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DEVELOPMENT OF A QUIET SUPERSONIC WIND TUNNEL
WITH A CRYOGENIC ADAPTIVE NOZZLE
ANNUAL PROGRESS REPORT March 1992 - April 1993

Stephen W. D. Wolf
Introduction:
//

“The main objective of this work is to develop an interim Quiet (low-disturbance) supersonic

2

P

. ” wind tunnel for the NASA-Ames Fluid Mechanics Laboratory (FML). The main emphasis is to

bring on-line a full-scale Mach 1.6 tunnel as rapidly as possible to impact the NASA High
Speed Research Program (HSRP). The development of a cryogenic adaptive nozzle and other
sophisticated features of the tunnel will now happen later, after the full scale wind tunnel is in
operation. The work under this contract for the period of this report can be summarized as
follows:

1) Provide aerodynamic design requirements for the NASA-Ames Fluid Mechanics
Laboratory (FML) Laminar Flow Supersonic Wind Tunnel (LFSWT) as shown in the
artist impression on Figure 1.

2) Research design parameters for a unique Mach 1.6 drive system for the LFSWT using an
1/8th-scale Proof-of-Concept (PoC) supersonic wind tunnel.

3) Carry out boundary layer transition studies in PoC to aid the design of critical
components of the LFSWT.

4) Appraise the State of the Art in quiet supersonic wind tunnel design.

5) Help develop a supersonic research capability within the FML particularly in the areas
of high speed transition measurements and schlieren techniques.

The body of this annual report summarizes the work of the Principal Investigator and is
presented under logical headings. The order is not significant.

Drive System Research:

The PoC supersonic wind tunnel has continued to be a valuable workhorse during the
period of this report. A schematic and photograph of the PoC supersonic wind tunnel are
shown on Figures 2a and 2b. Work with PoC has concentrated on Phase 1 and 2 (Investigation
of drive system and instrumentation development) of the PoC experimental program outlined in
the first progress report of this contract.! The PoC Mach 2.5 drive system®>* has been modified
to operate at Mach 1.6. This reduction of Mach number has resulted from a need to match the
initial LFSWT test envelope to actual F-16XL flight test conditions.

A new Mach 1.6 nozzle was installed in PoC during April 1992, and the first runs occurred
at the beginning of May 1992. Using the Mach 2.5 two-stage injector system, the PoC operated
successfully over a stagnation pressure (Po) range from 5.18 psia to 11.99 psia. The Mach 1.6
test section had the same cross-section as before (1 x 2 inches). However, the test
section/supersonic diffuser was made longer than for the Mach 2.5 case, to be compatible with
existing hardware. The supersonic diffuser is 6.8 inches long, with the floor and ceiling
diverging at 0.25° between parallel sidewalls (for boundary layer allowance).



As part of our LFSWT cost saving effort, we examined the need for secondary injectors in
the LFSWT Mach 1.6 drive system. Since the normal start compression ratio for Mach 1.6 flows
is 1.12:1 compared to 2:1 for Mach 2.5 flows, running a tunnel at Mach 1.6 should be easier
than before. However, use of the existing FML compressor requires that the LFSWT must be
capable of operating with compression ratios less than unity to achieve the desired test envelope.
A series of PoC tests were performed with different secondary injector mass flows and
corresponding changes to the exit pressure (Pe). These tests were based on previous compressor
studies® which showed that Pe will rise with increasing mass flow in the operating band of the
LFSWT.

The results of the PoC Mach 1.6 drive system tests are summarized on Figure 3, which
shows experimental data plotted against minimum Po and Pe. This data summary clearly shows
the need for secondary injectors, if we are to achieve the desired minimum Po. The influence
of the secondary injector mass flow on minimum Po is significant compared to the influence of
Pe. Consequently, the mass flow of the LFSWT secondary injectors needs to be maintained at
high levels similar to the 110 lbs/sec for the Mach 2.5 drive system, assuming the compressor
inlet pressure (Pi) is fixed.

The expected increase of Pe to about 8.8 psia, due to using high mass flow secondary
injectors, may stop the primary injectors from starting. However, PoC testing shows that the
exit Mach number of the primary injectors can be successfully lowered from 2.1 to 1.97, which
reduces the starting pressures required. The exit Mach number of the secondary injectors
remained unchanged at 2.0 which requires an achievable overpressure of 1.39 (Pe=10.57 psia).

It should also be noted that the purpose-built LFSWT drive system will be more
aerodynamically efficient than the evolved PoC design. In particular, the diffuser is much
improved. Furthermore, the FML compressor run point will be related to Pe rather than Pi,
allowing the possibility of lowering the Pe for a given mass flow.® Both these factors will
enhance the LFSWT drive system beyond our PoC experience.

The design requirements for the LFSWT are based on our PoC studies. The primary
injectors are built so that mass flow and Mach number can be adjusted independently. The
range of mass flow is 62 to 124 lbs/sec and the Mach number range is 1.8 to 2.2. These ranges
are intended to allow tunnel operation with a variety of drive system configurations depending
on test Mach number and compressor power available. The secondary injectors have fixed
nozzle blocks designed for Mach 2.0 exit velocity with a combined mass flow of 110 lbs/sec.

During the period December 1992 to February 1993, the effect of model blockage on the
PoC drive system was investigated. Potential models were simulated by a 0.1 inch diameter
pitot tube positioned on the floor of the test section or on the test section centerline. Effective
blockage was varied up to 10% by traversing the probe across the 2 inch width of the tunnel as
shown on Figure 4.

Static pressures measured on the PoC sidewall with no probe installed are shown on Figure
5. These pressure distributions illustrate how the test section flow shocks down in the
supersonic diffuser at different Po. As expected, the shocks move upstream with decreasing Po.
However, over the Po range down to about 5 psia, the test section is free of shocks. A decrease
of test section pressure coefficient (Cp) in the flow direction is attributed to inadequate wall
divergence to allow for the boundary layer growth along the test section walls.

Static pressures measured with the probe installed are shown on Figure 6. These pressure
distributions illustrate the dramatic effect of introducing the probe across the tunnel width, at
the higher and lower ends of the Po range. The test section flow is started ahead of the model
for all probe configurations. Furthermore, the effect of this model blockage was maximized by
placing the probe near the entrance of the test section. The shock train generated by the probe
was reflected at least four times within the long PoC test section/supersonic diffuser. We
expect the number of shock train reflections to reduce to about two in the LFSWT test section.




Consequently, we can expect the total pressure of the LFSWT test section flow exiting into the
mixing region to be higher than that achieved in the PoC. This increase of total pressure will
provide the LFSWT drive system with extra power to overcome unexpected pressure losses
elsewhere in the tunnel.

Quiet Flow Research:

Settling Chamber

In the previous annual report® a modular settling chamber was installed in the PoC to
provide a low-disturbance free stream (See Figure 7). The change of Mach number from 2.5 to
1.6 produces an increase in tunnel mass flow by a factor of 2.1 for a given Po. This change
arises from the growth of the throat area of the nozzle to achieve the desired area ratio for
Mach 1.6 flow. The test section size was not changed.

Flow disturbance measurements were made in the plane of the PoC settling chamber exit on
the tunnel centerline (X=-6) using a total pressure probe fitted with a 0.093 inch diameter
pressure transducer (See Figure 4). The ratio of the total pressure rms (Prms) to stagnation
pressure (Po) is below 0.14% over the entire Po range (for the frequency range 30Hz to 50KHz).
The spectra of this pressure data shows broadband frequency response. These data indicate
that the settling chamber is low disturbance. As expected, the pressure ratio increases with Po
as the settling chamber mass flow rises (See Figure 8). Further reduction in the turbulence
pressure ratio was realized by fitting two extra screens upstream of the honeycomb in the
settling chamber. (One screen was 20-mesh and the other closest to the honeycomb was
42-mesh.) This settling chamber configuration was tested to confirm design refinements for the
LFSWT.

The design of the LFSWT settling chamber has evolved from the PoC studies, and the
integration of pressure reduction elements (see Figure 9). The goal is pressure disturbances less
than 0.2% at the settling chamber exit with flows up to 21 lbs/sec. The LFSWT design
incorporates pressure reduction elements (i.e., filters) to reduce inlet piping disturbances being
fed into the settling chamber. These elements also allow a smaller inlet pipe to be used for low
Po operation, by raising the inlet pipe pressure and preventing choking. This feature provides
cost savings and a more practical solution to the inlet piping/tunnel interface for low Po
operation.

Laminar Flow on Tunnel Walls

The new fixed block Mach 1.6 nozzle fitted to the PoC was designed using the Riise
methodology, which was applied to the PoC Mach 2.5 nozzle. The fifth-order polynomial
contraction and Riise nozzle contour are tabulated in Table 1. Since the test section geometry
was unchanged, the nozzle throat height and nozzle length both changed, as well as the nozzle
contour. The throat height grew from 0.378 inch to 0.8 inch, which reduced the vertical
inlet/nozzle contraction ratio from 13:1 to 6:1. The horizontal inlet/nozzle contraction ratio
remained unchanged at 2.46:1. The PoC nozzle length shrunk from 5.114 inches to 3.468 inches.

Vibration measurements were made close to the PoC Mach 1.6 nozzle using a

capacitive-type accelerometer. At Po = 5 psia, the acceleration was 0.045g over the frequency

range 14-1000Hz. At Po = 9 psia, the acceleration was 0.041g. In the PoC, there was no
means of isolating the nozzle test section from the injector drive system. The effect of
nozzle/test section vibration on laminar flow is currently unknown and will be studied in the
LFSWT, which incorporates vibration isolation for the settling chamber, nozzle and test section.

Temperature of the PoC flow is controlled passively. The thermal mass of the PoC nozzle
and test section is large relative to the flow surfaces. Hence, wall temperature stability is



achieved within a few minutes of starting a run and is relatively insensitive to changes in Po
(mass flow). The wall temperature is generally 20° F below ambient, and is similar to the inlet
stagnation temperature. Repeatability of laminar flow measurements is monitored at the end of
each run to check for temperature drift. No effects of temperature drift have been observed in
the measurements discussed here.

Laminar flow studies started in the PoC at Mach 2.5 have now been extended to Mach 1.6.
Again, theses studies have involved the use of different types of instrumentation to confirm the
state of the test section boundary layers. In addition to using hot-wire, hot-film and Preston
tube instrumentation, we successfully applied two schlieren techniques to the visualization of
low-pressure, supersonic boundary layers.

Mach 1.6 hot-wire measurements were made on the floor centerline of the PoC test section,
using a constant-temperature anemometer. The streamwise location in the test section matched
the convenient location for the Mach 2.5 measurements relative to the nozzle throat (X=6.83).
The hot-wire was 5 micron in diameter and made of Tungsten. The height of the hot-wire
above the floor was fixed at 0.069 inch. The hot-wire signal rms over the frequency range
30Hz to 50kHZ is shown on Figure 10, plotted against Po. At a Po of about 7.3 psia, there is a
decisive change in the slope of the data from numerous tests. This repeatable change in slope is
a clear indication that transition has occurred. The comparison with the Mach 2.5 data shows
that transition occurs at a lower Po at Mach 1.6, which may indicate a sidewall influence on the
floor boundary layer. The transition Reynolds numbers (related to distance from the nozzle
throat) is approximately 1.3 million at Mach 1.6, which is less than the 1.4 million Reynolds
number at Mach 2.5. Hot-wire data with settling chamber disturbances introduced by a probe
illustrate the sensitivity of the boundary layer to free stream disturbances.

Measurements were made with a 0.015 inch OD Preston tube in the same streamwise
location as the hot-wire (X=6.83) at repeat test conditions, as shown on Figure 11. Again, there
is a slope change in the data which is indicative of transition at a Po of about 7 psia. Notice
that the probe Cp for laminar flow is less at Mach 2.5 than at Mach 1.6 as expected. The size
of the Preston Tube was reduced to take account of the thinner boundary layer thicknesses at
Mach 1.6. On Figure 12, data from a larger 0.029 inch OD Preston tube are shown at different
X locations to confirm this situation. Only one of these 0.029 inch probe OD data sets indicates

transition downstream of the test section (at X=8.38), because the boundary layer is thicker at

this streamwise location.

Flow visualization of the supersonic boundary layer on the floor of the PoC was achieved
by using a novel focusing schlieren technique with our original polycarbonate windows.
Unfortunately, the reduction in light intensity due to these windows made boundary layer
density gradients indistinct and glass inserts were fitted to improve the visualization. The new
windows allowed our focusing schlieren system (shown on Figure 13) to capture images of the
boundary layer at different Po. The depth of focus of the system was of the order 0.25 inch.
In Figure 14, we compare pictures of the boundary layer on the tunnel centerline, at two values
of Po, after image processing (subtraction of a reference wind-off image and contrast
enhancement). Clearly, the boundary layer at Po = 11 psia is thicker than at Po = 6.8 psia,
contrary to Reynolds number effects. Furthermore, some turbulent bursting is present in the
boundary layer at Po = 6.8 psia (indicative of the transition process) which appears to stop when
Po is approximately 7.2 psia. This observation of transition, of course, compares very well with
our other instrumentation. Furthermore, over the Po range from 7.2 to 1! psia no change in the
boundary layer was observed, so the bursting phenomena is distinct from any other aerodynamic
effects.

Real-time visualization of the floor boundary layer was also obtained using conventional
Toepler schlieren. We made a high speed cine-film (400 fps) of the boundary layer over the
complete Po range, which clearly showed the same turbulent bursting occurring around Po = 7
psia. This further collaborated our previous findings, despite the fact that this schlieren
technique integrates the boundary layer density gradients across the entire width of the tunnel.



