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Modeling DF/HF CW Lasers:
An Examination of Key Assumptions

S. W. Zelazny,* R. J. Driscoll,T J. W. Raymonda,f J. A. Blauer,§ and W, C. Solomon§
Bell Aerospace Textron, Buffalo, N.Y.

The sensitivity of laser performance predictions to the approach used to define critical input parameters is
examined, These inciuade: 1) entrance conditions to cavily, i.e., composition, temperature, Mach number,
pressares, and their distribution acress the boundary layers, 2) effective pressare distribation throagh the laser
cavity, 3) mirror reflectivities, 4) mixing mechanisms of the reacting streams, and 5) chemical kineties. Twe
compaier codes are used in tandem to compute the faser performance, starting with combustor condition, and
computing nozzie heat loss and boundary-layer profiles at the cavity inlet. Closed cavity powers are compuated
ander the assumptions of rotational equilibrium and sieady gain-egual-ioss in a Fabry-Perot resonator. The
kinetic mode! of Cehen is used to calculate the cavity chemistry, Computed resaits are foand to be very sensitive
1o the boundary-layer profiles, mixing rates, and cavity pressare distributions. Certain reaction rates, {¢ whick
the predicied performanece is guite sensitive, are also identified,

Nomenclatire

A =area

C; =mass fraction of specie/

C = specific heat

C =names given to laser nozzies
described in Refs. 252and 27-29

; ) =gross diffusion rate for specie into

a multi component stream

i =binary diffusion coefficient for

species?, j

ratic of fluorine atom mass

fraction at the wall tc the core value

P
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h; =static enthalpy of species

H = stagnation enthalpy

H., =distance from nozzle centerline to
centerline

H,, =combustor {primary} nozzie exit
half height

o, =lasant {secondary} nozzie exit half
height

im =0 two-dimensional; =1 axisym-
metric flow rate

M, M, Mg M, = mixing source terms {Sec. 2}

7 =mole/mass ratio of specie f

N; =molar flow rate of specie/

(N e =N./2+Ny,

p = static pressiure

P =closed cavity laser power

Fo.TL =mirror reflectivities

Ry :NDZ (OFNHQ)/(NFz)av

R; = gas constant

T =static temperature

v = vibrational quantum number _

V = velocity in laser cavily mixed region

X =distance downstream

Presented as Paper 77-63 at the AIAA 15th Aerospace Scicnces
Meeting, Los Angeles, Calif,, Jan. 24-26, 1977; submitted Feb. 18,
1977; revision received Dec. 27, 1977. Copyright © American In-
stitute of Aeronautics and Astronautics, inc., i977. All rights
reserved.

Index categories: Lasers; Reactive Flows.

*Staff Scientist, High Energy Laser Technology. Member ATIAA.

tPrincipal Scientist, High Energy Laser Technology. Member
ATAA.

i Research Scientist, High Energy Laser Technology.

§Principal Scientist, High Energy Laser Technology.

9Director, High Energy Laser Technology.

a =Ng/(Ng,)a, level of dissociation

7 =P/ (m,), specific efficiency

o =P/m;, specific power

Y. ={&N;},/(Ng,)av, sum over all
species .in combustor except final F,

YoF =Npe/Nedaw |

w'l_ -_—ND/(N Fl)av N ND iS dﬂuent in
secondary

£ : =Y.+ +R; =2

Subscripis

CO = at lasing cutoff

€Xp =experimental value

D =value in primary nozzle

s =value in secondary nozzle

th =theoretical value

3 =value of mixed flow at nozzle exit
plane

Note: Barred { ) represent value in the mixed region {Sec. 2}
or a value normalized by its baseline value (Tables 8 and 9).

E. Imtroduction

‘The Problem

* HEMICAL lasers are characterized by physical processes
covering a broad range of technical disciplines. Analysis

and design of these systems requires combining knowledge in
areas involving gasdynamics, viscous flow, transitional and
turbulent flow, chemical kinetics, radiative phenomena, and
numerical analysis. A schematic of the various components of
a chemical laser is shown in Fig. 1 and the schematics of two
types of nozzle arrays (slit and axisymmetric) are shown in
Fig. 2. The goal of the laser designer is to achieve a given laser
power output and efficiency through a specification of and/or
control of parameters, such as nozzle and fiow conditions.
Selection of the optimum geomeiry and operating ranges
requires guidance from analyses which accurately characterize
the dominant physical processes governing laser performance.

Background

In the last seven years, a number of technigues have been
developed which compute laser performance (power) in
lasers.!!® These methods range in scope from simple
algebraic expansions used to establish characteristic mixing
and reaction scales! to complex multidimensional reacting
flow computer analyses.'"'* The multidimensional analyses
allow one to include the often important infiuences of flow
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Fig. 1 Schematiic of chemical laser components,
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striations at the laser cavity entrance induced by the laser
nozzle. Unfortunately, this type of two-dimensional mixing
and reacting flow analysis does not come cheaply in terms of
computer and data preparation time. This fact has resulted in
a number of investigators employing one-dimensional
idealizations of the flowfield and simulating the mixing using
a scheduled mixing model.® These resulting analyses still
retain the capability of dealing with general chemical systems;
however, the effects of boundary-layver influences are not
considered.

A compromise beiween the one- and two-dimensional
treatments of the lasing problem can be made by simplifying
the multidimensional equations using boundary-layer integral
methods. This approach, which allows the nozzle boundary-
layer influence to be considered, was used to develop the
equation system solved in the BLAZE-II computer code. !¢

It is clear that there are numerous models available to aid in
estimating laser performance. These models, depending on
their degree of sophistication, require one or more of the
following inputs before the zero power gain and/or closed
cavity power may be computed: 1) definition of entrance
conditions to the laser cavity, i.e., composition, temperature,
Mach number, pressures, and spatial distribution of these
parameters across the boundary layers which exit each laser
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Fig. 3 BLAZE-II flow model and fanctional dependence of anmixed
stream paramefers:

nozzle, 2) the effective pressure distribution through the laser
cavity, 3) mirror reflectivities, 4) mixing rate of the D,/H,
and F streams (laminar, transitional, turbulent, or defined
explicitly in terms of mass addition rates), and 5) chemical
kinetics (key species, reactions, and reaction rates).

