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I. INTRODUCTION

Since the invention of the cw chemical laser about a decade ago (Ref. 1),
considerable effort  has been directed toward the modeling of laser perfo r-
mance. Although some analytical work has been done ( R ef .  2) , for the most
part , thi s work has been mainly qualitative . The focus has been primarily
on defining the primary scaling parameters pertinent to laser performance.
That thi s work has been at all successful is a tribute to the insi ght of the
investi gators , because the problem is extraordinarily complex . For
example , in the HF(DF) system, detailed computer calculations typicall y
include more than 15 species and about 150 reactions. Fur thermore, it is
necessary to specif y the temperature dependence of the reaction rates of the
chemical system (Ref. 3) as well as , in the more elaborate codes , multi-
component diffusion coefficients for the various species (Ref s. 4 and 5) .

The need for modeling is , of course , obvious. A model that is as
complete and accurate as possible is desireable in the desi gn of a laser
device. In recent years , very  elaborate computer codes have been developed
that are capable of t rea t ing the chemistry and mixing in great  detail (Refs.  3,
4, and 5). In these models , the handling of the chemical kinetics is fairly
straightforward , limited onl y by uncertainties in the important reactions
arid their rates.  An adequate treatment of the mixing part of the problem
is a more formidable problem. In the early codes , mixing was neglected
altogether. In codes such as RESALE (Ref. 3), it was assumed that the
reactants  were premixed and not allowed to react until they reached the
entrance to the optical cavity; at which time , the reactions were switched on .
The gas mixture was assumed to be unifo rmly distributed in the direction
transverse to the flow direction , and all t ransport  in that direction was
neglected.  It was soon verified tha t at pressures  of practical interest , not
only was mixing an important facto r in the determination of laser performance,
but nonuniformities in the flow that resulted from , for example , nozzle
boundary layers , could also significantly affect  the resul ts .

— 5-
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The earliest attempts to account for mixing were focused on the
so-called “programmed mass addition ” approach. In this approach , only a
small portion of the reactants were permitted to react at the entrance to the
cavity. The remainder of the reactants were permitted to mix in with the
resultant products of reaction as the gases flowed on through the cavity.
The rate of mass addition was prescribed a priori in a manner that related
the rate of mixing to the conditions at the nozzle exit. Furthermore, the
reacting mixture was still assumed to flow one dimensionall y with either

prescribed pressure or area as a function of the flow direction x .

This type of modeling was very helpful in clarif ying the effects of
many of the complex phenomena occurring in a real laser device. It fur ther

helped to verif y the usefulness of some of the anal ytical results and , equally
important , some of the limitations of those results.  The simplicity of this

type of model , of course , had associated with it certain ambiguities , not

the least of which was the specification of an appropriate mixing length .
The obvious way to avoid these problems was to develop a fully two -
dimensional code that included the mixing process in all of its pertinent

details.

A number of such codes have been developed. They are based on the

boundary_ layer  approximation to the Navier-Stokes equations and are

generally applicable to both laminar and turbulent flow (Refs . 4 and 5).
These models allow for sophisticated consideration of nonuniformities of
flow properties in the direction normal to flow as a result of mixing , nozzle

boundary layers , and blockage. Whereas a number of questions can be

raised about the details of these models , they are highly sophisticated state-

of-the-art models and are not likely to be improved upon significantly in the
near future. They certainly constitute a great advance over the programmed

mass addition models and are much preferred models for the detailed design
of a particular device. On the other hand , compared to the programmed

-6-



mass addition models , they require lengthy computation times. This feature

makes these codes rather expensive for such important applications as para-

metric studies , experiment design and analysis , definition of operating

regimes for various types of devices , and sensitivity analyses. For these

purposes , programmed mass addition models , with much shorter computation

times , would be preferable if they were able to handle satisfactorily some of

the two-dimensional effects .  Until recently, nonunifo rm initial profile s and

blockage effects were outside the scope of these simpler models . The pur-

pose of this report is to describe a programmed mass addition code ,

DESA LE-5, which is capable of treating these effects .

