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1.0 INTRODUCTION

There has been a great deal of interest in recent years in the
development and application of flow diagnostic techniques that are
nondisturbing to the flow field. One such technique is laser hol-

ographic interferometry,

Much effort has been given to applying holographic interferometry
to measurements in supersonic flow such as the work of Radley and Havener
(Refs. 1 through 4), Zien and Ragsdale (Ref. 5), and Trolinger and
O'Hare (Ref. 6). Kosakoski and Collins (Ref. 7) have used the dual-
exposure holographic technique to make density measurements in transonic
corner flow, but the application of holographic interferometry to
subsonic flow has been almost totally neglected. The reason for this
may be that density gradients in subsonic flow are much smaller than in
supersonic flow. However, techniques such as fringe control exist which
enable accurate measurements of small changes in density. By applying
the finite fringe technique to subsonic flow, it is possible to make
boundary-layer measurements without disturbing the flow. In addition,
the holographic interferometry technique captures the entire flow field

instantaneously; therefore, data acquisition time can be greatly reduced.

The purpose of this study was to determine if useful quantitative
information could be extracted from holographic interferograms for flows
with small gradients in density (< 5 percent). For the study, the laser
holographic interferometry technique was applied to the measurement of
density profiles of two-dimensional, planar, turbulent boundary layers
on the impermeable wall of the Acoustic Research Tunnel (ART) in the
Propulsion Wind Tunnel Facility (PWT) of the Arnold Engineering Devel~-
opment Center (AEDC). Finite fringe, single-plate, dual-exposure
holograms were produced at Mach numbers 0.50 and 0.65. The images
recorded in the hologram were reconstructed, and experimental data in

the form of fringe shifts were obtained. The measured fringe shifts
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were used to calculate density profiles. By assuming adiabatic wall
conditions, constant static pressure through the boundary layer, and a
velocity-temperature relationship, it was possible to use the density
profiles to calculate velocity profiles and subsequently determine
boundary-layer displacement thickness, 6%, momentum thickness, 0,

shape factor, H, and skin friction, Cee These quantities were compared

with data obtained by pitot, hot-wire, and split-film probes.

A description of the experimental facility and apparatus is given
and the data reduction equations are developed. Finally,.recommendations
are made for the further improvement of the holographic interferometry

data reduction technique described in this report.

2.0 DESCRIPTION OF EXPERIMENTAL FACILITY AND APPARATUS

2.1 ACOUSTIC RESEARCH TUNNEL

The ART is an open circuit, atmospheric inbleed tunnel (see Fig. 1)
that operates on the Plenum Evacuation System (PES) of the PWT Tunnel
16T, The ART was originally designed to study the acoustic characteris-
tics of walls used in transonic wind tunnels and, as a result, the ART
has a low background noise level as can be seen in Fig. 2. TFigure 2
shows that the wall static pressure flucﬁuations are approximately 0.45
percent of the dynamic pressure over the entire Mach number range for

the solid test section walls.

The demonstrated Mach number range of the ART is from 0.05 to 1.10
when ventilated walls and test section wall divergence are used. However,
the use of solid walls and constant area test section limits the upper
end of the Mach number range to 0.85 for the standard tunnel config-
uration shown in Fig. 1. The standard configuration consists of a
converging nozzle with a contraction ratio of 16, a 6-in.-square test

section that is 24 in. long and a 5-deg diffuser. The test section is
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enclosed by a plenum as shown in Fig. 3. Also, Fig. 3 shows the axial
location of the 8-in.-diam optical quality windows which provide visual

access to the test section. Further details concerning the ART can be

found in Ref. 8.

Two modifications were made to the standard configuration for this
investigation. The first modification was the addition of a boundary-
layer trip in the nozzle to fix the location of transition from a
laminar to a turbulent boundary layer. The trip was fabricated from a
1/4-in.-wide strip of 0.004-in.-thick brass shim stock that was long
enough to span the tunnel at the location shown in Fig. 1. The trip
consisted of a series of hemispherical bumps 0.025 in. high and spaced
0.10 in. apart. The other modification was the addition of a 24-in.-
long channel between the nozzle and the standard test section. With the
boundary-layer channel in place, the distance between the trip and the
measurement location was 54 in. The channel increases the boundary-
layer thickness by a factor of two over that for the standard configuration
and results in lowering the maximum Mach number to 0.78 when undiverged

impermeable walls are used.
Plenum Control Valve

Main Control Valve
Isolation Valve

Plenum Flow Silencer
Measurement Rubber Isolation Joints

Location . .
Main Flow Silencer

Location of Boundary- Transition

Layer Trip i
Plenum Section
Honeycomb/ TestSection 4 Secondary

4 6x6x24 Control
/ Valve
| - 12
4 5-de 14
S g
creens 24‘1 Diffuser 24] 30]
Lools s o A ola ola ola
rJT TIT L T 1 1 N T 1
12 | g | A { 77 L
240 " Lo L % %

All Dimensions in Inches

Figure 1. Schematic of Acoustic Research Tunnel.
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Figure 2. Noise levels in Acoustic Research Tunnel for solid
test section walls.
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2.2 PROBE TRAVERSING MECHANISM

The probes used during this study were mounted on a traversing
mechanism (see Fig. 4) that was located in a position that allowed the
probes to be viewed through the test section window (see Fig. 5). This
arrangement assured that the interferometer and probe data were for a

boundary layer at approximately the same axial location in the tunnel.

