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1.0 INTRODUCTION

HSCT acoustic liner technology development work is a critical element of the HSCT
program. This is aimed at designing, developing, and demonstrating promising acoustic liner
concepts in scale model aeroacoustic tests and developing an acoustic design methodology
for large scale tests. This activity is being coordinated with EPM Program, in terms of
providing acoustic design specifications and testing liner material specimens being developed

by the EPM Program.

The overall objective of the liner technology program is to develop a design methodology for
both bulk absorber (with facesheet) and SDOF (honeycomb with facesheet) type liners to
obtain needed acoustic suppression with minimum skin friction loss. Currently, both bulk
absorber and SDOF liner designs are being pursued to reduce technical risk (i.e., material,
weight, and durability considerations). The liner design methodology contains three basic
elements, (1) a correlation of the DC flow resistance and physical properties of a liner at
room temperature with its normal impedance at a desired temperature and flow condition, (2)
a correlation between the normal impedance and the insertion loss of the liner accounting for
liner scaling, and (3) a correlation between liner facesheet properties (i.e., porosity, thickness,
hole diameter, and shape of holes for perforated facesheets/or resistivity and type of

construction for linear facesheets) and its skin friction loss.

The first correlation determines the required properties of a liner design at room temperature
with respect to an established impedance goal for the liner at the actual flow and temperature
condition. If for some reason the impedance goal does not yield the desired or maximum
acoustic suppression and it needs to be altered, then the corresponding lmer characteristics at
room temperature can easily be determined without any additional test or analysis. The
second correlation determines the acoustic suppression capability of a liner design with
known normal impedance, accounting for liner scaling. Finally, the third relationship helps

selecting the liner materials, especially the facesheets, which would minimize the friction

loss.

The overall approach to arrive at the liner design methodology under CPC program is based
on the liner optimization model, which is solely based on the laboratory tests of liner
samples, data correlation, and some amount of analytical modeling. Mixer-ejector internal
noise, utilized in the correlation process, is extracted as a component source using semi-
empirical noise prediction model SMEM (i.e., Stone Mixer Ejector Model) from the

measured acoustic farfield data for various mixer-ejector models.

NASA/CR—2006-214401 1



In order to evaluate liner performance for the HSCT program, model ejectors are built and
tested in a frequency range up to 80 kHz. Full-scale liners will be tested for frequencies up to
about 10 kHz. Temperatures for model scale and full-scale ejectors are of the order of
1000°F or more. To evaluate the liner acoustic properties laboratory tests should be
performed in these frequency and temperature conditions. However, laboratory tests are
limited to frequencies up to about 20 kHz. The high temperature tests on liner designs are
prohibitively costly in the laboratory. However, high temperature DC flow test results for
facesheets and bulk materials, evaluated in the laboratory, can be utilized to predict the
acoustic characteristics of liner designs at higher temperature conditions. Elevated flow
temperatures up to 400°F is achieved in this test program in a flow duct up to a grazing flow
Mach number of 0.8 to validate the prediction methods. The intent of the current approach is
to extend measurement techniques suitable for applications to the higher frequency and
temperature requirements and to utilize the data to develop a liner design methodology.

The development process of liner design methodology is described in several reports. The
results of the initial effort (Phase I) of concept development, screening, laboratory testing of
various liner concepts, and preliminary correlation (Generic data) are presented in a report
“Acoustic Characteristics of Various Treatment Panel Designs for HSCT Ejector
Liner Acoustic Technology Development Program”. The second phase of laboratory test

results of more practical concepts and their data correlation are presented in this report

(Product specific).

A large number of laboratory test results of significant importance are presented in this
report. However, limited interpretation of these results could only be done due to the time

constraint imposed by HSCT closeout.

NASA/CR—2006-214401 2



2.0 TEST FACILITY AND TEST APPROACH

Acoustic laboratory testing at GEAE consists of (1) normal impedance and DC flow
resistance measurement at ambient conditions and (2) grazing flow and temperature effects
on in-situ impedance, DC flow resistance, and boundary layer profile. Acoustic testing at
Rhor (currently BF Goodrich Aerospace) consists of insertion loss measurements in the

presence of grazing flow at room temperature.
2.1 Normal Incidence Impedance Measurements

2.1.1 Low Frequency Normal Impedance Measurements: A low frequency impedance tube
with 1.25 inch diameter (described in Ref. 1) is used to measure the normal impedance
spectra up to about 6000 Hz at room temperature and pressure conditions. These
measurements are conducted at different broadband or discrete frequency noise excitation

sound pressure levels to identify the nonlinear behavior of the test samples.

2.1.2 High Frequency Normal Impedance Measurements: A high frequency impedance
tube of 0.6 inch inner diameter (described in Ref. 1) is used to evaluate the impedance

spectra up to about 20 kHz. Either broad band or discrete frequency excitation can be used in

this apparatus for impedance evaluation.

2.1.3 Modified High Frequency Impedance Tube to Measure Normal and In-situ
Impedance Simultaneously: The high frequency impedance tube is modified using
additional hardware to measure in-situ impedance of a test sample simultaneously with the
normal impedance. This capability provides in-situ data validation, and in-situ impedance
measurement technique development, especially for complex test samples like bulk
absorbers. Figure 1 shows the modified high frequency impedance tube with the provision of
simultaneous in-situ impedance measurement. Provisions are made for test samples with
adjustable depth and thickness of the bulk and the facesheet, respectively. The depth of the
cavity behind the sample is also adjustable. Two transducers can be mounted in this
apparatus, one flush with sample surface and the other at the cavity back wall, allowing the

adjustment of sample and cavity depths for in-situ impedance measurement.

2.1.4 DC Flow Resistance Measurements: DC flow resistance of bulk samples, facesheets,
and their combinations is measured in an apparatus at ambient conditions similar to one
described in Ref. 1. Bulk samples of different depths and diameters (1.25” or 2.0”) are tested.

NASA/CR—2006-214401 3
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2.2 Flow Duct Facility with Heated Flow:

While the grazing flow effects on the in-situ impedance, DC flow resistance, and skin friction
loss and other boundary layer parameters (momentum and displacement thicknesses) can be
evaluated at the room temperature conditions using the existing GEAE’s duct lab flow duct
facility, the high temperature effects can not be evaluated. To facilitate this capability a new
flow duct is designed and fabricated. This duct is installed in GEAE’s Aerodynamic
Research Laboratory (ARL) wind tunnel, which has the capability of providing heated flow
up to a temperature of about 450°F.

The ARL subsonic wind tunnel facility, shown in Figure 2, is an open jet, continuous flow,
ambient wind tunnel with a 2 X 2 feet square section at the throat capable of providing a
maximum of approximately 300 ft/sec flow without any blockage effect. The new flow duct
is connected to a dual air supply system mounted in the wind tunnel by a sting/strut support
(see Figure 3). The centerline of the sting is aligned with the flow duct test section centerline.
The cross-section of the sting is 7.0 inches in outside diameter and its length is 93.5 inches.
The sting has two flow capabilities with 5.5 Ibm/s for each flow stream. Either of the flow
passages can be operated from ambient temperature to 860 degrees Rankine; however, only
one flow passage can be heated at a time. For the current test program, the flow duct is
attached to the 6” diameter outer flow system and the flow through this stream is heated and

its rate is increased beyond 5.5 Ibs/sec to provide required amount of mass flow.

Figure 4 shows the elevation and top views of the flow duct installed in the 6” diameter flow

system of ARL wind tunnel facility. The flow duct has the following four major components:

#1 Transition Section - From a 6” circular duct to a 4”x5” rectangular duct
#2 Rectangular duct Of 4”x5” cross section with side glass walled test section
#3 Sound absorber

#4 Diffuser

The transition section, transitioning from a 6” circular section to a 4°x5” rectangular section,
is 24” long. The circular end is connected to the heated air supply end of ARL wind tunnel
facility and the rectangular end is conmected to a 4”x5” rectangular duct with three
subsections. The first 24" is a straight rectangular duct with four 1"’ diameter holes, only on
the 57 wide top surface, for acoustic driver connection. The next 147 section is the test
section. The third subsection is also a 24” long 4°x5” rectangular straight duct connecting the

test section in one end and the sound absorber at the other.

NASA/CR—2006-214401 5
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The 147 long test section portion has two side glass walls, 127x4" each, for Laser
Velocimetry measurements. These glass windows are sealed to prevent leakage. Also, two
metallic sidewalls of the same size as the framed glass sidewalls are fabricated. These walls
are used for tests not requiring LV measurements. Test samples (147 long) are mounted at the

bottom of the test section.

The Sound Absorber is an approximately 16™ long 47x35™ (inner dimension) duct with flanges
at both ends. Four rigid plated tframes to hold 1" deep bulk material sheets (silicon carbide)
fabricate this section. The silicon carbide foam is covered with highly porous facesheets.
The absorber is connected to the ditfuser, the last section of the flow duct. The diffuser is a
stimple two-dimensional diverging (one direction only) duct with constant 4~ (inner) width
with standard flange at one end. The sound absorber and the ditfuser are essential to absorb
and diffuse the flow duct noise generated due to tlow and excitation. Thus, the reflected
sound tield would be minimized, a requirement for acoustic measurements in the test section.
In addition, the radiated sound intensity becomes lower tor the community. A number of

photographic views of the new flow duct system are shown in Figures 6 through 9.

Two problems are encountered during the performance checkout process tor the flowduct.
The ditfuser expansion angle seemed to be much higher than the angle needed for attached
expanded tlow. Thus, the diffuser is modified by introducing additional plates to reduce the
divergence angles to 7° (see Figure 6). The second problem was to achieve uniform
temperature in the test section by mixing two tlow streams, one heated and the other
unheated. Single heated stream was not adequate to produce a Mach number ot 0.8 in the test
section. Thus, the test section height 1s reduced to 37 by introducing a properly shaped insert
at the upper surtace of the duct. The moditications are marked as dashed line in Figure 4 and

can be seen 1n the photographic views, especially in Figures 5 and 9.

Flow duct tests are conducted to evaluate in-situ impedance, DC flow resistance, and
boundary layer parameters (ie., local skin friction coetficient, displacement thickness,
momentum thickness, etc.) for bulk absorber and SDOF type liner panels in the presence of
grazing flow, up to a Mach number ot 0.8, at temperatures up to about 400°F. An adapter
(see Figure 5) is made and is connected to the DC Flow cutout of the panel tray. A long
copper tube, connected to a flow meter and to a suction pump follows this adapter. Longer
copper tube 1s intended to cool off the hot air before entering the tlow meter. Appropriate
pressure and temperature measurement probes are installed for DC Flow resistance
measurement. A computer controlled traverse system (see Figure 7) is installed on the upper

wall of the test section for boundary laver profile measurement using total head pressure and

NASA/CR—2006-214401 9
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Figure 8. Various photographic views of the flow duct.
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Figure 9. Modified test section of 3.0” height.

temperature probe. Thus, the boundary layer velocity and temperature profiles are measured
for each liner panel at a single point. This data is used to evaluate the local skin friction loss

and other boundary layer parameters of the panel.
2.2.1 Grazing Flow & Temperature Effects for SDOF Type Liners on

0 In-situ impedance,
0 DC flow resistance, and

0 Boundary Layer Profile

Flow duct tests were performed under HSR Phase I program to evaluate grazing flow effects
on a limited number of perforated sheets for 1”-deep SDOF type liners (Ref. 1). In-situ
impedance results from these tests were acquired up to 12 kHz. The acoustic resistance
values were unrealistic at frequencies between 6 and 8 kHz, which was due to the anti-
resonance frequency of the cavity. The anti-resonance frequency depends mainly on the

cavity depth. At higher frequencies significant randomness was observed for in-situ

NASA/CR—2006-214401 14



impedance, especially for acoustic resistance. Negative resistance values were also observed
at some frequencies, especially at no flow condition. For some test panels, the above
mentioned anomalies in in-situ results are more severe. Probable causes for such irregularity
are the lack of cavity-wall rigidity, possible leakage between the cell and from underneath of
the facesheet, and the relatively higher cavity width with respect to higher frequencies, which

might have allowed higher order modes to propagate into the cavity.

Some of these problems are minimized in the current test program by utilizing more rigid
cavity and using cavities with different depth and width. A single panel tray of constant depth
of about 0.5", filled with honeycomb, is fabricated (see Figure 10). Five cavities (of circular
cross section) with stiffened wall and of different depths and diameters are inserted to the
honeycomb filled tray with appropriate transducer sleeves. Partition for DC flow port is also
made in this tray as shown in Figure 10. The design is such that different facesheets are
easily installed on the panel tray. The facesheet covers the entire tray surface, including the
frame area, to accommodate facesheets of different thicknesses. All cavities are instrumented |
for acoustic measurement. The in-situ results from all the cavities are obtained during a
single test. DC flow resistance and skin friction coefficients in the presence of grazing flow
are also evaluated. A few of the cavity depths are modified later to change the anti-resonance

frequencies. The cavity depths and diameters are listed in Tablel.

2.2.2 Grazing Flow & Temperature Effects for Bulk Absorber (with Facesheets) Type

Liners on:
o In-situ impedance,
o DC flow resistance, and

0 Boundary Layer Profile

Speed of sound in a bulk absorber is different compared to ambient speed of sound. The
acoustic impedance of a bulk is not only a function of its characteristic impedance {, but also
depends on a complex propagation constant ¥ of the bulk medium. The normal acoustic
impedance for plane wave propagation can be evaluated from impedance tube measurements.
(see Figure 11(a)). With the assumption of homogeneous medium the acoustic pressure p(l,f),

f being the frequency, in the bulk absorber at x=1 is given by

p(LH) = p(0,). cosh(kD) or Hoi(f) = {p(L)/p(0,6) } = cosh(xl) (1)

NASA/CR—2006-214401 15
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Sound Source

(a) Normal Impedance Measurement

4

(b) Protga%%_tion Constant Evaluation
in the Presence of Grazing Flow

P TI T TR MLLTITGETELPIL 250

1 bk cavity Behind
Bulk Sample

(c) In-situ Impedance Measurement for
Bulk Absorber with and without
Facesheet in the Presence of Grazing Flow

Figure 11. Various measurement schemes to evaluate acoustic characteristics
of bulk absorbers.
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Where, p(0,f) is the acoustic pressure measured in the bulk absorber at x=0 and H,(f) is the
measured transfer function. The acoustic impedance of the bulk absorber is given by

Z() =  coth(x1) @)

where, { is the complex ratio of the characteristic impedance of the bulk absorber material
PvCy and the characteristic impedance of air pc, p, and ¢, being the effective density of the
bulk absorber medium and speed of sound in this medium, respectively and p and ¢ being the
density of air and speed of sound in the air medium, respectively. The effective density of the
bulk absorber medium is assumed to be the same as air density (py=p). Z(f) can be evaluated
using the acoustic pressures measured at locations 3 and 4 in the impedance tube (see Figure
11(a)). Both { and x are functions of the frequency f. In addition, they are functions of the
bulk resistivity. In the above expressions, these properties are assumed to be constant
throughout the depth of the bulk absorber. Thus, { and ¥ can be evaluated by measuring

Hy: () and Z(H).

In the presence of grazing flow { and k, both are effected. The influence of grazing flow on ¥
can be determined from a flow duct test as illustrated in Figure 11(b). Two transducers are
mstalled to measure acoustic pressures in the bulk sample, one located at the back wall and
the other located at a small distance d from the surface of the sample. The propagation

constant X in the presence of grazing flow can be evaluated from the following expression:

Ho1(H) = {p(L,H/p(0,0) } = cosh(k(1-8)) €y

However, the flow effects on { can not be measured directly. Thus, the acoustic impedance
can be evaluated using the measured K in the presence of grazing flow and with some
assumption of flow effects on {. An alternate way to account the grazing flow effects is to

predict impedance using measured DC flow resistance with grazing flow.

