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I. INTRODUCTION

The following experiments and analyses were designed to examine and
understand the level of mixing present in an existing 0,-I laser - COIL-IV.
The 02-1 laser did not originally demonstrate gain and power at the levels
predicted by theory. Gain was also seen to increase with secondary flow rate.
One possible answer was insufficient mixing of the secondary stream (I, and
diluent) into the primary stream of 0.

Since the 02-1 laser system depends upon a diffusion-limited process to
dissociate the I, into I-atoms and then to excite the I-atoms, mixing is an
extremely critical parameter. Mixing is dependent upon factors such as the
momentum match of the input flows and jet trajectory and poses a complex
problem for study. To better understand the momentum match of thé primary and
secondary flows in COIL-IV, as well as, to examine trajectories and mixing
capabilities of the I injectors, a sectional unit (ReCOIL) was developed for
cold flow experiments and constructed to accommodate diagnostics to be used in
quantifying flow conditions. -

The flow from the injectors into the primary flow was examined by laser-
induced fluorescence (LIF) of iodine seeded into the secondary flow. The exci-
tation laser beam was manipulated to illuminate a single plane or a variable
sized section in the cavity. Two types of nozzles were investigated. The
first (Nozzle No. 1) was the nozzle originally used in COIL-IV. Nozzle No. 2
contained more orifices and different injection angles. The LIF information
is compared tc jet trajectory theory in an effort to determine the accuracy of
the theoretical approach. Information gathered from the ReCOIL testing was
incorporated in designing nozzles for COIL-IV to achieve higher small signal

gain.
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II. APPARATUS

The ReCOIL system was approximately a 1/16th scale of COIL-IV in terms
of flow rates. The test-bed contained a cavity section similar to the orig-
inal laser. Figure 1 shows ReCOIL and associated flow systems. Figures 2a
and b contain diagrams of the nozzle types. Nozzle No. 1 contains 7 orifices
per injector and 20 injectors centered 1.27 cm apart. Each orifice has a

éﬂ diameter of 0.08 cm. Nozzle No. 2 contains 38 orifices of 0.058-cm-dia and 20
Wbt
;%; injectors with separations of 1.27 cnm.

A Plexiglas cavity was used to allow photographs of the fluorescence

Y, to be taken. The cavity was equipped with variable flow directors, or

K shrouds, also of Plexiglas. All gas lines carrying Ip, including the injec-

}y' tors, were heated to greater than 71°c. Either N2 or He could be used as the
Ip carrier gas. All fabricated critical orifices were calibrated against a

X manufacturer calibrated orifice. Pressure transducers and mechanical pressure

Sl gauges were positioned upstream and downstream of each orifice to determine

gas flow rates and maintain a sonic conditioq at the orifice. An absorption

cell in the I, flow system ;as used to determine the I, flow rate. The '

;ﬁ pressures in the cavity and absorption cell were measured using transducers

BN

?. and the cell and cavity temperatures are measured by thermocouple. The

;3‘ pumping rate and gas flow rates were adjusted to simulate COIL-IV operating
' conditions.
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III. DIAGNOSTICS
Several diagnostics were used in conjunction with ReCOIL including
LIF, iodine measurement by molecular absorption, and Pitot tube measurement
of the flow velocity.

1. LASER-INDUCED FLUDRESCENCE METHOD FOR EXAMINING NOZZLE PERFORMANCE

The LIF is a flexible diagnostic tool to observe jet trajectory and mix-

1 ing in a flow field. The LIF technique is particularly well suited to 0p-I
laser mixing analysis since I, is normally injected through the nozzles
]
é
K
5
\
"

during its operation. The technique is possible due to a match between the
strong Ip(Xlz, v** = 0 » B3m,, v° = 43) absorption and the 5145 A line of the
Ar* laser. The lifetimes of the B3mg, v* = 43 and nearby vibrational states
are on the order of microseconds. In fact, the technique has been success-
fully applied to supersonic flow fields because of these short lifetimes.
This application involved subsonic flow, thus eliminating any distortion
because of the emission lifetime and thus, allow1ng for good spatlal resolu-
tion in the study. ’

A diagram of the experimental arrangement is presented in Figure 3. An
Ar* laser (Spectra Physics, Model 164) was operated at maximum power in
multiline mode and the beam directed onto a high-power grating (Phase-R) for
separation of the laser lines. Following the method of Davis and Rapagnani
(Ref. 1), the 5145 A line of the argon-ion laser was directed through the
cavity parallel to the plane of the nozzle bank face (in the xy or the xz
plane). A raster unit (General Scanning) and cylindrical lens were incor-
porated to position the laser beam in the cavity and produce a thin sheet of
laser light, which was used to examine a single row of orifices and the
corresponding mixing. The sheet of light could also be manipulated to run
perpendicular to the primary flow (in the xz plane).

