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Quantitative Density Measurements by Rayleigh
Scattering Behind a Plane Turbine Cascade

K. Fiedler,*O. Sieber," and C. Jakiel*
Universitat der Bundeswehr Hamburg, D-22043 Hamburg, Germany

An optical density measuring system based on Rayleigh scattering was installed at an atmospheric wind tunnel.
The system monitors the scattered light induced by a laser sheet irradiating the flowfield behind a plane VKI-
1 turbine cascade. Because of the scattering of air molecules, tracer particles are not required. The measuring
procedure is based on a relative measurement and needs no calibration except consideration of the incident laser
light energy. The system allows quantitative recording of the two-dimensional density field in a very short time. The
density distributions behind the VKI-1 cascade are presented as experimental results for subsonic and transonic
flow. The experimental data are compared with the results of a two-dimensional Navier—Stokes calculation. The
results indicate that the measurement of the whole three-dimensional flowfield in and behind cascades is possible

if the experimental arrangement is adjusted.

Introduction

HE applicationof cascade flow simulation methods represents

an important instrument for designing efficient turbomachin-
ery components. In the development of such a simulation program,
blade pressure distributionstogether with the correspondingsurface
Mach number distributions are used for validating the numerical
results. Qualitative measurements, such as schlieren pictures, are
taken into considerationas well. Because of an increasing need for
flow simulation under real conditions, i.e., as a three-dimensional,
compressible, viscid, turbulent, and possibly shock-wave-affected
flow, the expectations on measurements and calculations are also
increasing. Therefore, additionalinformation is needed, e.g., on the
blade boundary-layerdesign or on the mixing process between jet
and wake. At this point, conventional measuring systems usually
have limits. The measurements of pneumatic probes, for example,
are often not precise enough because of their flow displacement,
especially close to surfaces and in supersonic flow. Inasmuch as
the resolution of conventionalsystems, in general, is low, more and
more optical measuring systems are applied.

Because until now the experimental results of the two-dimen-
sional flowfield behind cascades did not offer sufficient information
in all cases, a measurement system was installed at the Laboratory
for Turbomachineryat the Universitat der Bundeswehr Hamburg to
get more quantitativeinformation in this area. For this, the Rayleigh
scattering measuring technique was selected because as an opti-
cal system it offers additional advantages. This measuring system
needs no tracer particles, and it yields the quantitative information
of density. The Rayleigh scattering technique is well proven and is
applied for acquiring fluid mechanics information, e.g., to measure
the concentration field of a turbulent gas jet,! to obtain quantita-
tive information on shock wave/boundary-layerinteraction?? or to
get information about the turbulent nature of the flow.* This pa-
per describesthe installed measuring system and the corresponding
measuring procedure.Results from the area behind a turbine cascade
are presented and compared with numerical results.

Experiments

The air for the laboratory atmospheric wind tunnel (Fig. 1) is
supplied by a centrifugal compressor. If pressure ratios higher than
2.0 or mass flows greater than 18 kg/s are required, a second com-

Received June 14, 1996; revision received March 11, 1997; accepted for
publication April 25, 1997. Copyright 997 by the American Institute of
Aeronautics and Astronautics, Inc. All ts reserved.

*Professor, Department of Mechanical Engineering, Holstenhofweg 85.

T Assistant Professor, Department of Mechanical Engineering, Holsten-
hofweg 85.

f Assistant Scientist, Department of Mechanical Engineering, Holsten-
hofweg 85.

1303

pressor is also used. Prior to entering the compressors, the ambient
air passes through a dust filter. The total temperature of the com-
pressed air can be kept constant by water cooling. This air supply
design allows steady-state testing of subsonic and supersonic flow
in the wind tunnel without time limits. After entering the modera-
tion chamber, where the totaltemperature, the total pressure,and the
humidity are measured, the air is led to the test section. The blades
are mounted in the test section with fixed geometrical parameters
in a changing frame forming the endwalls of the flow channel and
considering measuring apertures. The frame is attached to a slew-
able rig for adjusting the inlet angle. For the measurements, the di-
mensions of the inlet flow channel were 300 , 100 mm, allowing
the installation of a cascade of 12 blades.

