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A LASER VELOCITY MEASUREMENT SYSTEM FOR
HIGH-TEMPERATURE WIND TUNNELS
By George R. Grant and Ralph W. Donaldson

Ames Research Center
SUMMARY

Traditional low-velocity measurement techniques of using probes inserted
into the flow are cumbersome in high-velocity, high-enthalpy gas flow facili-
ties because the probes disturb the flow and deteriorate rapidly. A laser
probe utilizing the Doppler shift of scattered laser light has been shown to
be suitable for this purpose.

Velocities of 6x10% cm/sec (Mach 2.8) have been measured in a small cold
flow nozzle made especially for this purpose. Insufficient heterodyne signal
eventually limits the highest velocities that can be measured by this method,
but in the present experiment the highest velocity measured was limited only
by the maximum practical flow rate of our cold flow nozzle. The measurements
were obtained by (1) the use of a high power argon laser, (2) the addition of
finely divided TiO, and NH,Cl to the stream, and (3) careful design of the
detector system to assure superposition of the direct and the scattered beam
at the photocathode. This superposition was accomplished by means of an
image transfer system which focused the entrance aperture of the detector
system on the photocathode, and had the additional advantage of allowing for
the insertion of a 4880 & filter in a parallel part of the transfer system
optics. Simultaneous pitot probe measurements of stream velocity agreed well.

INTRODUCTION

One of the high enthalpy test facilities at Ames Research Center requires
velocity measurements of a high-density stream that may reach a temperature
of 2444° C and a velocity as high as 1.2x10° cm/sec. Because probes inserted
into such a stream disturb the flow and because the probes themselves disinte-
grate rapidly in the extreme environment, it was necessary to develop a
velocity measuring system that would not require such probes.

Several solutions to this problem have been suggested in the literature.
The use of Doppler-shifted laser light to measure stream velocity was
described, for example, by Yeh and Cummings (ref. 1) and was first applied to
relatively low-velocity liquid streams. Forman et al. (ref. 2) extended the
basic technique to gas flows, measuring velocities up to 3x10° cm/sec. More
recently, Huffaker (ref. 3) of Marshall Space Flight Center has published
details of a three-dimensional system for measuring jet turbulence. In prac-
tice, such a technique does not measure the gas stream velocity directly, but
rather the velocity of small, particulate .scattering centers entrained in the



gas. The work done by most researchers has required the addition of material
to the stream. In the Ames facility, for which the instrument based on this
principle and described in this report was designed, the particulate matter is
already present as the product of the decrepitation of the brick in the stor-
age heater of the test facility during heat cycling. This natural dust may
provide sufficient scattering to permit accurate velocity measurement.

SCATTERING MECHANISM

As yet, there is little data available on the size of dust particles
expected from the storage heater brick of the test facility. The character-
~istics of the wind tunnel will dictate the particle size required to guarantee
that a particle is traveling at some reasonable percentage of stream velocity

when it reaches the test section.

The particles entrained in the flow are accelerated by viscous drag. In
laminar flow the forces required to accelerate the material can be equated to
the drag force given by Stokes' law. (In practical situations the drag is
always greater than that given by Stokes' law.) The accelerating force F, is
given by

dv
and the drag force, D, is
D = 3muvd (2)

m mass of the particle

—<— acceleration of the particle

u viscosity of the gas
d diameter of the particle.
V. velocity difference between the flowing gas and the particle

The forces D and F are equated to obtain the time, t, to achieve velocity,

__m _dv
T Zgud V 3

The time for a particle to reach 90 percent of stream velocity, V;, is:

m JO.lVl _d_v_ m

or tgo% = 0.244 E(T

tooy = 3mud v
Vi
In the test facility of interest the gas velocity is about 1.2x10° cm/sec and
the available accelerating distance is 30 cm. The time of acceleration is,
therefore, about 500 microseconds. A typical value for the gaseous viscosity

" is 300 micropoise, so that the largest mass for a particle accelerated to
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90 percent of the free-stream velocity in this distance is related to its
diameter by m = 0.6x107% d. Assuming spherical particles of TiO, with a den-
sity of four we can solve for the particle diameter, d = 5.3x10”% cm. That is,
particles of TiO, less than 5u in diameter will be accelerated to 90 percent
of stream velocity in 30 cm. Particles of 0.5u would reach at least

99 percent of the stream velocity in the same distance.

If the particles are small compared to the wavelength, A, of the laser
light (i.e., submicron sizes), the scattering will occur in accordance with
Rayleigh scattering theory; that is, the scattering cross section, o, will be

described by the formula: .

2
8w (2m
g = T(T) |a| (4)
where a is the polarizability (ref. 3).