Another important aspect, that needs to be evaluated, is the grazing flow effect on in-situ
impedance, DC flow resistance, and skin friction coefficient of bulk absorbers with
facesheets. Compared to an SDOF type liner the bulk with facesheets is different with respect
to the acoustic propagation and mean flow impacts. The cavity behind the facesheets for
SDOF type liners allows the flow and acoustic propagation through the holes in a manner,
which is different for facesheets mounted on bulk absorbers. The discharge coefficients of
the holes as well as the propagation of sound through the facesheets would be different. In
addition, the absence of honeycomb partition behind the facesheets would allow extended
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axial propagation of sound. Thus, the in-situ impedance, DC flow resistance, and skin

friction coefficients for facesheets mounted on bulk needs to be evaluated.

Figure 11(c) illustrates a procedure to evaluate in-situ impedance of bulk absorber, facesheets
mounted on bulk absorber, and the combined values. The bulk sample depth is kept
sufficiently small to permit sufficient signal level in the cavity behind the bulk absorber. The
in-situ impedance for the facesheets can be evaluated from the measurements made for the
bulk sample with and without facesheets. Similar to SDOF type tray several cavities with
different depths and widths can be used to evaluate the in-situ impedance for a large
frequency range. These results would indicate whether a linear addition of impedances of
facesheet and bulk absorber, individually evaluated, is the same as the impedance evaluated
by combined structure in the presence of grazing flow. This is an important issue that needs

resolution for HSCT liner design.

The insitu impedance Z(f) for the configuration of Figure 11c can be expressed as follows:

Z(f) = - (cu/c) [p2(D/p1(B)] / {o k hy) exp(-ikhz) - B(k hy) exp(ixhy)} 4
Where;

c - speed of sound in air at the temperature of interest

Ch - speed of sound in the bulk absorber medium at the temperature of interest
f - the frequency (Hz.)

h> - the depth of the bulk absorber material

h; - the depth of air behind the bulk absorber material

k - acoustic wave number, (w/c), in air

pi(f) - the acoustic pressure measured at the back wall

po(f) - the acoustic pressure measured at the face sheet (liner surface)

ol k hy) = cos(k hy) - i(cy/c) sin(k hy)
B( k hy) = cos(k hy) + i(cy/c) sin(k hy)
K - complex wave propagation constant (wave number) in the bulk material =(w/cp)

While, p;(f) and p,(f) are measured during a test, it is also essential that the speed of sound in
the bulk absorber medium ¢, be known for the evaluation of Z(f). This can be evaluated by
measuring the acoustic pressures at the surface and at the back of the bulk absorber without
any facesheet and without any air behind it (ie., h;=0). In this case the ¢y, can be evaluated

from the following expression;

cosh(xl) = p(B/p:(D 3)
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Examples of such evaluation are shown later in this report. However, if ¢}, is assumed to be
the same as the speed of sound in the air the Z(f) can then be evaluated similar to the SDOF

type panels.

Similar to SDOF type panel tray, a single tray to accommodate different bulk materials of
varying resistivity with perforated and linear facesheets is designed and fabricated (see
Figure 12). Later another tray is also built to expedite the testing. One of the trays is used for
silicon carbide and the other is used for T-foam bulk materials. The cavity depths and
diameters for these trays are listed in Table 1. The liner trays for SDOF as well as bulk
absorber are attached to the flow duct utilizing several holes on the tray frames. The location,
size, and the tolerance for these holes are the same for all the trays matching with those on
the flow duct test section and are shown in Figure 13. A photographic view of the bulk tray
(before mounting the bulk) is shown in Figure 14. Attempt is made to evaluate in-situ
impedance of the bulk absorber liner in the presence of grazing flow by evaluating the
propagation constant by appropriate acoustic pressure measurements. DC flow resistance and

skin friction coefficients in the presence of grazing flow are also evaluated.

Table 1. Cavity depths and diameters for various liner trays.

SDOF Liner Tray

# | Original Modified [Cavity
Depth, in [Depths, in [Diameter, in

1 |2.61 0.7 0.375
2 |1.654 0.375
3 11.202 0.5 T-Foam Liner Tray
4 |1.184 0.25 0.375 # | Depth, in [Diameter, in
5 10.50 0.375 1 ]0.693 0.375
2 [ 1.661 0.375
SiC Liner Tray 3 |1.018 0.5
# | Original Modified [avity 4 1101 0.375
Depth, in Depths, in [Diameter, in 5 10.495 0.375

1 |2.64 0.7 0.375
2 ]1.656 0.375
3 [1.013 0.5

4 11.023 0.375
5 ]0.504 0.375
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Figure 12. Instrumented bulk absorber type liner tray with multiple in-situ impedance
measurement cavities and open hole for DC flow insert with removable bulk
material and facesheet for flow duct tests.
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2.3 Flow Duct Facility for Insertion Loss Evaluation (Rohr):

The insertion loss is evaluated utilizing a diffused acoustic field in the flow duct, generated
by a reverberant chamber. In this situation, the identity ot individual modes is highly
diminished and a more uniform sound field propagates through the tlow duct. Such a facility
exists at BF Goodrich Aerospace. previously known as Rohr Inc. (Ref. 1)). The new panels,
tested in this facility, are based on simplified designs ot replaceable bulk and facesheet for
bulk absorber type and replaceable facesheet for SDOF type liner panels. Two treatment
trays, one for bulk absorber type and the other for SDOF type, without the provisions of in-
situ impedance and DC flow measurements, are fabricated for insertion loss measurement at
room temperature. Two additional rectangular rings of 0.7 and 1.5 deep are fabricated to be
attached to the bulk tray, so that the bulks of 1.27 and 2.0 deep are also be tested.

Schematics of these trays and rings are shown in Figures 15 through 18.

NASA/CR—2006-214401 24



/' n ’ : g
0.164” Diameter

8.0£0.002 -——:7' Holes

Honeycomb e
\ N\ 03000001 |
\ \\\\\\\\\\\\\\\\.\\\\\\\\\ T,igu l.000-_+0*.002

SIDE VIEW

Figure 15. Try with bonded honeycomb for SDOF type treatment panels for insertion

loss measurement (all dimensions are in inches).
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Figure 16. Try with open cavity for bulk absorber type treatment panels for insertion

loss measurement (all dimensions are in inches).
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Figure 17. Rectangular ring of 0.7” deep to match the tray of Figure 16 for insertion loss
test of 1.2” deep bulk absorber type panels (all dimensions are in inches).
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Figure 18. Rectangular ring of 1.5” deep to match the tray of Figure 16 for insertion loss
test of 2.0” deep bulk absorber type panels (all dimensions are in inches).
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3.0 LINER TEST SAMPLES

Tests are conducted to measure normal impedance in the high frequency impedance tube and
in-situ impedance, DC flow resistance, and boundary layer profiles in the flow duct at
GEAE’s ARL in the presence of grazing flow for acoustic panels of bulk absorbers with
facesheet and SDOF type. Additional tests to measure insertion loss at room temperature
with grazing flow Mach number up to 0.8 for selected liner designs are conducted at BF
Goodrich Aerospace flow duct facility. In addition, tests are conducted to measure DC Flow

resistance and normal impedance for several samples using static DC Flow rigs and low

frequency impedance tube.

In these tests the effect of various physical characteristics of liner components on the
measured parameters are evaluated. For bulk absorber with facesheet the bulk and the
facesheet properties are varied. For the bulk the type of material and the resistivity are varied,
whereas, the facesheet properties varied include perforates with circular, hexagonal, and
slotted holes and linear facesheets. Porosity, hole diameter and thickness are varied for

perforates with circular holes.

Facesheets of 14”x7” size are used for flow duct test panels, whereas, the facesheets for
impedance tube tests are basically circular pieces of 0.94” diameter. Figure 19 shows the hole
pattern and the definition of various parameters for perforated sheets with staggered circular
holes. Some of the facesheets used for bulk absorber panels with staggered circular hole
patterns of different porosity and hole diameters are shown in Figures 20 through 23. While
the spacing between circular holes on a facesheet vary along its perimeter, the spacing
remains the same for hexagonal holes. This would help in increasing the porosity by
maintaining the required mechanical strength of the facesheet. Facesheets of hexagonal hole

patterns for bulk absorber panels are shown in Figure 24. The slotted hole patterns for the

facesheets are shown in Figure 25.

The parametric variation for bulk and the facesheet are listed in Table 2. Hexagonal facesheet
parameters are listed in Table 3. Additional facesheets with staggered circular holes for bulk
absorber type panels are procured at a later date to expand the range of various facesheet
parametric variations (see Tables 4 and 5). Additional bulk materials of 1.2 and 2” deep are
also procured for impedance and DC flow resistance tests (see Table 6). For SDOF type
liners the facesheet properties (i.e., porosity, hole diameter, thickness, and hole shape) are
varied. Resistivity is varied for linear facesheets. The specific parametric variation of the

facesheets is listed in Table 7. Test samples for high frequency impedance tube and flow duct
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Table 2. Bulk Material and Facesheet Properties for Modified High Frequency Impedance
Tube and Flow Duct Tests for Bulk Absorber Type Liners.

I. Bulk Materials

Silicon Carbide
Effect of Hole Diameter:
Sample ppi (Resistivity, R100 cgs T1-4 40 0.025 0.025
Rayls/cm) T1-3 40 0.04 0.025
B-1 100 (7-10) T1-5 40 0.06 0.025
B-2 200 (30-40) T1-6 40 0.08 0.025
B-3 400 (80-150)
= 200 GO0 E fec¢4(())f ThiCk’:)ef)z 0.015
T-Foam T13 | 40 0.04 | 0.025
Sample Resistivity Variation T1-8 40 0.04 0.04
(Density, Ib/cft) T1-9 40 0.04 0.06
B-5 Low (8)
B-6 Medium (12) Linear Facesheets with NLF=1.325
B-7 High (16) Config No | Resistivity, R100 | Thickness, t
Feltmetal Bulk (316 Stainless Steel) cgs Rayls nches
Sample Resistivity Variation T1-10 5 0.025
B-8 5% Dense T1-11 10 0.03
B-9 10% Dense T1-12 15 0.04
B-10 15% Dense Facesheets With slotted Holes,
Note: Eor Impedance Tube Tests - Thickness=0.025"
0.6”-Diameter Bulk Samples of Confie | porosity] SlOt Size, | Description of
0.257,0.57,1.07,1.57, 1.75”, & 2” No. % inch x slots
Depths (6 No) are acquired. inch
T1-13} 30 | 3/32x1/2 Herringbone,
For Flow Duct Tests - Oblong 3/16” centers
All Bulk Samples are 0.5 Deep T1-14{ 30 | 1/16x1/2 Diagonal, 5/32
Oblong centers
1I. Facesheets T1-15( 30 | 3/64x3/1 Side staggered,

6 Oblong 1/8 centers

Facesheets with Circular Holes '
T1-16{ 30 | .018x1/8 | Side staggered,

Config| Porosity, Hole Thickness,
No. c Diameter, d| t inches oblong .05 centers
% inches T1-17| 30 | 1/16x1/4 | Side Staggered,
Effect of Porosity: slots 9/64 side centers,
T1-1 20 0.04 0.025 21/64 end centers
T1-2 30 0.04 0.025
T1-3 40 0.04 0.025 Note: All facesheet samples for Impedance
Tube Tests are 0.94” in diameter
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Table 3. Hole Patterns for Perforated Facesheets with hexagonal Hole Pattern

No. Configuration | Porosity | Facesheet | Hexagonal Web No of Holes
Description S, % Thickness, t | Heighth, | Thickness b, | within 0.6”
Inches inches inches Dia. Area
T1-18| 147x7” size & 40 0.025 0.052 0.03 48.30
0.94” coupon
T1-19{ 147x7” size & 40 0.025 0.125 0.072 8.36
0.94”” coupon
T1-20] 147x7” size & 65 0.025 0.125 0.03 13.58
0.94” coupon
T1-21| 0.94” coupon 40 . 0.10 0.052 0.03 48.30
only
T1-22| 0.94” coupon 40 0.10 0.125 0.072 8.36
only
T1-23| 0.94” coupon 65 0.10 0.125 0.03 13.58
only

tests are constructed from the facesheets and bulk materials of varying physical properties, as

listed in Tables 2 through 7.

A set of facesheets with different hole pattern (i.e., circular, triangular, square, and elliptical)
with a porosity of 9% are fabricated. The area of each type of holes is maintained the same as
the circular hole of diameter 0.04”. To minimize the radius of curvature at the corners for
triangular and square holes the facesheets are made with 0.017-thich sheets. Figure 26 shows

these hole patterns and their parametric dimensions.
3.1 Samples for High Frequency Impedance Tube Tests:

The facesheets for bulk absorber and SDOF type liners for impedance tube tests are basically
circular pieces of 0.94” diameter, procured from the facesheet lists of Tables 2 through 4.
The bulk samples for high frequency impedance tube tests are cylinders of 0.6” diameter
with 6 different depths, namely, 0.25”, 0.5, 0.75”, 1.0”, 1.5”, 1.75”, and 2.0” (corresponding
liner scales are 1/8, 1/4, 3/8, 1/2, 3/4, and full scale) are procured from the list, shown in
Table 2, to cover different scale liner applications. The bulk absorber type samples are
constructed by using the circular facesheets over the icylindrical bulk pieces without any
cavity behind the bulk. The SDOF type samples are constructed by using the circular
facesheets over a cavity of desired depth (see Figure 1). For SDOF samples with larger hole
diameters the number of holes contained within 0.6 diameter circle become very few. In
these cases the coupons are carefully cut to keep the porosity within the 0.6” circle as close to

the desired value. Figure 27 shows the examples of such samples.
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Table 4. Hole Patterns for Additional Perforated Facesheets with Staggered Circular Holes

No. | Flow | Porosity | Thickness Hole Spacing Spacing No of Holes
Duct S, % t, inches Diameter 4 , inches L, inches within 0.6
Config d, inches dia area
1 1401-1 20 0.10 0.07 0.149 0.129 14.694
2 1402-1 25 0.10 0.07 0.133 0.115 18.367
3 1403-1 30 0.10 0.07 0.122 0.105 22.041
4 |404-1 35 0.06 0.025 0.040 0.035 201.6
5 1404-2 35 0.10 0.025 0.040 0.035 201.6
6 |405-1 35 0.06 0.04 0.064 0.056 78.75
7 1405-2 35 0.10 0.04 0.064 0.056 78.75
8 [406-1 35 0.06 0.06 0.097 0.084 35.0
9 ]406-2 35 0.10 0.06 0.097 0.084 35.0
10 ]407-1 35 0.025 0.07 0.113 0.098 25.714
11 |407-2 35 0.04 0.07 0.113 0.098 25.714
12 | 407-3 35 0.06 0.07 0.113 0.098 25.714
13 1407-4 35 0.08 0.07 0.113 0.098 25.714
14 | 407-5 35 0.10 0.07 0.113 0.098 25714
15 |407-6 35 0.125 0.07 0.113 0.098 25.714
16 |408-1 35 0.06 0.08 0.129 0.112 19.688
17 | 408-2 35 0.10 0.08 0.129 0.112 19.688
18 | 409-1 35 0.025 0.10 0.161 0.139 12.6
19 [409-2 35 0.04 0.10 0.161 0.139 12.6
20 |409-3 35 0.06 0.10 0.161 0.139 12.6
21 |409-4 35 0.08 0.10 0.161 0.139 12.6
22 [ 409-5 35 0.10 0.10 0.161 0.139 12.6
23 | 409-6 35 0.125 0.10 0.161 0.139 12.6
24 1410-1 35 0.06 - 0.125 0.201. 0.174 8.064
25 1410-2 35 0.10 0.125 0.201 0.174 8.064
26 (411-1 40 0.04 0.025 0.038 0.033 230.4
27 |411-2 40 0.10 0.025 0.038 0.033 230.4
28 1412-1 40 0.10 0.04 0.06 0.052 90.0
29 | 412-2 40 0.125 0.04 0.06 0.052 90.4
30 |413-1 40 0.04 0.06 0.09 0.078 40.0
31 |413-2 40 0.10 0.06 0.09 0.078 40.0
32 |1414-1 40 0.025 0.07 0.105 0.091 29.388
33 1414-2 40 0.04 0.07 0.105 0.091 29.388
34 1414-3 40 0.10 0.07 0.105 0.091 29.388
35 [415-1 40 0.10 0.08 0.12 0.104 22.5
36 |416-1 40 0.025 0.1 0.151 0.13 14.4
37 |416-2 40 0.10 0.1 0.151 0.13 14.4
38 [417-1 40 0.025 0.125 0.188 0.163 9.214
39 [417-2 40 0.10 0.125 0.188 0.163 9.214
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Table 5. Hole Patterns for Additional Perforated Facesheets with Staggered Circular Holes

only for Normal Impedance Test.