The cascadeused is of the type VKI-1 (Fig. 2), which is typical for
a coolable gasturbinerotor blade sectiondesigned for transonicflow.
It was proposed for comparisonsof experimentaland computational
results by the von Karman Institute (VKI) in 1973 Since then it
has been investigated intensively by experiments as well as flow
calculations.

An excimer laser (Lambda-Physik LPX 110i) modified with a
polarizer is employed as the light source. This ArF laser works in
the deep uv at 193 nm. The emitted Rayleigh light is imaged by an
intensified charge-coupled device (CCD) camera (LaVision) via a
uv-light-sensitive lens (UV-Nikkor 105 mm, {/4.5).

The CCD chip has a resolution of 384 , 286 pixels, 12-bit per
pixel. A 486 personal computer with special software (LaVision)
controls the laser and the imaging system. The evaluation of the
acquired CCD images is also possible with this software.

The arrangement used for beam positioning is shown in Fig. 3.
The laser beam is blanked out by a double aperture directly after
emerging. With the help of three mirrors, the beam is positioned
in the direction parallel to the endwalls and parallel to the trailing-
edge plane. The mirror arrangement allows varying the distance
of the laser beam to the trailing edges and the position between
the endwalls. For the measurements presented, the beam position
between the endwalls was fixed at 50% of the test section width.
Two cylinder lenses focus the laser beam to reduce the thickness
under 0.5 mm at a width of about 20 mm. At these dimensions the
area of measurement can be considered as a plane. At least one
adjustable aperture is mounted to suppress direct irradiation of the
trailing edges and to fix the sheet cross section as a rectangle.

To get precise monitoring of the beam energy, some laser light
is cut off at the third mirror and, after transformation to longer
wavelength, led through a liquid light guide. The transformation
is necessary because the lightwave guide is only transparent for
wavelengths longer than A = 260 nm. The second exit of the light
pipeis fixed at the endwalloppositeto the measuring window, and so
the one camera can image the transmitted energy signal while taking
the images (Fig. 4). It was proved by experiments that the recorded
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Fig.1 Wind tunnel for straight cascades.
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Fig.3 Experimental setup.

energy signals show a linear dependence on the laser output energy
within the range of possible beam energy fluctuations of maximum
+5% from pulse to pulse.’

" Becauseno open aperturesare allowed, in orderto properly guide
the flow, the Rayleigh scattered light reaches the camera through a
silica glass window with optimized transmission rate of 193 nm.
The material for the background insert was selected to minimize
direct reflections of scattered light to the camera. We found the
same silica glass very suitable because no significant differences of
the intensities were detected with the window being built in or not.
To reduce the influence of light scattered outside the test section,
the laser beam was covered as far as possible.
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Fig.4 Measuring area.

Rayleigh Scattering

The phenomenon of Rayleigh scattering belongs to the group of
elastic scattering processes. This means that Rayleigh scatteringis a
process without a permanent exchange of energy between light and
matter but with change in the light direction. Accordingto Planck’s
law, the frequency of the scattered light is equal to the frequency of
the incident light.

The intensityof Rayleighscatteredlightcan be describedby a fun-
damental correlation if the following simplifications are assumed.

1) The gas atoms and gas molecules are considered as dielectric
spheres with a diameterthat is smaller than the wavelength of the in-
cident light. Therefore, the electric field can be regarded as constant
over the sphere.

2) The test section is irradiated in one direction with monochro-
matic and linearly polarized light. The scattered light is linearly
polarized as well.

3) The particles are randomly spread in the measuring volume.

4) Multiple scattering is neglected, i.e., light that has been scat-
tered at one particle will not be scattered at another particle.