Due to size constraints, it was impractical to traverse any probes streamwise through the
PoC test section/nozzle. However, a hot-film array was bonded to the tunnel ceiling so that the
movement of transition with Po could be observed. Care was taken to mount the array so that
the flow over the array would not encounter any surface irregularities, such as the leading edge
of the substrate. The array consisted of 20 hot-films attached to a Kapton substrate (see Figure
15a). A special PoC window was made which allowed one edge of the substrate to protrude
through the window carrying the hot-film signal leads. The window sealed around the substrate
to prevent flow into the tunnel. The substrate was 0.002 inch thick and the hot-film and leads
were less than 0.001 inch thick. The hot-film array was bonded to the ceiling of the PoC
nozzle and test section, as shown in Figure 15b, and extended upstream to the entrance of the
contraction. The hot-film sensors were positioned in the plane of the tunnel centerline at 0.5
inch intervals.

The hot-film signals were monitored one at a time, because only a single specialist
constant-current circuit was available. The hot-films were operated at a current of 125
milliamps, which corresponds to a 1.3 overheat condition. The hot-films could not be operated
in a wind off condition without risk of sensor burnout. The hot-film results are summarized on
Figure 16 for different Po. There is a peak in signal rms for each Po which is due to transition
on the PoC ceiling. These peaks move upstream with increasing Po, in the same manner as the
transition front was observed to move using schlieren visualization. At the location of other test
section flow measurements (X=6.83) transition is shown to occur at a Po of about 6 psia, which
is significantly lower value than found in the floor measurements. Unfortunately, bubbling of
the hot-film array was observed during these hot-film tests, which curtailed further useful
measurements, and may indeed have contaminated all the hot-film data. However, these tests
did confirm that there is a transition front moving the length of the test section walls. No
transition was detected in the nozzle during these tests.

In conclusion, four transition locating techniques have been used in the PoC. Three of
these techniques are in rough agreement. Clearly, laminar flow was being maintained through
the nozzle and part of the test section on the centerline, satisfying one of the requirements of
quiet flow. The actual cause of transition in PoC is not clear. In fact, transition was not
predicted in any part of the PoC test section by CFD analysis. We are sure that more
knowledge will be gained from studying the larger LFSWT. It may then be possibie to delay
the onset of transition until higher Reynolds numbers, above 2 million per foot, as achieved on
flat plates.

Test Section Flow Quality:

Test Section flow disturbance measurements were made in the plane of the PoC nozzle exit
(X=3.47) on the tunnel centerline (See Figure 4). The same total pressure probe fitted in the
settling chamber was used, with a 0.093 inch diameter pressure transducer. The ratio of the
total pressure rms (Prms) to stagnation pressure (Po) is below 0.09% over the entire Po range
(for the frequency range 30Hz to S0KHz). The dynamic pressure data has broadband frequency
response. These data indicate that the test section flow is low disturbance at the entrance over
the Po operating range. As found in the settling chamber measurements, the pressure ratio
(turbulence) increases linearly with Po (See Figure 17). The two data sets are from different
tunnel runs separated only by time. As expected, repeatability at low Po is difficult to achieve
because the signal to noise ratio is very large.

A limited off-centerline survey of the flow at the test section entrance (X=3.47) is shown
in Figure 18. These data indicate that the turbulence at this streamwise location has a
three-dimensional distribution, which is not symmetrical about the tunnel centerline. For the
data taken +0.9 inches from the tunnel centerline, the pitot probe is within 0.05 inch of the
sidewall and is partially immersed in the sidewall boundary layer. Unfortunately, there is no



corresponding turbulence survey of the settling chamber flow to determine if the settling
chamber is the cause of this disturbance three dimensionality observed in the test section. Since
disturbances from the tunnel walls will propergate downstream along Mach lines, the maximum
streamwise displacement of wall/corner disturbance and centerline measurement is 1.396 inches
at Mach 1.6. (Lower Mach numbers in the nozzle will reduce this displacement). So, if
wall/corner disturbances were the cause, the origin of the disturbance must be downstream of
the nozzle throat. Therefore, the disturbances cannot be directly linked to the upstream edges
of the nozzle windows, which are located in the contraction.

Off-centerline surveys of the floor and ceiling boundary layers were made in the PoC test
section using a 0.015 inch OD Preston tube. Measurements were made at three streamwise
locations on the floor (X=4.52, 6.83, and 8.38) and one streamwise location on the ceiling
(X=6.83). The floor Preston tube data are shown on Figures 19a, 19b and 19c over the Po
range. At X=4.52, the boundary layer appears two-dimensional out to between +0.5 and +0.75
inches from the centerline. At X=6.83, the boundary layer has some symmetry about the plane
of the tunnel centerline, but two-dimensionality is within 0.25 inch of the centerline. At
X=8.38, the two-dimensionality of the boundary layer extends out to between +0.25 and +0.5
inch from the centerline. Interestingly, the flow should be shocking down at this downstream
location, when Po is less than 6 psia (See Figure 5), but this is not shown in the pressures. Data
near the sidewall/floor corner shows that the probe Cp asymptotes to about 0.5 for Po greater
than 6 psia. The sidewall induced boundary layer flows described by King® may be responsible
for this behavior, and more studies are planned in the larger LFSWT to improve our
understanding.

The off-centerline boundary layer survey on the PoC ceiling at streamwise location X=6.83
is shown on Figure 20. As measured on the floor (See Figure 19b), the boundary layer exhibits
some symmetry about the plane of the tunnel centerline with limited two-dimensionality on the
tunnel centerline. There are differences between the floor and the ceiling surveys at the same
streamwise location. The cause of these differences is not known, but the removal and
replacing of the PoC windows to change the location of the probe may have been a factor.

There are several conclusions to be drawn from these measurements. Firstly,
two-dimensional quiet flow is restricted in the PoC. Secondly, no propagation of disturbances
can be inferred from the data. Finally, more research is required to realize the clearly defined
quiet test core envisaged in quiet wind tunnels, as shown on Figure 21.

LESWT Support:

As project engineer for the LFSWT, the Principal Investigator has defined the aerodynamic
lines of the new LFSWT, which have been published in a Requirements Document (See
Appendix A). Detailed design of the LFSWT was started by NASA engineers in January 1992
and was finally completed in February 1993. During this period, constant supervision of the
design was required due to inadequate design management. The only changes to the design
during this period were the installation and size of the secondary injectors based on PoC
research. Weekly progress meetings were essential to co-ordinate activities.

Fabrication of the LFSWT started in September 1992 and has involved overseeing the
machining of the nozzle in Tennessee. The tunnel installation was on schedule at the end of
this contract period. The time spent by the Principal Investigator and others in checking the
LFSWT drawings and ensuring accuracy has saved an enormous amount of time in the machine
shop. Furthermore, the machine shop has now adopted a improved scheme for tracking the
progress of a project based on our requirements for meeting schedules and budgets.

I participated in several meetings with the NASA Ames Director of Aerophysics, Dr. Ron
Bailey through the year. In these meetings, I was responsible for presenting an update of



PoC/LFSWT technical issues. The continued financial support of Aerophysics Directorate relies
on the success of these meetings.

The main features of the LFSWT will be laminar flow on the nozzle and test section walls
at low supersonic Mach numbers, a low-disturbance settling chamber (See Figure 9), all-round
optical access to the test section, nozzle/test section vibration isolation, and a two-stage
ambient injector drive system. The design philosophy includes important features for research
flexibility which simplify configuration changes and improve access to the nozzle and test
section. The fixed nozzle block is designed according to the methodology of Riise. This design
makes the nozzle long relative to the exit height (23.376 inches in length) with minimized
curvature (minimum radius of curvature is order 56 inches) which is known to promote natural
laminar flow. The contraction shape is a fifth order polynomial to eliminate flow separations
and is 48 inches long in the vertical plane and 20 inches long in the horizontal plane. The
nozzle/contraction is designed as one component so there are no steps or gaps on the floor and
ceiling of the nozzle. The steps and gaps between the nozzle and the test section are being held
to 0.00! inch or less. Surface finish of the nozzle will be to a 10L standard. We consider these
requirements are essential to maintaining natural laminar flow through the LFSWT test section,
even at low Reynolds numbers.

Instrumentation Development:

During this contract period, instrument development work has concentrated on Schlieren
flow visualization. The results of which have been previously described (See Figure 14).

We now have a mark III version of our Focusing Schlieren system (shown on Figure 13)
which is based on a design by Weinstein of NASA Langley.” We have improved the optical
components and the mounting hardware, so that the system is more permanent and repeatable.
In addition, glass window inserts were fitted in the PoC to reduce out-of-focus images and
increase illumination intensity. This change and increased separation between optical
components made the schlieren system sensitive enough to visualize supersonic boundary layers
with small density gradients at low stagnation pressures. Nevertheless, the boundary layer image
captured on a single frame is difficult to see and requires image processing to improve image
contrast. High speed video (200 fps) has proved to be successful and gives a clear view of
transition bursting.

The small size of PoC has been a limiting factor during this development work. It is hoped

that the LFSWT will open up new opportunities for flow visualization with extensive nozzle/test
section optical access.

State-of -the-Art Appraisal:

The ongoing library search continues in the following topics: supersonic wind tunnel and
nozzle design; surface temperature effects on transition; effects of surface shape and roughness
on transition; supersonic mixing layers; supersonic diffusers; transition detection
instrumentation. This task is simplified by use of STAR and NOVA combined with a PC
computer database, created by the Principal Investigator. This database provides immediate
access and sorting of all citations for extraction of information and cataloging. Currently, the
database contains 842 citations. The most informative citations concerned turbulence
measurements in quiet tunnels, as we start to build a consensus on how to quantify the term
quiet.

An important aspect of appraising the State-of-the-Art is meeting other scientists at
conferences. During the period of this report, I participated in the AIAA 7th Aerospace




Ground Testing Conference held in Nashville, Tennessee during July 1992, the International
Conference on Methods of Aerophysical Research in Novosibirsk, Russia during
August/September 1992, the European Forum on Wind Tunnels and Wind Tunnel Test
Techniques held at Southampton, England during September 1992, and the Symposium on
Aerodynamics and Aeroacoustics held in Tucson, Arizona during February/March 1993. In
addition, I visited NASA Langley to discuss quiet wind tunnel testing and instrumentation
development with our East coast counterparts. I was fortunate to meet with many scientists
from the Commonwealth of States (formally the USSR) and Europe. From discussions with
these scientists, I was able to learn that there are some partially quiet supersonic tunnels in their
respective countries. The only existing quiet supersonic tunnels, as we define them, are
operating in the USA (NASA-Langley) and France (ONERA) at Mach numbers of 3 and above.
Consequently, the LFSWT will provide NASA with a unique testing capability during 1993.

Publication_and Presentations

During this contract period, I presented four papers which are attached as Appendices B-E.
The first paper was an invited paper which I presented to the AIAA 7th Aerospace Ground
Testing Conference held in Nashville, Tennessee during July 1992. This AIAA paper no.
92-3909 is entitled DEVELOPMENT OF THE NASA-AMES LOW DISTURBANCE
SUPERSONIC WIND TUNNEL FOR TRANSITION RESEARCH UP TO MACH 2.5. The
abstract is as follows: '

A unique, low-disturbance supersonic wind tunnel is being
developed at NASA-Ames to support supersonic laminar flow
control research at cruise Mach numbers of the High Speed Civil
Transport (HSCT). The distinctive aerodynamic features of this
new quiet tunnel will be a low-disturbance settling chamber,
laminar boundary layers on the nozzle walls and steady supersonic
diffuser flow. Furthermore, this new wind tunnel will operate
continuously at uniquely low compression ratios (less than unity).
This feature allows an existing non-specialist compressor to be
used as a major part of the drive system. In this paper, we
highlight activities associated with drive system development, the
establishment of natural laminar flow on the test section walls, and
instrumentation development for transition detection.
Experimental results from an 1/8th-scale model of the supersonic
wind tunnel are presented and discussed in association with
theoretical predictions. Plans are progressing to build the
full-scale wind tunnel by the end of 1993.

At the International Conference on Methods of Aerophysical Research in Novosibirsk,
Russia during August/September 1992, I presented a paper entitled Design Features of a
Low-Disturbance Supersonic Wind Tunnel for Transition Research at Low Supersonic Mach
Numbers. The abstract is as follows:

Low-disturbance (or *‘quiet’) supersonic wind tunnels are now
considered essential for high speed transition research, many years
after the fact. This paper will describe progress in the
development of a new-generation low-disturbance wind tunnel,
which can operate continuously up to Mach 2.5, at low unit
Reynolds numbers (Re). These test conditions match the
anticipated High Speed Civil Transport (HSCT) cruise conditions
and also the flight conditions of the NASA F-16XL research
aircraft used in the High Speed Research Program (HSRP). The
tunnel, called the Laminar Flow Supersonic Wind Tunnel




(LFSWT), is scheduled to be on-line before the end of 1993 at
NASA-Ames Fluid Mechanics Laboratory (FML).