No. Porosity | Thickness Hole Spacing Spacing No of Holes
S, % t, inches Diameter 4 , inches 5, inches within 0.6”
d, inches dia area
40 40 0.025 0.14 0.211 0.183 7.347
41 40 0.10 0.14 0.211 0.183 7.347
42 40 0.14 0.04 0.060 0.052 90.0
43 40 0.025 0.056 0.084 0.073 45.918
44 40 0.025 0.075 0.113 0.098 25.6
45 35 0.06 0.14 0.225 0.195 6.429
46 35 0.10 0.14 0.225 0.195 6.429
47 35 0.14 0.07 0.113 0.098 25.714
48 35 0.14 0.10 0.161 0.139 12.6

Table 6. Additional bulk absorber samples & their DC Flow Resistance

Nomenclatwre)  Degcription (Actual Height, Density, & Process) A, | Ry,
R/cm | R/cm
TF19/2” | 1.90”, 9.7 1bf(7.5+2.2) Standard 7/3, 48 plies (B-19) 8.23 | 14.49
TF20/2.0” | 1.85”, 8.6 1bf (7.2+1.4) Standard 7/1 (B-20) 6.24 | 10.72
TF21/2” | 1.94” 11.7 Ibf (8.8+2.9) Standard 10/2 (B-21) 10.34 | 19.21
TF22/2.0” | 1.85”, 9.7 1bf (8.1+1.6) Standard 9/1, 54 plies (B-22) 4.83 | 8.90
Tf23/1.2 [ 1.157, 11.6 Ibf (9+2.6) Standard 10/2 (B-23) 9.31 [16.23
TF24/.5” | .45”, 11.7 (9.7+2) Standard 10/2 (B-24) 13.81 | 21.75
TF32/2” | 1.95”, 1 layer of 50 g/m" paper (3 piles thick), 8/1 8.46 | 12.72
TF33/2” | 1.94”, 3 layers of 50 g/m” paper(3 plies thick), 9.1 Ibf (8.1+1) 11.11 | 16.84
TF34/2” | 1.94”,”,9 layers of 50 g/m” paper(1 ply thick), 9.1 Ibf (8.1+1) 12.64 | 18.83
TF34c/2” | 1.94”,, 9 layers of 50 g/m” paper(1 ply thick), 9.1 Ibf (8.1+1),
coated with mullite
TF36/2” | 1.97”, Standard, texturized (floppier), 9 Ibf (8+1) 7.43 | 10.77
TF37/2” | 2.0”, 24 plies/inch , Standard 8/1
TE37¢/2” | 1.8”, 24 plies/inch with porous SiC coating, Standard 8/1 2.64 | 4.86
TF39/2” | 1.97, 5 layers of 80 g/m" paper (3 plies thick) 8.8 Ibf (7.9/0.9) 11.97 | 17.13
TF39¢/2” | 1.85”, 5 layers of 80 g/m” paper (3 plies thick) 8.9 Ibf (7.9/1) 899 |[13.79
with porous SiC coating
TF40/2” | 1.95”, 7 layers of 80 g/m” paper (3 plies thick) 8.6 1bf (7.6/1) 16.86 | 22.99
TF40c/2” | 1.95”, 7 layers of 80 g/m” paper (3 plies thick) 8.6 Ibf (7.6/1) 21.28 1 29.20
with porous SiC coating
TF41/ 3 layers of 50 g/m2 paper(3 plies thick), 8.2 Ibf (7.1/1.1)
TF42/1.2”| 1.17, 3 layers of 80 g/m’ paper (3 plies thick) 8.7 Ibf (7.0/1.7) 22.77 | 31.10
TF45/1.2” | 1.185”, 3 layers of 50 g/m" paper (3 plies thick) 7.8 Ibf 6.8/1.0) [7.67 | 11.16
TF46/2” | 1.96”, 3 layers of 80 g/m” paper (3 plies thick) 8.6 Ibf (7.6/1.0) 7.54 | 10.76
TF47/2” | 1.97”, 5 layers of 50 g/m* paper (3 plies thick) 8.6 Ibf (7.6/1.0) 10.72 | 14.23
B-25/2” | 2.0”, 100 ppi Silicon Carbide 6.76 | 10.72
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d = Diameter of the circle = 0.04”
Area of the circle = 1t d/4 = 0.001256637 in”

b = Side of the equilateral triangle
h = Height of the triangle = V3 b/2
Area of the triangle = b h/2 = 0.433 b® = Area of

circular hole

. b —e b=005387"

Area of the square = a’>= Area of circular hole

a=0.0354"

—T—/—\ Areaof anellipse=Tab
b If a = 2b; the area = 21th? = Area of circular hole
3 \J 2b = Minor axis = 0.02828”

4—— 23 — 2a=Major axis = 0.05657”

Figure 26. Various hole patterns and their parameters for SDOF type panels.

NASA/CR—2006-214401 41



Configuration # T2-20 Configuration # T2-19

Porosity = 9%, Thickness = 0.17 Porosity = 9%, Thickness = 0.1”
Hole Diameter = 0.1” . _ »
No of Holes in 0.6” Area = 3.24 Hole Diameter = 0.125

© of Holes mn L. ca= 3 No of Holes in 0.6” Area = 2.074

Figure 27. 0.94” coupons with small number of holes in the 0.6” diameter area for
configurations T2-19 and T2-20, all dimensions are in inches (not to scale).
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3.2 Panels for Flow Duct Tests at ARL:

3.2.1 Bulk Materials and Facesheets for Bulk Absorber Type Panels: A schematic of the
tray filled with bulk material and with facesheet is shown in Figure 12. The bulk samples
used (see Table 2) are of 127x5” size with a depth of 0.5”. Cutouts are made through the bulk
material surface at five in-situ cavity locations and at DC flow partition to match precisely
with the outer dimensions of the tubes and the DC flow partition, respectively (see Figure
28). The bulk material removed from these cutouts is sized precisely to the internal
dimensions of the in-situ tubes and the DC flow cutout. These pieces are mounted inside

these openings during the tests.

Facesheets of different properties (listed in Tables 2 through 5) are used on this tray. Each
facesheet is 14”x7” in size to cover the liner tray including the frame surfaces. Thus, the
longer edges of the facesheets are properly secured between the tray and the flow duct
sidewalls. In addition, by covering the entire tray surface, facesheets of different thickness
can be placed without creating any steps along the flow direction. To ensure proper
attachment of the facesheet to the bulk surface, two threaded rods (see Figure 29) of 0.164”
diameter are welded at the back of the facesheet surface. These rods are put through the bulk
depth and the tray back plate and fastened with nuts on the back of the backplate. Thus, the
facesheet is pressed tightly against the bulk surface. Two 0.164” diameter holes are drilled
through the bulk at locations shown in Figure 28 to allow the facesheet to be properly
mounted. In addition, a high temperature sealant is applied between the facesheet and the
edges of the in-situ tubes and the DC flow partition wall to prevent leakage.

3.2.2 Facesheets for SDOF Type Panels: A schematic of the tray filled with honeycomb and
with facesheet is shown in Figure 10. Facesheets of different properties (listed in Table 7) are
procured to be used on this tray. Each facesheet is 14”x7” in size to cover the lmer tray
including the frame surfaces. Thus, the longer edges of the facesheets are properly secured
between the tray and the flow duct sidewalls. In addition, by covering the entire tray surface,
facesheets of different thickness can be placed without creating any steps along the flow
direction. To ensure proper attachment of the facesheet to the honeycomb, two threaded rods
(see Figure 29) of 0.164” diameter are welded at the back of the facesheet surface. These
rods are put through the tray backplate and fastened with nuts on the back of the backplate.
Thus, the facesheet is pressed tightly against the honeycomb. In addition, a high temperature
sealant is applied between the facesheet and the edges of the in-situ tubes and the DC flow

partition wall to prevent leakage.
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- 35
L ‘*—1.5—"!3 - 7 4.0 .
-©- | —©-¢- / e 1/16
, ¥ 0.164” Diameter — 1 ()%
o 4 0——— Holes

.

12.0+0.01

d = Inner diameter of 4 circles, 0.375

d1 = Inner diameter of one circle, 0.50

t= Width of the coannular space between
inner and outer cicles for all five cases, 1/16

Figure 28. Bulk material with cutouts for bulk absorber type liner
(all dimensions are in inches).
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Table 7. Facesheet Properties for Impedance Tube and Flow Duct Tests for SDOF Type Liners

L With Circular Holes Thicker Sheets & Bigger Hole
- - Diameters for Full Scale Liner Designs:
Config | Porosia. | | hmoeter,|  inches T2-17 | 9.0 0.04 0.1
inches T2-18* 9.0 0.04 0.12
Effect of Porosity: T2-19 9.0 0.125 0.1
T21 | 75 004 | 0025 1220 ] 90 0.1 0.1
T2-2 9.0 0.04 0.025 I1. With Non-Circular Holes,
T2-3 12.5 0.04 0.025 Porosity 9.0%
T2-4 15 0.04 0.025 .
T2-5 20 0.04 0.025 Cpfig | TopeofHoles | Equivalent | Thickness
Effect of Hole Diameter: Dﬁi‘:ﬂ
T2-6* | 9.0 0.005 | 0.025 ST e 50 T o0
T2-7* 9.0 0.01 0.025 0.0354™)
T2-8* 9.0 0.02 0.025 T2-22 Elﬁopggéé‘fagff: 0.04 0.01
T2-9 9.0 0.025 0.025 Minom0.028%")
T2-2 9.0 0.04 0.025 T2-23 Equilateral 0.04 0.01
T2-10 [ 9.0 006 | 0025 (Sidemros3ay
T2-11 9.0 0.08 0.025
III. Linear Facesheets with
Effect of Thickness: NLF=1.325
T2-12 | 9.0 0.04 0.010 __ ,
12-13 50 0.04 0.015 Config No | Resistivity, R100 Th;ff;;esss,
22 | 9.0 0.04 | 0.025 cgs Rayls
T2-14 9.0 0.04 0.04 T2-24 50 0.035
T2-15 9.0 0.04 0.06 T2-25 85 0.035
T2-16 9.0 0.04 0.08 T2-26 130 0.04

Note: Configurations 6, 7, 8, and 18, marked with * are only for high frequency
impedance tube test (not for flow duct test).

3.3 Samples for Insertion Loss Tests at BF Goodrich at Room Temperature:

Selected number of bulk absorber panels is tested at BF Goodrich for imsertion loss
evaluation. The same facesheets, procured for GEAE’s facility for in-situ, DC flow, and skin
friction measurements, are used in insertion loss measurement trays. However, separate bulk
absorber samples of 127x57x0.5” without any cutouts are procured for insertion loss
measurement. Additional 127x5” samples of 1.2 and 2.07 deep are also procured for
insertion loss test to develop scaling correlation. The selection of treatment designs are based
on the measured properties from high frequency impedance tube tests and flow duct tests at
ARL. In addition, the NATR test results from NASA LeRC are also considered in this

selection. Due to the program closeout SDOF panels are not tested.
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4.0 CALIBRATION, TEST PREPARATION, DATA ACQUSITION, AND
CHECKOUT

Laboratory tests consist of modified high frequency impedance tube tests, DC Flow
resistance tests, the flow duct tests to evaluate grazing flow effects on in-situ impedance, DC
Flow resistance, and boundary layer profiles, and insertion loss measurement tests. Modified
high frequency impedance tube is used to measure normal impedance up to 20 kHz and to
establish a procedure to measure in-situ impedance of a bulk absorber. The flow duct tests
are conducted to evaluate in-situ impedance, DC flow resistance, and skin friction coefficient
at different flow conditions. In addition, limited Laser Velocimeter tests were planned for the
flow duct to study flowfield/acoustic interaction phenomenon and the evaluation of skin
friction coefficients from boundary layer profiles. However, these tests are not conducted due
to the time constraints. BF Goodrich Aerospace, under a subcontract to GEAE conducts

msertion loss measurement tests.

Based on the hardware and the test conditions, the number of possible ARL flow duct tests
becomes very large. To accommodate the tests within the budget and the time constraints and

also to meet the principal objectives of the program, test configurations are prioritized.
4.1 Calibration of Dynamic Transducers

The existing data acquisition software for high frequency impedance tube and the flow duct
is modified for the added data acquisition requirements. The software modification is made
to incorporate simultaneously measurement of in-situ and normal impedance in the modified
high frequency impedance tube. The flow duct software needed the improvement to acquire

data simultaneously from 5 pairs of transducers, installed in each of the five cavities.

Calibration of transducers are performed for higher frequency range (up to 20 kHz) and for
higher temperature conditions (up to 450°F). The complex calibration (Transfer function
amplitude and phase) between two transducers is obtained by using a 0.37” diameter tube
attached to a high frequency (up to 20 kHz) noise generator (acoustic driver) at one end. Two
transducers are flush mounted at the other end of the tube. The transducers are connected
through the power supply, amplifier, filter, etc, which are used during an actual test. A
complex transfer function is derived for a transducer channel with respect to the other (ie.,
reference channel) by broadband excitation of the acoustic driver. This provides a calibration
for the entire system including the transducers. The absolute level calibration is obtained for

the reference transducer by recording the output at a fixed frequency (1000 Hz) for a known
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level of excitation (124 dB) at that frequency. This calibration is assumed to be the same for
each frequency. The bandwidth for calibration as well as for actual tests is 24.414 Hz.

For high frequency impedance tube tests such calibrations are obtained for each of the seven
transducers, 2 through 8, relative to the first transducer (reference). The absolute level
calibration is obtained for the first transducer. The set of transfer functions is stored in the
computer and is used in the data acquisition code during testing. Figure 30 is a typical
example of complex transfer function calibration between the transducers. The data
acquisition code provides the complex impedance spectra and sound pressure level spectrum

at the surface of the test sample.

