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The AEDC tests were structured to examine optimum ported orifices
prior to the AFWAL Mach 6 tests. The TWCP specimens were exposed

to turbulent boundary layer conditions at tunnel stagnation pres- _.if-
sures of 700, 1400, and 2100 psi with a total tempevature of 11000R,

respectively. —

It was concluded that ‘the AFWAL Mach 6 open jet facility has a
high freestream noise cuntent. The extended Reynoids number range
(>107) indicated the importance of Reynolds number_on acoustic
algorithms for power magnitude and power spectral density. _A
correiation was developed for the ported hole sensors that can be
related to the flush mounted sensors. Characterizing the backface
(blind hole) gages with surface mounted sensors will require further
data interpretation due to vibration. In general, rough walls
augmented the acoustic energy levels as expected. A biased rough
pattern (20° angledt to flow) indicated that acoustic measurements
could be used as ¢ diagnostic technique to determine the surface
characteristics of TWCP ablation patterns.
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FOREWORD

The objective of the proposed program, which was supported by the

AFWAL laboratory director funds, was to develop an insitu measuring

technique to rank candidate ablation materials. In particular, the study was
directed at evaluation of the candidate heatshield materials relative to
ablation/erosion/roll torque performance. Noting the limited time and use

of standard measuring techniques (acoustic microphones) the program was

deemed ambitious with a high risk factor. However, the high potential as a %
ground test diagnostic technique and possible flight vehicle application

lent the program within the scope of laboratory director funds. The

potential of the orogram and the opportunity to characterize ablation materials

was recognized by three branches within AFWAL, namely FIMB, FIBE and

the MLBE branch of the Materials Laboratory. Also to be noted is the

contributed value ($50K) accorded by Arnold Engineering Davelopment Center

(AEDC) who showed an equal interest in the project. AEDC provided a shock

tube and personnel to study the ported hole gage response prior to the AFWAL

Mach 6 tests.

The results of the program have demonstrated the feasibility of
using acoustic sensors to characterize material ablatior patterns. Moreover,
the data acquired for ported holes on smooth and rough surfaces has advanced
the state-of-the-art acoustic measuring techniques. It was also demonstrated
that more attention should be given to data processing tc determine the
optimum functional acoustical format to present data. As a consequence of
the high freestream noise content of the AFWAL Mach 6 open jet facility
together with its high freestream Reynolds number capability, it is

recommended that the data be further evaluated after freestream and boundary

iii
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layer measurements are made in the facility.
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1.0 INTRODUCT ION

Several new candidate reentry vehicle heatshield materials have

become available in the 1ast decade. Their development has been motivated

by the rieed for improved abiation performance which is required for the
advanced missions/vehiclies. As a raesult, the development of new fibers/

resins and manufacturing techniques was initiated. However, cve must still

resort to conventional test techniques to evaluate these materials; namely,
by arc tunnel, rocket exhaust, and flight tests. In the former two, insitu
measurements consist of indepth thermocouple response and post test examina-

tion to determine the material performance characteristics. Capabilities

to evaluate reentry performance have not been fully developed inasmuch as

ground test facilities do not simulate all facets of the reentry environ-

ment. In flight test applications, the candidate material is exposed to

nigher energy conditions; however, insitu measurements are limited and some-

i

! times subjective in that the resulting environment {is not well characterized K
¥
{

yet these data must be used to judge the heatshield performance character-

istics under full scale conditions.

More recently, a number of ground test experiments have been

developed that consider a two svep approach to examine specific material

characteristics; for example, roll torque. The first step is to ablate
the candidate material in an arc type facility and the secoq& test, in a ;
cold flow facility. The latter is used to determine forces (lateral/axial) 1
that contribute te roll torque as a result of the ablation conditioning of
the surface. An alternate test approach has provided useful roll torque

information whereby a candidate material is mounted on a special sting/air-

bearing system that allows the wndel to spin freely in a direction resulting

from the ablation roughening proce 5. Although roll torque data are obtained 5 :
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in this manner, the rotating sycstem does not allow for ablation performance
data to be obtained. In all of the above testing, surface tupography via
photography and indepth post test examination have contributed significantiy
to the material evaluation process.

A different approach is proposed that combines many of the above
concepts while providing a technique for insitu measurements to charac-
terize and rank candidate heatshield materials. This technique consists of
using acoustic technology that measures the fluctuating pressure environ-
ment (boundary layer) on the candidate material. This technique has been
successfully used to characterize structural/component integrity of BRV's
and aircraft. The technique was recentiy developed in an AFFDL sponsored
pragram (AFFDL-TR-77-59)1 where the pressure fluctuations were correlated
to local boundary layer conditions for smooth wall surfaces. Moreover, it
has been shownz’3 that rough walls yield significant ariations in pressure
magnitude and power specira thereby allowing for an opportunity to charac-
terize rough (ablated) surfaces. The effect of roll torque can be acquired
by the cross-spectral functions in spatial resolution.

1.1 OBJECTIVES

The objéctive of the program is to proQide a technique to examine
surface characteristiﬁs on tape wrapped carbon phenolic (TWCP) heatshield
candidates. The technique employs the use of acoustic sensors that have
been successfully used in other experimental programs to characterize
boundary layer behavior with surface conditions. The experimental program
corsists of shock tube tests for gage/ported hole calibration and wind

tunnel tests.




2.0 BACKGROUND

The methodology to be developed in this investigation will be to
examine TWCP materials featuring fiber/resin/filler systems which are sub-
Jjected to damage/ablation/roughness using ported and backface acoustic gages.
An instrument was recently developed4 that used a boundary layer acoustic
(A monitor {BLAM) to determine transition onset for R/Vs. Wind tunnel tests
with BLAM gages at Philco Ford and NSWC indicated the possibility of flight
appiication. Subsequent flight tests (STM-12/STM-13) have shown that tran-

sition movement was detectabie with this gage. Smooth wall TWCP specimens
will be used in the proposed program to develop the backface gage response
(i.e., the material transmission properties). Both bench test (shock tube)

and cold flow wind tunnel tests will be used to calibrate the backface gage

with the flow environment and wall shear levels. The backface gage will be
compared to ported flush mounted sensors to ensure the validity of the cali-

bration. The reason for the ported gage is to ensure the integrity of the

P

measurements on a roughened surface, i.e., for local dynamic similarity,

the hole size should be on the order of the rms roughness height, which in

turn is usually less than the sensor diameter when fiush mounted. A schematic

of the proposed system is shown below.
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Since the fluctuating pressure field is directly related to wail

5. which in turn is a scaling parameter for ground/flight simulation,

shear
the power megnitude offers an attractive means to characterize candidate
heatshield materials. In particular, wall shear can be directly related
to ablation/roughness and subsequent roll torque behavior. An example
of the latter can be found in the recent reentry heatshield performance
evaluation by Martellucci, et al.s.

2.1 PREVINUS WORK

Figure 1 shows the predicted power magnitude (rms) compared to
data and other theories. These data were obtained on a variety of model
shapes and wind tunnel walis. The significant contribution of the algorithms
developed in Reference 1 was the inclusion of viscous effects and com-
pressibility on shear levels. This is noted when considering the power

spectral density (smocth walls) which is functionally represented as
¢ (W) = & (o) B, (&%w)/u,)

where the displacement thickness (8*) and velocity (Ue) are typical charac-
teristic length and edge velocity of the boundary layer. Figure 2 shows the
normalized power spectra as a function of Strouhal number. The prediction
method of Reference 1 is shown compared to data with the compressibility
parameter (é&) as a paramneter. It is noted that the prediction technique
reduces to the classic incompressibie work of Bu117.

