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Chemical kinetics of high-temperature hydrogen–helium gas mixture behind a shock wave is numerically

investigated by integrating rate equations for species concentration in time. State-to-state transition rates are used to

determine quasi-steady-state rate coefficients for atomic hydrogen ionization. The electron concentrations in front of

the shock wave are deduced by solving the radiative heat transfer equation of molecular hydrogen. The computed

incubation time of avalanche ionization is comparedwith the experimental data and those appeared in past studies. It

is found that the precursor photoionization and the associative ionization of themolecular hydrogen are important to

determine the ionization time behind the shockwave. Thepresent chemical kineticmodels are found to reproduce the

shock tube experimental data of the ionization time reasonably well.

Nomenclature

A�i; j� = probability for the transition from upper state i to
lower state j, 1=s

B�i; j� = rate coefficient for radiative transition from lower
state i to upper state j, 1=s

B� = Planck function at wavelength �,W=cm2 � sr � �m
cp = specific heat at constant pressure, J=K
Ee� = electron energy, J=m3

EH�i� = energy level of state i of atomic hydrogen, J
h = enthalpy, J=kg
hfs = formation enthalpy of species s, J
Ip� = flux of photon at wavelength �, 1=m3 � s
I� = radiative intensity at wavelength �,W=cm2 � sr � �m
k = Boltzmann constant
kf = collisional ionization rate coefficient, m3=s
kr = collisional three-body recombination rate coefficient,

m6=s
l = directional cosine
m = highest bound state quantum number
ms = mass of a species s particle, kg
NH�i� = number density of atomic hydrogen in state i, 1=m3

Ns = number density of species s, 1=m3

P = power absorbed by the Lyman � line, W=m3

p = static pressure, Pa
Rs = production rate of species s, 1=m3 � s
T = translational temperature of heavy particles, K
Te� = electron temperature, K
t = time, s
Us = shock velocity, km=s
u = velocity, m=s
Xs = mole fraction of species s
Ys = mass fraction of species s
x = x coordinate, m
� = collisional–radiative recombination rate coefficient,

m3=s
��i� = rate coefficient for radiative recombination into state

i, 1=s
"c = Lyman continuum radiation fraction

"L = Lyman � absorption factor
�s = ionization energy of spices s, J
�� = absorption coefficients at wavelength �, 1=cm
� = wavelength, Å
� = reduced mass, kg
�� = sum of collision frequency divided by mass of a

particle, 1=s � kg
�e�s = elastic collision frequency between electrons and the

other species s, 1=s
� = density, kg=m3

	p� = photoionization cross section at wave length �, m2

	� = absorption cross section at wave length �, cm2

rqrad = divergence of radiative heat flux,W=m3

Subscripts

E = equilibrium state
e� = electron
s = species
1 = state in front of a shock wave
2 = state behind a shock wave
* = excited state

I. Introduction

T HEGalileo probe entered into Jupiter’s atmosphere in 1995. To
protect the probe from severe radiative heating during the entry

flight, the surface of the Galileo probewas covered with ablative heat
shield. The surface recession data were successfully obtained along
the Galileo probe’s entry flight trajectory [1,2]. The flight data have
shown a surprisingly low surface recession in the stagnation region,
with unexpectedly larger surface recession along the frustum region.

The flight data obtained in the entry flight of Galileo probe offer a
unique opportunity to validate computational fluid dynamics (CFD)
codes for predicting the aeroheating environment of the entry flows
in future outer planetary missions. Because most of the outer planets
in our solar system have an atmosphere similar to Jupiter’s, which
mainly consists of hydrogen and helium, all CFD codes for such
purpose should be able to reproduce the flight data of the Galileo
probe’s entry flight. The larger surface recession along the frustum
region of the probe was successfully explained by the injection-
induced turbulence model [3,4]. However, the lower surface reces-
sion in the stagnation region has not yet been completely reproduced
by CFD.