For the flow duct transducers, the complex transfer function calibration and absolute level
calibration are derived between the two transducers for each of the 5 cavities. For heated
conditions the tube attached to the sound source of the calibrator is introduced into a furnace,
such that the transducers and the tube would be heated, while the acoustic source would
remain at ambient temperature. A thermocouple is introduced into the calibrator tube to
measure the temperature. The calibration is obtained by heating the oven to any desired
temperature. Figure 31 shows the complex calibration spectra for pair #1 and pair #2
transducers (for cavities # 1 & 2) at different temperatures. The effect of temperature is very
small on the transducer response. However, the data analysis code is capable of using the
calibration for different temperature. The amplitude spectra become oscillatory at higher
frequencies. This is due to the presence of higher order mode, which begins to propagate at a
frequency lower than its cutoff value. This is mostly due to the small imperfection in the
apparatus. However, the oscillations are insignificant to impact the actual data. Moreover, the

spectra are smoothen at very high frequencies to minimize any possible inaccuracy.
4.2 Calibration for Cavity Temperature Evaluation:

Computation of in-situ impedance would require the cavity temperature. It is unlikely, that
the cavities would maintain the same temperature as that of the test section during heated
flow conditions. Significant heat transfer would occur, since the metallic tray with the
cavities is exposed to ambient temperature outside. It is also difficult to measure temperature

of each cavity during actual tests. Thus, tests are conducted to establish the cavity

temperatures for heated conditions.

Thermocouples are mounted to measure temperatures in four in-situ cavities (#1, #2, #4, and
#5) and DC flow cavity. Another thermocouple is mounted on the outside metal surface of

NASA/CR—2006-214401 48



.

81891 3qn} 2ouepadwut Kousnbay ySry 1oy sousisjal

ays 01 30adsor Yiim sIoonpsues) 391y} 10j B1dads uoneIqi[es oseyd pue spnyjdury g aunSiy
ZH) ‘AON3NO3HA
02 81 91 14} 4] 1]} 8 9 14 4 0
A —
\ \P\\ Vo e [~ s s e o ] e e
n \ - - lv:.’.rl:lrlll o — ———— .
# NN WLy A o h
||||||||| iy A c»
AMAT ..E...\k 4
o - i
ZHY ‘AON3ND3YA
02 81 91 14 gl 0} 9 4
‘\\}i\-\.“”mmww\\v\aﬂ”“.-] .
Y mnd
o]

194t UORBIG)ED
1E# UoNeIqIeD
124 UojeiqieD

80

A ¢t

9l

0t

Gl

AaNLrdny

‘BaQ ‘ISVYHd

49

NASA/CR—2006-214401



. ; Onp MO} 33 Ut JuswIdInsesw souepadun nysul 10§ sanjeredus) JUBIYJIP 1B ‘90uaIajal
UIPUOASaLIod 3y 03 303dsar Yiim Yoes ‘S1eonpsues) om) 10§ e130ads uoneiqies aseyd pue apmydury

ZH ‘ADNANOA YL

0° 00061 0° o000zt 00006 00009 0’ 000¢

1€ am3yg

—— 1!

ZH ‘ADNANOH A

0" 000G 0° 0002t 0° 0006 0°0009 0" 000¢

100t g .
wqo g ¢
& & & &0

L

39 ‘ASVHY dANLI'TdINV

dANLI'TdNVY

"3oQ ‘dSVHI

50

NASA/CR—2006-214401



the tray. The tray panel is prepared with a bulk (100 ppi SiC) covered with a facesheet (20%
porous, t=0.025", d=0.04"") and mounted in the flow duct. Tests are conducted by measuring
the temperatures of various cavities and from other thermocouples for different Mach
numbers at different test section temperatures. Similar tests are repeated by using only a
facesheet without bulk as a test panel. In addition, tests are conducted by insulating the
outside surface of the liner tray. Measured data at nominal temperatures of 200°F and 400°F
for a SiC bulk absorber with facesheet (20% porous, d=0.04”, t=0.025") are shown in Figure
32. In this a normalized temperature difference between the test section and any other
location is plotted with respect to mean flow Mach number. The normalized temperature
difference is the difference of the temperature (AT), between the test section centerline (T
°F) and the temperature at various locations, normalized with respect to T. Clearly, the
temperatures at various cavities are different from the test section centerline temperature. In
addition, the temperature at these cavities does vary with respect to the grazing flow Mach
number. However, the variation of temperatures due to different liners and due to insulation
of the tray is relatively small. Thus, an average of temperatures measured for different
configurations for each cavity is calculated and used in the data analysis. Temperature for
cavity #3 is assumed to be the same as that of cavity #4, since the depths and axial locations
of these cavities are identical. The temperatures used in in-situ impedance calculation are

summarized in the following table;

Mach Number Actual Cavity Temperature in °F for Flow Temperature of 200°F
Cavity #1 Cavity #2 Cavity #3 Cavity #4 Cavity #5

0.30 167 171 173 173 180
0.55 171 178 178 178 189
0.80 154 162 162 162 175

Mach Number Actual Cavity Temperature in °F for Flow Temperature of 400°F
Cavity #1 Cavity #2 Cavity #3 Cavity #4 Cavity #5

0.30 308 320 327 327 351
0.55 332 343 349 349 366
0.80 328 340 346 346 378

4.3 Test Section Flow and Temperature Profiles:

A smooth rigid plate is mounted at the bottom of the flow duct test section (in place of liner
tray) to checkout the flow duct performance with respect to Mach number, pressure, and
temperature profiles. Before reducing the test section height from 4” (ie., Area at Test
Section = 20in%) to 3” (reducing the test section area to 15 in®) tests are conducted to map the

test section Mach number with respect to test section total pressure (Pt). Figure 33 shows the
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variation of test section Mach number and corresponding choked area (A*) with respect to
test section total pressure Pt. For only outer stream operational a maximum Mach number of
about 0.62 is achievable. With both streams operational the Mach number maximizes at
about 0.7. For heated conditions (one stream hot and other stream cold) the mixed
temperature profile in the test section in significantly non-uniform. Thus, it is decided to
reduce the test section height to 3” by incorporating a properly designed insert on the upper

wall of the flow duct.

A PAB3D CFD analysis is performed to the planned modifications. Figure 34 shows the
modification and CFD predicted Mach number and static pressure contours. A total pressure
of 18.2 psia to a diffuser exhaust pressure of 14.696 psi is required to produce Mach 0.8 flow
in the test section. No over acceleration is predicted in the contraction and no separation is
predicted in the diffuser. A Mach number of less than 0.35 is predicted at the upstream
location of the screen. After the modification of the test section several Mach number, static
pressure, and temperature profiles are measured in the test section. Figure 35 shows such
variations at ambient condition for different test section centerline Mach numbers. Similar
results for a test section centerline temperature of 200°F are shown in Figure 36. The Mach

number profiles for all the conditions (all are not shown here) are uniform enough for the

current purpose.
4.4 Preparation of Flow Duct Sample, Flow Duct Test, and Data Acquisition:

Preparation of Flow Duct Sample: For bulk panels the 12”x57x0.5” size bulk sheet is
placed on the tray surface allowing the five tubes and DC flow partition to align with the cuts
made on the bulk. A hole is drilled through each of the five small bulk cylinders along its
0.5 depth to allow the sleeve for transducer to be placed through. These cylinders then are
placed into their respective cavities. Provision is made in the tubes to hold the bulk cylinders
at the bottom to make them flush at the surface. The 3”x1” piece of the bulk is placed in the
DC flow partition and the edges are sealed. A wire mesh with negligible resistance is
installed in the DC flow partition, exactly 0.5” from the surface, to hold the bulk piece m
place. Holes are drilled on the facesheet for the bulk absorber aligned with the corresponding
transducer sleeve locations. High temperature sealant is applied on the cylindrical surface of
the cavities, on the DC flow partition, and on the tray frame. The faceshheet is, then, placed
over the bulk and the two threaded rods attached to the facesheet are put through the bulk and
the base of the tray. Nuts are used from the other side of the tray to secure the facesheet in
place. Clamps are used to keep the facesheet attached on the top surfaces of the cavities, DC

flow partition, and the tray frame. The tray assembly is allowed to cure for several hours.
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While the transducer sleeves flush to the bottom of each five cavities are permanently welded
the sleeves for surface transducers are moved up and down to go through the bulk cylinders
and the corresponding holes on the facesheet. The top of these sleeves is aligned with the
facesheet surface and then is secured using installed setscrews. The calibrated transducers are
then introduced through the sleeves in to the respective cavities. The bottom transducers are
made flush with the cavity bottom and the surface transducers are flush mounted to the

facesheet and then these transducers are secured using setscrews.

For SDOF type liners the procedure to prepare the panel is the same, except the bulk material
is not required. Instead, the tray cavity is filled with honeycomb structure. Once the panel is
ready, it is mounted securely at the bottom of the flow duct test section. The transducers are
connected to the respective cables, which are connected to a VAX computer system thorough

power supplies, amplifiers, low pass filters, and A/D converters.

Flow Duct Test and Data Acquisition: For insitu impedance and boundary layer
measurement tests the DC flow opening is sealed off at the bottom of the tray. Then the
acoustic excitation, either broadband or discrete frequency sine waves, is introduced into the
duct after achieving the desired flow and temperature conditions in the test section.
Broadband excitation is only used for no flow condition, whereas, discrete frequency
excitation is used for all cases. Utilizing the data acquisition code the complex pressure field
at both transducer locations of each of the five cavities are measured and Fourier
Transformed in to respective complex transfer function and sound pressure level spectra. For
discrete frequency excitation, the analog data is averaged in time domain triggered by the
same electronic signal going to the acoustic drivers. The flow noise is reduced by this process
and the signal to noise ratio is enhanced significantly. The averaged data is then digitized and
Fourier Transformed. At the completion, the data is stored in a file for further analysis. While
this operation continues the computer controlled traverse system is simultaneously utilized to
measure the boundary layer velocity and temperature profiles and is stored in files. Once all
the tests for a configuration are complete, the DC flow opening at the tray bottom is opened
and the DC flow adapter is attached and sealed for leakage. Then the DC flow measurements
are made using the suction pump, operated remotely, at different flow and temperature

conditions. Acoustic excitation is not required for DC flow tests. Again, the test data is stored

i computer files.
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4.5 Performance Checkout for High Frequency Impedance Tube:

Before measuring any normal impedance the apparatus is checked out for its performance. In
this effort various cavities are created as test samples and their normal impedance is
measured utilizing the transducer calibrations. The reactance data is compared with the
analytical results (i.e., cot(kl), 1 being the cavity depth and k being the wave number). Some
of the results of this checkout process are shown in Figures 37 and 38 for cavity depths of
1.5, 1.07, 0.57, and 0.2”. The reactance agreement with the theory is excellent. The
resistance of these cavities should be zero, except at and near anti-resonance frequencies.
Within the limits of experimental inaccuracies and the non-rigidity of the cavity bottom the
resistance levels are acceptable. For very shallow cavity (like 0.2”) the resistance at lower
frequencies is significantly higher. The reason for such discrepancy is the relatively longer

sound wave length compared to the cavity depth.
4.6 Performance Checkout for Insitu Cavities in the Flow Duct System:

In this study each pair of transducers is installed into the calibrator, one being flush mounted
on the bottom surface and the other projected upward by a certain length. Insitu impedance is
measured for such arrangement as if the sample surface is the tip of the second transducer.
Thus, the projected length becomes the cavity depth. These measurements are made at
ambient temperature and at heated conditions by introducing the calibrator inside the furnace
(described earlier). The transducer connections are made exactly what would be used during
actual tests. The measured reactance is compared with analytical results. Typical results for a
pair of transducers (pair #3) at different temperatures are shown in Figure 39. Again, the
agreement between data and prediction is excellent for all five pairs of transducers,
confirming the accuracy of calibration. Next, the transducers are mounted into the tray
cavities, tray being installed in the flow duct test section. Measurement of insitu impedance is
made simultaneously for all five cavities (without any test sample). Reactance data for each
cavity is compared with prediction and again, the agreement (see Figures 40 and 41)

approves the use of this system, including the software, for actual tests.
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5.0 HIGH FREQUENCY IMPEDANCE TUBE TESTS

Impedance tube tests using broadband sound excitation are conducted for bulk absorber type
and SDOF type liner samples. In these tests the excitation level is varied. For SDOF type
samples the cavity depth behind the sample is varied to acquire the impedance for the entire
frequency range of 20 kHz. For bulk absorber type liner samples there is no cavity behind the
bulk samples. The rigid surface of the plunger touches the bulk surface. A large number of
bulk/facesheet combinations are tested using the samples listed in Tables 2 through 6. All the
samples listed in Table 7 are tested as SDOF panels. In addition, several facesheets, used for
bulk absorber panel samples, are also tested as SDOF samples to evaluate their normal

impedance compared to the bulk and facesheet together.

For some SDOF type tests several cavities of different depths are used for impedance
measurement. Deeper cavity results are more accurate for low frequency regime. Normal
impedance of the facesheet alone is evaluated by removing the cavity contribution to the
impedance from the data. In addition, the impedance is constructed by using data for
different cavities for different frequency ranges. All the data are numerically smoothen to
minimize larger oscillation for effective parametric comparison. Figure 42 shows the normal
impedance spectra for cavities of various depths. It is clear that the resistance approaching a
zero value for lower frequencies can be seen for the deepest cavity. For the cavity of 0.24”
(the shallowest cavity tested) the correct resistance appears to begin from a frequency of
about 7 to 8 kHz. Similar result for a facesheet over cavities of different depths is shown in
Figure 43. In this the corresponding cavity only impedance spectra are subtracted from the
measured data. Again, it is clear that the accuracy of impedance for lower frequencies is seen
with deeper cavities. In addition, the reactance approaching a zero value at zero frequency is
measured with the deepest cavity. Utilizing .these results Figure 44 is constructed, which
gives the lower and upper limits of the frequencies for a cavity depth for which the

impedance results are acceptable.
5.1 Normal Impedance for Facesheets Alone:
5.1.1 Facesheets for Bulk Absorbers:

Data Analysis & Presentation: Several facesheets from Table 7 are tested using cavities of
depths 0.25”, 0.5”, 1.0, and 1.5”. As described above the appropriate portions of the
impedance spectra, after removing the corresponding cavity impedance, are combined

together and numerically smoothen. These results are plotted in Figures 45(a), 46(a), and
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0.04”, OASPL= 150 dB, (a) measured and (b) curve fitted.
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47(a) indicating parametric variations due to porosity, thickness, and hole diameter,
respectively. While the reactance tends to zero at zero frequency and increases with
frequency, the resistance remains more or less constant for frequencies up to about 13 or 14
kHz. Above this frequency the resistance increases and peaks at about 16 kHz. and shows a
similar peak at about 19 kHz. The possibility of higher order contamination is likely to cause
this type of effect above 13 kHz. The effect seems to be prominent since the resistance levels
for these highly porous facesheets are relatively small. In addition, with facesheet the cavity
anti-resonance frequency decreases by certain amount due to the change i the effective
cavity depth. The effective cavity depth depends on the facesheet thickness and porosity. The
second resistance peak at about 19 kHz is most likely due to the increase in the cavity depth,

which is responsible in shifting the anti-resonance frequency from 20 kHz to 19 kHz.

Based on these arguments the resistance is assumed to be independent of frequency and an
average value is calculated using the data up to 13 kHz. For reactance the data is curve fitted
using a second order polynomial forcing it to be zero at zero frequency. Thus, the processed
data corresponding to Figures 45(a), 46(a), and 47(a) are plotted in Figures 45(b), 46(b), and
47(b), respectively.

