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Simple Model for Base Pressure Effects
in Source Flow Chemical Lasers

Kerry E. Patterson,* Jad H. Batteh, and Steade S. Howie}
Science Applications, Inc., Marietta, Georgia

A simple model is developed to investigate the effects of base pressure on the performance of source flow
chemical lasers. The laser flowfield is divided into two coupled, one-dimensional regions representing the pure
source flow region and a region influenced by the base pressure. The differential equations describing the
gasdynamics, mixing, reaction, and lasing in the two regions are formulated. The model indicates that lasing
‘performance decreases as the base pressure increases. However, performance can approach and even exceed that

of a pure source flow laser if the base pressure is controlled.

1. Imtroduction

ONSIDERABLE effort currently is being expended to

develop high-power, high-efficiency source flow
chemical lasers. Figure 1 shows a typical source flow laser
configuration. These lasers are characterized by supersonic
oxidizer streams which enter the laser cavity from an array of
source flow nozzles. A secondary fuel stream is injected either
sonically or supersonically into the oxidizer stream through
holes in wedges placed at the exit of the source flow nozzle.
The mixing of the two streams and the subsequent reaction
generates vibrationally excited molecules that are the source
of the laser radiation. As indicated by the figure, the plane in
which mixing occurs is orthogonal to the expansion plane and
thelasing axis. The purpose of the source flow is to reduce the
amount of diluent required by using area expansion to help
control the temperature and pressure rise in the laser cavity.

In Ref. 1 we developed a simple model for analyzing a

continuous wave, source flow HF chemical laser. In that
model the effect of the base region between nozzles on the
gasdynamics in the laser cavity was ignored and the flowfield
was modeled, in an average sense, as a pure source flow. The
purpose of this analysis is to extend the theory of Ref. 1 to
include the effects of the base region on the cavity
gasdynamics and kinetics, and to investigate how the pressure
in the base affects lasing performance. As in Ref. 1, we focus
on the HF laser pumped by the reaction of F and H, but the
basic theory can be applied to a number of chemical laser
concepts.

The flowfield in the laser cavity represents a complex,
three-dimensional, chemically reacting flow. Aside from the
obvious numerical difficulties associated with characterizing
this flow in detail, additional problems arise beécause many of
the physical processes occurring in the cavity are not well
understood. For example, the pressure of the fuel stream as it
exits the wedges is generally one or two orders of magnitude
greater than that of the oxidizer stream flowing over the
wedges. The process of pressure equilibration for the two
steams and their subsequent mixing and reaction have yet to
be analyzed in detail. In addition, techniques for determining
the value of the pressure in the base region between nozzles
and its effect on the flowfield are far from standardized, even

though this problem has been the subject of extensive research’

because of it application to base drag reduction in projec-
tiles.? Consequently, in our analysis a number of ap-
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proximations must be introduced to make the problem
tractable. The justification of these approximations and their
effect on the solution will be discussed in the following sec-
tions. :

II. Theory

Figure 2 shows a schematic representation of the flowfield
in the expansion plane of a source flow chemical laser. The
flowfield shown in the figure represents a radially expanding,
chemically reacting plume which may be either over- or
underexpanded depending on whether the base pressure p,, is

.less than or greater than the nozzle exit pressure. In our

analysis we divide the cavity flowfield into two regions—a
source flow region (denoted by A in the figure), which is the
fegion .of flow that has not yet been influenced by the base
pressure, and a base pressure flow region (denoted by B),
which consists of that portion of the original source flow that
has been altered by the base pressure. These two regions are
assumed to be separated by an entrainment boundary depicted
by the dashed line originating at S” in Fig. 2.

In the following sections, we will develop the equations
necessary to describe the gasdynamics, mixing and reaction
kinetics, and lasing characteristics of these two flow regions.

A. Gasdynamic Analysis .

As in Ref. 1, we first derive equations for the ‘‘average”
gasdynamic properties in the laser cavity, based on the
assumption that the flow variables are independent of y, the
co-ordinate transverse to the expansion plane shown in Fig. 2.
The flow properties at the nozzle exit, denoted by the radius
r;, are the initial conditions for the calculation. These con-
ditions are obtained by instantaneously mixing the fuel and
oxidizer streams, without allowing them to react, and.
bringing them to a common pressure.

