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The rate constants for the hydrogen three-body collisional recombination reaction with atomic and molecular
hydrogen acting as third bodies have been determined by numerous investigators during the past 30 yr, but
these rates exhibit significant scatter. The discrepancies in the rate constants determined by different investigators
are as great as two orders of magnitude in the temperature range of interest for nuclear thermal rocket (NTR)
operation, namely, 2000-3300 K. The impact of this scatter on our ability to predict the specific impulse (7sp)
delivered by a 30-klbf NTR has been determined for chamber pressures and temperatures from, respectively,
20-1000 psia and 2700-3300 K. The variation in /sp produced by using the different rate constants is as great
as 10%, or 100 s. This variation also obscures the influence of chamber pressure on 7sp; using fast kinetics, low
pressures yield significantly improved performance, while using slow or nominal kinetics, the pressure de-
pendence of 7sp is negligible. Because the flow composition freezes at very small area ratios, optimization of the
nozzle contour in the near-throat region maximizes recombination. Vibrational relaxation is found to produce
negligible losses in 7sp.

Nomenclature
C, = mass fraction of species /
Cp = specific heat at constant pressure
h, hf = static enthalpy, global and species i
hc - chamber enthalpy
/sp = specific impulse
Kp = pressure-based equilibrium constant for

dissociation of hydrogen = ^iTkyik™
k™, ky = forward and reverse reaction rate constants

for the three-body collisional recombination
of hydrogen with species M acting as the
third body

M = Mach number
M{ = molecular weight of species /
PI pc. - static and chamber pressure
$fc = universal molar gas constant
r* = throat radius
7\ TV, Tw = static, chamber, and nozzle wall temperatures
v, v = velocity vector and magnitude of v
XH = mole fraction of atomic hydrogen
e,., ee = nozzle contraction and expansion ratios
6, Oj = nozzle tangent angles downstream and

upstream of the throat
= nozzle exit angle
= nozzle radii of curvature downstream and

upstream of the throat nondimensionalized
with respect to r*

= flow density
= mass production rate of species / per unit

volume

Introduction
ETERMINING the influence of hydrogen dissociation
and recombination on the performance produced by nu-

Oe

P
Pi

D

clear thermal rockets (NTR) has been given high priority, but
few studies of the importance of hydrogen recombination rates
to NTR performance have been conducted.1 The purpose of
the current investigation is to isolate the importance of hy-
drogen recombination in predicting the performance of an
NTR using hydrogen propellant.

Two teams of researchers have recently studied some as-
pects of hydrogen kinetics to NTR performance. Stubbs et
al.2 investigate adiabatic nozzle flows using Navier-Stokes
solvers incorporating finite-rate chemical kinetics. Davidian
and Kacynski3 use a two-dimensional, nonequilibrium perfor-
mance code incorporating the method of characteristics to
study the effects of pressure, temperature, and thrust level
on the specific impulse accounting for finite-rate kinetics. The
latter researchers note that uncertainty exists in our current
knowledge of the hydrogen recombination rates and report
results for its influence on the specific impulse at one chamber
temperature.

Hydrogen Chemistry
At NTR chamber temperatures (i.e., up to 3300 K), the

only species present in significant concentrations in hydrogen
propellant are neutral atoms and molecules of hydrogen, H
and H2, respectively. These species exist in equilibrium with
each other through the following collisional reactions:

2H + H2

2H + H

H2 + H2

H, + H

(la)

(Ib)
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To determine values for A:"2 and k™, we consider the broad
range of values presented in Refs. 4-31, including experi-
mental and analytical investigations9" 12,14-20,22-31 an^ t^e rec_
ommendations of several re viewers,4 ~8J3*21 most notably Baulch
et al.5 Warnatz,7 and Cohen and Westberg.8 These rates are
presented graphically in Fig. 1. Since 1960, the only experi-
ments which have been discarded are those which previous
reviewers felt employed dubious experimental techniques or
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Fig. 1 Hydrogen recombination reaction rate constants: a) H2 is the
collision partner and b) H-atom is the collision partner.

procedures. We choose the following values for the "nominal"
rates for Reaction (I):

k™- •= 9.7 x 1016r-°-6

k? = 9.1 x ioi6r-°37

mole2-s
cc2

mole2 • s

(la)

(Ib)

The value for A:"2 given by Eq. (la) is recommended by several
of the reviewers in the field.5"8 Since no recent reviews rec-
ommend values for A;™, we propose the rate given by Eq. (Ib)
as the most reasonable fit to the data. The rates given by Eq.
(1) are plotted as the heavy lines in Fig. 1.