Due to the constraint of time a large number of facesheets, mostly from Tables 4 and 5, are
tested using a single 0.25”-deep cavity. The typical results after correcting for the cavity
reactance are shown in Figures 48 through 50. Figure 48 shows the effect of thickness and
hole diameter for 40% porous facesheets. As discussed earlier the low frequency data 1s not
accurate for using a shallow cavity of 0.25” deep. The low frequency limit depends on the
effective cavity depth. The effective cavity depth increases with increasing facesheet
thickness and thus the lower frequency limit goes down. For the same reason the anti-
resonance frequency goes down for thicker facesheets. For example, the effective cavity
depth becomes significantly higher for facesheets of thickness 0. 125" and 0.14” and the anti-
resonance occurs at around 12 kHz compared to 20 kHz for 0.25”-deep cavity. The frequency
limitation for reliable data is more severe for facesheets of lower porosities with higher
thickness (see Figures 49 and 50). At this situation the tests should have been conducted
using different cavity depths to acquire accurate data for the entire frequency range.
However, to use the currently acquired single cavity data in a meaning full way the data for
the frequency range between lower limit to a frequency before the anti-resonance frequency
is utilized to obtain the impedance spectra. The reactance at higher frequency seems to be
behaving better compared to the corresponding resistance. Therefore, the upper limit for

reactance data, used in data processing, is much higher compared to resistance limit. The
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reactance data in this range is curve fitted using a second order polynomial forcing it to zero

at zero frequency. For resistance an average value is calculated using the data for this

frequency range.

Parametric Characteristics of Normal Impedance: The effect of porosity on normal
impedance for perforated facesheets is shown in Figure 51. In general the reactance and
resistance increase with decreasing porosity. The levels are higher for thicker facesheets..
The effect of facesheet thickness on normal impedance is shown in Figure 52. The reactance
and resistance, both, increase with increasing facesheet thickness. The effect is more
dominant for lower porosity samples. The effect of hole diameter with fixed porosity and
thickness seems to be small compared to porosity and thickness effects (see Figure 53). For
40% porous facesheets with t=0.025", the reactance decreases and then increases with
increasing hole diameter. The resistance decreases with increasing hole diameter. For 35%
porous facesheets with t=0.1" the reactance increases with increasing hole diameter and
resistance decreases and then increases with increasing hole diameter. Figure 54 shows the
effect of resistivity on normal impedance for linear facesheets. The reactance and resistance

both increase with increasing facesheet resistivity.

Effect of excitation intensity on normal impedance for highly porous facesheets is relatively
small (see Figure 55(a)). In general the reactance decreases and resistance increases with
increasing excitation level. For linear facesheets the effect is measurable for resistance and

insignificant for reactance (see Figure 55(c)).

5.1.2 Facesheets for SDOF Type Liners: For SDOF type liners facesheets of lower

porosities are used (see Table 7).

Data Analysis & Presentation: All the facesheets listed in Table 7 are tested using a single
0.25”-deep cavity. The measured data with reactance being corrected for cavity is shown in
Figures 56(a), 57(a), 58(a), and 59(a). The impact of cavity is relatively less severe in these
cases, since the impedance levels are considerably higher compared to highly porous
facesheets for bulk absorbers. However, the characteristics of these results are qualitatively
similar to those discussed under section 5.1.1. Therefore, similar procedure is applied to

procure and present the data in a meaningful manner.

Parametric Characteristics of Normal Impedance: The effect of porosity on normal
impedance for perforated facesheets is shown in Figure 56. In general the reactance and

resistance increase with decreasing porosity. The effect of facesheet thickness is shown in
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Figure 57. The impedance level increases with increasing facesheet thickness. The effect of
hole diameter with fixed porosity and thickness seems to be small compared to porosity and
thickness effects (see Figure 58). For 9% porous facesheet with t=0.025”, the reactance
increases with increasing hole diameter. The resistance decreases and then increases with
increasing hole diameter. Figure 59 shows the effect of resistivity on normal impedance for

linear facesheets. The reactance and resistance both increase with increasing facesheet

resistivity.

Effect of excitation intensity is significant on resistance compared to reactance (see Figure
60). In general the reactance decreases and resistance increases with increasing excitation
level and the impact diminishes with increasing porosity. For linear facesheets the effect is

comparable to the perforated facesheets.
5.2 Normal Impedance for Bulk Absorbers:

Data Analysis & Presentation: Bulk absorbers from Table 2 of different depths and from
Table 6 are tested without any facesheet and with facesheets of Tables 2 through 5. The data
is extrapolated, mostly utilizing polynomial curve fitting at lower frequencies below 500 Hz
and at higher frequencies above 17 kHz to remove spurious variations. The presentation of
all the test results would require a huge number of figures. Therefore, typical results are

presented 1in this section.

5.2.1 Silicon Carbide Bulk Absorbers: Several Silicon Carbide bulk samples of varying
pores/inch (i.e., 100, 200, 400, and 600) of different depths are tested. The density of these

samples is approximately 12 Ibs/ft>.

Parametric Characteristics of Normal Impedance due to Facesheet Property Variation:
The effect of facesheet porosity on normal impedance for 100 ppi Silicon Carbide (SiC) bulk
absorbers of different depths is shown in Figures 61 and 62. In general the reactance and
resistance increase with decreasing facesheet porosity. The cavity anti-resonance effect is
relatively small for deeper bulk samples at higher frequencies. The effect of facesheet
thickness on normal impedance is shown in Figures 63 and 64. The reactance and resistance,
both, increase with increasing facesheet thickness. The anti-resonance frequency decreases
with increasing facesheet depth due to the increase in effective bulk absorber depth. The
effect of facesheet hole diameter with fixed porosity and thickness seems to be small
compared to porosity and thickness effects (see Figures 65 and 66). For 40% porous

facesheet with t=0.025", the reactance decreases and then increases with increasing hole
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diameter. The resistance decreases slightly with increasing hole diameter. Figures 67 and 68
show the effect of resistivity on normal impedance for linear facesheets. The effect seems to
be small due to resistivity variation. The general trend is a slight increase of reactance and
resistance with increasing facesheet resistivity, especially at lower frequencies. The actual
DC flow resistance R;oo of these facesheets is about 8.5 and 9.2 as opposed to their nominal
values of 5 and 10 Rayls, respectively. Therefore, the difference of impedance due to these

two facesheets is almost negligible.

Effect of excitation intensity on normal impedance for 100 ppi SiC, with and without
facesheets, is relatively small (see Figures 69 through 71). In general the reactance decreases

and resistance increases with increasing excitation level.

Similar results for Silicon Carbide samples with 200, 400, and 600 ppi are generated and
examined (not presented here). The characteristics of parametric variations are similar to

those observed for 100 ppi SiC bulk absorbers.

Parametric Characteristics of Normal Impedance due to Pores/Inch (ppi) Variation: The
effect of pores/inch on normal impedance for Silicon Carbide (SiC) bulk absorbers of
different depths, without facesheets, is shown in Figures 72 and 73. In general the reactance
and resistance increase with increasing pores/inch. The cavity anti-resonance effect decreases
with increasing pores/inch and the anti-resonance frequency decreases with increasing
pores/inch, indicating an increase in the effective depth of the bulk. The effect of pores/inch
for SiC with facesheets on normal impedance, shown in Figures 74 through 79, is similar to
the bulk only configurations. The impact of facesheets, depending on their porosity and
thickness, influence the magnitude of impedance variation. For example, the effect of a 20%
porous facesheet, shown in Figures 74 and 75, forces the reactance to increase with
frequency compared to a constant mean reactance for bulk only configuration. The impact
diminishes with increasing porosity as shown in Figures 76 and 77 for a 40% porous
facesheet. For thicker facesheets the impact is similar to the 20% porous facesheet case, as
shown in Figures 78 and 79 for a 0.06” thick facesheet.

5.2.2 Standard T-Foam Bulk Absorbers: Standard T-Foam bulk absorbers are made out of
Silicon Carbide type polymer fibers. The process involves 3 dimensional weaving of the
polymer fiber and sol-gel (matrix) rigidization to maintain the shape. Laser cutting is applied
as required. Several Standard T-Foam samples of varying density (i.e., 8, 12, and 16 Ibf) of
different depths are tested.

NASA/CR—2006-214401 94



0 4
o ,/l
w
S
< 0 LI
5 °© Resistivity
=3
w e—=a 5rayls
= o-—--o 10 Rayls
' o~-—= 15Rayls
o~
/
ﬁ, /4 ‘\ /’
— N /
w0 /', \‘v"
(V3] - 2\, '/ ~
- P . e W Va4
Q . ,’.‘\;\ / \\ )
s- g 's g hodd ‘\‘J f"
0 - ! =
7 /
R
O | y
0 g .
l\. w
o .
30 ) 3 10 12 1 16 18 0
FREQUENCY, kHz
0
~"\
- / o C‘/\‘\\
ey/SN S\
w i ard AN
QO w A== 3
z ° 4
— 7/ 4
2 /’4 N\ ¢ yi
E © \‘\.-/ ,-4', ‘\\ o/ g
\\ / \\~/ 9
0 - NS
=] N7
u; (b) Bulk Depth=1.0"
o
o 7°X
w A 1L
(&) ///‘\_. / ‘\\
E / /7 N
[Te] e x
5 - / Ny /:’ =) N
D / N\~ 17 \\\_
7] Y RN /
« / \ /
A - AN
~ ‘\'/.
n
o V. 10 12 14 16 18 20

FREQUENCY, kHz

Figure 67. Effect of facesheet resistivity on normal impedance for 100 ppi Silicon Carbide
bulk absorbers of different depths with linear facesheets, OASPL= 150 dB, (a)
Bulk Depth=2.0" and (b) Bulk Depth=1.0".

NASA/CR—2006-214401 95



o~ e e R

w
O
=4
s - . __
3 ,)/ Resistivity p’
& i s—=a 5 rayls \\ -

3 //' o----0 10 Rayls "

/ «~——+ 15Rayls
/ 1

;, I / (a) Bulk Depth—O 5”

> AN

. ‘/ = "\ \\

/4 My
\
E m 'l ,/'II \
@ i / N\
[72] / -
E-H Z N
X ‘,,/‘ - ’/'/ ——————————

o - :;'L—-__.—-___:,__.’

o

°0 2 4 10 19 14 3 ax —

FREQUENCY, kHz
) “
- -—-/—\~/-J‘—:/:/

w
(&)
P4
= o
O -
< —
w B
[a ) ‘/’/

D /

/
Y
4 ‘

o -i—— W (b) Bulk Depth=0'25”

™ Y

ol |

A
g /
= \ .
=W ’
‘ . | ~. =
% N, T
m - /'/

U —-
= - "~

b — ::J: ________ _-R-—__-.:

Q T r——

= Z 10 12 17 15 & il

FREQUENCY, kHz

Figure 68. Effect of facesheet resistivity on normal impedance for 100 ppi Silicon Carbide
bulk absorbers of different depths with linear facesheets, OASPL= 150 dB, (a)
Bulk Depth=0.5" and (b) Bulk Depth=0.25"".

NASA/CR—2006-214401 96



REACTANCE
0.5 05

25-1

RESISTANCE

OASPL

—— 140dB

150 dB

—=— 155dB

10 12
FREQUENCY, kHz

iq

OASPL 17 :

{/// A\

— 140dB // \

b oemene 150 dB A :
——- 155dB

REACTANCE

-1

-

[ ::_‘;___M
N

1R

(b) Bulk Depth=0.5" _

156 2 25 3 35 -2

RESISTANCE

1

0 05

L,
B S

NASA/CR—2006-214401

10 12

FREQUENCY, kHz

97

14

Figure 69. Effect of excitation intensity on normal impedance for 100 ppi Silicon Carbide of
different depths, (a) Bulk Depth = 2.0” and (b) Bulk Depth =0.5".




0.5

R 777\ N, o~
AL A AN T

/I \\\— '

REACTANCE
0.5 0
\
\
</
[S—

o | (2) Bulk Depth=2.0"
w
e .
= x|
(2] RN, 2N 7
8 LTINS NS
o / S ol A\
"
10 12 14 16 18 20
_ . FREQUENCY, kHz
- OASPL TN
\
— 140dB // s

REACTANCE
0
|

15 2 25 3 3k.2

RESISTANCE

o~
//’
/
|

\

ON ;
‘\\ N

\ v B —’{ \

|
2 4 6 8 10 12 14 16 18 20
FREQUENCY, kHz

1

0 05
/
i
\
\

Figure 70. Effect of excitation intensity on normal impedance for 100 ppi Silicon Carbide of
different depths with 40 % porous 0.025” thick facesheet, d=0.04”, (a) Bulk Depth
= 2.0” and (b) Bulk Depth = 0.5”.

NASA/CR—2006-214401 98



1.5

REACTANCE
0.5
20

0. 0
\
"

25-05
|
—
q
®
vl
=1
b
5
o
=3
I
g
<

2
>
|
|

RESISTANCE

A\
A

et T

10 12 14 16 18 20
FREQUENCY, kHz

10 .
~ OASPL ‘ 7N
—— 1404B /
w A
2} - 150dB —— o
—-—- 155dB \ //
. ‘ >

5
N,

REACTANCE
05
/
Y

£ (b) Bulk Depth=0.5"

15 2 25 3 3515
I\k
/

f/
—

RESISTANCE

1

2 4 10 12 14 16 18 20
FREQUENCY., kHz

Figure 71. Effect of excitation intensity on normal impedance for 100 ppi Silicon Carbide of
different depths with 20 % porous 0.025” thick facesheet, d=0.04", (a) Bulk Depth
=2.0” and (b) Bulk Depth = 0.5”. :

0 05

NASA/CR—2006-214401 99



o—=a 100 ppi
e----o 200 ppi
a—-—-= 400 ppi

REACTANCE
075 -05 025 0 025 05

-1

125 15 175 2

RESISTANCE

1

4 10 12 14 16 18 20
FREQUENCY, kHz

15 05 075

1

05

REACTANCE

05 0

-1

315

25

RESISTANCE
15

S0 —2— 4 10 12 14 16 18 20
FREQUENCY, kHz

Figure 72. Effect of pores/inch on normal impedance for Silicon Carbide bulk absorbers of
different depths, OASPL=150 dB, (a) Bulk Depth=2.0" and (b) Bulk Depth=1.0".

NASA/CR—2006-214401 100



Poresfinch f ;’
s—=a 100 ppi
— | ®----e 200 ppi . ey e : L e
a——< 400 ppi ‘ :1 ;‘ :
o——o 600 ppi ‘ :

REACTANCE
0
T

-
'

(\IJ .

']

- / | \

™ //’ = — — Py N

e R S S / \ 7\
] =4 A N P SN VAN
- - A A

[ET ] o~N 0‘"’.’-.-—— K " ~, \\ \ _ \\ Vel . A
Q / / e \ NS
= N e /I AN N - =~ N
= A ! NN N
[22] o0 rd /, NN e \A
8 -—
@

1
¥
AN
AN
{
i
/
\
\

S
< p
— " - il
- RIS PR
-

0.5

0 12 14 16 18 20
FREQUENCY, kHz
[9¥] o
w
o
=
<
= o
5}
>
w
@
o
w1
C")‘r |“
o b A [ NS A
w 1y \
w ™ ‘\\\ 3
Q A
<z< o~ A-\A\\
E.; [Te) N \‘\ 77 T
[7 B
oy
o
0
=
e 2 3

10 12 14 16 18 20
FREQUENCY, kHz

Figure 73. Effect of pores/inch on normal impedance for Silicon Carbide bulk absorbers of
different depths, OASPL=150 dB, (a) Bulk Depth=0.5" and (b) Bulk Depth=0.25".