The above relations have been developed for smooth walls. As
surface conditions change, such as ablation/rougiiness, the turbulent boun-
dary shear characteristics are augmented as is the noise level. Measure-

ments on rough surfaces have shown that




Ct)rough > Cf)smocth

and
Prough >> P) smoth

thereby allowing for a qualitative measurement of surface characteristics.
Fighre 3 shows the power spectra of data from smooth and rough surfaces

taken from the incompressible experiments of Burtonz. A comparison to

Figure 2 shows the power spectra distribution of Burton is ir auw 2enant

with that of the classic works of Bu]17 for smooth walls. The effect of
roughness on power spectra is seen in the slope for Strouhal numbers > 1.

In this situation the increase in wall shear resulting from surface rough-
ness augments the noise level and subsequently the power spectra. Variations
in power spectra together with power magnitude from smooth to rough ablated
surfaces will be used to characterize material behavior.

Figures 4 and 5 show acoustic measurements of flush and ported
gages obtained in the AEDC von Karman Tunnel A facility at Mach 4. This
unpublished work, recently uncovered, f:atures several type acoustic sensors
installed on a sharp/cone cylinder. Gage installation included flush, ported
(straight and 900), and a backface crystal. No details of port length or
backfuce depth were provided. Figure 4 shows the model, tunnel conditions,
gage installation and gage type. Figure 5 displays the acoustic spectra at
several tunnel conditions. The data are uncorrected for roll-off due to
port damping as was the case in the previous figures. Turbulent boundary
layer conditions prevailed on the model for stagnation pressures greater than

30 ~ 35 psia. Insert Figure 5-a shows that the backface g:ge response is in
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concert with the flush mounted sensor. This is also depicted in Figure
5-¢ which shows the SPL as a function of Frequency. Figures 5-b and 5-d
show the acoustic spectra for various flush/ported sensors at several

tunnel conditions. One notes that the ported sensors display a lower level

1 than the flush mounted sensors with the straigat port yielding a higher
value than the 900 ported arrangement. Figure 5.c shows the spectra

at laminar boundary layer conditions (15 psia) which can be interpreted as
j a measure of tunnel noise content.

ﬁ Ported gages (Kulite) used in previous investigations8 have in-
@ dicated that the time response characteristics are identical to fiush

| mounted sensors. Moreover, the Helmholtz "bottle" resonance frequencies,
if the port is designed properly, will not be a prob]em9 at supersonic/

hypersonic conditions. It should be noted that ported designs have, in

general, not been successful on TWCP reentry applications. This is a con-

sequence of the charring/outgassing of the phenolic in the cavity as well
as local conditions at the surface surrounding the cavity opening. Hence,

the use of super-position of experiments, i.e., high enthalpy flow to create

RV surface conditions and subsequent cold flow testing to characte-~ize the
material/environment appears as an attractive technique to assess material

response. The combination of experiments togethér with backface acoustic

sensor development can lead to insitu measurements during an actual ablation

process.

——— el P .




3.0 BENCHTEST (PORTED HOLE DESIGN) - AEDC SHOCK TUBE TESTS

A series of shock tube tests were conducted at the Arnold Engi-
neering Development Center (AEDC) to determine gage response characteristics
relative to transform functions, rise time and Helmholtz frequency effects
on ported hole (orifices) designs. Both smooth and rough surfaces were
axamined where the latter featured a 20grit (0.037 inch average height)
sand grain tvpe surface. Figure 6 shows a schematic of the shock tube
apparatus while Figures 7 and 8 show photographs of the apparatus and test
equipment as well as the actual test models with acoustic gages. Figures
9 through 11 show schematic drawings of the models and the hole combina-
tions that were tested. Six Gulton type MVA-2400 microphones were used in
the test series. The gages were placed in the various hole combinaticns
with one gage always flush mounted for reference. An AEDC PCB type 112A21
quartz transducer was also flush mounted to provide the test standard.

Shock tube vacuum pressure and model hole cavity volume (void
beiween the orifice and gage diaphragm) were varied. Tests were made with
a clear gage diaphragm, silicone grease coated diaphragm (as well as filling
cavity) and RTV rubber coated diaphragms (which provided an exact known
cavity volume). Shock tube characteristics are obtained from standard
isentropic and normal shock relations. The following schematic depicts

the shock tube parameters
/,-MOVING SHOCK WAVE

STATIONARY (
e /
.——iL—— Ul - (Ul'uz)
MODEL
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For a normal shock wave (stationary) with an observer traveling

with the shock
My = M /T)7Ty (0)/0))

On the other hand, a moving shock requires a coordinate change (prime

terms) such that

Ve A .
"‘z"c;_"“l‘"z for ¢ = AgRT

Then the Mach number traveling over the test model can be expressed as

MO
2 _ /N M i
L ol A e LAY

If one considers an average upstream Mach number M; of 3 together with the ﬁ

isentropic relations, the test Mach number becomes Mé = 1.36. The ratio

of total to static pressure is given by

In order to have the static pressure (vacuum pressure in shock tube test

section) in the range of the AFWAL M = 6 tests, the above is written as

P2 .
P P Po - 30
1 2 1




Hence, values of vacuum pressure of 0.015 psia to 0.05 psia were tested.
Finally, the response time for the ported sensors to reach maximum output
is given by

- PelPy + Py

128 ug

Vo
t=“~f'['2_+vc]m

The data were recorded on a 14 channel magnetic tape. Select
gagas were examined on oscilloscopes during the test sequence to determine
gage response to rise time. The data were processed on a Spectral Dynamic
360 Digital Signal Processor. The digitized data was subsequently placed
on a transit tupe that provides blocks (1024 points) of data for specific

analysis time, trace patterns and transform functions for various test

conditions. Table 1 shows a summary of the test shots (113 test conditions).

Figures 12 through 14 represent typical processed data. Figure 12
shows the flush mour.ted PCB gage with a step function drawr through the gage
output response. Thas sensor was compared to the Gulton flush mounted
sensor (Figura 13) where gnod agreemen. ic noted. Figure 14 represents a
typical ported gage response. input/output transform functions are no*ad
in temms of a scale factor in psi (or dB). Essentially, the difference (A)
can be applied to a ported signal over the freguency rang2 to correct the
gage response to that of a flush miunted sensor. Further discussion con-

cerning gage corrections will be given in iater sections.

Figure 15 represent. tynical results of the AEDC shock tube results.
Essentially, the shock wave imparted a pressure step of approximately 0.43 psi

to the transducer over a recorded signal output of nominally 833 microseconds.
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Figure 15a shows the flush meunted Gulton and PCB gage response were excellent
B} comparison as noted. Figure 15b compares the ported hole gage response to

the flush mounted sensors. Appendix A presents several runs fvom the AEDC

shock tube tests. It should be noted that several test runs featured a biind

nole gage that rendered little or no gage response depending cavity volume
characteristics. These data were considered questionable due to the short
time exposure and further analysis was deferred to the AFWAL M = 6 test

for blind hole gage response.
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One interesting aspect of the AEDC shock tube results is shown
E in Figure 16. Here, an estimate of the ported hole characteristics based on

real time transducer output demonstrates the consistency of the calibrated

results. A correlation is shown for the dynamic pressure as a function of

the shock pressure and time of response. The dynamic pressure is expressed
as that value for the time (T) to reach 63.2% of the shock pressure (Pf).

This is schematically shown below:

AMPL ITUDE

> FREQUENCY




The cut-off frequency fco (= 1/2nwt) also occurs Jt the 63.2% cut-off time
(t). The signal amplituds at the cut-off frequency is the maximum ampli-
tude (Amax) Tess 3dB. If the correlation developed by the AEDC is cor-

roborated by the AFWAL M = 6 tests, one can use the results to predict the

dynamic response of any ported hole linowing the pressure field (Pf). This
assumes a cut-off frequency of -3dB and a 6dB decay per octave correction.