The A-region gasdynamic equations are essentially the same
as those derived in Ref. 1 for a pure source flow. They depend
only on the radial coordinate r, and for constant specific
heats, they reduce to a single differential equation for the
Mach number

aMz2 M2 -1 -2 I+yM2 dT,
o M (1+7 Mg)[——+—h—"ﬂ] )
dr  1-M? 2 . r T,,  dr

and algebraic relations for the remaining gasdynamic
parameters.3 In Eq. (1), we have introduced the subscript a to
denote properties in the A region. Thus, M, and Toa represent
the Mach number and total temperature in the A region,
respectively. The ratio of specific heats v is constant and
taken to be the same for both regions. An expression for the
change in total temperature will be derived in Sec. I1.C. when
we discuss the lasing equations.
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The gasdynamic properties of the B region are more
complex than those of the source flow region. In writing the
conservation equations for this region, it is' necessary to
account for the entrainment of mass, momentum, and energy
from the source flow into the base region. In addition, the
flow characteristics in the base vary considerably, ranging
from supersonic, approximately inviscid flow near the en-
trainment boundary, to highly viscous, subsonic flow in the
recirculation region of the base. In our analysis we will treat
explicitly only the supersonic, inviscid portion of the base
flow, which we assume to extend to a height #,, above the
entrainment boundary. The effect of the recirculation region

_on both the lasing and cavity gasdynamics is treated in the
following approximate manner. We assume, first, that
sufficient purge is introduced into the base to remove the
ground-state species, but that this purge flow is sufficiently
low that it does not significantly influence the supersonic base

flow. Thus, we assume that the recirculation zone has zero-

gain, and we neglect the effect of the purge flow on the cavity

+ gasdynamics. The other dominant influence of the viscous
base flow is that in the absence of external influences the
viscous interaction of the wakes from adjacent plumes
establishes the value of the base pressure. For this analysis, we
assume that the base pressure is obtained either from ex-
periment or from semi-empirical correlations such as those
discussed in Ref. 4.

To further simplify the calculation, we calculate only
average properties for the B region by assuming that the
gasdynamic properties are a function only of x. The con-
servation equations for the B region can be readily derived
from a control volume analysis based on the geometry of Fig.
2.4 All of the flow entrained into the base is assumed to be
contained within the outer boundary specified by #,,. In Fig.
2, x, denotes the x location of the entrainment boundary
measured from S’, and is defined by the geometric
relationship

dx, .
T G =cosf, +sinf tans )
P
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Assuming that at any axial station x,, the flow properties in
the B-region are uniform, leads to the following equations for
the conservation of mass, x momentum, z momentum, and
energy:

djj” =Erh, ©)

%L;—b =E(V,cos0,—u,)
+ (p, —p,) (sind, —cosb, tanB) /i, — Z—”Z gc%b @
%” =E(V,sinf,—v,) +(p,—Ps) m% 5)
dzro” =E(Toa—T0b)+(ddeb)R 6)

In these equations, 1, is the flow rate in the B region per unit
height in the y direction

1y =p Uy, M

. where p, and u, are the density and the x velocity, respec-
tively, in the B region. (In general, we will use the subscript b
to denote properties in the B region). ¥V, is the radial velocity

- in the source flow at radius r, p, the source flow pressure, v,

the z component of the velocity in the B region, and TOb the

total temperature in the B region. The entrainment coefficient

Eis given by

E=rmtanf/m,rf 8)
where 6 is the source flow half-angle at the nozzle exit and
m=p;Vr ©)

is the total mass flow rate in the cavity shown in Fig. 2 per unit
height in the y direction. The terms containing E on the right-
hand sides of Eqs. (3-6) represent the effect of entrainment
from the source flow. The last term in Eq. (6), which
represents the increase in total temperature in the B region due
to chemical reactions, will be evaluated in Sec. II.C. In
writing Eq. (6), we have assumed that the specific heats in the
A and B regions are equal and independent of r.
The angle 6, is defined by the geometric relationship
de, tan@

o~ 1

For the case where the base pressure is less than the source
flow pressure, we take 38 to be the Mach angle for the leading
expansion wave, i.e.,