NASA/CR—2006-214401 101



3 —— .
- P
TN /’L"‘: 22 <=
-~ q <
LL N A A
8 w ~ LX)
z o e~ \_<Z Pores/inch
- o __,”*: .~ .
Q - A e—=a 100 ppi
o - . JREN———
w N\ o----o 200 ppi
w ~~L VS a—-—+ 400 ppi
S , — —
‘l- — — t2) r— i £ 2N
- "'I T~ ]\ (a) Bulk Depth=2.0
TR
2 ]"/ \\‘ - -/ i\\ _ P o /
-~ ¢ H M N\, O P
/o / \ /’v-’ \ ~ N )
[TT] w L "’ \ 27 \ \ /’ —.\ i ) ez
e |/ / \ / \ f \ F N2
¢ ! \ / \ /' ~ o~ /,’\\ N ] i AN
E g / 7 - S N ) AN ,_,. N / X ~ \ \_/ P \‘\,I
LN TSR
[72] / D\
] / / N N
= - g / \J =~
-
o
]
o 4 10 12 14 16 18 20
“ FREQUENCY, kHz A
- : : : ! A
; I T S ’
- \l ,—;P{’)(\/”"‘,/"ﬂ\ \\ AN
N . N\ A
SN LT K H
: ) NE
e 2 N =
= \/ 1
1> i
N © ; =
- |
) i
< \
é | |
~— — t1]
5 (b) Bulk Depth=1.0
o ‘ l
N
[¢F]
O w
z -
—_
w
[7] Ll
Y1)
[194
w0
o
o
2 4 10 12 14 16 18 20
FREQUENCY, kHz

Figure 74. Effect of pores/inch on normal impedance for Silicon Carbide bulk absorbers of
different depths with 20 % porous 0.025”-thick facesheet, d=0.04", OASPL=150

dB, (a) Bulk Depth=2.0" and (b) Bulk Depth=1.0".

NASA/CR—2006-214401 102



N /
'-_ i - B ” ) -~ i Il'
Pores/inch i : ‘ |
i; . ;
o= e—=a 100 ppi ; :
vy | @----© 200 ppi
-
S a—-—- 400 ppi
= - .
< T o-——+ 600 ppi
3
w0
5 I~
[0
o
wn YA
@ /
-~ )
:
I //
@ \\ /
Y \
® ]
PO \
v de———
[I-3 R = >~ ~
(\i Y N\ s S N 1/ ~ - )
8 “ \\_¢ — M~ vl RN \
\
= N H pd .
<t \ R
= \ N \
(2T R
77 - Y
L N\
o \S
-~ %\,‘ .
NG
0 “tes
e 2 t 8 10 12 14 16 B 20
- FREQUENCY, kHz ) s
o e
P
- S 1~
Paited ‘\*,\a\—:‘, . \‘
i il A . A\
— g N \
. \
& T /’/— FES R
g =t — AN\
< - 4',?,—’ < - ~ 7 2
- P o N \ ‘/ / \
Q i il oel N~ ™ —t
5 o // Pt ' \ —
s VL
= 7 \ 11
© = T
/// P \‘ |‘ "
[T} 7 ’/”—’ \
= Yo v
L ”» F
J 77 (b) Bulk Depth=0.25
wnwgtl 14
o k1! /
i\ ’
!
™ T ~ ,
e i l/’ \~\ /
2 A ’
w ™ W e \\_\ 7 A\ AN Y
% \ 1 ~ N4 TN s
<€ (3] \‘\\\ rm——— L~ <= /‘ N 7 p
- N - L s
9D L\ [T / 2
[72] -— A\ '/ “‘—"
E ‘\‘“ el S e, g e 4
i \\ - e /\/’/
- St il ot Pl o~
N S e I 4o’ .
3 N - g ———— v
R — pd
o

0 4 10 12 14 16 18 20
FREQUENCY, kHz

Figure 75. Effect of pores/inch on normal impedance for Silicon Carbide bulk absorbers of

different depths with 20 % porous 0.025”-thick facesheet, d=0.04", OASPL=150
dB, (a) Bulk Depth=0.5" and (b) Bulk Depth=0.25".

NASA/CR—2006-214401 103



w
S i . 7
& /aN —
w o 2252 [ - r"':f f:\‘ f
2 ' \/ SRR
< W . ¥~/ ! ~4
= g : !
2 S ; Poresfinch
i ! : .
c 3 e s—=a 100 ppi —
0 % o----© 200 ppi
~ _ — L . P——
S a—-—-< 400 ppi
- | |
N
1
w0
R - S S BN Ry
- e VPN
~. - 7N / \
w w© A N P \ 7 \ s
(&) - \ [ \\ 4 \ /
4 - I . \’/ AN v /l
l'<- g \\”\ 7T Wb 71 h\ ,’l /? v
(92} -~ \\)\" ’ \\\ l," / \‘ 7 \\W
[77] i SR b\ , oo
@ ./
w0
I\. —
o
wn
<0 2 4 10 12 14 16 18 20
o FREQUENCY, kHz
& N\
O w
Z o 7
<
= <
# NI \* z
\ v“\-/- \:\ \:\’/
I'Q l e T g -
< {
i
0
N
o~
w
O u
Z -
<C
-
N
w -~
w
(=4
n
o
Py
0 4 10 12 14 16 18 20

FREQUENCY, kHz

Figure 76. Effect of pores/inch on normal impedance for Silicon Carbide bulk absorbers of
different depths with 40 % porous 0.025”-thick facesheet, d=0.04", OASPL=150
dB, (a) Bulk Depth=2.0" and (b) Bulk Depth=1.0".

NASA/CR—2006-214401 104



N prt—
Pores/inch

- e—a 100 ppi

- k.| ®-- 200 ppi B e e i

8 - a~-— 400 ppi n ,_—/‘{'a

= b . Y — o

= ° o—— 600 ppi \ e il

O e

< © 3 —= =

w N z 7 ey

T e P el
i 7 ~ N ST =7 N

V> ~ N

- 7 '~ P v
: s - ==

)
0 7~ A
iy rhe N ok - -,
s
'] ¥4
m
] 7 T \\\\

w YNo e

(&) —N——

= o B

= \

9D 0t
b and g

NN, e
w N - ¢
o \‘-\ - ‘T
o
4 10 12 14 16 18 20
FREQUENCY, kHz /v
[3Y] . [
b
0 i
- i
— i

w

S w

< o

S
o

]

@ un
@

v
0
"’w\
‘I
[sp] “ \\
w il o TN

w P Y| \\ /,/‘\_\ ’// N '/ -

(6] ‘\ \ /,_/ N - \\ ’//_._ \ \‘

= N \\ = \\_,7 = + )

IS \‘ \ ”// 7 ‘\ "_,4

‘u_) 0 \ \\ Pt SN S ’/ \/( _4-‘:

ﬂ-’) -~ \‘ S -/_/,\~/— —“—"r \\ \

o Y - P ~3_ 4
i \ v’/’ // /T
©w RNes [ _ e [ / - \
© B e i A IO S e \
i Z 10 12 14 16 18 P

FREQUENCY, kHz

Figure 77. Effect of pores/inch on normal impedance for Silicon Carbide bulk absorbers of
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different depths with 40 % porous 0.06”-thick facesheet, d=0.04", OASPL=150
dB, (a) Bulk Depth=2.0"" and (b) Bulk Depth=1.0".
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Parametric Characteristics of Normal Impedance due to Facesheet Property Variation:
The effect of facesheet porosity on normal impedance for 12 Ibf standard T-Foam bulk
absorbers of different depths is shown in Figures 80 and 81. In general the reactance and
resistance increase with decreasing facesheet porosity. The cavity anti-resonance effect is
relatively small for deeper bulk sample at higher frequencies. The effect of facesheet
thickness on normal impedance is shown in Figures 82 and 83. The reactance and resistance,
both, increase with increasing facesheet thickness with an exception for 0.015”-thick
facesheet. For this configuration the reactance is higher compared to 0.025”-thick facesheet
for 2” and 17 deep samples. The resistance for these samples seems to be lowest for 0.047-
thick facesheet. The anti-resonance frequency decreases with increasing facesheet depth due
to the increase in effective bulk absorber depth. The effect of facesheet hole diameter with
fixed porosity and thickness seems to be small compared to porosity and thickness effects
(see Figures 84 and 85). For 40% porous facesheet with t=0.025", the reactance decreases
and then increases with increasing hole diameter. The resistance decreases slightly with
increasing hole diameter. Figures 86 and 87 show the effect of resistivity on normal
impedance for linear facesheets. The effect seems to be small due to resistivity variation. The
general trend is a slight increase of reactance and resistance with increasing facesheet
resistivity. Effect of excitation intensity on normal impedance for T-Foam, with and without
facesheets, is relatively small (not shown here). In general the reactance decreases and

resistance increases with increasing excitation level.

Similar results for T-Foam samples of densities 8 and 16 are generated and examined (not
presented here). The characteristics of parametric variations are similar to those observed for

12 1bf T-Foam bulk absorbers.

Parametric Characteristics of Normal Impedance due to Density Variation: The effect of
density on normal impedance for standard T-Foam bulk absorbers of different depths,
without facesheet, is shown in Figures 88 and 89. In general the reactance and resistance
increase with increasing density. The cavity anti-resonance effect decreases with increasing
density and the anti-resonance frequency decreases with increasing density, indicating an
increase in the effective depth of the bulk. The effect of density for standard T-Foam with
facesheets on normal impedance, shown in Figures 90 through 95, is similar to the bulk only
configurations. The impact of facesheets, depending on their porosity and thickness,
influence the magnitude of impedance variation. For example, the effect of a 20% porous
facesheet, shown in Figures 90 and 91, forces the reactance to increase with frequency

compared to a constant mean reactance for bulk only configuration. The impact diminishes
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Figure 81. Effect of facesheet porosity on normal impedance for 12 Ibf standard T-Foam bulk

absorbers of different depths with 0.025”-thick facesheets, d=0.04”, OASPL= 150
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with increasing porosity as shown in Figures 92 and 93 for a 40% porous facesheet. For
thicker facesheets the impact is similar to the 20% porous facesheet case, as shown in Figures
94 and 95 for a 0.06” thick facesheet.

5.2.3 Feltmetal Bulk Absorbers: Feltmetal is a trade name for bulk absorbers made out of
high temperature steel fibers. The density for these absorbers is relatively higher compared to
SiC and T-Foam The density for Feltmetal is expressed as a percentage of solid steel
material. The lowest density that is achieved is 5 %. Feltmetal samples of nominal densities
of 5%, 10 %, and 15 % of different depths are tested.

Parametric Characteristics of Normal Impedance due to Facesheet Property Variation:
The effect of facesheet porosity on normal impedance for 5 % dense Feltmetal bulk absorbers
of different depths is studied and the results are shown in Figures 96 and 97. The reactance
and resistance increase with decreasing facesheet porosity. The cavity anti-resonance effect is
relatively small for this material and almost insignificant for deeper bulk samples. The effect
of facesheet thickness on normal impedance is shown in Figures 98 and 99. The reactance
and resistance, both, decrease first and then increase with increasing facesheet thickness. The
anti-resonance frequency decreases with increasing facesheet depth, only observed for 0.5”-
deep samples, due to the increase of effective bulk absorber depth. The effect of facesheet
hole diameter with fixed porosity and thickness seems to be small compared to porosity and
thickness effects (see Figures 100 and 101). For 40% porous facesheet with t=0.025", the
reactance decreases and then increases with increasing hole diameter. The resistance behaves
differently for different bulk depths. For deeper absorbers the resistance increases slightly
with increasing hole diameter. The trend is reversed for thinner bulk samples. Effect of
excitation intensity on normal impedance for Feltmetal, with and without facesheets, is
insignificant (not shown here). In general the reactance decreases and resistance increases

with increasing excitation level.

Similar results for Feltmetal samples of densities 10 % and 15 % are generated and examined
(not presented here). The characteristics of parametric variations are similar to those

observed for 5 % dense Feltmetal bulk absorbers.

Parametric Characteristics of Normal Impedance due to Density Variation: The effect of
density on normal impedance for Feltmetal bulk absorbers of different depths, without
facesheet, is shown in Figures 102 and 103. In general the reactance decreases and resistance
increases with increasing density. The trend for reactance is slightly off from the general

observation for 2”’-deep sample. At higher frequencies the reactance for 10 % dense
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Feltmetal is higher compared to 5 % dense sample. The cavity anti-resonance effect is almost
non-existent for demser samples. The effect of density for Feltmetal with facesheets on
normal impedance, shown in Figures 104 through 109, is similar to the bulk only
configurations, except that the reactance variation with density for 2”-deep samples shows
decreasing trend with increasing density for entire frequency range. The impact of facesheets,
depending on their porosity and thickness, influence the magnitude of impedance variation.
For example, the effect of a 20% porous facesheet, shown in Figures 104 and 105, forces the
reactance to increase slightly with frequency compared to reactance for bulk only
configuration. The impact diminishes with increasing porosity as shown in Figures 106 and
107 for a 40% porous facesheet. For thicker facesheets the impact is similar to the 20%
porous facesheet case, as shown in Figures 108 and 109 for a 0.06” thick facesheet.

5.2.4 Different Bulk Absorbers: Normal impedance spectra for individual type of bulk
absorbers are examined in the previous sections. The effect on normal impedance due to
different bulk types is examined in this section. Any number of combination of bulk types
can be put together for this purpose. However, a single combination of 100 ppi Silicon
Carbide, 12 1bf T-Foam, and 5% dense Feltmetal samples are included in this study.

The effect of bulk type on normal impedance for bulk absorbers of different depths, without
facesheet, is shown in Figures 110 and 111. The reactance is comparable for all three bulk
types, except that the 100 ppi SiC and 12 Ibf T-Foam show anti-resonance effects more
distinctly compared to 5 % dense Feltmetal. The resistance is highest for Feltmetal and
lowest for SiC. The anti-resonance frequency of T-Foam is significantly lower compared to
SiC, indicating relatively higher effective bulk depth. This also indicates that the sound
propagation speed in T-Foam medium is distinctly different compared to SiC. The effect of
bulk type for samples with facesheets on normal impedance, shown in Figures 112 through
117, is similar to the bulk only configurations. The impact of facesheets, depending on their
porosity and thickness, influence the magnitude of impedance variation. For example, the
effect of a 20% porous facesheet, shown in Figures 112 and 113, forces the reactance to
increase with frequency compared to reactance for bulk only configuration. The impact
diminishes with increasing porosity as shown in Figures 114 and 115 for a 40% porous
facesheet. For thicker facesheets the impact is similar to the 20% porous facesheet case, as
shown in Figures 116 and 117 for a 0.06” thick facesheet.

5.2.5 Bulk Absorbers for Mixer-Ejector Application: Acoustic liner is an essential
element for the ejector to suppress internal noise for HSCT application. Thus, suitable bulk

materials and facesheets are to be selected to design bulk absorber liners for mixer-ejector
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application to achieve maximum acoustic suppression in the ejector. The objective of this
design is to achieve the desired optimum impedance at critical frequencies impacting EPNdB
for the mixer-ejector. The optimum specific resistance and reactance ranges between 1.5
to 2 and -0.5 to 0.0, respectively, are chosen for the liner designs for maximum acoustic
suppression on the basis of past experience. Liner design is aimed at three different scale
mixer-ejector application, namely, 1/7-scale, LSM scale (60% scale), and full-scale.
Depending on the scales the critical frequency range and the liner depths are varied. For 1/7-
scale the critical frequency range and liner depth are 7-20 kHz and 0.5”, respectively. These
parameters are 2 to 6 kHz and 1.2” for LSM scale and 1 to 3 kHz and 2.0” for full scale
mixer ejectors. The impedance of liners for different scales are estimated using the measured
ambient data corrected for flow, temperature, and acoustic intensity that would prevail in a
mixer-ejector environment. In general the resistance would be significantly higher and the

reactance would be lower than the measured ambient data.

