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Abstract:
Although considerable work has been done to theoretically predict the optical degradation of a light
beam in passing through a turbulent medium, relatively little experimental work has been done. A
heated axisymmetric jet was chosen as an optical scattering medium through which the beam was
passed at differing, distances from the jet nozzle. The investigation was intended to determine the
effectiveness of the given experimental set-up in demonstrating qualitatively various
theoretically-predicted beam scattering effects including intensity attenuation, "jittering" angle, and
deflection. The measured scattering effects were compared to results obtained using simplified
prediction methods. The measured beam scattering data demonstrated distinct trends in the scattering
properties of interest associated with various changes in the fluid properties of the turbulent medium.

The prediction methods and the simplifying assumptions used in their application however, provided a
reliable qualitative standard of comparison for the case of beam deflection only. A more in-depth
analysis would be required for increased confidence in the prediction of beam "jittering" angle and
intensity attenuation. 
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ABSTRACT

Although considerable work has been done to 
theoretically predict the optical degradation of a light 
beam in passing through a turbulent medium, relatively 
little experimental work has been done. A heated 
axisymmetric jet was chosen as an optical scattering medium 
through which the beam was passed at differing, distances 
from the jet nozzle. The investigation was intended to 
determine the effectiveness of the given experimental 
set-up in demonstrating qualitatively various theoretically-predicted beam scattering effects including 
intensity attenuation, "jittering" angle, and deflection. 
The measured scattering effects were compared to results 
obtained using simplified prediction methods. The measured 
beam scattering data demonstrated distinct trends in the 
scattering properties of interest associated With various 
changes in the fluid properties of the turbulent medium.
The prediction methods and the simplifying assumptions used 
in their application however, provided a reliable 
qualitative standard of comparison for the case of beam 
deflection only. A more in-depth analysis would be 
required for increased confidence in the prediction of beam 
"jittering" angle and intensity attenuation.
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CHAPTER I 

INTRODUCTION

In passing a beam of light through a region of 
turbulent density fluctuations an overall degradation of 
the beam optical quality occurs. The beam degradation 
occurs as a result of the index of refraction variations 
present which are directly related to the density 
variations within the turbulent medium. Degradation 
effects on the beam include an overall average deflection 
of the beam axis, attenuation of the beam intensity, and a 
"jittering" of the beam about its time-averaged position.

Initially the majority of the effort put forth in the 
area of turbulence-caused optical scattering was 
theoretical in nature and mainly involved atmospheric-type 
turbulence. Several papers presenting various analytical 
approaches to the problem were published in the mid-19601s, 
some of which compared the predicted scattering results to 
actual measurements. By the late 1960's growing interest 
was shown in various laser applications involving the 
passage of the beam through turbulent boundary-layer type 
flows. The turbulent medium for this type of situation 
differed in that it generally possessed higher turbulent
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frequencies and smaller turbulent scales than those 
encountered in atmospheric-type turbulence.
Although a fair amount of theoretical work was done for 
optical scattering involving this type of turbulence with 
only a few notable exceptions very little experimental work 
was done.

The following investigation is experimental in nature 
and attempts to provide a qualitative indication of the 
optical scattering effects of a well-measured and 
documented turbulent medium on a laser beam. An experi
mental apparatus capable of producing easily-measured light 
beam optical scattering effects was to be designed and 
built. Equipment was required to produce the necessary 
turbulent medium, to direct a laser beam through the 
medium, and to make the necessary optical scattering 
measurements. Measurements of the turbulence properties 
were made in order to determine the nature of the 
refractive index fluctuations present for each of several 
turbulent flow cases considered. The intensity 
characteristics of the degraded beam corresponding to each 
flow case were also measured and used to determine beam 
scattering properties. A comparison was made of the 
measured beam scattering effects with predictions of the 
scattering effects obtained using the measured turbulence 
properties and simple theoretical relations. The beam
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scattering properties of interest included intensity 
attenuation, time-averaged deflection, and beam "jittering" 
angle, defined as the root-mean-square angular variation of 
the beam about its time-averaged position.
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CHAPTER 2

THEORETICAL REVIEW

Much theoretical work was done in the 1960's on the 
topic of optical scattering of a beam of light induced by 
turbulent refractive index variation in the medium through 
which the beam passes. In 1961, Tatarski (11) gave a 
statistical description of wavefronts acted on by a 
turbulent medium. In his analysis, the random turbulent 
medium was treated as being "frozen" in time during the 
propagation of the wave. Then an average was taken over 
all possible turbulence arrangements in order to obtain the 
time-average effects of the turbulence. Hufnagel and 
Stanley (4) in 1963 approached the problem by describing 
the time-averaged turbulent effects with a mutual beam 
coherence factor. In 1965, DeWolf (5) compared and 
examined the ranges of validity for three approximations 
for forward scattering (scattering in the direction of wave 
propagation) for an image being transmitted through a 
"slab" region of turbulence. The approximations considered 
included the Geometric Optics approximation, First Born 
approximation, and the Rytov complex phase expansion. In 
this work the turbulent fluctuations were assumed to vary
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smoothly and be large in comparison to the light wave
length. Heidbreder and Mitchell (7) in 1966 made a 
comparison between light intensity distributions for two 
cases: (I) plane waves (light) incident on a circular,
stationary aperture and (2) planes waves incident on a 
circular, wavefront-tracking aperture. In this analysis it 
was assumed that image fluctuations on the image plane 
corresponded predominantly to a random wavefront tilting in 
passing through the turbulent medium. Taylor (6) in 1966 
expanded on the work of Hufnagel and Stanley. In his work 
terms of higher order that were neglected in the work of 
(4) were accounted for. The resulting mutual coherence 
factor describes the deterioration of the beam coherence in 
passing through a turbulent medium. All of the previous 
theoretical analysis assumed the turbulent medium to be 
homogeneous and isotropic and the light beam entering the 
turbulence to be initially plane. Sutton in 1969 predicted 
theoretically the attenuation and distribution of beam 
intensity in the far field (large distances beyond the 
turbulent medium) for the case of a beam, also traversing a 
homogeneous and isotropic turbulent medium. Time-averaged 
effects only were considered. Several different cases of 
extinction (cxL) and D/A ratios were considered. a is the 
extinction coefficient of the turbulence, L is the 
scattering path length, D is the beam diameter and A



6
represents the turbulence scale. A method for the 
detection of wind tunnel boundary layer transition using a 
laser beam was published in 1976 by Demetriades and 
Laderman (I). The index of refraction variation occurring 
in the turbulent boundary layer caused a scattering of the 
beam, the nature of the scattering being dependent on the 
turbulence present in the boundary layer at the point where 
the beam traversed the boundary layer. Simple methods were 
given which allow the computation of beam scattering 
effects including attenuation, "jittering", and spreading 
of the beam pattern using experimentally-measured data. In 
1979 Cudahy, Van Kuren, and Wright (8) performed measure
ments of beam scattering effects occurring as a result of a 
two-dimensional turbulent jet through which the beam was 
passed. Turbulence properties of the jet were not measured 
but were estimated from data taken from other similar jet 
experiments. Theoretically-predicted beam scattering 
results computed using the estimated turbulence properties 
were compared with experimentally measured scattering 
effects. Only beam attenuation was considered in the 
comparison. The attenuation prediction scheme, although 
fairly involved, provided good correlation with experi
mental attenuation measurements.
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CHAPTER 3

EXPERIMENTAL APPROACH

The following experimental procedure provides 
measurements of the turbulence properties of the optical 
scattering medium as well as the laser beam intensity data 
required to determine the nature of the optical beam 
degradation resulting from the passage of the beam through 
each of several turbulent flow conditions considered.

Measurements of the turbulent flow necessary to 
determine the turbulent refractive index variations were 
made. A thermocouple probe was used to obtain mean 
temperature data within the jet. Hot wire anemometer-type 
temperature probes provided turbulent temperature data. A 
flow velocity probe utilizing two hot film probes was used 
to determine mean flow velocity distributions. Both axial 
and radial traverses within the jet were made with all 
three instruments in order to determine distributions of 
temperature and velocity within the jet.

