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Fig. 3 Variation of dimensionless peak turbulence intensity with free-
stream velocity ratio.

Agreement with experiment is poor (Fig. 1) however this dis-
crepancy is explained when the eddy viscosity assumption is
written in a more logical form. The hypothesis implies a dominat-
ing gradient diffusion process and such a process would be con-
trolled by the energy containing turbulence. The eddy viscosity
should be dependent upon this turbulence and not necessarily
upon the local scales of the mean velocity distribution, thus a
better choice of the velocity scale is the rms peak turbulence
intensity <^2>^ax. However it may be expected that the local
turbulence dictates the width of the mixing layer and indeed
measurements^ show that b — Ax/a, from Eq. (4), gives good cor-
relation between the turbulence length scales at different velocity
ratios. The new eddy-viscosity assumption is

vT = KyK«2>L* (7)
and with this assumption a is [c.f. Eq. (2)]

(7 = i{(Ky*/rfx)<<j2>*ax/(«1+«2)}-* (8)
Equation (4) and Eq. (8) give

cr = (4KyA)-1{(«1+«2)/(M1-«2)}{<92>Lx/(«i-"2)}"1 (9)
The variation of <^2>Jiax/(w1 — u2) which is implied by the a distri-
bution is given by Eq. (3) and Eq. (9)

<42>ma>l-"2)2 =(4Xv^0)-2( l+W 2 /W l) (10)

Tabje 1 Experimental mixing layer parameters

Source u2/u1 a

Wygnanski and Fiedler6

Liepmann and Laufer5

Yule3

Yule3

0
0
0.30
0.61

9
11
19
36

0.071
0.056
0.069
0.098

0.104
0.096
0.094
0.092

0.028
0.023
0.024
0.029

The results in Table 1 were corrected for tangential cooling
effects and for Liepmann and Laufer's results it was assumed,
following Townsend,8 <^2>max = f «M2>max + <M2>max)- This

gives agreement to within 4% for the author's measurements.
Wygnanski attributed his lower value of a (i.e., a faster rate of
spread) to the use of a trip wire at the separating plate edge and
this explanation correlates with the higher turbulence levels
observed. The remaining data agree with the new constant eddy-
viscosity hypothesis, i.e. KyA = 0.094±0.002 but the coefficient
KGA varies by 15%.

Measurements of <<?2>max/(w1 - u2)2 are compared with Eq. (10)
in Fig. 3 and the agreement is encouraging. The increase in
(q2ymaj(u1 — u2)2 with u2/ul is associated with changes in the
structure of the turbulence. This has important repercussions
when the problem of jet noise is under consideration and it is a
phenomenon worthy of further investigation.
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Transient Gas Concentration
Measurements Utilizing Laser Raman

Spectroscopy

D. L. HARTLEY*
Sandia Laboratories, Livermore, Calif.

Introduction

ANUMBER of problems in the field of gas-dynamics require
sophisticated techniques for measuring the pressure, tem-

perature, and specie concentrations of unsteady, multispecie gas
flows. Such problems as the study of reacting boundary layers,
gas combustion systems, and expanding jets are among the
many applications of these techniques. Although methods for
measuring pressure and temperature of these flows have been
developed, little has been done to develop an adaptable means
of measuring the concentration of one gas specie in the presence
of a dissimilar gas.

Recently, the technique of applying the laser Raman effect,
whereby individual gaseous species are identified by a wavelength
shift in scattered light, has developed into a usable engineering
diagnostic tool. The inherent problem with the Raman scattering
technique is the very small Raman scattering cross section of
gases. Thus, even recent work with gases has involved long-
time integration to attain usable signals.1"4 The advent of the
high-power pulsed lasers, however, has allowed single-pulse
Raman spectroscopy.5 ~ 8 Widhopfand Lederman7 demonstrated,
with a single pulse ruby laser, that gaseous concentrations
could be measured from a lower limit of a few torr partial
pressure.

In the system described in this paper,8 a gas is injected into a
spherical chamber which contains an originally quiescent, dis-
similar gas. A multiple-pulsed nitrogen laser with single-pulse
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Fig. 1 Optical system used in laser Raman spectroscopy facility.

resolution is used to obtain a record of the resulting gas-
mixing dynamics from a 1-mm-diam spot within the mixing
gases.