At the European Forum on Wind Tunneis and Wind Tunnel Test Techniques held at
Southampton, England during September 1992, I presented an extended version of the above
paper entitled Design Features of a Low-Disturbance Supersonic Wind Tunnel for Transition
Research at Low Supersonic Mach Numbers. The abstract is as follows:

A unique, low-disturbance supersonic wind tunnel is being
developed at NASA-Ames to support supersonic laminar flow
control research at cruise Mach numbers of the High Speed Civil
Transport (HSCT). The distinctive design features of this new
quiet tunnel are a low-disturbance settling chamber, laminar
boundary layers along the nozzle/test section walls, and steady
supersonic diffuser flow. This paper discusses these important
aspects of our quiet tunne! design and the studies necessary to
support this design. Experimental results from an 1/8th-scale
pilot supersonic wind tunnel are presented and discussed in
association with theoretical predictions. Natural laminar flow on
the test section walls is demonstrated and both settling chamber
and supersonic diffuser performance is examined. The full-scale
wind tunnel should be commissioned by the end of 1993.

Finally, I presented an invited paper entitled Adaptive Wall Technology for Minimizing
Wind Tunnel Boundary Interferences - Where Are We Now? at the Symposium on
Aerodynamics and Aeroacoustics held in Tucson, Arizona during February 28/March 2, 1993 to
commemorate Professor Bill Sear’s 80th birthday. The abstract is as follows:

The status of adaptive wall technology to improve wind tunnel
simulations for 2- and 3-D testing is reviewed. This technology
relies on the test section flow boundaries being adjustable, using a
tunnel/computer system to control the boundary shapes without
knowledge of the model under test. This paper briefly overviews
the benefits and shortcomings of adaptive wall testing techniques.
A historical perspective highlights the disjointed development of
these testing techniques from 1938 to present. Currently
operational transonic Adaptive Wall Test Sections (AWTSs) are
detailed, showing a preference for the simplest AWTS design with
two solid flexible walls. Research highlights show that quick wall
adjustment procedures are available and AWTSs, with impervious
or ventilated walls, can be used through the transonic range up to
Mach 1.2. The requirements for production testing in AWTSs are
discussed, and conclusions drawn as to the current status of
adaptive wall technology. In 2-D testing, adaptive wall technology
is mature enough for general use, even in cryogenic wind tunnels.
In 3-D testing, this technology is not been pursued aggressively,
because of the inertia against change in testing techniques, and
preconceptions about the difficulties of using AWTSs.

Summary of Progress

1) The LFSWT project is in the fabrication stage and the wind tunnel should be running at
Mach 1.6 in June 1993.

2) We have documented natural laminar flow on the PoC test section walls up to a unit



Reynolds number of about 2 million per foot at Mach 1.6, using a variety of
measurement techniques.

3) The PoC settling chamber is low-disturbance with turbulence less than 0.2%.

4) The PoC test section flow is quiet (turbulence less than 0.1%) on the nozzle exit
centerline.

5) Off-centerline PoC measurements show three-dimensionality in the test section flow
which will require further investigation in the LFSWT.

6) An efficient tunnel drive system has been developed for Mach 1.6 operation of the
LFSWT, using two stages of ambient injectors.

7 An array of instrumentation for transition detection is available for use in the LFSWT
when the new tunnel comes on-line.

8) Focusing schlieren has been used successful to observe the transition phenomena in a
supersonic boundary layer.
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Table 1 - PoC Mach 1.6 Nozzle and Contraction Coordinates
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Fig. 1 - Layout of the Laminar Flow Supersonic Wind Tunnel
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APPENDIX A




Requirements Document

for the

Laminar Flow Supersonic Wind Tunnel

in the

Fluid Mechanics Laboratory
NASA, Ames Research Center

Moffett Field, California

April 15, 1992

by: Jim Laub

Stephen Wolf
Lyn King
Dan Reda



~ Purpose and Scope

The purpose of this Requirements Document is to serve as a guide for Code E
to design and fabricate the Laminar Flow Supersonic Wind Tunnel (LFSWT).
The LFSWT will operate continuously at Mach 1.6 over a stagnation (Po)
pressure range from 5 to 20 psia. This document will be reviewed
periodically and will be revised as the need arises and is agreed upon by the
design engineering project manager and the research team project manager.

The scope of this document establishes the parameter guidelines from which

this facility is to be designed. Specifically, this guide provides:

1. Divides the wind tunnel components into logical work packages

2. A description of each design package

3. Describes areas of concern

4. Identifies the person (s) responsible for designing each component
and the RFR interface
Specifies the estimated design schedule for each component
Specifies the estimated design cost plus a 20% Code E contingency

7. Specifies the parameters and tolerances required for a successful

design

It should be noted that all schedule and cost estimates have been generated
through Code EEF supplied data and are based on the best information
available at the time. These estimate are subject to change as more current
information becomes available. Further, all of the design parameters have
been supplied by the LFSWT project team. These parameters will become
more refined as research continues but will remain basically unchanged.

® o

This Requirements Documént, dated April 1992, contains the official design
requirements for a Mach 1.6 LFSWT in the FML.
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3.1

3.2

3.3

3.0 Black Box

Description

The Black Box is the first pressure reducer and flow conditioner
located upstream of the Settling Chamber. This component will
attach to the settling chamber through an adaptor and is proposed
to contain a number of porous cylindrical pressure reducing
components. These components, coupled with a possible
honeycomb flow straightener is expected to enhance the flow
conditioning requirements placed upon the Settling Chamber.

Area of Concern:

Being designed as the first pressure reducer, it is important that
the Black Box drops the inlet conditioned air pressure and
velocity from a pressure of ~40 psia to the required pressure
equal to the desired stagnation pressure (Po) set point plus the
pressure drop across the Setting Chamber flow conditioning
components. The integrity of the Black Box must be capable of
continuous operation at up to 21 Ibs/sec flow rates while
reducing pressure without collapsing or rupturing internal flow
conditioning components.

Task Assignment: Customer Interface:
Gary French Steve Wolf/Jim Laub

3.4 Design Schedule: 2/92 through 4/92

« Engineering: 100 hrs. _ « Drafting: 120 hrs.
« Estimated Design Cost $9,240

3.5 Design Parameters: To be determined by design engineer.

- When operating at sub atm pressures, the Black Box cannot
leak.

» Length: 25"

« Overpressure relief device may be required. The relief device
must be capable of pressure cycling on the order of 5 to 60
psia.

+ Operating range, 5 to 60 psia and air flows up to 21 Ibs/sec.

« Modular design for maintenance purposes

» Vibration isolation between settling chamber and the Black Box

« Minimum inlet pressure is 20 psia at 5.66 Ibs/sec. flow.

Ot hha g B otae ol o b



4.1

4.0 Settling Chamber

Description:

The Settling Chamber (SC) is the primary flow conditioning
component. The flow enters the SC from the Black Box and exits
at the desired Po. The air will flow through a; Rigimesh (Type Z)
flow spreading cone, Rigimesh (Type Z) sheet, honeycomb, and
four screens. The SC must be of modular design such that screens
can be added or removed as dictated by pressure drop
requirements, flow quality .at a given Po and maintenance.

4.2 Areas of Concern:

1. Maximum length ,

2. Cone integrity and flow requirements (max flow=21 Ibs/sec)

3. Flexibility for component array changes as needed

4. Number of components necessary to provide low-disturbance
free stream at the contraction entrance

5. Ease of maintenance ‘

4.3 Task Assignment: Customer Interface:

Gary French Steve Wolf/Jim Laub

4.4 Design Schedule: 2/92 through 7/92

« Engineering: 200 hrs. « Drafting: 300 hrs.
+ Estimated Design Cost $21,000

4.5 Design Parameters:

+ Maximum length 164.69”
*  Minimum length 92.69"
« SC C/L height 72" above floor
« Mating surface between SC and entrance to contraction
must be flush to £ 0.001" -
» Cone housing length = 56.69"
+ Honeycomb length = 12" £0.015" having no seams
+ Total length of screen holders = 96" max.
24" min.
+ The screen holding area length of the SC must be adjustable to
96"
« Honeycomb core size = 0.25”
« Screen = 42 mesh, 40.9% sclidity. Min. screen separation = 1”




5.1

5.2

5.8

5.4

5.5

5.0 N'ozz!e/Contraction

Description:
The nozzle/contraction consists of a three-dimensional
contraction, a two dimensional throat and the supersonic nozzle.
The nozzle/contraction accelerates the low disturbance SC flow
to Mach 1.6 at the nozzle exit. At this time, one nozzle (M=1.6) is
required. However, this nozzle must be designed in such a manner
as to allow for easy and quick interchange with future nozzles.
The support structure should be designed to accommodate the
possibility of a future flexible plate nozzle with upper and lower
wall accessibility. The air flow should see no joints on the upper
or lower walls of the nozzle/contraction. Optical access is
required through both side walls using Zelux-W polymer material
for the windows. Instrumentation and probe access is required on
the sidewalls.
Areas of Concern:
1. Surface finish requirements
2. Shape conformity
3. Joint with test section
4. Ease of nozzle change
5. Leakage around window
Task Assignment: Customer Interface:
Dan Kalcic Steve Wolf

Lyn King/Jim Laub
Design Schedule: 2/15 through 5/15
« Engineering: 212 hrs « Drafting: 120 hrs.
« Estimated Design Cost  $13,944
Design Parameters:

+ Inlet size: 39.24" +0.015" square

« OQverall contraction length to nozzle throat: 48.0" +0.015"

« Nozzle width: 16" +0.005" continuous

- Nozzle length (M=1.6)= 27.376" #0.005" -

- Nozzle exit height: 8" +0.005" continuous and parallel Spanwise




« Contraction and nozzle finish = 10L = 0/4

+ Steps and Gaps should not exceed +0.001”"

« Nozzle shape and contraction contour for M=1.6 supplied to
Code E separately

« Zelux-W polymer windows extending from US of the throat
through the test section and overlapping the nozzle walls

All walls and windows must seal leak tight

The 5 th order Polynomial formula for the contraction sidewall,

floor and ceiling follows:

All dimensions are in inches
Sidewalls
° Y= -69.72 (X/L)5 + 1743 (X/L)* -116.2 (X/L)® + 19.62
where L = 20" = Length of contraction and X = 0 to 20”

Floor & Ceiling
° Y= -98.7882 (X/L)5 + 246.9705 (X/L')4- 164.647 (X/L')3
+19.62 i
where L'= 48" and X = 0 to 48" i

-———




6.0 Test Section

6.1 Description
The LFSWT will require two test sections (TS) for the M=1.6
case. One TS will be used for calibration purposes and will be
instrumented accordingly. The second will accommodate a model
and be appropriately instrumented. Both TS's will require flow
visualization from all sides. The calibration TS will require an
adjustable supersonic diffuser and an instrumentation probe
capable of traversing into the nozzle for boundary layer as well as
free stream measurements. The test, TS will require a model
support system. '

6.2 Areas of Concern: : :
« TS vibration isolation from the supersonic diffuser and primary
injectors
« Flow visualization of all walls
« Model support '
«  Will tunnel start with a swept wing mounted in the TS?
« Traversing probe capable of entering the nozzle throat area
« Easy access and removal/replacement

6.3 Task Assignment: Customer Interface:
Dan Kalcic Dan Reda/Lyn King
Steve Wolf/Jim Laub

6.4 Design Schedule and Man hrs. 2/92 through 4/92
+ Engineering: 164 hrs. » Drafting: 120 hrs.
« Estimated Design Cost $11,928

6.5 Design Parameters:

* Inlet size = 8" high x 16" wide

« TS length = 32" .
+ TS wall divergence = 0.25° Top & Bottom

« TS C/L height = 72" above floor

« Exit size = 8.638" high x 16" wide

« TS roughness = L10 £0/4

« Steps and Gaps should not exceed +£0.001"

« All walls must seal leak tight

» Zelux-W polymer windows are required on all four walls.



7.1

7.2

7.3

7.4

7.0 Supersonic Diffuser
Description: _
The two-dimensional supersonic diffuser (SSD) is the area in
which the supersonic flow from the TS is slowed and press.
recovery begins. The SSD shall be of modular design such that it
can be removed. or attached to the TS without affecting the
operation of the primary injectors. It will be necessary to design
the SSD for adjustable height due to model blockage in the TS.
The SSD will have to be at its greatest area ratio with respect to
the TS during the wind tunnel start and then decrease to
compensate for mode! blockage. Optical access will be required
of the SSD using the same Zelux-W polymer windows
aforementioned.

Areas of Concern:

1. Leaks

2. Speed and freedom of movement

3. Adjustment and calibration procedures

Design Task Assignment: Customer Interface:
Brooke Smith/Gary French Steve Wolf/Lyn King
Jim Laub

Design Schedule: 2/92 though 4/92
« Engineering: 240 hrs. - Drafting: 160 hrs.
+ Estimated Design Cost $16,800

7.5 Design Parameters:

+ SSD length = 41"

* Minimum throat height = 6.056" +0.005 and walls must be
parallel spanwise

« Maximum ramp height = 1.112" +0.005

- Floor and ceiling wall divergence = 0.25°

+ Raising and lowering of the SSD during operation is necessary.
A +0.005" tolerance is required on final position

« Ramp length = 8" ' '

« Variable exit cross-section = 6.344"-8.638" high; 16" wide

« The SSD must be leak tight.

Vibration isolation from the TS is required

Modular design to accommodate ease of removal/replacement

Zelux-W polymer windows in the sidewalls.

6
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8.1

8.2

8.3

8.4

8.0 Primary Injector

Description:

The drive system consists of the primary and secondary stages of
ambient  injection and a supersonic diffuser. It is imperative
that structural vibrations due to the drive system be isolated
from other components of the wind tunnel. It is also required
that total access to the TS not be compromised by the primary
injectors.