Objective

The objective of this investigation was to establish the
sensitivity of laser performance predictions to the approach
used in defining each of the preceding parameters. The quasi-
two-dimensional form.of the BLAZE-II equation system is
given in Sec. 1I, and the chemical rate models are described in
Sec. I1I. The approach used to establish laser cavity inlet
conditions is described in Sec. 1V. Comparisons between
predicted and experimental laser performance are shown in
Sec. V for both HF and DF lasers. The sensitivity study is
reported in Sec. Vi, foliowed by concluding remarks.

II. Governing Equations

The two-dimensional (x,y) form of the conservation
eguations is used as the starting point from which a system of
governing equations is developed'® which contains only one
independent variable, the main flow direction x. Reduction
from two to one independent variable is achieved by in-
tegrating the two-dimensional equations across the mixing
zone, Fig. 3. It should be noted that the often referred to
scheduled mixing analysis'"*® used in one-dimensional laser
flow models will result as a special case of the one-
dimensional ordinary differential equation system used
herein.

The flow is considered to be either two-dimensional or
axisymmetrix and the boundary-layer approximations are
assumed to apply. With these assumptions, the governing
equations of laminar, transitional, or turbulent flow in terms
of their mean (time-averaged) properties can be reduced &7
to the following quasi-two-dimensional form.

Continuity:
d
™ (pAVY=M,, (1a)
where
M, =27 (quzé‘é % — 020264 —pyu, & 9{% + P/U/‘S')) (1b)
Momentum:

_dv
176

EX‘ +M, . (2a)

|~
&§
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(4b)

The effects of mixing are accounted for by the source terms
M, .M, M, and M;. These terms account for the influence
of entrainment of the unmixed fuel and oxidizer into the
mixing, reacting, and lasing zone {(Fig. 3).

Mixing of the reactants is by laminar diffusion. To
determine the diffusion coefficient for specie / mixing with a
multicomponent mixture of species j, the binary diffusion
coefficients Dj; arc first calculated using the Lennard-Jones
(12-6) potential model with polynomial curve fits for the
collision integrals as a function of temperature. The
multicomponent diffusion coefficient, i.e., the gross diffusion
rate for specie / into the multicomponent stream, is deter-
mined by

o-[L5]

=i Py

J#EL

where the summation is over the ;j species in the multicom-
ponent stream and x, is the mole fraction of specie /.

These source terms are added to the right-hand side of the
one-dimensional lasing equations.® The flow properties of the
entrained gases from the unmixed flow regions are varied with
distance downstream to reflect the striations in the flow in-
troduced by nozzle boundary layers. Details are reported in
Ref. 16,
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II. HF and DF Chemicai Rate Models

As is well known, HF {and DF) chemical lasers emit radiant
energy from vibrationally excited HF (or DF) produced in a
chemically reacting medium which is quite complicated.
Chemical reactions both generate and destroy vibrationally
excited HF or DF on comparabile time scales, while varicus
relaxation and energy transfer processes tend to degrade and -
redistribute the vibrational excitation which is formed initially
by chemical reaction. A great deal of experimenial and
theoretical effort has been expended during recent years with
the aim of measuring, calculating, or estimating rate con-
stants for processes important in chemical lasers. This work
has been critically reviewed and augmented from time to time
by workers at Aerospace Corporation, and these reviews have
come to ‘be the standard sources for rate constants for
modeling HF and DF chemical lasers.**

The most recently published of such reviews,!® which
appeared in early 1976, focuses on the HF laser and considers
DF only as a relaxer of HF. The recommendations contained
therein have been since updated by Cohen, and an informal
report of the latest recommendations was forwarded to the
authors in May 1976. The main differences between the newer
set of rate constants and that in Ref. 19 are as foliows:

1) The v-dependence of the low-temperature form for the
rate of V-T relaxation of HF by itself and by DF is different,
and multiquantum transitions are now included.

2) The v-dependence of the V-T relaxation of HF by H is
different. In the newer model, single quantum transitions for
v>2 are 45 times faster than in the older model, but
multiquantum transitions are 4.5 times slower. In the older
model, the single and muiltiple quantum transition rate
constants were set equal for v> 1.

3) Muitiple quantum transitions in the V-V transfers
between HF molecules are allowed in the newer model and are
given the same rate constants as the single quantum tran-
sitions, which have the same values as the single quantum
transitions of the older model. The older model aliowed no
multiple quantum V-V transfers.

4} The v-dependence of the H,(v)-HF(v"} V-V iransfers is
linear in v’ in the older model, but is somewhat faster than
v’? in the newer model.

The newer model of Cohen for HF was adopted for this
work. Since the details of the model may not be generally
known, the rate constants are tabulated in Tables la and 1b.
These rate constants may also be compared with values found
in Ref, 15.

As mentioned previously, the most recent reviews and
recommendations on rate constanis for chemical laser
modeling pertain to HF lasers. The most recent review of DF
rate constants available for this work was published in Jan.
1974.% It was decided to incorporate the latest ideas con-
cerning HF relaxation into the DF model. The resulting rate
constants are tabulated in Tables 2a and 2b, since this model,
like the HF model, may not be generaily available.