The Plexiglas cavity allowed for photographs to be taken from both the
top (with the sheet of light in the xy plane) and from the front (sheet in
xz plane). The photographs from the front of the cavity were taken at an

RO T O T T G R L O TR e N R
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oblique angle to the flow (Fig. 3) creating a slight distortion in the
photograph. The view field from the top was from the nozzle exit plane
(NEP) to 4 cm downstream. The front photographs were taken with the beam
positioned at 2 cm downstream from the nozzle exit plane.

Photography was performed using high-speed Polaroid film Type 107 (ASA
3000) and Type 612 (ASA 20,000 equivalent). Some of the photographs are
misleading as to the development of mixing due to variations in Ij
concentration (thus emission intensity) and exposure time. It should be
noted that visual examination of the mixing was used in conjunction with
photography; since the slightly oblique angle required for the camera to
photograph the IF in the xz plane caused some distortion.

2. I FLOW RATE DETERMINATION

The I, flow rate was a critical parameter in calculating the momentum
of the jet. The I, delivery system was subject to large variations in flow
rate. It was, therefore, important to use a real time measurement. The
ratio of I, to primary flow rate was adjusted to approximate conditions, and
thus momentum, in the Op-I laser system. The method for I, flow rate deter-
mination has been previously described in Reference 2. Before entering the
injectors, the secondary flow is directed through a heated 10 cm absorption
cell. Cell pressure was monitored using a MKS Baratron pressure transducer
(0-100 torr) and temperature was measured using a thermocouple. The general
optical arrangement used is shown in Figure 3. The 4880 ﬂ beam from the
grating (LIF Method section) was directed through the cell for direct

measurement of the I, concentration by resonance absorption.
The Ge photodiodes were used for reference and absorption signal detec-

tion. The 4880 & beam was chopped, with the signals from the photodiodes
;5 being fed into lock-in amplifiers and ultimately into a ratiometer (PAR
. _ Model 5101 and Model 188, respectively)}. The I concentration was then
Eé calculated from the absorption using the known cross section.
l‘i
38

7

d
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: 3.  VELOCITY MEASUREMENTS

%2 To determine the velocity profile across the cavity, a Pitot ube
" (0.318-cm-dia) was used to vertically scan the face of the nozzles. The tip
:; of the Pitot was approximately 8.89 cm downstream of the nozzle. The static

pressure was measured at the top of the cavity. Both measurements were per-

G.F
ﬁ% formed using pressure transducers (MKS Baratron, 0-10 torr). Only high flow
L)
Q. rate conditions were measured due to (a) the lack of sensitivity of the
gg pressure measurements at low flow rates, and (b) the decreasing dependence
w of pressure ratio an Mach number at low Mach number. Most measurements were
o performed in subsonic flow corresponding to the 09-I laser conditions.
My
N .
k. The relationship of pressure ratio to Mach number under subsonic flow
> conditions is described by:
\
:
o
e (
.Pﬂ : 1+ -1 M2 Y/y-l . . 1)
. P 2
N
> where
iy
\
N Pg = Pitot tube pressure
9
‘ P = static pressure
(3
)
e
[} Y = CP/CV
2: M = Mach number
<

Calculation of the velocity and Mach number from the flow rates and
cavity pressures have indicated that the centerline most closely approximates
the predicted values. This is mainly due to the lack of sensitivity of this
method at low Mach number (< 0.2). The wall areas of the cavity cause drag
which decreases the velocity as shown at the top and bottom of the profile.
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4. CALIBRATION OF THE FLOW SYSTEM

The flow rates of all of the gases are critical parameters in deter-
mining compliance of jet trajectory theory to experiment. It was, therefore,
important to carefully determine the gas flow rates. Manufactured sonic
orifices were often used (Flowdyne) which were calibrated for several gases.
The upstream and downstream pressures of the orifice were monitored to ensure
a sonic condition and to calculate flow rates. Often, orifices were fabri-
cated on-site. In the case of a fabricated critical orifice, the calibration
was achieved by setting specific flow rates with a calibrated orifice and
ensuring a sonic condition existed at both orifices. The known flow rate was
correlated to measured upstream pressures for the uncalibrated orifice
yielding a calibration of the fabricated orifice for the specific gas

employed.