I



II. DEVELOPMENT OF THE MODEL

DESALE-5 is the latest in a line of programmed mass addition models

that have evolved from the ori ginal RESALE code. A convenient way to de-
scribe its evolution is , therefore, to describe its evolution from RESA LE.

RESALE is a strictly one-diminsional code for a premixed pulsed or

cw chemical lasing system. It , in turn , began as a modification of the one-

dimensional reacting flow code NEST (Ref. 6) . RESALE was derived by

adding to NEST the appropriate radiation equations to account for  lasing.
The optical cavity was assumed to be fo rmed from a pair of plane-paral le l

partially t ransmitt ing mir rors .  Sinc e the emphasis in this repor t  is on the

modeling of the fluid mechanical aspect of the problem , the reade r i s

refer red  to Reference 3 for the details of radiation and chemistry modeling .

Here , it will suffice to state that RESALE is a s tr ict l y one-dimensional

code in which it is assumed that at x = 0 a set of premixed reactants are

permitted to begin reacting.  With this code , the variat ion of all but one of

the dependent variable s can be calculated as the gas mixture flows through

the cavity. These variables include all the fluid mechanical variables ,

the chemistry variables , and the radiation variables.  As a resul t  of the

na ture  of the one-dimensional approximation, one of the fluid mechanical
variables has to be specified a priori as a function of x. In prac t ice , it is

generally the flow area A. It is often of in teres t  to specif y the variation

of some other variable such as the pressure  p or , occasionally, the densi ty

p, or the temperature T. Each can , and has , been done with RESALE.

DESALE-1 was the f i r s t  attempt to modif y RESALE to account for

some of the effects of mixing (Ref.  7). The point of view adopted at that

time was that the reaction started , in fact , not at the entrance to the cavity,

but along a flame sheet that contained the reaction zone (Fi g. 1). The shape

of the flame sheet was chosen to be parabolic for laminar mixing and linear

for turbulent mixing. (Because of the small scale of the laser nozzles and

9 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Ii
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Fig. 1. DESALE- I Mixing Model
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• the low pressures  characterist ic of chemical lasers , only laminar mixing
will be considered here. ) Note that , since conditions upstream of the flame

• sheet are considered to be known and uniform, the spe cification of the shape

of the flam e sheet is equivalent to the specification of the rate of mass

addition to the reaction zone .

In DESALE-!, it was assumed that each stream tube experienced the

same variations of fluid meci-anical and chemical variables with distance,

the origin for each stream tube being the point where it crossed the flame

sheet. The variations of the dependent variables with distance were
obtained from a RESALE calculation . Thu s , for a stream line at a height y,
which crosses the flam e sheet at X

F 
xF(y) ,  any dependent variable f varies

with x as f(x - X
F

) • The laser radiation extracted in this approximation then
is obtained as a suitable averaging in the y direction across all the stream

tubes.

• Although this model accounted for some of the qualitative effects  of
mixing, it was rather cru de and, except for the case of constant pres-

sure flow s, was fraught with ambiguitie s. For example, in constant area
flow, the pressure  at a given value of x varied in the y direction.

DESALE-2 was developed to improve the model (Ref .  7). It was based on

the flame-sheet concept also , but differed in an important way. In this
model , the reactants were assumed also to be unifo rmly premixed. The
stream tube nearest  the axis was assun&ed to begin to react when it reached
the flame sheet (Fi g. 2). The solution for that stream tube was determined

by the application of RESALE , just  as in DESALE-! . The solution was

calculated up to x = x 1, the position where the adjacent stream tube crossed

the flame sheet. At that point , the reactants and products of reaction in the

f i rs t  stream tube were assumed to mix instantaneously (without reaction)

with the reactants from the second stream tube . This gas mixture was then

assumed to flow downstream, react , and radiate in accordance with RESALE

until x = x2, the point where the next stream tube crob sed the flame sheet.
Thi s process was continued until all of the stream tubes were absored at

— i i —
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Fig. 2. DESA LE-2 Mixing Model
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x x~~, the diffusion or mixing length . Thi s model tends to exaggerate the

thoroughness of the mixing process in that conditions interior  to the flame

sheet were assumed to be uniform in the y-directi’~n. Nonetheless , it was

believed that thi s would result  in a tolerable approximation , which was

probably no worse than the uncertainties associated with X
D 

and the reaction

rates.