Based on the EPM requirements two bulk materials, T-foam and Silicon Carbide, are being
pursued for HSCT application. For 1/7-scale application, as shown in Figures 77 and 93 for
0.57-deep SiC and T-Foam, respectively, with 40% porous facesheets (t=0.025" and
d=0.04"), the normal impedance would meet the impedance criteria at most of the higher
frequency range of 7 to 20 kHz for 200 ppi SiC as well as 12 1bf standard T-Foam. However,
the similar results with 2”-deep samples (see Figures 76 and 92) for full scale application
exhibit a different pictures. In the frequency range of 1 to 3 kHz. the impedance for 100ppi
SiC would come closer to the required levels (note that the peak at about 2 kHz will move to
a higher frequency at heated condition). However, the T-Foam exhibits higher resistance and
reactance at this frequency range. Similar is the situation for 1”-deep absorbers, which are
closer to the LSM scale (i.e., 1.2”). This is further demonstrated in Figures 114 and 115.
Thus, tests are conducted for a number of 2.0” and 1.2” deep T-Foam samples with variety of
property combinations and construction processes (see Table 6) to establish a suitable T-
Foam for HSCT application. Typical results of normal impedance at ambient condition are
shown in this section. These results are further used to predict the acoustic suppression for

the mixer-ejectors of different scales. Those results are presented in a separate report.

2”-Deep Samples: Standard T-Foam processing, as described earlier, includes fiber and
matrix (to rigidize the woven fiber). Thus the density of the bulk is contributed by these two
elements. Three different T-Foam samples of different total density are tested and the results
are shown earlier. A T-Foam with lower density is better compared to more dense materials
for full-scale application. However, the normal impedance for all of them are significantly

off compared to optimum levels. Thus, a number of 2”-deep samples of varying fiber and
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matrix density are manufactured and tested to evaluate if the matrix content has some impact
on the normal impedance and DC flow resistance. Measured DC flow resistance of all these

samples is listed in Table 6.

Figure 118 shows the DC flow resistance for four such samples. As can be seen that the DC
flow resistance is mainly influenced by the fiber density. The corresponding normal
impedance without and with facesheet is shown in Figures 119 and 120. Figure 119 is
derived using 1.25”-diameter samples, which are tested in a low frequency impedance tube to
evaluate low frequency data more accurately. Figure 120 is derived using samples of 0.6” up
to 20 kHz frequency range. Again, the impact of matrix is small on normal impedance. The
resistance increases with increasing fiber density. The impact of facesheet parameters on
each of these samples is measured and shown in Figures 121 through 127. The facesheet
parameters include the variation of porosity, thickness, and hole diameter for perforated
facesheets and resistivity for linear facesheets. The measured impedance levels for all these

samples seem to be significantly off from the desired optimum impedance.

Innovative process developments are pursued to improve the acoustic characteristics of T-
Foam to meet the desired impedance goals. One of the processes includes woven papers of
the same fiber materials and is placed within the T-Foam depth at various locations. Two
different woven papers, 50 gm/m® and 80 gm/m’, are used in T-Foam construction. The DC
flow resistance and the normal impedance of these papers are measured and are shown in
Figure 128. The DC flow resistance of both these papers are about 2 Rayls (Rjeo). The
resistance and reactance levels are relatively small for entire frequency range. Typical T-
Foam constructions using these papers are shown in Figure 129. In general, these papers,

either single or multiple layers, are placed in between the woven fiber plies.

Figure 130 shows the normal impedance for several 2”-deep T-Foam with woven paper
layers. Based on the resistance and reactance of these materials the T-Foam with 3 layers of
50 gm/m2 3-ply papers (#33) performs the best in noise suppression. However, the predicted
performance of this T-Foam is not the optimum. Thus, further improvement is still required.
The normal impedance of some more T-Foams with paper construction is compared with the
impedance of #33 in Figure 131. The normal impedance of the T-Foams, other than #37, is

very close to #33. However, the acoustic suppression due to these materials is close, but not

better, than #33.

Similar results for more T-Foam samples are shown in Figure 132. The corresponding DC
flow resistance is shown in Figure 133. The normal impedance of these T-Foam samples

with and without a facesheet is shown in Figure 134. Some of the samples are coated with
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(0=40%, d=0.04") on normal impedance for a 2”-deep 9.7 (7/3) Ibf T-Foam
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Figure 126. Effect of (a) facesheet porosity (t=0.025", d=0.04"") and (b) facesheet thickness
(0=40%, d=0.04"") on normal impedance for a 2”-deep 11.7 (10/2) Ibf T-Foam
sample (#21), OASPL=150 dB.
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Mullite, a process intended to improve the acoustic performance of the T-Foam. The effect of
coating on normal impedance is shown in Figure 135. While the coating reduces the

resistance the reactance is increased and thereby the acoustic suppression is not improved.

Normal impedance for different 2”-deep bulk materials is compared in Figure 136. The
predicted acoustic suppression is maximum due to 100 ppi SiC for full-scale mixer-ejector
application. SiC has an inherent problem of corrosion due to the rubbing action of the
material against its holder. The erosion can be avoided by padding the top and bottom of the
material. Thus, a padded SiC sample, created by using 0.25”-deep T-Foam on both surfaces
of a 1.5”-deep SiC sample, is tested. Spectrally the normal impedance of the padded SiC
sample is slightly different from the 2”-deep SiC sample without padding. Therefore, the
concept of padding the SiC material may be used in HSCT application.

Normal impedance of T-Foam #33 is also plotted in Figure 136. While the impedance levels
for this sample are comparable to those for SiC sample the resistance peaks at a frequency
(ie., 2 kHz) more critical for noise suppression compared to the peak for SiC (2.7 kHz). It
should be noted that these frequencies would be higher at the temperature of application.
Therefore, the peak for SiC will be beyond the 3 kHz limits. However, the peak for T-Foam
#33 will still remain within the critical frequency limit of 1 to 3 kHz. Based on these
differences the acoustic suppression in terms of EPNdB is lower for T-Foam #33 compared

to 100 ppi SiC. Predicted acoustic suppression results are presented in reference 2.

1.2”-Deep Samples: Several 1.2”-deep T-Foam samples are fabricated and tested to evaluate
the acoustic characteristics for LSM application. The impact of facesheet properties (ie.,
porosity o, thickness t, and hole diameter d) on normal impedance for a standard 12 (10/2)
Ibf T-Foam is shown in Figures 137 and 138. Examination of these results in the frequency
range of 2 to 6 kHz and the predicted acoustic suppression in terms of EPNdB (not shown
here) indicates that the bulk material is not suitable for optimum noise suppression. Thus, the
improvement process similar to 2”’-deep samples by introducing oven papers is tried. Normal
impedance spectra for two such constructions are compared with the impedance of a 12 Ibf
standard sample in Figures 139 and 140. The paper construction has improved the impedance
characteristic significantly for optimum noise suppression. The 3-paper layer construction of
T-Foam with 80 gm/m?2 (#42) seems to be more effective in noise suppression among all the
T-Foam samples studied for LSM application. However, further improvement is necessary to

attain the desired level of noise suppression or the amount achieved by SiC materials.

Samples of Different Depths: Different liner depths are required for different scale mixer-
ejector treatment and their frequency ranges of effectiveness are different. Figure 141 shows
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the measured DC flow resistance of 12 Ibf standard T-Foam samples with different depths.
The DC flow resistance is expected to be the same for all these samples. However, the
manufacturing process of each sample being different, the actual DC flow resistance is
different of these samples. The corresponding normal impedance, with and without facesheet,
is shown in Figures 142 and 143. For 2” and 1.2” deep samples the level and location with
respect to frequency of impedance peaks are unfavorable for acoustic suppression, as

discussed earlier.

The results presented under this section (5.2.5) are used to predict acoustic suppression of
various mixer-ejectors to establish optimum liner designs. These results are presented in a
separate report (Ref. 2).

Some of the normal impedance data files are listed in Tables Al through A4 in Appendix A

many more data files are not included in these lists).
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6.0 FLOW DUCT TESTS AT GEAE

Flow duct tests are conducted at various flow and temperature conditions for a number of
bulk absorber and SDOF type liner panels (see Table 8). In these, three grazing flow Mach
numbers (i.e., M=0.3, 0.55, and 0.8) and three temperature variations (T=ambient, 200°F, and
400°F) are included to study their effects on the measured parameters. Tests are also
conducted without any grazing flow (M=0) at ambient temperature. During a test the
dynamic pressures from the transducers mounted in the five tray cavities are measured to
compute In-situ impedance. Discrete frequency excitation at a number of frequencies (about
15) up to about 20 kHz is used for these tests. For no flow condition, a broadband sound
excitation is used. The DC flow resistance and the boundary layer profiles at a single location
using a total pressure probe are measured at different flow conditions. DC flow resistance
measurements are made at grazing flow Mach numbers of 0.3, 0.55, and 0.7 instead of 0.8,
since it is difficult to suck air through the samples at M-0.8 for the pump used for the current
study.

6.1 Data Analysis for Insitu Impedance:

6.1.1 Evaluation of Complex Wave Propagation Number in the Bulk Material: For msitu
impedance evaluation for bulk absorber panels one of the important aspect is to compute the
complex propagation speed of sound in the bulk material. A test is conducted in the flow duct
without any grazing flow for a 100 ppi bulk panel without any facesheet. The data measured
by the cavity transducers are used to evaluate the complex propagation speed of sound in the

100 ppi SiC by solving the following equation;

cosh(xl) = po(f)/p1(D

Results from 0.5” deep cavity are studied and presented here. Complex pressure transfer
function p,(f)/p1(f), measured in the test, is shown in Figure 144. For 0.5” deep sample the
first anti-resonance occurs at about 11.5 kHz. The variation of real and imagmary
components of the transfer function, shown in Figure 144, indicates a trend change above the
anti-resonance frequency. The complex propagation speed cp (K=@/cp) obtained from the
above equation is plotted in Figure 145 in terms of its real and imaginary components. The
components remain almost constant up to the anti-resonance frequency. The real part
increases and imaginary part decreases above the anti-resonance frequency. The real and
imaginary components of k are plotted in Figures 146 and 147, respectively. The wave

number k for air is compared with real K in Figure 146. Both the wave numbers increases
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Table 8. Panel configurations for flow duct tests.

Configuration Facesheet Description
Porosity, 6 | Thickness, tinch [Hole Diameter d inch

Bulk Absorber Panels with 100 ppi 0.5” deep Silicon Carbide
1-4161 40 0.025 010
1-8 40 0.04 004
1-4121 40 0.10 0.04
1-5 40 0.025 0.06
1-4052 35 0.10 0.04
1-7 40 0.015 0.04
1-4072 35 0.04 0.07
1-4075 35 Q.10 0.07
1-4031 30 0.10 0.07
1-12 Linear. 15 Ravls

1-11 Linear. 10 Ravls

1-4143 40 0.10 0.07
1-6 40 0.025 0.08
1-9 40 0.06 0.04
1-3 40 0.025 0.04
1-2 30 0.025 0.04
1-1 20 0.025 0.04
Bulk Absorber Panels with Standard 12 1bf 0.5 Deep T-Foam
6-8 40 0.04 0.04
6-4 40 0.025 0.025
6-11 Linear. 10 Ravls
6-4143 40 - 0.10 0.07
6-6 40 0.025 0.08
6-9 40 0.06 0.04
6-3 40 0.025 0.04
6-2 30 0.025 0.04
6-1 20 0.025 0.04
SDOF Type Panels with Facesheets used for Bulk Absorber Panels
t1-8 40 0.04 0.04
t1-4121 40 0.10 0.04
t1-5 40 0.025 0.06
t1-11 Linear. 10 Rav}
t1-4143 40 0.10 0.07
t1-6 40 0.025 0.08
t1-9 40 0.06 0.04
t1-3 40 Q.025 0.04
t1-2 30 0.025 0.04
t1-1 20 0.025 0.04
SDOF Type Panels with Facesheets of Lower Porosities
2 9 0.025 004
4 15 0.025 0.04

11 9 0.025 0.08

12 9 0.10 0.04

15 9 0.06 0.04

17 9 0.10 0.04
25 Lipear. 85 Ravls
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with frequency. However, real X begins to decrease above the anti-resonance frequency,
whereas, k continues increasing. It is important to observe that the real K values are
reasonably close to k up to the anti-resonance frequency for 100 ppi SiC. Figure 147 clearly

indicates a phase shift at anti-resonance frequency.

It is expected that the real k should behave similar to k. However, in solving the equation for
K we are unable to resolve the problem above the anti-resonance frequency. Either a
discrepancy in the equation (could be a multi value function) or in the numerical solution
might be responsible for this behavior. It was planned to acquire an insitu complex pressure .
transfer data using the modified high frequency impedance tube for a 0.25” deep SiC sample,
for which, the anti-resonance frequency would occur beyond 20 kHz. However, the

constraint of time due to the HSR closeout program prevented in carrying out this study.

Based on the results for 0.5” SiC sample and the explanations presented it is assumed that the
real part of propagation speed in the bulk would remain comstant with respect to the
frequency. In addition, real and imaginary c, can be assumed to be the same as the
propagation speed of sound in air and zero, respectively, for bulk materials of lower

resistivity, like 100 ppi SiC.

6.1.2 Diagnostic Tests for In-situ Impedance for SDOF & Bulk Absorber Type Liners:
The first step is to compare the normal impedance with the in-situ impedance to establish the
validity of insitu method for SDOF as well as for bulk absorber type liner samples. Figure
148 shows a comparison of normal impedance, measured by impedance tube, with the insitu
impedance, measured in the flow duct in the 0.5”-deep cavity for a 20% porous facesheet
(t=0.025" and d=0.04"). The agreement between the two sets of data is reasonably well,
except at and near the antiresonance frequency of the cavity. The insitu reactance is slightly
higher compared to normal reactance. This could be due to the temperature difference and
the slight difference in the back cavity depth (i.e., insitu cavity depth being 0.504 compared

to 0.5” in normal impedance tube setup) between the two facilities.

Similar comparisons are made for 0.57-deep Silicon Carbide sample with and without
facesheets and are shown in Figures 149 and 150. While the agreement between the insitu
reactance and normal reactance is very good the agreement for resistance is limited to
frequencies away from the antiresonance locations. This could be due to the assumption of
same propagation speed of sound in the air and in the bulk. Similar comparisons are made in
Figure 151 for a 0.505”-deep SiC sample with different cavities behind it. The normal

impedance and insitu impedance are measured simultaneously in the modified high
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Figure 149. Comparison of insitu impedance with normal impedance for a 0.5”-deep 100 ppi
Silicon Carbide bulk (a) without and (b) with a 40% porous 0.0257-thick
facesheet with 0.04” hole diameter, no cavity behind the bulk.
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frequency impedance tube. The frequency range for insitu measurement was not extended up
to 20 kHz in the software used at that time. Again, the reactance comparisons are much better

for entire frequency range compared to the corresponding resistances.

The impedance characteristics at and near the antiresonance frequencies seem to be opposite
in nature between normal and insitu measurements. To minimize the impact of such
differences, one inherent to the type of measurement and the other may be due to propagation
speed assumption, relative impedance, rather than absolute level, is derived from insitu
measurements. For example, using the measurements for 0.5”-deep SiC sample alone and
with a 30% porous facesheet, the relative impedance due to the facesheet is evaluated. In this
the impedance of the bulk alone is subtracted from the bulk with facesheet. This is done for
both normal and insitu data. The relative normal impedance is compared with relative insitu
impedance derived from different cavities in Figures 152 and 153. The relative impedance
agreement is significantly better compared to absolute impedance comparisons. Note that the

relative impedance is plotted with an enlarged scale compared to absolute mmpedance.

The relative impedances due to flow and temperature are evaluated with respect to no flow
and unheated condition, respectively, from insitu data. These relative levels are added to the
measured normal impedance at ambient condition without grazing flow to derive the absolute

impedance for a desired flow and temperature condition.