The recorded laser beam intensity distribution data 
consisted of points taken along horizontal and vertical 
traverses of the degraded beam pattern using a light 
intensity detector. For each beam intersection point
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within the jet both mean and root-mean-square (RMS) 
intensity distributions in the scattered beam were 
recorded. A mean intensity distribution was also recorded 
for the case of an undisturbed beam (beam does not 
intercept a turbulent scattering medium). The measured 
beam intensity data was then used to compute beam 
degradation properties of interest (attenuation,
"jittering" angle, and time-averaged deflection of the beam 
axis). The measured beam degradation properties were 
compared to results computed using the measured turbulence 
properties and simple theoretical beam optical scattering
models.
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CHAPTER 4

EXPERIMENTAL APPARATUS AND PROCEDURE 

Jet Apparatus
An apparatus was constructed to heat ambient air, used 

as the jet medium, to the desired jet temperature. After 
passing through a series of electrical resistance-type 
heaters the air was allowed to pass through a stilling tank 
to allow equilibration of air temperature and was then 
exhausted vertically upward through a cylindrical nozzle.
A maximum jet temperature of 750°F could be produced. Both 
jet mass flow rate and heater power were infinitely 
variable allowing varying jet configurations. Nozzle 
diameters of 3/4" and I" were used. In order to minimize 
the effects of "stray" convection currents on the laser 
beam the heaters and stilling tank were surrounded by an 
insulated housing  ̂ The air-space between the heaters and 
stilling tank and the housing was ventilated with ambient 
air and exhausted a distance from the jet.

A three-dimensional actuator, mounted directly above 
the jet nozzle, was used for locating the transducers 
within the jet. Motion is allowed along a vertical axis as 
well as two perpendicular horizontal axes.
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Figure I. Jet apparatus
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Actuator positioning was controlled from a remote station 
located near the jet.

An accurate orifice-type flowmeter provided jet-mass 
flow measurement.

Optical Apparatus
An optical system consisting of a laser, a means of 

directing the beam through the jet, and an intensity 
detector apparatus to determine the distribution of 
intensity within the beam after passing through the jet was 
constructed. A 35 mW Spectra Physics helium neon laser 
(wavelength = 632.8 nm) was used as a source of light. In 
order to direct the beam through the jet a system of four 
mirrors was constructed as illustrated in Figure 2. The 
positioning of the mirrors was adjustable, thereby allowing 
the beam to intersect the jet at varying heights above the 
nozzle as well as at points off the axis of the jet.
Coarse mirror positioning was performed by remote control 
from a control station located near the jet facility. 
"Fine-tuning" of the mirror alignment was accomplished by 
adjustment screws located on the mounting bracket of each 
mirror. After passing through the mirror system (and jet) 
the beam was directed at the intensity detector apparatus, 
approximately 32 feet away.



Mirror 2
Beam

Mirror 3
Jet Nozzle

Mirror 4
Mirror I

Laser

3-D Actuator

Optical Filter
Orifice
Photodiode

2-D Actuator

M
IO

Figure 2. Optical system
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Beam shielding was used between the mirror system and the 
detector in order to minimize the effects of random room 
currents on the beam. The detector assembly consisted of 
an optical bandpass filter, an orifice for increased 
resolution of measurement, and a photodiode for detection 
of light intensity. The detector assembly is discussed in 
detail on page 23. The detector assembly was mounted on a 
two-dimensional actuator, allowing the beam cross-section 
to be traversed along both horizontal and vertical axes.
The output of the detector/actuator assembly consisted of a 
voltage proportional to intensity incident on the detector 
as well as actuator position voltage outputs proportional 
to the photodiode position along the horizontal and 
vertical axes. The voltage output from the photodiode was 
recorded using mean voltage (Fluke 8600A Digital 
Multimeter, Hewlett Packard Model 412A) and root-mean- 
square voltage (Hewlett Packard 3400A, TSI Model 1076 
variable time constant) instruments in order to obtain both 
mean and fluctuating intensity data at each data point 
location. Since beam intensity distributions were 
determined by moving a single intensity detector to 
different points within the beam cross-section, the 
distributions obtained were time-averaged as opposed to 
being instantaneous "snapshots" of the entire beam cross- 
section at a particular instant in time.
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Figure 3. Beam intensity detector apparatus
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Instrumentation

Thermocouple Temperature Probe
In order to provide measurements of time-averaged jet 

temperature a thermocouple probe using a K-type thermo
couple was constructed. The thermocouple bead diameter was 
measured to be approximately .023". The thermocouple leads 
were looped upstream in order to minimize measurement 
errors resulting from heat conduction losses in the 
thermocouple leads. The thermocouple was mounted bn the 
end of a 2-hole alumina tube (1/8" diameter) measuring 6" 
in length. The alumina was in turn sleeved into 6" length 
of stainless steel tubing resulting in a total probe stalk 
length of 12". An aluminum radiation shield having a 
diameter of 3/16" surrounded the thermocouple bead. The 
thermocouple probe assembly was mounted to the three- 
dimensional actuator mounted above the jet nozzle for 
movement to various points within the jet. The 
thermocouple output was read with an Omega Type 2809 
digital thermometer.

Hot Wire Anemometer
Hot wire anemometer temperature probes were used to 

measure fluctuating temperature data within the jet as well 
as to provide an alternative source of mean temperature 
data. A wire diameter of 20 pinches was used. Typical
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aspect ratios (length/diameter) of the wires used ranged 
from 100-250.

The probes were operated in a constant current 
configuration with the typical wire overheat (Appendix B) 
ranging from 3-4%. A Transmetrics Model ADP-I3 current 
supply was used to provide constant wire current. The 
voltage output of the current supply (voltage applied 
across the wire) was passed to a variable gain amplifier, 
Transmetrics Model ADP-I2. The amplified output voltage 
was then recorded using both mean (Fluke 8600A) and RMS 
(Hewlett-Packard 34OOA analog-type, TSI Model 1076 variable 
time constant) voltmeters in addition to being recorded on 
tape for turbulence frequency spectrum analysis.

Hot Wire Response
The frequency response, defined as the ratio of actual 

wire output to the theoretical wire output of a given hot 
wire probe is a function of wire material properties (heat 
capacity, density), wire dimensions (radius only, for large 
length/diameter ratio), and the properties of the fluid 
flow of interest (Nusselt number, heat conductivity) 
(Reference 14). Hot wire frequency compensation circuitry 
was provided in the hot wire output signal amplifier in 
order to compensate for attenuation of high frequency hot 
wire output signals caused by inadequate wire frequency 
response. This circuitry was not used in the present
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experiment since it was estimated initially that the 
turbulence frequencies within the jet were sufficiently low 
(estimated < 1-2 kHz). For frequencies in this range the 
attenuation of signal due to inadequate hot wire frequency 
response would be small. In actuality however turbulence 
frequencies as high as 20 kHz were present within the jet 
and therefore signal attenuation was significant and could 
not be ignored. The attenuation present in the measurement 
of a particular signal can be computed for a given signal 
frequency with knowledge of the time constant of the hot 
wire which provides an indication of its frequency 
response. The relationship is,

vACTUAL / vTHEORY = 1^ 1 + 4jc2f2r2) (I)

where V^q^ual *s the amplitude of the attenuated wire 
output signal (voltage applied across the wire), VTHE0Ry is 
the amplitude of the output of a wire with ideal frequency 
response exposed to the same turbulence source, f is the 
frequency of the signal and t is the time constant of the 
wire. For the wires used the time constant was taken to be 
30 nsec (Reference 16). Figure 4 illustrates the signal 
attenuation of a hot wire (t = 30 nsec) as a function of 
signal frequency. Figure 5 illustrates a frequency 
spectrum of a typical wire output signal measured in the
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present experiment. Presented are two frequency spectra: 
(I) the frequency spectrum corresponding to the actual 
measured hot wire output and (2) the same signal 
"corrected" using the previously given frequency response 
spectrum. It can be seen the error due to wire frequency 
response attenuation is significant. Since the RMS 
variation in the turbulence signal is proportional to the 
area under the frequency spectrum curve the measured RMS 
variation of the turbulence signal is consequently much 
less (a factor of 2-3) than the actual RMS turbulent 
temperature fluctuations. Because of the signal 
attenuation present the RMS temperature variations 
previously presented cannot be considered valid proof of 
similarity in the distribution of jet properties.
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Hot Film Velocity Probe
A velocity probe was required in order to measure mean 

velocity within the jet. Because of the low speed nature 
of the jet and therefore low dynamic pressure the 
particular probe used operated on the principle of a delay 
in time of a particular turbulent signal in passing between 
two sensors mounted a known distance apart. A pair of hot 
film resistance-type probes were used as turbulence 
sensors. This type of probe operates on a principle 
analogous to that of a hot wire probe. The resistance of 
the active element varies with its temperature. The probes 
were mounted at angles of 45° and 30° to the direction, of 
jet flow in the mounting fixture shown in Figure 6. The 
hot film probes were operated in a constant current-type 
configuration. A pair of Transmetrics ADP-I3 
constant-current supplies combined with Transmetrics ADP-I2 
amplifiers provided probe currents and amplified film 
output voltages. The amplifier output voltages were 
recorded on tape. A dual channel digital storage-type 
oscilloscope was used measure the phase shift present 
between the turbulence signals of the two probes. A 
typical velocity probe output is shown in Figure 7.