Some differences are evident between the quantum number
and temperature dependences on the HF and DF self-V-T
relaxation rates shown in these tables, The HF self-V-T rate
constants are those recommended by Cohen?'; note that
multiguantum transitions are taken to be as probable as single
guantum transitions. Indeed, the rate constant for V-T
relaxation of a given v-state to a lower state v’ depends only
on the value of v not on v’. The total probability for
destruction of a state v scales roughly as v?. Cohen has
suggested?! that the same scaling should apply to DF as well.
We have, therefore, derived the DF self-V-T rate constants by
using the isotope effect to obtain the v=1—0 rate constant
from that of HF and applying v’ scaling to obtain the

“*1t should be noted that a large fraction of the experimental and
theoretical effort aliuded to in the text has also been carried out at
Aerospace Corporation; this and other relevant work is thoroughly
referenced in Ref. 19,
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Table 1a Reaction rate® data for H,-F, systems
(1976): reactions involving generalized collision partaers
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Table 2a Reaction rate? data for D,-F; sysiems
(1976); reactions involving generalized collision pariners

Reaction e A [ Elkeat) Comments
Fy=F+F TIZAF, 24F 5 x 10 0.0 351 -
HaHHy (v /20 H 6.2 x 18" -8.85 6.0 v=g,123
Ha tv) = Hy tv-1) “/4H,, &H 25v x 1070 43 313 v=1,23
Hy {v} = Hy (v} H 2x 18P i1} 12 V=12,350<v' <v
HE(vl=HaF 133x 1% 40 0%-Ey 0V
HE (1) = HE (D) HF, 06 DF 30x16% 1.0 0.9
HF {2) = HF (v} HF, 86 DF 75x18% LD 0.0 v=0,1
HE {3) = HF (v} HF, 0.6 DF 5.0 104 18 0.0 v=0,1,2
HE (4} = HF (v} HF, 0.6 OF 5.0 x 104 1.0 i1} 8y <4
HF (5} = HF {v) HF, 0.6 0F 18 x 107 -8 0.0 o<y <5
HF {B} = HF {v} HF, 0.6 BF 25x18% 10 0.0 o<y <6
HE {v'} = HF {v} HF, 0.6 DF 28 x 18" REi 8.8 asv v, v'=18
HF (Vi=Hlv-1 HF, BF 35y x10* 226 0.0 .0 <v <8, High Temperature

Form.
HE (1) = HF {0) H 45 x 1g! ag LX)
HF {2} = HF (3} H 1.8 x 192 0.0 0.7
HF {v} = HF fv-1} H 28 x38% 0.8 0.7 3y <8
HE (v} = HE {v)) H 10 x 162 0.0 6.7 3y <8, v <y
HE (v} = HF {v-1) Ar, Fp, 2He, N, 77vxig’ 50 2.0 <y <8
HF (V) = HF {v-1} 333 H,, 17 CFs 60 v x 107 10 0.0 o<y <8
HF {v} - HF {v-1} F 16 vx 10" 08 27 2<v<8
Ny (1 =R, (0} OF, HF 23x1pt 33 i)
N (1=, (0 [DF, GHE 12 % 108 00 123

Reaction mb A H E fieal) Eomments

Fy=F+F 2/24F,, 24F 5x 102 os 5.1

84D=0,1{v} /80, 8D tx 10 RE 2.0

D+D=8,{v} 1] 3x 10 0.5 8.0

D+0=Dy1{v) 2, tx 10" -6.67 0.0

By{vi= 0y te-1 */5D,, 6D 1.8v x 1072 4.3 0.0

Byfvi=0; (v ) 1.6x 1015 08 24

DFiv}-D+F */50, SF, 50F, 00, 1.2x 108 10 D%Eyp

SHF

DF{v}= DF (v} DF, 1.58 HF n2vx 10 1.0 0.0 1<y <y o<y <y,
Low Temperature Form

OF(vi=DF {v-)  OF HF 14y x10? +2.86 (i} 1<y <8,
High Temperature Form

DF{v)=DF {v-1} D, 5€F, 55vx 10! %30 0.0 1<y <8

DF{v}= BF (v} F,, 2He, Ny A 78y x 1077 +5.0 00 1<v<s

oFfvl- OF (v} F 1.6V x 107 0.0 3.38 1< vEs

DF(L = BF (B) D 24 x 18% 0.0 1.22

BF(v}=DF{v1} B 8.9x 30" 0.6 1.38 v=23

BF¢ ] 86 x 10° 0.0 138 4<<v <8

BF(v} = DF (v il §9x 1gM 0.0 1.38 3V s, p<y sv2

N1} = 8,0} DF, HF 23x 1’ +3.3 -8.79 .

N {H = Nyim) */80F, OHF 1.2x 108 0.0 12.3

The reaction rate constants are expressed in the form k=AT" exp (-E/RT).
Units are cm” -mol ~° —s ~ . °The symbol * means all species act as third
bodies with unit efficiency. The symbol */7 R, 5§ means that all species act as
third bodies with unit efficiency except R and S, which act with efficiencies
ands, respectively. The symbol rR, sS,... means that the rate so labeled is only
for species, R, S,...acting as third bodies with efficienciesr, s,..., respectively.

Table 1b. Exchange and pumping reaction rate* data for H,-F,

&The reaction rate constants are expressed in the form k=4 ™ exp (-E/RT).
Units are cm~ -mol ~° —s~ . “The symbol * means all species act as third
bodies with unit efficiency. The symbol */r R, 5§ means that all species act as
third bodies with unit efficiency except R and S, which act with efficiencies r
and s, respectively, The symbol rR, sS,... means that the rate so labeled is only
for species, R, S,...acting as third bodies with efficienciesr, s,..., respectively.

Table 2b  Exchange and pumping reaction rate® data

-systems (1976) for I},-F, systems (1976)
Reaction A N £ (keal) Comments Reaction A N Efkeat} Comments
- 3

;‘:; HF_M‘"“ kx1e 0o 180 F+Dy=DF(vi+D kx10'% 00 187 k- 176,40,60,43266rv=1,2,3,4
H:HFfV;:‘;?I%"F kx1o? oo os el D+0F = Dglv )+ F 10x1013 66 By 5V K90y <3
Hane (;};H"Q“ . L k=3.7,7.0,424orv D+ Fy = DFfvi+F kx10!3 08 246 =0.48,1.02 176,2.72. 082 for v =5,6,7,8,8
H4F.=HF (v e F ;(:(E,;:an 3'3 g':u =095 1.6 41, 444 1458 DF{VI+ DF(¢} = DF(v-1 + DF(v'+ 1) 6% 105 18 00 1<y, V<8