It is apparent from Fig. 1 that significant scatter exists in
the values determined for A;"2 and k™. This is greatest in the
temperature range of interest for nuclear thermal rocket prob-
lems, namely, 2000-3300 K. Cohen and Westberg8 and Baulch
et al.,5 claim that the uncertainty in their recommendations
for log k1? are between ±0.2 and ±0.5 at all temperatures
for M = Ar or H2, meaning that the range of uncertainty in
kr is as great as an order of magnitude. Such statistical un-
certainties are inappropriate for the purposes of our current
investigation for several reasons:

1) Limited experimental data exists for H and H2 as third
bodies in the temperature range of most interest in this prob-
lem. In fact, fewer than 10 values exist for either rate constant
between 1000-3000 K.

2) The reported uncertainty in A:"2 of a factor of at most
10 excludes the values determined by several investigators,
most notably Dixon-Lewis et al.,16 Rosenfeld and Sugden,23

Widawsky et al.,25 Marshall,29 and Wise and Ablow.30 Al-
though these investigations are among the older ones, none
of the recent reviewers object to their procedures. Further-
more, it should be remembered that, although experimental
determinations of kr for inert third bodies such as argon have

been conducted recently at high temperatures,32 the last high-
temperature investigation of A:"2 or k™ was conducted by Hurle
et al.17 in 1969, and so all the data for the rates of interest
are older. We give consideration to all the credible data in
the temperature range of interest for NTRs, and this forces
us to consider somewhat expanded bounds for this study.

3) The temperature dependence for k™ is not well known.
The data for k™ appear to follow a very steep temperature
dependence at high temperatures which when extrapolated
to low temperatures does not match the reported low-tem-
perature values. It should also be noted that none of the recent
reviewers has recommended a value or uncertainty for k™.
Given this, we have determined the following upper and lower
bounds on k™2 and k™:

2.7 x iol6r-°-58 < 2 x 1016

7.4 x !016r-°-63 < k? < 6 x 101'

mole2 • s
cc2

mole2-s

(2a)

(2b)

We recognize that our limits for A:"2 are wider than those
generally employed, but they represent our concerns about
the scatter in the experimental data near 3000 K. They are
also plotted as heavy lines in Fig. 1.

Performance "Analysis and Nozzle Design
The following assumptions are made in the present analysis

of reacting NTR nozzle flows:
1) The nozzle flow is steady and axisymmetric.
2) All component species of the gas obey perfect gas equa-

tions of state, although they are not necessarily calorically
perfect (i.e., Cp is allowed to be temperature-dependent).

3) Diffusional processes are negligible.
4) The core flow outside a thin boundary layer is inviscid

(i.e., potential).
5) Heat conduction is negligible in the core flow.
Given these assumptions, the governing equations for global

continuity, conservation of momentum (the Navier-Stokes
equations), and conservation of energy in the inviscid core
are, respectively

V-(pv) - 0

p(v-V)v = -Vp

h + (v2/2) = hc

where the enthalpy is

= 2 C,ht

(3)

(4)

(5)

(6)

The continuity equation for species / is given by

pv-VC, = p, (7)

The species production rate p, is dictated by the chemistry
of the reacting propellant. Given reaction (I), it can be shown
that the species production rate is1

PH = WT) f(1 -

(8)

