
Mach number variations were smaller at lower reference Mach numbers, especially
at the upper portions of the test section (figs. 11(¢c), (f), (i), and (1)).

Test Section Axial Profiles

Test section axial flowfield survey results are presented in figures 13
to 15. Total and static pressure ratio and Mach number ratio contours are



presented for axial survey locations 1 through 4 at vertical survey locations
3, 7 and 11 (table I) at reference Mach numbers 0.20, 0.15, and 0.10. The
flowfield survey results are not shown at reference Mach number 0.05, since
the pressure and Mach number variations in the test section could not be seen
in the contour results. Table III(b) provides a summary of the variations in
the axial total and static pressure, and Mach number in the test section at
reference Mach number 0.20.

Total pressure axial flowfield survey results are presented in figure 13.
The total pressure uniformity in the test section outside the test section
boundary layer is shown in the figure. The largest downstream variation in
total pressure outside the boundary layer was at vertical survey location 11
at reference Mach number 0.20 (table III(b) and fig. 13(g)). The axial growth
in the test section boundary layer can also be seen in the figure, with a sig-
nificantly larger boundary layer toward the upper portion of the test section
(figs. 13(g) to (i)). The total pressure variations were smaller at lower Mach

number (figs. 13¢(c), (f), and (i)).

Figure 14 presents the static pressure axial flowfield survey results. A
large variation in the static pressure near the test section entrance at axial
survey location 1, due to the large inlet section contraction ratio, can be
seen at all vertical survey locations. A smaller variation in the static pres-
sure across the test section downstream of the test section entrance can also
be seen at all vertical survey locations. The largest variation in static
pressure from axial survey locations 1 to 4 was found at vertical survey loca-
tion 7 at reference Mach number 0.20 (table III(b) and fig. 14(d)). Downstream
from the test section entrance (and away from the influence of the inlet sec-
tion), the largest static pressure variation, from axial survey locations 2 to
4, was found at vertical survey location 3 at reference Mach number 0.20
(table III(b) and fig. 14(a)). The possible error introduced into the static
pressure results by the hardware problem with the flow survey rake can be seen
in the figure near the center of the test section at all vertical survey loca-
tions. This is especially true farther downstream, where the static pressure
contours are farther apart, and the static pressure variations are smaller.

The flow around the test section wall slots, and its effect on the static pres-
sure, can be seen as a change in the direction of the contours near the test
section walls, especially at reference Mach number 0.20 (figs. 14(a), (d), and
(g)). The axial variations in the static pressure were smaller at lower tun-
nel Mach number (figs. 14(¢), (f), and (i)).

The Mach number axial flowfield survey results are presented in figure 15.
The large Mach number variations at axial survey location 1 near the test sec-
tion entrance, which diminish downstream, can be seen at all the vertical sur-
vey locations. The largest variation in the Mach number in the test section
from axial survey locations 1 to 4 was found at vertical survey location 7 at
reference Mach number 0.20 (table III(b) and fig. 15(d)). The largest varia-
tion in the Mach number downstream from the test section entrance, from axial
survey locations 2 to 4, was found at vertical survey location 3 at reference
Mach number 0.20 (table III(b) and fig. 15(a)). The thicker boundary layer
downstream in the test section, especially near the upper portion of the test
section, can also be seen (figs. 15(g) to (i)). The Mach number variations
were smaller at lower reference Mach numbers (figs. 15C(c), (f), and (i)).




Wind Tunnel Instrumentation Calibration

Figures 16 and 17 present the wind tunnel rake instrumentation total and
static pressure calibration resulits. The results are presented in terms of the
ratio of the model! centerline pressure to wind tunnel rake pressure as a func-
tion of the normalized tunnel rake Q (total minus static pressure). The results
provide a correlation between the total pressure and static pressure measured
at the wind tunnel rake locations (figs. 3 and 9) and the total pressure and
static pressure measured at the model centerline location in the model test
plane (axial survey location 3, test section station 215), near the propeller-
model plane of rotation (fig. 9). The total and static pressure calibration
results were curvefit, and equations were derived for use in calculating the
flow conditions at the model centerline during testing. These wind tunnel
rake pressure calibration equations, applicable at all tunnel flow conditions,
are given in appendix G. Table IV provides a summary of the total pressure,
static pressure, and Mach number differences between the wind tunnel rake loca-
tions and the model centerline location at a reference Mach number of 0.20.

The results of the total pressure calibration of the wind tunnel rake
instrumentation are presented in figure 16. The correlation between the total
pressure measured at the upstream tunnel rake (test section station 8) and at
the model centerline is shown in figure 16(a). Figure 16(b) shows the correla-
tion between the total pressure measured at the downstream tunnel rake (test
section station 210) and at the model centerline. At all reference Mach num-
bers, the model centerline total pressure was lower than the total pressure at
either wind tunnel rake location. However, the total pressure differences
between the upstream tunnel rake and the model centerline were smaller than the
differences between the downstream tunnel rake and the model centerline. The
largest total pressure differences were found at reference Mach number 0.20

(table IV).