22

Figure 6. Hot film velocity probe

Figure 7. Hot film velocity probe typical output
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Light Beam Intensity Detector

An intensity detector assembly mounted on a 
two-degree-of-freedom actuator was used to measure 
time-averaged beam intensity distributions from which beam 
optical degradation effects could be determined. The 
detector assembly consisted of an optical bandpass filter 
(wavelength = 632.8 nm), an orifice for increased 
resolution, and a photodiode for measurement of light 
intensity. The orifice diameter was .025", which was 
approximately 4% of the diameter of the undisturbed beam 
distribution. A Hewlett Packard (5082-4220) silicon 
photodiode was chosen for intensity detection for its low 
"noise", good response to the wavelength of interest, and 
linear input intensity/output voltage relation. Frequency 
response of the diode and its associated circuitry was 
estimated to be I MHz which was quite sufficient for 
measurement of the beam optical scattering effects which 
generally possessed frequencies less than 20 kHz. An 
electrical schematic of the detector circuit is given in 
Appendix C.

Data Collection Procedure

Thermocouple Data
The axial mean temperature data consisted of 25 data

points taken along the jet axis at distances from the jet
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nozzle ranging from 0" to 18.5" for each of the two flow 
cases considered. The position indicators on the actuator 
(providing a voltage proportional to probe position for 
each of the 3 axes) were first calibrated in order to 
determine the voltage/displacement ratio for each. For 
each data point on the jet axis the probe was moved in 
both horizontal directions in order to determine the exact 
location of the jet axis which corresponded to the point of 
maximum temperature. Once the location of. the jet axis was 
located the thermocouple was allowed to come to thermal 
equilibrium for approximately 30 seconds.

The radial distributions of mean jet temperature were 
determined for five heights above the jet nozzle (X = 3", 
5", 7", 10", and 14") for both jet cases. For each of the 
five axial positions the location of the jet axis was first 
determined as described previously. The thermocouple probe 
was then moved along one horizontal axis to a point 
external to the jet. Direction of the actuator was then 
reversed and approximately 30 data points were recorded at 
evenly spaced points across the jet diameter using the 
position voltage output of the actuator to determine probe 
position in the jet.

Hot Wire Anemometer
Hot wire anemometer temperature probes were used to 

measure fluctuating temperature of the jet turbulence as
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well as provide an alternative source of mean temperature 
measurement. In order to obtain mean and fluctuating 
(RMS) temperature data from the hot wire probe the mean 
wire resistance and RMS resistance variation of the hot 
wire corresponding to the fluid temperature at the data 
point location of interest are measured. The thermal 
resistance coefficient of the wire material is then used to 
obtain wire temperature. The wire resistances of interest 
cannot be measured directly since resistance is generally 
determined by passing a known current through the resistive 
component of interest and measuring the resulting voltage 
drop. For the case of a hot-wire type temperature probe 
the use of such a current results in I2R heating of the 
wire and a resulting deviation of the Wire resistance from 
the actual "zero current" resistance of interest1.

In order to obtain an accurate value of the "zero 
current" resistance an extrapolation procedure using wire 
resistances corresponding to several different known 
currents applied to the wire for each probe location was 
used. For a particular probe location in the jet four 
different known currents (constant) were passed through the 
wire. The mean and RMS voltages applied to the wire for 
each of the four currents were recorded and used to compute 
the mean and RMS wire resistances. These resistances were 
plotted versus power (I2R) (four data points on each plot)
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for each particular probe location within the jet. Typical 
mean wire resistance versus power and RMS wire resistance 
versus power plots are shown in Figures 7 and 8, 
respectively. The "zero current" mean and RMS resistances 
are represented by a point located by the intersection of 
the vertical axis (I^r = o) and a line drawn through the 
four data points and extrapolated, to the vertical axis.

Knowledge of the "zero current" mean (R) and RMS 
(ARrms) wire resistances allows the computation of the 
corresponding mean and RMS fluid temperature with the 
following relation (Reference 14).

R = R0 (I + a (T - 32 °F) ) (2)

Where Rq is the "zero current" wire resistance at the 
temperature of the fluid at a particular data point of 
interest, T is that fluid temperature (°F), Rq is the "zero 
current" wire resistance at 32°F, and a is the thermal 
resistance coefficient of the particular hot wire material. 
Both a and Rq are determined by oven calibration of the hot 
wire before use. Equation 2 can be solved directly for 
computation of the mean fluid temperature for a given 
measured "zero current" wire current and wire calibrations 
(Rq and a).
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T = (32°F + (IZaR0)(R - Rq)) (3)

Similarly an equation for computation of RMS temperature 
fluctuations for a given "zero current" RMS wire resistance 
can be obtained.

ATRMS “ ARRMS/aRo (4)

The hot wire data (amplifier voltage output) was 
recorded on tape for turbulence frequency spectrum 
analysis. For increased resolution and a more favorable 
signal/noise ratio in recording the hot wire signal on tape 
an amplifier gain of 100 was used for measurements taken in 
the present experiment. This amplification required 
division of the output wire voltage by 100 for reduction of 
the hot wire data.

Hot wire temperature measurements were made at 
approximately 25 points along the jet axis ranging from 
X =  .5" to X = 18.5" from the jet nozzle for both jet 
configurations considered.
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Figure 8. Hot wire data reduction, mean wire resistance v.s. power
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PCWER (UW)

Figure 9. Hot wire data reduction, RMS wire 
resistance v.s. power
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Radial traverses -of the jet were made with the hot 
wire probe for two heights above the jet nozzle, X = 7" and 
X = 14", also for both jet configurations considered. For 
each height above the jet nozzle approximately 30 evenly- 
spaced data points were taken across the width of the jet.

Hot Film Velocity Probe Data
The velocity probe was used in determining axial and 

radial distributions of velocity for both jet 
configurations used. Currents (constant) supplied to the 
two hot film probes produced a 1-2% overheat (see Appendix 
B for explanation of overheat terminology). The hot film 
output quantity of interest was the phase shift in time 
between the two hot film output signals. It was therefore 
not necessary to utilize the extrapolation procedure 
detailed in the previous section on hot wire data 
collection and reduction and one film current only was used 
at each data point. Sufficient signal amplitude was 
however necessary to determine the phase shift between 
"characteristic" turbulence peaks of the hot film output 
signals. The gain of the output signal amplifiers was set 
at 450. The output signals from the two probes were 
recorded simultaneously on tape (approximately 30 seconds 
for each data point). The recorded velocity probe data 
reduction (determination of the phase shift between the two 
signals) was performed using a dual channel digital
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storage-type oscilloscope (Gould Type 1425). Approximately 
30 phase shift readings were taken for each data point 
location and averaged in order to compute the mean flow 
velocity. The separation of the hot film probes was 
measured to be .262".

Beam Optical Degradation Data
Time-averaged mean and RMS intensity distributions of 

the scattered beam occurring as a result of passage of the 
beam through varying cases of the turbulent beam-scattering 
medium were measured in order to determine the optical 
degradation effects of interest (attenuation, deflection of 
beam axis, and "jittering angle").

A mean intensity distribution for the case of an 
undisturbed beam (no turbulent scattering medium present) 
was measured for comparison to the scattered beam results. 
Radial traverses of the beam pattern incident on the 
intensity detector were made along horizontal and vertical 
axes. Mean intensity data was recorded at approximately 30 
points along each axis.

Mean and RMS scattered beam intensity distributions 
securing as a result of beam passage through the jet were 
measured for various beam-jet intersection points and for 
both jet cases considered. The beam intersection points 
for the "fine-grained" jet case (3/4" nozzle, 33.5 CFM 
flowrate) were axial positions of X = 7", 10", 14", and
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16". For the "coarse-grained" jet axial positions of 7" 
and 14" were considered. All beam paths through the jet 
passed through the jet axis. Four jet nozzle temperatures 
of 90, 360, 525, and 700 F were considered.