The traversing mechanism was designed and found to provide probe
positioning accuracies to within 0.003 in. The drive mechanism was
equipped with antibacklash gears and a magnetic brake to avoid coasting
at the end of movement. A linear potentiometer, mounted on the
traversing strut, was used to indicate the probe position by means of a
voltage output. Before each test, a calibration of the traversing
mechanism was performed so that the distance from the probe to the wall

could be read directly on a FlukéDModel 8400 digital voltmeter.

Position
Potentiometer

Drive Moto

AEDC
9492-77

Figure 4. Photograph of probe traversing mechanism.



AEDC-TR-78-62
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>
Figure 5. Location of probe in test section.
2.3 PROBES

2.3.1 Pitot Probe

The pitot probe used in this study was constructed from a seamless
stainless steel tube with an outside diameter of 0.065 in. The end of
the tube was flattened and shaped to form an opening that was approx-
imately 0.002 in. in height and 0.1 in. in width. The overall height of
the probe at the tip was approximately 0.005 in. with a tubing wall
thickness of approximately 00,0015 in, This shape is often used in
boundary-layer work to provide greater profile resolution and minimize
pressure lag. The probe was mounted as shown in Fig. 6, and connected
to a KistleéDSeries 314 (0 to 15 psi) pressure transducer. The transducer
was calibrated to read pressure in pounds per square foot directly on a

Fluke Model 8400 digital voltmeter.

10
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«—0.375 in.—- :

Front View ‘ AEDC
8021-76

T AEDC
¢ [9401-770 1

Figure 6. Front and side view of pitot probe.

11
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2.3.2 Hot-Wire Probe
The hot-wire probe (see Fig. 7) was a Thermo Systemé)Model 1248,

x-shaped, cylindrical film with a wire diameter of 0,001 in. and a

sensing length of 0.08 in. The output from the hot-wire probe was

«—0.375 in.—>

AEDC
802276

Figure 7. Front and side view of hot-wire probe.

12



AEDC-TR-78-62

electronically processed and the final result appeared as a voltage
reading on a Fluke Model 8400 digital voltmeter. The hot-wire probe
was capable of measuring two components of velocity as well as their
fluctuations. However, only the mean velocities in the axial direction

are reported here,.
2.3.3 Split-Film Probe

The split-film probe used in this study (see Fig. 8) was a Thermo
Systems Model 1288 with a ceramic center and thin aluminum coating. The
sensing element on this probe was 0.006 in. in diameter and had a
sensing length of 0.08 in. The voltage output from the split-film
probe was read on a Fluke Model 8400 digital voltmeter. Like the hot
wire, the split film was capable of measuring two components of mean and
fluctuating velocity, but only the mean velocities in the axial direc-

tion are reported here,
2.4 HOLOGRAPHIC INTERFEROMETER

A schematic of the holographic interferometer used in this study is
presented in Fig. 9. The intefferometer utilized a Korad Model K1Q
pulsed ruby laser. The laser beam was spatially filtered and split-into
two beams of approximately equal intensity. The object beam was ex-
panded and passed through the ART test section. The reference beam was
directed over the test section and reunited with the object beam at the
photographic plate. This particular arrangement is a slightly modified
Mach-Zehnder Interferometer (see Fig. 10). If Figs. 9 and 10 are com-
pared, one can see a difference in that the object and reference beams
of the Mach-Zehnder Interferometer are rejoined at a second semireflecting
mirror instead of at a photographic plate as in the holographic in-
terferometer. Photographs of the actual components of the interferometer

are shown in Fig. 11.

13
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Figure 8. Front and side view of split-film probe.
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Figure 11. Photographs of Acoustic Research Tunnel holographic
interferometry system.
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3.0 EXPERIMENTAL PROCEDURE

For each experiment in this study, boundary~layer data were ob-
tained simultaneously by probe and holographic interferometry techniques.
Before each run, a probe was selected and mounted in the tunnel as shown
in Fig. 5. A calibration of the probe position and test firings of the

pulsed ruby laser were performed as part of the pretest procedures.

When tunnel flow conditions were established, probe data were taken
starting as close to the wall as practical without causing damage to the
probe. This exercise in caution was especially important when the hot-
wire and split-film probes were used. From the starting position, the
probe was moved in small increments outward from the wall until free-
stream conditions were reached (i.e., the boundary-layer edge location
and free-stream conditions were defined when the probe readings remained
essentially constant over several probe movements). At each probe
location, the output signal from the probe was time averaged for two to
five minutes, and the average value was recorded along with probe position.
The time required to obtain data in this manner was between one to three

hours per profile depending on the probe used.

