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engineering significance. It is likely that any observable
effect of an exothermal source on a turbulent gas flow will
be found in measurements of bulk quantities because of the
great difficulties in resolving precisely the three-dimensional
spectrum from experimental information.
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Numerical studies of complex kinetics in adiabatic flow systems were extended to UDMH/
N.H/~N;04 and CH>—0;. The usual hydrodynamic equations for one-dimensional, adiabatic,
frictionless, ideal-gas flow were solved along with general equations in matrix form for coupled
chemical reaction kinetics starting with equilibrium at the nozzle entrance. The comparison
of approximate and detailed kinetics indicated that simple pictures should give reasonable
results for over-all performance parameters for most situations. However, the two levels of
approximation usually require the same kinetic data, and the more comprehensive calculation
is preferable. Comparison of calculated and experimental exhaust temperatures for CH;—O;
(g) gave good agreement, whereas comparisons of vacuum specific impulse for CHy—O, (1) did
not. The disagreement in the latter case was aseribed to the crudity of the combustion effi-
ciency correction and/or expansion loss sources other than chemical kinetics.

UMERICAL studies of H,—F,! have been extended to

UDMH/N2H4—N204 (N2 assumed inert) and CHg—OQ.
The usual hydrodynamic equations for one-dimensional,
adiabatic, frictionless, ideal-gas flow were solved along with
general equations in matrix form for coupled chemical-
reaction kinetics, starting with equilibrium at the nozzle
entrance. The same model and general equations have
been discussed by a number of authors,2~® each with differ-
ent techniques for numerical solution of the equations.
The main purpose of the present work was to make a two-
fold comparison of calculated performance for detailed
kinetics with various approximate kinetic treatments and
with experimental results, within the limitations of the pre-
ceding simple hydrodynamic model.
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Kinetic Scheme

The reactions used, along with the rate parameters, are
shown in Table 1. The rate constant equation was of the
form

ki = Bvaze_E‘/RT (1)

for the forward rate of reaction I, with the reverse rate found
from the equilibrium constant. The phrase “detailed
kinetics” is, of course, a relative term, and, in general, the
level of complexity chosen is one for which reasonable, con-
sistent experimental data are available. It should be noted
that only for reaction III was it necessary to estimate rate
parameters. The experimental data cited may be accurate
to a factor of 2 at best, but this is adequate for some purposes,
and the situation is improving constantly. In many cases
data from different workers and/or techniques are in agree-
ment, within the accuracy just cited. Thus it does not seem
necessary to attempt to derive simplified models or approxi-
mate treatments when such data are available. On the other
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Table 1 C—H—O reactions and rale parameters

B, E,
Reaction cm?, moles, sec vy keal/mole Source
DH+OH+M=H0+MA4 3 X 10%® —1 0 Refs. 4 and 9
B 1 X 10% Ref. 7
IMH2H4+M=H, + M A 4 X 10 -1 0 Average from Refs. 8-12
B 1.4 X 10 Ref. 7
M) O+ H4M=0H+M 4 % 10 —1 0 Assumed same as Brrg
IV 204+ M =0; + M 2 X 1018 —1 0 Refs. 4 and 12
V) CO + OH = CO, + H 1 X 10 0 10 Refs. 4, 13, and 14
V) H:O0 + H = H;, 4+ OH 3 X 10 0 21.1 Ref. 15
VIDH +0,=0H+4+ 0 4.2 X 102 0.5 15.9 Ref. 16
VIII) O+ H.=0H + H 3.6 X 10 0.5 8.9 Ref. 17
IX) O + H.O0 = 20H 8.3 X 10 0 18.1 Ref. 15

hand, it also does not appear feasible to include more detailed
kinetic features even though there are some data on refine-
ments of the model of Table 1. For example, recombination
rate constants are available with individual third bodies
for some reactions, but only appropriate average values were
used here. Minor species such as HyOy, HO», and Oz were
also neglected, even though some rate data are available
for reactions involving them. When nitrogen was present,
there was also some NO, but it was neglected since the quan-
tity was small and not very important energetically at the
oxidizer/fuel ratios of interest. Some rate data® are avail-
able on the “catalysis” of H and OH recombination by NO
through the intermediate HNO, but the effect would be small,
and the added complications were considered to be unjusti-
fied. A number of other assumptions, with even less data
available, are common in studies of this type, such as the
use of forward and reverse rates related by conventional
equilibrium constants, and fast vibrational and rotational
relaxation times. Some recent work!® on vibrational relaxa-
tion in nozzles possibly indicates faster equilibrium than
would be predicted from time constants measured by other
techniques. Wray® has studied oxygen recombination di-
rectly in shocked ozone mixtures and found rates that com-
pare favorably with those deduced from more conventional
0. dissociation measurements in shock tubes. Most of the
elementary reactions possible among the species considered
are in Table 1. The possible reactions in such a system
have been discussed by Westenberg and Fristrom!® in con-
nection with premixed hydrocarbon-oxygen flames.

