
JOURNAL OF THERMOPHYSICS AND HEAT TRANSFER

Vol. 13, No. 4, October–December 1999

Interaction of Spalled Particles with Shock Layer Flow

Chul Park¤

NASA Ames Research Center, Moffett Field, California 94035-1000

The in� uence of the solid particles injected into the shock layer by the spallation of a carbonaceous ablating
heatshieldon the shock layer � ow is investigated theoretically.The equationofmotionofa solidparticle is integrated
using a polynomialexpansion.Assuming a Gaussiandistribution for the initialmasses and velocities of the particles,
the rates of production of CO, CN, C3, and turbulence energy are calculated by integrating those production rates
for one particle over the mass and velocity distributions. The results for the environment of Stardust Earth reentry
show that these production rates decay approximately exponentially in the normal direction from the ablating
wall. Correlation formulas for the magnitudes and slopes of this decay pattern are derived. The lower limits of
particle size and initial velocity are estimated for a carbon-phenolic material from a spectroscopic result obtained
in an arcjet wind-tunnel test.

Nomenclature
Ai = coef� cients in Eq. (11) and Table 2
a = normalized vaporization rate [Eq. (7a)]
Cd = drag coef� cient of a particle
Cn = average molecular speed of nitrogen atoms, cm/s
Co = average molecular speed of oxygen atoms, cm/s
Cs = average molecular speed of C3 emerging from particle,

cm/s
Ct = average molecular speed of � ow, cm/s
dr = characteristic initial particle diameter [Eq. (1b)], cm
G = production rate [Eq. (10)]
k = Boltzmann constant
M = spallation rate at x0, g/(cm2-s)
M0 = spallation rate at stagnation point, g/(cm2-s)
m i = mass of one atom/molecule of species i , g
mr = characteristic initial particle mass [Eqs. (1a) and (1b)], g
m0 = initial mass of one particle, g
Nn = number density of nitrogen atoms, cm¡3

No = number density of oxygen atoms, cm¡3

Nse = number density of equilibrium vapor of C3, cm¡3

Nt = total number density, cm¡3

ps = stagnation pressure, atm
q = production rate for one particle [Eqs. (9a–9f)]
qc = convective heating rate to particle, erg/(cm2-s)
qr = radiative heating rate to particle, erg/(cm2-s)
qs = heating rate due to surface reaction, erg/(cm2-s)
R = radial distance (Fig. 2a), cm
Rb = base radius (Fig. 2a), cm
Re = Reynolds number
Rn = nose radius (Fig. 2a), cm
r = radius of one particle, cm
T = gas temperature, K
Tw = wall temperature of particle, K
t = time, s
t 0 = normalized time
U = x component of � ow velocity, cm/s
u = x-component of particle velocity, cm/s
u 0 = normalized u
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V = y component of � ow velocity, cm/s
Ve = V value behind shock wave, cm/s
V f = freestream velocity, cm/s
v = y component of particle velocity, cm/s
vr = characteristic initial velocity, cm/s
v0 = initial velocity of one particle, cm/s
v 0 = normalized v
w =

p
[.U ¡ u/2 C .V ¡ v/2], cm/s

X = independent variable of correlation [Eq. (11)]
x = distance along wall measured from x0 , cm
x0 = particle ejection point (Figs. 2a and 2b), cm
x 0 = x=10

Y = dependent variable of correlation [Eq. (11)]
y = distance normal to wall, cm
y0 = y=10

z = axial distance (Fig. 2a), cm
® = mass distribution parameter [Eq. (1a)]
¯ = velocity distribution parameter [Eq. (1c)]
1 = local shock layer thickness, cm
10 = shock layer thickness at stagnation point, cm
´n = nitridation coef� cient
´o = oxidation coef� cient
´s = sublimation coef� cient
µ = polar angle (Fig. 2b)
½ = gas density, g/cm3

½s = density of particle, g/cm3

¾ = Stefan–Boltzmann constant

Subscripts

e = behind the shock wave
n = nitridation
o = oxidation
s = sublimation

Introduction
Background

F OR some of the planetary entry � ights, the heat transfer rates
to the heatshield protecting the vehicle are suf� ciently high to

cause ablation. For the Apollo, Pioneer–Venus, and Galileo vehi-
cles, the heat transfer rate, the temperature rise in the heatshield, or
the extents of ablation were measured.When those measured quan-
titites were compared with theoretical calculations, discrepancies
were found.1¡3 For both Pioneer–Venus and Galileo probe vehicles,
heating/ablatingrateswere overpredictedat the stagnationpointand
underpredicted in the downstream frustum region.

An interplanetary Earth-return mission named Stardust has re-
cently been launched by the United States,4 and a similar mis-
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sion, named Mu-Science-Engineering-Satellite (MUSES)-C, is be-
ing prepared by Japan.5 Additional similar missions are expected.
In these missions, a spacecraft is to enter Earth’s atmosphere at a
velocity of about 12 km/s. To design such a spacecraft more ef� -
ciently, it is desirable to develop a method of predicting ablation
rates more accurately.