This result strongly suggests that the above phenomena can be simulated by

a single pole filter resistance/capacitance circuit response. This circuit
is schematically shown as
R
i l —l- T !
c ]
e E
i e,
¢ 4 |
i_
where ;
|
Xe = aC
Z=R- j/uC
) Xc L=900

€ "—r"ﬁ
At the cut-off frequency.fco

Xc = R
7= /2R ;-850
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Tha following table illustrates the power droo-off (dB) per octave at

multiplicative values of cut-off frequency.

feo R Xe z e eq/eq dR

0.5 1 -2 2.236  ~63.40 .894.-26.60 - 0.97
0.8 1 ~1.26 1.60 -51.3 .781.-38.70 - 2.14
1.0 1 -1 1.414  -450 .707,-450 -3
1.5 1 -2/3 1.702  -33.7 .5546,-56.30 -~ 5.12
2.0 1 -1/2  1.118  -26.60 .447,-63 .40 -7
3.0 1 -1/3 1.054  -18.40 .316,-71.60 ~10
6.0 1 -1/6 1.014 - 9.50 -154,-80.50 ~15.7
10.0 1 -1/10 1.005 - 5.7 -f995;-84.3¢  .20.0

Although the above is not quite a 6dB drop per octave, it would appear
possible to construct the power spectral density for flush and ported
designs based on the AEDC correlation.

as follows:

(w

u

- ]

ol e

-

This 1s schematically illustrated

FLUSH GAGE RESPONSE

PORTED GAGE
RESPONSE




One can calculate the cut-off frequency based on port design and measure the
difference between a ported and flush gage response. The AFWAL M = 6 test
shculd provide an opportunity to determine if the shock tube results of AEDC
can be generalized to the steady flow behavior 2f the AFWAL facility as well
as variations in kigher pressure levels.

4.0 AFWAL MACH 6 TESTS (SMOOTH/ROUGH WALLS)

4.1 AFWAL M = 6 FACILITY

The AFWAL Mach 6 high Reynolds number wind tunnel operates at a

Mach number of approximately six over a unit Reynolds number range of 107

to 3 x 107

per foot. The Reynolds number is varied by chanqgirg the stagnaltion
pressure from 700 through 2100 psia while maintaining a constant stagnation
temperature of :90°R. Lower values of stagnation temperature {900°R) are
possible. The facility's maximum running time is approximately 100 seconds
(high unit Reynolds number condition). Figure 17 shows a schematic of the
facility. Flow field angularity has been shown to be negligible during

several calibration tests. Further details or the Mach 6 facility can be

obtained in Reference 10.

4.2 MODEL DESCRIPTION

The model used in the M = 6 tests consists of a flat plate geometry
approximately 15 inches by 14 inches with a 3 inch by 8.5 inch trailing sec-
tion. The TWCP specimens were mounted on the trailing plate and flush aligned
with the leading section. Figure 18 shows the trailing section of the mounting
plate while Figure 19 shows the model and specimens in the AFWAL Mach 6
facility. The TWCP specimens consisted of two smooth and two roughened models.
One smooth model consisted of ported holes while the other contained blind
holes at various depths. In both cases a flush mounted sensor was installed
for reference. The rough model consisted of a machined square pattern that

13.
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was 0.040 inch x 0.040 inch x 0.020 inches high. One of the rough models
was cut 20° biased to the flow direction with the same pattern. In both
cases, ported holes were located ir the specimens. For the blind hole rough
wall tests, the smooth specimen (SM-2) previously tested was machined to
the above roughness pattern giving three actual specimens. In order to
accommodate a rang2 of 1/d orifices, the specimens (smooth/rough) were
drilled to a larger diameter and the tests were repeated. Figure 20 shows
a typical TWCr specimen and the acoustic gage locations while Tatle 2
identifies specimen hole size and location. The specimens are 3 inches

by 3 inches and approximately 0.040 inches thick The gages were located

to investigate longitudinal, lateral and cross-flow spectra of the boundary
layer when subject to smooth and rough surfaces.

4.3 INSTRUMENTATION, SIGNAL CONDITIONING AND DATA RECCRDING

The accompanying block diagram (Figure 21) shows the signal con-
ditioning and data recording system. Eleven foot lengths of high temperature
miniature coaxial vable coupled the signals from the ter Gulton quarter-inch
microphones out of the wind tunnel to in-line unity~gain Kistler Model 558
impedance converters which preserved the best possihle signal-to-noise ratio
while driving the long coaxial cables to the control room. Intech auto-gain
ampl ifiers were used to provide the gain necessary to attain signal levels
close to the tape recorder full-scale values in order to fully utilize the
available dynamic range. The auto-gain feature of'the Intech amplifiers
was not used because of the short test time and the large transient signal
levels encountered during msdel injection into the flow. Fixed gains, based
on anticipated signal levels,were used and the comnutated, pulse amplitude

modulated Intech gain indicator outputs were recorded on one track of the
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magnetic tape. A portable oscilloscope was used to observe the tape re-
corder input signal levels.

A1l data were recorded using a Honeywell Model 100, 14 track tape
recorder with all microphones in a given test specimen recorded by the same
head in order to minimize time displacement errors. Time code information
was also recorded on one track and voice commentary was put on an edge track
in order to assure proper data identification. Quick-look analy-is capa-
bility was provided by a Spectral Dynamics Model SD312 third-octave analyzer
and by Vu-Data monitor oscilloscopes.

Tables 3 and 4 show the complete AFWAL Mach 6 test matrix. The
former represents the smooth wall tests while the latter the rough wall tests.
A comment section has been added to indicate test peculiarities and model
gemoetric changes. One shculd also note the comments concerning location
of the flush mounted jages during the rough wall tests. Here, the location
of the gage relative to the roughness height was examined to determine opti-
mum effectiveness. The tables were structured in terms of AFVAL test # (and
date) together with acoustic recording number. Model identification, facility
pressure levels and hole size change§ are also recorded. Acoustic gage
identification has also been recorded tc ensure proper gain factors during
data processing.

A two channel analyzer was used at WPAFB to examine the smooth wall
results. A transmissibility function was identified to characterize ported
and backface gages relative to the flush mounted semsors. However, the
backface gage response will require further aralysis and interpretation.

The transmissibility f ~~tion is defined as

vV PSD/PSD ref

15,
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where PSDref is the power spectral density of a reference gage; in this
case the flush mounted sensor. On the basis of the brief analysis provided
by the two channel analyzer, a data subset of Tables 3 and 4 was made for
further analysis. Table 5 contains the data subset as well as analysis
required for the AFWAL Mach 6 tests. Twelve test conditfons have been
selected. This includes four (4) smooth will and eight (8) rough wall tests.
The latter are contained on two tapes. The table shows the acoustic record
number, data, tape number and tunnel pressure condition for proper identi-
fication. Also shown are the specimens (model) and gage or recorder number.
There are five gages on each specimen and two specimens were tested at each
tunnel condition. In addition to the above, acoustic plotting requirements
have been identified, together with appropriate gages, as well as a comment
column.

Three acoustic parameters were sited for plotting purposes. These
included the power spectral density (PSD) as a function of freguency (not
1/3 octave band), transmissibility and X-PSD also as a function of frequency.
The reference PSD, identified on Table 5, is the flush mounted sensor on
one/cr both specimens. Although several X-PSD have been identified, only
the magnitude was obtained as opposed to the real ani imaginary components.
This was a consequence of examining the relative magnitude difference between
smooth, rough (square uniform pattern) and rough-biased pattern. Co and
Quad functions were not genevated fYor this report. Appendix B contains

selected processed data from the subset of Table 5.
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5.0 D*SCUSSION OF RESULTS

Relative to the objectives of the program,i.e., to characterize
TWCP material as potential roll torque contributors, the study clearly
indicates inat the acoustic methodology can be used to determine cross
flow tehavior due to roughness. The above was demonstrated using flush
and ported sensors in a cold flow (tg = 1100°R) facility. However, use
of backface (blind gages) to characterize boundary layer behavior re-

quires further analysis of the processed data.

