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also examined, with the results depicted in Fig. 1, where total
velocity increment is plotted against fraction of total available
heat going to the hydrogen. As may be seen, this procedure
can result in significant increases from the velocity increments
found for either working fluid alone, with a maximum velocity
increment of nearly 4000 m/s being achieved when approxi-
mately two-thirds of the heat is extracted by hydrogen.

Finally, one degree of realism was imposed with calculations
using initial conditions for the working fluids as liquid hydro-
gen at 20 K and liquid nitrogen at 90 K. This required straight-
forward modification of the calculation of working fluid/
capacitor mass ratios with the use of modified initial temper-
atures in Eq. (3) and the inclusion of an additional term in that
equation to account for the heat of vaporization of the working
fluids. Under these conditions, the maximum velocity incre-
ment attained was reduced to 2650 m/s, with the optimum
nitrogen/hydrogen split being approximately 45/55. Obviously,
further calculations using more realistic working fluid initial
conditions, including inert masses for tankage and useful pay-
load weights must be performed if one is to pursue this en-
thalpy rocket approach further.
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Effects of Kinetic Rate Uncertainty
on the Predicted Performance
of Solar Thermal Rockets

D. Brian Landrum* and Robert M. Beard+
University of Alabama in Huntsville,
Huntsville, Alabama 35899

Introduction

OLAR thermal propulsion has emerged as a candidate for

future orbital transfer vehicles. In a solar thermal rocket,
reflectors concentrate solar energy into an absorber that heats
the propellant. Because of hydrogen’s low molecular weight,
a hydrogen-fueled solar thermal rocket operating at typical ab-
sorber temperatures of 2220-3390 K (4000-6100°R) can the-
oretically produce specific impulses I, of 700-1200 s. Pre-
vious research indicates that the actual I, delivered by solar
thermal rockets is significantly lower than the predicted ideal
value.' Therefore, accurate predictions of nonideal nozzle per-
formance are essential to the development of these low-thrust
systems.
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Specific impulse losses are caused by flow divergence, vis-
cous losses, and finite rate chemical kinetics.” As the hydrogen
is heated in the absorber, the thermal energy input causes a
fraction of the gas molecules to dissociate. The shortresidence
time of the expanding gas in the small nozzle does not permit
full chemical equilibrium to be reached. The magnitude of
nonequilibrium is determined by the hydrogen recombination
rate, which is a function of the chamber temperature and pres-
sure, the divergent nozzle geometry, and the rate constant. A
research literature review revealed hydrogen recombination
rate constant variations of as much as two orders of magni-
tude.>* Depending on the chamber conditions and the partic-
ular rate model chosen, this uncertainty could have a signifi-
cant impact on solar thermal rocket performance predictions.
The results of this study are applicable to the design of small-
scale thrusters that use hot hydrogen propellant.

Hydrogen Kinetics

The exothermic recombination of hydrogen is governed by
two reactions

H+H+M=X%H, +M (1)

where M, is either an atomic H or molecular H, third-body.
The rate constant of each reaction can be written in the Ar-
rhenius form

k; = A,-TN'-exp(—Ea,-/RT) 2)

A broad range of experimentally and analytically determined
values for ky; and ky are presented in the research literature.>’
Wetzel and Solomon* studied the impact of rate uncertainty on
the performance of high-thrust (~44.5 kN or 10,000 1bf) nu-
clear thermal rockets, and defined a set of high, nominal, and
low rates. The Warnatz recommended rate set was chosen for
NASP propulsion technology research.” Baulch et al.® recom-
mended a set of widely used rates. Cohen and Westberg’ also
defined a set of high, nominal, and low rates. The various rate
constants are presented graphically vs temperature in Figs. 1
and 2. Also shown are hydrogen recombination rates used in
the NASA-developed, finite difference Navier- Stokes (FDNS)
code® and the two-dimensional kinetics (TDK) code.’ In the
temperature range of interest in the present study, the rate con-
stant values vary by as much as two orders of magnitude.