6.1.3 Rationale for Insitu Impedance Test Procedure & Typical Data: Tests are
conducted to evaluate the insitu impedance of various bulk absorber and SDOF type liners
(see Table 8) utilizing five different cavities of the panel tray. The acoustic environment in
the duct is created either by broadband or discrete frequency sine wave type excitations. In
the presence of flow the discrete frequency signal is enhanced by time domain synchronized
averaging. Typical broadband and discrete frequency insitu impedance spectra showing the
effect of grazing flow at ambient condition are presented i Figures 154 and 155 for two
cavities of different depths. Similar results are obtained for other cavities except the number
and locations of antiresonace are different due to the varying cavity depths. Similar results
are obtained for heated conditions. Figure 156 shows the insitu impedance spectra at 200°F
for a 0.5”-deep cavity. Compared to Figure 154 the anti resonance frequency has been
increased due to heated flow. Figures 157 through 159 show the effect of temperature on
insitu impedance at different grazing flow Mach numbers for a 0.5”-deep cavity. Again, the

anti-resonance frequency increases due to increasing flow temperature.

NASA/CR—2006-214401 190



JONVLOV3YH JAILYITH

JONVLSIS3H JAILYI3Y

3ONV.LOV3H 3AILY13Y

S0 S0 920 0 6§20 G0
JONVLSIS3H 3AILYI13Y

- o
| =N ] _ AT S & = -
£ e e 1 I A 1 A e G R
~a, » o0y !t b 1Yem—--d ey ! '
; b1 e o - SN I A BN o SEEEd - :
! T nnnnnnn -r° 1. .
] b byl N A T D D D Sk e D D ST SR SR S
“ T 5 e S .
! ) j ! -
Y \M < i A
3 - I
S~ , 9 L T
.. <) o 4 e
. — K =ty =
s\ \\\ \- .\l\
H 1u- ) 4 e
s\\“ § .r‘s\ s A.m."
i A -
-1 N. i . /M & N srpena A -
i | S I N [ Ity (R A A S R [ W, o
! | ﬂI“'||| - - — -4 ‘ /
AR I A R I I SRt / uuuuuuuuuuuuuu [
- LT L SCTSEIS NyUPIU SRRy (v (R A I N S (R [NPPUPN M meprccemdmanandacaan [ SO SO o
T Tl b ket : R S
Sy L o] B
L N R N e e N B sy == Erabyutiig § oy
- o e - <= N
1 IRCE oy N el ] N
RN \ i m t ~4 \\d\\l\\\. N
- 1 S o i~
/ - .- =
\\\ ﬂ - 3 o \ A ....... 5T
] (S bl <]
: S (S | I N S o2
4 n / 5 > qC - /\,n\:w...k ey
N o - - e ] N oo ~ P a
P N w < N - el
A 1} » o 4 e , o«
) ﬂ\\ w k o 3 u.
7 ~.
{ g - = < )
’ [ ) ‘\ — | - s
8 a m = TR S s
2 § N - —
o \ Y .m |
- 2 S T et e e WL N U HNNN = S RS A A ] Ry S
238 i ) e g
(] 0 P2 S S 5 I I A R R | R B )L g
lm Q. fort Y g Y
= £ O & { o
m 2 ~ / { 2 s
S @ o N )
Z £ ~ - ] | — <
[} i
5 ) C _ 1
© ! i <]
| ! ~ N
} ] B £ b
L4 i 3 :
g 3 1 prm ot
/ ¢ Lo
/ i
A ] | o
{ !
..... pozols - Y
pgnt WINPT SR TN NN GRS ENS W S ey -CT) ctcsimat MANIN T S e e s U T T St Suiuitede (1 SRS RS -~ e | 1

Figure 152. Comparison of relativ

porous 0.025”-thick facesheet

y configuration, insitu cavity depth (a)

e insitu impedance with relative normal impedance for a

0.5”-deep 100 ppi Silicon Carbide bulk with 30 %

of 0.04” hole diameter relative to bulk onl

0.5” and (b) 1.025”.

191

NASA/CR—2006-214401



«$T0'T = Yidap Anaed nusur ‘uonemnSiyuos £
a0y 500 10 uOOSwoumm MoEu- I 1JUod Ajuo jinq 01 IAle[a uoaoamﬁu

. «§20°0 snorod 9 Op Yum Ynq opiqie)) uoomig 1dd
doap-,,§°( & 10§ souepaduur [eULIOU oATIE[oX LA souepadun nyisur sAne[al jo m.%m_mmm%%mw "€61 a3y

\ Y\NIV_ ‘AON3IND3YL
0g 8} 9l b v b2k 0L 8
(1] “ww,
} . ‘\N.! e \ 3 _“_
___.y\[ \ oS _.—qﬂ\ w\u._ - ..‘.u - \\w __.
TI/T v /}f\ _\) _

aouepadw| MjisY| @----o

60 S0 S20 0 S¢0 S0

B U

aouepadw| [eWION =—=a
" '
i A ZHY 'AONIND3HL
0 81 9} 14} L ¢l 1] L
v o
1
\
— __ r l.r
—.
_._. [ ‘vf,\._“ . ! .0
1 / o
s
a f\l.l/\ \\\I"I) = 0
A ks Tovey
8 n \
4 1. AYN P AR S —— _— B [ \\I e .o
ﬂ s:.. .._ /_.\/ PR N \.._. h \ W o
T B YA
TARY \ AR T B 1~
\ v YA \
¥ 1
1 1 —
e OV e ——— — S - - _ - - e
| ' 13
] ]
] 1
— L 1 XY

JONV1SIS3H 3AILYI3H

192

JONVLOV3H 3AILY13H

NASA/CR—2006-214401



H,SL=L ‘Anaed daop-,0 © UL (.S70°0=1 ‘.y0'0=P) 193ysadej snoiod 9, (T & LM WEO) IPIGIE))

uooIfi§ 1dd 9o dosp-,.G-Q © 10§ souepaduul nyisur to (J]) Jaquinu yoe[ Mo[f Fuizeid Jo 109139 pS| 2andig

4

1}

4

ZH4 "AON3ND3Y4
1]} o

(u

b o

9

h
At

YL

onejdXY pueqpeoaq - saul'] ‘uonejdxy Aduanbaayg 93a.10s1( - sjoquAg)

N.ﬁ.
1K

I3

080
95’0
0€0
000
ON Yyoen

*——

-—--v

@----©

n
/
]

3ONVLSIS3H

30NV.LOV3H

193

NASA/CR—2006-214401



HoSL=1, ‘ANa®d da3p-,70°1 € Ul (,§20°0=3 *.#0'0=P) 199ysa0ey snoxod 95 7 © Yiim Weoy apiqIes)

uodI[i§ 1dd oQf deap-,§( & Joj 9ouepadurt nysur uo () Jaquunu yoey mofy wzeid jo 10939 66| i

; ZHA "AON3NO344
4} ]}

—r
¢
s

/I
// p ,‘

-
i

= -

\
Y

}

9

}

wr

neNoX; pueqpeo.g -

)

!
P ot

saul] ‘uoneydxXy £auanba. A ouo..um_m - sjoqu4g)

080 o——s
650 w—— ||- -
0£0 o----o 4
. Lo
000 o—m=a A g
ON Yyoen hp.

JONVLSIS3YH

JONVLOV3Y

194

NASA/CR—2006-214401



H,007=L ‘AA®S do3p-, 570 & Wl (,$20°0=1 “..b0"'0=P) 199Ys308} snoiod % 0T ® [Im ureoy apiqle)

uooi[ig 1dd gy dasp-,§

0 & 10j 9duepadurn nysw uo () Joquuinu Yovp Moy 3wizeid jo 1095y '9¢| a3y

080

6g'0

0€e0
JaquinN yoepy

*——-0

v—-—y

@----@

& ZHY .><Ozm50mmu_
l 9l 4! ¢l 0} 4 4
V/ _
\4
- RS
R e T . - TR NN - e e -
. ll/ _0 V//ﬁf'l/IW\lil' s ! D
N N s NP |
- /(.ld¢/ l_ J’W\ = e o BN B ﬂ A4 .\Vp/ I‘I-“.LN .uw l.l.luprmllfieﬂr\h = [n] @ e A
//v Neey o./l«. - N "N % R
. - — .
I..‘l“lﬂlw/[-la r:/ —L — N M/ .”:/w\..‘. l.-\\./«/'\.
/:/ \ v ~ow -t
SN A o WY c /(J
_— A N
//—/ A/ . . - = TR s itk S = e -
R 7Y
Sd—
A—-Q_u&u_OKm— pueqpeoJag - soui a—_cmwﬂw_oumm— %0:0:70&& 9)2.981( - m_Oa—E%wV
8l 9L iy 4! 0l y \ 0
1
% mv..
SRS UG RS S Ay — VR U SRS IS -
/r 4
7 #
/A ;
PSSR RV 1 A A
)7,
7| 4 *
e ,“‘\wwvﬂ.m\ ~
W A
Y P A N e ]
v ;
v

JONVLSIS3d

3JONV.LOV3H

195

NASA/CR—2006-214401



00¥
00¢

SL
4 ‘anjesadwa |

-——y
@----0
G—a

"€'0=IA ‘Aniaeo dosp-, G- e W (,$70°0=1 ¢
uodris dd gog desp-,¢°

:._vO.OH@v 193Ysaodej snolod % (¢ ®© yim wieoj Ipiqre)

0 ® 10} douepadiut nyisut uo (1) simereduie) moyy wizeis jo wopg LG 2mTig

i

, \ ZH} "AONINO3H
0 gl 91 4 % ® 0l y
= -
./;,m,,.l.e 8 .A,.”m X
\, v N @
. A,.I.w.).w‘ g T
\ Y
E«_ /. e. N X~
1 A\
(uoneydxy pueqpeoaq - saury ‘uoneyndxy Aduanbauyg aja40s1(] - spoquisg)
0 8l o ~._, o_r AN 2l 0l 4 2

JONV1SIS3H

3JONV1OV3d

196

NASA/CR—2006-214401



.

"66°0=IN ‘A31a®d d9sp-,$°0 © Ul (,§70°0= ‘.p0 0=P) 199Ysaoej snood 9, (OF & YIm weoy apiqie)
uooipi§ 1dd goy desp-..§°( © 10§ aouepadun nysur uo (1) ainjeiadursy mopy 3wzeid Jo 1091g "8G T 2Indig

\ , ANIV_.%Z%SE
4 | 0l 8 9 y .

[ e

v |
Q )
\ 1

A)

?o,_ua:oxm— c:«ncso._,m - sauly

‘uoneyxy Aduanbau g 93au3si( - sjoquikg)

00F v——v
002 o----e
S, w—a

4 ‘ainjesedwa |

8 -.‘ O} @ ipi] gl 0l 8
. I
i / “
N AU S a.l.uﬁ!\l W
\\ \ X ,
v .\ \\ e A T - luL.ly
/v 1 ] .
! @, \ i :
\\a\‘ \\\\v .T 11 T .m‘n T
\\..\..4.1 == ==
[ o)

JONVLSIS3Y

3JONV.LOV3d

197

NASA/CR—2006-214401



"8°0=IA “Anaed daap-,,6°0 © W (,$Z0°0=1 ‘b0 0=P) 199Usade] snotod 95 O B YiM UIeOj ApIgie) .
8 o:%%:mzmwm 001 ﬂoomﬁm,m.o ® 10} souepadurl nysur wo (1) siyeraduia mopy Surzead jo 1091y 651 331

@,— ZH4 "AON3IND3YA

0c gl { /3 o1 g ' 0.

T < A pa the
(uoneydxy pueqpeougq - saury ‘uonepaxy Aouanbaiyg apaudsi( - sjoqucg)
/ !
0 B/ o +\ 2L 0 g o
- ro
— o
- - -
00¢ o--—--o

Gl B—=a . ~

4 ‘einjesedwa ] P
w

30NV1SIS3Y

198

3O0NV.LOV3H

NASA/CR—2006-214401



Fifteen discrete frequencies are chosen for insitu impedance measurement to cover the entire
frequency range of 20 kHz. Data at three harmonics of each frequency are also included in
the measurement as long as the harmonics are less than 20 kHz. In this way the steps between
two consecutive fundamental frequencies are kept big and thus 15 frequency points could
generate data at 35 frequencies. In general, the agreement between broadband and discrete
frequency data is good, except for some scattered, mostly for the higher harmonic
frequencies. This is further demonstrated in Figures 160 through 162 by plotting broadband
and discrete frequency data for one flow condition on each figure. Since, the discrete
frequency tests are time consuming and since the broadband data seems to be adequate, it is

decided to conduct most of the tests using broadband excitation only.

Another issue involves the broadband excitation in the presence of grazing flow. The grazing
flow in the flow duct generates significant amount of broadband noise. The impact of
additional broadband excitation is almost negligible as shown in Figures 163 through 166 for
different cavities at two grazing flow Mach numbers. Therefore, the broadband excitation is
applied only in the absence of grazing flow. The insitu data in the presence of grazing flow is

acquired without acoustic excitation.
6.1.4 Processing & Presentation of Insitu Impedance Data for Ambient Temperature:

Bulk Absorbers: Let us consider three configurations of 100 ppi SiC bulk with 0.025”-thick
0.04” hole diameter facesheets of porosities 20%, 30%, and 40% (Config.1-1, Configl-2, and
Configl-3) to demonstrate the process to evaluate relative insitu impedance and their use in
the evaluation of absolute impedance. Figures 167 through 169 are the insitu impedance at
different grazing flow Mach numbers obtained at different cavities for Configl-1. In general,
the resistance increases and reactance decreases with increasing Mach number. The results
are distorted at and near the anti-resonance frequencies, even though, the relative changes of
impedance seem to be reasonable at most frequencies. Thus, the relative impedance for Mach
numbers of 0.3, 0.55, and 0.8 are computed relative to the impedance at no flow condition for
respective cavities and are shown in Figures 170 through 172. The relative reactance and
resistance at frequencies not effected by antiresonances are taken from each cavity for fixed
Mach numbers. Unreasonable data points are also excluded from these data sets. A second-
degree polynomial is used to least square fit all the reactance and resistance data for fixed
Mach numbers. Also, an average of each data set at individual frequencies is calculated and
used for least square curve fit. The process and the results for Configl-1 are shown m

Figures 173 and 174 for relative reactance and resistance, respectively.
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The data used for relative impedance evaluation exhibits some amount of scatter, especially
at higher frequencies. There are several reasons for such data scatter. First of all the cavity
cross sectional areas covering the facesheet is relatively small. Depending on the position of
these cavities the porosity of the portion of the facesheet contained in the individual cavities
may be different. The small bulk plugs inserted in the individual cavities may have slight
different characteristics and dimensions due to imperfection in manufacturing and installment
process. Since, the cavities are located at different axial locations in the flow duct the
acoustic and boundary layer characteristics would be different. All these factors are
responsible for the scatter observed in the data. However, the use of data from all cavities

minimizes the error and gives an average level.

The curve fitted relative impedance results for Configl-1 are shown in Figure 175. The least
square data using all data points and using the average of all data are included in this plot.
While the trends with respect to grazing flow Mach number are similar for both sets of
results, the levels are slightly different. Similar results for configl-2 and Configl-3 are
shown in Figures 176 and 177, respectively. Utilizing the least square results (least square fit
of all data) of Configl-1, Configl-2, and Configl-3 the effect of facesheet porosity on

relative impedance at different grazing flow Mach numbers is evaluated and shown in Figure
178.

The relative impedance can be utilized to construct the absolute normal impedance of liner
configurations utilizing the measured normal impedance data without any grazing flow. For
example, measured normal impedance for a 0.5”-deep 100 ppi SiC with facesheets of
different porosities (t=0.025” and d=0.04") is shown in Figure 179. Utilizing these results
and the evaluated relative impedance at different grazing flow Mach