The AFWAL Mach 6 facility operates in a free stream Reynolds
number range of 1 to 3 x 107. The specimens were located 18.5 inches
from the test model leading edge giving a local Reynolds number value
of 1.5 to 4.5 x 10’. This high Reynolds number characteristic is an
order of magnitude greater than that experierced in previous wind
tunnel acoustic tests (for example, AEDC von Karman Tunnels A and B,
NSWC Mach 8 and NASA Ames Mach 4, 8, and 10 facilities). Moreover,
the open jet and collector AFWAL Mach 6 type facility is known to
have significant free stream noise characteristics. Figure 22 demon-
strates this behavior. Smooth waii PSD distributions are shown for
flush mounted acoustic gages at two facility operating pressures,

In both cases, the signal is generally linear out to 20 KHz as op-
posed to the roll-off characteristics that are associated with acou-
stic gages for frequencies »10kHz. In order to assess the contribu-
tion of free stream noise to boundary layer noise, the algorithms
developed in Reference 1 were used to predict both power magnitude

(rms pressure) and PSD. The following tunnel conditions were used:
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M_=5.88, U_= 3400 ft/sec, TO = 1100°R

o

P Poo oo &*
(1bg/in?)  (1bg/in2)  (1bg/Ft2)  (ft)

700 .502 12.145 0.0155
1400 1.00 24.29 0.01325
2100 1.502 36.435 6.01217

The power magnitude is expressed as
p/q_ = 0.006 €1 (1)
where the compressibility factor, €1 based on adiabatic wall conditions

becomes
~-0.64

ep = (1+0.13K2) : (2)
aw

In the above, the rms pressure is defined as
()% = 17 o(F)df = £ o(F)af + Lo(f)df (3)

The PSD is yiven as

-2
o(w)i _ (.006)2 6T 7 @)
a;zo s* 5*52

1 w
14 =5 (—
eT4 T

and as w + 0, Eq. (4) becomes

2 g
oo~ 0) & 28 2y o (.006)° : (5)

(- -]
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Measured values of the power magnitude were approximately

1/5 of the calculated values. This could imply that free stream

noise is the dominating mode or that the energy level was not suf-
ficiently irtegrated into the fregquency spectrum > 20 KHz. This
would indicate that the second integral term on the RHS of Eq. (3)
is a significant contribution to the power magnitude. Normally,

this portion of the spectrum can be neglected due to the roll-off

of the PSD distribution at frequencies /> 20 KHz. To ensure that

this interpretation is correct, one can measure the PSD at low fre-
) quencies (& 500 Hz) and compare the results to calculated values

using Eq. (5). If indeed the free stream noise content is the

dominating source, then the ratio of PSD measured to calculated

should be & 1/25 as suggested by the definition of power magnitude

(Eq. (3)). Using the Mach 6 facility parameters together with !

- Eq. (5), the ratio of measured to calculated PSD for f-»0 was

determined to be 2 1/5 thereby indicating that the signal is mea-

suring boundary layer noise as well as free stream noise.

A further check was made on the PSD distribution by calcu-

lating the Tevel at 20 KHz. Equation (4) was used together with the

facility parameters and it was determined that the mean of the measured
value was approximately twice the calculated value. Again, the above
gives evidence that the measured noise source is boundary layer as well
as free stream. It is concluded that the high Reynolds number capability
of the AFWAL Mach € facility together with the open jet characteristics

can lead to a combined high energy content yielding uniform PSD levels

out to and beyond 20 KHz. 19
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Figure 23 shows the transmissibility within the frequency
spectrum for a smooth wall poried sensor. The ported gage response
is normalized by the flush wounted sensor (PSDref)‘ If one considers
the correlation developed in the AEDC shock tube tests, the cut-off
frequency for the ported hole is‘fho = 2,65 KHz. Moreover, the cut-
off frequency should occur at 3 dB from the reference level (in this
case the flush sensor). Since the ordinate represents the square
root of the PSD ratio, then the definition of the sound pressure level
would yield

3dB = 20 1og,; P/P.¢

and p/pref = 0.707. An inspection of Figure 23 indicates that the AEDC
correlation werks for the smooth wall ported hole tested at Mach 6. One
should also note the cylic behavior cf the ported sensor for f > 5 KHz

indicating a possible resonance (Helmholtz) condition.

Figure 24 shows the transmissibility function at two levels
of tunnel pressure. In both cases, the ported hole was normalized by
the flush mounted sensor for the smooth wail conditions. The higher
tunnel pressure condition is normally thes same as that of the lower pres-
sure. The cut-off frequency for the ported design was calculated to be
6.3 KHz, For this test case, the measured results are higher than the
calculated value. However, the signal appears to be dropping off to-
ward the calculated value at the point where possible resonant condi-

Lices may prevail.
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Figure 25 shows a typical response for the backface (blind
hole) gage response. .he transmissibility function is displayed over
the frequency spectrum where the backfaced gages were normalized by
the flush mounted sensor. Both PSD (shown in Appendix B) and the
transmissibility function show a very erratic behavior. One trend
is noted that relates to the depth of the gage relative to the speci-
men surface; namely, that the pressure decreases with depth of the sen-
sor, It is also interesting to note that gages close to surface
respond much like the flush mounted sensors. Moreover, the signal
reduction v’ h depth suggests the possibility of developing a correla-
tion to the flush mounted sensors. However, the erratic nature of
signal should be studied together with material characteristics before

attempting any correlation.

Fiay, .- 26 and 27 display the PSD distributions for uniform
rough wall flu: .nounted sensors at the three tunnel test pressures.
In Figure 26, the PSD level is seen to increase with tunnel stagnation
pressure as noted { r the smooth wall case (Figure 22). However, a
significant up-s»'~1 in the signal occurs for frequencies ®5 KHz. This
characteristic is opposite to that of the smooth wall results where roll-
offs are expected. This phenomenia cannot be fully explained. It is
evident that energy is boundary layer related. One possible explanation
is the occurrence of shocks emanating from the roughness pattern in the
boundary layer. These shockletts can contribute low scale eddies in the
higher frequency range thereby causing the increase in PSD distribution.

Figure 27 compares the rough and saocoth wall PSD distributions at the
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upper and lower tunnel pressures. In both cases the rough wall yields
higher PSD's and subsequent power magnitude. The normalized power
magnitude of rough to smooth rms pressure in of the order of 1-1/2. The
increase in power magnitude and PSD with roughness is in agreement with
the incompressible work of References 2 and 3.

Figures 28 and 29 show the uniform rough wall effects with ported
holes. In Figure 28 two ported hole locations are compared to a comparable
position for a smooth wall condition. The PSD's are shown in terms of the
transmissibility function. A variation exists for two identical holes at
two locations on the specimen (i.e., position 4 and 10). This result was
typical of many of the tests. An examination of the Mach wave generated
from the leading edge of the test model indicated its potential effect along
the left leading edge of the specimen (position 4) which could result in
higher PSD values. When comparing to the smooth wall result, one notes the
absence of the cyclic nature above 5 kKz for the rough models. Moreover,
the ported gage response for rough surfaces (for many test cases) did not
appear to be as erratic as the smooth surface. Figure 29 shows a test
condition where the gage response is not as clear as the previous case.