2" g y B3 15 4. A8 Torvm 48,5 By te)+ DF(v} =Dy (v- cell kx1083 em o - (k=0.173,054,1.2,25,39,87,19.4
HFLVh+ HEV) = HE v+ HE (' + 1) 30x10% 10 08 1<y, V<8 20T DR 20 (el £ DRyl e U g BErons 058 12258887184
Hy (VIS HFE (V)2 Hy - s HE V4 1) kx 1012 08 00 v=1,23k=083278318,38, 75 D1} + Boly} = Dyl0) + By (v + T} kx 187 15 80 k-t isbforv=12

forv'=0,1,2,3,4,5 Z 2 2 L84, .
Ny o+ HE (v] = 8,01} + HF (v-1) 4.1 x 162 1.8 4.0 1<v <9, tow Temperature Form
3.2v x10° 2.8 0.6 1< v <8, High Temperature Form

?The reaction rate constants axre expressed in the form k=4 ™ exp (-£/RT).
Units are em” -mol ~* —s

remaining rate constants. Each state v, decaying with relative
probability »?, has v possible lower states to which to decay.
We assume, following Cohen and in the absence of com-
pelling evidence to the contrary, that these should be weighted
equally. The resulting array of constants can therefore be
expressed in the linear wv-scaling form shown. The other
chemistry of importance to the D,-F, system is assumed to be
identical to that in the most recent review of Cohen?® on the
subject.

Note that individual vibrational levels are treated as
separate chemical species, and v is allowed to run from 0to 9
for both HF and DF. The present form of the BLAZE-II code
treats the rotational levels as being always in equilibrium at
the translational temperature. Therefore, no dependence of
rate constants upon rotational quantum number is included in
the present model.

The effects of rotational nonequilibrium in chemical laser
oscillators have been studied recently by Sentman??? and
Hail.?* Sentman employs a simplified chemical model in
which only two vibrational levels of the lasing molecule are
considered, and generalized pumping and relaxation reactions
are used, while Hall’s model includes five vibrational levels of
DF (v=0-4) and a more detailed treatment of pumping and
relaxation. Both authors find a tendency for lasing
simultaneously on several lines in a vibrational band in the
absence of rotational equilibrium. This finding is in harmony
with experiment and is in direct contrast to the prediction of
lasing on only one line per vibrational band when rotational
equilibrium is assumed. Both authors also find that the
calculated multiline powers for rotational nonequilibrium are
somewhat  smaller than the total power over all bands
calculated assuming rotational equilibrium; Hall?* finds the
fraction 0.86 for a selected DF case. The ratio of
nonequilibrium to equilibrium power is found not to be
sensitive to threshold gain or cavity length.?*

2The reaction rate constants are expressed in the form k=ATY exp(-E/RT}.
Units arecm® -mol ~! —s 7!

Table 3 Breakdown of DF raie model and variations in rate constant
magnitudes considered in sensitivity study

Group Name Typical Reaction Variations Considered
Pumping Reaction F+D0,=0F{v}+D x2;x 42
Self v-v GF (vi+DF {v'} = DF {v-1} + DF {v+1) x A x 2 x 12, % 34

BF/D, V-V B {v)+ DF (V) =Dg (v + DR L' 1) All Gmitted; Al But v = 1
Omitted, ky_y % 1,
) kyoy X2 kg x 172
Self VT BF {v}+ DF - DF {v'} + DF AV Omitted, Av=1x 1
. Av>1 Omitted, Av=1x 8
DF/GV-T GFlu}+D=DF{v}+D Av=§,v=1,23 S Equal o
Av=1,v>3
Av>1 Omitted, Av=1x 1
Av>1 Omitted, Av=1x2
Av>1 OBmitted, Av=1x1/2
K= 2% 1034 708 exp (22/RT) for
ali v, y' (1875 Rates)
B,, CF, VT BF (vj+ Dy =DF (v-} + D, Alt Omitted, All x 10

Miscelianeous F+F+M=F,+M Alt Omitted
D+F+M=0DF {v}
BF{vi+M=DF{v-1}+ M,
M=F,, 2 He, Ny, Ar
B+D+M=0, ()t M
Dplvi+M=D  {v-1)+ M

Since the conclusions drawn in the present work relate
mainly to the dependence of the calculated total power on
various parameters, it is felt that the assumption of rotational
equilibrium does not materially affect these conclusions.

Since there are a number-of uncertainties existing in the rate
models for both HF and DF lasers, a study was done in the
present work of the sensitivity of the computed laser
characteristics to changes in various rate constants, For this
purpose, the rate constants were organized into various
groups and given changes were made on the group as a whole.
The DF model was selected for this study and all calculations
were done for one selected test case, the HB5-1989 run of
Costello. ‘

The grouping adopted and the rate constant variations
considered are detailed in Table 3. It should be emphasized
that all variations shown were performed individually with -
respect to the model of Tables 2a and 2b as the standard.
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Tabled Laser parameters which must be specified
te compate closed cavity power
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Table 5 Review of assumptions offten ased in closed cavity
faser performance models

Parameter{s} How and/ar Where Used and Avaifability

. Rraction Rates 1. Eompute poputation distribution, smat signal gain, temparature and pressure [or area} of fiow
+ field. Aeasanably well known for DF and HF coid reaction Jasers.

Pressure or Area of Active Mediz in 2. Dne of these two garameters aré required to close the equation system, In smail scate devices,

Laser Cavity i, 2 x 8 inches or less, the pressure fietd will have considerable variation in smalter dimension
(perpendicular 10 tasing and flow direction), Alsc pressure variations in fasing direction are
significant due 10 curtain - lasing medsa interaction. Resuls is that considerable fraction of flow
{2225%) is atfected by three dimensional pressure field. Pressure ar erea usually taken to vary in
main tlow direction in most modets used to date.

>

Lol

Nazzie Exit Conditions:
Temperature, Velacity {mach
number}, Composition

o

These parameters are required as a starting condition in laser performance model. These at best
vary only in two dimensions for each nozzie and are most significantly affected by combustor
and nozzle heat loss, and the of the thermat and viscous
boundary {ayer in the nozzie. The cumbustor temperature tieid is required to compute the
nozzie exit boundary layer field. F-atom recombination at the nozzle suiface is generally the onty
physical mechanism which can change the compasition as the How accelerates through the foz-
Zle since residence times are relatively shart.