The ini tial conditions for the RESALE calculation in each segment

were obtained by solving the equations for  conservation of mass and momen-

turn at each segment boundary for the assumed uniform conditions that would

result from the instantaneous mixing of the incoming flows , that is , the

jump conditions. At the time that DESALE-2 was developed , the in te res t

was primarily in constant pressure flows. It was necessary to rederive the

jump condition , including the equation of conservation of energy , to apply this

model to othe r types of flows . It also became obvious that certain other

improvements could be made with relatively little difficulty . These modifi-

cations resulted in DESALE-3.

In the derivation of DESALE- 3, a slightly more realistic mixing

geometry was adopted (Fig. 3). In this model, the primary and secondary

streams were represented explicitly. The approximation tha t both streams

were swallowed into the reaction zone at the same relative rate was retained,

that is, XD is the same for both streams. It was also assumed that flows

at the nozzle exits were unifo rm . The options of considering either pressure

prescribed as a function of x or area prescribed as a function of x were

included. A subroutine was added to treat the latter case consistentl y and

kept track of the gas outside of the reaction zone so that, when it reached

the flame sheet, the gas properties were appropriate to the local area. For

that part of the flow , it was assumed that the unreacted gas properties were

determined by the one-dimensional isentropic flow relations .

In view of the fact that for constrained flow s (prescribed area),  sizeable

changes in temperature , pressure, and velocity are expected when large

— 1 3 -

- - - -— ~~ — - - - -  -• - - --- -____



PRIMARY STREAMT1JBE J ~~

CL STREAM ____

SEGMENT REACTED GAS

SECONDARY
STREAM

STREAMTIJBE )

F 

______________ 

—

Fig. 3. DESALE-3 Mixing Model
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amounts of chemical heat release occur , a further modification was

introduced to account for these effects on the local rate of mixing. In the
previous models (and , so far as is known to this writer , all other pro-

grammed mass addition models), the rate of mass addition is specified a
priori in te rm s of the conditions upstream of the mixing zone. In DESALE- 1
and 2 , the flame sheet was assumed to be a parabola .

If the same approximation were used in DESALE- 3, the shape of the
flame sheet would be

_x. /~ ( 1)
p D

where the diffusion length XD is given by

2w U

x =— ~~—- (2)D D

in accordance wi th laminar diffusion theory. Here , w~ is the primary
nozzle semichannel height , u is the gas velocity, and D is a nominal diffusion
coefficient. The latter may be approximated by

D = C  3/2 (3)
T

where C is a constant that depends on the gas compo sition , p is the gas
pressure , and T is the gas temperature. In all other programmed mass
addition models, XD is taken to be a constant evaluated at x = 0. In
DESALE-3 , xD is allowed to vary to account for the local changes in mixing
rate; thus , Eq. (1)  is f i rs t  rewritten as

(4)

-is-
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If the desire is to calculate the shape of the boundary of the mixing zone in

the ~th segment, at the beginning of that segment , x = x3_ ~ 
and y = y.

(Fig. 3). If the segment is sufficiently short, Eq. (4) can be approximated

by the f i r s t  few terms in a series expansion.

2Idx \ l/d x\ 2
x ~~~~ +

~~~
.—) (y - y~~1) + .

~~~

-_.—

~~) 
(y - Y j ) + . . . (5)

If X
D 

were a constant , all de rivatives higher than the second would be zero.