Two ported holes are shown with the same 2/d ratio of the ported hole. If
one considers the AEDC correlatiqn, a cut-off frequency of 750 Hz occurs
which is shown to be lower than the 1/32" diameter hole and higher than
the 1/64" diameter hole. In general, the AEDC correlation for cut-off
frequency did not appear to work for the rough wall cases. The measured

p/pref were normally greater than prediction,
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Figures 30 and 31 show the backface (blind hole) gage response for
uniform rough wall conditions. The data are compared to comparable smooth
wall conditions. For the shallow depth iocations (5’1/8 inch) the rough

{ wall transmissibility function shows lower pressure levels than the

o smoot.i wall case. On the other hand, the deeper locations (’- 3/16 inches)

tend to have the same characteristics for both smooth and rough walls.
As in the smooth wall test cases, data interpretation is very difficult §>
and will require further examination.

As noted previously, the power magnitude of the X-PSD were ¥
examined to determine the effect ot biased roughness (i.e., when the

uniform 0.04 inch x 0.08 inch x 0.020 inch high pattern was skewed 20° :

to the flow direction - Figure 20). Co and Quad cross-correlation functions i

were not obtained due to timing constraints of the program. If the puwer »
magnitude of the X-PSD showed a significant effect, further data processing V
would be warranted. Table 6 has been constructed to indicate the X-PSD

power magnitudes. Smooth, uniform and biased rough wall conditions are

shown. The X-PST locations are identified on Table 5 and subsequent hole
locations in Figure 20. It is clearly seen that the X-PSD power magnitude 1
for the biased rough surface shows a higher level than the corresponding
smooth or uniform rough cases at all tunnel pressure conditions. The one

exception is location 9-7 for test run number 20. However, reduced data

show gage 9 to be questionable. The fact that the X-PSD power magnitudes
for the smooth and uniform rough cases are approximately the same indicates
that acoustic senscrs can be used to characterize ablated TWCP specimens

for potential roll torque contributors.
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The effects of roughness on the power magnitude can be evaluated

by considering the wall shear in a boundary layer with a rough surface.

1f one considers the clzssic Prandtl-Schlichting skin friction
law (with/without roughness), there results

-2.
Cf; = [2.87 + 1.58 Tog - ] 5 (6)
and 2.3
(:fi’c*;= f2 %ogm llexi - 0.65] - (7)

where the subscripts { ando/orepresent incompressible and non-roughness/
non-blowing, respectively. It should be noted that Seidman’ > examined
several incompressible skin friction laws and found all to be bracketed

by the above on the high side and by Dmblenkow1 2 on the low side.
Equations (6) and (7) will be transformed into the compressible plane
using a technique by Laganelli et a1.3pased on the Eckert reference
enthalpy. This technique was developed from the work of Spalding et atd .
The transformation equations with blowing, but not roughness, are given as:

Lty ‘ Pe . 2 -2
— = Fh o= = e - 3
T Fc. o (Bu (/1T +8,-1)] (8) ‘:
Beo, - 6 " velvt (148 (9)
Rexi "S He -0 p* g
=T e = 2 —— 2_ 2 / ‘_ 2 1
Rexc Fz F; u* (1 + Bu) pe [’B‘E ( 1+ Bu 1)] (10 ;
]
i
where (ov) 7
- w 1 \ l
By (cPinj,cPair) me cef2 (11}
and
W= (h,,,/h.,,)‘“8 + % M, . (11b)
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Subscripts 6 and x indicate values based on momentum thickness and stream-
wise length respectively, while the asterisk (*) refers to properties
based on the Eckert reference enthalpy (with surface blowing)

%%s%-+(1+£-:-_)+.22r(1§—1-)ﬂe2 . 02)

To account for the effects of rovghness on skin friction in the
absence of blowing, Fenter’%mployed a transformation function technique
using the van Driest transformation. Several parameters were required
depending on the range of the roughness Reynolds number. Winter and
GauditPBconsidered a transformation function for roughness that assumes
Fc and Fg remain invarient with roughness. Further they assumed that
wall conditions influence the flow through the roughness function in the
form ’

f=f(%l)

and therciore that the required equivalent value of Reks should give the
sare value of kou /vy as for incompressible flow. Hence, we define

_Rek i _ pe (/2 (vey (L )l/2 )
kg = ke ,c ) (B;) Wk .

In the above, FZ has been adopted to account for blowing effects, i.e., if
fquation (?) allowed for B, + 0, then F& = F. = pa/p* which is the
non-blowing transformation function.
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When Equations (7) through (10} and (13) are substituted into
Equations (6) and (7), the skin friction normalized by the non-blowing/

non-roughness value (Cfo o) becomes:

- vI+g - 1032 (0.8686 (anJ+ tnRe, )-0.651%"3
u

c
f =
cfo/o (2.87 + 0.6862(~2ng* + 2n RR:_:_ )y 25 (1)
E where s
}A
;i
' _ (h*- (m+1)
PR (F;) (15a)
and
-1
FEL b (m+ 1/2) -1 o2 =(m+1/2), P = (m+1/2)
g '("‘fz’ ) (1+r Glu) () )
(l + Bu)m (15b)

l% VT ¥ Byp- 1)1

It should be noted that the transformation functions appearing with aster-
isks (*) represent blowing conditions. If one allows B, +~ 0, all trans-
formation functions reduce to the basic non-biowing values found in classi-
cal literature. Moreover, the viscous properties ﬁ* and p* are related

to h* through the Sutherland viscous relation u*~(T*)m and the equation 3
of state p*~+%w The Sutherland equation can be used to determine the 4
viscous exponent (m). For the present investigation a value of m = 4/5

was used. The above technique was recently developed by Laganelli and

Sontowsk117. {

R il e o

If one considers the AFWAL Mach 6 facility conditions for air
adiabatic wall with no mass transfer (Bu = 0), Equation (14) becomes:

Cf 3. x 102

~

- - 2.3
Thojo | 146 - 0.69 in kg

(16)
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The actual roughness pattern used in the experiments consisted of a 0.040
inch x 0.040 inch x 0.020 inch high matrix. The above equations are based
on 2 sandgrain rough surface. An equivalent sandgrain roughness height
can be obtained by considering the projected area of the actual roughness
height and spacing to the stream flow, i.e., the exposed surface area of
the roughness element. Dirling18 developed a technique to obtain an

equivalent sandgrain roughness which can be expressed as

ky/k = 0.0164 1378 (n

actual

. -4/3 :
forA (Dkact)(Ap/As) . The parameter Ap/As is one for the tested

roughness pattern while the spacirg (D) to actual height ratio D/kact is

2. The equivalent sandgrain roughness height ratio becomes ks/kact = 0.225
providing a value of kS of 0.0045 inches.
The power magnitude (Figure 1) can then be written as
:’E ) ~ (
{ = (0.006 /e (18)
W rough )&aw (Cf LfOlo) .

Using the equivalent sandgrain roughness (ks = ,0045 inches) Equaticn (16)
becomes C./C = 1.5. Since C./Cf is unity for smooth walls, the

f fo o ' “To,0
power magnitude should be augmented by 50% for the rough wall conditions.
Measurements (Figure 27) have shown that prough/psmooth is on the order

of 1.5 confirming the above calculation.
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6.0 ASSESSMENT

The objective of the program was to characterize and rank material
performance relative to ablation and possible roll torque contribution. In
the process, the techniques developed could be used to provide insitu ablation
test measurements as well as a possible technique for flight vehicle applica-
tion. The program was deemed ambiticus with high risk and high payoff.
Although the data analyses will require further interpretation to assess
the backface gage respense, the program objectives are considered a success
relative to using acoustic measuring techniques.