With these assumptions, the Rayleigh scattering intensity of all
air molecules in the measuring volume is obtained by

I=oNL/r? (1

Thus, the intensity of the detected light 7 depends on the effective
scattering cross section o, the number of particles N, the distance
from the measuring volume r, and the intensity of the incident laser
light ) (Ref. 6). The scattering cross section is the theoretical ef-
fective plane for the incident photons. This plane is not equal to
the geometrical cross section. The effective cross section is highly
dependentonthe frequency of the incident radiationand on the char-
acteristics of the particles. Although o of air depends on pressure,
temperature, and compositionof air,” the effective cross section can
be assumed to be constant for the conditions being found in this at-
mospheric wind tunnel.® It is obvious that the constant composition
of air in the test section is a basic requirement.

Measurement Procedure
The imaged signal for each pixel S(x, y) can be described by

S(x, y) = e(x, Y) Io(x, ¥)ON(x, p) 2

with the constant value ¢, which contains all spatially dependent but
constant parameters such as distance from the measuring plane and
the setting of the optical equipment and the software. Equation (2)
does not contain the share of possible stray light because it can be
assumed to be small compared to the Rayleigh signal. This assump-
tion is legitimate because scattered light reflected at the background
plane could be minimized (see preceding section)and no significant
stray light from other surfaces, e.g., the blades, could be detected.
Because the laser light intensity and the composition of the air is
consideredas staying constantand the number of molecules N(x, y)
is proportionalto the density p(x, y), Eq. (2) can be rewritten as

S(x, y) = K(x, p)p(x, y) (3

The evaluation of Rayleigh scattering can only be based on a rel-
ative measurement because the effect of the real density variations
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is smaller than the also detected aberrations such as laser beam in-
homogenities and the spatially dependent sensitivity of the imaging
optics. Therefore, first a wind-on image is taken, i.e., during wind-
tunnel operation. The measured signal contains the information on
density variation given by

Si(x, ») = K(x, y)p(x, y) 4

Additionally,a wind-offimage is taken under standard conditions,
i.e., acrossthe whole field of view, the density has to be on the same
level and exactly known:

So(x, y) = K(x, y)p )

The air filling the test section during wind-off imaging has passed
throughthe same way as the air at wind-on imaging. Because of this,
the composition of air is the same and the use of the factor K(x, y)
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in both relations (4) and (5) is legitimate. The pixelwise division of
the two signals yields a ratio for each pixel that is proportionalto
the local density in the flowfield,

Si(x, ) _ pi(x, )
SO(X, y) /))

After this, the density field is determined qualitatively. With this
kind of evaluation, the potential sources of errors, such as the afore-
mentioned beam aberrations or the optical setup, are eliminated if
they are stationary and on the same level in both pictures.

InFig. 4, atakenimage is shown schematically. The measurement
window is positioned in the endwall to allow a view into the mea-
suring volume and the nearby trailing edges of the blades. The laser
beam radiates through the measuring volume parallel to the trailing
edges. Because the laser intensitiesdecline rapidly at the lateral bor-
ders of the beam, the signal-to-noiseratio is too low in these areas.
Thus, the evaluation range is smaller than the width of the laser
beam.

The aforementioned easy measurement procedure (6) presup-
poses identical laser light energy I, while taking the wind-on and
the wind-off image. If this cannot be achieved, the energy level
has to be known exactly to be able to calibrate the density ratio
Fi(x, y). Because the beam energy fluctuates from pulse to pulse
and decreases during the operation due to limited lifetime of the
laser gases, an energy monitor is used as described earlier. Because
the energy monitor output is part of the recorded image (Fig. 4), an
average value of the energy monitor signal is calculated from both
the wind-on image (M) and the wind-off image (QEMO). Now
calibration of the density ratio Fj(x, y) is possible:

Fi(x,y) = (6)
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Fig. 6 Measured density fields.
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Without taking the laser energy into consideration, the aver-
age values of the density ratio deviate up to 6% from their mean
value although they were measured at the same flow conditions.
But with energy monitor calibration the deviation can be reduced
to less than 1%. This calibration has no influence on the quali-
tative result because the whole density field is converted with a
constant ratio. Usually the ratio QEMO/ QEMI varies from 0.94
to 1.02.