Park [5] has speculated earlier that the thermochemical non-
equilibrium could explain such low heating rate in the stagnation
region. Because radiative heating from ionized hydrogen is dominant
in the shock layer, the narrower ionization region due to the non-
equilibrium effect could lower the heating rate at the stagnation point.
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Emission measurements in a shock tube by Leibowitz indicated that
the ionization of atomic hydrogen had a finite incubation time [6]. In
the study of Howe [7], an empirical formula based on the data of
Leibowitz [6] was derived, and it was predicted that the un-ionized
region could be half of the shock layer thickness for the flow
condition at the maximum heating point along the Galileo probe’s
entry trajectory. However, Leibowitz and Kuo concluded that the
radiative heating reduction was not significant even though they
modeled the nonequilibrium ionization [8]. The reduction of
radiative heat flux they obtained was less than 15%.

In the work of Liebowitz and Kuo [8], a two-step excitation–
ionization reaction model was employed to describe the incubation
time of electron-impact ionization. The model assumes that the
atomic hydrogen in the first excited state is produced by collisions
with atoms as the first step, and immediately ionized by the con-
sequent collision as the second step. When the electron number
density reaches the threshold value, the electron-impact ionization is
triggered. In their work, the rate coefficients for the first step of the
excitation–ionization reaction were determined to produce a radia-
tive intensity profile behind a shockwave experimentally obtained in
their electric arc shock tube. However, their rate coefficients seem
to have some uncertainties in that they ignore the effect of the
photoionization process. According to Bogdanoff and Park [9], the
strong radiation from the driver gas possibly photoionizes the test gas
before arrival of the shock wave, which can promote the initiation of
electron-impact ionization. Moreover, radiation traveling upstream
from the downstream side of the shock wave can photoionize the
molecular hydrogen.

Recently, Park [5] has suggested new schematics of nonequi-
librium hydrogen flow including the precursor photoionization of
molecular hydrogen as follows. Precursor photoionization due to
radiation from the shock layer causes the birth of electrons in front
of the shock. Besides the photoionization of molecular hydrogen,
rotational–vibrational excitation and dissociation of molecular
hydrogen proceed behind the shockwave.When the electron number
density and the electron temperature reach certain threshold
values, the electron-impact ionization of atomic hydrogen suddenly
becomes significant through an avalanche process. To estimate the
thickness of the ionization region, we need to identify these threshold
values quite accurately. For this purpose, the coupled rotational–
vibrational relaxation process for molecular hydrogen was
modeled by an analytical formula using the quasi-classical-trajectory
approach in [10]. For the atomic hydrogen ionization, rate
coefficients were derived by a classical approach and tabulated in
[11]. The rate coefficients accounted for the effect of the Lyman line
absorption by atomic hydrogen.

In a previous study [12], CFD calculations were carried out for
flow conditions chosen along the entry trajectory of the Galileo
probe using the latest nonequilibrium chemical models [10,11]. For
the flow conditions at higher altitude, the un-ionized region was
computed to be about 1 cm, and the subsequent ionized region was
reduced to two-thirds of that obtained in an equilibrium calculation.
However, the corresponding reduction of radiative heat flux toward
the body surface was less than 10% at higher altitudes, and the
radiative heat flux eventually coincided with that of equilibrium
calculation at the peak heating point.

In the present study, we revisit the nonequilibrium calculation of
high-temperature radiating hydrogen–helium mixture gas by using
a more fundamental and precise approach that can account for the
basic features of the new nonequilibrium chemical processes
suggested by Park [5]. A set of rate equations for species con-
centrations is integrated in time. The rotational–vibrational exci-
tation process is ignored in the present study for simplicity. The
electronic excitations through heavy particle collisions are also
ignored. Quasi-steady-state reaction rate coefficients, which can be
calculated from the state-to-state transition rates, are employed for
electron-impact ionization of atomic hydrogen. Radiative chemical
processes such as photoionization or photodissociation of molecular
hydrogen are also taken into account. To estimate the amount of
electrons in front of the shock wave, the radiative heat transfer
equation is solved for the flowfield including the precursor heating

region. The obtained incubation time of the avalanche ionization
is compared with those suggested in the past experimental and
numerical studies.