The smooth wall tests indicated that the AFWAL Mach 6 open jet
facility has a high freestream noise content. Moreover, the high frcestream
Reynolds number capability of this facility indicates a significant Reynolds
number effect on prediction of power magnitude and power spectral density.
The ported hole response appeared to follow the AEDC prediction based on
a cut-off frequency. Possible resonance conditions tended to occur for
frequencies greater 6 kdz. The uniform PSD distribution over the spectrum
suggested the analogy of an electrical RC curcuit to predict power charac-
teristics. The backface gages tended to behave as the flush mounted sensors
for depths !;1/8 inch.

The rough wall tests presented several interesting phenomena. At
all three test pressures, the flush mounted sensors in the rough surface
displayed PSD's that tended to up-swing at frequencies greater than 10 kHz.
This condition is opposite that expected where a roll-off occurs in the
same freguency range. Since the smooth wall tests showed some roll-off, it
is speculated that the increase in acoustic energy is a consequence of shocks

emanating from the voughness patterns, a condition clearly observed from

28.
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$chlieren coverage of the tests. A technique is shown that predicts power
magnitude for a rough surface. Measurements show that the power magnitude

is greater for rough surface supporting the prediction methnd. The AEDC
correlation did not appear to work for the ported gages on the rough surface.
The ported sensors generally showed higher energy levels than those for a
smooth wall, a condition that could be expected. No attempt was made to
correlate the roughness effect. The backface gages in the rough wall
specimens tended to show less energy than the smooth wall for depths

€ 1/8 inch. For depths greater than 1/8 inch, both smooth and rough wall
response appeared to be the same.

In the case of biased roughness (uniform pattern 20° from flow
direction), a definite direction characteristic was measured from the magni-
tude of the X-PSD's. These measurements clearly demonstrate that cross-
spectra functions can be used to provide ablation pattern characteristics
of candidate TWCP specimens. It shci1d be noted that the power magnitude
of the X-PSD's for both .. oth and uniform rough walls were of the same
order, a condition that was expected.

The backface gage measurements will require further interpretation.
The constraint of mounting the gage in the TWCP specimen could have led to
vibration problems as depicted in the processed data. Moreover, vibration
of the gage cables also could have contributed to the problem. The technique
used for gige mounting, i.e., direct drill/tap for the microphone head,
actually simulated an accelerometer. Finally, the cavity volume for the
backface gages appeared to be critical relative to signal response while it
did not appecr critical for the ported gages. In the latter case, orifice

resonance would dominate.
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TABLE 1, SUMMARY OF Sxock TUBE SHOTS

| .
| SLEEVE ~__ DATA SHOTS TRIAL SHOTS __ DATE 1,
SMOOTH-1 a3 5 3/10/81 ]
SMOOTH-1 (with grease) 3 1 3/11/81 |
30 R
SMOOTH-2 5 1 3/11/81 ;
{ SMOOTH-2 ' 17 3 3/12/81
52 ,‘
! ROUGH-S6-1 - 3 3/12/81 |
: SMOGTH-2 5 0 3/13/81 3
¥ ROUGH- 6-1 3 0 3/13/81 |
£ 60 ’.
. . 3/16/81 |
X ROUGH-SG-1* 7 2 3/17/81
i
i% ROUGH-~SG~1*(no cap 15 -8 3/17/81
SMICTH-1* {no cap 37 5 3/18/81
on PCB) '
noise SMOOTH-1* (ro cap 2 G 3/18/81
records on PCB) 101
SMOQTH-~2* {no wap 12 2 3/19/81
on PCB) s .
TOTALS 13 30
*RTV caps on transducer diaphragms

Gulton gages capped at all times
PCB gage capped for first seven Tuns
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TABLE 2. SPeECIMEN HoLe S1ZE/LOCATION IDENTIFICATION
AFWAL M = 6 Test on THWCP
TEST HOLE HOLE HOLE NEW HOLE
SPECIMEN LOCATION SIZE(d) DEPTH(L) DIA. GAGE # COMMENTS
INCHES INCHES ( INCHES)
SM-1* 1 1/16 P 1/8 .101 P 1015 Holes were opened 3
(Smooth) 2 1/16 P 1/8 101 P 1019 to 0.101" Dia. for 3
3 Flush -- -- 1010 acoustic record #'s K
4 1716 P 174 101 P 1025 43-47 2
5 1/16 P 1/4 101 P 1044 b
SM-2 1 1/4 B 1/16 1007 1
(Smooth) 2 1/4 B 1/8 1013 g
3 Flush -- 1017 E
4 1/4 B 3/16 1036 !
| 5 1/4 B 1/4 1024 K
SM-2 1 1/4 B 1/16 Machined pattern of :
(Rough) 2 1/4 B 1/8 0.04" x 0.04" x .02" ’
3 Flush -- (Square Pattern) :
4 1/4 B 3/16 l
5 1/4 B 1/4 5
]
SG-1 1 1/64 P 1/4 1/32 P 1017 Machined square pattern ;
(Rough) 2 1/32 P 1/4 1/16 P 1019 04" x .04" x 02"
3 Flush -- -- 1047 holes were opened
4 1/64 P 1/8 1/32 P 1025
5 1/32 P 1/4 1/16 P 1043
SG-2 1 1/32 P 1/4 1007 Biased (20°) machine
(200 Rough) 2 1/16 P 1/4 1013 pattern .04" x .04" x.02"
3 Flush -- 1010
4 1/32 P 1/8 1036
5 1/16 P 1/8 1024

* SEE DWG DIAGRAM FOR HOLE LOCATIONS (Figure 20)
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TaBLE 3. AFWAL M = 6 Test MATRIX

; AcousTiC/MATERIAL RESPONSE TEST PROGRAM
| AFWAL M = 6 FaciLITY

] Ta = 1100°R - SMooTH WALL TesTs

ACOUSTIC PRESSURE

TEST # RECORD # (PSIA) SPECIMENS COMMENTS*
12 39 700 SM-1/SM-2 e SM-1 has 1/16" holes (sec
specimen hole size/location
1.D. table
e Shocks from leading edge area
13 40 2100 SM-1/5M-2
14 41 700 SM-1/SM-2 Repeat of #12 - higher OASPL
experienced - believe due to Tw
15 42 2100 SM-1/SM-2  Repeat of #13 ;
Holes on SM-2 opened to 0.101" dia %
1
16 43 700 SM-1/SM-2 3
17 44 2100 SM-2/5M-2 ;
4
18 45 700 SM-2/SM-2 Repeat of #16 1
19 26 1400 SM-2/SM-2  Model should show T, effects :
due to prolonged flow exposure ;
20 47 2100 SM-1/SM-2

* Above tests were conducted on 6/18/81. Several tests were conducted
on 6/9 and 6/17/81 that are considered invalid due to noise/saturation
electronic problems.