Optical Design
The optical system employed in the current study is illustrated

in Fig. 1. The illuminating source is a pulsed nitrogen laser
which emits a 10-nanosec, 100-kw pulse at a rate of up to
100 pulses per sec. The output is at 3371 A.

The mixing chamber is a spherical cavity with a 6-in. internal
diameter. To reduce internal reflections, the vessel was plated
with copper which was then oxidized to give a flat black surface.
There are four sapphire windows in the chamber on orthogonal
axes which allow transmission of the UV laser light.

Electronics
The Raman signal from each photomultiplier tube is in-

tegrated by a Lecroy 227 gated integrator. Both the laser and
the integrator are synchronized and controlled by a central logic
system; the controller pulses the laser and, following an adjust-
able time differential of up to 1 jusec, turns on the integrator.
A 50-nanosec on-time is allowed for the integrator to catch
the 10-nanosec photomultiplier output signal. The integrator is
then turned ofTby the controller. However, the readout maintains
a constant output which corresponds to the integral peak.
Prior to each subsequent laser pulse, the integrator receives a re-
zero signal from the controller.

The output of the integrator is electronically filtered to remove
some of the statistical fluctuations and the high-frequency re-
zero pulse. Both the filtered and the unfiltered signals are
recorded along with the mixing chamber pressure and the
driver pressure on a strip chart recorder.

Experimental Results
Both static and dynamic measurements were taken to verify the

capabilities of the Raman scattering technique.

A. Static Measurements
Since the number of photons scattered at the Raman fre-

quency is directly proportional to the number of scattering
centers (i.e., to the density of the gas particles), one would
expect the Raman signal to be a linear function of the gas
density. This was verified by filling the mixing chamber with
pure nitrogen to each of a series of fixed pressures, pulsing
the laser, and recording the Raman signal amplitudes. The results
of the measurements are shown in Fig. 2.

Helium was then added to the nitrogen at a series of static
pressure levels to determine its effect on the nitrogen Raman
signal. As Fig. 2 shows, the added helium had no effect on
the intensity of the scattered light. Thus, the measurements
verified that the nitrogen Raman signal amplitude is a function
only of the nitrogen partial pressure.

The results obtained by adding helium to the nitrogen also
proved that the collected signal was entirely made up of the
Raman wavelength and was not affected by the large Rayleigh
background. Wavelength isolation was also investigated by
scanning the spectrometer through a spectrum from 3000 A to
4000 A. The Rayleigh signal at 3371 A was about 10% as
large as the nitrogen Raman signal at 3658 A. The reduced
Rayleigh signal is a result of the long-pass filter used on the
spectrometer input. Another signal, also about 10% as large as
the nitrogen Raman signal, and corresponding to the secondary
emission line present in the laser output, was observed at
3576 A. The remainder of the spectrum had no detectable
signal.

Signals received at the lower concentration levels were very
noisy. Calculations show that at 10 psi of nitrogen the system
is collecting only about 16 photons of scattered light per pulse.
By using the specified quantum efficiency of the RCA 8850
photocathode of 30%, one can calculate that only 5 photo-
electrons are generated per pulse. Thus, one should expect a
statistical fluctuation on the number of photoelectrons of ±(5)1/2,
or an uncertainty of ±40%. This effect was observed in the
results and several pulses were integrated to obtain an accurate
calibration at the lower pressure levels. At higher pressure
levels, the statistical fluctuation diminishes to 10% at 200 psi and
to 3% at 2000 psi. Reduced statistical noise could be attained
by working at high pressures, by integrating more than one
pulse, or by using a more powerful laser source.

B. Dynamic Measurements
A series of gas-mixing experiments was performed to illustrate

that the laser Raman system could be used to obtain rapidly
changing concentration measurements. In these experiments, a
measured amount of nitrogen was injected from a 3000-psi
piston-driven cylinder into a mixing chamber which contained
helium at a known pressure. Raman scattered light was
monitored from a 1 mm-diam sample volume halfway across
the mixing chamber from the orifice. Nitrogen concentration
recordings were obtained from several locations within the
mixing chamber. Typical results obtained when 65 cm3 of
nitrogen at 3000 psi was injected into a container filled with
100 psi of helium are presented in Fig. 3. The final equilibrium
pressure in the mixing chamber was about 175 psi.