Approximate and Detailed Kinetics for
UDMH/NH~—N,0,7

There have been many approximate treatments of kineties
in nozzles since the pioneering work of Altman and Penner,??
but the work of Bray??2¢ has achieved widespread popularity
and has perhaps the soundest basis. The close relationship
between Bray’s work and that of Penner has also been
shown.?? It was observed in the numerical treatment of
the expansion involving a single recombination reaction that
the flow could often be described by a near-equilibrium
portion, a short transition region, followed by chemically
frozen flow. Bray suggested a sudden-freezing approxima-
tion, in which a point is chosen to divide the flow into equilib-
rium and frozen portions. The transition point was chosen
where the net reaction rate equaled the dissociation rate.
The rationale for this choice was that the net rate was small
relative to either the recombination or dissociation rate in the
near-equilibrium region, and large relative to the dissociation
rate in the near-frozen region, since the dissociation reaction
must have a large activation energy. Hence the dissociation
rate should decrease rapidly along the expansion. Since
equilibrium flow was assumed up to the freezing point, the

+ Comparison of approximate and detailed calculations for this
system have also been made very recently by Sarli et al.2

resulting equilibrium composition was used to determine the
reaction rates for the freezing point. The extension of these
ideas to multicomponent, coupled-reaction systems presents
some difficulties, but has been done for a number of models.

One approach is to determine freezing points for the
individual reactions. Besides the problem of what to do
with a number of freezing points, these points cannot be
determined unambiguously in many situations. Another
approach, more empirical in spirit, is to assign freezing points
to species rather than to reactions.® The equilibrium rate
of change of a species is equated to the algebraic sum of the
recombination reaction rates in which the species is involved,
with the two-body “shuffling” reactions assumed to be rapid
and always near equilibrium. A most important recombin-
ing species is then chosen for purposes of approximate
analysis and/or correlation of experimental data. The most
sophisticated extension®? of the Bray criterion involves
the average molecular weight as the flow parameter that
freezes. The molecular weight can be changed only by the
recombination reactions (I-IV in Table 1), so that the freez-
ing point can be defined where the equilibrium rate of change
of the molecular weight becomes equal to the sum of the re-
combination rates. Approximate analytical solutions have
also been developed?,?® for the case of a single recombination
reaction. The exit radical concentration for these solutions
is dependent mainly on the initial conditions and only weakly
on the final conditions at the exit plane; this would be ex-
pected if the sudden-freezing picture holds.

A number of comparisons have been made between the re-
sults from the kinetics of Table 1 and various approximate
treatments for the system UDMH/N.H, (509;)—N:0..
The vacuum specific impulses calculated to compare with
those of Simkin and Koppang are shown in Table 2. ~ These
authors used an approximate scheme involving a freezing
point for H atoms, based on the work of Kushida,? and an
effective rate constant based on the data and analysis of
Bahn and Harp.3!

The extent of the preceding agreement should not be re-
garded as a measure of the success of the approximate
kinetic model, but rather as a measure of the agreement of
the original experimental data and the detailed kinetics. The
column labeled set B is for the &, and %, values given recently
by Sugden and Rosenfeld.® All of the subsequent compari-

Table 2 Vacuum specific impulse? (I.,., sec) as a
function of area ratio

Detailed
. kinetics
Exit _
area ratio  Approximate® Set A Set B Equilibrium
20 318 319.7 321.7 327
40 329 330.3 334.0 339
60 334 336.2 340.1 345

e P, = 100 psia; oxidizer/fuel weight ratio, O/F, = 2; nominal throat
diameter = 14.74 cm.; and expansion half-angle = 13.75°.
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Fig. 1 Comparison of performance predicted by several
approximate treatments.

sons in this section were made with set A. The data for %,
in Ref. 8 are higher by a factor of 3 than Sugden’s previous
work,” which was apparently based on an inadequate inter-
pretation of the data.® HHowever, a recent value for %; re-
ported by Schott and Bird® is comparable to the set 4 value.
The data for k., set B, are also higher by a factor of 3 than
the highest of the previous data for H, as a third body.%