All pressure measurement instruments were calibrated with either a
McLeod gauge or an Heise gauge. Periodic calibrations were performed to
ensure consistency and accuracy. Pumping curves were determined to ensure
thét conditions were egquivalent to COIL-iV.
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¢ IV. EXPERIMENTAL RESULTS

l. LASER-INDUCED FLUQRESCENCE
: Experimental flow rates were equivalent to 1/16th the flow rates used
in COIL-IV. The N was used in place of Qo for primary flow and either
He or No was used as the secondary (or carrier) flow. The primary flow was
set at the 0.5 or 1.0 moles/s equivalent in COIL-IV. For the 0.5 mole/s
equivalent (0.03 moles/s), the carrier was run at 0.009, 0.015, 0.0215, and
0.030 moles/s. In the 1.0 mole/s equivalent case (0.06 moles/s), all secon-
dary flows were doubled to achieve momentum matched flow conditions. Under
5 each set of conditions, the I, flow rate remained between 0.5 to 1.0 percent

of the primary flow rate.

v an D A e 4

Samples of the photographic documentation are shown in Figures 4
through 7. Table 1 details the flow rates and other pertinent conditions
for each photograph.

o

As mentioned earlier, gaiﬁ in the 0o-I laser was soon to be sensitive to
changes in the secondary flow (Fig. 8). As can be seen in Figures 4 through
7, mixing is also quite sensitive to this parameter. A comparison of, the
mixing performance to the gain curves implicate the improved mixing is
responsible for improved gain.

ARs a result, Nozzle No. 2 was designed with a finer injection scale.
Nozzle No. 2 had more developed mixing and thus better I, distribution. Best
mixing occurred at high carrier flows, with N yielding better mixing than He
at the same molar flow rate. This is considered to be partly an increased
momentum effect due to the higher molecular weight of No; however, the higher
pressures required for N, to achieve the same molar flow rate as He caused a
higher pressure in the generator of the 02-I laser. Therefore, a compromise
between better mixing and increased generator pressures had to be reached in
COIL-1V operation.

10
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(a) Top view

(b) Front view

Figure 4. LIF with m, = 2.64 x 1072

using Nozzle No. 1.

1

moles/s
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N (a) Top view

(b) Front view

Figure 5. LIF with (a) iy = 2.64 x 1072 moles/s

using Nozzle No. 2.

12
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(b)

Figure 6. (a) LIF with th = 8.90 x 10”3 moles/s.

(b) m, = 1.78 x 1072 moles/s.

N2
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(b)

2

Figure 7. (a) LIF with th = 2.64 x 10°¢ moles/s.

2

(b) th = 3.52 x 10°¢ moles/s.

14
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2. VELOCITY PROFILES

Figures 9a and b contain sample profiles of the velocity measurements
performed. Figures 9a and b are both subsonic conditions. Figure 9a shows a
profile with Nozzle No. 2, the Np primary flow rate at 0.06 moles/s and Np
secondary flow rate at 0.0352 moles/s. Figure 9b was taken at the same flow
rates but with He secondary. The butterfly valve (Fig. 1) was slightly
closed as well. The deviation from the classic parabolic shape is due to the
insensitivity of the diagnostic system at low pressure differences (low Mach
number) near the shrouds. Therefore, the centerline measurements are more
accurate.

17
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V. ANALYTICAL RESULTS

Besides evaluating overall mixing with the nozzles in a qualitative
manner, the purpose of the LIF studies also included: (a) to determine the
trajectory for a secondary flow, inclined at some arbitary angle to the pri-
mary flow, and (b) to compare these results with a model of the jet trajectory.
The following discussion will detail the model of the jet trajectories and
compare the results of the experimental data against this model.

The technique presented here for predicting jet trajectories from a sonic
orifice into subsonic flow follows the approach presented by Schetz and Billig
(Ref. 3) for gaseous jets injected into supersonic flow. To proceed with the
prediction of a general jet trajectory one must first ascertain which of two
types of jets, pressure matching or underexpanded, is present. This depends
on the magnitude of the parameter Pj/P°° where Pj is the static pressure in
the jet at the orifice exit and Py is the free-stream static pressure. For
values of PJ/PQ < 2, a pressure matching jet which issues smgothly from

, orifice exists and its trajectory can be calculated from Ivangv (Ref. 4):

1.3 3
x _f %; y y

- - —65;— e + - cot a (2)
where x and y are the coordinates of the centerline points of the jet

(Fig. 10); d is the diameter of the orifice and a is the argle between the
direction of the axis of the orifice and the direction of the deflecting flow.
The 9, and q,, are the dynamic pressures in the free stream and in the jet’s
initial cross-section, respectively, and are given by:

2

%1 = Pl (3)
2
v

g = P2 ; (4)
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%] ]
&ﬁ For values of Pj/P°° > 2, an underexparded jet is formed as depicted in
:ﬁ Figure 10. From the experimental data, it is clear that the nozzle injection
' conditions resulted in underexpanded jets. The underexpanded jet is charac- '
s » terized by a normal shock Mach Disk of a diameter Dy, at a distance X, i
ﬁ. . downstream of the orifice. The flow upstream of the Mach Oisk is supersonic
K\ and that downstream is subsonic. To determine the trajectory of this type of
i jet the following assumptions are made:
i
Eg a. The position of the Mach Disk remains directly on the orifice
kK centerline regardless of the free stream velocity;
LI M
;\ b. The Ivanov trajectory relationship is valid with the jet momentum
ﬁn. determined from conditions downstream of the Mach Diskj; and,
R
;;‘ c. The static pressure downstream of the Mach Disk is equal to the )
§5 primary free stream static pressure.
i
C? . With these assumptions, the underexpanded jet trajectc.y from an orifice at
" angle ag to the free stream (Fig. 10) is given by Equation 2. If the x and y
Esp axis is translated by the distance Xy, and multiplied by the appropriate tri-
xﬁ gonometric function Equation 5 results.
N 1.3 3
(x-Xm €Os ap) _ (q01> (y-xm sin Go) . (y-Xp sin ag) cot aq (5)
o d 992 d d
\: .
% , where %2 is now calculated from conditions downstream of the Mach Disk by:
- 2
LA (6)
%2 2

There is a degree of uncertainty regarding the appropriate diameter, d, to
use in Equation 5. The upper limit of the diameter will be Dy, given by:

. |4 (7)
szVz

Equation 7 ls generated from mass continuity using the properties downstream
of the Mach Disk, where mj is the total mass flow rate through secondary jet.
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The upper bound, represented by Equation 7, appears fundamentally more valid
than using the orifice diameter and is used for the following analysis.

The position and magnitude of a Mach Disk in front of a sonic orifice
have been experimentally determined for a number of gases by Crist (Ref. 5)

and Love (Ref. 6). These data have been correlated by the following two
expressions for Dp and Xp:

Dm ‘ PO
316 ‘/ -
a 0 P_ (8)

9)

]
o
L]
(=}
w
nN

for
Po/Pe > 5 (10}

where Py is the jet stagnatior pressure, P, is the free stream ambient
pressure surrounding the jet, and d is the sonic orifice diameter.

The conditions downstream of the Mach Disk are determined by iteration
of the normal shock relations knowing the jet stagnation pressure and the pri-
mary free stream static pressure. An iterative process is then used to deter-
mine Mj; and My, for use in Equation 6, by comparison to P . This procedure
starts by estimating the Mach number upstream of the shock, M;, from the
following expression given in Reference 5:

Y-1

Y e
Y1 (11)

=
—
[}

D, L4.8 2
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The Mach number downstream of the Mach Disk is then calculated using:

—
2 + (Y-1)M

§

f‘ M

A 2 2YMZ oY + 1 (12)
2] !

X

0 The static pressure, Py, corresponding to My is given by:

X

2 Pro\ [P (13)
A Pr1/\P12

"

g' where Pt} is the pressure upstream of the Mach disk, and assumed to correspond
g' to the nozzle stagnation pressure (Pg) and Pyp is the pressure downstream of
i the Mach disk. Py/Pr) is assumed to be given by:

‘ _Y_r 1

’ Y-

:: Y+l M2 T~

: Prz |2 1l (Ar .l (14
— * B _ ] .

. ' PTl‘. 1+-Y——M1 Y+1 Y +1

! ‘ ‘ 2

(s and similarly

o Y

" P2 (1. y -1 M% Ty (15)
[ PTZ 2

."'

9

& Po is then compared to Pe. M) is adjusted up or down to enable P, to equal

’ Po. In a similar manner, knowing T,, one can evaluate T from the following:

o T T
R T2 = z - x 111
. AT 11 (16)

where,
b Tr1 = To (the stagnation temperature) (17)
"
h and T] and T are the static temperatures upstream and downstream of the
K Mach disk, respectively. Therefore,.
3
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(v + 1)° Mi (18)

and

-1
T _ Y -1 2
(i) (-5 ) (19)

Knowing To, mass continuity can be applied to the conditions downstream of the
Mach Disk to determine the jet diameter using Equation 8.