The bottom curve corresponds to the nitrogen concentration
profile when the mixing chamber pressure has increased by
one third of its final pressure change. The subsequent curves
correspond to one half, two thirds, and complete pressure

o

<
o

z
8

2-

• PURE NITROGEN
MIXTURES

SYMBOL

D
V
0
0
A

N2-PSI

106
88

115
129
51

HE-PSI

66
112
56
57
110

100
I

200
I

300

NITROGEN PARTIAL PRESSURE ~ PSI

Fig. 2 Static measurement of Raman Stokes intensity of nitrogen
(N2) as a function of pressure.
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Fig. 3 Nitrogen concentration profiles for direct injection into helium.

equilibrium. These results indicate that by the time all the gas
had been transferred to the mixing chamber (approximately
1.8 sec), the nitrogen and helium were uniformly mixed.

Conclusions
The experimental results have verified the linear behavior of

the intensity of Raman scattered light as a function of specie
concentration. It can be concluded that the technique is capable
of identifying and measuring concentrations of individual
gaseous species in a mixture during a single 10-nanosec
sampling time. By repeating the sampling at the laser rate of
100 pulses per sec, it is possible to monitor a dynamic gas
flow situation. For the case of 65 cm3 of nitrogen at 3000 psi
injected into a spherical mixing chamber containing 100 psi of
helium, results obtained using the Raman scattering technique
illustrate the rapid mixing which is occurring in the vessel.
The proven merit of this facility has encouraged the extension
of the technique to the study of general gas mixing problems,
evaluation of transport properties, and the study of high-
pressure, real gas effects.
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Solution of Unsteady Flow of
Power Law Fluids

TOMMY Y. W. CHEN* AND DAVID E. WoLLERSHEiMf
University of Missouri, Columbia, Mo.

Nomenclature
B = constant, Eqs. (15) and (21)
C = constant of integration
C = coefficient of skin friction

dimensionless velocity distribution for ISP
dimensionless velocity distribution for ISF
flow consistency index
flow behavior index, or power law fluid index
Reynolds number in terms of time
time
fluid velocity in x-axis direction
constant velocity in x-axis direction
horizontal coordinate
distance from the wall, vertical coordinate
absolute viscosity
fluid density
defined in Eqs. (4) and (6)
xy component of shear stress
shear stress at wall
dimensionless shear stress at wall
dimensionless boundary layer thickness
similarity parameter defined in Eq. (3a)
coordinate transformation variable

f =
F(rj] =
f'(r]) =
X =
N =
Ret =
t =
u =
U0 =
x =
y =
H =
p =

Subscript
oo = undisturbed fluid

Introduction

IMPULSIVELY started flow of any power law fluid over a
stationary and infinite plate, or an impulsively started plate in

any power law fluid moving in its own plane with a constant
velocity has been studied analytically.1"3 Unfortunately, the
solutions which can be integrated in closed form were derived
only for pseudoplastic and Newtonian fluids (power law fluid
index N ^ 1). Recently, Rott4 presented a solution for an impul-
sively started plate in a dilatant fluid.

This Note presents the solutions for all power law fluids for
both an impulsively started plate and flow cases, including the
velocity distribution near the plate, shear stress near the wall, and
boundary-layer thickness. The solutions are shown in expressions
which can be integrated in closed form. They appear simpler
than but are consistent with the results from the previously cited
references.

Impulsively Started Plate (ISP)
For an impulsively started plate moving with a constant

velocity U0 in a power law fluid, the velocity gradient is every-
where negative. It is conventional to have a positive shear stress
expression for any power law fluid

i;xy=-K\du/dy\N-ldu/dy (1)
The equation of motion for the system becomes

p du/dt = - dtxy/dy = K d/dy (\du/dy\N ~ 1 du/dy) (2)
Employing the similarity transformation, let

and u/U0 (3a,b)
where 4>(t) is a function to be found. Substituting Eqs. (3a,b)
into Eq. (2), we find
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