During the process of making probe measurements, several holograms
were produced. The technique used in producing the holograms was the
finite fringe, single-plate, dual-exposure method., In this method, the
same photographic plate is exposed at two different times. Between
exposures, the photographic plate is translated to provide control of
the fringes that appear in the reconstructed image of the hologram. The
procedure chosen for this study was to expose the photographic plate
without flow in the test section, translate the plate 1 mm along the
axis of the tunnel, and expose the plate a second time with flow in the
test section at the desired flow condition. The 1-mm movement was
determined experimentally as the distance that gave the easiest fringe

pattern to interpret on the equipment that was available for data analysis.

17
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3.1 PROBE CALIBRATION

3.1.1 Probe Position Calibration

The method of calibrating the linear potentiometer used to indicate
probe position was the same for all three probes. A two-point calibration
was sufficient because of the high linearity and repeatability of
the potentiometer. The two reference distances chosen for the calibration
were the wall and the top of a 0.5-in. precision-machined block. The
0.5-in. reference distance was chosen because the boundary layers to be
measured were expected to be of comparable thickness. However, the high
linearity of the potentiometer allowed measurements to be made beyond

the 0.5-in., calibration point with no loss in accuracy.

During calibration, the tip of the probe was visually aligned with
the reference points, and the output of the potentiometer circuit was
adjusted to give a reading of 0,000 volts with the probe at the wall and
0.500 volts with the probe tip even with the top of the machined block.
Therefore, the distance from the probe to the wall could be read directly

on the digital voltmeter.
3.1.2 Probe Qutput Calibration
3.1.2.1 Pitot Probe

The total pressure measured by the pitot probe was converted to a
direct-current electrical signal by a Kistler Series 314 pressure trans-
ducer. The transducer was calibrated over the range from 0 to 2,000
pounds per square foot before each run. The zero point was established
by venting both sides of the transducer to the atmosphere. Several
calibration points were set within the span of the transducer by applying
a known pressure to the pressure side while the reference side was

exposed to a vacuum.

18
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3.1.2.2 Hot-Wire and Split-Film Probes

The procedures for calibrating the hot-wire and split-film probes
were similar in nature. The calibrations were performed on a Thermo
Systems Model 1125 calibrator as outlined by the manufacturer. The cali-
bration procedure consisted of mounting the probe in the calibrator and
directing a jet of known mass flow rate over the probe. A calibration
curve was generated by varying the mass flow rate and recording the output

from the probe.
3.2 PROBE DATA REDUCTION

The data obtained by probe measurements were input into a pitot
data reduction program developed by Whitfield (Ref. 9) which was mod-
ified by Benek (Ref. 10) to accept hot-wire and split-film data. Pitot
data input to this program were in the form of local total-pressure
ratio, PT/PT , as a function of distance from the wall, Y. The hot~
wire and spl?tmfilm data were reduced to local velocity ratios, u/um,
by methods similar to those presented by Spencer and Jones (Ref. 11) and
Sanborn and Seegmiller (Ref. 12), respectively. These values of local
velocity ratio were then input into the data reduction program as a
function of distance from the wall, Y. 1In addition to the probe data,

the data reduction program required the tunnel total temperature, total

pressure, and free-stream Mach number.

The measured total-pressure ratio, PT/PT , was ‘used to determine
ool
the local Mach number ratio, M/Mw. The definition of Mach number was

employed to obtain the relation

1
2

T\ '
- () 1)

19
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The Crocco-type relation for nonunity Prandtl number and adiabatic wall
condition developed by Whitfield and High (Ref. 13) was used as a second

equation for the unknowns u/uﬁ° and T/Tm. The relation is given as

2
A SR [1-(&)2] Lo pey Y EYEDM,
T 2 u " (@+1) (@a-1)

[1“<i>a+2] +(y_2—_1_) MOQQ [1"(f;>2]+f(1) —f(t){ (2)

where

f<i>= QA '[(g-Amq.g-A\—(¢+A)enl¢+A\]

-1 M2
{=-y - DML x
uOQ
1
2
c [0
K = 10m
a = 2.5m
m =7

and PrIn is the van Driest mixed Prandtl number composed of the laminar
and turbulent contributions to viscosity and thermal conductivity.
Equations (1) and (2) were solved simultaneously by Newton-Raphson
iteration to obtain local values of velocity ratio, u/uw, and tem-

perature ratio, T/T_.