Pioneer– Venus and Galileo data suggest that there are additional
mechanisms that increase heat transfer rates in the downstream re-
gion. One such possible mechanism is spallation, which is a phe-
nomenon whereby solid particles are ejected from the ablating sur-
face with a � nite velocity.By this process, solid particles consisting
mostly of carbon enter the inviscid region where the temperature
is high. There the particles vaporize and release carbonaceous gas
species.6 Carbonaceous species are known to radiate strongly. Ad-
ditionally, because the particles are generally moving slower than
the gas � ow, the � ow is disturbed. This disturbance may cause
turbulence.

The spalling particles are likely to be produced by two different
physicalphenomena.First, duringtheprocessof pyrolysis,sootmay
be formed from the pyrolysisgas. Second, the carbon� bers forming
the char may fragment and break loose under heating. There are
three possible forces that could push these particles outward: The
� rst is the pressure of the pyrolysis gas inside the heatshield. The
second is the deceleration of the reentering vehicle, producing a
virtual body force in the outward direction in relation to the vehicle.
The third force takes place as a particle emerges from the wall, and,
according to existing evidence, it is spun by the velocity gradient in
the boundary-layer� ow. The relativevelocity between the � ow and
the spinningparticle producesa Magnus force that is in the outward
direction.

Experimental Evidence

In a � rst such effort,7 spallationwas determined in a laser-heating
experiment to account for 13% of the total ablated material. The
threshold heating rate for spallation was determined to be above
8.5 kW/cm2 . However, in a later experiment in an arcjet wind tun-
nel, spallation rate was deduced to be about 6% of the ablation rate
at a heating rate of about 7 kW/cm2 (Ref. 8). The spallation thresh-
old observed in a ballistic range test, which produces deceleration,
is even lower. In one experiment, models in the shape of a � at cir-
cular disk were � own in a ballistic range. Spallation was observed
photographicallyat a heating rate of only 0.4 kW/cm2 (Refs. 9 and
10). With models in the shape of a 45 deg sphere– cone that pro-
duced heating rates of the order of 20 kW/cm2, the spallation rate
was determined to be about 40% of the ablation rate.11

Recently, a spectroscopic observation was made of � ow around
a carbon-phenolic � at disk, 2.5 cm in radius, ablating in an arc-
heated wind tunnel.12;13 The spectroscopic observation was made
from the side-on direction to view along a line of sight parallel to
and upstream of the ablating surface. The location of the line of
sight is unknown, but is believed to be of the order of 2 cm in front
of the ablating surface, which is in the inviscid region. The result,
reproduced in Fig. 1 in the form of a microphoto-densitograph,
shows that one of the strongest radiation emitters is CN. Spallation
is the most likelymechanismbywhich carboncan reachthe distance
so far away from the ablating surface.

Approach

In Refs. 6 and 14, trajectoriesof spalled particleswere calculated
numerically by integrating the equation of motion of the particles.
In Ref. 6, the decrease in the radius of the particles due to vapor-
ization was calculated simultaneously with the equation of motion
by integratinga rate equation. By carrying out such calculations for
all possible combinations of initial particle size m0 , initial particle
velocity v0 , and � ow conditions and geometry and evaluating their
consequences on radiation and turbulence, one could, in principle,
calculate the spallationeffectsab initio.However, such a calculation
is presently unwarranted because there are too many unknown pa-
rametersgoverningthe phenomena.Instead, the followingapproach
is taken in the present work:

1) A � xed set of values is assumed for the parameters for which
we know the order of their magnitudes. This includes drag coef� -
cient, shape, and density of solid particles and averagevalues of the
dynamic and thermodynamic properties of the � ow along the � ight
path of one particle.

2) The initial mass m0 and the initial velocity v0 are assumed to
be described by a generalized Gaussian function characterized by
the characteristicmass and velocity mr and vr , respectively,and the
exponents® and ¯ as

fm.m0/m0 dm0 D
2 exp[¡.m0=mr /

2]m®
0 dm0

m® C 1
r 0[.® C 1/=2/]

(1a)

where

m0 D .¼=6/d3
0 ½s; mr D .¼=6/d3

r ½s (1b)

fv.v0/ dv0 D 2 exp[¡.v0=vr /
2]v¯

0 dv0

v
¯ C 1
r 0[.¯ C 1/=2]

(1c)

where 0.a/ is a gamma function. The integration of these expres-
sions is unity for all values of mr , vr , ®, and ¯. The smallest in-
terger values of ® and ¯ giving a zero value and slope at the origin
(vr D dr D 0) ® D ¯ D 2 are adopted. The uncertainty in ® and ¯ is
inconsequential, as will be shown later in the Discussion section.
The spallation rate M is assumed to be describableby

M D M0 cos2.µ/ (1d)

where M0 is the value at the stagnation point. The integral

M fm fv dm0 dv0

has a unit of cm¡2s¡1.
3) The trajectories of particles are calculated over all points on

the ablatingsurface accountingfor vaporizationfor ranges of v0 and
m0 values satisfyingEqs. (1a) and (1c) and M0 D 1 g/(cm2-s). From
the trajectory results, the quantititesof interest are determined. The
quantitites so determined are summed over the ablating surface and
integratedover the distributions[Eqs. (1a) and (1c)]. The results are
expressedas functionsof vr and dr . The choice of M0 is immaterial:
All calculated quantities will be proportional to M0 .