Refiable methads are avaitable for computation of the beundary layer davetopment. Surface
recombination is poorty undetstood although seme modeis {30} exist trom which to estimate its
impartance.

Avaitabitity of these parameters is good but biggest question is the reliability of parameters used
i thesr i.e., nazzie intes cond! coalant rates os walt tempetature of nozzles.

&

Combustor ExtifNozzie tater 4. Used to compute nozzie exit fiow profites (see 3 above}. Heat loss of combustor is required

Conditions which in torn requires information about the Him cooting coefficients. These have become
available in recent technology programs. 1n smail device, edge effects can become important
and account for retatively farge fractional foss in avaitabie F-atom due to thermal boundary
tayer influence

@

Hircor Reflectivity

o

. Used to compute threshold ysin, Generally well know at Jeast at the start of test series. May be
degraded significantly during testing. Also the minor reflectivity is not the only foss mechanism
present in 3 clased cavity, afthaugh it is the only parameter in which “optical” losses may be

dittract

accounted for, e.g., 3 of media in the optical
cavity.
B. Mixing Rates and/or EHective 6. Foi laminar fows the mixing rate may be computed 3s accurately as the temperature, T, and

Diffusion Coetficients pressure, p, fields, since the diffusion ceefficients vaty according to the relation DAT -5/p.
. The pressure and temperature are determined by the rate of heat release a3 well as those factars
discussed in items 2 and 3 above, whereas for turbutent flows the modeler is faced with setecting

the initrel turbuience leveds of diffusion rates.

It-the turbutent contribution fo the etfective diffusion rate becomes important, this assumption
reguces the theory to a data fit controfled by the modeler. Model has utility in studying treads
but 1ts abitity ta project 2 reliable absoiute power level is jost.

Therefore, synergistic effects that might result from two or
more simultaneous variations are not exposed in this work.
The effect of the tabulated rate variations are discussed in
Sec. VI.

IV. Cavity Entrance Conditions

The initial conditions required to make a BLAZE-II laser
performance calculation are the detailed distribution of the
velocity, temperature, and specie concentrations at the nozzle
exit plane, i.e., the boundary-layer profiles. These conditions
are obtained by first making a combustor calculation to
establish the nozzle entrance conditions and, second, by
performing a laminar boundary-layer calculation using the
combustor exit/nozzle entrance conditions. These analyses
are made using the CNCDE computer code which computes
the combustor exit/nozzle entrance conditions, assuming a
chemical equilibrium condition has been reached in the
combustor. Combustor and nozzie heat loss effects are in-
cluded to obtain the average nozzle throat stagnation tem-
perature. The nozzle boundary-layer characterization
technique has been described by Driscoll. 2

V.  Comparisons Beiween Data and Theory

Considerable insight into the shortcomings of a theoretical
model and significance of experimental results can be gained
by comparing theoretical predictions with experimental
results. A number of experiments were modeled using the
BLAZE-II model, which is used in tandem with the CNCDE
code (Sec. IV) to characterize the flowfield from the com-
bustor through the nozzle and into the laser cavity. The
literature is replete with reports of chemical laser per-
formance. However, only a small fraction of these reports are
suitable for modeling studies, since only a limited number of
studies provide sufficient detail on the experimental con-
ditions to allow a straightforward calculation to be done. The
Iaser parameters, which must be specified in order to carry out
calculations, such as those reported here, are listed and
described in Table 4.

However, even the most detailed experiments to date leave
much information unspecified, particularly where the fluid
dynamical aspects of the probelem are concerned. Therefore,
it is still necessary to make a number of simplifying assump-

Assamption Simpification and Consequence

Leads to one dimensionsiization of equations. Theoretical power can be overestimated by es
mych as 300%.

. Nozzle Exit Profites are represant;
able by average properties.

~
~

Edge Effects are negligible. Reguired to “two dimensionalize™ the fiow field. Implicitly conteined in assumption (1} above
in smait scale device combustor thermat boundary layer can account for 25% ot flow. Similar

fracticns of fiow may be influenced by cavity edge influences.

3. Plane Paraile! Mirrors Simulate 3. Fabry-Perot Modet uncouples flow field calculation from optics wave prapogatin analysis.
Opticat Cavity. Heasonable assumption in multi-mode stable tesonator used in closed cavity experiments.

However, spiif Josses afe not eccounted for in model.

4. Scheduls Mixing Rate 4. Severe assumption which attaws the modeler to control the rate at which F and B, {H,} are
made available for resction. Reduces the analysis'to a “data fit” when sttempting ta reproduce
a specific experiment. However, the mode! using this assumption does have utitity in studying
trends.

5. Rotational Equilibrium 5. Greatly reduces the number of dependent variables to be considered. Corsequence not to0

severe in closed cavity simulation but resufts in prediction of wrong fasing lines and an estimated
30% averly optimistic power prediction. Removal of this assumption esseatiat 1o the
prediction of the correct fasing fines in outcoupled device.

6. initiel Turbuterce Level 8. Lack of data makes it necessary to estimate intiat turbutence levet in models using eguationts} ta
Prescribed compute effective diffusion caefficient. Result is that the modeter indirectly controls the
mixing rate. Fortunatety it appears that for most c.w. chemical laser applications the tasing wilt
take place in the laminar flow regime.
7. Extent of Mixing, i2., peneuration 7. Removes requiremant of computing detaited ™o or three dimensiqnal mixing calcufation to.

of each stream inta the other,
defined by faminar simitarity
relationship reflecting dependence
of mixing in nozzle geametries,
exit conditions.

establish mixing length. Cansidering currant uncertainties in estimating effective remperature
and pressure; this approach daes N0t apaat 10 be fess attractive Than the more exact apRroach,

Properties acrass the mixing

and Jasing zone are represented
by buik average properties. lin-
mixed portions of the fiow are
notinciuded in the average values
but eonsidered separately.

*

Atlaws the tasing flow fieid to be modeted using 2 one dimensionai equation system. Details of
the flow striatians are tost. Explicit camputation of the rate of entrainent in terms of profile
shape and tocal diffusion cocfficients can not be perfarmed.