B=sin—1(1/M,) 7 (1

If p, >p,, then 8 is the shock inclination angle, which can be
approximated by

B=sin~’ [ <7+1>pb/pa+v—1]%
i 2yM:2

(12

for weak shock waves.?
In solving the equations for the B region, we assume that
the pressure remains constant at the value p, until all the
"available base area is filled, i.e., until the outer edge of the
plume strikes the base centerline. Measurements in
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nonreacting, supersonic base flows indicate that the pressure
in the base region remains nearly constant until the edge of the
supersonic flow approaches the centerline.® At that point, the
pressure increases as the flow is turned parallel to the cen-
terline. Although these measurements lend some credence to
the constant pressure assumption, they do not fully justify it,
since, in our case, reactions and heat release are occurring in
the base region as well as in the source flow. Although we do
not permit the base pressure to vary with x in response to these
processses, we do account for the heat release in the
correlation which establishes the value of p,, as discussed in
Ref. 4. : . .

Our analysis is not continued beyond the impingement
point because, in practice, chemical laser nozzles are génerally
designed so that lasing terminates before impingement to
avoid the deleterious pressure rise. Consequently, for this
analysis we take p, to be constant and neglect the term
containing dp,/dr in Eq. (4).

To close the system of equations, we need the equation of
state for the B region

Py=pyR,Ty/M (13)

where R, is the universal gas constant and M is the average
molecular weight of the mixture. With the base pressure
specified, we now have enough equations to determine the
gasdynamic properties of the B region (p,, Ty,u,,v,) and its
geometric properties (6,,,4,,)-

B. Mixed Zone Analysis

Although the fuel and oxidizer streams are assumed to be
premixed in calculating the average gasdynamic properties,
we include the effects of finite mixing by limiting the region
where chemical reactions and lasing occur to a mixed zone
between the wedges. This mixed zone is assumed to extend
from the wedge centerline to the flame sheet boundary defined
by

Y=y /w=1r=r)/l,]" (14)

where w is half the distance between wedges, /,, the mixing
length, and m either 1 or ¥2 for turbulent or laminar mixing,
respectively. For r—r;>1,,, y’ is, of course, equal to unity.
The mixed zones in both the A and B regions are assumed to
grow at the same rate, but the gasdynamic properties of the
two mixed zones, in general, will be different.

In analyzing a specific laser design, we generally take
m= Y2 and calculate /,, based on the growth rate for laminar,
incompressible, nonreacting shear layers. A factor of order
unity is then applied to the calculated mixing rate in order to

obtain better agreement with experimental data. Although the -

factor is allowed to change whenever the nozzle/wedge design
changes, it is kept fixed when analyzing the effect of
throughput or composition variation for a given design.

Chemical reactions and lasing are assumed to occur at the
thermodynamic conditions and species concentrations
characteristic of the mixed zones, and all reaction products
are confined to the mixed zone. We will use the procedure
developed in Ref. 1 for relating the mixed zone properties to
the average gasdynamic properties. In accordance with that
analysis, the mixed zone thermodynamic properties are
related to the average gasdynamic properties by

Pm=D (15)
T,=T,(I-y)+y'T ; (16)
pm:Mp/RuTm (17)

In Eq. (16) T, is the wedge wall temperature which is

introduced to account for the fact that the oxidizer flow
initially entrained into the mixed zone originates in the wedge
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boundary layer. Equations (15-17) are applied to both the A
and B region mixed zones by using the appropriate average
gasdynamic properties on the right-hand sides of the
equations. T, is taken to be the same for both regions.

For all speéies except F, H,, HF, and H the mixed zone
mass fractions are given by

C

N

=C, (18)

where C is the mass fraction of species § at the exit. The
remaining species are coupled through the pumping reaction

F+H,—-HF+H (19)
with the result that
M,
Cs = Cs» Y > CHF (20)
m i y MHF

for S=Fand H,, and

M,
=—C 21
H,, erHF HF ( )

In Egs. (20) and (21), M, represents the molecular weight of
species S and Cyp is the flow-average mass fraction of HF,
which is related to the mixed zone mass fraction by

Cur=y’ CHFm 22

Equations (20) and (21) are used for both regions by using the
appropriate value of Cyp.