The primary injectors must have an adjustable throat to optimize
fine tuning of both mass flow and Mach#. In the M=1.6 case, only
the primary injectors are needed. Consequently, a higher mass
flow and lower M# is required, not so in the M=2.5 case. The
primary injectors must therefore be designed to accommodate a
range of M=1.8 and 2.2 and a total mass flow of 62-124 |bs/sec
flow.

Areas of Concern: )

1. What is the baseline operating condition of the primary
injectors at M=1.67 '

2. Adjustment procedure and calibration

3. Ability to repeat Mach #/mass flow

3. \Vibration is of major concern
« The primary injectors must be isolated from TS.
« Primary injector flow is unstable so structural

vibration is expected to be high.

Task Assignment: Customer Interface:
Brooke Smith/Gary French Steve Wolf/lJim Laub

Design Schedule: 3/92 through 7/92
« Engineering hrs.: 240 » Drafting hrs.: 240
« Estimated Design Cost: $20,160

R O PV )



8.5

Design Parameters:

Variable Throat Area range=  90-180 sqg. in.

Variable Exit Area range= 169-338 sg. in.

Mach# Range= 1.8-2.2

Variable Exit Cross Section= 16" wide X 10.56"- 21.12" high
Throat Length to Exit= 32"

Injection. angle (relative to WT C/L)= 10°

Total mass flow range= 62-124 Ibs/sec.

Instrumentation; two static pressure taps on C/L of each
injector one inch apart. The first tap should be located two
inches US of the exit and the second, one inch US of the exit.

Tolerance= 0.015"

Zero leak rate DS of throat

Throat requires a 32 finish

Access is required to the injector throat and exit area for on-
site calibration ‘

An injector measurement system is required for movement of
injector components to pre-determined positions.  Position
repeatability is essential.
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9.1

9.2

9.3

9.4

9.5

9.0 Mixing Region

Description: A

The Mixing Region (MR) is a rectangular shaped flow duct in which
pressure recovery and free stream jets from the dual primary
injectors and test section join.

Areas of Concern:
» Leaks

Task Assignment: 2/92 through 3/92
» Brooke Smith/Gary French « Customer Interface:
Steve Wolf/Jim Laub

Design Schedule and Man/hrs.
« Engineering: 25 hrs. » Drafting: 30 hrs.
+ Estimated Design Cost: $2,310

Design Parameters:

« MR length = 51.68"

« Exit cross section = 41.246" high X 29.742" wide

- Provide 3 pressure taps on the C/L of a side wall and on the
exit plane of the SSD and both primary injectors.

+ The MR must be leak tight.




10.0 Secondary Injectors

10.1 Description:
The secondary injectors are designed to assist the primary
injectors pull the free stream flow through the TS at Mach
numbers up to 2.5 and at lower Po’s, down to 5.0 psia. Without
the secondary injectors, the Mach number and mass flow of the
primary injectors fail to meet the Po=5 criteria at Mach numbers
2 2.0. It should be noted that design of the secondary injectors is
important for future Mach number requirements of the LFSWT.
However, fabrication will not be performed as previously
scheduled. The secondary injectors will not be required for the
M=1.6 case.

10.2 Areas of Concern:
+ Flexible design to meet future research requirements
* FML roof loading requirements based on injector inlet weight

10.3 Task Assignment: « Customer Interface:
Brooke Smith/Gary French Steve Wolf/Jim Laub

10.4 Design Schedule and Man/hrs: 3/92 through 7/92
« Engineering hrs.: 120 « Drafting hrs.: 120
+ Estimated Design Cost: $10,080

10.5 Design Parameters

« Throat area (mass flow: 34.65 Ibs/sec) 106 sq. in. +0.005"

+ Exit area (Mach =1.6) 152.53 sqg.in £0.015

« Exit Cross Section = 41.246" high X 3.698” wide

« Throat to exit length = 20"

.+ Throat to exit finish should be 32

 Injection angle (relative to C/L) = 10°

« Total mass flow = 69.3 Ibs/sec

+ Length of sidewall flare section = 12"

+ Provide 3 pressure taps on each injector C/L, one inch apart
working US from the exit plane. '

- Secondary Injector attachment points must be sealed leak tight
and must be faired smooth at the exit area.

10




11.1

'+ The SsD must be isolated from US components.

11.0 Subsonic Diffuser
Description:
The subsonic diffuser (SsD) is the last component of the wind
tunnel before flow enters the manifold. The function of the
subsonic diffuser is to decelerate the injector and test section
flows to subsonic speeds before reaching the isolation valve
separating the wind tunnel from the manifold. The diffuser will
change in geometry from rectangular to round and will pierce the
test cell east wall. The flow entering the SsD is inherently
unstable and will generate substantial loads.

Area of Concern:
 Vibration loads

P

Task Assignment: « Customer Interface: ¥
Robert Press . Steve Wolf/Jim Laub ‘

Design Schedule and Man/hrs: 3/92 through 4/92
« Engineering hrs.: 50 - + Drafting hrs.: 60
« Estimated Design Cost: $4,620

Design Parameters:

* Inlet cross-section = 41.246" high X 36.758" wide

 Outlet cross-section = 60" diameter with flange bolt pattern to
match 60" isolation valve bolt pattern.

- Length with 7°total angle = 190"

« Inlet C/L height = 72" above floor

« Exit C/L height = 83" above test cell ground level

« C/L inclination =  3.3°

- Design for high vibration loads and acoustic fatigue

11




12.0 Controls

12.1 Description:
The control system for Test Cell #1 is unique in the FML. It will
provide safe control and operation of the HPA as well as provide
accurate control of test parameters for the LFSWT. The Genius
based system will allow remote opening and closing of the 60"
wind tunnel/manifold isolation valve and remote "E" stop of
compressor. The control system will not replace the current blue
wall mounted control box but will complement it though an
umbilical cord that will extend from the bottom of the blue box to
a researcher selected remote site. The control system is based
on the FML Genius system and is complemented by Intouch man/
system interface software running on a 486/33 mHz PC.

12.2 Areas of Concern:
« HPA system control, safe and orderly start and shutdown
« Fail safe operation of the HPA system
» 60" isolation valve control and fail safe mode
» Stability of settling chamber Po and To set points

12.3 Task Assignment: « Customer Interface:
David Wong Dave Yaste/Steve Wolf/Jim Laub

12.4 Design schedule and Man/hrs.: 1/92 through 3/92
‘ » Engineering hrs.: 200 « Estimated Design Cost: $8,400

12.5 Design Parameters
« Two second air tight closure of 60" isolation valve
» Control of settling chamber set point pressure (psia) to the
second decimal place
- "E" stop of HPA system, closure of 60" isolation valve
+ Closure of 60" isolation valve, orderly shutdown of HPA
system

12
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13.0 General
13.1 Description:
The general package of this requirements document pertains to
the following:
.« Maximum lengths of the wind tunnel
- Support structure, inside and outside of TC #1
« Building Mods

13.2 Area of Concern:
« Ease of WT individual component removal and reinstallation
+ Research flexibility compromise
» Roof loading of the secondary injector intakes
- Bending moment and seismic loading of wind tunnel/manifold
and support structure

13.3 Task Assignment: « Customer Interface:
Ray Shuler/Robert Press Jim Laub /Steve Wolf

13.4 Design Schedule and Man/hrs.: 4/92 through 7/92
« Engineering hrs: 100 « Drafting hrs: 200
+ Estimated Design Cost: $12,600

13.5 Design Parameters:

« Test Cell length: 38

- Distance between test cell east wall and 60" valve flange
=107"

» Maximum length of LFSWT in High Bay= 42.74”

« Maximum total length of LFSWT= 49.312'

13




14.0 Project Management

14.1 Project Manager: Jim Laub
° Project Engineer: Steve Wolf
° Project Coordinator: Amy Lacer
° Project Consultants: Lyn King (CFD), Dan Reda

(Transition) and Dave Yaste (Controls and Facility Mods)
14.2 Project Manager Code E Design:
« Owen Greulich: 234 hrs. : Estimated Cost: $9,828
« Bob Meneely (Consultant): 390 hrs.: Estimated Cost: $16,380

14.3 Total hrs.: 3,745 + Total Estimated Design Cost:
° EMY: 1.99 ’ ° $157,290
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15.0 Summary

This document has been written to satisfy the need for guidelines to design
and fabricate a LFSWT-l. It should be noted that all parameters of design are
to be held to the specific tolerance quoted (+ 0.015") unless otherwise

specified.

This Design Requirements Document contains the following:
« Specific guidelines & numeric parameters for design

« The name(s) of the individuals assigned to a specific design task. It
also names the customer (RFR) interface

« An estimated start/design task completion date
« An EMY and design cost estimate
It is recognized that both Code EEF and Code RFR have the right to amend any

part or parts of this design package document upon agreement of/by both
parties for the success of the project.
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DEVELOPMENT OF THE NASAl-AMES LOW-DISTURBANCE SUPERSONIC WIND
TUNNEL FOR TRANSITION RESEARCH UP TO MACH 2.5

Stephen W.D. Wolf‘, James A. Laub”. Lyndell S. King”‘, and Daniel C. Reda*
Fluid Mechanics Laboratory
Fluid Dynamics Research Branch
NASA Ames Research Center
Moffett Field, California 94035-1000

Abstract

A unique, low-disturbance supersonic wind tunnel is being
developed at NASA-Ames to support supersonic laminar flow
control research at cruise Mach numbers of the High Speed
Civil Transport (HSCT). The distinctive aerodynamic features
of this new quiet tunne! will be a low-disturbance settling
chamber. laminar boundary lavers on the nozzle walls and
steady supersonic diffuser flow. Furthermore, this new wind
tunnel will operate continuously at uniquely low compression
ratios (less than unity). This feature allows an existing non-
specialist compressor to be used as a major part of the drive
system. In this paper, we highlight activities associated with
drive system development, the establishment of natural laminar
flow on the test section walls, and instrumentation
development for transition detection. Experimental results
from an 1/8th-scale model of the supersonic wind tunnel are
presented and discussed in association with theoretical
predictions. Plans are progressing to build the full-scale wind
tunne! by the end of 1993.

vmbols
o
Cp Pressure coefficient (YPMe=/2)
Me Free stream Mach number

P Local static pressure

Po Tunnel stagnation pressure

Pe Exit (manifold) total pressure

Prms Pressure measurement rms

Re Unit Reynolds number per foot

To Tunnel stagnation temperature

u Local velocity in boundary layer

Ue Free stream velocity

X Streamwise position relative to Mach 2.5 nozzle throat
station (positive downstream)

v Ratio of specific heats

1. Introduction

Aerodynamicists now consider the use of a low-
disturbance or “quiet” wind tunnel as an essential part of
meaningful boundary layer transition research at supersonic
speeds. This realization is based on many years of experience
with old “‘noisy” supersonic wind tunnels, and a growing
respect for the pioneering research of Laufer'? at the Jet
Propuision Laboratory (JPL) from the mid-1950s to the early-
1960s, and the work of Pate and Schueler’ in the late-1960s.
This situation has provided the impetus for the development of
a new, unique, continuously-operating Laminar Flow
Supersonic Wind Tunnel (LFSWT) in the Fluid Mechanics
Laboratory (FML) at NASA-Ames. This LFSWT concept is
based on the now decommissioned (but soon to be rebuilt) JPL
20-inch supersonic wind tunnel, which is the first documented
quiet supersonic wind tunnel.* The proposed test envelope for
the LFSWT was chosen to cover a significant portion of the
HSCT operating envelope with a Re range of | to 3 million
per foot and a Mach number range from 1.6 to 2.5. Also, the
LFSWT test envelope will cover the test conditions flown by
NASA F-16XL aircraft in support of Supersonic Laminar
Flow Control (SLFC) studies, as shown in Figure 1.

. R h Sci MCAT | Senior Mcmber AIAA.
**  Facility Operations Manager, Fluid Dynamics Rescarch Branch.
Rescarch Scientist, Fluid Dynamics Rescarch Branch. Member AIAA.

+ Senior Research Scientist, Fluid Dynamics Rescarch Branch. Assoc. Fellow AlAA,

This paper is declared a work of the U.S. Government and
is not subject to copynght protection in the United States

5.0 T T T T T T T T T
8
3 4 HSCT|
£ 43 Proposed LESWT
g Test Envelope PN
S 40+ TN
c Lt -.\_- N
2 ;5 I[F-16XLSLEC Tesss O N
e 47.000-55,000 feet N
o 304+ \ S
e Py
o o N\
g 5T . N\
5 N
2 20— ,
'g .\\‘ ~
2 s+ _
> v
< o+ o
£
- et
LU 12 14 16 18 20 22 24 26 28 30

Mach number

Proposed LFSWT test envelope compared with the
[light envelopes of the HSCT at cruise and the F-
16XL SLFC [light tests.

Fig. | -

The LFSWT is currently being designed as a research
tunnel with an 8 inch (20.32 cm) high, 16 inch (40.64 cm)
wide and 32 inch (81.28 ¢m) long test section, sized to operate
at mass flows up to 21 Ibs/sec (9.5 kg/sec). The use of
existing support equipment (the FML indraft compressor and
the NASA-Ames 3000 psi (207 bar) dry air supply) will
significantly reduce the project costs, and will allow the
LFSWT to be brought on-line more rapidly to impact the
critical technology development phase of the HSCT before
1997.