The hot-wire and split-film data input in the form of velocity
ratio, u/uw, as a function of Y were substituted directly into Eq. (2)

to calculate the local temperature ratio, T/Tw.
Once the values u/u00 and T/T°° were found, the data reduction

proceeded in the same manner for each type of probe. First, displacement

thickness, &%, was calculated using the definition

20
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Y

o0

5*:./[ (v -2 )y (3)

0 POQuOO

The density ratio, p/pm, was found by assuming constant pressure through

the boundary layer so that

Then, momentum thickness, 6, was determined by

Y

6 =f P (1 - L)dy (4)
P u
0 [os e <) el
Shape factor, H, was calculated by

H = (5)

Q>|°*’7

and, finally, the value of skin friction, Ceo associated with the measured
profile was found by fitting the data to the compressible law of the
wall as formulated by Fenter and Stalmach (Ref. 14)

-1 9 _u ’
i__(a_“_“;) = 5.75 log [Re = <C—f : >:| o
: 2
2

>
0,y
'uW Tw

N
Q
N)IH‘O
HL‘—]
z
N’

where

0.88

-
I

p is the laminar viscosity

21
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The calculated values of 8%, 6, and H were corrected within the
program by the Wall-Overlap Layer (WOLL) model described in Ref. 10.

The WOLL model and the value of c_. were used to supply additional points

£
to the profile close to the wall where data are difficult to obtain by

probe measurements.

4.0 HOLOGRAPHIC INTERFEROMETRY DATA ANALYSIS

Holographic interferometry is an optical technique that gives a
direct indication of relative density. The principle involved is that
light travels at different speeds through media of different densities.
By referring to Fig. 9, it is possible to explain how this principle is
applied. The figure shows that the beam from the laser is divided into
two beams of approximately equal intensity. One beam (object beam)
passes through the test section while the other (reference beam) does
not. If the optical path length that each of these beams travels is the
same, then the beams arriving at the photographic plate will be in
phase. WNow, if the density in the test section is changed, the optical
path length will also be changed, and the two beams will not be in phase
when they arrive at the photographic plate. The effect is the appearance
of light and dark areas called fringes. These fringes represent rays of
light that travel optical paths of equal length or paths that differ by
some integer multiple of the wavelength of the laser beam. Therefore,
if the density is known in the test section at some point, the density
at other points can be determined by methods that will be discussed in

the next section.
4.1 DENSITY-FRINGE SHIFT RELATION

A hologram is a diffracting record of the interference of a partic-
ular object (the density field) and‘a particular reference beam, The
method for determining the density field depends on the technique used

in producing the hologram. The two types of holograms considered were
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the infinite fringe and the finite fringe holographic interferogram. An
example of an interferogram produced by each method is given in Fig. 12,
Both methods require two exposures of the photographic plate, one with

no flow in the test section and one with flow. The difference in the

two methods is that between exposures the photographic plate is translated
to a new position in the finite fringe method and is held fixed in the

infinite fringe method.

a. Infinite fringe (M_ = 0.50) b. Finite fringe (M_ = 0.50)

Figure 12. Examples of infinite and finite fringe holographic interferograms.

The fringes that appear in the infinite fringe interferogram represent
contours of constant density in the flow field. The fringes are formed
by the difference in phase of the light in the adjacent fringes. The
phase difference between adjacent dark or light fringes is equal to one
wavelength of the incident light. Therefore, to obtain data from the
infinite fringe interferogram, it is necessary to determine the amount
of density change that will produce a change in optical path length
equal to one wavelength of the laser light source. Then, by counting
the number of fringes between a known reference density and the point of
interest, the density at that point can be determined. The major drawback

of this method is that the smallest unit of density change that can be
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measured is the change in density that produces a phase difference of
one-half wavelength (i.e. the difference between a dark and adjacent
light fringe). This makes the infinite fringe techmique attractive in
flows with large density gradients. However, in flows with small density
gradients, an insufficient number of fringes is produced to provide the
resolution necessary to derive information about the boundary layer (see

Fig. 12a).

For greater resolution in flows with small density gradients, the
number of fringes in the flow field is controlled by adjusting the
geometry of the optical system, in this case by translating the photo-
graphic plate between exposures. If the density in the test section is
the same during both exposures of the photographic plate, then a series
of uniformly spaced parallel fringes that are perpendicular to the line
of plate movement will appear in the interferogram. If there is a
difference in density between exposures, the fringes will remain
uniformly spaced, but will be shifted in the direction parallel to the
plate movement (see Fig. 12b). The fringe shift is a measure of the
change in demsity in the test section. The shifted fringes appear as
continuous lineé on the reconstructed image of the hologram; therefore,
many measurements of fringe shift can be made to provide greater res-
olution in the boundary layer. It was for this reason that the finite
fringe technique was chosen in this study. Further details of the

infinite and finite fringe techniques can be found in Ref. 15.

The method of calculating the density at various points in the flow
field using the measured fringe shifts from the finite fringe holographic

interferograms will now be discussed.