The results of the static pressure calibration of the wind tunnel rake
instrumentation are presented in figure 17. The correlation between the static
pressure measured at the upstream tunnel rake and at the model centerline loca-
tion are shown in figure 17(a). At all reference Mach numbers, the static
pressure was lower at the model centerline than at the upstream tunnel rake.

In figure 17(b), the correlation between static pressure measured at the down-
stream tunnel rake and at the model centerline location is presented. Here,
the model centerline static pressure was higher than the downstream tunnel rake
static pressure at all reference Mach numbers. The largest differences in
static pressure occurred at reference Mach number 0.20 (table IV).

The differences in total pressure and static pressure between the model
centerline location and the wind tunnel rake locations in terms of Mach number
are given in table IV. At an upstream tunnel rake Mach number of 0.20, the
Mach number at the model centerline is approximately 2.65 percent higher, or
Mach number 0.2053; at a downstream tunnel rake Mach number of 0.20, the model
centerline Mach number is approximately 0.90 percent Tower, or Mach 0.1982.

Test Section Boundary Layer Profiles

The test section boundary layer survey results are presented in figures 18
to 20 for reference Mach numbers 0.20, 0.15, 0.10, and 0.05. The results are
presented in terms of the distance from the tunnel surface and the ratio of the
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rake probe total pressure to reference total pressure. At each reference Mach
number, the approximate thickness of the tunnel boundary layer at any particu-
tar boundary layer survey location was determined from the profile results
where the total pressure measured was 99.9 percent of the reference total pres-
sure (which was the upstream wind tunnel rake total pressure during the inves-
tigation). Table V provides a summary of the boundary layer thickness results
at reference Mach number 0.20 for all the test section boundary layer survey
locations.

The forward boundary layer profiles at test section station 28, near the
test section entrance (fig. 3(a)), are shown in figure 18. The results show
that the boundary layer is fairly uniform across the test section entrance,
varying from 2.7 to 3.5 in. (table V). 1In figure 19, the boundary layer pro-
files at test section station 210, near the model test piane (fig. 3(¢)), are
shown. The boundary layer thickness, approximately 5.3 in., is larger at this
location than at test section station 28. The aft boundary layer profiles at
test section station 336, near the test section exit (fig. 3(b)), are shown in
figure 20. At this location, there is a large variation in the boundary layer
thickness across the test section (table V). The thickest part of the boundary
layer occurs near the upper portion of the test section (fig. 20(a)) at rake
locations 10 and 15 (fig. 3(b)), varying between 13.3 and 13.8 in. This bound-
ary layer thickness was nearly double the 7.3-in.-thick boundary layer on the
tunnel floor at rake lTocations 12 and 13 (fig. 3(b).

CONCLUDING REMARKS

The total pressure, static pressure, and Mach number profiles obtained
from an investigation of the flow characteristics in the test section of the
9- by 15-Foot Low-Speed Wind Tunnel indicate that the test section has very
uniform total pressure distributions and fairly uniform static pressure and
Mach number distributions at most axial locations in the test section at all
tunnel Mach numbers. The largest variations in total and static pressure and
Mach number occur near the test section walls and are probably caused by flow
around the test section wall slots. In addition, larger variations in static
pressure and Mach number occur nearer the test section entrance than at other
axial locations downstream in the test section (away from the test section
walls) at all tunnel Mach numbers. These larger variations are due to the
influence of the large contraction ratio in the tunnel inlet section. The test
section boundary layer thickness increases downstream with larger variations
near the test section walls, especially at the upper portions of the test sec-
tion and near the test section exit. These boundary layer variations are most
likely due to the flow around the test section wall slots.

Near the model test plane in the test section, in this case the Advanced
Turboprop Project propeller-model plane of rotation, the total and static pres-
sure and Mach number distributions and the test section boundary layer are well
behaved. The freestream conditions at the model centerline location can be
calculated during testing by using the derived pressure calibration equations
and the pressure measurements obtained from either of the two wind tunnel rakes
located in the test section.
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SUMMARY OF RESULTS

An investigation was conducted in the NASA Lewis 9- by 15-Foot Low-Speed
Wind Tunnel to determine the flow characteristics in the test section during
wind tunnel operation. The investigation was done to determine (1) the total
pressure, static pressure, and Mach number profiles at four axial survey loca-
tions in the test section, including locations near the entrance, the model
test plane, and the exit; (2) the correlation between the pressures measured
by the new wind tunnel rake instrumentation which are used to define the tunnel
operating conditions, and the pressures measured at the model centerline loca-
tion; and (3) the boundary layer profiles near the test section entrance, the
model test plane, and near the test section exit. The investigation was con-
ducted at tunnel Mach numbers 0.20, 0.15, 0.10, and 0.05.