The decision to use the FML non-specialist indraft
compressor to power the LFSWT created several technical
concerns. The FML compressor has a measured capacity of
228,000 icfm (about 143 ibs/sec - 65 kg/sec with a minimum
Pe of 8 psia - 0.55 bar) and a pressure ratio of 1.8:1.
Consequently, to achieve the low end of the Re range, the
LFSWT must operate with a Po which is less than the
minimum Pe. This means that the LFSWT compression ratios
will be uniquely less than unity (Po/Pe down to 0.625:1 with
Re = | miilion per foot at Po = § psia - 0.34 bar). So, the
utilization of the FML compressor precludes the use of a
conventional drive system to achieve the desired Re range.
Consequently, a novel drive system was developed using an
1/8th-scale mode! of the LFSWT, which we call the Proof-of -
Concept (PoC) supersonic wind tunnel. The initial PoC drive
system is described in detail by Wolif et al® and requires less
than half of the normal run compression ratio. The drive
system works by using compressor mass flow capability (which
greatly exceeds the mass flow necessary for the test section
flow alone) to drive two stages of ambient injectors, which
pull the flow through the test section at low Po. Two stages
of injectors became necessary so that the primary injectors
could operate at a higher Mach number, which then lowered
the exit pressure of the test section flow and ailowed the PoC
to operate at a lower Po.



This paper contains a brief description of PoC and its
recent modifications for drive system tuning and quiet flow
studies to aid the LFSWT design process. We describe the
ongoing combination of theoretical and experimental research
efforts to ensure there is quiet flow in the LFSWT. While we
use the PoC for laminar flow studies, we are also developing
and gaining experience with the latest instrumentation for
transition research. This experience will aid our development
of quiet nozzles, improve flight test measurements, and also
give FML the tools required for future transition research
when the LFSWT comes on-line. This activity is discussed
with particular reference to hot-wires, hot-film gages,
focusing schlieren, and liquid crystal coatings. We intend that
this paper should help others engaged in supersonic transition
research by outlining the important aspects of developing a
State-of-the-Art supersonic transition research facility.
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Fig. 2 - A schematic layout of the PoC supersonic wind tunnel.
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The aerodynamic lines of the LFSWT are being studied
with the aid of the PoC. A schematic of the PoC layout is
shown in Figure 2 to illustrate the novel dual-stage injector
drive system. It should be noted that the two stages of
injectors are orientated at right angles to one another, from
practical considerations. The PoC test section is 1 inch (2.54
cm) high and 2 inches (5.08 ¢cm) wide. The only nozzle tested
so far is a two-dimensional, fixed-block, Mach 2.5 type,
designed according to the methodology of Riise® used at JPL.
The nozzle design is considered long, with the surface
curvature minimized. The nozzle has a throat to exit length of
5.114 inches (13 cm), with a throat height of 0.38 inch (9.65
mm). The nozzle and test section are made from 6061-T6
aluminum. The flow surfaces along the nozzle are hand
finished to about a 2L standard (roughness height 2
microinches - 0.05 micron). We consider the laminar flow
requirements for the nozzle surface finish at low Re to be less
stringent than those required for the Mach 3.5 Langley Pilot
Quiet Tunnel.” A two-dimensional nozzle was chosen to
minimize focusing of disturbances, due to shape imperfections,
on the tunnel centerline, and also to allow complete optical
access to the nozzle and throat for transition studies associated
with wind tunnel development. The three-dimensional PoC
contraction is 6 inches (15.24 c¢m) long on the floor and ceiling
and 2.5 inches (6.35 cm) long on the sidewalls. The sidewall
contractions are shorter to make the sidewalls parallel upstream
of the nozzle throat for optical access.

The test section is fed with regulated, dried air which
has a dew point of about -50°F (227 K) from the existing
NASA-Ames 3000 psi (207 bar) supply. Of course, the dried
air is essential to eliminate any condensation effects in the test
section, as found in the experimental results discussed later.
The PoC dual-stage injectors draw in ambient air from the
surrounding room. The exit Mach number of the primary

injectors is 2.11, while the secondary injectors operate at Mach
2. The air mass flow ratio between injectors and test section
rises to a massive 27:1 at the minimum Po of 5.4 psia (0.37
bar).

The secondary injectors were originally positioned for

_ convenience 31.24 inches (0.79 m) downstream of the primary

injectors. To shorten the overall drive system, the secondary
injectors were redesigned to allow the separation between
injector stages to be reduced to a minimum of 6.46 inches
(16.41 cm). The new secondary injectors are shown with
minimum stage separation in Figure 3. In addition, a family
of secondary injector nozzie blocks was made to study the
reduction of injector mass flow from the reported 1.648
Ibs/sec to 1.099 Ibs/sec (0.747 kg/sec to 0.498 kg/sec
respectively), with the exit Mach number fixed at Mach 2,
based on previous PoC experience.’

Left Secondary l

Injector

Upper and Lower
Primary Injectors

Fig. 3 - The relative position of the primary and secondary
stages of ambient injectors in the PoC. with the
right-hand secondary injector and window removed.

The PoC was initially fitted with an open two-
dimensional settling chamber. This simple settling chamber
was only adequate for drive system studies. We have now
installed a larger three-dimensional settling chamber equipped

with multiple flow straighteners and conditioners and a

contraction ratio of 12:1 (based on test section area) for low-

disturbance operation. A schematic of the settling chamber is
shown in Figure 4, highlighting its modular design, which
allows component holder interchangeability. The flow velocity
in the settling chamber is 20 fps (6. m/sec) with Po = 15 psia
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Fig. 4 - Schematic of the new PoC settling chamber.

(1.02 bar) and To = 50°F (283 K). Figure Sa shows the new
PoC settling chamber in situ. The settling chamber design is
based on knowledge of the literature, in particular the work of
Beckwith." The versatile design can accommodate boundary
layer suction upstream of the contraction, should this prove
necessary.



The associated three-dimensional contraction was made
integral with a new Mach 2.5 nozzle (the same shape as the
original nozzle®) and a new longer test section/supersonic
diffuser (see Figure 5b). This design removes all hardware
joints on the nozzle floor and ceiling upstream of the test
section. The shape of the contraction was calculated using a
fifth-order polynomial, with zero surface slope and curvature
at the upstream and downstream ends. The new test section is
4 inches (10.16 cm) long (compared to the original length of
0.665 inch - 1.69 cm) with slightly diverging floor and ceiling.
The supersonic diffuser® is unchanged except the ramp height
was increased by 0.019 inch (0.48 mm) to maintain a throat
height of 0.76 inch (1.93 c¢m).

Fig. 5b - A display of new PoC settling chamber components.

We use a porous material in the sertling chamber to
provide both isolation from upstream air supply noise and
turbulence, and a means to spread the inlet pipe flow into the
settling chamber with minimum disturbances. To this end, we
utilize both a cone and flat sheet of Rigimesh type-Z material,
which is 0.009 inch (0.23 mm) thick and has a pore size of
approximately 39 microinches (1 micron). The pressure load
on the 60° cone is supported by a perforated sheet on the
downstream side of the cone. This perforated sheet is
sufficiently open to minimize flow blockage. The flat sheet is
supported by a 1 inch (2.54 cm) thick honeycomb sheet with a
0.125 inch (3.17mm) cell size.

The honeycomb sheet is followed by 4 screens each
made from 42-mesh stainless steel cloth with 40.9% solidity.
The screen separation is equivalent to 63 mesh lengths, which
is more than the 50 mesh lengths required for small structure
turbulence decay according to Groth and Johansson.'
tunnel

As part of the continuing improvement of

controls, a new Po control system was installed along with the
connection to the 3000 psia (207 bar) dry air supply. The Po
control system is based on a Fisher DPR-900 integral
controller which monitors Po and drives the PoC air regulator.
The system allows Po to be set rapidly and held within an
accuracy of 0.05 psia (0.0034 bar).

The instrumentation used in the PoC includes pressure
taps for steady-state measurements, and hot-wires (single 4
and 5 micron Tungsten wire types), Kulite (XCS-093) pressure
transducers, and TSI (Model 1237) platinum hot-film gages for
dynamic measurements. The static pressures are measured
using a scanivalve system connected to a standard PC A/D
converter card. The hot-wires are powered by FML's own
constant-temperature bridge circuit with the output signal fed
to a Tektronix 2642A Fourier Analyzer system, as are all the
dynamic measurements. The Kulites are powered by high
frequency response signal conditioners (Dynamic 8000s with a
3dB dropoff at 500KHz). The hot-film gage is powered by a
constant-current bridge devised by Demetriades at Montana
State University. The Tektronix 2642A Fourier Analyzer
system can sample an input signal at up to S12KHz with 16-
bit resolution, and provide 4096-point real-time FFTs, data
capture and display. All data is then collected on to a PC
computer for data archiving, post processing and darta
presentation.

Dynamic measurements can be made in either the test
section or in the settling chamber. In the test section, the hot-
wire is buried in the supersonic diffuser molding to minimize
blockage, as 'shown in Figure 6. The hot-wire probe protrudes
0.625 inch (15.9 mm) upstream into the test section, at an X
location of 8.375 inches (21.27 cm), and sits about 0.069 inch
(1.75 mm) above the test section floor. A Preston tube with a
0.029 inch (0.73 mm) outside diameter was fitted in place of
the test section hot-wire for some tests. . The hot-film gage
was flush mounted in the left sidewall, on the test section
centerline, at an X location of 6.69 inches (16.99 cm).
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Fig. 6 - Hot-wire and hot-film instrumentation mounted in the
PoC test section.

In the settling chamber, a special instrumentation holder
block allows two probes to be mounted side-by-side and
inserted in any holder location. Three interchangeable
traversable probes are available: pitot pressure probe fitted
with a Kulite; a temperature probe fitted with a type-T
thermocouple; and a hot-wire probe fitted with a 4 micron
Tungsten wire. These probes can be used for detailed
mapping of the flow field at any location in the settling
chamber.

The PoC polycarbonate Lexan-type windows have been
used with a focusing schlieren system' to observe wave
patterns in the supersonic diffuser and mixing region.
Alternatively, one window can be replaced by an aluminum
blank for use of shear-stress-sensitive liquid crystal coatings
(discussed later).



3, Numerical Research

In attaining a2 quiet environmeiit necessary for transition
studies in a supersonic wind tunnel, there are two main
sources of disturbances which need to be carefully addressed
and minimized to the extent possible. One is free stream
turbulence arising from the settling chamber and upstream
piping. Another significant source is the sound field radiated
by turbulent tunnel-wall boundary layers. Pate and Schueler’
and others have shown the adverse effect of radiated noise on
transition Reynolds numbers at supersonic speeds. For the

LFSWT, it is therefore desirable that the boundary !ayers-

remain laminar within the nozzle and test section as far as
possible. Malik'' and others have shown that compressible
stability theory with the e method predicts boundary layer
transition onset arising from Tollmein-Schlichting (TS) waves
and Gortler vortices. For sufficiently small free stream
turbulence levels in the tunnel, the value of N may approach
10, which is the value associated with high altitude flight in
the quiescent atmosphere. Stability caiculations within the
present context may then serve two purposes: (1) as a
predictive tool in designing the nozzle and test section; and (2)
as a diagnostic tool in analyzing the experimental results.

The flow through a two-dimensional nozzle, test section.
and supersonic diffuser is analyzed computationally with three
different codes in order to predict both the mean flow and
boundary layer stability and transition. A Navier-Stokes (NS)
code, previously described by Wolf et al’, is used to predict
the mean flow quantities in the tunnel. For purposes of
analyzing the stability characteristics of the wall boundary
layers, the mean flow is assumed laminar in the nozzle and test
section, but with turbulent boundary layers in the supersonic
diffuser. A boundary layer code by Harris and Blanchard'? is
next emploved to provide detailed boundary layer quantities
and derivatives for use by the stability code of Malik." since
the resolution requirements to accurately obtain first and
second derivatives in the boundarv laver are not easily met
with a NS code. The Malik code uses linear spatial stability
theory to analyze the stability of two-dimensional and
axisymmetric, compressible wall-bounded flows. Wall
curvature is accounted for, so the analysis considers both TS
waves (Ist, 2nd, etc. modes) and Gaortler vortices. Transition
onset is predicted with the e* method.

The PoC/LFSWT nozzle in the present study was
intentionally made long so that instabilities arising from
curvature effects would not cause transition. This decision
was supported by the study of Wolf.” Caiculations indicate
that this approach was successful, in that the maximum N
factor due to Gortler vortices thus far computed is less than 4.
No significant TS instabilities at the PoC operating conditions
have yet been found numerically.

4,_Experimental Program

LFSWT drive system tuning has now continued bevond
the initial drive system design studies, which successfully
demonstrated that Mach 2.5 flow could be achieved over the
desired Re range.’ This additional tuning became necessary to
address concerns over the drive system length and the ability
of the FML compressor to provide sufficient mass flow. The
PoC was used to carry out the necessary drive system tuning.
For this purpose, the PoC was modified to allow the separation
between the two injector stages to be varied and the mass flow
of the secondary injectors to be reduced. Both these
parameters were previously fixed on the PoC.}

Following the drive system tuning, the experimental
program has focused on studying quiet flow in the PoC.
Preliminary flow measurements were made in the settling
chamber and the extent of natural laminar flow that exists
along the PoC test section walls has been documented at Mach
2.5. Of course, the existence of laminar flow on the nozzie

walls is a critical element of a quiet supersonic wind tunnel.
Our intent with the LFSWT is to go beyond this requirement
and obtain laminar flow throughout the test section. This
situation will eliminate the existence of a test rhombus
bounding the quiet flow, which will allow testing anywhere in
the test section. This means that the model will not have to be
positioned in a variable test rhombus, which greaty simplifies
the method of modei support.

