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Abstract

A laser velocimeter with photon correlation
processing scheme used to investigate various
turbulent flow fields. Naturally occurring con-
taminant serves as scattering centers for the
experiments. The photon correlation technique is
tested for its sensitivity to laser incident
intensity, and response to flow unsteadiness. 1In

addition, a test configuration which features high

shear regions and significant reverse flow is also
investigated. An improved method for the calcula-
tion of the turbulent intensities from the corre-
lation curves is presented and examined. A direc-
tion for future interpretation of photon correla-
tion data is proposed. Actual real world engi-
neering applications where turbulent velocity data
is required are discussed.

I. Introduction

Within the past few years, the commerical
availability of fast digital correlators has led
to new technologies of measurement based upon the
quantum resolved properties of low light level.
The digital or photon correlation processing
technique used in laser velocimetry applications
has remarkable power in that it covers a wide
dynamic range, is sensitive to extremely low
scattered light intensities and does not require a
continuous signal. The requirement for low light
levels permits the researcher to employ relatively
small lasers (e.g. 5-15 mW) and the use of natu-
rally occurring contaminant as the scattering
centers. However, there are drawbacks to the
correlation technique such as serious problems
with flare and ambient light, the photon pile-up
phenomenon, little control over the size distribu-
tion of the scattering centers, only ensemble
average data retrievable, and the mean velocity
and the turbulent intensity information alone
calculable from the correlation function. The
purpose of this report is to document the experi-
ences gained by the authors with the photon corre-
lation technique as it applies to the measurement
of turbulent flow fields. In concert with the
experiences, several new data analysis algorithms
are presented.

II. Experimental Approach

In order to establish the credibility of the
photon correlation processing technique using the
Malvern 50 ns unit, the first segment of the
experimental investigation focussed on measuring
the turbulent flow field of a rectangular nozzle
free jet [1]. The rectangular jet was chosen
because considerable hot wire anemomentry obtained
data already existed and thus a comparison was
realizable. The exit plane velocity varied from
130 m/sec to 260 m/sec. Measurements of the mean

velocities and the turbulence intensities were
made at various downstream locations. Examples of
the data are shown in Figures 1 and 2. For this
experiment, the naturally occurring contaminant
found in the laboratory compressed air supply was
used as marking particles. The data presented in
Figure 2 points out one of the drawbacks of the
50 ns unit. The experimenter has the choice of
being able to measure high subsonic speeds in the
central region of the jet or measuring turbulent
intensities in high shear regions. The existence
of this delemma is due to required beam spacing
for the inclusion of the phase modulator in the
laser velocimeter optical set-up. The spacing
then limits to a large extent the angle of inter-
section between the two laser beams.

The second step involved measuring the flow
field entering the combustion chamber of an actual
jet engine [2]. Once again, comparison was made
to hot wire anemometry data when available. In
addition to the practical engineering signifi-
cance, the long inlet duct provided regions of
relatively large flow accelerations and decelera-
tions (Figure 3). This would enhance the under-
standing of the sensitivity of the photon correla-
tion scheme to particle size biases. In fact,
this portion of the investigation led to effort
being concentrated in the area of particle dynam-
ics [3]. For the inlet duct flow, the air supply
was the frequently not-too-clean Dayton atmosphere
present outside the jet engine test facility. No
additional scattering centers were introduced.
Typical results are shown in Figures 4 and 5.

Difficulties in properly seeding flows behind
blunt or bluff bodies led to the next investiga-
tion [4]. The flow field chosen was a subsonic
jet impinging upon a flat disc. Laboratory com-
pressed air without additional scattering parti-
cles was used. Velocity measurements were then
made behind the disc in the wake region at various
downstream locations. Figures 6 and 7 present
examples of the mean velocity and turbulent inten-
sities measured.