Equations (3-8) can be reduced to a set of differential equa-
tions which are hyperbolic in the supersonic region of the
nozzle. The method of characteristics is employed to solve
the flowfield. The Two-Dimensional Kinetics (TDK) Nozzle
Performance Computer Program,33 which incorporates the
method of characteristics, is widely used for analyzing nozzle
flows.
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The properties which strongly affect the performance of an
NTR can be discerned from Eq. (8). The temperature, pres-
sure, and rate constants appear explicitly. The rates of change
in p and T are determined by the rate at which the flow
expands, which is controlled by the geometry of the nozzle.
Therefore, the factors which determine the rate of recom-
bination are the chamber pressure and temperature, the noz-
zle geometry, and the magnitudes of the rate constants k™2

and k™.
The key to maximizing the specific impulse delivered by an

NTR is to maximize the dissociation of the H2 in the chamber,
thus maximizing the chamber enthalpy, which implies high
temperatures and low pressures. It is also necessary to ensure
recombination in the nozzle, which implies high pressures.
Low pressures, however, restrict the thrust if reasonable en-
gine size is to be maintained. Pressures on the order of one
atmosphere produce no net system performance advantage,
because the advantage gained in terms of specific impulse is
negated by reducing the thrust-to-weight ratio significantly.34

Given this, we consider chamber temperatures between 2700-
3300 K, and chamber pressures between 20-1000 psia, to be
feasible for NTRs which will likely be operating within the
foreseeable future. These values are used in the current study.

The three nozzle contours selected in the present study are
shown in Fig. 2, and the contour parameters are summarized
in Table 1. All three have area ratios of 200:1; they differ in
the radii of curvature upstream and downstream of the throat.
The contours of the nozzles downstream of the throat are
determined by choosing the parabolic contour option in TDK.
The throat radii are shown in Table 2 for the chamber pres-
sures investigated. For each pc, the throat radius is selected
so that nozzle 1 delivers a thrust of 30 klbf using nominal
kinetics at 3100 K.

Viscosity and heat conduction through the nozzle wall will
result in the formation of momentum and thermal boundary

Table 1 Nozzle parameters

Nozzle

ee
ec
Ktl

K<t

o,
0
Oe

200
16
2
1
26deg
33deg
6.5 deg

200
16
6
10
40 deg
25 deg
6.5 deg

200
16
6
40
40 deg
20 deg
6.5 deg

Table 2 Throat radii

psia
20
50
100
300
1000

16.6
10.5
7.4
4.3
2.3

layers, thus reducing the delivered /sp. A boundary-layer anal-
ysis module (BLM) can be coupled to TDK to determine the
drag and heat losses.33 It is necessary to determine the wall
boundary conditions for input to BLM. Reference 34 presents
a design for a 200:1 area ratio, radiation-cooled, carbon/car-
bon composite nozzle for use on an NTR with chamber con-
ditions of 100 psia and 3300 K. A TDK analysis of this nozzle
using an adiabatic wall produced an axial profile of the flow
temperature, with which a heat transfer analysis of the nozzle
was conducted, producing the axial wall temperature profile
shown in Fig. 3.34-35

Using TDK and BLM, the nozzles shown in Fig. 2 are
analyzed at the chamber pressures shown in Table 2, with
Tc = 2700, 2900, 3100, and 3300 K, using the nozzle wall
temperature profile shown in Fig. 3. The performance deliv-
ered by these nozzles is determined using fast, nominal, and
slow kinetic rates as given by Eqs. (1) and (2). An equilibrium
boundary-layer flow composition is used.

Results
Stubbs et al.2 investigate several nozzles using Navier-Stokes

codes incorporating finite-rate kinetics. Their analyses use
adiabatic nozzle walls. For comparison we determine the per-
formance of the nozzle used by Stubbs et al. using TDK-BLM
and an adiabatic wall at two chamber conditions which they
studied. Table 3 summarizes the performance predicted by
Stubbs and by the current study using the two different meth-
ods. The discrepancies of 3-5 s in 7sp as predicted by the two
methods are fairly small.

Note that all further results presented in this article are for
analyses using the cold wall temperature profile shown in Fig.
3. As is shown below, nozzle 3 yields superior performance
to nozzle 2, which is superior to nozzle 1 at all operating
conditions. Therefore, only results for nozzle 3 will be pre-
sented here, except for a comparison of the performance yielded
by the three nozzles.

The specific impulse predicted for nozzle 3 as a function of
the chamber conditions is shown in Fig. 4 using nominal hy-
drogen recombination kinetics. The specific impulse increases
with chamber temperature as expected. At a midrange pres-

Table 3 Comparison of nozzle performance predicted
using TDK-BLM and Navier-Stokes codes

Chamber
pressure,
atm
6

10

Area
ratio
240:1
100:1

Thrust,
klbf
5.4
98

/sp,

Present
study

1036
1027

s
Stubbs
et al.2

1041
1024

Tc = 3200 K in all cases.