In practice , x D is a slowly varying func tion of x . With the variation of XD
within a segment and the derivatives higher than the second neglected and

.ththe results evaluated at x = x., the downstream edge of the j segment is

ZX
D 

X
D 2x. = ~~~ + 

~~
2 ~~-i  ~~ - ~~_ 1 ) + 2 (y. - y~_ 1 ) (6)

p p

Since y. and y. are given by the boundaries of the ~th stream stube , the
-~ thdownstream edge of the j segment is determined by means of Eq. (6) . If

were constant , thi s result  would correspond exactly to the usual parabolic

variation. In DESALE-3 , thi s result is modified by evaluating X
D 

locally
with the use of Eqs. (2) and (3).

w 2 u (x) p (x)
x (x) C p c C (7)

[T (x)]

where the subscript c refers  to conditions in the reaction zone.

Within each segment , the solution is calculated with RESA LE, just
as in DESALE-2. The initial conditions for each segment are dete rmined

by applying the principles of conse rvation of mass , momentum, and energy

-16-
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at each segment boundary (th e jump conditions). For example , for  the jump
conditions at the end of the j - l ’ st segment (that is , the initial con-
ditions for the J

th 
segment), the fluid in the j th segment consists of the

products of reaction in the j -  l ’ st segment and the jth primary and secondary
stream tubes. By the time the calculation has reached the ~th segment,
the properties of these various streams have been determined. The initial
conditions for the 3

th segment is then determined by solving the algebraic
equations for the conservation of mass , momentum, and energy across the
segment boundary. The form of the solution depends on whether the pre~
scribed pressure or prescribed area option is being used. In eith er case ,
the algebraic manipulation of the equations to obtain a solution is straight-
fo rward but tediou s. The results are given in the Appendix .

One feature  of the solution is worthy of discussion here .  If the pres-
sure is prescribed as a function of x , then the jump conditions must  be
solved , subject to the constraint of constant pressure . One finds , in fact ,
an explici t unique solution for this case. If the area is prescribed as a
function of x , the jump conditions must be solved subject  to the cons t rain t
of constant area. In that case , as in the analogous Rankine-Hugoniot shock
jump conditions, there are two possible solutions to the problem: a strong
solution and a weak solution . Since DESALE-3 is restr icted to uniform
initial flow s and , in practical devices , the nozzle flows are supersoni c , it
is easy to determine which solution is appropriate. When the nozzle exit
profiles are nonuniform, the situation become s more complicated (see
discussion of DESALE-5) .

Soon after DESALE- 3 become operational, considerable interest
developed in the possibility of treating blockage in a compute r model. For
practical reasons , there is always at least a small amount of blockage , or
land area , between adjacent nozzles. For some nozzle de signs , for examp le ,
axisymmet ri c nozzle s , appreciable blockage is unavoidable . In certain
applications, large amounts of blockage may be built into the nozzle design

-17-
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deliberately (fo r example , when there is a large amount of heat release).
In the latter case , it would be desireable to be able to determine just  how
much blockage to use .

There are various ways in which blockage may occur in the nozzle
design. In general , it may exist between the primary and secondary nozzles
or , the primary and secondary nozzles may be continguous and the blockage
may exist between separate nozzle pairs. For the former case , there is
no mixing or reaction until the primary and secondary streams have
merged. At that point the flow proceeds as in the no-blockage case , but
with initial conditions adjusted to account for  the large r flow area. DESALE-
4 was developed to treat the latter case .

Since the accurate treatment of blockage requires the consideration of
detached recirculating flows , very elaborate numerical computations would
be required to obtain unequivocal resul ts .  Such an approach would be
inconsistent  with the level of approximation employed in the programmed
mass addition models. A more ad hoc approach therefore was chosen.

It is well known tha t in detached , recirculating flows , the size and
shape of the recirculation zone is significantly influenced by viscous effects .
It is well known also that , when two chemically reactive free jets are
allowed to mx  and react , the area occupied by the flow may g row to be
very large if the heat release re sulting f rom the chemical reaction is large .
The point of view taken in the present model is that the latte r mechanism is
the dominant one . Whe reas thi s obviously will not be true in the limit
of small heat release, that limi t is not antici pate d to be important for
practical chemical laser devices.