A quantification of the sensitivity of the
photon correlation scheme to incident laser in-
tensity was the next goal [5]. The approach taken
was to vary the actual size of the laser beam by
means of a beam expander/aperture arrangement.
The 1/e” beam diameter was varied from 0.5 mm to
10 mm. The resultant varying sized control vol-
umes are located in the flow field of the previ-
ously discussed rectangular nozzle turbulent free
jet. Mean velocities and turbulent intensities
were then calculated from the resultant correla-
tion curves (Table 1).

Mean velocities and turbulent intensities in
the near field region of the wake flow behind a



circular disc immersed in a turbulent jet flow are
obtained. Figure 6 presents mean velocity pro-
files for various downstream locations.

With the application of the photon correla-
tion processing technique to a flow field located
in the test section of the wind tunnel, problems
concerning ambient and/or flare light and photon
pileup arose. The manifestation of these problems
often is that the expected damped cosinusoidal
correlation function is skewed and/or distorted.
This makes it very difficult to obtain credible
mean velocity or turbulent intensity data. An
approach [6] was devised based on polynomial curve
fitting procedure and applied to a two dimensional
turbulent wake flow field. Figures 8 through 11
indicate the correlation functions prior to and
after the correction procedure has been employed.
Once the credibility of the correction procedure
had been established, the near field of the two
dimensional wake was documented in detail [7].

Typical results are presented in Figures 12
and 13. For this investigation, the free stream
velocity and the Reynolds number based on cylinder
diameter are 5.9 m/sec and approximately 50,000
respectively. The cylinder was tested with a
stationary (w = 0 RPM) and a rotating (w
500 RPM) initial condition.

A flapping (oscillating) jet allowed the
sensitivity of the photon correlation scheme to an
unsteady flow field to be documented. The nozzle
design employed consists of a modified fluidic
element with a feedback mechanism [8}. For this
experiment, a centrifugal blower was employed with
the naturally occurring contaminant serving as the
light scatterers. Mean and turbulent velocity
profiles are presented in Figures 14 and 15.

The most recent application of the photon
correlation laser velocimeter has been in the
turbulent flow field associated with a thrust
augmenting ejector wing design. The two dimen-
sional model consists of two subsonic airfoils
with an ejector nozzle/constant area duct [9]
(Figure 16). The intent of the investigation was
to determine the effects of an ejector on the flow
characteristics around the airfoil(s) specifically
with respect to supercirculation and, thus, in-
creased lift. A thorough documentation was per-
formed [10]. Typical results are shown in Figures
17 through 19. The ratio of the ejector velocity
to free stream velocity was kept constant and
equal to 2.0. Here, once again, naturally occur-
ring contaminant present in the tunnel/ ejector
flow served as scattering centers.

ITI. Experimental Results and Discussion

The investigation of the rectangular nozzle
turbulent jet both established the credibility of
using the photon correlation processing technique
with its inherent advantages of low laser intemsi-
ty and no artificial seeding but also it pointed
out one significant drawback (Figures 1 and 2).
Whereas with a counter or tracker processor, a
Bragg cell can be used to shift the frequency of
the laser light up to 40 MHz, the photon correla-
tor requires the use of a phase modulator which
has an upper limit frequency shift equal to ap-
proximately 2 MHz. Thus, a serious problem arises
when the flow is both high in mean velocity and in
turbulent intensity. The mean velocity data can
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be obtained but at the expense of any turbulence
information.

The flow geometry in the inlet duct for a jet
engine is shown in Figure 3.

Figure 4 presents mean velocity profiles for
the flow location downstream from the venturi.
Note the uniformity of the flow in the center of
the duct. The flow field measured by the laser
velocimeter seems to be somewhat wider than that
measured by the hot wire. This trend is apparent
in several additional profiles not presented and
is principally due to the optical arrangement with
the collecting lens being in the same plane as the
beam intersection.

An additional comment should be made con-
cerning the comparison of the mean velocity pro-
files downstream from the venturi. Though the
shapes for the LV and hot wire data are similar,
the absolute velocities at the centerline are 3.6
and 6.4 m/sec lower using the hot wire anemometer
for 50 percent and 70 percent throttle respec-
tively. These variances represent approximately
10 percent of the measured mean velocity, and are
due to the relatively large size particles in the
air (i.e. approximately 5-10 microns in diameter).