Fig. 2 Performance map for nozzle 3, accounting for kinetic, diver-
gence, and boundary-layer losses, using nominal recombination rates. Fig. 3 Nozzle geometries analyzed.
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1100 Table 4 Nozzle loss summary

900

Chamber Pressure ~ p

Fig. 4 Nozzle wall temperature profile.

sure of 100 psia, the temperature sensitivity of 7sp is about
0.25-0.3 s/K. Reference 34 concludes that a pressure of about
100 psia yields a nearly optimum combination of specific im-
pulse and thrust-to-weight ratio. The NTR designed there uses
a pebble bed reactor and nozzle 3 with chamber conditions
of 100 psia and 3300 K to produce an 7sp of 1082 s, and a
thrust-to-weight ratio of about 5. Table 4 summarizes the
nozzle losses for this NTR. About one-third of the loss is
attributable to each of the finite expansion, finite-rate kinet-
ics, and boundary-layer losses. Only a negligible loss is at-
tributed to divergence effects.

The pressure dependence of the specific impulse is slight
at chamber temperatures of 2700-2900 K, varying no more
than 15 s over the pressure range considered. At 3300 K, the
/sp rises about 50 s as the pressure is reduced from 1000 to 20
psia. The pressure of maximum performance increases as the
temperature is reduced, lying at less than 20 psia for 3300 K
and at 50-100 psia at 2700 K. The lack of significant pressure
dependence in 7sp is a result of finite-rate kinetics and bound-
ary-layer losses. Figure 5 illustrates these losses at Tc = 3300
K. As the pressure declines, the rates of recombination slow.
Therefore, although the chamber enthalpy rises as the pres-
sure drops, some of this advantage is negated by less recom-
bination. Much of the energy that is put into dissociation at
low pressures is lost. The boundary-layer losses also increase
as the pressure declines and the temperature rises. This can
be explained via the Reynolds numbers (Fig. 6). As the pres-
sure drops and the temperature rises, the density of the pro-
pellant, and hence the Reynolds number declines, increasing
the boundary-layer thickness and the 7sp losses.

Figure 5 also illustrates the differences in the kinetic and
boundary-layer losses which result from using different values
for the recombination rate constants. For example, at oper-
ating conditions of 100 psia and 3300 K, the losses relative to
equilibrium performance due to finite-rate kinetics are only
15 s if one uses fast kinetic rates (see Fig. 5a). However,
60 s are lost if one uses the slow rates. The discrepancies are
even greater at lower pressures, where the loss using slow
kinetics approaches 170 s. Small differences in the boundary-
layer losses also arise from using either the slow, nominal, or
fast kinetics (see Fig. 5b), but these differences are less than
10s.

The differences in the losses shown in Fig. 5 resulting from
using different kinetic rates produce significant variations in
the 7sp predicted for an NTP system. Figure 7 demonstrates
the performance predicted for nozzle 3 accounting for finite-
rate kinetics, divergence effects, and boundary-layer losses
using not only the nominal recombination reaction rate but
also the fast and slow rates at high temperatures. Using the
nominal kinetics, a specific impulse of 1082 s is predicted for
our NTR operating with a chamber pressure and temperature

Ideal 7sp
Finite expansion loss
Finite kinetics loss
Divergence loss
Boundary-layer loss

7sp loss,
s

40
41
3

36

7SP,
s

1202
1162
1121
1118
1082

Efficiency
%

96.7
96.5
99.7
96.8

Tc = 3000 K, pc = 100 psia.
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Fig. 5 Losses in the 7sp delivered by nozzle 3: a) kinetic losses in the
potential flow and b) boundary-layer losses.

3-10'

10b

105

10 100 1000
Chamber Pressure ~ pc (psia)

Fig. 6 Reynolds number based on the throat radius of nozzle 3.
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of 100 psia and 3300 K. If the fast kinetics are used, then an
7sp of 1112 s is predicted, some 30 s better. On the other hand,
using the slow kinetics reduces the delivered specific impulse
to 1062 s, 20 s lower. Figure 8 summarizes the discrepancies
in the specific impulse delivered by nozzle 3 over the entire
range of chamber conditions produced by varying the kinetics
used in performing the analysis. The discrepancies are sig-
nificant at almost all chamber conditions, reaching a maxi-
mum of 100 s at pc = 20 psia and Tc = 3300 K. At lower
temperatures and high pressures, little dissociation exists, so
the difference between equilibrium and frozen performance
is not significant. For higher performance cases, as the tem-
perature is raised and the pressure lowered, the dissociation
increases and the kinetic effects become prominent.