The total and static pressure flowfield surveys were done with a 20-probe
pitot-static flow survey rake that was installed horizontally in the test sec-
tion. At each of the axial survey locations in the test section, the flow
survey rake was positioned to several vertical survey locations to obtain
cross-sectional total and static pressure and Mach number profiles at each tun-
nel Mach number. The test section boundary layer surveys were done with multi-
probe total pressure rakes at locations near the test section entrance, on the
tunnel ceiling near the model test plane, and near the test section exit.

The results of the flowfield investigation were

(1) The cross-sectional and axial total pressure survey results obtained
in the test section show very uniform profiles outside the test section bound-
ary layer at all tunnel Mach numbers. The largest variations in total pressure
were measured at tunnel Mach number 0.20. The largest cross-sectional total
pressure variation was found near the test section exit (axial survey location
4, test section station 294), and was approximately 0.023 percent of the tunnel
total pressure. The largest axial total pressure variation was found 2.5 ft
above the center of the test section (vertical survey location 11), and was
approximately 0.009 percent of the tunnel total pressure. The variations in
total pressure in the test section diminished at lower tunnel Mach numbers.

(2) The cross-sectional and axial static pressure survey results obtained
in the test section show fairly uniform profiles downstream of the test section
entrance and away from the test section walls at all tunnel Mach numbers.
Static pressure results near the test section entrance were affected by the
large inlet section contraction ratio, while the static pressure results near
the walls were affected by the flow around the test section wall slots. The
largest variations in static pressure were found at tunnel Mach number 0.020.
The largest cross-sectional static pressure variation was found near the test
section entrance (axial survey location 1, test section station 12), and was
approximately 0.126 percent of the tunnel static pressure. Downstream from the
test section entrance, the largest cross-sectional static pressure variation
was found near the test section exit and was approximately 0.030 percent. The
largest axial static pressure variation was found at the center of the test
section (vertical survey location 7), and was approximately 0.333 percent of
the tunnel static pressure. Downstream from the entrance, the largest axial
static pressure variation was found 2.5 ft below the center of the test section
(vertical survey location 3) and was approximately 0.123 percent. The static
pressure variations in the test section diminished at lower tunnel Mach
numbers.
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(3) The cross-sectional and axial Mach number survey results show fairly
uniform profiles downstream of the test section entrance (where the results
were affected by the tunnel inlet section) and away from the test section walls
(where the results were affected by the wall boundary layer and the flow near
the wall slots). The largest variations in the Mach number were found at tunnel
Mach number 0.20. The largest cross-sectional Mach number variation was found
near the test section entrance and was approximately 2.59 percent of the tunnei
Mach number. Downstream from the test section entrance, the large cross-
sectional Mach number variation was found in the model test plane (axial survey
location 3, test section station 215), and was approximately 0.69 percent. The
largest axial Mach number variation from the test section entrance was found
at the center of the test section and was approximately 6.27 percent of the
tunnel Mach number. Downstream from the entrance, the largest axial Mach
number variation was found 2.5 ft below the center of the test section, and was
approximately 2.26 percent. The Mach number variations in the test section
diminished at lower tunnel Mach numbers.

(4) The wind tunnel rake total pressure calibration results indicate that
the total pressure at the model centerline (at test section station 215) in the
model test plane is lower than the total pressure at either the upstream or
the downstream wind tunnel rake at all tunnel Mach numbers. At tunnel Mach
number 0.20, the difference in total pressure between the model centerline and
the upstream tunnel rake (test section station 8) was about 0.002 percent of
the tunnel total pressure, and about 0.009 percent between the model centerline
and the downstream tunnel rake (test section station 210). The wind tunnel
rake static pressure calibration results indicate that the model centerline
static pressure is lower than the static pressure at the upstream tunnel rake,
but higher than the static pressure at the downstream tunnel rake, at all tun-
nel Mach numbers. At tunnel Mach number 0.20, the difference in static pres-
sure between the model centerline and the upstream tunnel rake was about
0.153 percent of the tunnel static pressure, and about 0.041 percent between
the model centerline and the downstream tunnel rake. In terms of Mach number,
the model centerline Mach number is 2.65 percent higher (or Mach number 0.2053)
than the upstream tunnel rake Mach number of 0.20, and the model centerline
Mach number is 0.90 percent lower (or Mach number 0.1982) than the downstream
tunnel rake Mach number of 0.20.

