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Introduction

THE performance of gas dynamic lasers is proportional to
the population inversion created by the nonequilibrium

expansion of the lasing gas through a nozzle. The population
inversion is characterized by the small-signal gain coefficient
G0. Previous studies measured G0 in constant area ducts
located downstream of minimum length contoured nozzles.1"3

Some of these studies have reported departures from theory at
large distances from the nozzle throat (200/**). Such depar-
tures have been attributed to viscous effects and weak shock
patterns existing in constant area ducts. These observations
and the interest in evaluating the nonequilibrium expansion of
the CO2-N2-He system in a long, nonconcured nozzle moti-
vated this investigation. By measuring the gain during the gas
expansion in the supersonic section of the nozzle, the
deleterious effects of shock wave patterns on G0 were avoided.
The viscous effects on G0 were minimized through the use of
relatively high characteristic Reynolds numbers Re0.4

A shock tube1'5'6 is used to provide a reservoir of hot, highly
pressurized, vibrationally excited gas for subsequent expan-
sion through the nozzle. A nonequilibrium population inver-
sion is created when this shock-heated7 gas expands through a
double-wedge type nozzle mounted at the end of the shock
tube.

Small-signal gain measurements are made at three different
locations along the nozzle centerline for different reservoir
conditions. Good agreement between experimental data and
the analytical model was observed at the two first stations near
the nozzle throat. At the station near the exit of the nozzle, the
experimental results are below the theoretical curves.

Analytical Models
The nonequilibrium flow model developed by Glowacki and

Anderson8 was used. The model assumes a simplified vibra-
tional kinetic mechanism for CO2-N2 and an inviscid one-
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dimensional flow of a thermally perfect gas in a supersonic
nozzle. The original computer code version used H2O as a cat-
alyst and had to be modified9 for use with He.

The temperature and pressure of the shock-heated gas is de-
termined analytically9 by solving Euler's equations in the re-
gion between the reflected shock wave and the nozzle throat.
The solution of these equations is obtained assuming a choked
flow at the nozzle throat and an equilibrium flow up to that
location. The incident shock wave velocity and initial driven
conditions are experimentally determined. The reservoir
pressure is measured in every experiment and compared to the
analytical one. The agreement is within 3%.

Experimental Apparatus
The shock tube used9 is 70 mm in diameter; helium was used

as the driver gas at pressures ranging from 5 to 65 atm. The
driver tube was separated from the driven tube by a 0.5-mm-
thick diaphragm. A commercial mixture of 6.6% CO2, 54.1%
N2, 39.3% He was used as the test gas. The driven tube
pressures were in the 20-60 mm Hg range. At the end of the
shock tube, the driven section is separated from the hyper-
sonic nozzle entrance by a scored Mylar diaphragm 0.025 mm
thick. The nozzle exhausts into an evacuated (less than 10-1

Torr) dump tank in order to shorten the flow establishment
time. Two ports in the driven tube, near the nozzle section, are
instrumented with quartz piezoelectric pressure transducers.
The one closer to the nozzle is used for determining the shock-
heated gas pressure. A time interval counter connected to both
pressure transducers (31.5 cm apart) measured the incident
shock wave transit time. The shock tube was capable of gener-
ating reservoir pressures from 2 to 27 atm and reservoir tem-
peratures from 800 to 2700 K. The useful test time was of the
order of 300 /*s.

A two-dimensional double wedge (sharp throat) nozzle was
used to drive the nonequlibrium expansion of the gas mixture.
The nozzle area ratio was 53 and the throat height h* was 1.25
mm. The hypersonic section of the nozzle is 230 mm long; the
subsonic portion is 3 mm long to improve the freezing of the
CO2-N2 upper level. The stainless steel nozzle walls have a
very good surface finishing to minimize flow disturbances. To
permit G0 measurements, the nozzle has three pairs of ports
(35 mm in diameter) centered at 72, 130, and 187 mm down-
stream from the throat (Fig. 1). To minimize flow distur-
bances, the antireflection coated Ge windows are flush with
the inner sidewall surfaces.

The gain coefficient was determined by measuring the in-
crease in power of the probe beam between no flow and flow.
The diagnostic laser is provided by a homemade CO2 CW gas
laser operating at 10.6 /xm predominantly on the P(20) transi-
tion. The intensity was 0.1 W/cm2, which is below the satura-
tion intensity of the medium (1.0 kW/cm2). The beam is
mechanically chopped and then injected into the nozzle flow.
After passing through the nozzle, the probe beam is diffused
by reflection from a rough-surfaced aluminum plate to ensure
coverge of the active area (1 mm2) of the N2/ cooled HgCdTe
detector. Both the infrared detector and the pressure signals
are recorded by a digital oscilloscope. Then G0 is determined
from the expression G0 = (l/L)&i 7after//bef0re» where L is 70
mm (nozzle width), and 7beforeand 7after are, respectively, the
measured diagnostic laser beam intensities before and after
crossing the active medium.
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Fig. 1 Double-wedge nozzle and cavity arrangement.