It is.convenient to express the global concentrations of HF
in the A and B regions in terms of pumping parameters

XTa =MFCHFa/MHFCF,-: XTb =MFCHFb/MHFCF,« (23) )

These parameters represent the ratio of the number of moles
of HF in the two regions to.the total number which would be
created if all the fluorine were reacted. Then, for the most’
common case where the mixed stream is fuel rich, X 7, and
X7, would both be less than unity and would approach unity
as tbhe pumping reaction goes to completion. In terms of X, ,
the pumping equation for HF in the source flow region fs
given by

dx T, oM . 24)
= r
dr My Cy, T
where the prodﬁction rate of HF is given by
2
o CF,,, Cy ,,,M HF
o, =y’ [ (7| (25)

MMy,

In Eq. (25), k, is the reaction rate in c¢cm3/mole-s for the
pumping reaction, Eq. (19), and the subscript to the bracket
indicates that the mixed zone properties of the A region are to
be used.

For the B region

dX7, -
dr =E(X7a_XTb) +

My Ghba‘;-’HFb
My C, 1,

(26)

where E is the entrainment coefficient, G the geometric
parameter defined by Eq. (2), and d’HFb is calculated using the
mixed zone properties of the B region.
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C. Lasing Analysis

In Ref. 1 we developed a method for estimating the
chemical efficiency of a source flow laser which lases
simultaneously on several vibrational transitions. That
analysis was based on the work of Mirels,” Broadwell,® and
Emanuel and Whittier,® extended to account for streamwise

variations ‘in the gasdynamic parameters and for

multiquantum deactivation processes. That formulation will
be modified here to account for the presence of the B region.
The lasing model is based on the following assumptions.
The rotational levels of each vibrational level of HF are
assumed to be in rotational equilibrium at the translational
temperature of the mixed zone so that only one rotational-
vibrational line is assumed to lase in each vibrational

manifold. Only P branch transitions, corresponding to the

lasing transition (v+1, J—1)}—(v,J), are considered and the
value for J is taken to be the same for each transition. The
value of the gain for each lasing transition is taken to be the
same, although the common value of the gain depends on the
region of the flowfield, A or B, as well as the parameter r. The
total laser output is then calculated for a Fabry-Perot optical
cavity using the gain equals loss approximation.

A convenient measure of lasing efficiency is the chemical
specific efficiency 7, defined by

1=P/mCpw . @n

where P is the total laser power from the single mixing
segment bounded by the wedge centerline and the centerline
between wedges and 7 represents the lasing energy extracted
per gram of fluorine flowing through the cavity. The chemical
efficiency for the optical cavity can be estimated from the

equation
a=(). ()
(2 = 28
dr dr/ 4 + dr/ B (28)
where '
dr)) 2
— = 29
<dr mCF 8, = 29)
and

(&), =58
\dr

representl the contributions to the chemlcal efficiency from the

A and B regions, respectively. In Egs. (29) and (30), 1, is the .

lasing intensity for the v+ 1 —v transition, g,, and g, are the

. . A Mg b .
gains in the mixed zones of the A and B regions, respectively,
and v, denotes the highest vibrational level which participates
in a lasing transition. Equations (29) and (30), as written,
reflect our assumption that lasing is confined to the mixed
zone of the nozzle. We have also assumed that the gain is
sufficiently low, so that each nozzle in the array experiences
essentially the same intensity field. As discussed in Ref. 1, Eq.
(29) is based on a source-flow description for the A region
even though the intensity field is actually a function of x, and
not r. Nonetheless, Eq. (29) should provide a reasonable
estimate for the lasing efficiency in the source flow region for
moderate source flow angles.

For lasing to occur, the combined gain in the A and B
regions must satisfy the threshold gain relationship

g/naha+g1nbhba:hgth/-y, (31)

If the optical cavity is bounded by mirrors with reflectivities
R, andR,,

gn=—W(R,R,)/4Nh 32)

8y ﬁ) 1, 30)
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where N, denotes the number of primary nozzles in the array.
In writing Eq. (31), we have used the threshold gain condition
appropriate for the case where the wedges in adjacent nozzles
are offset or canted.!