(5) The boundary layer profile results indicate that the boundary layer
thickness is between approximately 2.7 and 3.5 in. near the test section
entrance (test section station 28), and approximately 5.3 in. near the model
test plane (test section station 210). Near the test section exit (test sec-
tion station 336), the boundary layer thickness varies from approximately
7.3 in. on the test section floor to approximately 10.0 in. on the lower por-
tion of the test section walls, 13.5 in. on the upper portion of the test sec-
tion walls, and 9.3 in. on the test section ceiling.
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APPENDIX A - TEST SECTION TOTAL PRESSURE CROSS-SECTIONAL PROFILES

Figures A-1 through A-4 provide quantitative information on the cross-
sectional total pressure profiles in the test section for reference Mach
numbers 0.20, 0.15, 0.10, and 0.05 at (1) axial survey locations 1, 2, and 4
(fig. 9) for vertical survey locations 3, 7, and 11 (table I), and (2) axial
survey location 3 for vertical survey locations 2 through 11. The pressure
ratio results are accurate to within =0.004 psi (£0.030 percent). Some of the
results within the test section boundary layer have been truncated for greater
resolution of the results outside the boundary layer.
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APPENDIX B - TEST SECTION STATIC PRESSURE CROSS-SECTIONAL PROFILES

Figures B-1 through B-4 provide quantitative information on the cross-
sectional static pressure profiles in the test section for reference Mach
numbers 0.20, 0.15, 0.10, and 0.05 at (1) axial survey locations 1, 2, and 4
(fig. 9) for vertical survey locations 3, 7, and 11 (table I), and (2) axial
survey location 3 at vertical survey locations 2 through 11. The pressure
ratio results are accurate to within =20.004 psi (£0.030 percent). Some of the
results within the test section boundary layer have been truncated for greater
resolution of the results outside the boundary layer. Results shown near the
center of the test section, at distances from O to 2 ft, are questionable
because of possible hardware problems encountered with the flow survey rake.
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APPENDIX C - TEST SECTION MACH NUMBER CROSS-SECTIONAL PROFILES

Figures C-1 through C-4 provide quantitative information on the cross-
sectional Mach number profiles in the test section for reference Mach numbers
0.20, 0.15, 0.10, and 0.05 at (1) axial survey locations 1, 2, and 4 (fig. 9)
for vertical survey locations 3, 7, and 11 (table I), and (2) axial survey
location 3 at vertical survey locations 2 through 11. The Mach number ratio
results are accurate to within =0.004 psi (£1.0 percent at reference Mach
number 0.20, =1.5 percent at reference Mach number 0.15, 4.0 percent at
reference Mach number 0.10, and =16.0 percent at reference Mach number 0.05).
Some of the results within the test section boundary layer have been truncated
for greater resolution of the results outside the boundary layer. Results
shown near the center of the test section, at distances from 0 to 2 ft, are’
questionable because of possible hardware problems encountered with the flow

survey rake.
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APPENDIX D - TEST SECTION TOTAL PRESSURE AXIAL PROFILES

Figures D-1 through D-3 provide quantitative results on the axial total
pressure profiles in the test section for reference Mach numbers 0.20, 0.15,
0.10, and 0.05 at vertical survey locations 3, 7, and 11 (table I) for axial
survey locations 1 through 4 (fig. 9). The pressure ratio results are accurate
to within £0.004 psi (+£0.030 percent). Some of the results within the test
section boundary layer have been truncated for greater resolution of the
results outside the boundary layer.
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APPENDIX E - TEST SECTION STATIC PRESSURE AXIAL PROFILES

Figures E-1 through E-3 provide quantitative results on the axial static
pressure profiles in the test section for reference Mach numbers 0.20, 0.15,
0.10, and 0.05 at vertical survey locations 3, 7, and 11 (table I) for axial
survey locations 1 through 4 (fig. 9). The pressure ratio results are accu-
rate to within £0.004 psi (£0.030 percent). Some of the results within the
test section boundary layer have been truncated for greater resolution of the
results outside the boundary layer. Results shown near the center of the test
section, at distances from 0 to 2 ft, are questionable because of possible
hardware problems encountered with the flow survey rake.
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APPENDIX F - TEST SECTION MACH NUMBER AXIAL PROFILES

Figures F-1 through F-3 provide quantitative results on the axial Mach
number profiles in the test section for reference Mach numbers 0.20, 0.15,
0.10, and 0.05 at vertical survey locations 3, 7, and 11 (table I) for axial
survey locations 1 through 4 (fig. 9). The Mach number ratio results are
accurate to within =0.004 psi (+1.0 percent at reference Mach number 0.20,
+1.5 percent at reference Mach number 0.15, 24.0 percent at reference Mach
number 0.10, and =16.0 percent at reference Mach number 0.05). Some of the
results within the test section boundary layer have been truncated for greater
resolution of the results outside the boundary layer. Results shown near the
center of the test section, at distances from 0 to 2 ft, are questionable
because of possible hardware problems encountered with the flow survey rake.
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APPENDIX G - WIND TUNNEL RAKE INSTRUMENTATION PRESSURE CALIBRATION EQUATIONS

The tunnel freestream total pressure is a function of the tunnel reference
total pressure, the normalized reference Q, and the derived equation constants.
While using the upstream wind tunnel rake to obtain the tunnel reference
operating conditions, the freestream total pressure is