Inserts were mounted around specimens to ensure flow continuity
from leading section
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TaBLe 4, AFWAL M = 6 Test MaTriX
| AcousTic/MATERIAL ReSPONSE TEST PROGRAM

AFWAL M = b6 FaciLiTy
0 o
T. = 1100"R - RousH WALL Tests* (8/4-€/81)
ACOUSTIC PRESSURE SPECIMEN
TEST # RECORD # (PSIA)  (.04x.04x.02) COMMENTS
Yok
1 i1 700 SM-2/SG-1 Flush gage on SG-2 has 0.030" ~
.040" RTV pad - see specimen
hole/location I.D. table
2 12 1400 Aborted
3 13 1400 Excellent Schlieren
4 14 700 Aborted - pressure vent problem
: 5 15 700 :
f 6 16 1400 Aborted -~ control valve problem ;
E 8/5/81 |
1 17 700 SM-2/5G-1 e SG-1 flush sensor at top
‘ of roughness
e SM-2 flush sensor at bottom
: o Weak shocks @ leading edge
i o Improved Schlieren
2 , 18 1400 'SM-2/5G-1
3 19 2100 SM-2/5G-1 Increasing PO shows excellent
shccklets emanating from roughness
4 20 2000 SM-2/SG-1 Couldn't get enough pressure
5 21 2000 SM-2/SG-1 for 2100 psia

** SM.2 flush sensor located at bottom of roughness pattern
SG-1 flush sensor located at top of roughness pattern
{both RTV pads are smooth)

*  The entire model - including TWCP specimens and inserts - was
machined to 0.04" x 0.04" x 0.02" deep roughness pattern the
specimens have been identified as SM-2 (with roughness pattern)
and SG-1 and SG-2. SG-2 was machined with a 20° biased pattern

" to give a potential acoustic direction (@ roughness).
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TasLe 4. AFWAL M = 6 Test MaTrIX

AcousTic/MATERIAL ResPoNSe TEST PkOGRAM
AFWAL M = 6 FacrLITY

To = 1100°R - RoueH WALL TESTS(CoNT'D)

ACOUSTIC PRESSURE SPECIMEN
TEST # RECORD # (PSIA)  (.04x.04x.02) COMMENTS

E 6 22 700 SM-2/5G-1 SM-2 flush gage 0.005" from bottom
f SG-1 flush gage 0.010" from bottom
also backed out gage positions 1 &
4 on SG-1 one turn (cavity)

7 23 2100
24 2100 Repeat of #23

25 700 Repeat of #22 - T_ effects possible
due to flow expos“re-
tape change (#2)

1 2100 SM-2/5G-1 e Hole pattern dia. change (see
hole-location I.D. tabel) on SG-2 '
SM-2: e Removed gages 2 (1013) and 5 (1024) 3
gage 1 (1007) backed out 2 turns- f
flush (1010) positioned .005" 3

from bottom

2 1400 SM-2/5G-1 o Excellent Schlieren and Test-
gage response from Record #1 to

3 700 #6

4 2100

5 1400 ® Record #2 to #6 has gages
Tocated as described in #1

6 700 comment
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TABLE 4,

AFWAL M = 6 Test MaTrix

AcousTic/MATERIAL ResPoNse TesT PrOGRAM
AFWAL M = 6 FaciLiTY

To = 1100°R - RoucH WALL Tests(ConNT'D)

SPECIMEN
ACQUSTIC PRESSURE (.04x.04x.02)
TEST # RECORD # (PSIA)  NORMAL/BIASED COMMENTS
is 8/6/81 TAPE #2
] 1 17 2100 S6-1/56-2 e Rep*aced SM-2 with SG-2 (biased
| roughness pattern)
i e SG-2 flush sensor (1047) has RTV
! pad cut to 0.04 x .04" pattern -
top A
® SG-2 jage (1010)-Position 5 -
switched to position 9 (1024)
o Significant effect on shocklets
@ (Schlieren) due to biased pattern
' o SG-2 flush sensor at bottom '
2 18 1400 SG-1/5G-2
3 19 700 "
4 20 2100 " Outstanding Schlieren
5 21 1400 "
6 22 . 700 " Above represent excellent set
of data L
MODEL CHANGE
7 23 2100 SG-1/5G-2 A11 gages backed out 1/4 ~ 1/2
turn on SG-2 (except flush sensor)
8 24 1ann
9 25 700 " Above excellent data set
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TaBLE 6. EFFECTS OF ROUGHNESS DIRECTION ~ X-PSD MAGNITUDE

~

RUN ¢ 90 MODEL  MODEL SURFACE ﬁogi$lons (pgi)
40 2100  SM-1  SMOCTH 1-7 .0096
4 2100  S&-1  UNIFORM ROUGH 2-8 .0079
20 2100  SG-2  BIASED ROUGH 1-7 .024 |
- 40 2100  SM-1  SMOOTH 5-7 .0098 .
; 4 2100  S6-1  UNIFORM ROUGH 6-8 012 3
| 20 2100  $6-2  BIASED ROUGH 5.7 .014 3
39 700 SM-1  SMOATH 1-7 .0035 x
3 700  S6-1  UNIFORM ROUGH 2-8 .0029 5
19 700  SG-2  BIASED ROUGH 1-7 .0092 f
3 700 SG-1  UNIFORM ROUGH 2-8 .003 !
3 700 SG-1  UNIFORM ROUGH 4-10 004 ¥
|
A 4 2100  SG-1  UNIFORM ROUGH 2-8 .0C8 ¥
4 2100 SG-1  UNIFORM ROUGH 4-10 .010 E
2 2100 SG-1  UNIFORM ROUGH 6-8 012 i
i
20 2100  SG-2  BIASED ROUGH 1-7 .024 1
20 2100  S6-2  BIASED ROUGH 9-7 .014 @
20 2100 SG-2 BIASED ROUGH 3-5 .034 1
DIRECTION !
1, 2, 4 :
. :
i
\\\‘\\. §
7, 8, 10 5
g
5,6, 7,8
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e Gbande - . -

A B ¢c 0
0 22.6  28.6

| |

10°

16.6" > 35.2" s

TEST MODEL

TEST ~ AEDC TUNNEL ARG M_= 4

15 < PO < 73 psia
1.2 Re /FT < 6 x 10°

FLUSN MOUNT 9§'-a:n6 PORT _
0it'fan SENSOR TYPE
e e —————
@ ; A - BACKFACE CRYSTAL*
- = | A - BBN 1/4"D - FLUSH
SENSOR
CYLINDER SHELL B - CRL 1/2"D - STRAIGHT PORT
B - BBN 1/4"D - STRAIGHT PORT
WOUNTING BLOCK C - BBN 1/4"D - STRAIGHT PORT
STRAIGHT PORT BACKFACE CRYSTAL C - BBN 1/4"D - 909 PORT
o1 —_o[e-0080 Fve Cpeewoue | D - CRL 1/2"D - STRAIGHT PORT
D - BBN 1/4"D - FLUSH

o - > = - -

BBN - BOLT, BERANEK & NEWMAN
CRL - COLUMBIA RESEARCH LABS
(BOTH ARE PIEZOELECTRIC)

*LEAD-ZIRCONATE CRYSTAL

ACOUSTIC SENSOR INSTALLATION

Ficure 4., AEDC BounDARY LAYER AcousTic MEASUREMENTS AT MacH 4**
**Paper presented at AIAA 4th Aerodynamic Testing Conference, April 1969.
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1o SHARP - C FIG
FIG. a |- TURBULENT o STATION B o " C
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. L] . d 120 -
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H o i Swol .
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E 1350 }- ,/ .§. %0 i ﬁllwml‘, vy QVERALL SPL ﬁ
’ ~=cevee 73 PSIA 3
§ o / . . 10 , 30 PSIA 153
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- OBACKFACE CRYSTAL : ‘ ' :
/ . sol v vl o praredd o3 L pennt 3
2}~ STATION - A oW . 100, 1000 10000
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N / TURBULENT TUNNEL WALL NOISE . .; §
12e - o |
: ' 17 TurcuLewt riow : 3
%% W o MetTIPEA F1G. d :
' TUNNEL STAGNATION PRESSURE, Po ~ PSIA 8. . |
’ ! 2o i NN !
po | .
o w | AV M e .
SHARP-CONE CYLINDER S wo - ™
“r FIG, b Rerdrss H ']
. . a m . , 3
sof ¢ : 5
BBN, FLUSH-MOUNTED (STA “A" 'a i / OVERALL SPL ;
' . . - QVERALL SPL~ DB ;
g 40 r TR ,’ § s BN, (FLUSH) 138.9 3
! sl BEN, STRAKGHY PORT “ 0= * == DN, STRAGNT s ]
g [ ' —.. BBN, 90°-BEND zs.a 1
. PORT : ;
-4 120 | o - 3
L L R RORRO b et raasope o :
wl w0’ 100 1000 10000
g FREQUENCY ~CI'S L7
00 - E
g " SHARP-CONE CYLINDER
o T 'y FIG. e
“ BBN, 90® BEND PORT (STA"C") 3o~ i,?'g‘ r:u o
o0~ d
= 120H- 3
0} 2 :
, . 4 o
ol et v vvoonl v gt g g |
[} : 100 100 0 L00 < 100} 9
FREQUENCY ~ CP3 s ;
g OVERALL SPL ~ OB ;
—— 136,
E sl TBACKFACE CavaTaL T
. 10
(I B
0 100 1000 10000
:' ' FREQUENCY~ CPS
Ficure 5. Measured AcousTic SPECTRA (UNCORRECTED FOR RoLL-OFF