Figure 5 shows a typical intensity profile of the measuring volume
and the energy monitor. The differences of density between the
wind-on and wind-off image can be seen as distances between the
two profiles in the range of the laser beam. Likewise, these two
profiles with similar behavior elucidate the necessity of a relative
measurement, inasmuch as the intensity differences caused by the
density variationare smaller than the differencescaused by the beam
inhomogenities. The irregularities at pixels 140 and 210 may be
attributed to CCD chip errors. These errors will be eliminated by
the division of the images. The intensities in the area of the energy
monitor are roughly three times inferior to the Rayleigh scattering
intensities, but they are even more than one order of magnitude
higher than the signals from the areas not being evaluated. Thus, a
clear distinction of the areas is possible. In Fig. 5 the shifting of the
energy monitor range also can be seen. This is caused by motion of
the cascade because the fixed lightguide outlet moves together with
the cascade during wind-tunnel operation at high pressures. The
shifting is very small (< 1 mm) and considered at the calculation of

MO and M, 1-

Simultaneously with recording the wind-off image, the pressure
and the temperature in the room are measured for calculating the
density o, which is constant across the whole field of view. With

y/c May;s =0.75

Ma;_is = 090

this, the density field at wind-tunnel operation is determined quali-
tatively and quantitatively:

/)1(xa y) = Fl.((xa y)/)) (8)

In these experiments, altogether 2500 laser shots were summed
up for both wind-on and wind-off images. This number basically
is yielded from 50 shots summed up on chip. The intensities of 10
of these bursts were read out, added by the software, and stored on
a hard disk. This process is completed five times without breaks.
The result of averaging these five data sets is the information of the
density field. A statisticalevaluationof the five single sets increases
the opportunity of detecting errors such as unusual laser energy
fluctuations or Mie particles. With this measurement procedure, it
is also proved that photon shot noise is not the limiting factor for
density accuracy.

The position of the laser beam relative to the blades and the ex-
tension of the evaluation range both were determined with optical
aids. The uncertainty of position and extension is lower than 1.5%
according to the pitch.

The given setup allows the measurement of the density be-
hind three flow channels at the same time with a resolution of 35
pixel/mm?. A second setup was tested with roughly half the dis-
tance between measuring plane and objective, i.e., with four times
higher optical resolution. No resulting additional information could
be received from the density fields, but it had to be compensated for
the disadvantage of receiving measurements of less than two flow
channels.

Because of the use of an atmospheric wind tunnel, the possi-
bility of water condensation and dust particles in the utilized air
has to be taken into consideration. Condensation can occur at high
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Fig.7 Calculated density fields.
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expansionratios as needed, e.g., for transonic flow. The water par-
ticles cause extreme scattering, which falsifies the results or, in the
worst case, prevents evaluation due to local saturation on the CCD
chip. Because of this, the outlet Mach number in all experiments
was chosen sufficiently low so that condensation could not occur,
dependingonthe humidity of the ambientairand onthe inlettemper-
ature level. Thus, the highest achievable Mach number in summer
was May;; = 0.75,and it was Ma,;; = 1.050oncolddry winter days.
Even though the air is led through a dust filter, a few small parti-
cles may reach the measuring area. But it is ensured that there are
fewer particles effecting Mie scattering than the limit Schweiger®
established for neglecting Mie scattering in Rayleigh experiments.
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Fig. 8 Related densities at x/¢=0.2 from different measurements,
Maz,'s =0.75.

Results

Figure 6 shows the results from three different Rayleigh scatter-
ing experiments (May;; = 0.75, 0.90, and 1.02) with an increment
of 0.01 kg/m?; Fig. 7 shows the corresponding numerical results.
The density fields were calculated with a simulation program, us-
ing Navier—Stokes equations with the Baldwin—Lomax turbulence
model.’

The density fields of the three measured flow channels are almost
identical. The nonperiodicitiesbetween the flow channelsare hardly
noticeable; they are caused by small manufacturing inaccuracies of
the cascade. As can be seen, usable Rayleigh scattering signals can
be recorded even at Ma,;; = 0.75, although the density variations
amount to only 4-12%, according to the density of the ambient
air.