For each position of the beam within the jet the beam 
intensity attenuation and mean deflection of the beam axis 
were determined by first locating the beam center and 
recording the maximum beam intensity (on the beam axis) 
with the jet off and capped. The same measurements were 
then taken with the jet in operation. The beam was then 
traversed along horizontal and vertical axes. Mean and RMS 
intensities were recorded at approximately 30 data points 
along each axis.
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CHAPTER 5 

RESULTS

Turbulent Flow Description 
The axisymmetric jet flow chosen as a source of 

turbulence is well-documented in the literature (References 
2, 10) and thus is suited for use as a scattering medium. 
Measurements were made of the jet properties of interest 
(mean temperature, fluctuating temperature, and velocity) 
in order to verify that the distribution and amplitude of 
such properties were comparable to those presented by other 
sources.

In the present experiment two different jet flows were 
examined: (I) a "coarse-grained" jet having a larger
overall jet turbulence scale and (2) a "fine-grained" jet 
having a smaller turbulence scale and a higher frequency of 
turbulence. Use of two jets having widely varied 
turbulence scales provided contrasting optical scattering 
situations. The turbulence scale of the jet, which 
increased with axial position (distance from the jet 
nozzle), could be varied throughout the jet by varying the 
Reynold's Number, a function of nozzle conditions (mass 
flow rate, nozzle temperature, and nozzle diameter).
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Figure 10. Jet Schlieren photograph
(Flowrate = 5 C FM, Nozzle diam. = 3/4")
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Figure 11. Jet Schlieren photograph
(Flowrate = 20 CFM, Nozzle d i a m . = I")
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Figure 12. Jet Schlieren photograph
(Flowrate = 33.5 C F M , Nozzle diam. = 3/4")
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Figure 13. Jet Schlieren photograph
(Flowrate = 45 C FM, Nozzle diam. = I")
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The two jet flow configurations used in the investigation 
were: (I) 20 CFM flowrate, I" diara. nozzle ("coarse
grained") and (2) 33.5 CFM flowrate, 3/4" diam. nozzle 
("fine-grained"). Schlieren photographs of four jet 
configurations with increasing turbulence scale are 
illustrated in Figures 10 through 13; Figure 10 having the 
largest turbulence scale and Figure 13 the smallest.
Figure 11 depicts the "coarse-grained" jet configuration 
used as an optical scattering medium and Figure 12 the 
"fine-grained" jet.

IThe typical structure of a turbulent axisymmetric jet
is illustrated in Figure 14. For the case of a high speed

!jet a short laminar region may precede a transition region 
leading into the turbulent section of the jet. For this

I

situation a virtual jet origin is defined to exist a
I • '

distance downstream from the actual jet nozzle. For the 
general case of a low speed jet the laminar region is 
relatively short and the distance from the nozzle to the 
virtual origin can be neglected. Therefore,

X = (X-X0)ZD = X/D (5)

Where X is the distance from the jet nozzle, Xq is the 
distance of the virtual origin from the nozzle and D 
represents the nozzle diameter which is required to produce 
the nondimensional axial coordinate X.
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Figure 14. Jet flow diagram
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For the particular jet cases considered a short 
laminar-transition region did in fact exist.

For the case of an axisymmetric jet it is known from 
jet theory that the "spreading rate" is determined by the 
ratio of the nozzle density and the density of the jet 
surroundings (^1Zz000 ) (Reference 12). In order to compare 
the axial distributions of jet properties of the present 
experiment to measurements made by other experimenters it 
is necessary to incorporate the initial jet density ratio 
into the abscissa used in plotting the axial distributions 
of jet properties.

X/D JpJ p1' (6)

For theoretical jet flow it is assumed that pressure for 
all points within the jet is equal to the pressure of the 
jet surroundings. Using this assumption the initial jet 
density ratio can be related to the initial jet temperature 
ratio (T(O)1ZToo) using the ideal gas law and the following 
abscissa is obtained.

XZD /T(O)1ZToo1 (7)

It is known from jet theory that the velocity 
(Reference 12) and temperature (Reference 12) on the jet
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axis decreases along the axis at a rate proportional to 1/X 
where X represents distance from the jet nozzle.

Ordinates used in plotting the axial mean temperature 
and velocity distributions are as follows:

Temperature: (T(O)1-Too)Z(T(O)-Too) (8)

Velocity: U(O)1ZU(O) (9)

where Too is the temperature of the jet surroundings, T(O)1 
is the jet nozzle temperature (on the axis) and T(O) is the 
temperature at some point on the jet axis. In Equation 9 
U(O)1 represents the axial velocity at the nozzle and U(O) 
represents the velocity at some point on the jet axis.

Since the axial jet properties (T(0) and U(O)) appear 
in the denominators of Equations 8 and 9, data plotted 
using the given ordinates result in linearly increasing 
plots of axial velocity and temperature data provided the 
particular jet of interest possesses a fully-developed 
jet-type flow (turbulent in this investigation).

For the case of such a jet the nondimensionaI axial 
temperature and velocity can be fitted to an equation of 
the following form (Laufer, Reference 2).

U(O)1ZU(O) = (I + C1(X-X0ZD) S(T(O)1ZToo) (10)
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Here X is the distance from the jet nozzle, Xq is the 
distance of the virtual origin from the nozzle, D is the 
nozzle diameter and is an empirically-determined 
constant. Since Xq is a constant Equation 10 can be 
written

U(O)1ZU(O) = (C2 + C1(XZD) S(T(O)1ZToo)) (11)

where C2 is an empirically-determined constant which is 
dependent on the location of the virtual origin (Xq). in 
comparisons of axial velocity or temperature data recorded 
by different experimenters to the data recorded in the 
present jet experiment the constant C2 in general will not 
be the same due to differing locations of the virtual 
origin for each different jet case. The constant C1, which 
represents the slope of the U(O)1ZU(O) (or equivalent 
nondimensional mean temperature ordinate) versus axial 
position relation, is, in theory, the same for all 
fully-developed jets. Fig. 15 illustrates the axial 
variation of velocity for. the two cases of. jet flow used as 
well as for two independent jet experiments;
(I) Demetriades arid Doughman, Reference 3 (arc-heated 
plasma jet) and (2) Corrsin and Uberoi, Reference 10 
(heated air jet similar to the jet used in the present 
experiment).
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Figure 15. Jet axial velocity distribution



44

The data of Corrsin and Uberoi can be seen to exhibit a 
horizontal portion for values of the abscissa ranging from 
O to approximately 6, at which point a slope following 
roughly the theoretically-predicted axial velocity 
distribution was assumed. The horizontal portion of the 
distribution indicates the presence of a laminar or 
transition section preceding the fully-developed portion of 
the jet. Because the velocity distribution in this portion 
of the jet does not follow the theoretically-predicted 
distribution of axial velocity, the virtual origin of the 
jet is assumed to be located some distance downstream of 
the jet nozzle (Xq is not equal to zero in this case). 
Although the data of the plasma jet experiment (Demetriades 
and Doughman) does not show the presence of such a 
phenomenon, a considerable laminar region as well as 
transition region, was in fact present. Because the 
available data was plotted using the abscissa 
((X-Xq )/D)/t (O)1/T(O)1 this fact was "hidden". The 
velocity data of the present jet experiment was plotted 
using the abscissa (X/D)/T(0) ̂ /T(O)' and yet did not appear 
to demonstrate the presence of a laminar/transition zone. 
Because the actual value of Xq was not known for all of the 
jet cases considered the slope of the given velocity 
distributions only should be used for comparison.
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Figure 16. Jet axial mean temperature distribution
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Figure 16 illustrates the axial mean temperature data for 
the two jet cases of the present experiment as well as data 
from other jet experiments as presented by Laufer 
(Reference 2). The location of the virtual origin Xq was 
not known for the data obtained from Laufer. The presence 
of a laminar or transition region is however indicated by 
the measurements taken for both jet cases of the present 
experiment. The theoretical axial temperature behavior on 
the jet axis is verified for values of the abscissa 
greater than 7. Although lack of knowledge of the location 
of the virtual origin for Laufer1s data precludes direct 
comparison of the three curves their slopes were comparable 
as can be seen from Figure 16. Slopes of the curves were 
computed for comparison. For both of the jet cases 
considered in this experiment the computed slope (C1) was 
.156. For the data obtained from Laufer the computed slope 
was .174.

Figure 17 illustrates the axial distribution of 
nondimensional root-mean-square (RMS) temperature variation 
for the two jet configurations of the present experiment. 
Again, the data of the plasma jet case of Demetriades and 
Doughman (Reference 3) and the heated air jet case of 
Corrsin and Uberoi, (Reference 10), were plotted for 
comparison.
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Figure 17. Jet axial RMS temperature distribution
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The axial RMS temperature variation was plotted using the 
nondimensional ordinate, TrmsZ(T(O)-Too), where Trms is the 
RMS temperature variation (dimensional) at a point on the 
jet axis, T(O) is the time-averaged temperature at the same 
point, and Too is the temperature of the jet surroundings.