II. Method of Calculation

A. Chemical Reaction Processes and Rate Coefficients

In the present calculation, seven chemical species of H2, H
�
2 , H,

H�, He, He�, and e� are considered. We employ the following
chemical reaction processes:

Reaction 1 (R1)

H 2 �M$ H� H�M
Reaction 2 (R2)

H � e� $ H� � e� � e�

Reaction 3 (R3)

He � e� $ He� � e� � e�

Reaction 4 (R4)

H �2 � e� $ H� H

Reaction 5 (R5)

H 2 � h�! H�2 � e�

Reaction 6 (R6)

H 2 � h�! H� H� � e�

The rate coefficients of the electron-impact ionization of atomic
hydrogen in R2 are given by the source code provided in [11] under
quasi-steady-state assumption. The rate coefficients include the
following processes:

R20

H �i� � e� $ H� � e� � e�

R200

H �i� � e� $ H�i0� � e�

The source code in [11] outputs the parameters kf, kr,�, and��i� as a
result of inputting NH, Ne� , Te� , and "L. The Lyman line absorption
factor is defined by

"L �
B�1; 2�
B�1; 2�E

� P=1:634 � 10�18NH�1�
22 exp��EH�2�=kTe� 	A�2; 1�

(1)

where the power absorbed by the Lyman � line can be written by

P� 1:634 � 10�18A�2; 1�NH�2� � rqrad (2)

The divergence of radiative heat flux rqrad in Eq. (2) is determined
by solving the radiative heat transfer equation. From the output
parameters, the change of electron number density due to the
electron-impact ionization of atomic hydrogen is given by�

dNe�

dt

�
R2

� kfR2NHNe� � N2
e��1 � N2

e�"c��1� (3)

�1 � � � ��1� � Ne�krR2 �
Xm
i�2

��i� (4)

In the present calculation, m is taken to be 20.
The reaction rates both for photoionization in R5 and photo-

dissociation in R6 can be written by

kfR5;R6 �
Z
	p�Ip� d� (5)

From the total ionization cross section for molecular hydrogen given
in [13], the cross section for each R5 and R6 is determined by using
the H�=H�2 ratio given in [14]. The photon flux is calculated by
solving the radiative heat transfer equations.
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The expression of chemical reaction rates for the rest reaction
processes are summarized in Table 1. The equilibrium constants are
calculated by using the chemical equilibriumwith application (CEA)
program [16] to evaluate backward reactions for R1, R4, R5, and R6.
The postshock temperatures in the present conditions are much
higher than the applicable temperature range of the CEA program.
However, it is believed that the effects of the equilibrium constants on
the postshock flowfields in the present calculations are insignificant
from the following perceptions: 1) the dissociating region is so short
that it is almost negligible when compared to the ionization distance,
and 2) ionization of helium and photoionizations ofmolecular hydro-
gen are insignificant in the high-temperature postshock flowfield.

B. Basic Equations for Thermochemical Kinetics and Flowfield

The changing rate of concentrationNs=� for species s is written by

d

dt

�
Ns
�

�
� Rs
�

(6)

Equation (6) is solved only for H�2 , H, He�, and e�. The
concentrations of other species are obtained by assuming that the
elemental atomic number ratio is conserved. The time evolution of
Eq. (6) is carried out by a fourth-order Runge–Kutta method with
adaptive step-size control.

The flow properties behind a shock wave in the shock-fixed
coordinate system are governed by the continuity equation, the
momentum equation, and the energy equations, which are given by

�1u1 � �2u2 (7)

p1 � �1u21 � p2 � �2u22 (8)

and
h1 � 1

2
u21 � h2 � 1

2
u22 (9)

The electron energy equation is given by

@

@x
�Ee�u� � 3Ne�me� ��k�T � Te� � � ��HRHR2 � �HeRHeR3� (10)

where the first term of the right-hand side describes the energy
relaxation by elastic collisions, and the second term describes the
energy loss due to electron-impact ionizations. Here, the sum of
collision frequency �� is defined by

���
X
s≠e�

�e�s=ms

By applying the approximation that appears in [6], that is,

@

@x
�Ee�u��3Ne�me� ��k�T�Te� �� �H�kfR2NH

�kfR2NH�Ne� 	Ne� � �He�kfR3NHe�kfR3NHe�Ne� 	Ne� �0 (11)

the electron temperature can be determined as

Te� �
T � ��H�NHbfR2 � NH�Ne�bbR2� � �He�NHebfR3 � NHe�Ne�bbR3�	=3me� ��k

1� ��H�NHafR2 � NH�Ne�abR2� � �He�NHeafR3 � NHe�Ne�abR3�	=3me� ��k
(12)

where we further assume that the forward and the backward reaction
rates can be approximated by linear functions, kf � afTe� � bf and
kb � abTe� � bb. Once the electron temperature is determined,
values of translational temperature, density, pressure, flow velocity,
and enthalpy at the local time are then calculated fromEqs. (7–9) and
the equations of state

p�
X
s≠e�

NskT � Ne�kTe� (13)

h�
X
s≠e�

YscpsT � Ye�cpe�Te� �
X
s≠e�

Yshfs (14)