Consequently, it is assumed in thi s model that as the primary and sec-
ondary je ts  leave their respective nozzles , they mix and react. As heat is
released , the flow area expands (Figs. 4a, 4b , and 4c). Since the blockage
provide s room for the expansion , the flow acts like a free jet . It is assumed
therefore that until the flow reache s some point whe re the blockage area is

-1 8-
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used up XS~ 
the mixing and reaction take s place as in a free jet .  The point

x5 is de signated the “switch-point. ” It is that point at which the sum of the
primary, secondary, and reacted flow stream tube areas become equal to
the total available flow area. Note that the term “free jet” is used here in

a generaliz ed sens e, that is , the pressure field is whatever it would be if
there were no mixing (fo r example , constant pressure in a conventional
device , or falling pressure  in a radial device).

For devices without blockage operating with prescribed pressure ,
there is also expansion of the jet  as a result of heat re lease . This expansion
is observed to take place primarily in the direction normal to the flow and
optical axes and is modeled accordingly in DESALE. When blockage is pre-
sent , the expansion referred to previously is allowed to take place in the
direction of the optical axi s, that is , the y direction. Downstream of the
switch point, the blockage is used up, and the flow proceeds as in the no-
blockage case . Thus , for a prescribed pressure  flow , the expansion of the
jet  takes place in the di rection of the normal to the flow and optical axes.
In the prescribed-area case , the expansion is restricted by the area, and
the pre s sure adjusts according ly.

Note that all of the preceding models are what mi ght be called quasi-
one dimensional, that is , each flow region is treated as a one-dimensional
flow. The true two -dimensional nature of the mixing zone is approximated
by providing programmed mass addition into the mixing zone , which grows
in width in approximate correspondence with the local diffusion rate.

By the time that DESALE-4 had been developed , it was clear that the
nonuniform initial conditions from nozzle boundary layers could have a
significant effect  on laser pe rfo rmance. The fully two -dimensional code s
that had been developed by that time were capable of treating these more
complicated problems but with run times that were one -half to a full orde r
of magnitude or more longer than the programmed mass addition codes.

-22-



The cost of parametric and extensive preliminary design computation with

the more sophisticated code s was prohibitive, and yet , the accuracy of the

existing more rapid programmed mass addition codes was questionable.

Although the need for a simple but adequate code was obvious , it appeared

that the quasi-one-dimensional approach might have to be pushed beyond
reasonable limits if applied to the problem of nonuniform ini tial conditions.

Although this is undoubtedly a reasonable concern, certain aspect s of the
problem of nonuniform initial conditions indicate tha t an appropriate program-

med mass addition model might indeed reasonably model the essential

features of the nonunifo rmities. After all , the programmed mass addition

models adequate ly modeled the two -dimensional mixing when the initial

profiles were uniform.

It appeared that the primary effects of the nozzle boundary layers

were to significantly affect the temperature, F-atom concentration (effects

of wall catalycity) , and velocity of the f i rs t  stream tubes that mixed . In
many cases of practical importance , the nozzle wall temperatures are
much higher than the core flow , with the result that the reaction may pro-
ceed much faster at the beginning of the reaction zone than if the gas
temperature were uniform. Similarly, if F-atom recombination on the

nozzle walls is significant, the reactions at the beginning of the mixing zone
may be appreciably inhibited .

From considerations such as these , it became clear tha t these effects

at least could be approximately accounted for by only a slight modification

to DESALE-4. Since the approach taken in the DESALE series of models

was based on the assumption that successive pairs of prima ry and secondary
stream tube s entered the mixing zone in a scheduled manner , the modifica-

tion required involved onl y a slight complication in bookkeeping . That is , the
effect of nonunifo rm initial profile s could be accounted for in the DESALE

type of model by simply allowing the gas properties in each s tream tube to

diffe r in accordanc e with the specified initial profiles. The computation of
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the jump conditions and the flow in each segment is therefore independent

of the initial nonuniformities.  The only complications are the increased

amounts of input data and compute r internal  storage and data retrieval

operations . Implementation of this concept, in fact, has shown that com-

putation time is generally increased by less than S%.