Expressions for the right-hand sides of Egs. (29) and (30)
can be obtained in a manner analogous to that used in Ref. 1
for the pure source flow case. The contribution to 5 from the
B region can be written in the form

dn m, (d
(3), =5 (G o X, =510 = D7, =5,

+E[nmabeTb_SIb_ '_0 (nmaanTa—Sla):I} (33)

where
v
€
Mmaxy = 3 2”[%(0) —F,(T,,)] (34) .
€ L \
s =.ﬁL E UHU(Tmb) (35)
b CFipmbaob =0
Ehbapmb E EF ( )k (T ) (36)
- mbMF Sy mp
Ehb"p'"ng'"byl Smb X
- I’thFiaol; ;HU(Tmb)ksv(Tmb) 37N

" In Eqgs. (34-37), e=4.54x10* J/mole represents the energy

difference between vibrational levels for HF, which we have
assumed to be constant, G is the geometric parameter, and H,,
and F, are functions of the mixed zone temperature which are
defined in Ref. 1. The parameter a,(v) is the fraction of HF
pumped into the vth vibrational level by the pumping reac-
tion, Eq. (19), and 0y, TEpresents the gain cross section for the
v=1 to 0 transition, given explicitly by Eq. (36) of Ref. 1,
evaluated at the mixed zone temperature of the B region.

Equation (33) is similar in form to Eq. (43) of Ref. 1 which
is its counterpart for the pure source. flow case. Differences
arise because the flow in the B region represerits only part of
the total flow, hence, the #7, /1 term, and because there is an
additional term in Eq. (33) to account for the change in y due
to entrainment of the source flow.

In deriving Eqgs. (36) and (37), we have assumed that the
reaction rate for the collisional deactivation by species S,

HF(v) +S—HF(v') +S (385

can be represented by the rate
kv (T, ) =k¥ (T, )8, (V) +KZI(T,, ) &g (v), v/ =v—1
=k’S"‘7(Tmb)g,,,q(v) v <v-2
(39)

The deactivation parameter Ky, is related to these rates by the
equation

SU( ’"b ksq( mb)gsq(v)+/2U(U+1)kmq(Tnb)qu( )

(40)

The contribution to 5 from the source flow region is given
by ‘

dy 6, 17d
(8), =% [E et 50 -,-5] @
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D, and S, are similar to D, and S, ‘except that h,, is
replaced by h,, r, is replaced by r, =§arh/ 6, the geometric
factor G is taken to be unity, and all the » subscripts are
replaced by a subscripts to denote that the parameters are
evaluated using the mixed zone properties of the A region. To
obtain 51,, and Nmax, from Eqs. (35) and (36), the subscripts
are changed from b to ¢ and, in addition, the two parameters
are multiplied by the term sin/68. This term arises because in
the A region mass flux is evaluated using the arc length 8
whereas the extent of the lasing zone is evaluated using the
semichord rsind. This difference does not arise in the B region
where both the mass flux and the extent of the lasing zone are
based on the same length 71,

Equations (33) and (41) complete the lasing analysis. Prior
to achieving the threshold condition, specified by Eq. (32),

(dyn/dr) 4, and (dn/dr) g are zero and Eqs. (33) and (41) can be.

solved for the mixed zone gains which appear in the terms S,
and S,. Once threshold is achieved, three equations are
necessary to specify 5 and the two gains. Two equations are
provided by the threshold condition, Eq. (31), and the net
lasing efficiency equation, Eq. (28). The third equation is
obtained by noting that the total radiation intensity passing
through the A and B regions at a givén value of r must be
identical. Thus, Eqgs. (29) and (30) are coupled through the

intensity term. Eliminating this. term - between the two

equations leads to the required third equation
(), === ()
dr/s h8m, \dr/a

When dn/dr becomes zero once again, lasing terminates and
Eqgs. (33) and (41) are again solved for the gains &m, and &y,
with (dn/dr) , =(dy/dr), =0.

The total temperature change in the B region can now be
evaluated with the result that

(dT0b> _ CFi [dXTb _E(X; —X, )]
dr /R c,M; - dr ‘ b

(42)

v C ) .
x [H—e 24, vap(v)] + C—: (D, X5, +5,,) (43)

v=0

where the two terms represent the heat addition due to the
pumping reaction and collisional deactivation. H in Eq. (43),
equal to 1.27x 105 J/mole, is the heat of reaction for the
pumping reaction. The corresponding equation for the A
region is obtained by eliminating the entrainment term and
changing the b subscripts to a’s.