Because light travels at different speeds through media of different
densities, one can calculate the time it takes a ray of light to traverse

the width of the test section, L. The time, t, is given by

24



AEDC-TR-78-62

L
t=/
0

where v is the speed of light in the medium of interest. Using this

T &

expression, the difference between the time required for light to

traverse the test section with and without flow is given by

L
At=t2—t1=/
0

where the subscripts 1 and 2 denote no flow and flow conditions,

24

respectively.

Since the index of refraction, n, is defined as

n=2=¢
v

where ¢ is the speed of light in a vacuum, Eq. (6) can be rewritten as

L
At=1:/[n2—nl:| df
0

and the change in optical path length, Ax, (see Ref, 16) is given by

L

Ax = cAt =/[n2 - n1] d¢ (7)

0
In terms of data appearing on the interferogram, a change in optical
path length by one wavelength, A, of the incident light will be prop-
ortional to the distance between the centers of two adjacent fringes of
the same type (i.e., light to light or dark to dark, see Figs. 12b and A~
1). Therefore, one can define the change in optical path length in

terms of the wavelength of the incident light, A, the fringe spacing, 6,
and the fringe shift, A¢, as

Ax = A¢ A
3 (8)
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Substituting Eq. (8) into Eq. (7) gives

L

A _ _ )
_(;15— A= J [nz nl] d¢ (9)

In gases, the speed of light is only slightly less than the speed
of light in a vacuum. The difference is directly proportional to the
density and is given to good accuracy by the Gladstone-Dale Equation

(Ref. 16)

n=1+82FL (10)
where Py is the reference density at standard conditions

p is the density of the gas at conditions other than standard
B is a constant for a particular gas, dependent on Py

Substituting Eq. (10) into Eq. (9) gives

L

Ad )\ . B - d
% A . /[Pz Pl]

0

Because the subscripts 1 and 2 refer to the no-flow and flow conditions,
respectively, one can substitute the densities occurring in the tunnel
under these conditions and rewrite the equation as

L

Ad\ - B - de 11
3 psof[p Po ] , (11)

where °y is the density in the tunnel without flow and p is the local

density with flow.

For this study, it was assumed that the boundary layer was two-
dimensional (i.e., the density was uniform across the test section
including the boundary layers on the sidewalls of the test section).

Using this assumption, Eq. (11) can be integrated to yield
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_ o, =My AP
R (12)

The nature of the fringe shifts involved is now examined.

In the study of boundary layers, it is of interest to relate the
local flow conditions to the free-stream conditions. Equation (12)
relates the local flow conditions to the total conditions: therefore,
the fringe shifts will be with respect to these total conditions. In
addition, the density in the plenum surrrounding the test section changes
between the no-flow and flow conditions, and a fringe shift will occur
because of this effect, Therefore, the total fringe shift observed can

be broken into three components such that

AqS = A‘?Soo + A¢’10031 + A(r{)p]enum (13)

where

A¢m is the fringe shift of the free stream measured relative to

to the total density

A¢local ig the fringe shift of the local density measured
relative to the free-stream density
A¢plenum is the fringe shift attributed to the density change in

the plenum measured relative to the free-stream density

Substituting Eq. (13) in Eq. (12) and solving for p/po gives

ﬁ§ \:A¢m+A¢1DCa1+A¢plenumj] (14)

P =1+ 3

A
P, BL p,

Evaluating Eq. (14) in the free stream gives

Ap_+ AP
_,\__ PS o0 plenum 15
Po BL p, [ 2 ] (e
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Note that A¢loca is zero at this point, because it is measured

1
relative to the free stream.

Finally, subtracting Eq. (15) from Eq. (14) yields

éis Aszslocal (16)
BL

Equation (16) shows that if the fringe shifts are measured relative

P = P =

to the free stream, then the density measurements are independent of the
fringe shift caused by the plenum., However, it should be mentioned that
this is true only if the density in the plenum is constant and uniform.
The effect is to shift each point in the fringe by an equal amount. The
assumption of constant density in the plenum was assumed valid for the
experiments conducted because there was no flow in the plenum (solid

test section walls were used and there was no plenum suction). Equation
(16) provides an expression which relates the local density to measurable
quantities. The method used in reading fringe shifts from the holographic
interferograms is presented in Appendix A. Next, the density measurements
will be re%ated to velocity by application of two different velocity-

temperature relations.,

4.2 VELOCITY-TEMPERATURE RELATIONS

The two velocity=-temperature relationships considered during
during this study were (1) the modified Crocco relation and (2) a
relationship presented by Whitfield and High (Ref. 13) for a turbulent

boundary layer with nonunity Prandtl number.
4.2.1 Modified Crocco Relation

The modified Crocco relation is given by

T= Ty o+ (T, = T 2 = (T, = T (f_)z (17)
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where the subscripts w, aw, and « are for wall, adiabatic wall, and

free-stream conditions, respectively.