To determine the reproducibility, additional measurements were
accomplishedat May;; = 0.75, within a time range of four months.
Before each testing, the optical setup was adjusted to avoid sys-
tematic errors of the setup. Figure 8 shows the density distributions
at x/£ = 0.2 related to the isentropic outlet density. The densi-
ties deviate only within a maximum 41.5%, and so a very good
reproducibility can be found. This uncertainty in reproducibility
of 1.5% includes the aforementioned sources of error such as en-
ergy monitoring or the camera system and the uncertainty of deter-
mining Q.

On the suction sides near the trailing edges, strong density gradi-
ents already can be seen at subsonic flow. At Ma,;; = 1.02,a shock
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Fig.9 Measured density fields at Ma,;; = 1.05.
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wave can be recognized with a nature that is typical for transonic
turbine cascades. The shock wave crosses the wake and barely
widens up to the end of the evaluationarea at x/£ = 0.6.

All computational results show qualitatively distinctive and spa-
tial restricted wakes that cannot be proved true by the experiments.
Comparable calculations with different grids yield a strong depen-
dence of the computed wake structure on the number of grid points
inthis area of interest.® The number of grid points in the wake hasno
influence on the calculated surface Mach numbers. The differences
described here might be caused by an inadequate modeling of the
mixing of wake and isentropic flow in the program being used. Also,
another program, which we had at our disposal, yields these spatial
restricted wakes even more markedly. A qualitatively good agree-
ment of measurementand calculationcan be seen outside the wakes.

Nevertheless, the measured density isolines, starting on the suc-
tion side near the trailing edges, developa little more flatly than the
computationalones. In particular,at transonic flow the measured and
the calculated shock waves show an angle difference of about 8 deg.

The quantitative comparison yields about 1-2% higher density
values at the simulation. This might be caused either by somewhat
lower calculated losses or by the boundary conditions not fitting all
parameters.

Based on these results, an investigation was conducted to deter-
mine whether density informationcan be received from a very much
enlarged section of the outlet flowfield with the help of compositing
single images. For this, three measurements were accomplished at
identical flow conditions but with different distances between the
laser beam and the trailing edges. The recorded images were eval-
uated and put together on one contour plot, which reached from
x/4£=0.06 to 1.40. The isentropic outlet Mach number was chosen
as Ma,;; = 1.05 because then effective density gradients could be
expected even far from the trailing edges. The result is shown in
Fig. 9.

It clearly can be seen that these three single density fields qual-
itatively fit together very well. As expected, the lines of constant
density form common structures across the borders of the single-
image planes. This can be seen especiallyat the shock waves because
there are no alterations of the wave courses and dimensions at the
separation lines. Quantitatively small level differences can be de-
termined between the single measurements, but these variations are
within the scope of the already discussed experiment uncertainty.
They may be caused by the uncertainty of the energy monitoring.

Comparing the results of May;, = 1.05 with Ma,;; = 1.02,
the following differences are conspicuous. At higher outlet Mach
numbers, the starting point of the shock wave shifts in flow direc-
tion and the wave course is tipped with an angle of +6 deg. At
May;; = 1.05, the wave is clearly distinguishable almost until the
edge of the measuring area at x/€ = 1.4. These characteristics for
increasing Mach number are typicalfor the VKI-1 cascadeand were
proved qualitatively by experiments'®!! and calculations.!?

Conclusions

The measuring system described here allows a two-dimensional
quantitativedensity field to be recorded with very good reproducibil-

ity in a few seconds. Variations in air density of less than 1% are
distinguishable. The measurements are accomplished without dis-
turbing the flowfield because the measuring system needs neither
probes in the test section nor tracer particles for light scattering.
The results show that it is possible to expand the measuring area
as much as desired with the help of compositing single measured
images. At present, preparations are being made for measurements
of the density distribution from several planes with different dis-
tances to the endwalls. After adjusting and optimizing the experi-
mental arrangement, the density field between the blades also will
be measured. These investigations will yield the complete three-
dimensional quantitative density field inside and behind the turbine
cascade.
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