With the specification of the equations for %, the model for
the source flow laser is complete. Aside from the various

isogain line

plume
boundary

Z ~-Ci

entrainment
boundary

- /Nozz1e ¢
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Distance From Nozzle Exit Plane, x ~ cm

Fig.3 Gain contours for a source flow nozzle.
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auxiliary relationships, our model consists basically of eight
coupled, ordinary differential equations; Eq. (1) for M, Eq.
(10) for 6,, Egs. (3-6) for the gasdynamic properties of the B
region, and Egs. (33) and (41) for the chemical specific ef-
ficiency in each region.

D. Base Pressure Correlation

To specify the base pressure for the analysis, we have
developed a correlation which appears to work well for a wide
range of operating conditions.4 The correlation is based on
the calculation of a critical wake closure base pressure p,
defined as that value of p, which leads to a final flow
pressure, far downstream of the nozzle exit, equal to p,. It
corresponds to the case when the downstream pressure is
communicated to the base region either through subsonic
boundary layers along shrouds surrounding the laser cavity or
through an open wake between nozzles.

For experiments where no particular care is exercised to
limit the pressure feedback along the shroud boundary layer,
base pressure measurements yield a value equal to p,. to
within approximately 10%. For configurations that inhibit
pressure feedback, the base pressure can be reduced to ap-
proximately 50-70% of p,.. For those configurations, the
ratio of p, to p,. is a useful measure of how successfully the
base region has been isolated from the downstream flow.

HI. Application of the Model

The primary objective of this section is to use the model we
have developed to assess the impact of the base pressure on
laser performance. First, however, we will show some
comparisons of the model’s predictions with. experimental
results.

Figure 3 shows a plot of the gain contours in a source flow
chemical laser, as determined by experiment,!® for a nozzle
with the following characteristics: r;=0.76 cm, 6 =31.8 deg,
h=2.3 cm. For this particular experiment the lasing molecule
was DF. Each curve in the figure represents a line of constant
gain. The curve crossing the nozzle centerline nearest the
nozzle exit plane corresponds to a gain of 0.04 cm ~! and each
subsequent curve represents a decrement of 0.02 cm-!. The
three isogain contours near the base centerline represent
absorption with g=—0.06 cm~! near the base centerline,
—0.04 cm~! for the intermediate curve, and —0.02 cm ! for
the curve farthest from the base centerline.

Superimposed on the figure are the entrainment and plume
boundaries as predicted by our model with v,=3 and the
kinetic rates appropriate for DF. If the flow within the en-
trainment boundary were pure source flow, the gain would be
constant along each arc of radius r=r;+x. The source flow

J  Xgolem) n/n*

18- ior 1.0 Experimental Data

10 6 0.6

6 2 0.2
<L L o ] : |
0 0 10-4 10-3 10-2

THRESHOLD GAIN, gy, ~ cm-1

Fig. 4 Comparison of predicted saturation characteristics with
experimental data.
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Table 1 Baseline conditions

Nozzle geometry: ri=4.64cm, h=3.92cm, §=22deg

Flow properties: M,;=3.26,T, =1130K, y=1.47
piv; =0.502g/cm?s, T, =561 K
Cr,/Chy,/ Cor,/ Cuie,/ Criy;

=0.19’7/0.104/0.410/0.151/0.139
Threshold gain: 8 =0.0002 cm !

Laminar mixing: m=0.5

assumption for the flow within the entrainment boundary
appears ‘justified by the gain contours which are
predominantly functions of the distance from the nozzle exit
plane. In addition, the entrainment boundary appears to
correlate remarkably well with the point where the gains begin
to exhibit a much more complex spatial dependence. For this
particular experiment the base pressure is approximately 0.42
times the nozzle exit pressure so that the entrainment
boundary represents the leading edge of an expansion fan.
The figure clearly indicates that the gain in the region between
the entrainment and plume boundaries, which is our B region,
has an average gain which differs from the source flow gain at
the corresponding r. In this case, the gain in the B region is
higher because of the lower pressure in the base region.
Obviously, our simple orie-dimensional model cannot predict
the complex spatial variations of the gain which arise partly
because entrainment actually occurs gradually through an
expansion fan and partly because of the viscous interactions
‘with the recirculating flow in the wake of the plume.
Nonetheless, our basic assumption of two distinct flow
regions correlates well with the gasdynamics represented by
the gain contours. In that regard, it is worth noting that the
isogain contours reflect remarkably well many features of the
flowfield, including the viscous interactions near the -plume
boundary and the shock structure at the plume impingement
point.