Operation of the ART has shown that after a short run time (15 to

20 minutes), the walls have reached adiabatic conditions. Therefore,

T =T

w aw

and Eq. (17) can be simplified to

T-1,, - (T,, - T.) (f‘)z

Dividing both sides of this equation by T_ yields

T = _aw _ aw — ] u
T, T T (u) (18)
Because the static pressure is assumed constant through the boundary
layer, application of the perfect gas law allows the temperature
to be related to the density by
T = P 19
T P (19)
By substituting Eq. (19) into Eq. (18), recognizing that

Tow -1 4 vl w2
2

o]

where r is the recovery factor, and solving for u/um, yields

e
o 11 AT (20)

o0

2
Equation (20) gives the ratio of the local to the free-stream
velocity in terms of the ratio of the local to the free-stream density

and other measurable quantities. By solving Eq. (16) for p/pm, one

finds

P 148 Miear (21)
Poo P
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where
S = A Ps
BL pe,

Note that S is constant for a given flow condition, because the free-
stream density, o_, will be fixed by the tunnel total temperature,
total pressure, and the free-stream Mach number. Equation (21) can be

substituted into Eq. (20) to yield

DO [~

S S Agblocal
v - 2 (22)

U 21 ' (I+SA¢(1;Sncal)(rV;21 Mi)

Equation (22) gives u/u_ in terms of the local fringe shift and

other measurable quantities. Data reduction by Eq. (22) will be referred

to as Method 1.

A much simpler approximation of Eq. (22) can be found by solving

Eq. (16) for p_/p to obtain

& =1 - S~° A¢loca1 (23)
p ¢
P
where S' = %E-BE-. Note that S' is not a constant as in the previous

method, because it contains the value of the local density at the point

of measurement.

Evaluating Eq. (23) at the wall gives

P _ 1 _ A Ps A‘FSW (24)

Py LB p, ¢

Combining Eq. (23) and Eq. (24) yields

1 - Poo A

P = &v ﬁﬁlocal (25)
1 Poo p A¢’w

p\V

Again, by applying the adiabatic wall condition and perfect gas

law, one can write
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R VO e
Pv  Tw 2
Substituting into Eq. (25) yields
1 = Pe o vl 2 Py Adigea
. P 2 p  Ap,
and substituting this result into Eq. (20) gives

—

u p Ad

2
o= )1 Py Adyca (26)

The term pw/p varies from 1.0 at the wall to 1.0/(1.0 + r Y~ M2)
2 (oo}
in the free stream. For subsonic boundary layers, pw/p is ap-
proximately 1.0 throughout the boundary layer and Eq. (26) can be written

as
1

T :31_A¢1oca122 (27)
Ag

Velocity ratios calculated by Egs. (26) and (27) differ by less
than two percent at every point in the boundary layer for the experiments
conducted in this study. The approximation given by Eq. (27) allows
boundary-layer velocity profiles to be obtained from measurements of the
fringe shifts appearing on the holographic interferogram without the
need of knowing any other quantities about the flow. Data reduction

using Eq. (27) will be referred to as Method 2.

4.2.2 Whitfield and High Relation

The velocity-temperature relationship presented by Whitfield and
High (Ref. 13) and used by Whitfield (Ref. 9) and Benek (10) in reducing
pitot probe data was used as an additional relation for calculating
velocity ratio. The expression is the one given as Eq. (2).

The value of the velocity ratio, u/u009 at a point was found by

calculating p/pw using Eq. (21) and then using Eq. (19) to find T/Tm.
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A binary or half-interval search technique was used to determine the
value of u/u°° that would satisfy Eq. (2) for the calculated value of
T/Tw. This method of calculation will be referred to as Method 3,

4.3 CALCULATION OF BOUNDARY-LAYER PARAMETERS

Three methods for calculating velocity from the fringe shifts
appearing on holographic interferograms have been developed. All three
methods were used in conjunction with the values of p/poo from Eq. (21)
to calculate displacement thickness, &%, momentum thickness, 6, shape

factor, H, and skin friction, c The method for performing these

£
calculations was identical to the one described in Section 3.2, The
results from the holographic interferometry data reduction were compared

to probe measurements for similar flow conditions.

5.0 PRESENTATION AND DISCUSSION OF EXPERIMENTAL RESULTS

Laser holographic interferograms were made at tunnel free-stream
Mach numbers of 0.50 and 0.65. The density variations obtained from the
fringes on the interferograms were reduced by the three data reduction
methods described in the previous section. The density and velocity
profiles obtained were used to calculate the boundary-layer displacement
thickness, &%, momentum thickness, 6, shape factor, H, and skin friction,

c in the manner described in Section 3.2,

fS

A comparison of the three interferometry data reduction methods
will now be presented, as well as a comparison of the interferometry

results with pitot, hot-wire and split-film data.
5.1 COMPARISON OF BOUNDARY-LAYER VELOCITY PROFILES