C. Radiative Heat Transfer

The radiative transfer equations are solved using the tangent-slab
1-D approximation [17], that is,

l
@I�
@x
� ���B� � I�� (15)

The chemical species considered in the radiation calculation is
H and H�. A multiband model is used to evaluate the absorption
coefficients. The absorption coefficient of the gas at wavelength � is
given by

�� � NH	H� � NH�	
H�
� (16)

The number of wavelength points is 1170 between 300 to 30000 Å.
The Lyman line absorption factor "L and Lyman radiation fraction "c
are evaluated at wavelength points in the range from 1210 to 1220 Å
for the Lyman line, and from 300 to 975 Å for the Lyman continuum.
The molecular hydrogen photoionization rate is conveniently deter-
mined by solving the radiative transfer equations twice. The
photoionization absorption coefficient of the molecular hydrogen is
accounted for together with those for H and H� in the first solution,
whereas the absorption coefficients only for H andH� in the second
solution. The production rate of electron by the photoionization is
determined by the difference of absorbed energy between these two
results.

III. Test Conditions

A. Test Flow Conditions

The present model is examined for the shock tube experimental
conditions of Leibowitz [6]. The experiments were conducted in arc
driven shock tubes, and the ionization distances behind the shock
wave were determined from the measured radiation emission
profiles. The static pressure and the shock velocity of the test cases
are summarized in Table 2. The initial electron temperature behind
the shock wave is set to be equal to the translational temperature.

Table 1 Reaction rate coefficients used in the present study

Reaction Reaction rates, m3=s Ref.

R1 H2 � He! H� H� He 6:93 � 10�12=T exp��52; 340=T� [6]
H2 � H2 ! H2 � H� H 2:5kH2�He!H�H�He [6]
H2 � H! H� H� H 20:0kH2�He!H�H�He [6]
H2 � H� ! H� H� H� 20:0kH2�He!H�H�He [6]
H2 � e� ! H� H� e� 20:0kH2�He!H�H�He [6]

R2 H� e� ! H� � e� � e� Source code in [11] [11]
R3 He� e� ! He� � e� � e� 3:56 � 10�23

��������������������������
8kTe�=
�e�

p
exp��285; 248=Te� � [6]

R4 H�2 � e� ! H� H 1:2 � 10�16�Te�=300��0:4 [15]
H�3� � H! H�2 � e� 6:8 � 10�18T0:61 exp��13; 000=T� [15]
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B. Computational Procedures

Schematics of the present computational model are shown in
Fig. 1. In the present study, a fluid particle is traced by the Lagrangian
method to determine flow properties, whereas the radiative heat
transfer equations are solved by the Eulerian method.

The calculations are carried out in the following procedures. At
first, we assume a stationary shock wave for a given upstream state.
The fluid state just behind the shock wave can be found from the
shock relation. Using this postshock state as the initial condition, the
evolution of the fluid particle starting from the shockwave location is
computed by the Lagrangian method. The location of a fluid particle
is determined by integrating dx=dt� u in time. Equation (6) is
simultaneously integrated to determine chemical compositions of the
fluid particle. Using the so-determined chemical compositions, the
flow properties at the local time are calculated by solving Eqs. (7–9)
and (12–14). When the fluid particle passes a computational mesh
point, the local value of flowproperties are stored to obtain the spatial
distributions of the properties in the Eulerian coordinates. The time
integration is terminatedwhen the fluid particle reaches the boundary
of computational domain.