Figure 4 shows a more quantitative comparison with ex-
perimental data. Here we have plotted the model’s predictions
of the effect of threshold gain on lasing performance for a
source flow HF laser with the following geometric charac-
teristics: r;=1.27 cm, 8=31.8 deg, #=3.1 cm. Shown in the
figure are the chemical specific’efficiency, the mode length x,
which is the distance dowstream from the nozzle exit where
lasing cutoff occurs, and the rotational quantum number J
which maximizes 5 for a given value of threshold gain. In
plotting », we have normalized the curves to n*, the predicted
value at g, =0.0001 cm ~!. In performing the calculations we
assumed v,=2 and used the reaction rates specified in Ref. 1.
Also plotted in the figure are experimental data points taken
from Ref. 11. The experimental value of J represents the
power-weighted average rotational quantum number for all
the lasing lines.

In general, the predicted saturation trends agree well with
the experimental data. The model accurately predicts the
decrease in the mode width with increasing g, . Because of our
assumption that all lasing lines operate at the same J, we
would expect some discrepancy between the predicted value of
J and the power-weighted average J determined from ex-
periment. Even so, the error in Jin Fig. 4 is, at most, less than
one. The decrease in 5 with increasing threshold gain appears
to be adequately modeled except for an overprediction by
about 12% in the value of 4 at the lowest gain point. It should
be mentioned, however, that it is difficult to accurately
establish the threshold gain for cavities with extremely high
mirror reflectivities because significant increases in g, above
the value predicted by Eq. (32) can result from mirror
degradation, or from small amounts of scattered radiation
which may go undetected.

We now turn our attention to determining the eftect of base
pressure on laser performance. For this study we will use the
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baseline conditions shown in Table 1. As a measure of per-
formance, we will use the chemical specific efficiency ratio,
defined as the ratio of 5 for a specific geometry and base
pressure to g, the specific efficiency obtained for the same
geometry based on a pure source flow calculation.

In Fig. 5 we have plotted this ratio for the baseline con-
ditions in Table 1 as-a function of the base pressure ratio
D,/ P, for mixing lengths of 4 and 12 cm. For these con-
ditions p,. =6.23 Torr, which is greater than the nozzle exit
pressure of 5.48 Torr. For both values of /,,, 5 increases as the
base pressure decreases, primarily because collisional
deactivation in the base region decreases with decreasing p,,.
For the lower value of /,,, however, the increase in 7 is not
very large because most of the lasing energy is extracted
before a significant fraction of the source flow is entrained
into the base region. As the mixing length is increased, lasing
cut-off occurs farther downstream, and 7 is more sensitive to
the value of the base pressure, as evidenced by the /,, =12 cm
curve which varies from %/5g¢=0.87 at p,=p, to
n/nsp=1.02 at p, =0.5 p,.. The pure source flow model
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—m= & = 12cm, ngg = 860 J/g-F,
1.2 (XCO)SF = 3.63cm
™
=z S5
S10F o
X .
< N
-] ~
o ~a
= 0.8 S~ e
osf
ol f I L { 1
11
10 Tl
uw Te——
] ~~o
< ~—
£ 0.9 S~ .l
0.8}
ot 1 L 1 I t
005 0.6 0.7 0.8 0.9 1.0

BASE PRESSURE RATIO, pp/Ppc
Fig. 5 Effect of base pressure on lasing performance (r; = 4.64 cm).

—— &, = 4cm, ngr = 1550 J/g-F,
(Xco)sg = 4.00cm

120 g0 = 12em, ngp = 1300 J/g-F,
{Xco)sF = 9.72cm
—_—
1.0
[T
2
3 0.8
X
3
L]
Toes- o Tee—el
0.4f
ot i L 1 ]
1.2" ‘ B
1.1f \
W
ég 1.0 \\\
& S~
~.
0.9 \\\\
0.8
NG B | I S |
%66 07 08 08 10

BASE PRESSURE RATIO, py/Pbc
Fig. 6 Effect of base pressure on lasing performance (r; =2.32 cm).