The data of the present experiment demonstrated small 
amplitudes of the ordinate near the jet nozzle 
(corresponding to the presence of a laminar/transition 
region) which increased to a larger figure which remained 
of approximately the same order of magnitude throughout the 
fully-developed portion of the jet. A similar behavior was 
demonstrated by the measurements of the 
Demetriades/Doughman and Corrsin/Uberoi experiments. 
Although the general characteristics of the data of the 
present experiment and the data used for comparison were 
the same the amplitudes of the present measurements were 
generally smaller by a factor of ,2 or 3. This discrepancy 
is thought to be caused by an attenuation of the signal due 
to inadequate frequency response of the hot wire 
anemometer-type temperature probe used in measuring the 
fluctuating temperature properties of the jet. Because of 
the signal attenuation present the value of the RMS 
temperature variations in demonstrating the ability of the 
properties of the given jet configurations to match those 
measured by other experimenters was questionable. The
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attenuation of the hot wire output signal is dealt with in 
greater detail in the section on instrumentation.

Radial Distribution of Jet Properties
Radial distributions of the jet properties of interest 

(velocity, time-averaged temperature, and RMS temperature 
fluctuations) were determined for two distances from the 
jet nozzle for each of the two jet cases considered. For 
the case of a fully-developed jet (beyond any transition 
region present, i.e. for X > XQ) the radial distributions 
of the velocity and temperature are said to be similar 
since the temperature and velocity profiles across the jet 
are similar in shape regardless of the distance from the 
jet origin and differ only by a scale factor. Use of the 
proper nondimensibnal variables in plotting the radial 
velocity and temperature profiles allows a single curve to 
represent the data for each jet property regardless of 
distance from the jet nozzle, initial jet flow conditions 
(velocity, density, nozzle diameter) or properties of the 
jet surroundings (density), if similarity in the radial 
distributions of jet properties does in fact exist.

The nondimensional radial coordinate used in plotting 
the radial distributions of jet properties was (Reference 
3)

0 = #/L (12)
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where ^ is a dimensional (length) radial coordinate 
incorporating the effects of density gradients across the 
width of the jet. L is a characteristic length which 
varies directly with distance from the jet origin (axial 
position).

^ is computed using the following integral which 
provides a method of "stretching" or "compressing" the 
measured radial coordinate in order to compensate for 
changes in density across the jet.

= JY (P(Y)ZfiJY dY (13)
0

Where Y is the measured radial position coordinate of a 
point of interest, /> (Y) is the time-averaged jet density at 
the same point, and Am is the density of the jet 
surroundings (Reference 3). It is known from compressible 
jet theory that use of this type of transformation produces 
similarity in the radial jet property distributions. The 
particular jet cases considered were compressible in nature 
since density gradients existed across the jet. The 
integration is performed for each radial position of 
interest (Y).

The characteristic length L, a function of axial 
distance from the jet nozzle, was computed using the 
momentum integral (M), the density of the jet surroundings
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(Aco) , and the axial velocity U(O) for the particular 
distance from the jet nozzle (Reference 3).

L = i/ MZZKfimU(O)2 (14)

From jet theory the momentum integral of the jet was 
assumed constant regardless of distance from the jet 
nozzle. Since

U(O) " 1/X (15)

where X is the axial distance from the jet origin, then

L " X (16)

The ordinates used in plotting the radial distribu
tions of time-averaged velocity and temperature are given 
as fractions of the total possible difference between the 
maximum value of the temperature (or velocity) for a given 
distance from the jet nozzle (on the axis) and the value of 
the temperature (or velocity) outside the jet boundaries. 
These plotting ordinates are as given by Demetriades and 
Doughman (Reference 3).

% = (T - TJ/(T(0)  - T J (17)
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O = U/U(0) (18)

where U(O) and T(O) are axis velocity and temperature 
respectively, U and T are velocity and temperature at a 
particular point located a distance from the jet axis, 
and Too is the temperature of the jet surroundings.

Figure 18 illustrates the radial distribution of mean 
(time-averaged) jet temperature for the "fine-grained" jet 
case. Figure 19 illustrates the distribution for the 
"coarse-grained" jet. Five axial positions are presented 
for each of the two jet cases considered, X = 3", 5", 7", 
10", and 14".

The radial temperature distribution for axial 
positions X = 5"-14" can be seen to demonstrate the laws of 
similarity in both Figure 18 and Figure 19; for these four 
axial positions the radial temperature profiles trace out a 
single curve by use of the similarity variables iy and ¥.
The distributions corresponding to the axial position 
X = 3" however do not demonstrate this quality of 
similarity. It can then be assumed that fully-developed 
jet flow (i.e. jet flow obeying similarity) does not exist 
for this axial position and therefore the transition to 
fully-developed turbulent jet flow occurs at some point 
between X = 3" and X = 5" on the jet axis.
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The radial distribution of time-averaged jet velocity 
is illustrated in Figure 20. Data is presented from both 
jet cases considered. Two axial positions for each are 
presented, X = 7" and X =14" (distances from the jet 
nozzle). Although more "scatter" was present in the mean 
velocity data than for the mean temperature data the 
property of similarity of shape appeared to be valid. Also 
presented for comparison in Figure 20 is the radial 
velocity distribution (similar) of the plasma jet examined 
by Demetriades and Doughman (Reference 3).

Radial RMS Temperature Distributions
The radial distributions of root-mean-square (RMS) 

temperature fluctations within the jet are illustrated in 
Figure 21. The temperature fluctuations were normalized to 
dimensionless form using the difference between the time- 
averaged axis temperature (at the particular axial position 
of interest) and the temperature of the jet surroundings. 
The similarity ordinate plotted versus the nondimensional 
radial coordinate is then

TRMS/(T (°) - Tco > (19)

where Trms is the absolute RMS temperature fluctation, T(O) 
is the mean temperature on the jet axis and Teo is the 
temperature of the jet surroundings.
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Figure 21. Jet radial RMS temperature distribution
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Figure 21 illustrates the radial RMS temperature 

fluctuation data for both jet cases ("fine-grained" and 
"coarse-grained"). Radial distributions are given for 
two axial distances, X = 7" and X = 14", for each jet case.

No positive conclusions can be drawn from the RMS 
temperature data regarding the validity of the laws of 
similarity for the particular jet cases considered due to 
inadequate frequency response of the temperature probe used 
to measure the 'RMS temperature fluctuations (hot wire 
anemometer.) . The hot wire signal attenuation problem is 
addressed in detail in the section on instrumentation.

Buovancv Effects on the Predicted 
Distributions of Jet Properties

The effects of buoyancy of the heated jet on the axial 

and radial distributions of jet properties was considered 
to be negligible based on calculations of the Froude number 
along the jet axis. The relative effects of the jet fluid 
buoyancy and inertia required for computation of the Froude 
number were calculated using the measured axial distribu 

tions of time-averaged temperature and velocity. The 

buoyancy of the j e t .fluid was least noticeable for the 
"fine-grained" jet considered (nozzle diam. = 3 / 4 " ,  
flowrate = 33.5 CFM) and ranged from 90 at the jet nozzle 

to 60 at a distance of 20 inches from the nozzle (the 
farthest distance from the jet nozzle where jet properties
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were measured). The effects of buoyancy were greater for 
the case of the "coarse-grained" jet (nozzle diam. = I", 
flowrate = 20 CFM) which had Froude numbers ranging from 44 
to 30 at the same two axial positions. Because the Froude 
numbers were much greater than I for all cases considered 
the bouyant effects were judged to be negligible.
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Beam Scattering Measurements 
The results of the beam scattering measurements made 

include attenuation data, beam axis deflections, and 
distributions of the mean and RMS intensity within the 
scattered beam pattern incident on the detector.

The distribution of mean intensity for an undisturbed 
beam is given in Figure 22. Presented are data from 
horizontal and vertical traverses of the beam cross- . 
section. The mean intensity measurements were normalized 
with the beam axis intensity. Axial symmetry of the beam 
intensity distribution is demonstrated. The radial 
intensity distribution data was fit to a Gaussian curve 
(Reference I).