Then, the radiative heat transfer equations are solved in both
upstream and downstream regions of the shockwave simultaneously.
Once the spatial distributions of photoionization rates and radiative
absorption factors "1 and "c are determined from the radiative field, a
fluid particle is placed at the boundary of the precursor region and its
evolution toward the shock wave is solved by the Lagrangian
method. Equation (6) is integrated in time to obtain the electron
number density at the shock wave. The electron temperature is
assumed to be the same as the constant translational temperature in
the upstream region. It needs to be mentioned that the upstream state
of the shockwave should be altered due to chemical reactions caused
by absorption of radiation from the high-temperature region behind
the shock wave. However, the assumption of constant pressure,
temperature, and velocity is kept in the present study because the
electron number density is very small.

Again, a fluid particle is released from the shock wave location,
and the flow properties are obtained by the Lagrangian method using
the local value of "L and "c at the location of fluid particle. For this
time, the number density of electrons taken from the solution of the

upstream side is given as part of the initial condition for a fluid
particle. The electron temperature behind the shock wave is assumed
to be same as the translational temperature behind the shock wave.
When the flow properties behind the shock wave are determined, the
radiative transfer equation is then solved. By continuing these
computations iteratively, the converged flowfield in both upstream
and downstream regions of the stationary shock wave is obtained.

C. Determination of Ionization Time and Distance

The ionization time in the present study is defined by the so-called
e-folding time. The precise definition employed in this study is
given by

Ne�E � Ne�2�t�
Ne�E � Ne�2�0�

� 1

e�
(17)

whereNe�E,Ne�2�0�, andNe�2�t� denote the electron number density
in equilibrium state, that behind the shock wave at t� 0, and that
behind the shock wave at the ionization time t, respectively. The
ionization distance in the present study is defined as a product of the
e-folding ionization time and the shock velocity.

D. Computational Mesh System for Solving Radiative Transfer

Equations

A schematic of the computational mesh system is illustrated in
Fig. 1. The lengths of postshock computational domain are set to be
between 3 and 5 times the ionization distances. The number of
mesh points in the postshock computational domains is taken to be
between 101 and 151. The length of the precursor region is set to be
2.0mand is discretized by 121mesh points for all cases considered in
this study.Mesh points are clustered in the space near the shockwave
to attain sufficient resolution. In the precursor region, the mesh
interval is assumed to be a constant interval in logarithmic space. In
the postshock region, a constant mesh interval in linear scale is
chosen, except for the region very near the shock wave where a
constant interval in logarithmic scale is assumed to attain the spatial
accuracy for resolving the dissociation reaction of molecular
hydrogen.

IV. Results

A. Fundamental Characteristics of Postshock Flowfield

The computed time evolutions of species number densities in the
postshock flow for case 1-5 are presented in Fig. 2. The e-folding
ionization time deduced from the time evolution of electron number
density is determined to be 9:8 �s for this case. Hereafter, we call the
time period before the ionization time the “un-ionized period” and
after the ionization time the “ionized period.” In Fig. 2, the number
density of atomic hydrogen increases immediately due to the
dissociation reaction of molecular hydrogen. The electron number
density is shown to trace the time evolution ofH�2 at first, and then to
trace that of H�. This indicates that the ionization of molecular
hydrogen precedes the ionization of atomic hydrogen. The electron

Table 2 Test cases

Case p1, torr Us, km=s XH2 XHe

1-1 0.25 18.5 0.21 0.79
1-2 0.25 20.0 0.21 0.79
1-3 1.0 13.0 0.21 0.79
1-4 1.0 13.7 0.21 0.79
1-5 1.0 15.5 0.21 0.79
1-6 1.0 17.0 0.21 0.79
1-7 1.0 18.5 0.21 0.79
1-8 1.0 20.0 0.21 0.79
1-9 2.0 13.0 0.21 0.79
1-10 2.0 13.7 0.21 0.79
2-1 1.0 28.0 0.85 0.15
2-2 1.0 30.0 0.85 0.15
2-3 1.0 34.0 0.85 0.15
2-4 1.0 38.0 0.85 0.15
2-5 4.0 25.0 0.85 0.15
2-6 4.0 26.0 0.85 0.15
2-7 4.0 27.0 0.85 0.15
2-8 4.0 28.0 0.85 0.15