Comparisons of the boundary-layer velocity profiles calculated by

the three interferometry data reduction methods are given in Fig. 13 for
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Figure 13. Comparison of boundary-layer velocity profiles obtained by various
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Mach numbers 0.50 and 0.65. As can be seen, the profiles vary slightly
from one another. Methods 1 and 3 agree quite well near the wall;
however, Method 3 produces a velocity profile that is more full than
the one resulting from Method 1. This effect is attributed to the
difference in the velocity-temperature relationship assumed for each
method. The velocities calculated by Methods 1 and 2 have a difference
which is a maximum near the wall and becomes less as the free stream is
approached. This variation is caused by errors in evaluating the fringe
shift at the wall, which is necessary for reducing the data by Method 2.
This problem arises because of the difficulty in discerning the exact
location of the intersection of the wall with the shifted fringe. If
Eq. (21) is used to calculate the fringe shift at the wall, then Methods

1 and 2 give essentially the same result.

An important consideration in any data acquisition system is repeat-
ability of results., TFigure 14 presents comparisons of velocity profiles
for the three methods obtained from two independent readings of the same
interferogram. One would expect that the two independent readings from
the same interferogram would produce the same velocity profile for a
given data reduction method. All three methods show good agreement,

with Method 2 showing the best and Method 3 the worst.

In Fig. 15, velocity profiles calculated by holographic in-
terferometry Method 1 are compared with probe data for Mach numbers
0.50 and 0.65. Experience has shown that boundary-layer profiles
obtained by this method agree better with probe data than either Method
2 or 3. It was expected that Method 3 would have shown the better
agreement with probe data because this ﬁethod used the same velocity-—
temperature relation as was used in the probe data reduction. The cause
of the discrepancy was probably the result of neglecting the sidewall
boundary layer. Lucci (Ref. 17) found that the effect of including the
sidewall boundary layer in the data reduction equations was to remove
some of the fullness from the profile. This correction would be in the

proper direction to improve agreement with probe data.
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5.2 COMPARISON OF BOUNDARY-LAYER PARAMETERS

The boundary-layer parameters for the velocity profiles in Figs.
13, 14, and 15 are presented in Figs, 16 and 17. 1In these figures, the
open symbols represent pitot, hot-wire, and split~film data obtained by
Benek (Ref. 10), whereas the closed symbols represent interferomefry

data as indicated in each figure.

In Fig. 16a, displacement thickness, 8%, is plotted versus Reynolds
number based on distance from the trip, Rx' There appears to be a
considerable amount of scatter in the data; however, the trend of the

probe data is also seen in the interferometry data.

. 14
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a. Displacement thickness, 6%
Figure 16. Integrated boundary-laver properties versus Reynolds number
based on distance from trip.
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Momentum thickness, 8, is plotted versus Reynolds number, Rx’ in
Fig. 16b. The figure shows that the interferometry data have the same
trend as the data obtained minus probes. Again, there is some scatter

in the data.

Figure 16c¢ is a plot of the shape factor, H, versus Reynolds number,
Rx' As expected, the shape factor is only slightly dependent on Reynolds
number., Again, the interferometry results show reasonable agreement

with the probe data.

Figure 17 shows skin friction coefficient, Ces plotted versus

Reynolds number based on momentum thickness, R As may be seen, the

<
skin friction decreases with increasing Reynolds number, and the in-

terferometry results agree quite well with the probe data,
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Figure 16. Continued.
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In general, the first interferometry data reduction method gave
results that compared quite well with the pitot, hot-wire, and split-
film methods. For a two-dimensional boundary layer, the interferometry
technique is more appealing in that probe interference is eliminated and
data acquisition time is greatly reduced. However, further work is
needed to extend the data reduction technique to include holographic
interferograms produced under nonadiabatic wall conditions and to

account for the effect of the sidewall boundary layer.

6.0 CONCLUSIONS AND RECOMMENDATIONS

For the present application to two-dimensional subsonic flow, the
finite fringe holographic interferometry technique appeared to do as
good a job in performing boundary-layer measurements as the hot-wire
and split-film probes. The holographic interferometry technique has the
advantages of not interfering with the flow and that the data acquisition

time is much less than with a probe.

Of the three data reduction equations developed, Method 1 (which
uses the modified Crocco velocity-temperature relationship) appeared to
give the best results. It is felt that improvements could be realized
if several modifications were made to the data acquisition and reduction

procedures, as follows,

First, a major problem associated with the holographic interferometry
technique was the blurred image of the wall caused by the reflected
light from its surface. This, coupled with the fringe intersecting the
wall, made it difficult to discern the exact location of the surface.
For accurate measurements of distance from the wall, Y, and the proper
evaluation of the fringe shift at the wall, it is necessary to define
the location of the surface correctly. This problem could be solved by
placing a reference mark on the optical window at a known distance above
the wall to provide a reference point uneffected by fringes and ref-

lected light.
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An improvement of the data acquisition system could be made by
adapting the dual-hologram technique presented by Radley and Havener
(Refs., 1 through 4). This would eliminate the difficulty of aligning
the photographic-plate-translating mechanism parallel to the tunnel
wall. Many holograms produced during this study proved to be worthless

because of misalignment,

Finally, it is recommended that the data reduction equations be
modified to include nonadiabatic wall data and to account for the
effect of the sidewall boundary layer. The provision for nonadiabatic
wall conditions would improve data acquisition time by eliminating the
need to reach adiabatic wall conditions before data could be obtained,
and the corrections for the sidewall boundary layer would increase the

accuracy of the data near the wall.
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APPENDIX A