Numerical Model

The numerical simulations were performed with the CFD -
ACE™ code." The code uses a finite volume, pressure-based
method to solve the Favre-averaged Navier- Stokes equations
as a system of scalar transport equations in strongly conser-
vative form

B Xp X

where p is the density, ug are the velocity components, Iy, is
the effective diffusion coefficient, and S, is the scalar source
term. An underrelaxed, implicit iterative procedure is used to
solve steady-state problems. A hybrid, central-upwind scheme
is used for the spatial differencing to model mixed subsonic/
supersonic flow regimes typical of rocketnozzles. A SIMPLEC
algorithm was chosen for the pressure-velocity coupling. Equi-
librium, finite rate, and frozen chemistry can be modeled. The
second author developed a postprocessing program that inte-
grates the calculated properties across the nozzle exit to de-
termine thrust, mass flow rate, and /.

The nozzle had a 1.58 mm (0.06215 in.) throat radius, a
divergent area ratio of 100:1, a convergent area ratio of 35:1,
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Table 1 H, recombination rate constants”

Reference M, A; N, EL/R
4 H- 2.0 X 10%° 0 0
H 6.0 X 10%° 0 0
6 H, 2.98 X 10 —0.45 —755.3
H 9.43 X 10 —0.34 604.2
8 H. 5.0 X 10° 0 0
H 5.0 X 10° 0 0
5 H- 1.83 X 107 -1.0 0
H 7.3 X 10" -1.0 0

qu. (2), k; in units of m%kmol®-s.

Table 2 Predicted performance for 7. = 3390 K, P_= 345 kPa

Fig. 1 Survey of hydrogen recombination rate constants for an
H, third body.
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Fig. 2 Survey of hydrogen recombination rate constants for an
H third body.

and was 57.91 mm (2.28 in.) long. The bell-shaped divergent
nozzle contour was defined by a skewed parabola based on
the throat radius, exit area ratio, exit angle (6. ~ 9 deg), and
throat divergence angle (6, =~ 32 deg). Exponential stretching
was employed to cluster the 171 X 71 grid in the throat and
near the nozzle wall where the highest flowfield gradients oc-
cur.

The inflow total pressure and total enthalpy were held con-
stant at the nozzle inlet. The inflow radial velocity was as-
sumed to be zero and the axial velocity was obtained by ex-
trapolation from the interior. The inflow static temperature,
pressure, and density were calculated using the constant total
enthalpy isentropic relations and the perfect gas equation of
state. All dependent variables were extrapolated from the in-
terior at the predominantly supersonic exit. An adiabatic, no-
slip velocity condition was assumed on the nozzle wall. Be-
cause of the significant viscous effects in these small nozzles,
laminar flow was assumed.

Results

A plenum chamber pressure of P. = 345 kPa (50 psia), and
temperatures of 7. = 2220, 2780, and 3390 K (4000, 5000,
and 6100°R, respectively) were simulated. The first value is
considered the lower end of acceptable flight system perfor-
mance, while the latter value is the maximum allowable tem-
perature because of absorber material limitations.' One simu-
lation with T. = 2780 K and P. = 173 kPa (25 psia) was also
made to study the performance impact of pressure losses in
the propellant feed system. A smaller, representative set of hy-
drogen recombination rates was chosen for the numerical
study. These rates are summarized in Table 1 in terms of the
constants for the Arrhenius rate form of Eq. (2). The Wetzel
and Solomon high rate set® represents the fastest hydrogen re-

Rate F, N m, kg/s Iy s mn Re*
Frozen 4.328 437 X 10°* 1009 0.966 4177
Ref. 5 4.328 436 X 107 1011 0.965 4168
Ref. 6 4.328 435 x 10°* 1015 0.958 4151
Ref. 8 4.333 433 x 10°* 1021 0.959 4129
Ref. 4 4.341 426 X 10°* 1038 0.948 4068

Equilibrium 4.697 418 X 10°* 1145 0.932 3990
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Fig. 3 Solar thermal rocket I, vs temperature, P_.= 345 kPa.

combination rates found in the literature. The Baulch® and
FDNS® rate sets produce moderate rates. The Warnatz’ rate set
generally characterizes the slowest rates. Reverse dissociation
reaction rates are determined by the law of mass action. Nozzle
chemistry was also modeled by the two extremes of frozen
and equilibrium. The I, variation with chamber temperature
for the various kinetic rates at a chamber pressure of 345 kPa
is shown in Fig. 3.