Fig. 1 Schematics of fluid particle and computational domain. Fig. 2 Time evolution of species number density for case 1-5.
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producing rate of chemical reactions from R2 to R6 are shown in
Fig. 3. The inset figure in Fig. 3 shows the close-up view of electron
production rate distribution immediately behind the shock wave,
where the horizontal and the vertical axis, respectively, indicate the
time in seconds and the electron production rate in mole=m3 � s.
Throughout the un-ionized period, the electron-impact ionization
reaction R2 and the associative ionization reaction R4 are dominant,
whereas the photoionization reactions R5 and R6 are negligible.
However, in the beginning phase of the un-ionized period, that is,
from t� 0:0 to t� 2 �s, the associative ionization reaction con-
tributes much to the production of electrons. Note that the electron
production rate of the electron-impact ionization reaction R2 in the
period from t� 0 to t� 0:01 �s is almost constant, whereas that
of the associative ionization begins to increase quite rapidly. This
confirms that electrons produced by the associative ionization
reaction trigger the electron-impact ionization reaction R2.

The computed time evolutions of temperatures in the postshock
flow for case 1-5 are shown in Fig. 4. The electron temperature is
much lower than the translational temperature in the un-ionized
period. This is because electron kinetic energy is consumed to
remove electrons from atoms in the electron-impact ionization
reactions.

In Fig. 5, the calculated divergence of radiative heat flux in the
postshock region is displayed. The negative values of divergence in
the un-ionized region imply that the gas is heated by radiative heat
absorption in this region. In the ionized region where the divergence
of radiative heatflux has positivevalues, the gas is cooled by radiative
heat emission. It is also shown in Fig. 5 that a significant portion of
the absorption is contributed by Lyman � line and Lyman continuum
in the un-ionized region.

From the calculated radiative absorption, the Lyman � absorption
factor "L and the continuum absorption factor "c for calculating
atomic hydrogen ionization rate coefficients are determined. Figure 6
shows the distribution of "L and "c in the postshockflow.Thevalue of
"L is almost constant at one in the postshock region except

immediately behind the shock wave. The values of "c are less than
one in most parts of the postshock region. Note that the effect of this
small "c on the ionization rate is insignificant, because the radiative
recombination rates are about 1=100 of the collisional recombination
rates in the present cases.

The characteristics of the postshock flowfields for the other cases
are found to be similar to those of case 1-5, and therefore are not
shown here.

B. Precursor Photoionization

In the present study, precursor ionization due to the absorption of
radiation from the postshock flow is taken into account. Figure 7
shows the calculated photoionization rate in the precursor region for

Fig. 3 Reaction specific electron production rates for case 1-5.

Fig. 4 Time evolution of temperatures for case 1-5.

Fig. 5 Divergence of radiative heat flux in the postshock region for
case 1-5.

Fig. 6 Absorption factors for calculating atomic hydrogen ionization

rate for case 1-5.

Fig. 7 Calculated photoionization rate in the precursor region.
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case 1-5. The photoionization rates are intense at the shock front
and monotonically decrease toward upstream. By solving the rate
equations for reactions R4–R6 using these photoionization rates, the
electron number density in front of the shock wave is determined.
Figure 8 summarizes the so-obtained normalized number densities of
H�2 andH�. For 21%H2–79%He flows in cases 1-1–1-10, the degree
of photoionization in the precursor region is relatively low. Only
0.1% of molecular hydrogen is ionized in the highest shock velocity
case. For 85%H2–15%He flows in cases 2-1–2-8, the degree of
photoionization raises up to 0.9% when the shock velocity becomes
as high as 38 km=s. The effect of the precursor photoionization on
the ionization time behind the shock wave will be discussed in the
following subsection.

In the present study, computational procedures are iteratively
repeated until the computed flowfield converges. As shown in Fig. 9,

only three to four iterations are needed for obtaining the convergence
of electron number density in front of the shock wave for case 1-5.