Initially, we are concerned with obtaining natural
laminar flow on the nozzie and test section walls using passive
laminar flow control. These passive means are a low-
disturbance free stream, 2 low curvature, long nozzle and a
smooth wall finish. The documentation of natural laminar
flow, using the solid block Mach 2.5 nozzle, is the first stage
of an ongoing verification of the LFSWT test envelope.

For the quiet flow studies, the PoC was fitted with a
new low-disturbance settling chamber/nozzle/test section,
instrumentation for dynamic measurements, and a closed-loop
control system for setting and maintaining Po. Dynamic flow
measurements in the test section and settling chamber were
then made to document the flow quality in PoC over the entire
Re range. To assist with verification of our instrumentation.
the settling chamber was degraded and the associated effects
on laminar flow in the PoC test section were documented and
are discussed later.

3._Instrumentation_Development

The use of hot-wires is well documented but still
requires considerable operator interpretation, particularly at
supersonic speeds.'* We use a 5 micron Tungsten wire built at
NASA-Ames in our supersonic testing. This wire type is
durable and has a typical calibrated response rate of 15KHz,
using a square wave with the wind off. During tunnel
operation, the probe is in the outer portions of the floor
boundary layer and can only be calibrated when laminar flow
is present. However, the response calibration does not change
from wind off to wind on in this situation. Nevertheless, we
are currently unable to calibrate the output of the hot-wire 10
aerodynamic parameters, so our data are only qualitative at
present.

As PoC testing has progressed, we have gained
experience with the use of hot-wire instrumentation. The new
FML constant-temperature anemometer has worked flawlessly
and provides a high level of adjustability. Wind-off signal
noise is extremely low. By experience, we have found that the
signal rms can be best recorded as an average of 20 samples
taken without interruption. Our waveform analyzer requires
less than a second to perform this average of 20 4096-point
FFTs under PC software control. The signal spectrum is then
available for storage and printing.

2.2 Hot-Film

Hot-films are well know detectors of shear stress. We
employed a commercially available hot-film gage mounted on
a cylindrical glass substrate. The heat-sink effect associated
with this configuration (run as a constant temperature sensor)
was found to be very large. This finding necessitated the
building of a specialist constant-current circuit to drive the
sensor and maintain a low output signal DC voltage for ease of
measurement.

Concern over the repeatability of the hot-film data from
the PoC led to an independent transition-detection calibration
of the hot-film in another quiet supersonic wind tunne! at
Mach 3. This calibration was undertaken by the Montana
State University and involved the hot-film being exposed to
laminar, transitional and turbulent boundary layers. However.



this calibration only allows us to qualitatively assess the hot-
film data from the PoC.

2.3 Focusing Schlieren System
Based on the pioneering work of Weinstein'® at NASA-

Langley, a focusing schlieren system has been developed for
use with the PoC. The main features of this system are:

1) The windows do not have to be made of schlieren-
quality glass, any transparent material is good and
in this application polycarbonate windows are
used.

2) Thin slices of the flow can be observed with
similar  resolution to conventional schilieren
systems.

3) Mirrors are not required.
4) Simple setup allows view changes at will.
5) A point light source is not required.

These features have proven to be very important to this
project and have allowed flow visualization 10 occur in a
timely manner and to change rapidly with research needs.

The concept was developed back in the late 1940s and
provides a very versatile system ideal for research. The PoC
system has been used to observe the drive system performance
in the supersonic diffuser® and in the mixing region. We are
currently attempting to use this schlieren system to observe
boundary layers and to detect transition to turbulence. For
this purpose, the focusing schlieren system is being enhanced
with the addition of a high intensity spark illumination and
cylindrical lenses for boundary layer magnification.

4 Liquid Crv in

The liquid crystal coating technique is a method for
visualization of surface shear stress patterns in both steady and
transient flows, as reported by Smith' and Reda.'* In the
present application, one of the PoC windows was replaced by
an aluminum (black) insert and the flow surface was coated
with a shear-stress-sensitive/temperature-insensitive liquid
crystal film. The coated areas (in the supersonic diffuser and
mixing region) were obliquely illuminated by white light
through the opposite window. Then the color-change response
of the liquid crystal film to surface shear stress events was
photographed on video and movie film. Framing rates from
30 to 1000 images/sec were utilized.

We have tested the frequency response of the newly-
formulated liquid crystal compound (Hallcrest BCN/192) by
using -the PoC startup and off-design operation to create
highly transient flows. During these tests, all boundary layers
on the nozzle and sidewall surfaces were turbulent because the
low-disturbance settling chamber had not yet been installed.
These observations showed the liquid crystal coating response
time to be less than, or equal to, the time between sequential
images taken at 1000/sec (i.e., one millisecond).

6. Experimental Results
riv nin

Since the last report on the PoC drive system’,
measurements in the primary injector exits show that the
actual Mach number of the primary injectors is 2.11. This is
significantly less than the previously estimated Mach 2.4 and
shows that the influence of the second stage of injectors is
much smaller than previously thought. Nevertheless, the PoC
drive system continues to operate over the desired Po range

with a PE of 8 psia (0.55 bar).

The movement of the secondary injectors upstream
towards the primary injectors had no noticeable effect on the
performance of the PoC. The reduced separation distance of
6.46 inches (16.41 ¢m) was sufficiently long to allow 2 wave
reflections in each of the primary injector flows, above and
below the test section flow, as shown in Figure 7. The
comparison of static pressures (shown in Figure 8) indicates
that the test section flow was not affected by the secondary
injector movement. This shortening of the PoC drive system
will result in a 198 inch (5.03 m) reduction in the length of
the LFSWT. Unfortunately, both sets of PoC data indicate
that the test section Mach number was reduced below 2.5.

Secondary
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- y

Upper Primary

Injector Flow \

Test Section

Fig. 7 - Schematic of the shock patterns in the mixing region
between the PoC injector stages.
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This loss of desired test Mach number was traced to the
degradation of our temporary air drier prior to these tests.
The resulting condensation effects in the nozzle (which were
not visible to the operators) actually caused the test Mach
number to go down. Once the PoC was connected to the
NASA-Ames 3000 psi (207 bar) dry air supply, good air
quality was restored and the test Mach number returned to 2.5.
Furthermore, we now use a hydrometer to continuously
monitor the dew point of the inlet air to check for sufficient
dryness, which we define as a dew point of less than -15° F
(247 K).

The drive system tuning continued with a study of the
effects of reducing the mass flow of the secondary injectors.
This was an attempt to lower the overall mass flow
requirement of the LFSWT drive system. We reduced the PoC



secondary injector mass flows in stages (by 11%, 22% and
33%) and found that the minimum Po for Mach 2.5 operation
had risen for each reduction in mass flow. Adjustment of the
primary injectors failed to produce any significant
improvement in the minimum Po. This effort confirmed that
the LFSWT drive system for Mach 2.5 operation requires up
to 184 lbs/sec mass flow at a maximum Po of 15 psia (1.02
bar), if the Po range from 5 to 15 psia (0.34 to 1.02 bar) is to
be preserved with Pe = 8 psia (0.534 bar).

6.2 Quiet Flow Studies
2 lin er

The new PoC low-disturbance settling chamber
(previously described) has been operated over a Po range from
5 to 15 psia (0.34 to 1.02 bar). This Po range corresponds to
a mass flow range of 0.097 Ibs/sec (0.044 kg/sec) to 0.358
Ibs/sec (0.162 kg/sec) for To = SO°F (283 K). The suatic
pressure distributions across the components of the settling
chamber are shown in Figure 9 for different Po. It can be
seen that the maximum pressure drop of about 2.5 psia (0.17
bar) occurs across the flat sheet of Rigimesh. The Rigimesh
cone supports minimal pressure load, which simplifies the
necessary support structure for the full-scale LFSWT cone.
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Fig. 9 - Pressure distributions through the PoC settling

chamber.

Preliminary flow disturbance measurements were made
in the plane of the settling chamber exit (at a single location
on the tunnel centerline) using a Kulite total pressure probe
and a 4 micron Tungsten hot-wire. The Kulite data are shown
in Figure 10 over the Po range for two settling chamber
configurations, with and without the honeycomb and Rigimesh
sheet installed. The ratio of the Prms with Po shows a
significant rise with the honeycomb and Rigimesh sheet
removed. This pressure ratio drops with increasing Po. With
all the settling chamber components in place, the pressure
fluctuations are of the order 0.1%. The sharp increase in
pressure ratio at low Po has been traced to tunnel leaks which
caused unstarting of the nozzle flow.

The hot-wire data from the settling chamber are shown
in Figure 11. Again, about a fourfold increase of signal rms is
associated with the removal of the honeycomb and Rigimesh
sheet. The signal levels, with all the settling chamber
components in place, are reasonably low compared to the 0.7
mV wind off noise level. However, in the absence of a hot-
wire calibration of volts-vs-velocity, these data can only be
discussed qualitatively.
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Fig. 10 - Summary of Kulite pressure data from the PoC
settling chamber.
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Fig. 11 - Summary of the uncalibrated hot-wire data from the
PoC settling chamber.

2.2 inar Flow

Our laminar flow studies involve the use of different
types of instrumentation to confirm the state of the test
section boundary layer. The detection of boundary laver
transition tends to be qualitative and our goal was to find at
least 2 measurement techniques which agreed about the
location of transition.

We found that the hot-wire measurements made above
the PoC test section floor, in the outer portions of the
boundary layer (see Figure 12), show a sharp rise in signal rms
when Po is about 9 psia (0.61 bar). The hot-wire signals for
Po = 8.02 psia (0.54 bar) and 9 psia (0.61 bar) are shown in
Figure 13a. The difference in the signals is indicative of
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transition bursting. The signal spectrums are broadband with
no discrete frequencies.

The associated rise in. signal rms is independent of the
signal bandwidth, as shown in Figure 13b. In fact, the hot-
wire signals follow a pattern over the Po range which is
associated with a familiar non-bypass transition process'’,
where the transition bursting reaches a maximum frequency.
Unfortunately, the uncalibrated hot-wire data can only be
used qualitatively. The hot-wire data at lower Po in this test
series were unreliable due to intermittent tunnel leaks, but low
signal rms was observed down to a Po of 5.4 psia (0.37 bar).

To check the reliability of the hot-wire data from the
PoC test section, the honeycomb and Rigimesh sheet were
removed from the settling chamber. The uncalibrated hot-
wire data taken with and without the honeycomb and
Rigimesh sheet installed, are shown in Figure 14. Clearly, the
increase of free stream turbulence (previously documented)
had the effect of initiating transition onset, at the same
location, at a lower Po of about 6 psia (0.41 bar) and hencé a
lower Re. Note, in this data set that a low signal rms was
achieved down to a Po of 6 psia (0.4] bar) before tunnel leaks
occurred.
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Fig. 14 - Effect of different [ree stream disturbance levels on
hot-wire data from the PoC test section at Mach 2.5.

In another series of tests, the hot-wire was replaced by a
Preston tube. This tube was sized to fit in the lower half of
the floor boundary layer (See Figure 12). The data from the
Preston tube are shown in Figure 15, over an extended Po
range from 5.4 psia (0.37 bar) to 20 psia (1.36 bar). This Po
range corresponds to an Re range from 1.25 to 4.64 million per
foot. It is clear that there is a significant rise in the probe Cp
at a Po of about 8.5 psia (0.58 bar). This rise is associated
with transition onset where the boundary layer profile starts
changing from a laminar type to a turbulent type.”® The probe
Cp reaches a plateau at about 16 psia (1.09 bar).

The sidewall boundary layers were studied with a flush-
surface-mounted hot-film. The hot-film data are shown in
Figure 16 over an extended Po range up to 20 psia (1.37 bar).
The calibration of the hot-fiim is only qualitative” as
indicated on Figure 16. Nevertheless, the hot-film data show
that the boundary laver on the sidewall remained laminar over
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the entire Re range, at an X location of 6.69 inches (17 cm).
with no tunnet leaks. The hot-film signal rms is seen to jump
to expected levels for turbulent flow only when tunnef leaks
caused the nozzle flow to unstart.
caused transition bypass to occur on the sidewall, as shown in
Figure 16, where hot-film data with and without tunnel leaks
are compared. In addition, the same leaks cause ‘transition
bypass to occur on the test section floor and ceiling, as
measured by the hot-wire probe in the test section.
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sidewall at Mach 2.5 (X = 6.69 inches - 17 ¢m).

During these laminar flow studies there was some
concern about the drift in temperature of the inlet air and the
PoC nozzle/test section structure. The air supply to the PoC is
not heated and the inlet air temperature is always lower than
ambient due to the expansion across a single air regulator. We

This flow break down.

monitor the inlet air temperature on a regular basis to check
for repeatablhty of test conditions. The thermal mass of the
PoC is large compared to the heat transfer associated with the
nozzle/test section flow. We have observed the PoC structure
reaching near temperature equilibrium within about the first §
minutes of running. This temperature equilibrium is affected
only slightly by changes of inlet air mass flow, despite
noticeable changes in the inlet air temperature. To assess the
long term effects of temperature drift, we operated the PoC
for 2 1/2 hours continuously and monitored our hot-wire and
hot-film instrumentation. No significant changes in the test
section flow were observed during this test.