Due To PorT DAMPING)
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psD (PSI SQ)/HZ

ACAUSTIC MATERIAL RESPONSE TEST RFWAL M-6 TUNNEL
RUN 40 SM-1 GAGE S 21GC PSI 116" SMOOTH-WALL

D
S RMS .1552€E-1

@ 20 KhZ

|
PSDp\r‘edicted }
2100 psi |

Jo 4.l

-

e

—1

o SM-1 (RUN 43)
2 GAGES _
D b s s 700 P31 e e
. : " {ems = . 00657 psi)
4 |
-
?_,_J‘Ll: T T rllir!iﬂ il t""'l“!"!l!fi’ T T | SR L R
10 16° 10" 10®
FREQUENCY - HZ DELYA F = 7.3242
FIGURE 22. SrooTk WaLL PoweErR SPECTRAL DENSITY
For FLusH Mounved GAGES
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| by ACOUSTIC MATERIAL RESPONSE TEST PFWRI. M—6 TUNNEL
1 RUN 40 SM-1 GAGES 5/9 2100 PS] 1/16" SMOOTH-WALL
RMS . 1082E-1
? 1/16" DIA. x 1/4" PORTED HOLE
: Vpsn/Pscref = .707 | o |
E @ 3dB feo = 2-68 KHL |
- ] : :
- o
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2 3 | |
5 | |
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<€ \ !
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‘_
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> l E
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> | : 5
1 a T | ] LI lTT H 1] LB l T L) Ll LR LR IR} l
10° 10° 1% 19°
FREGUENTY - HE DELTA F =  14.648Y
Ficure 23. TrANSMISSIBILITY CHARACTERISTICS FOR A
SMooTH WALL PoOrRTED HoLE GAGE -
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‘9 ACOUSTIC MRTERIAL RESPONSE TEST RFWAL M-8 TUNNEL
RUN 43 SM-1 GRGES S5/8 700 PSIT 0.:101" SMOOTH-HRLL.
""g RMS .BSO3E-2

T

q : 0.101" DIA. X 1/4" PORTED HOLE |
- i :

..I

[//,r-21oo psia (RUN i44) !
QS _MA' .............. e LT AT Wittt e aea e vaend
: = é'\.‘
- l
. "/ PSD/P =,
) /PSD_ ¢ 797
® 3d8 : {
- = f
e o ’ |
- O |
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& % £ =63 Kz g
= : !
2] |
| )
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i i
P 1
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p :
J i
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] | ’
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N : : !
2“‘ """"""" T ITITIT.r T T T l1|l1i T 1 T I T 17171 c j
10° 10" 10° !
FREQUENCY - Kz DELTA F =  14.6384
Ficure 24, CoMPARISON OF TRANSMISSIBILITY WITH TUNNEL
PRESSURE FOR SM0OOTH WaLL PorTED HoLE
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ACOUSTIC MRTERIARL RESPONSE TEST RFWAL M-8 TUNNEL
RUN 40 SM-2 GRGES S/U 2160 PSTI 1-16" SMUUTﬁ;ﬁRLL
ol

RMS

«2201E~1

: 5
: : \
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: t

11 13311
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TRANSMISSIBILITY

B
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Ficure 25,

FREQUENCY - HZ

DELTR F =

BAckFACE (BLIND HOLE) GAGE RESPONSE
FOR SM0OTH WALL CONDITIONS
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s RCOUSTIC MATERIAL SESFONSE TEST IFRAL M=6 TUNEL
° RUN 19 SN GRGE S 2102 RS ROUGH-RALL
3 RMS .2771E-1
o —
— 1 !
3
5 FLUSH MOUNTED GAGES 1
4 ‘
4 |
R R S AT N |
— - :
3 ~2100 psi |
3 (RUN 19) i !
] Xt | f
_i 3 - s IL . :
, . 1400 psi |
N J i ﬂ <7 (RUN 2) ! ﬁ
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[ ] —t N
z 3
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Fisure 26, RoucH WALL PowerR SPECTRAL DENSITY
DISTRIBUTION WITH FLusH MOUNTED SENSORS
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(PSI SQ)/HZ

PSD

1078 1077 1076
Ll L b

1072

10-10

ACOUSTIC MATERIARL RESPONSE TEST AFWAL M~F TUNNEL

RUN 18 SM2 GRGE S 2103 PSI ROUGH-WALL
RMS .2771E-1

FLUSH MOUNTED GAGES

1

o b 11 aal
o~
=
[
=
fouy
[Ye]
Lo

1
N
P
(=]
o

o
1%2]
o

(S|
A
Q
[y
m
=

700 psi!
(RUN 17)

%\ - ’Nh“ rms = .0099
BN 1% 8 .—SMOOTH
g _ ‘ A ' 700 ps]
. Gy et RUN 43
........................ i TS —_r s JU
: |
]
[]
|
} T | fiTﬁ“l:r T B |r|T1i T T T 1T T 1 (7 .
10° 10° Th 105
FREGUENCY - HZ CELTA F = 7.3202
Ficure 27. CoMPARISON OF SMOOTH AND UNIFORM RouGH
WALL FLUSH MOUNTED SENSORS
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COUSTIT MATERIRL RESFOWNZE TEST SFHREL M-8 TUNNEL
Rule 4 GAGES 10/5 2100 P3i FCUGH~WALL
AMS 1946.2331%

T

ROUGH
RUN 4 -
1/16" DIA. ‘X 1/4" |
GAGE 5/10

.........................................

I
ROUGH |
RUN 4 5
1/16" DIA. |
X 1/4" .
GAGE 5/4

L T1I1T|lr 1 T‘Ir]jli L 1T‘TI||—1_\
o

10 1g° 1" ‘0

FREGUENCY - HZ CELTR F = 14, 6u4&y

B ]

Ficure 28. COMPARISON OF SMOOTH AND UNIFORM

RouGHNESS PORTED GAGES
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RCOUSTIC MaTERIAL RESPONSE TEST AFW=L M-S TUNNEL
RUN 17 GAGES &/5 706 F31 ROUGH-WALL

GAGE 5/10
1/32" DIA. x 1/4"

/
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102 102 1ot 10°
FREQUENCY - HZ CELTA F = 14,6484

Fisure 29, Cut-oFF FReQUENCY CHARACTERISTICS
FOR PorTeED GAGES ON RouGH SURFACES
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: ACQUITIC MGTERIAL RESFONSE TEST AFWRL M-S TUNNEL
RUN 19 GRGES 3/5  2IQG PS ROUGH-INELL

— T e e

AMS 1471 . 1430
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— e et

o L

R
4
f 1 |
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i 1 |
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Ficure 30, BACKFACE (BLIND GAGE) AcousTic RESPONSE
FOR UN1ForRM RoueH WALL CONDITIONS
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~ EP ACOUSTIC MRTERIAL RESFONSE 75T RFWRL M-~B TUNKNEL
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. |
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