C. Ionization Time

In Fig. 10, the present chemical kinetic models are validated
against the shock tube experimental data of Leibowitz in terms of
the ionization time and ionization distance. Generally, both the ioni-
zation time and ionization distance agree well with the experimental
data. In the higher temperature cases indicated in Fig. 10a, the present
ionization time is slightly longer than the experimental data. This
tendency also appears in the higher shock velocity cases in Fig. 10b,
where the present ionization distance is longer than the experimental
data. According to Bogdanoff and Park [9], the driven gas can be
photoionized by the driver gas “flash” in the arc-heated shock tube. If
this is the case, the measured ionization time can be shorter than the
present calculation in which such an effect is not considered. In
Fig. 10b, the calculated ionization distance tends to be shorter than
the experimental data in lower shock velocity cases. This may be
caused by ignoring the internal energy relaxations of molecular
hydrogen. According to [10], rotational–vibrational relaxation
time of molecular hydrogen through H2-H2 collisions is about 2 �
10�8 atm � s at the postshock temperature of 25,000 K for a shock
velocity of 25 km=s. This is equivalent to the relaxation distance of
23 torr � cm for pure hydrogen gas, which is in comparable order to
the present ionization time.

To see the effect of precursor photoionization, the present results
are compared with the computed results where photoionization
processes are ignored. In Fig. 11, the effect of photoionization is
shown to be significant for the higher shock velocity cases.
Especially in cases 2-3 and 2-4, the calculated results agree with the
experimental data when the precursor photoionization effect is taken
into account.

a) 21%H2-79%He b) 85%H2-15%He

Fig. 8 Fraction of ionized hydrogen in front of shock wave.

Fig. 9 Convergence history of electron mole fraction in front of shock

wave.

Fig. 10 Ionization time and ionization distance.

656 FURUDATE



As shown in the previous subsection, the photoionization reac-
tions are negligible in the postshock flow. Moreover, the absorption
factors "L and "c are almost constant throughout the postshock
flowfield. We therefore note that the present ionization time can be
reproduced without solving the radiative transfer equations if the
fraction of precursor ionization shown in Fig. 8 is given in advance as
the input parameter.

The present calculations assume that the electron temperature
behind the shock wave equals the translational temperature. An
alternative assumption is examined to understand the effects of the
electron temperature behind the shock wave on the ionization time.
As the lower limiting case, the electron temperature behind the shock
wave is set to be 298 K, which corresponds to the value of upstream
electron temperature. Additional calculations with this assumption
are carried out for cases 1-5, 2-1, and 2-8. Although figures are not
shown, a very minor variation of the ionization time/distances are
obtained by this assumption for cases 1-5 and 2-1 when compared
with the calculations under the original electron temperature
conditions. For case 2-8, the obtained ionization distance is shifted to
the value calculated without precursor photoionizations. This is
because the electron number density in front of the shock is reduced
due to the low electron temperature behind the shock wave. The
fraction of ionization hydrogen in front of the shock wave is about
one-tenth of the value given by the calculation with the original
electron temperature condition. These results suggest that an
accurate electron temperature behind the shock wave is necessary
for a precise prediction of ionization time when the precursor
photoionization is significant. However, because the precursor
photoionization is not so significant for the present cases, the effects
of the electron temperature behind the shockwave is small enough to
justify the validity of setting electron temperature equal to the
translational temperature behind the shock wave.

D. Comparisons with the Two-Step Ionization Model

The present chemical kinetics in the postshock region for case 1-5
are compared with the results from the two-step ionization model
by Leibowitz [6]. In Fig. 12a, the electron number densities start to
increase after a certain incubation period in both results. However,
the maximum gradient of the electron number density in the present
calculation ismuch steeper than that given by the two-stepmodel. As
shown in Fig. 12b, the electron temperature obtained by the present
model is much lower than that of the two-step model in the un-
ionized period. Because the ionization reaction consumes electron
energy, as indicated in Eq. (10), this lowered electron temperature
implies that the larger amount of atoms are ionized in the present
calculation. This can be confirmed by the electron number density
distribution shown in Fig. 12a, in which the amount of electrons in
the equilibrium region calculated by the present model is larger
than that given by the two-step model. In Fig. 13, the calculated
distributions of the radiative heat flux toward downstream are
compared. It is shown that the radiative heat flux toward the down-
streamgiven by the present chemical kineticmodel is less than half of
that given by the two-step model. The lower electron temperature
shown in Fig. 12b is probably the main cause of this lower radiative
heat flux.