In the implemenation of this model, a problem was discovered in the

calculation of the jump conditions for the prescribed area option. In that

case , it was found that to obtain the velocity downstream of the segment

boundary,  a quadratic equation had to be solved (Appendix), which resulted

in two possible solutions. An analytical examination of the equations indicated

that the appropriate solution could be identified if the Mach numbers of the

incoming streams were either all subsonic or all supersonic. In other cases,

it was necessary to examine the entropy for each solution. The proper solu-

tion was the one that provided the least increase in system entropy. In apply-

ing these results, it was sometimes found that larger than normal jumps in

Mach numbe r occurred at those segment boundaries across which the reacted

zone Mach numbe r went from subsonic to supersonic. Auxilliary analytical

investigations resulted in the conclusion that this was an artifact related to

the assumption of uniform profiles in the reacted zone . Numerical experi-

mentation indi cated that , when these jump s occurred , they appeared as

transients that only slightly affected the overall results.

-24-



III. ILLUST RATIVE EXAMPLES

Two illustrative examples are presented in this section. The f i r s t
is a constant-pressure case without blockage with relatively mild nonuni-

formities, that is , cool walls.  The purpose of this example is to i l lustrate

the changes in the qualitative na ture  of the solution that result  from nozzle

boundary layers for conditions where minimal effects  are expected. Thi s

example provides a reference for later cases where much stronger effects

are observed.

Note that, when comparing resul ts  of calculations for a given geometry

with uniform and nonuniform initial profiles, there is no unambiguous way

of making thi s comparison . In this study, the choice has been made to

match the centerline values of all of the variables for both the uniform and

nonunifo rm initial profiles , which results  in a lower mass flow for the

nonuniform initial profile calculation. This discrepancy can be accounted

for by comparing specific powers rather than powers.

The conditions for the constant-pressure calculation are as follows:

cavity pressure p = 5.7 Torr, semichannel height w 0. 127 cm, number of

semichannels n5~ 
= 1500 , distance be tween mir rors  L = 190.5 cm, F-atom

mass fraction ~ = 0.9, diluent (He/F.,~) ~ = 10, fuel ratio (H.,/F., ) N = 5,
‘-0

plenum pressure  p0 = 1 atm , and wall temperature = 300 K. The primary
and secondary velocity, temperature, and concentration profile s are shown

in Fig. 5. These profiles were  obtained from boundary- layer  calculations,

subject to the boundary condition of a catalyti c wall.

The specific power is shown as a function of mir ror length in Fig. 6.

Since the walls are hotter than the core flow , the pumping reactions proceed

fas ter  in the nonuniform case . For this case , a slightly higher specifi c

power is achieved with a somewhat smaller lasing zone before collisional

deactivation sets in to quench the lasing . Note that the closeness of these

calculations is fortuitous and is not generally expected for other initial

conditions.
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Fig. 6. DESALE-5 Cold- Reaction Laser Performance.
Constant pressure, p = 1 atm, p = 5. 7 Tor r,
w - 127 cm, n50 = 1q00 , L = 190. 5 cm

= 0.9, ~ = 10, N = 5 (core).
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Some insight into the reasons for  thi s behavior can be obtained by
examining the behavior of some other pert inent  parameters.  In Fig. 7,
the relative rate of mass addition is plotted as a function of distance into
the cavity. The mixing rate for the unifo rm profile is app roximately
parabolic , corresponding to the laminar cons tan t_pressure  mixing . In the
nonuniform initial profile case , the stream tubes near the wall are hotter
and, therefore, less dense. They also have low velocities and , hence , the
relative mass flow is smaller. Since the temperature in the reaction
zone is higher, the mixing is accelerated relative to the uniform profile
case and thus completed in a shorter distance.