AUGUST 1983

predicts an increase in 4 with decreasing /,,, as can be seen by
comparing the values of gp. Figure 5 suggests that this basic
conclusion remains unaltered when we compare performance
at a given value of p,. Finally, we note that the lasing ef-
ficiency actually can exceed the pure source flow value at the
lower values of p,/p,,., the reason being that the base region
becomes a more favorable lasing region when its pressure is
lo wer than the source flow pressure.

Also shown in the figure is the mode length x_, normalized
to the corresponding value for a pure source flow calculation.
(Note the difference in the scale of the ordinate for the x,, and
n curves.) As expected, lasing terminates sooner for the higher
values of p,. Comparison of the two curves in Fig. 5 shows
that the base pressure has a proportionately larger effect on
X, than'on 5. For example, although n=0.87ng; for p, =p,.
and /,, =12 cm, the mode length is only 65% of the pure
source flow value. '

Figure 6 shows another plot of lasing performance with
base pressure. The conditions used to generate the curves in
this figure are identical to those listed in Table 1 except that
the initial source flow radius has been reduced to one-half its
baseline value. For the smaller r;, the curves are not plotted
for p, less than about 0.7p,,. because for lower values of p,
the model predicts that the outer edge of the plume strikes the
base centerline before lasing terminates. Complex gasdynamic
interactions occur at the impingement point which are not
included in our analysis.

Again, we note that an increase in lasing performance
accompanies a decrease in p,. However, some differences in
Figs. 5 and 6 are apparent. At the smaller r;, n/ngr remains
greater than unity even at p,=p,,. for the /, =4 cm curve.
This is because p,., which equals 2.23 Torr, remains con-
siderably lower than the source flow pressure out to the end of
the lasing zone. At the longer mixing lengths, cutoff is delayed
sufficiently, so the source flow pressure eventually .drops
below p,,.. Thus, for /,, =12 cm, 5/ygp is less than unity for p,
near p,.. Again, for a given value of p,, we note that a shorter
mixing length leads to a higher chemical specific efficiency.
Figure 6 shows also that for the smaller radius nozzle the
effect on p, on x_ is greater than its effect on 5. Comparison
of Figs. 5 and 6 shows that another prediction of the pure
source flow model, namely, an increase in efficiency with a
decrease in r;, is also unaltered by including the effects of the
base region.

IV. Summary and Discussion

In this paper we have developed a simple model for in-
corporating the effects of base pressure on the performance of
source flow chemical lasers. A number of assumptions were
introduced either to make the analysis tractable or to describe,
at least qualitatively, physical processes that are now only
poorly understood. Nonetheless, comparison with small
signal gain contours and laser saturation experiments in-
dicates that the model can predict the general gasdynamic
characteristics of the flowfield and its lasing properties.

The model has been used in this paper to determine the
effect of base pressure on performance. The model predicts
that the chemical specific efficiency and the mode length of
the laser increase as the base pressure decreases as long as
lasing terminates before the plume impinges the base cen-
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terline. The' gains in n and x,, with decreasing p, occur
because of the decrease in collisional deactivition which
accompanies a decrease in.pressure. The sensitivity of lasing
performance to the base pressure is greater for longer mixing
lengths and smaller r; because in both cases the point where
lasing terminates occurs farther downstream. Thus, the base
region becomes a larger fraction of the lasing volume.

Including base pressure effects causes the chemical specific
efficiency to deviate from that predicted by the pure source
flow model. The value of 7 can either be less than or greater
than n¢p depending on whether p,, is greater than or less than
the source flow pressure during the extraction of the lasing
energy. For a fixed value of p,/p,., however, the results of
the current model appear to substantiate the conclusions
based on the pure source flow model, namely, that a shorter
mixing length and a smaller radius lead to higher efficiencies,
provided that plume impingement occurs after lasing cutoff.

In practice, the shortening of the mode at high values of the
base pressure may prove more harmful than the decrease in
chemical specific efficiency. For example, the shorter mode
allows less margin for error in aligning the optical com-
ponents and, for unstable resonators, limits the capability of
reducing the high mirror fluxes. In any case, the deleterious
effect of a high base pressure on both-n and x_, suggests that
laser designers either exploit configurations where the base
pressure. can be maintained at a low value, or else consider
features, such as enhanced mixing, which limit the sensitivity
of performance to the value of the base pressure.
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