E. Effect of Computational Domain Size

Length of the computational domain can alter the solution of
the radiative transfer equation and, consequently, the computed
flowfield. In Fig. 14, the calculated electron density distributions for
three different domain lengths are compared. The inset figure in
Fig. 14a shows the close-up view of the calculated electron density
distributions just in front of the shockwave, where the horizontal and
the vertical axes, respectively, indicate the distance from the shock

Fig. 11 Effect of precursor ionization on ionization time/distance.
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and the number density of electrons. Table 3 summarizes these
computational domains, called baseline, short, and long. The length
of the baseline computational domain is shortened in the short
domain and lengthened in the long domain, although the mesh
spacing is the same for all the mesh systems. As shown in Fig. 14a,
the calculated result with the short domain generally gives lower
electron number density in the precursor region. On the other hand,
the calculated electron number densities in front of the shock wave
for different domain lengths reasonably agree each other. In the
postshock region, the electron number density distribution calculated
with these three mesh systems coincide each other, as seen in
Fig. 14b. From these results, the computational domain size of the
baseline mesh system turns out to be sufficient to predict the
precursor ionization and the postshock flowfield.

F. Effect of Computational Mesh Fineness

To examine the grid convergence, calculations are carried out
using three different mesh spacings as indicated in Table 4. They are
named baseline, coarse, and fine. The length of the computational
domain is the same for all of these meshes, but the coarse mesh has
doubled mesh spacing and the fine mesh has halved mesh spacing of

that for baseline mesh. The calculated electron number density
distributions are compared in Fig. 15. In the precursor region, coarse
mesh predicts slightly higher electron number density, whereas the
fine mesh gives a reasonable agreement with that of the baseline
mesh. In the postshock region, these mesh systems give the electron
number density distributions similar to each other. From these
results, one can say that the baseline mesh system can yield grid
converged solutions.

V. Discussion

The chemical kinetic model studied in the present work
successfully reproduces the shock tube experimental data of
ionization time without any parameter correction. This is in contrast
to Leibowitz’s study [6,8], in which the rate coefficients for the
excitation–ionization process of atomic hydrogen in the two-step
model needed some corrections for reproducing his experimental
results. In the present chemical kinetic model, those electrons to
trigger the electron-impact ionization of atomic hydrogen are
produced by the photoionization of molecular hydrogen in the
precursor region and also by the associative ionization of molecular
hydrogen in the postshock region. Photoionization seems to be
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Fig. 14 Effect of computational domain size in electron number density distribution.

Table 3 Examined sizes of computational domain

Precursor region Postshock region

Length, m Number of points Length, m Number of points

Baseline 2.0 120 0.0127 141
Short 0.20 100 0.00673 81
Long 20 140 0.0246 261

Table 4 Examined numbers of mesh points

Precursor region Postshock region

Length, m Number of points Length, m Number of points

Baseline 2.0 120 0.0127 141
Coarse 2.0 50 0.0127 71
Fine 2.0 240 0.0127 281
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essentially importantwhen the shock velocity is very high, especially
in cases 2-3 and 2-4. Flow conditions in these cases correspond to
that for the maximum heating point along the entry trajectory of the
Galileo probe [1,2]. On the other hand, flow conditions in cases 2-1,
2-2, and 2-5–2-8 correspond to that for the entry flight into the
atmosphere of Saturn with an entry velocity of 25–30 km=s. In
cases 2-5–2-7, the ionization distances given by the present
calculation tend to become shorter than the experimental data. This
implies that the internal energy relaxation process of molecular
hydrogen can have an important role when the fraction of molecular
hydrogen in the freestream is high and the flight velocity is relatively
low. Finally, we emphasize that the calculated radiative heat flux
toward downstream using the present chemical kinetic model is less
than half of that given by the two-step model. This result suggests the
possibility that the present chemical kinetic model can explain the
small amount of recession at the stagnation region in the flight data of
the Galileo probe.

VI. Conclusions

A new set of chemical kinetic models is tested for the one-
dimensional flowfield behind a shock wave in H2-He mixture gas.
The rate equations are solved using new rate coefficients of the
atomic hydrogen ionization of Park [11]. The photoionization of
molecular hydrogen in the precursor region is taken into account. It is
found that the new set of chemical reactions reproduce the shock tube
experimental data of the ionization time of the flowfield behind a
shock wave. The associative ionization of molecular hydrogen as
well as the photoionizations of a molecular hydrogen molecule has
an important roll to initiate the electron-impact ionization of atomic
hydrogen.
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Fig. 15 Effect of computational mesh fineness on electron number density distribution.
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