Pt,O = (A1 + K1A2)P¢

where

Ky normalized reference Q, (Pt 1 - Pg 1)/Pt
Ay 1.00000960
Ay -0.00031153

The tunnel freestream static pressure is a function of the tunnel reference
static pressure, the normalized reference Q, and the derived equation constants.
While using the upstream wind tunnel! rake to obtain the tunnel reference
operating conditions, the freestream static pressure is

Ps,0 = (By + K1B2)Ps 9
where
Ky normalized reference Q, (Pt’] - Ps,I)/Pt,I
B 1.00001660
B> -0.05561240

By using the downstream wind tunnel rake to obtain the tunnel reference
operating conditions, the tunnel freestream total pressure from the reference
total pressure is

Pt,0 = (Cy + KpCp)Pyt 2
where
Ko normalized reference Q, (Pt 2 - Pg 2)/P¢ 2
Cy 1.00001350
Cr -0.00403159

By using the downstream wind tunnel rake to obtain the tunnel reference
operating conditions, the tunnel freestream static pressure from the reference
static pressure is

Ps,0 = (D7 + K2D2)Pg 2
where
Ko normalized reference Q, (Pt 2 - Ps 2)/Pt 2

Dy  0.99998397
Dp 0.0167042]
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TABLE I. - TYPICAL BOUNDARY
LAYER SURVEY RAKE
DIMENSIONS

(a) Forward

Probe Distance from
number tunnel surface,
in.

.71
.86
.79
.61
.34
.00
.62

NOTA WM —
N DHhWN—O

(b) Model test plane

Probe Distance from Probe Distance from Probe Distance from
number tunnel surface, number tunnel surface, number tunnel surface,
mn. in, in.
1 0.325 9 4.325 17 8.325
2 0.875 10 4,875 18 8.875
3 1.325 M 5.325 19 9.325
4 1.875 12 5.875 20 9.875
5 2.325 13 6.325 21 10.325
6 2.875 14 6.875 22 10.875
7 3.325 15 7.325 23 11.325
8 3.875 16 7.875 24 11.875
(c) Aft
Probe Distance from Probe Distance from
number tunnel surface, number tunnel surface,
in. in.

1 0.12 9 9.04

2 0.52 10 11.06

3 1.17 n 12.01

4 2.04 12 13.23

5 3.02 13 15.62

6 4.22 14 18.22

7 5.62 15 21.01

8 7.22 16 24.02

42



TABLE II. - TEST SECTION
VERTICAL SURVEY
LOCATIONS
Vertical Distance from
survey center of test
location section,

ft
11 2.5
10 1.5
9 a1.0
8 30.5
7 0.0
6 a.bp 5
5 a,by g
4 a,by 5
3 .5
2 a,bz s

dyertical survey locations
at axial survey location

3 only.

bpistances below center of

tunnel.

TABLE III. - PRESSURE AND MACH NUMBER RATIO PROFILE VARIATIONS AT REFERENCE
MACH NUMBER 0.20
(Values without parentheses represent variations from axial survey locations 1
to 4, and values in parentheses represent variations from axial survey
Tocations 2 to 4.]

(a) Cross-sectional

Axial

P -P

- M

p ~ P : . .
survey t ,max t,min . 100, $,Mmax s,min 100, max min 100,
location Pt,ref Ps,ref Mref
percent percent percent
| 0.021 0.126 2.59
2 .020 .021 0.56
3 .019 .018 .69
4 .023 .030 .60
(b) Axial
Vg;&i:;1 Pt . max = Pt,min . 100 Ps max = Ps,min 100 Mmnax = Mmin . 100
lTocation Pt,ref ’ Ps,ref ' Mref ,
percent percent percent
3 0.007 0.309 (0.123) 5.78 (2.26)
7 .006 .333 (.097) 6.27 (1.79)
11 .009 .297  (.100) 5.69 (1.91)
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TABLE IV. - WIND TUNNEL RAKE TO MODEL CENTERLINE PRESSURE RATIO
VARIATIONS AT REFERENCE MACH NUMBER 0.20

Wind Py - P Ps - Ps. M~ M
tunnel | €1 qgg, | S 5C1 g, < . 100,
rake Pe Ps M
Tocation
percent percent percent
a3 0.002 0.153 -2.65
b2 .009 -.041 0.90

a

Upstream wind tunnel rake.
bpownstream wind tunnel rake.

TABLE V. - TEST SECTION BOUNDARY LAYER
THICKNESS AT REFERENCE MACH

NUMBER (.20
Boundary layer Survey | Boundary layer
survey location rake thickness,
number in.
Forward 1 2.7
2 3.3
3 3.3
4 3.5
5 2.8
6 3.4
7 3.2
Model test plane - 5.3
Aft 8 9.2
9 9.4
10 13.3
11 10.0
12 7.3
13 7.3
14 10.0
15 13.8
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FIGURE 10. - TOTAL PRESSURE CROSS-SECTIONAL PROFILES., DOWNSTREAM VIEW. DASHED OUTLINE
REPRESENTS TEST SECTION CROSS-SECTIONAL BOUNDARY. CONTOUR LEVELS REPRESENT PRESSURE
DIFFERENCES OF 10.004 Psi.
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TEST SECTION BOUNDARY

(d) AXIAL SURVEY LOCATION 3 (TEST SECTION STATION 215) AT REFERENCE MACH NUMBER 0.20.
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(@) AXIAL SURVEY LOCATION 3 (TEST SECTION STATION 215) AT REFERENCE MACH NUMBER 0.15.