At the highest temperature and nominal pressure (7. = 3390
K, P. = 345 kPa, respectively) approximately 12% of the hy-
drogen mass is dissociated in the plenum. With equilibrium
chemistry, hydrogen completely recombines in the core flow
just downstream of the throat, but a significant level of dis-
sociation is maintained near the hot nozzle wall. All of the
finite rate kinetics models produce nearly frozen chemistry
throughout the short nozzle.

Table 2 shows the predicted values for thrust F, mass flow-
rate m, and specific impulse /. Increasing the kinetic rate in-
creases the thrust and decreases the mass flow rate because of
a decrease in the gas density. Depending on whether fast or
slow kinetics are used, the maximum deviation in predicted I,
is £13.5 s, or 1.3% of the mean specific impulse of 1024.5 s.
Finite rate chemistry reduces the I, an average of 120.5 s from
the ideal chemical equilibrium value.

Also shown in Table 2 are the nozzle I, efficiency and throat
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Reynolds number." The I, efficiency is the ratio of the actual
I, to the inviscid /g,

SPactual

I

SPideal

mn= 4)

and is thus a measure of viscous losses. Inviscid I, values were
calculated with the TDK code.” The nozzle throat Reynolds
number is defined as

Re* = 2m/wr* ., )

where r* is the nozzle throat radius, and . is the chamber
viscosity. For a generally constant pressure in the nozzle throat,
faster kinetics produce higher temperatures and lower densi-
ties. The Reynolds number and m values decrease as density
decreases, indicating increasing boundary-layer thickness and
viscous losses. Table 2 shows that the net I, actually increases
with increasing kinetic rate. These opposite trends indicate that
kinetic losses are the dominant loss mechanism. Increasing the
recombination rate reduces the kinetic losses, but increases the
nozzle viscous losses, thus moderating the /,, improvement.

Because of the low initial degree of dissociation, the uncer-
tainty in kinetic rate only produced a 0.2% I, uncertainty with
T.= 2780 K and P. = 345 kPa. At the lowest chamber tem-
perature (2220 K), the I, uncertainty caused by the kinetic rate
is negligible. Halving the chamber pressure from 345 to 173
kPa at 2780 K halved the thrust and mass flow rate, slightly
decreased the I, and produced a 0.2% I, uncertainty. There-
fore, chamber pressure has only a slight impact on the influ-
ence of hydrogen kinetic rate uncertainty.

Based on this investigation and the recommendations of
other researchers, the Baulch et al.® kinetic rates are recom-
mended as nominal rates for future numerical predictions of
solar thermal rocket performance.
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Nomenclature
A = area of exhaust nozzle
C, = specific heat at constant pressure
M = Mach number
m = mass flow
N = engine mechanical speed
P = pressure
R = gas constant
T = temperature
£. = compressor pressure ratio
M. = polytropic compressor efficiency
MN.. = mechanical efficiency
T, = polytropic turbine efficiency
ll’ = Tr4/Tr2/(Tr4/Tr2)dcs
Subscripts
a = air
des = design
t = total
0 = ambient atmosphere

I. Introduction

FF-DESIGN performance of aeroengines is of major in-

terest, not only to the user, but also the manufacturer, as
the analysis can be of use for preliminary performance cal-
culations for parametric studies, particularly for aircraft design
purposes.

Mattingly et al.' developed a code that did not need the use
of performance maps, but it gave results having more than
10-15% error in fuel flow and thrust, even at cruise flight
conditions. Wittenberg® devised an approach based on gasdy-
namic relationships, making the use of compressor and turbine
maps redundant. The present work is a modified extension of
Wittenberg’s approach,” as it tries to compute overall engine
performance by ascertaining turbine entry temperature (TET),
knowing just the flight conditions and the corrected engine
speed.

II. Off-Design Analysis

The design point analysis of a single-spool turbojet can usu-
ally be done by thermodynamic component-to-component
analysis, starting with a diffuser, compressor, combustor, tur-
bine, and a propelling nozzle. It is straightforward and can be
found in text, such as Gas Turbine Theory.” Figure 1 shows a
schematic view of a single-spool turbojet with station num-
bering.

The off-design analysis revolves around two conditions: 1)
when the aircraft is idling or descending (in both cases the
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