Reguire either an empirical expansion be used te compute extent of mixing of introducing
additionat ordinary differential equations.

]

. Cavity Shroud Boundary lavers have 8. Uncouples the boundary fayer influence on cavity perfarmance. Cansequence can be that
not separated. Downstream proper-  performance projections can be unreaiistically high i pressure rise is sufficiently large to
ties do not influence performance. induce separation andjor change effective pressure distribution in the cavity.

Note: Assumptions 2, 3, 5, 7, 8 are used 1n BLAZE-H moael.

Table 6 Comparison between data and theory

Lasing

No Nozzle Ref. Fuels o Exp.bD. 0 R W P P‘h/P“p

!

TCLY O x8® 25 F/CiHu/He/D, DF  HB51983 365 S0 216 64 197
2 CLV{1x8) 25 F,/CMs/He/D; DF HB5.1989 362 B5 217 92 . 118
3 ELVIIxBl 25 F,/C,H./He/D, OF HB52013 357 48 311 93 Chembum
4 CLU(axTh 27 Fy/HyfHe/D, DF  HE5-1385 189 105 84 046 106
S CLitsx7) 27 E/H/N/B,  DF  HBEI3TT 188 181 87 pg1 102
6 CLILGx?) 27 F/MyN,/D;  DF MBE320 158 88 60 102 124
T OCLH{GxTE 28 Fy/Dy/HeiH; HE 23 3 W 15 140
B CLH{%xT 28 ° F/D,fHe/H, HF goe % 17 18 17 130
8 CLXIY 28 Dy/F,felM, HE 3820 35 24 T 62 130
0 CLXV 23 CFG/NFy/He/H, HF 4018 40 28 16 33 121

#Numbers in parentheses refer to nozzle height and width in inches,

tions in order to define the model completely and proceed
with computation, Table 5 lists 2 number of the assumptions
often made in laser modeling studies and briefly describes the
effects each can have on the calculated results. Assumptions
not used in the BLAZE-II model are pointed out. In the
calculations reported later for comparison with experiment,
no adjustable parameters (such as mixing lengths) were used
to achieve a *‘fit”’ to the data.

We present, in this section, calculated results for the ex-
perimental cases listed in Table 6. Each of the calculations
was performed assuming laminar mixing, mirror reflectivities
reported in the cited references, and using a constant area
assumption. Examination of the cavity entrance conditions of
case 1983 showed a 3:1 mismatch in nozzle exit pressures. The
mismatch in pressure will result in a compression of the
D,/He stream and expansion of the F (and other gases)
stream. Consequently, the dominant mixing scale H, will
increase in the process. This effect was considered in the
modeling by computing the mixed pressure using an approach
that differed from that described in Sec. IV. Specifically, an
iterative procedure was used, wherein the downstream mixed
pressure is guessed and the isentropic compression/expansion
calculations are performed to attain the mixed pressure
condition. The resulting conditions approximate the
physically more complex phenomena, since boundary-layer
effects have been neglected. The exit Mach numbers and
temperatures of the inviscid flow are adjusted and boundary-
layer profiles fit to the new values. The sensitivity of
predictions to this type of calculation is discussed in the
following section. As noted in Table 6, the predicted power is
in reasonable agreement with the experimental results. The
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Table 7. Comparison of baseline
calculations with experiment for

case HB5-1989
Quantity Experiment  Calcutation

Power, P IkW} 68 8.1
Specific Power, "o (kJ/ib} 338 397
Efticiency, 1 {kdfgm - F) 873 a7
Cutott (em 134 441
Temprrature at Cot-off {°K} - £33
Prossure at Eut-olf {tore} 10° 442
Temperalure at 10 cm (°K) - 582
Pressure at 10 cm (torr} bl 388
Finat Mixing Length, Primary femb ~ 138
Final Mixing Length, Secondary fem} - 25
Wall Pressure at Streamwise Distance of :

064cm 53

343cm 56

724 em 8.7

184 em 148

# Estimated wall pressure.

remaining CL-V cases shown in Table 5 were modeled
neglecting pressure mismatch effects. The sonic injection CL-
II was modeled characterizing the sonic injection slits as
supersonic nozzles with an exit dimension equal to the sum of
the base region and the sonic slit height. Calculations were
made to examine the differences that would be produced by
considering the pressure mismatch which occurs (even when
expanding to fill in the nozzle base region). The differences
were small (< 3% for the primary nozzle) due to the relative
length scale of the CL-II nozzles and the large percentage of
the total mass and momentum contained in the primary. Two
trip nozzle cases were successfully modeled using a laminar
mixing model, which warrants some explanation. Here it is
assumed that the trip produces a wrinkling of the flame sheet
which results in a reduction in the laminar mixing scale.
Calculations were made for five different trip conditions
using the same approach used for cases 1-8 in Table 6. It was
found that the model underestimated the observed power
consistently by 40-60%. A reduction in the nozzie exit
dimension of 20% (not changing nozzle exit conditions)
brings all points examined into reasonable agreement with the
data.

VI. Sensitivity Study

The CL-V case HB5-1989 was chosen for the sensitivity
studies presented here. This nozzle geometry was selected,
since no assumptions were required as to how sonic injection
{CL-11) or tripping the flow (CL-XIV) influenced laser
performance. In Table 7, the baseline calculated results are
compared with experiments.? For the purpose of this
discussion, the variations made on the baseline case are
divided into two groups, those involving changes in the kinetic
model and those involving changes in other aspects of the
input. These two groups are discussed in separate sections.

Sensitivity to Reaction Rate Constants

Table 8 lists the various changes made in the kinetic model
and displays the effects of these changes on the calculated
results in terms of ratios of various quantities to their baseline
values, Table 7.

The pumping reaction rates (cold- reaction only) were
multiplied and divided by two, with the unanticipated result
that the power decreased with faster pumping rate. This may
be due to a tendency to destroy a greater fraction of the ex-
cited DF by self-V-T when it is formed more rapidly.