N N

\

(f) AXIAL SURVEY LOCATION 3 (TEST SECTION STATION 215) AT REFERENCE MACH NUMBER 0.10.
FIGURE 10. - CONTINUED.
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TEST SECTION BOUNDARY

(g) AXIAL SURVEY LOCATION 4 (TEST SECTION STATION 294) AT REFERENCE MACH NUMBER 0.20.

(h) AXIAL SURVEY LOCATION 4 (TEST SECTION STATION 294) AT REFERENCE MACH NUMBER 0.15.

0

(i) AXIAL SURVEY LOCATION 4 (TEST SECTION STATION 294) AT REFERENCE MACH NUMBER 0.10.
FIGURE 10. - CONCLUDED.

—
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(a) AXIAL SURVEY LOCATION 1 (TEST SECTION STATION 12) AT REFERENCE MACH NUMBER 0.20.

o)

(b) AXIAL SURVEY LOCATION 1 (TEST SECTION STATION 12) AT REFERENCE MACH NUMBER 0.15.

()

(c) AXIAL SURVEY LOCATION 1 (TEST SECTION STATION 12) AT REFERENCE MACH NUMBER 0.10.

FIGURE 11, - STATIC PRESSURE CROSS-SECTIONAL PROFILES. DOWNSTREAM VIEW. DASHED OUTL INE
REPRESENTS TEST SECTION CROSS-SECTIONAL BOUNDARY. CONTOUR LEVELS REPRESENT PRESSURE
DIFFERENCES OF 10.004 ps1.
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\

(d) AXIAL SURVEY LOCATION 2 (TEST SECTION STATION 134) AT REFERENCE MACH NUMBER 0.20.

<
<

(e) AXIAL SURVEY LOCATION 2 (TEST SECTION STATION 134) AT REFERENCE MACH NUMBER 0.15.

A

(f) AXIAL SURVEY LOCATION 2 (TEST SECTION STATION 134) AT REFERENCE MACH NUMBER O.10.
FIGURE 11. - CONTINUED.
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(g) AXIAL SURVEY LOCATION 3 (TEST SECTION STATION 215) AT REFERENCE MACH NUMBER 0.20.

%

(h) AXIAL SURVEY LOCATION 3 (TEST SECTION STATION 215) AT REFERENCE MACH NUMBER 0.15.

(i) AXIAL SURVEY LOCATION 3 (TEST SECTION STATION 215) AT REFERENCE MACH NUMBER 0.10.
FIGURE 11. - CONTINUED.
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(j) AXIAL SURVEY LOCATION 4 (TEST SECTION STATION 294) AT REFERENCE MACH NUMBER 0.20.

I

(k) AXIAL SURVEY LOCATION 4 (TEST SECTION STATION 294) AT REFERENCE MACH NUMBER 0.15.

A

(1) ‘AXIAL SURVEY LOCATION 4 (TEST SECTION STATION 294) AT REFERENCE MACH NUMBER 0.10.

FIGURE 11. - CONCLUDED.
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(3) AXIAL SURVEY LOCATION 1 (TEST SECTION STATION 12) AT REFERENCE MACH NUMBER 0.20.

o)

(b) AXIAL SURVEY LOCATION 1 (TEST SECTION STATION 12) AT REFERENCE MACH NUMBER 0.15.

N7

-

(c) AXIAL SURVEY LOCATION 1 (TEST SECTION STATION 12) AT REFERENCE MACH NUMBER 0.10.

FIGURE 12. - MACH NUMBER CROSS-SECTIONAL PROFILES. DOWNSTREAM VIEW. DASHED OUTLINE RE-
PRESENTS TEST SECTION CROSS-SECTIONAL BOUNDARY. CONTOUR LEVELS REPRESENT PRESSURE
DIFFERENCES OF $0.004 psI.
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(d) AXIAL SURVEY LOCATION 2 (TEST SECTION STATION 134) AT REFERENCE MACH NUMBER 0.20.

AV

(e) AXIAL SURVEY LOCATION 2 (TEST SECTION STATION 134) AT REFERENCE MACH NUMBER 0.15.

(f) AXIAL SURVEY LOCATION 2 (TEST SECTION STATION 134) AT REFERENCE MACH NUMBER 0.10.
FIGURE 12. - CONTINUED.
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(g) AXIAL SURVEY LOCATION 3 (TEST SECTION STATION 215) AT REFERENCE MACH NUMBER 0.20.

P SNy

-—

(h) AXIAL SURVEY LOCATION 3 (TEST SECTION STATION 215) AT REFERENCE MACH NUMBER 0.15.