Table 1 Test conditions and important parameters

Test no.
1
2
3
4
5
6

p09

atm
12.0
13.5
7.0

23.0
10.0
11.0

TO,
K

2000
1445
1500
1620
1820
1000

Poh*,
atm-cm

1.50
1.69
0.88
2.88
1.25
1.34

Re0 x 105

0.7
1.1
0.6
1.7
0.6
1.4

G0)W,
(m'1)
0.91
0.78
0.88
0.89
0.94
0.38

Results
Table 1 lists the reservoir pressure and temperature p0 and

r0, the binary scale parameter pQh*, the characteristic
Reynolds number4 ReQ9 and the measured peak gain values
G0,m-

According to Mitra and Fiebig,4 the viscous losses on the
small-signal gain are negligible when ReQ is of the order of
105. From Table 1 it is seen that, for all of the test conditions,
the characteristic Reynolds number is of the order of 105. Fur-
thermore, due to the short duration of the flow, the cold wall
assumption is valid. Such facts lead to the existence of very
thin boundary layers. Under these circumstances, the viscqus
effects are highly attenuated. Another important observation
is that the nozzle flow is shock-free. The reasons are 1) the
continuous expansion of the gas in the double wedge type noz-
zle and 2) the back pressure in the dump tank being many
times smaller than the nozzle exit pressure.

The measured small-signal gain profiles along the nozzle
centerline and the computed values are shown in Figs. 2 and 3
for the conditions listed in Table 1. These figures show that
the largest departures between theory and experiment occur
far downstream from the nozzle throat. The best agreement in
that region occurred when the lowest reservoir temperature
(1000 K) was used (Fig. 3). For this case, the theory shows a
decrease in the gain at points located far downstream from the
nozzle throat. Such a trend is not observed in the other cases
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Fig. 2 Comparison between theoretical (lines) and experimental
(points) small-signal laser gain profiles.

where higher temperatures were used. Since viscous and shock
effects on the small-signal gain can be neglected in this experi-
ment, they cannot be responsible for the drop of the ex-
perimental data below the theoretical prediction. A possible
explanation is that a deactivation rate of the CO2 (001) level is
higher than that used in the analytical model. If this is the
case, the discrepancies between theory and experiment in con-
stant area duct G0 measurements may not only be caused by
flow disturbances but also by higher deactivation rates. As
noted by Anderson,1 the uncertainties in the kinetic rates can
strongly affect the prediction of the small-signal gain.

Figures 2 and 3 show peak gains as high as 0.9 m"1. Such
values are comparable to those obtained by other authors,
e.g., Anderson,1'3 using minimum length contoured nozzles.
Although these results are somewhat interesting, they are no
surprise, since the theoretical model proposed by Anderson
was quite capable of predicting the high gains throughout the
nozzle. The only problem was the overestimation of the gain
near the nozzle exit. To extend these results, a laser power ex-
traction experiment10 is being carried out by the authors.
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Fig. 3 Comparison between theoretical (lines) and experimental
(points) small-signal laser gain profiles.

Conclusions
Small-signal gain measurements were conducted in a shock

tube driven nonequilibrium expansion of a gas mixture con-
taining 6.6% CO2, 54.1% N2, and 39.3% He at different res-
ervoir conditions. The gain measurements were made at three
locations downstream from the nozzle throat of a long double-
wedge type hypersonic nozzle. The experimental results were
compared with computer code predictions. The main results
of this investigation are as follows:

1) Good agreement between the experimental data and the
analytical predictions for the small-signal gain was obtained at
the two stations closer to the nozzle throat.

2) Poor agreement between the experimental data and theo-
retical predictions for gain occurred at the station near the
nozzle exit. At that location, the analytical model overesti-
mates the actual gain. A possible reason could be the underes-
timation of the deactivation rate used by the theory.

3) Small-signal gain peaks of 0.9 m"1, comparable with
those obtained in minimum length contoured nozzles, were
measured.
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Introduction

T URBULENCE measurements indicate that large-scale
energy generating eddies possess a development rate sub-

stantially different from that of small-scale dissipative eddies.
This suggests using a model that treats these eddies separately,
assigning each range its own time scale. In the present work, a
one-equation model is developed wherein the velocity scale is
determined from the solution of an equation for the turbu-
lence kinetic energy and the length scale is found indirectly
from two time scales assigned each to large and small eddies.
The derivation of this model leads to an expression for the
near-wall function /M used in low Reynolds number versions of
the k-e model. A backflow model1 is applied in conjunction
with the one-equation model for the treatment of detached
flow regions. Several flow cases are calculated to test the
performance of this turbulence model.

Model Formulation
To account separately for the large (energy producing) ed-

dies and the small (dissipative) eddies, characteristic time
scales are assigned to each. Thus, the large eddies are charac-
terized by

tk - k/e (1)

where k is the kinetic energy of the turbulence k = Vi t i / t i / ,
and e is the dissipation rate of k.

The small eddies are characterized by the Kolmogorov scale

(2)

where v is the kinematic molecular viscosity.
To determine these time scales, k and e must be known

throughout the flowfield. In the present work k is determined
from the solution of a partially modeled version of the exact
equation for turbulence kinetic energy

(3)
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