7._Discussion_of Results

The latest LFSWT drive system tuning has defined both
the maximum mass flow required and the dual injector
separation for Mach 2.5 operation. These parameters are |84
Ibs/sec (83.46 kg/sec) for the mass flow and 51.68 inches (1.31
m) for the injector separation. Unfortunately, recent
investigations of the FML compressor have revealed that a Pe
of 8 psia (0.34 bar) cannot be maintained at the high mass
flows now required for Mach 2.5 operation. In fact, Pt rises
to 8.8 psia (0.6 bar) at high mass flows precluding PoC
operation below a Po of 15 psia (1.02 bar). A decision has
therefore been made to concentrate the initial LFSWT
operating envelope on a lower Mach number. We have chosen
Mach 1.6 in order to support F-16XL SLFC flight testing.

Preliminary measurements in the PoC settling chamber
show that the free stream flow entering the nozzle/comracuon
is low-disturbance, according to Beckwith et al.® Of course,
the flow entering the LFSWT serttling chamber will have to
pass through a different array of valves and pressure reducers
at 64 times larger mass flows. However. we know that the
noise and turbulence entering the LFSWT settling chamber will
be less than that of a blowdown wind tunnel.” Nevertheless.
the modular design of the PoC settling chamber is the best
currently available for the LFSWT and the design will proceed
accordingly.

In fact, the settling chamber effectiveness has been
verified by the existence of laminar flow in the PoC test
section. Two transition measurements (hot-wire and Preston
tube) agree that transition occurs 84% along the test section
floor at a Po of about 8.5 psia (0.58 bar) which corresponds to
a Re of about 2 million per foot. Furthermore. when the
settling chamber effectiveness is reduced by removing the
honeycomb and Rigimesh sheet, transition occurs at a lower
Po. This resuit is actually a repeat of Laufer's work’® at JPL.
which highlighted the strong effect of free stream turbulence
on transition, particularly at Mach numbers less than 2.5. This
result is also further proof that the complete settling chamber
is producing low-disturbance flow to sustain laminar flow to a
higher Re.

The steadiness of the supersonic diffuser flow has also
been verified by the existence of laminar flow in the test
section. The new PoC test section is 3.335 inches (8.47 cm)
longer than before, so the PoC can better simulate the LFSWT
test section flow. This improvement, combined with dynamic
instrumentation has allowed us to document the extent of
steady flow at the inlet of the supersonic diffuser, as part of
our laminar flow studies. The minimum Po at which Mach 2.5
could be maintained steadily was 5.4 psia (0.37 bar) without
tunnei leaks. Below this Po, the average test section Mach
number dropped and the hot-wire probe in the test section
experienced significant velocity fluctuations. This_onset of
unstart has previously been observed (with the aid of our
focusing schlieren system) as the entire supersonic diffuser
flow becoming oscillatory and highly unstable. It is clear that
once the inlet flow to the supersonic diffuser becomes
oscillatory that laminar flow is lost.



The absence of transition on the PoC sidewall was
expected, because of the short run lengths coupled with
favourable pressure gradients and the absence of curvature.
Consequently, the extent of quiet flow in the PoC s
determined by the transition location on the floor and ceiling
of the test section. In the LFSWT, transition may occur first
on the sidewalls (as occurs in the Mach 3.5 Langley Pilot Quiet
Tunnel’) and this is one of the reasons for making the test
section cross-section rectangular. By placing the sidewalls
further from the tunnel centerline than the floor and ceiling,
we can potentially maintain a quiet test core to higher Re.
Also, the rectangular shape of the test section and supersonic
diffuser means the primary injectors need only be mounted on
the long floor and ceiling of the test section/supersonic
diffuser, leaving the test section sidewalls clear of ducting.

Obviously, the tunnel leaks in the PoC (referred to
earlier) have severely hampered research at low Po. The
problem is peculiar to the small-scale of the PoC and has been
traced to internal leak paths around the PoC windows. This is
a legacy of using the PoC for much longer than originally
planned. A solution to the problem has now been found by
potting the windows in a silicone-based sealer instead of
vacuum grease.

The existence of laminar flow in a small wind tunnel
like PoC (with short flow lengths) does not guarantee long
lengths of laminar flow in a larger wind tunne! like the
LFSWT. Preliminary CFD analyses predicted that transition
would not occur along the PoC Mach 2.5 nozzle or test section.
Unfortunately, this prediction has been disproved by the PoC
experiments. Nevertheless. this information should help
improve future transition predictions for the PoC and hence
for the LFSWT. Presently, we can confirm that laminar flow
can exist at a location 84% along the PoC test section floor
from Po = 5.4 psia (0.37 bar) to Po = 8.5 psia (0.59 bar).
which corresponds to an Re range of 1.25 to 1.97 million per
foot with a To of about 50°F (283 K), as shown in Figure 1.

§. Future Plans

Based on the inability of the FML compressor alone to
drive the LFSWT at Mach 2.5, the validation of the LFSWT
test envelope will continue by operating PoC at Mach 1.6 in
the near future. We hope to study and document quiet flow
and LFSWT drive system parameters for Mach 1.6 before the
end of June 1992, to impact the LFSWT design process. At
the same time, further flow measurements will be made in the
settling chamber with different configurations.

Instrumentation  development will continue using
commercially available hot-film arrays, which span the entire
length of one wall of the contraction/nozzle/test section. This
measurement technique should ailow documentation of where
transition occurs at a given Re. In addition, work with the
focusing schlieren and liquid crystal coatings will continue to
document PoC transition. New hot-wire mounts will hopefully
allow hot-wire calibration in the free stream, so we can relate
the hot-wire data to flow velocity. Also, the X location of the
test section hot-wire probe will be varied to study the PoC
flow at different streamwise locations.

Quiet wind tunnel development work will continue with

CFD analyses directed at active control of supersonic transition
using nozzle wail heating and cooling together with nozzle
contour and length changes. This effort will support the
eventual expansion of the actual LFSWT test envelope for
quiet flow to the proposed envelope shown in Figure 1.

9. Conclusions

1) Preliminary flow studies in the new PoC settling chamber
indicate that the free stream is low-disturbance.

2) Natural laminar flow has been documented along at least
84% of the PoC test section at Re from 1.25 to 1.97 million
per foot.

3) A linear stability analysis (e method) is now available at
NASA-Ames to assist our nozzle design studies and quiet
wind tunnel development.

4) The uniquely efficient Mach 2.5 PoC drive system has been
successfully shortened by 24.78 inches (62.94 cm). which is
equivalent to reducing the length of the LFSWT by 16.5
feet (5.03 m).

5) The maximum mass flow required for the LFSWT Mach 2.5
drive system is 184 lbs/sec (83.46 kg/sec) with a Pt of 8
psia (0.54 bar) , which exceeds the capabilities of the FML
compressor alone.

6) Design of the LFSWT is now proceeding with an emphasis
on Mach 1.6 operation.
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DESIGN FEATURES OF A LOW-DISTURBANCE SUPERSONIC WIND
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Introduction

Low-disturbance or “‘quiet” wind tunnels are now an essential and indispensable part of
meaningful boundary layer transition research at supersonic speeds. This realization is based on
many years of experience with old *“noisy” supersonic wind tunnels, and a growing respect for
the pioneering research of Laufer' at the Jet Propulsion Laboratory (JPL) from the mid-1950s
to the early-1960s, supported by the work of Pate and Schueler? in the late-1960s. In addition,
this realization has received recent emphasis due to an appreciation of the risk associated with
inadequate flight test measurements *“validating” CFD transition predictions. Of course, the
wind tunnel can provide controlled test environments and is much better suited to the job of
validating CFD predictions. It is the combination of wind tunnel, CFD and flight test that
provides the best hope of solving one of the last great mysteries of aerodynamics, namely
transition to turbulence. Based on this premise, NASA-Ames has embarked on the development
of a unique Laminar Flow Supersonic Wind Tunnel (LFSWT) in the Fluid Mechanics Laboratory
(FML) at NASA-Ames to fill the void.

The concept behind the LFSWT design is based on the now decommissioned (but soon to
be rebuilt) JPL 20-inch supersonic wind tunnel, which just happened to be the first documented
quiet supersonic wind tunnel because of its high-quality ongms From the outset, the LFSWT
has been designed as a quiet research tunnel which is capable of continuous operation. The
proposed test envelope of the LFSWT was chosen to cover a significant portion of the potential
HSCT operating envelope, with a Re range of | to 3 million per foot and a Mach number (Me)
range from 1.6 to 2.5. In addition, this LFSWT test envelope will cover the test conditions
flown by NASA's F-16XL aircraft in support of Supersonic Laminar Flow Control (SLFC)
studies, as shown in Figure 1. The maximum test section size was fixed by the desire to utilize

an existing dry air source with an open-circuit tunnel design.

5-0 ] ' ] [ . . .
- ‘ ' o o What actually defines a quiet supersonic
g s HSCT| wind tunnel? A turbulence level of 0.05% in
= Proposed LFSWT .- . . .
g Test Envelope the test core is considered to be quiet enough.
a 0T N Y] This low level of turbulence is achieved with
2 3.5 | F-16XL SLFC Tests TN \\\ i a combination of a low-disturbance free
E_ 47,000-55,000 feet | .4 N\ N stream (core flow), laminar flow along the
o 30+ \ - \ - nozzle/test section walls, steady diffuser flow
[~2 NN AN . . . . .
ot T\ \ \ and minimal mechanical vibration of
8 BT NS\ N \‘ nozzle/test section.
g NN\ . '
2 220 SN b . . .
8 NN \\ - The LFSWT is currently being designed
T s+ SN |  with an 8 inch (20.32 cm) high, 16 inch (40.64
E et (gl?ifz cm) wide and 32 inch (81.28 cm) long test
= 0T Flow | | section, sized to operate at mass flows up to
5 0s T S S 21 lbs/sec (9.52 kg/sec). The use of existing
- 11 ¥ i i ] 1 1 [ ] . .
support equipment (the FML indraft
10 12 14 16 18 20 22 24 26 28 30 . .
compressor and the 3000 psi (207 bar) dry air
Mach number supply) will reduce costs and bring the
Fig. I - Proposed LFSWT test envelope for ~LFSWT on-line more rapidly. The LFSWT is
quiet operation. expected to impact the critical technology

development phase of the HSCT before 1997.
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The decision to use the FML non-specialist indraft compressor to power the LFSWT
created several technical concerns. To achieve the low end of the Re range, the LFSWT must
operate with a Po which is less than the minimum Pe. This means that the LFSWT compression
ratios will be uniquely less than unity (Po/PE down to 0.625:1 with Re = 1 million per foot at
stagnation pressure (Po) = 5 psia - 0.34 bar). So, the utilization of the FML compressor
precludes the use of a conventional drive system. Consequently, a novel drive system was
developed using an 1/8th-scale model of the LFSWT, which we call the Proof-of-Concept (PoC)
supersonic wind tunnel.

A detailed description of this drive system is beyond the scope of this paper and has
already been covered by Wolf et al.> The drive system requires less than half of the normal run
compression ratio to both start and run. The drive system works by utilizing the huge
compressor mass flow capability (which greatly exceeds the mass flow necessary for the test
section flow alone) to drive one or two stages of ambient injectors. It is these injectors which
pull the flow through the test section at low Po. Two stages of injectors became necessary for
Mach 2.5 operation to allow the primary injectors to operate at a higher exit Mach number.
This in turn lowered the exit pressure of the test section flow and allowed the PoC to operate at
compression ratios less than unity. The LFSWT drive system for Mach 2.5 operation will
require up to 184 Ibs/sec (83.4 kg/sec) mass flow at a maximum Po of 15 psia (1.02 bar), if the
Po range from 5 to 15 psia (0.34 to 1.02 bar) is to be preserved with Pe =8 psia (0.54 bar).

It is expected that the LFSWT, when commissioned, will be the only quiet tunnel to
operate at low-supersonic Mach numbers. Researchers at NASA Langley have chosen to devote
over 10 years of quiet wind tunnel work at Mach 3.5 and above, and appear wary of the
problems of building a low-supersonic quiet tunnel.* This is a surprising situation considering
the research interest in transition at low-supersonic Mach numbers. The concerns at Langley
stem from the need to maintain laminar boundary layers further downstream from the nozzle
throat. This need arises because the Mach lines, along which acoustic disturbances radiate from
turbulent boundary layers, are much more normal to the flow at low-supersonic speeds.
Consequently, longer runs of laminar flow are required to provide the same length of quiet test
core at low-supersonic Mach numbers (as shown in Figure 2).

We do not have similar concerns at Upstream extent of radiated noise
NASA-Ames for three reasons. At low- Sidewayy . O™ foor and ceiling
supersonic Mach numbers, both the length 7777777777777 7777 77T 7N
and curvature of the supersonic nozzle is less ~ <<
and therefore deters the development of  Upsiream extent ofMe | T~ \\\ Mach lines
Tollmein-Schlichting (TS) waves and Gortler \i N’ |/
vortices (known transition promoting — e 2} Quiet b _;__f = ¢
disturbances). Furthermore, the unit : testcore | - —
Reynolds numbers (Re) necessary to match High Me ! //,% Radiated Noise
flight values are low, generally less than 3 \ /»r’ /./
million per foot (as shown in Figure I). T T T T I 7077770
Operating the tunnel at low Re, helps promote AN / Low Me
natural laminar flow on ail the tunnel walls, Transition location

‘ . at two Mach numb
and also relaxes the requirement for a highly mbers

polished surface finish on the walls of the  Fig. 2 - Different lengths of laminar flow are
nozzle throat. Finally, it is reported' that the required to maintain the same size
free stream disturbances have a dominant quiet test core at two Mach numbers.
effect on the transition process at Mach ’

numbers below 2.5. Hence, we can reasonably expect the importance of a quiet nozzle to be
less than that of the settling chamber at low-supersonic Mach numbers. Fortunately, the
settling chamber of a supersonic tunnel can be treated in a similar fashion to that of a large
low-disturbance subsonic tunnels about which much is already known. It is for these reasons,
that we consider the design of a low-supersonic quiet wind tunnel to be less complex than that
of any existing high Reynolds number high-supersonic/hypersonic quiet tunnel.