Changing the rate of the self-V-J rates has the expected
effects on the calculated power, since the tendency of these
reactions is to take molecules out of v =1, 2,3 and promote
haif of them to higher states while de-exciting the other half.
Corresponding with this, the percentage of total predicted
power that comes from the cold reactions is lower for faster
V-V rates.

The DF/D, V-V reactions are relatively quite important,
since omitting them causes a 38% increase in predicted power.

AIAA JOURNAL

Table8 DF modeling sensitivity to reaction rate
variations asing case HB5-1989 as a baseline?

At cm
At Cutoft Downstream Mixing Lengths
Rate Constants £xamined — - - — - — - —
No. and How Varied Xeo P T P T P Xmy sz
12 Pumping Reaction Rates; x 2 638 88 10y 18Y 108 108 30 1.0
b Pumping Reaction Rates; x 1/2 1.02 1.02 0.9% 0.88 098 0,89 16 1.0
23 - OF Self V-V Rates; x 4 .95 081 101 101 1.0t 1.0t 1.8 1.0
b OF Selt V-V Rates; x 1/4 103 1.04 0.99 093 8.39 0.9 i0 e
33 DF/D, {v} V-V Rates; =0, All v {RE] 1.38 0.92 036 1.68 108 10 e
b =g VX 12, v = L 125 093 0.98 039 .38 18 18
T =g, v>Extvet 143 107 180 1.00 1.68 100 10 1.8
¢ =8 v>hx2 v=1 0.97 0.90 1 1.62 1.01 .0 1o 10
42  DFSel VT Av>ixd Av=1x1 180 182 087 08 092 083 16 1.0
b. DFSeV-T,Av>1x0 Av=1x10 283 .80 1.02 1.03 105 105 1.0 1.0
53 DF(v/BVT Av=tforv=123 .80 0.57 (R} 1.15 108 1.08 10 10
Ser= Av=1forv >3 ie.
x 200 oF more, see Table 2a
b JAYIX B, Av=1x 12 14 182 093 6.88 0.3% 0.99 10 e
3 PAV>Tx D, Av=1xt 1.03 .03 0.9% 6.98 0.88 1.08 1.8 1.8
a4 (A>T X B, Av=tx2 1.0 1.04 1.00 1.80 86.38 0.98 1.8 18
e SAdISet = Values Used in 0.81 877 181 162 1.03 .63 18 121
1975 Rate Modet

Ba DF/D, CF, VT, Alix 0 1.61 162 160 1.00 100 1.00 1.0 1.8
3 JAllx 10 0.88 0385 1.02 1.02 102 1.80 1.0 10
7a  Miscellaneous; All x @ Lo 101 0.39 g.93 087 0.87 1.8 10

*See Table 7 for baseline values. Nomenclature: barred quantities are non-
dimensionalized by their baselined values. Xy = point at which four v levels cut
off., i.e., we avoid counting chain reaction lasing when only a very small
fraction of the power is contained therein; P=power; T =temperature;
p =static pressure; X,,;, X,,» =primary and secondary mixing length, final
values.

Table 9. DF modeling sensitivity to parameters other
than reaction rates?

Ar18em .
At Cutoft Downstream HMixing Lengths
No. Parameter Examined and How Varied Xeor  F T [ T 3 ¥in,
L a lnitial Profiles; Siug Average Rather Than 127 188 087 093 107 e >16
Boundary Layer Values, Laminar Mixing.
b. Same as 2. with Scheduled Mixing, 5 em. 118 256 087 084 083 08s 038 040
Characteristic Length.
¢ Same 3¢ b, with 0.5 cm to simulate infinitely 028 428 063 061 087, 088 0.03% 0040
fast mixing.
2. a Cavity Pressure; constant = Py, CALE, 16.8 285 tz22 100 038 188 B38 135 >
1or7.
b, Cavity Pressure; experimental walt profite 13 274 087 032 w17 051 038 048

used, nozzie exit pressure take equal 10
pressure atf first station.

c. Same sk, butnozde exil pressure taken equal 2.8 123 887 045 186 @St 30 LOD
te caleutaled Py -
3. a Wal temperature = 600°K 108 hBE RO0 088 BS8 887 084 088
b, Walt temperature = 300°K 122 rpe 083 106 167 12 LT 182
4. Nozzle Heat Loss; bigh vatue simulated with T, 089 0.67 080 198 085 183 146 100
- 186°K .
5. & FAtom Recombination; gas phase onty, ¥=0.8. G.75 085 088 087 083 683 .00 LOD
b. Semessaaz 05 893 877 BST B8 165 197 186 100
c. Wall Onty, Fw/Feore = 0.25. 08¢ 083 89 087 0% 0% 100 LD
d. Sameasc, FwiFcore = 0.50 678 08 033 632 082 08 138 180
2. Same as d, FwfFore = 0.75. 080 GBS 087 U85 088 088 P00 100
1. Fw/Fcore= 1:08; i, no recombination 084 081 082 078 08 08 166 103
6. a Miror Reiectivities; Ro = RL = 0.98 118 131 097 657 086 888 w88 100
b. Sameasa, Ro= RL = (.85, 088 088 KO} 102 101 ne1 00 00

2Gee Table 7 for baseline values. Nomenclature: barred quantities are non-
dimensionalized by their baselined values. X .5 = point at which four v levels cut
off,, i.e., we avoid counting chain reaction lasing when only a very small
fraction of the power is contained therein; P =power; 7 =temperature;
p =static pressure; X,;7, Xm2 =primary and secondary mixing length, final
values.

It is observed that D, acts as a sink for vibrational energy
from the lower DF states. In addition, the D, thus excited
reacting with F can then lead to formation of DF in states
higher than 4. This is manifested in a prediction that only
89% of the power comes from the cold reaction states if the
DF/D,(1) rate is doubled {(case 3d, Table §).

DF self-V-T is quite rapid and destructive of performance
in the standard model. Further, multiquantum transitions are
very important; omitting these nearly doubles the predicted
power, This can be more than compensated by multiplying the
single quantum rates by 10. These results suggest that an
acceptable, simpler kinetic model might be devised by
omitting the multiquantum reactions and increasing the single
quantum reactions by a suitable amount.