\

(i) AXIAL SURVEY LOCATION 3 (TEST SECTION STATION 215) AT REFERENCE MACH NUMBER 0.10.

FIGURE 12. - CONTINUED.
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(j) AXIAL SURVEY LOCATION 4 (TEST SECTION STATION 294) AT REFERENCE MACH NUMBER 0.20.

(k) AXIAL SURVEY LOCATION & (TEST SECTION STATION 294) AT REFERENCE MACH NUMBER 0.15.

(1) AXIAL SURVEY LOCATION & (TEST SECTION STATION 23u4) AT REFERENCE MACH NUMBER 0.10.

FIGURE 12. - CONCLUDED.

62



18d h00°0F 40 SIINIYWIIJIQ NSSIUd INISIYAIY STIAT] YNOLNOD  “AYVANNOE NOITLIIS 1S3 SINIS3YAIY INITLNO G3HSWA  “STTI0¥d TWIXV JUNSSI¥d WIOL - €L J¥n9ld

“OLT0 Y3IGWNN HOWW JONIYW3IJY LV (JINNNL 40 ‘SLT0 YIEWNN HOWW FONYIH3Y LV (1INNAL 40 0270 ¥3GWON HOVW FONIIJIY LV (1INNNL 40
Y3IINID #0132 L4 S°Z) £ NOLLYIO0T A3AUNS WIILYIA (D) Y3INID MOT3E L4 S°2) £ NOILVIOT AJAUNS TWIIL¥3A (Q) Y3INI) MOTIE 14 S°Z) £ NOILVIOT A3AY¥NS TYIILY3A (B)
MO IV

AYVANNOG NO11J3S 1S3L

63



“QINNIINGD ~ “£I 3Jun9ly

OLT0 W3GWIN HOWW INIFYI4TY v 'SLTO YIWN HOVW IINFYI4TY v 0270 Y3IAWON HIVW EWLELEEE )
CIINNNL 40 ¥IINTD 1Y) £ NOTLVIOT AJANAS WILLYAA () CI3NNNL 40 ¥3INT) 1Y) ¢ NOLLVIOT AJAMNS TWHI1¥IA (9) CIINNNL 30 ¥3INTD 1Y) ¢ NOTLVIOT AIAMNS WOILYIA o
LREN L

AYYANNOE NO11J3S 1531



ORIGINAL PAGE IS
OF POOR QUALITY

“A3NDNOD - 51 Jun9ry
“OL°0 ¥IAWAN HOWW IONFY34IY Lv CI3NNTL 40

"SLTO Y3SWIN HOVW IONIYILTY 1V CIENNAL H0
YIINT) A0V 14 S°2) 1L NOTLVIOT AJAUNS TWOLL¥AA (1)

"0Z2°0 W3EAWNN HOVW IINIYI43y ¥ CINNAL 40
Y3INID 0|V 14 5°7) 1y NOLLVIOT A3ANNS WII1¥3A <Y)

YIINID 3A08V 14 5°2) |y NO11V201 AJA¥NS WI1LHIA (6)
4
MO481V

—e

—_—— — ]
AYVANNOE NOT1D3S 1531



Lt

waiMAL PAGE 1S
aF POOR QUALITY

*1Sd h0O'OF 40 SIINYIJAIA JUNSSIYd INISIYAIY STIATT UNOLNOD  “AUVANNOH NOI1I3S 1S3L SLINIS3UA3Y 3INILNC 3HSYA  °"SITIH0¥d WIXV JdNSSIHd JILIVIS - “hi JuNS14

*0L"0 YIEWIN HOVW 3ONIYW3JIY 1V CI3NNAL 40 G510 Y3BWAN HOWW 3ON3Y3JY LV CTINNL 20
YAIN3D M0138 14 S°Z) £ NOLLVIOT AJAYNS WILLY3A (9) Y3IN3D MOT3E 14 S°Z) € NOTIVIOD AAUNS TWIIL¥3AA (D)

'02°0 ¥3AWON HOWW JONIFY3JIY 1V (T3WNNL 0
YIINT) MOTIE 13 S°Z) £ NOTLVIOD AJAUNS TVIILYIA ()

MOTYIV

AYVANNOY NOILD3S LS3L

66



‘OL"0 YIEWNN HOWW 3ON3I¥ITY LV
CTINNAL 40 d3INTD LV) Z NOILLVIOT AJAUNS WIILYIA ())

"3NNTINOD - “HI 3¥N9Id

‘GLT0 YIAWNN HOVW JONI¥I4FY IV
CTINNRL 3O ¥3INTD LV) Z NOILVI0T A3AUNS TYIILYIA (3)

&

‘0270 YIMWON HOVW JONIYIIFY LV
(TINNAL 40 ¥IINTD LV) £ NOILVIO ATAYNS TYIILYIA (P)