We have embarked on a combination of theoretical and experimental research efforts at
NASA-Ames, to ensure that the LFSWT will provide the necessary quiet test core. While we
are using the PoC for design studies, we are also developing and gaining experience with the
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latest instrumentation for transition research, in particular hot-films, focusing schlieren and
liquid crystals. This experience will aid our development of quiet nozzles, improve flight test
measurements, and also give FML the tools required for future transition research, when the

LFSWT comes on-line,

Quiet Flow Studies

Settling Chamber

Preliminary flow disturbance measure-
ments were made in the plane of the settling
chamber exit (at a single location on the
tunnel centerline) using a Kulite total
pressure probe and a 4 micron Tungsten hot-
wire. The velocity in the settling chamber is
20 fps (6.1 m/sec) for Mach 2.5 operation.
The Kulite data are shown in Figure 3 over
the Po range for two settling chamber
configurations’ (complete and without the
honeycomb and sintered mesh - Rigimesh
sheet installed). The pressure disturbances
(the ratio of the total pressure rms (Prms) to
Po) show a significant rise of 0.2-0.3% with
settling chamber components removed. The
pressure disturbances drop with increasing Po
and hence mass flow. With all the settling
chamber components in place, the pressure
fluctuations are of the order 0.1%. The sharp
increase in disturbances at low Po has been
traced to tunnel leaks.

Test Section

A hot-wire, mounted on the PoC test
section floor, was used to detect transition
occurring in a familiar non-bypass process
with transition bursting. (See the hot-wire
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Fig. 5 - Effect of different [ree stream

disturbance levels on PoC test
section hot-wire data at Mach 2.5.
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Fig. 3 - Summary of Kulite pressure data
from the PoC settling chamber.
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Fig. 4 - Comparison of hot-wire signals from
the PoC test section at Po values near
transition onset.

signals in Figure 4.) The uncalibrated hot-
wire data, taken with two levels of core flow
disturbances are compared in Figure 5.
Clearly, the increase of core flow disturbances
promoted transition onset, at the same
location, at a lower Po of about 6 psia (0.4]
bar) instead of 9 psia (0.61 bar) found with
low-disturbance core flow on the same day.
A result later substantiated with Preston tube
measurements.’  This result is actually a
repeat of Laufer's work' at JPL, which
highlighted the strong effect of free stream
turbulence on transition, particularly at Mach
numbers less than 2.5. This result is further
proof that the settling chamber is a key
element in the LESWT design and will decide
the extent of laminar flow at higher Re.
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LESWT Design

The LFSWT drive system for Mach 2.5 operation requires up to 184 Ibs/sec (83.4 kg/sec)
of mass flow. Unfortunately, recent investigations of the FML compressor have revealed that a
Pe of 8 psia (0.34 bar) cannot be maintained at the high mass flows now required for Mach 2.5
operation. In fact, Pe rises to 8.8 psia (0.6 bar) at high mass flows precluding PoC operation
below a Po of 15 psia (1.02 bar). A decision has therefore been made to concentrate the initial
LFSWT operating envelope on lower Mach numbers below Mach 2. We have chosen Mach 1.6
in order to support the F-16XL flight tests.

This change in Mach number means that both the secondary injectors and the supersonic
diffuser will not be needed for the initial LFSWT configuration. Furthermore, the adjustment
range for the LFSWT primary injectors has been increased for drive system tuning. The range
of primary injector exit Mach number is 1.8 to 2.2. The LFSWT primary injector mass flow
can be varied independent of the exit Mach number from 62-124 lbs/sec (28-56 kg/sec).

The effectiveness of the PoC settling chamber has been verified by the existence of
laminar flow in the PoC test section. However, the existence of-laminar flow in a small wind
tunnel like PoC (with short flow lengths) does not guarantee long lengths of laminar flow in a
larger wind tunnel like the LFSWT. Preliminary CFD analyses’ predicted that transition would
not occur along the PoC Mach 2.5 nozzle or test section. Unfortunately, this prediction was
disproved by the PoC experiments. Nevertheless, this outcome, and the PoC data, both
emphasize the dominance of core flow disturbances in the transition processes present in the
PoC and, eventually, the LFSWT. Two transition measurements (hot-wire and Preston tube)
agree that transition onset occurs further than 84% along the PoC test section floor over the Po
range from 5.4 psia (0.37 bar) to Po = 8.5 psia (0.59 bar). So, the PoC quiet Re range is from
1.25 to 1.97 million per foot, with a stagnation temperature (To) of about 50°F (283 K), as
shown in Figure I.

Conclusions

1) Laminar flow exists over 84% of the PoC test section at Re from 1.25 to 1.97 million per
foot, validating our concept of achieving natural laminar flow by initial passive means.

2) Quiet flow studies in the PoC settling chamber indicate that the core flow is low-disturbance,
with pressure disturbances of order 0.1%, but lower disturbances may be required to maintain
laminar flow on the nozzle/test section walls at higher Re.

3) A linear stability analysis (e method) is now available at NASA-Ames to assist our quiet
wind tunnel development. Currently, we think that the failure of CFD to predict transition
in the PoC is due to the unknown influences of core flow disturbances.

4) The settling chamber is very important in the design of quiet low-supersonic wind tunnels.

5) Design of the LESWT is near completion for Mach 1.6 operation and we expect the LFSWT
to be commissioned in 1993.

References
1. Laufer, J.: Aerodynamic Noise in Supersonic Wind D.C.:  Development of the NASA-Ames Low-
Tunnels. Journal of the Acrospace Sciences, vol. 28, Disturbance Supersonic Wind Tunnel for Transition
no. 9, September 1961, pp. 685-692. Research up to Mach 2.5. AIAA Paper 92-3909.
Presented at AIAA 17th Aerospace Ground Testing
2. Pate, S.R.; and Schueler, C.J.: Radiated Conference, July 1992.

Aerodynamic Noise Effects on Boundary-layer
Transition in Supersonic and Hypersonic Wind 4. Wilkinson, S.P.; Anders, S.G.; Chen, F.-J.; and

Tunnels. AIAA Joumal, vol. 7, no. 3, March 1969, Beckwith, 1.LE.: Supersonic and Hypersonic Quiet
pp. 450-457. Tunnel Technology at NASA Langley. AIAA Paper
92-3908. Presented at AIAA 17th Aerospace Ground

3. Woif, S.W.D.; Laub, J.A.; King, L.S.; and Reda, Testing Conference, July 1992.

M g

 tringini a N o4 S 1

oA dlere an




APPENDIX D



TeATRe e

Y Xy ¥ v

I Y Y Tt 4 I LA W AP 2 W P o 7

[ —

T PRI RN T T

@@1@; EEARVHES QF L@IME‘TMQ@Z
B ﬁ@m@rw@:{@
c fu_xa w;@.iig

@4@{&(@ EUNNEME
Fadiowdstier QNI

i?qm Hofbape »fcr
~'i§!ﬂn:mmmstm: \Wm‘f?' ,

AR P urREvndel kS

i

b

PN

Ly

ay ™,

RET T RS, TS
AETY

ﬁﬁ‘ Fﬂuu Gl

Redz

ATy

re

Py




DESIGN FEATURES OF A LOW-DISTURBANCE SUPEli{SONIC WIND
TUNNEL FOR TRANSITION RESEARCH AT LOW SUPERSONIC MACH NUMBERS

Stephen W.D. Wolf*, James A. Laub**, Lyndell S. King***, and Danijel C. Reda*
Fluid Mechanics Laboratory
Fluid Dynamics Research Branch
NASA Ames Research Center
Moffett Field, California 94035-1000, USA

Abstract

A unique, low-disturbance supersonic wind
tunnel is being developed at NASA-Ames to
support supersonic laminar flow control
research at cruise Mach numbers of the High
Speed Civil Transport (HSCT). The distinctive
design features of this new quiet tunnel are a
low-disturbance settling chamber, laminar
boundary layers along the nozzle/test section
walls, and steady supersonic diffuser flow.
This paper discusses these important aspects of
our quiet tunnel design and the studies
necessary to support this design. Experimental
results from an 1/8th-scale pilot supersonic
wind tunnel are presented and discussed in
association  with  theoretical  predictions.
Natural laminar flow on the test section walls
is demonstrated and both settling chamber and
supersonic diffuser performance is examined.
The full-scale wind tunnel should be
commissioned by the end of 1993.

Svmbols
Cp Pressure coefficient

[(Ppt-P)/(rPMe?/2)]
Me Free stream Mach number

P Local static pressure
Po Tunnel stagnation pressure
Pe Exit (manifold) total pressure

Ppt Preston tube pressure
Prms Pressure measurement rms
Re Unit Reynolds number per foot

To Tunnel stagnation temperature

u Local velocity in boundary layer

Ue Free stream velocity

X Streamwise position relative to nozzle
throat station (positive downstream)

T Ratio of specific heats

he Research Scientist, MCAT Institute. Senior Member

AIAA. AMRACS.

**  Facility Operations Manager, Fluid Dynamics Research
Branch.

*** Research Scientist, Fluid Dynamics Research Branch.
Member AIAA.

+ Senior Research  Scientist, Fluid Dynamics Research
Branch. Assoc. Fellow AlAA.

Introduction

Low-disturbance or *quiet” wind tunnels
are now an essential and indispensable part of
meaningful boundary layer transition research
at supersonic speeds. This realization is based
on many years of experience with old “noisy”
supersonic wind tunnels, and a growing respect
for the pioneering research of Laufer'? at the
Jet Propulsion Laboratory (JPL) from the mid-
1950s to the early-1960s, supported by the
work of Pate and Schueler’ in the late-1960s.
In addition, this realization has received recent
emphasis due to an appreciation of the risk
associated  with  inadequate  flight test
measurements ‘“validating” CFD transition
predictions. Of course, the wind tunnel can
provide controlled test environments and is
much better suited to the job of validating
CFD predictions. It is the combination of
wind tunnel, CFD and flight test that provides
the best hope of solving one of the last great
mysteries of aerodynamics, namely transition to
turbulence. Based on this premise, NASA-
Ames has embarked on the development of a
unique Laminar Flow Supersonic Wind Tunnel
(LFSWT) in the Fluid Mechanics Laboratory
(FML) at NASA-Ames to fill the void.

The concept behind the LFSWT design is
based on the now decommissioned (but soon to
be rebuilt) JPL 20-inch supersonic wind
tunnel, which just happened to be the first
documented quiet supersonic wind tunnel
because of its high-quality origins.* From its
outset, the LFSWT has been designed as a quiet
research tunnel which js capable of continuous
operation. The proposed test envelope of the
LFSWT was chosen to cover a significant
portion of the potential HSCT operating
envelope, with a Re range of 1 to 3 million per
foot and a Mach number (Me) range from 1.6
to 2.5. In addition, this LFSWT test envelope
will cover the test conditions flown by NASA’s
F-16XL aircraft in support of Supersonic
Laminar Flow Control (SLFC) studies, as
shown in Figure 1. The maximum test section
size was fixed by the desire to utilize an
existing dry air source,
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Fig. 1 - Proposed LFSWT (est envelope
compared with the flight envelopes
of the HSCT at cruise and the F-
16 XL SLFC flight tests.

What actually defines a quiet supersonic
wind tunnel? Pressure fluctuations of 0.05% in
the test core is considered to be quiet enough.
This low level of turbulence is achieved with a
combination of a low-disturbance free stream,
laminar flow along the nozzle/test section
walls, steady diffuser flow and minimal
mechanical vibration of nozzle and test section.

The LFSWT is currently being designed
with an 8 inch (20.32 cm) high, 16 inch (40.64
cm) wide and 32 inch (81.28 cm) long test
section, sized to operate at mass flows up to 21
lbs/sec (9.52 kg/sec). The use of existing
support equipment (the FML  indraft
compressor and the NASA-Ames 3000 psi (207
bar) dry air supply) will reduce project costs
and allow the LFSWT to be brought on-line
more rapidly than would normally be the case
for a new facility. Consequently, the LFSWT
should be able to impact the critical technology
development phase of the HSCT before 1997.

The decision to use the FML non-
specialist indraft compressor to power the
LFSWT created several technical concerns. To
achieve the low end of the Re range, the
LFSWT must operate with a Po which is less
than the minimum Pi.  This means that the
LFSWT compression ratios will be uniquely less
than unity (Po/Pe down to 0.625:1 with Re =1
million per foot at Po = 5 psia - 0.34 bar). So,
the utilization of the FML compressor
precludes the use of a conventional drive
system to achieve the desired Re range.

Consequently, a novel drive system was
developed using an [/8th-scale model of the
LFSWT, which we call the Proof-of-Concept
(PoC) supersonic wind tunnel.

A detailed description of this drive
system is beyond the scope of this paper and
has already been covered by Wolf et al.>® The
drive system requires less than half of the
normal run compre<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>