I = I(O) exp(-X2/k2) (20)

Where I(O) is the beam axis intensity and X is radial 
distance. The value of k determined from a curvefit of the 
measured mean intensity distribution was .1273095 (X in
inches).
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Table I. Measured beam attenuation and deflection 
data, T(O) = 700°F

Nozzle
diameter

Beamposition
Attenuation Beam deflection

3/4" .80 .1347"
10" .808 .0495"

- . 14" .823 .0723"
- 16" .867 .0642"

I" 7" .792 .1109"
14" .816 .0228"

Table 2. Measured beam 
data, T(O) =

attenuation 
5 2 5 ° F

and deflection

Nozzle
diameter

Beam
position

Attenuation Beam deflection

3/4" 7" .778 .0726"
10" .819 .0709"
14" .955 .0558"
16" .874 .0733"

I" 7" .814 .2709"
14" .839 .0944"
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Table 3. Measured beam attenuation and deflection 
data, T(O) = 360°F

Nozzlediameter
Beamposition

Attenuation Beam deflection

3/4" 7" .984 .0232"
10" .878 .1165"
14" .925 .0225"
16" .929 .0540"

I" Y it .955 .0074"
14" .888 .1417"

Table 4. Measured beam 
data, T(O) =

attenuation 
90 ° F

and deflection

Nozzle
diameter

Beam
position

Attenuation Beam deflection

3/4" 7" 1.011 .0025"
10" 1.019 .000"
14" 1.00 .0144"
16" ' .994 .0081"

I" 7" .993 .0207"
14" .997 .001"
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The measured beam intensity attenuation and beam axis 
deflection data is given in Tables 1 - 4  for the four jet 
nozzle temperatures considered. For each nozzle 
temperature two beam-jet intersection points were 
considered for the "coarse-grained" jet case (I" nozzle) 
and four intersection points for the "fine-grained" jet 
case (3/4" nozzle). The attenuation is given as the ratio 
of the scattered beam axis intensity to the unscattered 
beam axis intensity. The mean beam deflection is given as 
inches of" deflection of the beam axis measured at the 
intensity detector (located a distance of 32.5 feet from 
the turbulent jet). No measureable deflection of the beam 
occurred in the horizontal direction. All deflections 
given are in the vertical direction with positive 
deflections taken upward.

Both the attenuation and deflection data demonstrated 
a certain randomness particularly for lower nozzle 
temperatures (Tables 3 and 4), possibly occurring as a 
result of "noise" present in the detector output signal. 
This effect was not as noticeable for the data of the 
higher nozzle temperatures (Tables I and 2).

Mean Beam Intensity Distributions
Scattered mean beam intensity distributions are 

presented for two typical beam scattering cases (Figures 23 
and 24).



OTX

65

I. 2 T

* = horizontal traverse 
+ = vertical traverse

I
I
I(O)

. a -

HO
. 6 ■

i--- r

I

■4 j-

. 2 ■

*

*
*

*
4-

*

1

-X- -X-

0  I ---1-- 1----1_
-50-40-30-20-10 0 10

XlO-2=
120 30 40 50

Radial position (inches)

Figure 23. Scattered beam mean intensity
distribution (typical)
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Figure 24. Scattered beam mean intensity
distribution (typical)



. 6 7

The mean intensity data for both horizontal and vertical
xtraverses of the beam cross-section are presented. The 

measured data is normalized using the scattered beam axis 
intensity. The use of the beam axis intensity in the 
normalization provided compensation for drifts in the laser 
output intensity over time. The scattered beam intensity 
distributions can be seen to demonstrate symmetry about the 
beam axis.

RMS Beam Intensity Distributions
RMS scattered beam intensity data is presented for the 

same jet configurations, nozzle temperatures, and beam 
positions as was considered for the mean temperature data.

.Figures 25 and 26 illustrate the symmetry of the RMS 
intensity distribution for typical beam scattering cases 
about the beam axis. The data was normalized using the 
scattered beam axis intensity. Data of both horizontal and 
vertical traverses of the scattered beam cross-section are 
plotted. Both distributions generally demonstrate similar 
amplitudes and widths for the cases considered.
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vertical traverse

I(RMS)

Radial position (inches)

Figure 25. Scattered beam RMS intensity
distribution (typical)
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* T(O)
T(O)1 = 360* F

A  T(O)1 = 525°FI(RMS)
V  T(O)

Radial Position (inches)

Figure 27. Scattered beam RMS intensity distribution,
(D = 3/4", X = 7"),
T ( O ) 1 = 90, 360, 525, 700° F
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* T(O)
+ T(O)
A T(O) 525"F
V T(O)

I(RMS)

Radial Position (inches)

Figure 28. Scattered beam RMS intensity distribution,
(D = 3/4", X = 10"),
T ( O ) 1 = 90, 360, 525, 700° F
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* T(O)

A  T(O) 525° F
V  T(O)1 = 700*F

I(RMS)

XlO 2=

Radial Position (inches)

Figure 29. Scattered beam RMS intensity distribution,
(D = 3/4", X - 14"),
T ( O ) 1 = 90, 360, 525, 700° F
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* T(O)
T(O)1 = 360" F

A  T(O) 525°F
V  T(O)

I(RMS)

Radial Position (inches)

Figure 30. Scattered beam RMS intensity distribution,
(D = 3/4", X = 16"),
T(O)1 = 90, 360, 525, 700° F
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* T(O)
360°F+ T(O)
S2S°FA  T(O)
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2. 5-

Radial Position (inches)

Figure 31. Scattered beam RMS intensity distribution,
(D = I", X = 7"),
T ( O ) 1 = 90, 360, 525, 700° F
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T(O)1 = 90°F
+ T(O)
0 T(O)
A  T(O)1 = 700°F

3.5-

Radial Position (inches)

Figure 32. Scattered beam RMS intensity distribution,
(D = I", X = 14"),
T ( O ) 1 = 90, 360, 525, 700° F
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Figures 27 - 32 illustrate the effects of varying jet 
nozzle temperature on the beam RMS intensity distribution 
for a given beam position. Presented are RMS intensity 
data for four beam positions and the two jet cases (6 
scattering cases, 2 beam position only are considered for 
the "coarse-grained" jet configuration). The data are 
normalized using the scattered beam axis intensity. For 
each the scattered radial RMS intensity distributions 
corresponding to four nozzle temperatures (90, 360, 525, 
and 700°F) are plotted. Although the jet heaters were not 
used for the case of a jet nozzle temperature of 90°F beam 
scattering effects were present (Figure 35). Scattering 
occurred because of an approximate 20°F temperature 
difference between the jet nozzle temperature and the 
temperature of the jet surroundings due to frictional 
heating of the air in passing through the jet apparatus.
The RMS intensity fluctuations can be seen to increase with 
increasing nozzle temperature.

The "double-humped" characteristic typically 
demonstrated by the radial RMS intensity distributions is 
caused by an overall "jittering" of the beam. The relative 
difference in heights of the "humps" (maximum intensity 
points) and intensity on the axis increases with the 
amplitude of the "jittering" of the beam about its 
time-averaged position.

\
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Figures 33 - 40 illustrate the effects of varying beam 
position for constant jet nozzle temperature on the RMS 
beam intensity distributions. RMS beam scattering data 
corresponding to four beam positions and the two jet 
configurations (6 scattering cases, 2 beam positions only 
were considered for the "coarse-grained" case) is given, 
Four jet nozzle temperatures were considered (90, 360, 525, 
and 700 Fj. The RMS intensity data was normalized using 
the unscattered beam axis intensity. Use of this 
normalization provides compensation for the effects of 
drift in laser intensity over time and therefore allows 
comparison of the amplitudes of various RMS intensity 
distributions recorded at different times. The RMS 
intensity data plotted generally demonstrates a decrease in 
amplitude for increasing axial distance (increasing jet 
turbulence scale) from the jet origin.
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Figure 33. Scattered beam RMS intensity distribution,
(D = 3/4", T(O)1 = 700 ° F ) ,
varying beam position
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Figure 34. Scattered beam RMS intensity distribution,
(D = 3/4", T(O)1 = 525 ° F ),
varying beam position
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+ X =  7"
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A  X = 16
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Radial Position (inches)

Figure 35. Scattered beam RMS intensity distribution,
(D = 3/4", T(O)1 = 360 ° F ),
varying beam position
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Figure 36. Scattered beam RMS intensity distribution,
(D = 3/4", T(O)1 = 90 ° F ) ,
varying beam position



OIX

82

3. 5

I(RMS)
I(NJ)

2. 5»

+-H*- .

+ X =  7" ;
* X

I. St-
**

I r

. 5 I- *

-i__
-60 -40 -20

XlO - 2,

20 40 60

Radial Position (inches)

Scattered beam RMS intensity distribution,
(D = I", T(O)1 = 70 0 ° F ) ,
varying beam position

Figure 37.