The recombination kinetics can also obscure the influence
of pressure on the specific impulse. If one uses slow recom-
bination rates, lowering the pressure produces no benefits or
even reduces the specific impulse. If nominal or fast kinetics
are used, then lowering the pressure markedly improves the
specific impulse. Without knowing the rates better, it is not
possible to argue convincingly that either low- or high-pres-
sure engines will deliver superior performance.

Figure 9 presents the difference in the specific impulse de-
livered by nozzles 1 and 3 using nominal kinetics at all cham-
ber conditions analyzed. At 100 psia and 3300 K, the im-

1160

100 1000
Chamber Pressure - pc (psia)

Fig. 7 Influence of recombination kinetics on the 7sp, accounting for
divergence and boundary-layer losses.

100

10 100 1000
Chamber Pressure - pc (psia)

Fig. 8 Variation in 7sp of nozzle 3 due to recombination kinetics,
accounting for divergence effects and boundary-layer losses.

provement is about 18 s. At lower pressures, as much as a 30
s improvement can be achieved. The only penalty to rede-
signing the nozzle is a slight increase in length, and therefore,
weight. Reference 14 demonstrates that the weight penalty is
far outweighed by the improvement in performance.

Figure 10 shows a direct comparison of the performances
delivered by nozzles 1, 2, and 3, using both nominal (Fig.
lOa) and fast kinetics (Fig. lOb). As noted above, if one uses
nominal kinetics it appears that significant gains can be achieved

10 1000

Fig. 9 Improvement in 7sp of nozzle 3 over nozzle 1, using nominal
kinetics.

g.
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1140

a.1120

1100

1080

1060

1040

b)
10 100 1000

Chamber Pressure (psia)

Fig. 10 Comparison of 7sp delivered by nozzles 1,2, and 3, accounting
for finite-rate kinetics, divergence effects, and boundary-layer for-
mation: a) nominal recombination rates and b) fast recombination
rates.
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by redesigning the nozzle. However, if one uses fast kinetics,
the gains appear to be negligible. Because the fast kinetics
performance lies relatively near the equilibrium performance
even in nozzle 1, there is little room for improvement, and
little is achieved. The recombination kinetics can thus also
obscure the nozzle designer's ability to optimize the contour.
Without better knowledge of the kinetics, it is not possible
to argue that redesigning the nozzle will definitely produce
significant performance gains.

The influence of the kinetic rates on the recombination is
alternatively presented in Figs, lla and lib. The former plots
the atomic hydrogen mole fraction as a function of the local
static temperature in the flow for the chamber conditions of
100 psia and 3300 K. In nozzle 1, using the slow kinetics, the
flow composition freezes at about 9% mole fraction atomic
hydrogen, whereas for the fast kinetics, it freezes at about
3.5%. For nozzle 3, the corresponding numbers are 7 and
2%. An approximate rule of thumb which evolves from the
data is that each 1% mole fraction of atomic hydrogen which
remains uncombined at the exit produces about 10 s of loss
in specific impulse. The additional recombination in nozzle 3
releases energy which improves the /sp by 15-25 s.

The area ratios at which the composition of the gas is freez-
ing are barely past the circular arc contour downstream of
the throat. For nozzle 1, the composition is frozen by area
ratios of about 1.4:1, 1.8:1, and 3:1 downstream of the throat
for, respectively, the slow, nominal, and fast kinetics. The
corresponding area ratios for nozzle 3 are about 2:1, 2.5:1,
and 3.5:1. The only way in which recombination can be sig-
nificantly affected is to increase the radii of curvature of the
contour upstream and downstream of the throat. Since the

0.15

0.00

a)

3 2 1 2 3
M < 1 < = I = » M > 1

Area Ratio

0.15

Area Ratio

Fig. 11 Axial profiles of atomic hydrogen mole fractions in the nozzle
throat: a) nozzle contour 1 and b) nozzle contour 3.

pressure drops as the area ratio increases, and since the drop
in pressure eventually slows the recombination rate until the
composition freezes, one can delay the freezing by slowing
the rate pf expansion near the nozzle throat. The atomic
hydrogen continues to recombine at slightly larger area ratios
in nozzle 3 than in nozzle 1 because the flow is expanding
more slowly. Methods which attempt to optimize the nozzle
contour downstream of the throat to enhance recombination
are not useful, since the current results show that the com-
position is frozen in the downstream region.