The processes of deactivation of DF by D atoms are very
important in the laser, owing to the rapid formation of D
atoms by the cold reaction, but the rates are relatively poorly
known. The most influential of these are the rates for singie
quantum deactivation of v =1, 2, 3. These are significantly
slower than the single quantum rates for states higher than 3
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in the present model; this leads to rapid dumping of high v
molecules into the low v states. This phenomenon would help
explain why chain lasers have had only limited success to date.
If the low v single quantum rates are allowed to be as fast as
those for high v, a drastic reduction in power occurs {(case 5a,
Table 8). Omitting the multiquantum transitions and
changing all the single quantum rates together has little effect
on performance., The DF/D V-T rates in common use, up
until recently, have a different quantum number dependence
than those presently in use. Substituting these 1975 rates
decreased power by 25%. It seems clear from these results
that better determination of the DF/D V-T rate constants
would be of great help for laser theorists.

The relaxation of DF by D, and CF, is sufficiently slow
that omitting these processes from the model hardly affects
the predicted power. If they were ten times as fast, however,
performance would suffer. Similarly the so-called
miscellaneous reactions have little effect on predicted per-
formance and could be omitted by those wishing to use a
simplified kinetic model.

Note that none of the rate changes considered have any
iarge effect on temperature or pressure at 10 cm downstream;
the mixing distances are unaffected as well.

Sensitivity to Other Variables

Case la, Table 9 was selected to study the effect of
neglecting nozzle boundary-layer profiles. The BLAZE-II
code provides the capability of either computing the mixing
length from a laminar flow model or setting that length by
designating the extent of the mixing boundary, i.e., at the
distance downstream where 6, =#H, (Fig. 2). Therefore, cases
1b and lc were selected to demonstrate the sensitivity of
predicted power to mixing length.

We first note that neglecting boundary-layer influences, the
predicted power is 58% greater than the baseline calculation.
The primary reason for this result is that the temperature of
the mixed flow is considerably lower (~200°K) than is ac-
tually present, due to the boundary layer. Case 1b also shows
predicted power levels above the baseline value by factors of
2.5 when a scheduled mixing model is employed to “‘com-
putationally’’ reduce the mixing length of the primary stream
from 12.5 to 5.0 cm. Finally, case lc approximates the
premixed case by completing the mixing in the first 0.5 cm.
The computed power for case Ic is 4.28 times greater than the
baseline value, which emphasizes why nozzle designs
operating in this fiow regime seek to improve the mixing rate,
e.g., trip nozzles. ?*

The baseline calculation was run assuming the flow is
confined to a constant area. This causes the pressure to rise
from the nozzle exit value of 16.8 Torr to 44.2 Torr at cut-off.
Cases 2a, 2b,-and 2¢ were selected to demonstrate the effects
of other possible cavity pressure profiles. Assumption of
constant pressure, case la, causes a marked stretching of the
lasing zone and a modest increase in power. Using the
reported measured wall pressures, however, yields powers
higher by factors 2.74 and 1.73, and causes marked short-
ening of the lasing zone. This is because the measured
pressures are much lower than the calculated cavity inlet
pressure (see Table 7). Hence, the lower pressure produces a
faster laminar mixing rate. Evidently, the expansion fan
produces wall pressures which are not characteristic of the
bulk of the flow, but much lower,

Nozzle wall temperatures are seldom well-defined in laser
experiments. Cases 3a and 3b were selected to show the
sensitivity of computed results to this parameter. It is seen
that the effect on power is small, but the lasing zone is
predicted to be significantly lenghtened when cold walls are
employed.

Nozzle heat loss, studied in case 4, can have a large effect
on power, perhaps by causing such large delays in the
chemistry that DF does not build up to as high concentrations.
This would correspond to a more drastic alteration of the
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pumping reaction rate than was made for case Ib of the
kinetics study.

Cases Sa-f treat the effects of F-atom recombination, both
in the gas phase and at the nozzle wall.?*® In cases 5a and 5b,
gas phase recombination is simulated and the power is
reduced markedly. However, no significant hot reaction
lasing is predicted, despite having large F, concentrations.
The cold reaction power loss is due only to lack of F atoms.

The baseline calculation is made under the assumption of
complete recombination of F atoms at the nozzle wall. That
is, the F-atom concentration is set equal to zero at the wall,
and the profile of the F-atom concentration from the wall to
the stream centerline is given the typical boundary-layer form.
The ratio F,,/F ., given in Table 9, is the ratio of the F-atom
concentration at the wall to that at the nozzie centerline.
F,/F. =1 implies no recombination of atoms at the wall. In
the cases studied, the power was not strongly dependent upon
the value taken for F,/F,, although all values other than zero
yielded lower power. The observation that the power reaches
a minimum at an intermediate value of £, /F, is surprising
and is not yet understood. The fraction of the calculated
power in the cold reactions varied from 0.95 for F,/F, =0to
1.0for F,/F.=0.75and 1.0.

Variation of the mirror reflectivities, cases 6a and 6b had
the expected effects on power. This effect is simply a
manifestation of the larger amount of excited DF needed to
maintain threshoeld at higher assumed losses. The results show
that if internal cavity losses can be held to 1% or less, then
about two-thirds of the closed cavity power should be
available at 10% out-coupling.

Vil. Summary

The BLAZE-II computer code for calculating chemical
laser performance has been briefly described, and the
procedure used for determining cavity inlet flow conditions
for input to BLAZE has been indicated. The kinetic models
used to describe the cavity chemistry for HF and DF lasers are
presented and compared. The ability of the BLAZE-II
computational scheme to model experimental laser per-
formance is demonstrated by comparison of calculated to
observed performance for ten recent laser tests.

The results of an extensive study of the sensitivity of the
calculated performance to boundary-layer profiles, mixing
rates and mechanisms, cavity pressure distribution, wall
temperatures, nozzle heat loss, F-atom recombination, mirror
reflectivities, and kinetic rate constants are presented and
discussed.

Boundary-layer profiles, mixing rates, cavity pressure field,
nozzle heat loss, and DF V-T relaxation by itself and by D
atoms are identified as particularly critical parameters to
which the calculated results are extremely sensitive.
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