The latergi distributions of the turbulence
intensities, u 2/U, are plotted versus lateral
displacement from the centerline, y/r_, in Figure
5. Note that near the centerline, thé LV seems to
indicate zero turbulence level. 1In fact, the
photon correlation scheme is not well suited for
determining turbulence intensities for nearly
laminar flow. Again note that the LV measured
flow fields seem wider for the different loca-
tions.

For the disc immersed in a turbulent jet
(Figures 6 and 7), it is possible to use the natu-
ral scatteners and obtain meaningful data. The
local mean velocity, U, is plotted versus non-
dimensionalized lateral displacement from the disc
center, Y/R where R is the disc radius. At the
centerline of the flow field (i.e. Y/R=0), the
flow ipitially accelerates in a negative X direc-
tion, then decelerates and finally accelerates in
a positive downstream location. Note that the
maximum negative mean velocity is not reached
until the downstream location X/R=1.50. The
maximum width of the recirculation region is
approximately 3.5 diameters. The local turbulence
intensity varies between 0.20 and 0.40 with the
largest magnitude being reached at X/R=1.50 near
the flow centerline (Figure 7).

The non-dimensionalized wake momentum thick-
ness, © /2R , calculated by integrating the momen~
tum equation over the flow cross section is
plotted versus non-dimensionalized downstream
location, X/2R0 in Figure 12. The values
plotted for thé rotating case, which are consis-
tently larger for X/2R £ 0.75, represent the sum
of the momentum thickness above the cylinder
centerline (i.e. rotation in the direction of the
flow) and below the cylinder centerline (i.e.
opposite ot the rotation direction). The momentum
thickness is asymetric for w = 500 rpm. Consider
a kinetic perspective. The rotation creates an
asymmetric pressure distribution around the cylin-
der, which coupled with the uniform flow produces
a Magnus-type or 1lift force. The associated



increment in the drag is manifest in the increase
in the value of

The mixing width, Y1 99 non-dimensionalized
by 6 is plotted versus nén-dimensional distance
downstream, X/0 , in Figure 13. As is the case
for the momentum thickness, Y 20 for w = 500 rpm,
is consistently larger after %ée initial flow
development. The mixing width is a possible
length scale with which to describe the flow field
and is related to the slope of the mean velocity
profile. In the recirculation region, the cross
stream momentum advection turn (VOV/dy) is much
larger than for the fully developed case. The
associated transverse flow strain rate would tend
to compress eddies in the cross-stream direction
and thus result in a decrease in the magnitude of
a characteristic length scale. This is a possible
explanation for the initial decrease in Y1/2.

The photon correlation processing technique
was shown to be quite insensitive to incident
laser intensity (Table 1). The unfocussed laser
beam diameter is 1.1 mm. For diameters up to 7
mm, the measured mean velocity varies by less than
5%. The error begins to grow more rapidly for the
larger beam diameters. An interesting occurrence
is that the measured mean velocity has the great-
est magnitude for the largest size beam diameter.
This phenomenon which is repeatable is directly
opposite to the trend observed when tracking or
counting signal processing is used. The data for
the half-widths shows a similar behavioral pat-
tern.

In Figure 14(a) the value of the mean veloc-
ity, U, in the x direction is plotted versus
oscillation frequency, f, for several downstream
locations. The mean velocities shown are taken at
the jet/nozzle centerline (i.e. y = z = 0).

Notice that as the oscillation frequency is in-
creased from f=4 hz to f=18 hz, the measured mean
velocity also increases. In fact, as the frequen-
cy increases from 8 hz to 18 Hz, U varies almost
linearly with f.

In Figure 14(b) the mean velocity, U, at the
vertical location, y = 1.90 cm or y/2r =1.5 is
plotted for the various frequencies and downstream
locations. Note that while there still is a
nearly direct relationship between increasing f
and thus resulting in the net increase in U, the
functional dependence is not as strong as is the
case for y/2ro=0.