PROCEDURE FOR OBTAINING FRINGE SHIFT DATA
FROM A FINITE FRINGE HOLOGRAPHIC INTERFEROGRAM

Photographs were taken of the reconstructed holograms and the
portion of the negative containing the boundary layer was enlarged to

improve the accuracy of the fringe shift measurements.

For this study, three methods of enlargement were used. First,
the negative was placed on a photographic enlarger and a print was made
of the area of interest, The second technique was to magnify the
negative in a film reader designed for the purpose of making distance
and angle measurements on photographs. The third method used a microfilm
reader to enlarge and copy the negative. Regardless of which enlargement
technique was used, the method of measuring fringe shift and distance from

the wall was the same.

The method for reading fringe shifts from the negative can be
explained by referring to Fig. A-1. When the photographic plate is
moved parallel to the wall, a line drawn tangent to the fringes in the
free-stream will be perpendicular to the wall. Therefore, a reference
line was established perpendicular to the wall as shown in Fig. A-1.
All fringe shift measurements were made relative to this line, and the

distance, Y, above the wall was measured along the line.

Starting at the wall, the distance was measured from the reference
line to the center of the fringe of interest. This was repeated at
increasing values of Y until the free stream was reached (i.e., until
the distance from the reference line to the fringe does not change by a
measurable amount, this distance is A¢ref). Then, A¢ref was subtracted

from the data to give the fringe shift, A¢, as a function of Y.
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Y - Distance above Wall
g - Fringe Spacing
Ag - Fringe Shift
Ag e - Distance from Reference Line
to Fringe Being Measured

]

Dark Fringes

Light
Fringes

Reference Line (Perpendicular to Wall
and Tangent to Free-Stream Fringes)

3
o2
(3]
[t=]

i

Figure A-1. Definition of fringe parameters.

The units in which A¢ was measured were unimportant as long as they
were consistent with the ones used to measure the fringe width, ¢. The
fringe width is defined as the distance between the centers of two

adjacent fringes of the same type and was measured as shown in Fig. A-1,

The magnification factor was removed from the measurement of Y by
means of a scaling constant derived from measurement of a known reference

distance appearing on the negative,
In addition to the fringe shift information, measurement of the

tunnel total conditions and free-stream Mach number were necessary to

complete the conversion from fringe shift to velocity profile.
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2 Y

NOMENCLATURE
Speed of light in a vacuum
Local skin friction coefficient
Constant pressure specific heat
Shape factor (see Eq. (5))
Used herein as 10m (m = 7)
Molecular thermal conductivity
Eddy thermal conductivity
Width of test section (= 6 in.)
Free-stream Mach number
Defined as m = 7
Index of refraction (= ¢/v)
Mixed Prandtl number (= Cp(u + ut)/(k+kt))
Total pressure
Reynolds number based on distance from trip
Reynolds number based on momentum thickness

Reynolds number based on distance above wall
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s'

At

Ax

(o]
b

Ad

Recovery factor (= 0.88)

Constant sensitivity factor (= ApS/LBpm)
Variable sensitivity factor (= ApS/LBp)
Absolute temperature

Total temperature

Time, sec

Small interval of time, sec

Velocity

Change in optical path length

Distance from wall to a point in the boundary layer, in.
Used herein as 2.5m (m = 7)

Optical constant for a particular gas (= 0.000292 for air)

Ratio of specific heats (= 1.4 for air)

Displacement thickness <= ?w (1 - ko >dy>, in,
o)

S o u

[e] o 0o

Momentum thickness <= Yo _bu <1 - {%‘) d%>, in,
Fringe spacing

Total fringe shift
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Ad Fringe shift of free stream relative to total conditions
A¢local Fringe shift at a point relative to the free stream
Ad Fringe shift relative to free stream caused by density
plenum
change in plenum -
e}
A Wavelength of laser light (= 6,943 A)
o Local gas density
P Free-stream gas density
Py Gas density in test section without flow
Py Reference gas density at standard conditions (= 0.0807
1bm/£t>)
M Molecular viscosity
Mo Eddy viscosity
v Speed of light in a medium
SUBSCRIPTS
1 No flow
2 ‘ Flow
W Wall value
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aw Adiabatic wall value

o0 Free-stream value

54