83

* X
+ X

I(RMS)
I(NJ)

Radial Position (inches)

Figure 38. Scattered beam RMS intensity distribution,
(D = I", T(O)1 = 525 F ) ,
varying beam position
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Figure 40. Scattered beam RMS intensity distribution,
(D = I", T(O)1 = 9 0 °F),
varying beam position



86

Theoretical Predictions of Beam Scattering 
Theoretical predictions were made of beam optical 

degradation properties including time-averaged deflection 
of the beam, beam "jittering" angle, and attenuation of the 
beam intensity.

Beam Deflection
The time-averaged deflection of the beam axis was 

computed using two approaches: (I) The jet (beam
scattering medium) was treated as an isothermal "glass 
wedge" having a constant refractive index throughout, and 
(2) The jet was assumed to be composed of a number of
concentric cones, each having a different temperature (and

I
therefore a different refractive index).

Both methods required the computation of the "cone 
angle" for each of the two jet cases considered. The angle 
computations required knowledge of the jet diameter at two
positions on the jet axis. The edge of the jet was defined

1 ■

using the mean temperature as follows.

' i
Tedge = T«, + (-PlHT(O) - TJ  (21)

Where Teo is the temperature of the jet surroundings, T(O) 
is the temperature on the jet axis for a given axial 
position, and Te^ge is the temperature on the edge of the
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jet as defined above. The "cone angles" for the presently 
considered jet cases were (I) 9.56° (I" nozzle diam., 20 
CPM flowrate) and (2) 11.92° (3/4" nozzle diam., 33.5 CFM 
flowrate). .

The refractive index used in computing the beam 
deflection with the "glass wedge" approach was determined 
by assuming a constant jet temperature as follows.

Tjet = 1/2(T(0) - Tro) (22)

Where Tjet is the assumed average jet temperature and T(O) 
is the temperature on the jet axis. The refractive index 
was then computed using the following (Reference 4).

n = I + (80 x 10) P-T (23)

Where n is the refractive index of air, P is the pressure 
of the air (millibars), and T is the temperature of the air 
(Kelvin).

Snell's Law, which predicts the deflection of a light 
beam in passing between two mediums with differing 
refractive indices, was used to compute the beam 
deflections at the points where the beam entered and exited 
the jet. This states:
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H1 SinG1 = n2 SinG2 (24)

Where ^  and n2 are the refractive indexes on either side 
of the interface between the two mediums. G1 and G2 are 
the beam incidence angles (angle between the normal to the 
jet-jet surroundings interface and the beam). The exiting 
angle of the beam from the jet can be determined by using 
Shell's Law at each of the jet-jet surrounding interfaces.

0 = sin-1(n2/n1 sin(26 - sin“1(n1/n2 sinG))) - 6 (25)

Where 6 is the incidence angle of the beam at the point 
where the beam enters the jet and 0 is the angle of the 
beam with the ground upon exiting the jet. The exiting 
angle of the beam from the jet (0) and the deflection 
distance between the jet and the detector (L) were then 
used to compute the beam deflection at the detector (X).

X = 0L (26)

For the case of the "coarse-grained" jet (I" nozzle, 
20 CFM flowrate), jet nozzle temperature of 700°F, and a 
beam position of X = 7" the refractive indices of the jet 
surroundings and jet were computed to be 1.01377 and
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1.0188, respectively. The resulting beam exit angle (with 
the ground) was computed to be .04873° and the beam 
deflection at the detector was .329'!.

The second method of theoretically-predicting the beam 
deflection approximated the jet flow as being composed of 
50 isothermal concentric cones. Snell's Law was again used 
to compute beam deflection at the two jet-jet surroundings
interfaces and the interfaces between each of the

■

concentric cones. In order to compute refractive indexes 
for the concentric isothermal cones the radial mean 
temperature distribution at each axial position of interest 
was fit with a curve of the following form.

T = I/(A + B K )  (27)

Where A and B are coefficients from the curvefit of the 
data. The refractive index for each cone is then computed 
using Equation 23. The computation of the deflection of 
the beam in passing through the jet was accomplished with a 
computerized routine (Appendix A).

The results of the mean beam deflection calculations 
by the two given methods as well as the actual measured 
beam deflections are given in Table 5.
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Beam “Jittering" Angle
Theoretical predictions of the beam "jittering" angle 

were made using the measured jet turbulence properties 
(mean and RMS temperature) and compared to beam "jittering" 
effects determined using the measured scattered beam RMS 
intensity distributions and unscattered beam mean intensity 
distribution.

The theoretical predictions of beam "jittering" angle 
required knowledge of the refractive index variations 
within the jet. For the simplified prediction scheme used 
an average value for the mean and RMS temperature 
variations were computed and assumed constant across the 
jet. The refractive index fluctuations were then computed 
using the following (Reference I).

An = .000294 = .000294 (AT/T) (28)

Where An is the variation.in refractive index occurring as 
a result of a density variation A/» (or temperature 
variation for a constant pressure situation such as jet 
flow). T and a are the mean temperature and density, 
respectively, for the point of interest in the flow. The 
beam "jittering" angle was then computed using the 
following from Reference I.
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Table 5. Beam deflection, measured and predicted using "Glass Wedge" and "Isothermal Cone" 
approaches

Nozzle
diameter

Beam
position

Deflections
Measured "Glass 

Wedge"
"Isothermal 
Cone "

3/4" 7" .135" . 721" .0135”
14" .0723" .363" .0059"

I" 7" .111" .329" .0133"
14" .0228" . 193" .0066"

Table 6. Beam "jittering" angle. Results of Equation 33 
(measured) and Equation 29 (theoretical).
Nozzle temperature = 700 F

Nozzle
diameter

Beam
position

"Jittering" 
Eguation 33

Angle (radians) 
Equation 29

3/4" 7" .0001006 .00001944
14" .000133 .00001282

I" 7" .000108 .00002273
14" .0001449 .00001353
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(A0) 2 = ( jtL/A) (An) 2 (29)

Where L is the length of the beam path in the turbulent 
medium, A is the turbulence scale, and (An)  ̂ is the mean 
square refractive index variation.

The actual "jittering" angle occurring as a result of 
passage of the beam through the jet using the measured beam 
intensity data was computed using relations provided in the 
analysis of Reference I. The distribution of mean 
intensity within the unscattered beam cross-seption is 
proved to follow a Gaussian distribution (Figure 21).

I(X) = I(O) exp(-X2ZK2) (30)

Where I(O) is the intensity on the beam axis, I(X) is the 
mean intensity of a point in the beam cross-section located 
a radial distance X from the beam axis. K is an 
empirically-determined constant providing a scale factor 
for the Gaussian distribution. RMS intensity variation at 
a point in the scattered beam cross-section is given by the 
following.

1RMS = 2 KX) ( (AX)2ZK2)* |XZk| (31)
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Where Irms is the RMS intensity variation at a particular 
point in the beam cross-section, I(X) is the mean intensity 
at the same point but for an unscattered beam, (AX)2 is the 
mean-squared "jittering" of the point, and X is the radial 
distance from the beam axis to the point of interest. The 
following Equation 32 is provided for mean-square beam 
"jittering" at the detector.

(AX)2 = (A*)2 L (32)

Where (A0)2 is the mean-square "jittering" angle of the 
beam and L is the deflection distance measured from the jet 
to the detector. Equations 31 and 32 were combined and 
solved for RMS "jittering" angle,

(A0)rms = (K/L)(|K/X|AIrms/2 I(X)) (33)

In computing the RMS "jittering" angle the intensity data 
at a particular radial distance X (not equal to zero) was 
used in Equation 33.

The beam "jittering" angle results obtained (I) using 
the measured turbulence properties and Equation 29 and 
(2) using the measured beam intensity distributions and 
Equation 33 are presented in Table 6.
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Beam Intensity Attenuation
Theoretical predictions were made of the beam

v •attenuation using the measured RMS temperature fluctuations 
occurring at the point of intersection of the beam with the 
jet.

The RMS temperature fluctuations were used to compute 
the mean-square refractive index fluctuations using 
Equation 28.

An extinction coefficient (a) which predicted the 
optical attenuating effects of the turbulent medium was 
computed (Reference 9).

a = 2K2 (An2)A (34)

Where K is the wave number of the laser beam (2jc/X) and A 
is the turbulence scale on the beam path in the turbulent 
medium.

The beam intensity attenuation (defined as a fraction 
of the unscattered beam intensity) was assumed to occur 
exponentially with thickness (L) of the turbulent medium 
(Reference 9) .

I(O)ZI(NJ) = exp (-otZ) (35)
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Where I(O)ZI(NJ) is the beam intensity attenuation term.
The previously-given method of predicting beam intensity 
assumes homogeneous and isotropic turbulence and an 
initially plane wave entering the turbulent medium. 
Time-averaged beam attenuation effects are considered only. 