The scattering particles may not be small compared to the wavelength of
the incident radiation, and the more general Mie description of the scattering
phenomenon is required for the wider range of particle sizes that may be pres-
ent (ref. 4). This theory states that when the conductivity and dielectric
constant of particles are small (when the conductivity and dielectric constant
are large, most of the incident light is reflected or absorbed), the scattered
intensity pattern predominates to the front of the very small scatterer with
reference to the direction of the incident radiation. As the radius of the
particle increases (only spherical particles being considered), more of the
energy is scattered in the forward direction until essentially all the energy
is scattered in the forward direction. As the radius is further increased,
the forward intensity goes through a series of maxima and mirima until the
radius bécomes very large and most of the incident energy is reflected or
absorbed. Fortunately for the velocity measuring system, collecting forward-
scattered light is convenient from the standpoint of optical system design.

OPTICAL SYSTEM DESIGN

The design of the optics is governed by the constraints imposed by the
heterodyne detection process employed. Several analyses have been published
of heterodyne detection of light with a suitable detector (refs. 1, 2). The
only detector considered for this instrument was the photomultiplier tube
since there is no other broadband detector with as high a sensitivity to light
of the wavelengths under consideration. The high sensitivity is required
because of the small signal expected, and the broadband characteristic is
required because of the wide range of frequencies to be measured.

It is necessary to relate the frequency from the detector output to the

" actual stream velocity. Two inputs are necessary for this task; the relation-

ship between stream velocity and particle velocity, which has already been

discussed, and the relationship between the frequency and the particle veloc-
ity which is

' F - singsin(a—e—)
D A 2 2



where V is the velocity of the scat-
tering particles, o 1s the angle
between the irradiating light A and

AMPLIFIER the particle velocity, and 6 1is the
scattering angle with respect to the

SPECTRUM S N N
ANALYZER angle of incidence. The flow is
SPUITTER assumed to be nonturbulent. The angles

COLLECTOR _ a and  are shown in figure 1.

PHOTOMULTIPLIER

MIRROR
\ 4

NEUTRAL
DENSITY
FILTER

Though it would be desirable to
.use collecting optics with a small F
number in order to gather as much light
as possible, it should be noted that
for higher values of V, 8 must be
kept small in order to keep Fp within
/ the bandwidth of the detector and data
/ processing system. With this system it
follows that A6 (see fig. 1) must be
small, and since each scattering angle
represents a different frequency, a
small A6 gives a small frequency spread.

CwW
GAS LASER

Figure 1.- Experimental arrangement for laser
Doppler flowmeter measurements'.

The adverse effect of the large F number collection optics may be
counteracted by using a higher powered light source. An argon ion laser 1is
used in these experiments. For several reasons, the argon ion laser will
produce more signal output from the detector than the more commonly used HeNe
laser. While commercially available HeNe lasers have rated outputs up to
about 50 mW, the argon ion lasers may now be obtained with outputs up to 5 W.
The power- ratlo of 100 will appear as a direct increase in output at the detec-
tor. The laser that was employed produced a power of ~ 2 W at 4880 A, giving
40 times more power. A second advantage of the argon ion laser over the HeNe
laser isithat photocathodes are more sensitive to the argon wavelengths than
to longer HeNe wavelengths. It is difficult to quantify the exact degree of
improvement expected since the photocathode response may vary over a rather
wide range, depending on unpredictable differences in the composition of the
photosensitive surface. A third improvement concerns the influence of the
wavelength of incident light on the amplitude of the forward scattered light.
If the scatterers are very small (i.e., Rayleigh scattering), the improvement
will be very pronounced because of the (1/>\)l+ term. For larger particles, the
effect is not nearly so apparent, but Mie theory still predicts a strong 'short
wavelength dependence for the forward scattered 1nten51ty

EXPERIMENTAL PROCEDURE

A parametric investigation was first undertaken to compare the
sensitivities and outputs of available photodetectors for wavelengths and
power levels from argon ion and HeNe lasers. Table 1 is a presentation of
the results. The calculated column was based upon the published output of



TABLE 1.- COMPARISON BETWEEN HeNe AND Ar LASERS FOR SCATTERING EXPERIMENT

Calculated Measured
50 mW HeNe with S-11 Detector 1 1
50 mW HeNe with S-20 Detector 40
1 W Argon with S-11 Detector 1000 1500
1 W Argon with S-20 Detector 2000

the lasers, the published spectral response of the photocathode materials and
the fourth power dependence of the scattering upon frequency. The results
were normalized to the 50 mW HeNe laser source and an S-11 photocathode
detector. The calculations show a gain of approximately 1000 in going from
50 mW HeNe laser source with an S-11 detector to a 1 W argon ion laser source
with the same S-11 photocathode. An additional gain can be obtained by using
an S-20 photocathode.

In the experimental setup an S-11 photocathode was used for observing
the amount of scattering from a known amount of material injected into the
laser beam. The photomultiplier view was restricted so that only a small
known volume of the laser scattering medium was observed. Exactly the same
physical setup was used with a HeNe and subsequently with an argon ion laser.
The HeNe laser produced a 50 mW output beam and the argon ion laser produced
1 W single mode. Again, the data were normalized to the 50 mW HeNe laser
with an S-11 photocathode detector.

The observed signal ratio between the argon ion and the HeNe lasers
approximates 1500, whereas the calculated ratio was 1000. This can indicate
that the S-11 photocathode may not have conformed to the published data.