Figure 12 plots the composition of the gas as a function of
local static temperature in nozzle 3. The composition is es-
sentially frozen at temperatures below 2000 K regardless of
the kinetics. The flow composition freezes not because the
temperature drops, but because the pressure drops. The two
properties are related, however, and it simply turns out that
in all cases the pressure falls low enough that the kinetics
freeze at the point at which the temperature reaches about
2000 K. The significance of this is that the kinetic rates are
only important at temperatures in this vicinity.

Area Ratio Study
To study the influence of area ratio on nozzle performance,

the area ratio of nozzle 1 is changed to 100, 150, 300, and
500, as shown in Ref. 35. The performance delivered by these
nozzles with differing area ratios is again analyzed using the
nominal kinetic rates. At 2700 K, the trends are as expected;
the 7sp improves with increasing area ratio at all chamber
conditions.35 However, Fig. 13 shows that for a chamber tem-
perature of 3300 K this is not true. At a chamber pressure of
1000 psia, the specific impulse is increased by 18 s by increas-
ing the area ratio from 100 to 500. At 20 psia, the trend is
reversed. The 100 and 150 area ratio nozzles deliver the best
performance, followed by the 200, 300, and 500 area ratio
nozzles in that order.

This enigmatic behavior is due to Reynolds effects, i.e.,
viscous losses. Most of the improvement in performance re-
sulting from increased supersonic expansion is negated by
growth in the boundary layer. The Reynolds number of the
flow decreases as the chamber temperature increases and as
the pressure declines, because in both cases the density of the
flow is reduced (see Fig. 6). Therefore, as one increases the
area ratio (and hence the nozzle diameter and length), the
boundary-layer growth is more pronounced. The next gen-
eration of NTRs will have to produce an 7sp which can only
be achieved with high temperatures and moderate pressures
(e.g., 3300 K and 100 psia, respectively), where large area
ratios do not produce significant improvements in 7sp.35 This
is why an area ratio of 200:1 is used in all the previous analysis.

0.15

o.oo
3500 2500

Local Nozzle Gas Temperature (K)
1500

Fig. 12 Atomic hydrogen mole fraction as a function of the local
static temperature in nozzle 3.
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Mission 1
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Transfer

Orbit

Manned Sprint
Launch, 3/7/2016

Av =4.33 km/s

Sprint Orbit

Cargo Launch
12/4/2013

Mars Av = 4.25 km/s Manned Return
Orbit ^-——V^ Arrival, 12/2/2016

= 4.85 km/s
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Arrival, 7/5/2016

Av = 6.62 km/8

Cargo Arrival
9/24/2014
Av = 1.15 km/s
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Launch, 8/4/2016
Av = 12.26 km/s

Table 5 Hydrogen exchange
reaction activation energies

v
0
0
0
1
1
1
2
2
2
3
3

v'
0
1
2
1
2
3
2
3
4
3
4

ZTv v'
^a

kcal/mole
9.9

21.8
33.0
9.9

21.1
31.7
9.9

20.5
30.4
9.9

10.8

Cargo Launch
1/9/2016

Av =3.91

Manned Return
Arrival, 11/24/2020
Av = 1.64 km/s

Cargo
Transfer

Orbit

Mission 2

Return
Orbit

Manned Sprint
Arrival, 10/10/2018
Av = 2.14km/s
Manned Return
Launch, 7/27/2020
Av = 2.50 km/s

Manned Sprint Sprint Cargo Arrival
Launch, 6/12/2018 Orbit 10/10/2016

Av = 4.34 km/s Av = 1.45 km/s

Fig. 13 Influence of the area ratio on the /sp delivered by nozzle 1,
accounting for finite-rate reaction kinetics, divergence effects, and
boundary-layer losses.