Results of the method for both jet cases (nozzle
otemperature = 700 F) are presented in Table 7 with measured 

beam attenuation data for comparison. The reliability of 
the method with the given simplifying assumptions (constant 
mean and RMS temperatures across the width of the jet) in 
predicting trends in beam intensity attenuation appears 
questionable.

Table 7. Beam intensity attenuation 
measurements and Equation 
temperature = 700°F

. Results I 
35. Nozzle

Nozzle Beam Attenuation:
diameter position

Measured Equation 35
3/4" 7" .80 .2538

14" .823 .2527
I" 7" .792 . 1024

14" .816 . 1210
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CHAPTER 6 

CONCLUSIONS

The measurements taken in the course of the 
investigation demonstrated the effectiveness of the heated 
axisymmetric jet and the accompanying experimental set-up 
in producing the desired beam optical degradation effects. 
The degradation effects of interest possessed sufficient 
amplitude for ease of measurement and demonstrated beam 
scattering trends consistent with expectations. The fluid 
properties of the jet were well-documented in the 
literature and were therefore available for comparison to 
experimental measurements of the same.

I. Beam position. Beam scattering trends caused by an 
increase in the distance from the jet origin of the 
beam position in the jet include decreases in 
intensity attenuation (Tables 1 - 4 )  and beam 
deflection (Tables 1 - 4 )  and increases in RMS 
"jittering" angle (Table 6) and RMS beam intensity 
fluctuations (Figures 33 40). Variations in the jet
fluid properties with increasing distance from the jet 
origin include increasing turbulence scale and jet
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width and decreasing mean jet temperature (Figure 16) 
and RMS temperature fluctuations (Figure 17).

2. Jet nozzle temperature. Beam scattering effects 
associated with increasing jet nozzle temperature 
include increases in the beam intensity attenuation 
(Tables I - 4), beam deflection (Tables 1-4), and RMS 
beam intensity fluctuations (Figures 27 - 32).

3. Jet configuration. For a given position of the beam 
within the jet changes of the jet configuration from 
the "fine-grained" case to the "coarse-grained" case 
result in increases in the intensity attenuation 
(Tables 1 - 4 )  and decreases in the beam deflection 
(Tables 1 - 4 )  and the "jittering" angle (Table 6).

4. Symmetry of beam scattering about the beam axis.
An axial symmetry in the beam scattering is 
demonstrated by the RMS beam intensity distributions 
recorded along horizontal and vertical traverses of 
the beam cross-section (Figures 25 - 26).

5. The theoretical predictions of beam scattering 
behavior provided qualitative information for 
comparison to experimentally-measured scattering 
effects in only the case of beam deflection. The 
methods of predicting beam intensity attenuation and 
"jittering" angle with the given simplifying 
assumptions used in their application however did not
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reliably predict trends in scattering demonstrated by
the experimental scattering measurements.

'

The beam scattering measurements made in the present 
investigation sufficiently demonstrated the qualitative 
trends in scattering predicted by theory that further 
experimentation would be justified. Several changes in 
technique as well as improvements to the experimental 
apparatus are suggested. Some possible changes to the 
equipment which would improve the quality of the data 
include better vibration-isolation of the equipment from 
the surroundings, increased rigidity of the optical system 
(mirror mountings, etc.), and better stability in the 
intensity of the laser over time (drifting in the output 
intensity was demonstrated by the laser used). it is known 
that the nature of the beam degradation is a function of 
the relative size of the turbulence scale and the beam 
diameter (Reference 9). Therefore it would be desirable to 
consider additional varying cases of turbulence scale size 
by the use of differing nozzle diameters, nozzle 
temperatures, and jet flowrates. In addition to varying 
the turbulence scale size it would be possible to vary the 
beam diameter through the use of "expanding" lens systems 
acting on the beam.
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APPENDIX A

Figure 41. Theoretical prediction of beam deflection, 
BASIC.program "DEFLECT"
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RICHARD HOGAN, 3/6/88THE FOLLOWING PROGRAM COMPUTES THE THEORETICAL BEAM 
MEAN DEFLECTION ANGLE USING SCHNELL'S LAW. 
ATMOSPHERIC PRESSURE = 12.28 PSIA

PRINT" INPUT TEMP. PROFILE CURVEFIT CONSTANTS "
PRINT" ( T=I/(A+BX) )
PRINT" INPUT A :"
INPUT A 

100 PRINT" INPUT B :"
H O  INPUT B120 PRINT" INPUT THE CONE ANGLE (DEGREES) :"
130 INPUT CA140 PRINT" INPUT JET RADIUS AT POINT OF INTERSECTION 

(INCHES)
150 INPUT RADIUS160 PRINT" INPUT COMPUTATION INCREMENT (INCHES)
170 INPUT DX180 PRINT" INPUT SURROUNDING TEMPERATURE (RANKINE) : "
190 INPUT TSURR 
200 ANG=O!
210 XANG=O!220 ' ALL ANGLES CONVERTED TO RADIANS, COMPUTATIONS IN 
RADIANS

230 C0NANG=CA*(I.745329E-02)240 ' DEFINE A FUNCTION TO COMPUTE REFRACTIVE INDEX OF AIR
250 DEF FNA(T)=1+(2.59872E-05)*T 
260 ' XN = INDEX OF REFRACTION270 ' DEFINE A FUNCTION TO PERFORM SCHNELL'S LAW 
280 DEF FNB(XN,R,Y,DX)=(XN*SIN(Y))/(XN-(2.5987E-05 
*B*DX/ (A+B*ABS (R) ) “2 ) ).

290 DEF FNC(G)=ATN(G/SQR(1-G“2))
300 DEF FND(R)=I/(A+B*ABS(R))
310 1 COMPUTE ANGLE OF BEAM IN REFERENCE TO GROUND AFTER 
PASSING

320 ' THROUGH FIRST JET BOUNDARY 
330 T=FND(RADIUS)
340 XN=FNA(TSURR)
350 FXN=XN
360 DXN=FNA(FND(RADIUS))
370 GT=(XN*SIN(CONANG)/DXN)
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Figure 41— Continued

380 ANG=CONANG-FNC(GT)
390 PRINT" CONE ANGLE OF JET = "CONANG""400 PRINT" ANGLE AT FIRST JET BOUNDARY = "ANG""
410 1 COMPUTE THE NUMBER OF COMPUTATION INCREMENTS ACROSS 
THE JET420 NUM=INT(2*RADIUS/DX)

430 ' LOOP COMPUTES THE DEFLECTION ANGLE OF BEAM IN 
PASSING

440 ' THROUGH THE JET 
450 R=-(RADIUS)
460 FOR I=I TO NUM 
470 T=FND(R)
480 XN=FNA(T)
490 G=FNB(XN,R,ANG,DX)
500 ANG=FNC(G)
510 R=R+DX520 PRINT" R="R" ANGLE="ANG" REF. INDEX="XN""
530 NEXT I540 ' COMPUTE ANGLE WITH GROUND OF BEAM EXITING JET 

(RADIANS)550 CT=(DXN*SIN(ANG+CONANG))/FXN 
560 EXANG=FNc (CT)-CONANG 
570 ' PRINT RESULTS ON SCREEN 
580 PRINT" "590 PRINT" EXITING ANGLE OF THE BEAM JET (RADIANS) :" 
600 PRINT EXANG 
610 PRINT" "
620 END
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COMPUTATION OF HOT WIRE 
OVERHEAT RATIO

An overheat ratio is defined in order to provide a 
measure of the temperature increase of the wire occurring 
as a result of passage of a current through the wire. For 
a given hot wire application (wire dimensions and 
properties of the flow in which the wire is immersed) a 
"critical overheat ratio" exists at which the wire is 
destroyed by overheating. The overheat ratio computation 
is performed using wire resistances; the wire temperature 
is directly related to the resistance.

OR = ((R- R0)/R0)100

Where OR is the wire overheat ratio defined as a percent 
change in the wire resistance from the "zero current" case. 
R is the wire resistance corresponding to given flow 
conditions (temperature, velocity, and fluid properties) 
and wire current. Rq is the "zero current" wire resistance 
at the same flow conditions. Typical wire overheat ratios 
used in the present investigation are 3 - 4% .

APPENDIX B
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APPENDIX C

Output Voltage

Rl, R2 , R3 = Resistors, 5 K O

Dl = Photodiode, Hewlett Packard 5082-4220 

Al = Operational Amplifier, Motorola MCI74ISO

Figure 42. Intensity detector schematic
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