A more meaningful test of the approximate treatments
would be a comparison of their prediction of performance
variation with experimental parameters of interest such as
nozzle size, i.e., throat diameter D chamber pressure
P.; and expansion ratio A,/4,. Such a comparison is shown
in Fig. 1 for variation of throat diameter and chamber
pressure. The ordinate I, is the reduced specific impulse
(Txinetic = Lsosen)/I oaquit.— Itroses). The approximate analyti-
cal solution of Ref. 28 was presented as curves-of I, vs D,
for various rate constants for a general recombination reac-
tion. An effective & of 3 X 10 cm® moles™ sec™! was
chosen to fit the detailed kinetic result at D, = 10 cm, re-
sulting in a good representation of the throat diameter vari-
ation. The sudden freezing approximation would be only
slightly poorer, with a point fitted. The lowest line on Fig. 1
is the detailed kinetic result for a lower chamber pressure, 5
psia. Here the predictions of the approximate theories were
poorer. The approximate analytical approach gave I, ~
0.005 at D, = 10, whereas the sudden freezing criterion indi-
cated frozen flow by two orders of magnitude. That is,
the “required” net equilibrium reaction rate was at least
that much less than the available rate everywhere in the
expansion.

Comparison of Calculated and Experimental
Parameters for CH,—O,

A detailed kinetic calculation deals with only one of several
sources of experimental variance of equilibrium parameters,
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Fig. 2 Comparison of calculated and experimental ex-
haust temperatures as a function of O/F ratio.
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so that comparisons must be made with caution and some
reservation. Since the nozzle expansion process is of pri-
mary concern, it is a requirement of any experimental data
that near-equilibrium conditions prevail at the beginning
of the expansion, i.e., that there be a high c¢* efficiency.
Olson,® in a general comparison of experimental, frozen,
and equilibrium specific impulse, has divided the experi-
mental impulse by the c* efficiency to obtain a rough measure
of experimental expansion losses, if the ¢* efficiency is greater
than about 909,. In a survey of the available data, two
studies appeared as likely candidates for comparison, one3?
on RP1-0; (g) and one3* for RP1-0; (7).

The reaction scheme of Table 1 with set A rate constants
was used to compare the experimental exhaust temperatures
T. of Ref. 33 for the following conditions: P. = 500 psia,
O/F = 2.6-6, expansion half-angle = 15° 4./4, = 5.23,
and throat diameter D, = 1.35 em. The results obtained are
shown in Fig. 2. The kinetic calculations are given for two
exit plane conditions, exhaust pressure P, = 1 atm (open
circles), and area ratio (4.,/4:) = 5.23 (closed circles), since
the experimental data were given for these nominal values
as an exit condition. The experimental temperatures were
estimated in Ref. 33 to be 100-150°K low because of heat.
losses. Consideration of this correction would give good
agreement between calculated and experimental values in
the range of O/F ratios of 2.5-3.5, but would give higher
experimental results for O/F > 4. The differences are not
great (up to 100°K), and little significance can be attached
to them in view of the ranges of the calculated and experi-
mental values and the assumptions involved.

Comparison calculations were also made for the experi-
mental thrust measurements of Ref. 34 for various O/F
ratios and a high area ratio 48.39 (Fig. 3) and a low area
ratio 549 (Fig. 4). The points labeled ‘“corrected experi~
mental” were derived from the average of the given data
band by dividing by the observed c* efficiency and the flow
divergence correction for a 15° half-angle nozzle, 0.983
[1/2(1 + cos15)]. The kinetic runs were much higher than
the experimental results for both area ratios. It does not
appear likely that the calculated results of Figs. 3 and 4
could be brought down to the corrected experimental points
with reasonable values of the rate constants, since values
near the lower limits of the most important rate constants
kr and kir were used. The major part of the difference be-
tween the calculated and experimental curves must be
asceribed to the crudity of the combustion efficiency correction
and/or expansion loss sources other than chemical kinetics.

Discussion

The comparisons of approximate and detailed kinetic
treatments indicate that simple pictures should give reason-
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Fig. 3 Comparison calculations for experimental thrust
measurements from Ref. 34 and a high area ratio.
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Fig. 4 Comparison calculations for experimental thrust
measurements from Ref. 34 and a low area ratio.

able results for over-all performance for most situations in-
volving chemical kinetic lag. However, as has been pointed
out,? the approximate and detailed treatments require the
same kinetic data and the results of an equilibrium perform-
anee program, so that it would seem preferable to make the
more complete consideration, particularly if exit composi-
tions and temperatures are of interest. If one has experi-
mental data from which to deduce empirical effective rate
constants with an approximate method, then the results of
such a correlation are not needed in any case. Extrapolation
of such effective rate parameters to markedly different condi-
tions should be made with great caution.

The significance of comparisons of caleulated and experi-
mental flow parameters is limited by present accuracy of
high-temperature kinetic parameters (~ factor of 3) and by
flow complications such as nonequilibrium initial composi-
tions, heat losses, boundary-layer effects, etc. Within these
limitations, however, it is often possible to draw interesting
qualitative and semi-quantitative conelusions from such
comparisons.
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