The reaction-zone temperature histories of the two flows are  shown
in Fig. 8. In this example, the core flow temperature in the primary is
not greatly different from the assumed wall temperature . The temperature
histories, therefore , are qualitatively similar, althoug h the higher reaction
zone temperature for the nonuniform profile case has a significant effect on
the kinetics.  (The saw tooth nature of the curve is an artifact of the model
and results from the swallowing of the successive noninfinitesimal
stream tubes .)

The Mach number distribution is shown in Fig. 9. The large differences
in the early part of the mixing zone are the result  of the low velocities in the
bounda ry layers. Note that the ad ~~~ procedure described in the previous
section for modif ying the local mixing rate in accordance with local condi-
tions is especially valuable here. With other programmed mass addition
models, the mixing rate can be calculated on the as sumption that two uniform
streams mix with velocity, temperature , and pressure characteristic of
the pr imary stream core flow . In the real case , the higher temperatures
and lower velocities near the wall will provide for much more rapid diffusion ,
an effect that is approximatel y accounted for in the present model.

The use of the blockage portion of the model is illustrated in the second
example . Conditions characteristic of a cold-reaction cylindrical laser
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L 190. 5 cm, p0 l atm, c~~= O.9, ~~~~i0,
N = S (core), T~ = 221 K, T5 = 74 K.
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are employed: p = 8. 6 Torr, semichannel height 1 mm, L = 5 cm, wall
temperature = 550 K , o’ = 1.0 , ~ = 13 .6 , and N = 6 .8. The diameter of the
device at the nozzle exit is 12 in . The choice was made to keep the total
opti cal depth constant and to blo ck off a varying number of nozzle exits to
produce the base area so that the effects of varying amounts of blockage
could be investigated. The blockage was defined as the ratio of the nozzle
blocked area to the nozzle flow area and ranged to a value of unity in these

calculations.

The initial velocity, temperature, and composition profiles are shown
in Figs. 10 and ii (Ref. 8). At this pressure, there is a small uniform core

in the primary nozzle at the exit. The wall temperature in this example
is fairly high and , as will be discussed, will trigger the chemical reactions
very quickly. This triggering effect is inhibited to some extent by the
assumption that the nozzle walls are catalytic so tha t the F-atom concentra-
tion near the waf l  is small.

In Fig. 12, the specific power profiles are compared for the case of
zero and 30% blockage. For these conditions, a 50% increase in peak
specific power occurs.  The reasons for this behavior are explained by the
temperature, pressure, and Mach number histories given in Figs. 13
through 15.

The temperature at the beginning of the reaction zone starts essentially
at the wall temperature in bo th cases but drops rapidly, partl y as a result  of
swallowing of coole r stream tubes and partly the radial expansion (Fig. 13).
Eventually, the heat release that results from the chemical reaction becomes
dominant, and the temperature increases. In the no-blockage case , the flow
cannot expand to accommodate the heat release and the pressure rises, which

fu r ther increases the rate of reaction and the temperature (Fig. 14). Even-
tually, the temperature and pressure become high enough to cause the
collisional deactivation to quench the lasing. For the case of 30% blockage,
the switch point occurs at about 1. 1 cm. Upstream of that position, the flow
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Fig. 10. Initial Velocity and Temperature Profiles. r0 = 6. 0 in., p = 8.6
Torr , c~ = 1.0 , ~ = 13.6, N = 6.8.
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Fig. 11. Primary Nozzle Exit Composition Profiles.
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Fig. 12. Power Profiles. p = 8.6 Torr , r0 = 6 in , a 1.0, ~ 13.6,
N = 6.8.
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Fig. 13. Temperature Profiles. p 8.6 Torr , r0 = 6 in., a~ = 1.0,
8 = 1 3 . 6 , N = 6 . 8 .
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expands to accommodate the heat release , the amount of expansion dicatated

by the falling p ressure  field associated with a radial expansion with no heat
release. Since the flow distances involved here are small compared to the
noz~ 1e exit radius , the pressure  falls only sli ghtl y. The constant pressure

solution is included for comparison. Downstream of the switch point,

there is a short incubation zone, followed by a rapid increase of pressure

and temperature as the flow reacts to the area constraint .  The specific

power responds with an extra “kick” before the rising temperature and

pressure  increase the collisional deactivation to quench the lasing .