Turbulent %ntensities in the longitudinal
direction, (uz)/U, plotted versus oscillation
frequency are shown in Figures 15(a) and 15(b) for
several different downstream locations. For both
y/2r =0 (Figure (15(a)) and for y/2r =1.50 (Figure
15(b3), the value of the turbulence intensity is
clearly not a simple function of the oscillation
frequency. It is evident that the potential core
region which typifies the near field of a classi-
cal turbulent jet does not exist for the oscillat-
ing jet. In fact at x/2r =2 and y/2r =0, the
turbulence intensity ranggs from 0.10%0 1.58 as
the oscillation frequency is increased.

In Figure 16, the location of the mean veloc-
ity and turbulent intensity data obtained are
shown for the ejecter wing experiment. Note that
in all cases, x is measured, longitudinally, from

the leading edge and z is measured vertically from
the airfoil surfaces.

Figure 17 shows mean velocity profiles up-
stream of the ejector wing. The effect of the
ejector in the mean velocity profiles is to accel-
erate the mean flow above the upper surface and to
decelerate the mean flow beneath the ejector wing.
This effect is quite pronounced immediately up-
stream of the leading edge.

Mean velocity and turbulent intensity pro-
files are shown for the downstream location
x/c = 0.2, in Figure 18. the mean flow is con-
sistently faster in the ejector powered case. The
value of the turbulent intensities reduce to the
free stream value closer to the wing surface with
the ejector working. This would indicate a shift
of the potential flow down toward the upper sur-
face.

The mean and turbulent velocity field down-
stream of the ejector nozzle is examined in Figure
19 for x/c = 0.58. Note that the flow for both
cases actually accelerates after it enters the
constant area mixing duct. Also consider the
relatively high turbulent intensities in the con-
fining duct for the ejector powered case. Value
of u__ /U equal to 0.30 are measured which is
indifitive of jet mixing rather than character-
istic of duct type flow.

Bendat and Piersol [12] have developed the
notion of partial coherence functions which can
help establish the cause of a linear dependence
indicated by an ordinary coherence function.
Consider the application of partial coherence
functions to photon correlation spectroscopy.

Defining R, as the finite fourier transform
(FT) of the autocorrelation function i where
1 T
r,.(r) =lim = [ u, {x,t) u, (x,t+ ) dt
11 Tow T o1 1
and
R, = FT{r,,}
R, = FT{r),}
then (Figure 20)
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denotes the finite fourier transform
over lofig record length of inmput r 9 with linear
effects of r 1 removed from r, .. ﬁere S(f) de-
notes the au%ospectral or cross-spectral density
function. The partial coherence function can then
be defined as

where R, |
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where

[R* . R

- Expected Value of '72-1 2'1]

$9241 T

and similarly for S

cc+l’

The implications of this type of analyses are
quite straightforward. The photon correlation
spectroscopy technique permits the experimenter to
calculate the classical turbulence scalar correla-
tion functions. The use of partial coherence will
then help establish the relationship between the
scalar functions. Any degree of non-linearity
(i.e. noise) in the transformation will be clearly
identified.

IV. Conclusions

The photon correlation processing scheme
proved to have several major advantages and disad-
vantages. The use of naturally occurring contami-
nant as the light scattering centers permitted
experiments to be set up and data obtained fairly
rapidly since no artificial seeding was required.
Additionally, the technique was shown to be fairly
insensitive to laser incident intensity as the
control volume size was varied by more than an
order of magnitude with no discernable effect on
the data. Problems can and did arise with the
response of the naturally occurring contaminant
specifically in regions of high flow acceleration
and deceleration, such as in the jet engine inlet
duct. However, the photon correlation scheme
permits the application of laser velocimetry to
flow fields such as the near field wake region,
and internal aerodynamic configurations which
would have been exceedingly difficult to investi-
gate using a processing scheme requiring artifi-
cial scatterers.
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