Vibrational Relaxation Analysis
Nonequilibrium vibrational relaxation of molecular hydro-

gen could feasibly reduce the specific impulse of a nuclear
thermal rocket by locking up energy in higher vibrational
states. To investigate this, we perform a one-dimensional,
finite-rate kinetic analysis, treating molecular hydrogen in
each vibrational state v as a separate species, namely H2(v),
where H2(0) is the ground vibrational state. It can be shown
that it is necessary to track at least four excited vibrational
states of molecular hydrogen (i.e., v = 0-4).l Reaction (I)
becomes

1500 r-rr

2H + M H2(v) + M (II)

where M can be H or H2(v). The values of vk™ for v = 0-4
for reaction (II) are selected to maintain the global recom-
bination rate the same as in the previous analyses where in-
dividual v states are not tracked. That is, the net recombi-
nation produced by reactions (II) for all v states is the same
as that produced by reaction (I).

In addition, however, one must follow the V-T and ex-
change reactions among the vibrationally excited states, listed
below in that order:

H2(v) + M <==> H2(v - 1) + M

H + H2(v) 4^> H2(v') + H(v' > v)

where the rates for reactions (III) and (IV) are1-36

^ cc/c»v = 2 x 1013e- mole • s

(Ill)

(IV)

(9)

1000

500

800 1000 1200 1400
Specific Impulse - I (sec)

Fig. 14 Loss in the 7sp of nozzle 1 due to vibrational relaxation.

cc"t = vio-3r43
mole • s

= 2.26 x 1014exp(-Er'/RT) cc
mole • s

(10)

(11)
Values for E^v> are shown in Table 5.

Figure 14 indicates that vibrational relaxation does not cause
significant loss in performance. All the points in this graph
represent less than 1 s loss in /sp. It is, therefore, arguable
that such losses are negligible next to the other uncertainties
in the calculation. The losses tend to peak at intermediate
temperatures. The reason for this is that as the temperature
is increased from 2700 to 3100 K, the higher vibrational states
of the molecular hydrogen first become excited. As the tem-
perature is increased further, however, dissociation of the
molecular hydrogen actually reduces the mole fractions of
vibrationally excited hydrogen, so the associated losses also
decline. The losses increase as the pressure declines, because
the relaxation rates slow. At high temperatures, as the pres-
sure drops the dissociation becomes so significant that rela-
tively little of the hydrogen is in the vibrationally excited
molecular state, so the losses experienced at moderate pres-
sures are actually greater than those experienced at lower
pressures.

Conclusions and Recommendations
Based on this investigation, the following conclusions can

be drawn:
1) The 7sp predicted for NTRs varies as much as 10%, or

100 s, depending upon whether one uses recombination ki-
netics at the upper or lower bounds.



WETZEL AND SOLOMON: HYDROGEN RECOMBINATION KINETICS 499

2) The recombination kinetics obscures the influence of
chamber pressure on the 7sp of NTRs. (Using fast kinetics,
low pressures yield dramatically improved performance, or
using slow kinetics, the pressure dependence of 7sp is negli-
gible.) Without better knowledge of the reaction rates, it is
not possible to definitively establish that high- or low-pressure
systems are preferable.

3) Optimization of a nozzle contour to ensure recombina-
tion must occur in the throat region, because the flow com-
position freezes at area ratios of between 3.5:1-1.5:1.

4) The recombination kinetics hampers the nozzle design-
er's ability to optimize the nozzle geometry. Using nominal
rates, significant advantages accrue from lengthening the throat
region. Using fast rates, the gains achieved by such a redesign
are negligible.

5) The flow composition is essentially frozen at local static
temperatures below 2000 K, so the kinetics at these temper-
atures are not as important.

6) The specific impulse delivered by a nozzle decreases with
increasing area ratio when operating at high chamber tem-
peratures and low pressures because of boundary-layer growth.

7) Including the kinetics for vibrational relaxation produces
only small losses in /sp.

The recombination reaction rate constants for hydrogen
should be more accurately determined experimentally in the
temperature range 2000-3500 K. Particular importance is placed
on the lower end of this range, given the paucity of data there,
and on determining the reaction rate for atomic hydrogen as
the third body.
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