An additional benefit derived from blockage is shown in Fig. 15. The

Mach number is supersonic for an appreciabl y longer distance, with blockage
thereby alleviating the pos sibility of choking in the cavity. In both these

cases , a shock system must be stationed in the supersonic region downstream

of the peak power point so that a stable flow can be maintained.

Finally, the dependence of cylindrical laser performance on the amount
of blockage is shown in Fig. 16. Increasing the amount of blockage signi-

f icant ly increases  the specific power. From the previous resul ts , it was
indicated that upstream of the switch point , the flow is similar to that which
exists in a constant p ressure  device. Hence , once the switch point moves

downstream of the peak power point, there is no fu r ther gain from increasing
blockage. Note that the decreasing power with increasing blockage is an
ar t i fact  related to the way in which the blockage was varied in this calcula-
tion , that is , increasing blockage was obtained by decreasing the nozzle
exit area with the total available flow area held fixed. If the nozzle exit
area were fixed and the length of the device were allowed to grow , the power

curve would be similar in shape to the specific power curve. The strong

effect of blockage on lasing zone length is apparent. For this case , a
doubling of the lasing zone length is possible with about 80% blockage.
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IV. CONCLUSIONS

A description has been given of the development of a comprehensive

quasi -one  dimensional model for  calculat ing the p er fo rmance  of cw chemical
lasers.  The model , DESALE- 5 , is one dimensional in the sense that each
stream tube is treated one dimensionally. Some of the two-dimensional
aspects of the flow are t reated in a semi quan t i t a t ive  way.  In pa r t i cu la r , the
two-dimensional character of the mixing process is approximated by

scheduling the rate of addition of reactants to the mixing zone. In this regard ,

the present model contains an improvement over other programmed mass

addition models since the rate of mass additio n is determined by the local
values of the diffusion coeff ic ient  rather than the ini t ial  value .

DE SALE-5 includes an option that permits  the considera t ion  of blockage
in an approximate but qualitatively reasonable way. Illustrative calculations

indicate that the effects of blockage can be significant both in terms of power

and lasiri g zone length . Furthe rmore , these resul ts  indicate th at there is
an optimum amount of blockage for each set of operating conditions.

DESALE-5 also permits the consideration of nonuniform initial profiles

resulting from , for example , nozzle boundary layers by assigning to each
incoming stream tube the appropriate flow properties. Calculations per-
formed so far  indicate trend s that are consistent with expectations. Detailed
comparisons with full y two-dimensional models have yet to be made. Inclu-
sion of the nonuniform initial profiles has had only a minor effect on the
computation time . Running times typically have been found to be in the range
of 25 to 40 sec on a CDC 7600 , including both blockage and nonuniform
initial profiles.
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APPENDIX

JUMP CONDITIONS

The jump conditions are obtained by solving the equations for the

conservation of mass , momentum, and energy for an assumed uniform con-

dition immediately downstream of a segment boundary. The flow approaching

the segment boundary on the upstream side consists of an unreacted primary

stream tube (subscript a), an unreacted secondary stream tube (subscript b),

and a reacted stream tube for the upstream segment (subscript c; absent at

x = 0). There are two sets of jump condi tions, depending on whether the jump

occurs in a region of prescribed pressure or prescribed area. In the former

case , the conservation equations are solved , subject to the constraint of

constant pressure across the segment boundary; in the latter case , the

constraint is constant area.

A. CONSTANT-PRESSURE JUMP CONDITIONS

th th rha. b. c.
Uc. j~ j ff

l U~~ + i~~
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B. CONSTANT-AREA JUMP CONDITIONS
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The choice of sign ’in Eq. (A-5) is made according to which solution
gives the smallest increase in system entropy.
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~~c.Rc.Tc.
p
ci = u~~A c. 

(A- 10)
3 3

These equations can be simplified somewhat for DESALE- 3 and

DESALE -4 (unifo rm initial pro files).
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