MOV

AYVQNNOE NOIL1D3S 1531

67



"OL"0 Y3IEWAN HOVW 3ON3¥I43Y LV CIINNNL 40
Y3INID 3A08YV 14 G°Z) LL NOILVIOT AJAUNS TWIILY3IA (1)

{J/

Vo

"G3aNONOD - “HL JdN9ld

'SLT0 ¥3MWNN HOVW JONIY343Y LV (13INNNL 40
Y3INID 3A08V L4 S7Z) LL NOTLVIOT AJAUNS WIILY3A (W)

336

"02°0 ¥3IHWON HOVW JONIY3JIW 1V (TINNRL 40
¥3INID 3A0EV L4 S°2) LL NOTLVIOT A3AWNS WIIL¥3A (b)

LVREN 1R

AYVGNNOS NOILD3S 1S3L



*1Sd h00'0F 30 SIINIYIIAIA 3UNSSIUd INISTUATY STIATT UNOINOD  “AYVANACH NOILIIS LSIL SINISIUAIY INITLNC (3HSVA

*OL"0 Y3IAWNN HOWW 3JONFY34TY LV (TINNNL H0
YIINID MO L4 G°Z) £ NOTLVIOT AAUNS WIILY3A (D)

*SLU0 YIAWAN HOVIW JON3Y34IY LV (TINNNL 40
YIINID MOT3] 14 S72) £ NOTIVIOD A3AURS WILLYA (O)

u

*S3MH0dd WIXV YIHWIN HOWW - “SL J¥N9ld

*0Z°0 YIGWAN HOWW ONI¥IJ3Y LV (IINNAL J0
¥3INID MOT3E 14 G7Z) € NOLLVIOT AJAURS WITLYIA (B)

MOTYIV

AYVONROE NOI123S 1S3L

69



“OLT0 ¥IEWNN HOVW 3IINIY3I43Y 1V
(I3NNNL J0 ¥3INTD 1V) £ NOLLVIOT A3AANS TWIOILY3A (J)

“AINNILINGD - “Si 3uN9ld

*SL°0 ¥3AWNN HOVW JON3Y343Y LV
CTINNML 40 ¥3INID 1Y) £ NOTLVIOT AJAUNS TWIILY¥3A (9)

A

"0470 YIGWNN HOVIW FINIY3ISI 1LV
CIINNNL 40 ¥3INID LV) Z NOILYIOT A3AYNS TWITLY3A (P)

LLOREY 1)

AYVANNOY NOI1123S 1S31

70



@ =
-
L |
<t
2

e,
2%
= C
= O
o
SR

"0l 70 Y3EWNN HOVW JINIY3ILFY LV (T3INNNL 40
YAINFD 3A09V L4 S°Z) LL NOTLYI0T A3AUNS WIILY3IA (1)

*q3aNTONOY - "SI 3ung1d

'SLT0 Y3GWNN HOVW JONFY343Y LV (13NNAL 40
Y3INID 3A08V L4 S°Z) LL NOILYDO0T AJAYNS WIILYIA (W)

Vel

"02°0 YIEWON HOVW JDNIY343Y LV (T3INNNL 40
¥3INTD A0EV 14 S°Z) LL NOILYI0T A3AUNS TWIIL¥IA (B)

MOIIV

AYVANNOS NO11D3S 1S31

1A



TOTAL PRESSURE RATIO. Py cl/ Py

TOTAL PRESSURE RATIO. Py cl/Pl,Z

NORMALIZED DOWNSTREAM TUNNEL Q. (Pt.Z-Ps,Z)/Pt,Z
(b) DOWNSTREAM TUNNEL RAKE AT TEST SECTION STATION 210.

FIGURE 16. - WIND TUNNEL RAKE TOTAL PRESSURE CALIBRATION RESULTS.
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STATIC PRESSURE RATIO. Ps.ci/Ps.1

STATIC PRESSURE RATIO. PS,cI/Ps,2
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(b) DOWNSTREAM TUNNEL RAKE AT TEST SECTION STATION 210.

FIGURE 17. - WIND TUNNEL RAKE STATIC PRESSURE CALIBRATION RESULTS.
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DISTANCE FROM TUNNEL SURFACE. IN.

DISTANCE FROM TUNNEL SURFACE. IN.

TOTAL PRESSURE RATIO. Pt /Pt oec TOTAL PRESSURE RATIO, Py /Py oo

(c) REFERENCE MACH NUMBER 0.10. (d) REFERENCE MACH NUMBER 0.05.
FIGURE 18. - FORWARD BOUNDARY LAYER SURVEY RESULTS AT TEST SECTION STATION 28 (NEAR THE TEST SECTION ENTRANCE).
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DISTANCE FROM TUNNEL SURFACE. IN.

DISTANCE FROM TUNNEL SURFACE. IN.
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(d) REFERENCE MACH NUMBER 0.05.

FIGURE 19. - MODEL TEST PLANE BOUNDARY LAYER SURVEY RESULTS AT TEST SECTION STATION 210.
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