This procedure was applied to the LIF data. The experimental data
requires some qualifications. The data consisted of Polaroid photographs
(Fig. 4 for example) showing the secondary jets issuing from the injectors.
The outline of selected jet plumes were manually digitized using a graphics
digitizer/plotter attached to a computer. It was somewhat difficult to
differentiate the boundary of the jets especially when they were several cen-
timeters downstream of the injector. The.experimental flow conditions, espe-
cially the stagnation pressure associated with the jet, had to be calculated
knowing the conditions in a diagnostic cell several feet from the injector
manifold. Some error in the calculations may be due to the pressure losses in
the I, feed line and, therefore, uncertainty in the injection pressure. The
resulting comparison of the jet trajectory prediction procedure with data is
given in Figures 11 to 14 where several conditions are presented for the two
nozzle configurations used.

Figures 11 and 12 present experimental jet plumes for the original
COIL-1IV (7 hole/injector) nozzle for two values of secondary nitrogen diluent.
The theoretical centerline predictions compare quite favorably with the
experimental jet trajectory. Small errors may have been introduced from
machining irregularities in the injector orifice size and injection angle.
Figures 13 and 14 show the comparison of the theoretical jet trajectories
versus experimental data for the improved injector indicating the affect of
changing secondary diluent from nitrogen to helium. It appears that the
theory does not predict the trajectory for the 90 deg jet as well as in the
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20 deg jet. For the 90 deg jet, neither the finite dimension of the channel
spacing between injectors nor the blockage factor due to the jets themselves,
causing an increase in primary dynamic pressure, have been included in the
theoretical model. The latter effect can be seen in Figure 14 in which the
primary area was arbitrarily reduced by an area reduction factor from 1.0 to
0.65. It is seen that the predicted jet penetration is significantly reduced
with decreasing primary area. The area reduction factor can be roughly esti-
mated by assuming the jets to act as solid cylinders of a diameter equal to
the orifice diameter. A 0.75 area reduction factor will result if the perpen-
dicular portion of the jet along the orifice centerline is 0.10 in. The best
fit in the case shown was with an area reduction factor of 0.65 (Fig. l4).
The 20 deg jet is influenced by this effect to a lesser extent (Fig. 14). In
addition, there is evidence (Ref. 7) that multiple jets positioned side-by-
side in close proximity (7.9 or less) will have their trajectories modified
over that of a single jet, as was found in this case.
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VI. CONCLUSION

The jet trajectory anmalysis is a quasi-empirical technique which follows .
the methodology presented by Shetz and Billig (Ref. 3) for gaseous jets. The
fundamental assumption in the analysis is that the Ivanov jet trajectory
correlation (Ref. 4) will be valid for underexpanded jets, to which the data
corresponded, as well as pressure matched jets.

The comparisons of the jet centerline prediction and experimental outline
of the jet plume as shown in Figures 1l to 14 illustrate a fairly good
agreement with the experimental data. However, the least successful comparison
occurred when the jet occupied a significant portion of the pri.cary flow.
Further refinements in the analysis will be required to account for jet/free
stream interaction. That is, the jet trajectory analysis of Shetz was deve-
loped for a single jet exhausting into an infinite primary flow. The actual
configuration consists of an array of jets exhausting in the flow in a confined
channel. It is apparent, therefore, that there are regimes where the deter-
mination of the jet trajectory must be coupled with the effects of adjacent
jets. ' i

This was somewhat compensated for by implementing the area reduction
factor. The model more closely reflects the interaction of the jets when this
factor is incorporated. However, the use of the factor needs to be better
guantified to be useful in predicting jet trajectories where experimental data
is not available. Future work will be directed to such efforts.

The LIF method provides an excellent means for observing mixing in a
laser cavity. The correlation of observed I, flow and mixing to the level of
gain in the 0o-1 laser allowed for correction of a major problem with the laser
system. As previously noted, the trade-off between higher pressures in the
Oz(lA) generator and increased mixing had to be maximized for output power,
since higher generator pressures cause greater 02(1A) deactivation. As a
direct result of LIF tests and analysis, the device was updated with Nozzle No.
2 type injectors. Other slight modifications were also performed to improve
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o flow. The result of the improved mixing was that extractable power more than
K doubled. Higher gain was achievable with the improved mixing of Nozzle No. 2,
as well as, increased power output.

)
n' .
kﬁ We have presented a verifiable model for predicting jet trajectories in
) the case of underexpanded jets in a subsonic condition. It has also been
& demonstrated that LIF is an extremely useful tool for developing future
ErY)
ﬁﬁ refinements to trajectory models. Additional LIF studies should be per-
iﬁ formed by seeding the primary flow with I and comparing results with that
. of the secondary flow jets. This work would allow for a determination of
& the mixing regime. Currently, work is being supported to study reactive
: flows to better understand mixing phenomenon in the presence of chemical
| reactions.
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