Since the particle density in the test

LYil stream was unknown, the more powerful argon
VARIABLE~. NEUTRAL Coéhgagm T

ion laser was selected initially in order

THROAT - DENSITY . N g . . .
swersouc (R TER wRon, \\\ gﬁ" to increase the scattered light signal.
A U ol The optical system used is shown in fig-
;§§§g¢'§£?%R ure 2. The laser was focused at a point
N in the stream and a portion of the scat-
i s tered light was collected and focused onto
SCATIERING P a photomultiplier. The direct laser beam

was focused at the same spot on the photo-
multiplier where it heterodyned with the
Figure 2.- Schematic drawing of Doppler scattered beam and produced a signal that
velocity system. was amplified by the photomultiplier. The
output could be observed with a wide-band
spectrum analyzer. Neutral density filters were required to reduce the inten-
sity of the reference beam, and mirrors were used to direct the light beams
onto the photomultiplier.




As stated before, the divergence angle for the incident and scattered
light must be kept very small in order to keep the Doppler frequency within
the bandwidth of the electronics equipment and the photomultiplier tube. The
angle presently used is about 3°. This small angle has made it necessary to
use one large collimation lens (7-inch Aero Ektar), which has been masked off
to give two slits on the face of the lens. Besides making it possible to
have a small collection angle for the light, the single collection lens
reduces alinement problems. The mask, which fits over the Aero Ektar collec-
tion lens, has two slits about 9 mm apart and 1 mm wide by 25 mm long. Of
course, the reference and signal light beams must still be colinear and
focused on the face of the photomultiplier tube. The path length of the
reference beam was approximately 9 mm longer than that of the scattered beam,
but at the F numbers involved, this was not important.

Focusing and superimposing these two beams on the photocathode of an
. §5-20 photomultiplier required special care since the photocathode is vacuum
deposited onto the inside of.the photo-
(as80R) PrOTOMyLTPLIER multiplier and window and is extremely
' transparent. The image transfer system
shown in figure 3 optically places the
plane of the photocathode .at the aper-
ture H. Both lenses have a 25 mm focal
length and are arranged so that the

comdioenT PHOTOCATHODE 4880 A filter is illuminated normal to

BEAMS

its surface. With this system a.sharp
image on the face of the aperturing.
plate is transferred onto the best pos-
sible position on the photocathode.

The small aperture effectively limits the amount of inherent room light enter-
ing the detector, and the bandpass interference filter further limits the
light getting to the photomultiplier tube to a narrow wavelength band about
4880 A. The use of this detector system considerably simplified the

alinement procedure.

~Figure 3.- Schematic drawing of detector
system.

The velocity measuring system was evaluated by using it to measure the
stream velocity in a small variable-throat, cold-flow tunnel to which scatter-
ing centers had been added. A conventional pitot tube measuring probe was
used to measure the total pressure. Static pressure and reservoir temperature
and pressure were measured simultaneously. Charts of compressible flow were
used to determine the velocity in the test section at the point of measure-
ment. When the system is used in the high temperature test facility for which
it was designed, the scattering centers will be of a refractory material.

In the test nozzle used in the cold flow tests and described above, experi-
ments with oil smoke, burning wet paper, and micron sized ZrO, were conducted
before TiO, was used. Besides giving the best results, TiO, is a refractory
material, The TiO, was made by combining the vapor of TiCl, directly with
the vapor of NH,OH. It is possible to produce hydrochloric acid as one of
the reaction products, but an excess of NH,OH should neutralize the HC1l. Air
saturated with ammonia vapor was bubbled through titanium tetrachloride. The
air stream emerging from the titanium tetrachloride vessel was densely filled



with a mixture of very fine, white titanium dioxide particles and ammonium
chloride smoke. This mixture was added to the stream in a plenum chamber
located just ahead of the nozzle,

X0 A series of tests were run on this
ol - small tunnel using both the argon ion
sl 5 | laser Doppler shift system and a pitot
oRESSURE 4 - | tube apparatus to obtain velocity
veLoorry, | o RN | | measurements. Figure 4 shows the cor-
oRUN2 relation between the two measurement
r ] techniques. The line drawn on the
' I graph is at 45°., The 2 - 3 percent
o 1 2 3 4 5 6 7xi0f difference between the measurements is
DOPPLER VELOCITY, cm/sec well within the probable errors attrib-
Figure 4.- Comparison of pressure velocity utable to either system. The maximum

and Doppler velocity. velocity attained was limited only by

the cold flow nozzle characteristics of the test apparatus rather than by the
measurement technique.

CONCLUDING REMARKS

A Doppler heterodyning velocity measuring apparatus has been constructed
and tested at velocities exceeding 6x10% cm/sec. The use of a high power
argon ion laser reduces the amount of scattering material required to obtain
good heterodyne signals, and the incorporation of an image transfer system
simplifies the alinement procedure.

Ames Research Center
National Aerconautics and Space Administration
Moffett Field, Calif., 94035, Sept. 10, 1969
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