4) By comparing with the experimental evidence given in Fig. 1,
plausible lower limits on the values of mr and vr are determined for
the carbon-phenolicmaterial.

Derivation
Trajectory of One Particle

The coordinate system used is shown in Figs. 2a and 2b. The
trajectoryof a particleis calculatedunderthe followingassumptions:
1) The particles consist of pure carbon with a density of 1 g/cm3.
2) The particles are spherical in shape. 3) The particles emerge
from the ablating wall normally. 4) The drag coef� cient Cd is unity.
5) The thermodynamic properties are uniform in the y direction.
6) The � ow is inviscid.7) The tangential � ow velocityU is constant
across the shock layer. 8) The normal � ow velocity V is inversely
proportional to y.

The inviscid-�ow assumption is made because the spallation ef-
fect is important only in the inviscid region; in the boundary layer,
there is already a substantial concentration of gaseous carbona-
ceousspeciesandmost likely � ow is turbulentbecauseof ablation.15

Therefore, the presence of particles becomes unimportant. The as-
sumption that the particles emergenormally is inconsequential:The
emerging velocity can be decomposed into the normal and the tan-
gential components. Because the absolute value of the emerging
velocity is much smaller than the � ow velocity, the tangential com-
ponent has little effect on the behavior of the particles.

Three � ow geometries are considered, a hemispherical nose, a
cone, and a � at disk (shown in Figs. 2a and 2b) because most plane-
tary entry vehicles have a sphere– cone geometry, and arcjet models
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Fig. 1 Microphoto-densitograph of the spectra of radiation from a shock layer over an ablating model taken in an arc-heated wind tunnel.13

a) Sphere– cone

b) Sphere, cone, and disk

Fig. 2 Coordinate system used.

are in the shape of a � at disk. The solution over a sphere– cone is
obtainedby joiningthosefor a hemisphereanda coneat the juncture.

The expression for the drag force is well known. The equation of
motion for a particle around a spherical nose is

du

dt
D

x

.Rn C y/2
u ¡

x

Rn C y
v C

1
m

x

Rn C y
fy C fx (2a)

dv

dt
D 1

Rn C y
u ¡

x

Rn C y
y

2

C
f y

m
(2b)

where fx and fy are the x and y components of the drag force. For
a disk and a cone, they are

du

dt
D

fx

m
(2c)

dv

dt
D

fy

m
(2d)

The oxidation of carbon surface by atomic oxygen (oxidation)

O C C.c/ ! CO C 3:74 eV (3a)

is well known.16 The spectroscopic result shown in Fig. 1 suggests
that a similar process occurs for atomic nitrogen (nitridation):

N C C.c/ ! CN C 0:35 eV (3b)

This process will be referred to hereafter as the nitridation process.
Sublimationof carbonproducesCn specieswhere n may range from
1 to 5. According to observation,17;18 however, the most prevalent
process (sublimation) is

C.c/ ! C3 ¡ 8:40 eV (3c)

Therefore, only this process is considered.
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The coef� cient of surface oxidation [Eq. (3a)] is found from ex-
periment as16 ´o D 0:63 exp.¡1160=Tw ). In a free-molecular � ow,
the average molecular velocity of the oxygen atoms reaching the
particle surface is Co D

p
.8kT=¼mo/. The total rate of arrival of

oxygen atoms at the particle surface in the free-molecular regime
is expressed as a sum of the molecular arrival rate NoCo=4, inte-
grated over the global sphere area 4¼r 2 , and the hypersonic New-
tonian value Now integrated over the impacting surface area ¼r 2.
This free-molecular value is divided by

p
.1 C Re/, where Re is a

Reynolds number, to account for the transition to a continuum� ow.
The Reynolds number is approximated by Re D ½.Co C w/ d=¹.
Viscosity ¹ is approximatedby ¹ D 2£10¡4 p

.T=300/ P. By mul-
tiplying the arrival rate by ´o, one obtains the rate of removal (g/s)
of oxygen atoms:

dm

dt
o

D ¡¼r 2´o No.Co C w/mo=
p

1 C Re (4a)

The coef� cient of surface nitridationprocess [Eq. (3b)] has never
been measured. It is assumed tentatively to be the same as that
of oxidation, that is, ´n D ´o . The equilibrium vapor number den-
sity of C3 can be written as17 Nse D 1:15 £ 1027 exp.¡59;410=
Tw /=Tw cm¡3 . The coef� cient of sublimation can be written as18

´s D 30 exp.¡21;490=Tw ). The rate of mass removal by surface ni-
tridation,.dm=dt/n , and by sublimation,.dm=dt/s , can be expressed
in a similar manner. The rate of change of particle mass (g/s) is de-
termined from these three rates as

dm

dt
D

mc

mo

dm

dt
o

C
mc

mn

dm

dt
n

C dm

dt
s

(4b)

To evaluate ´o , ´n , and ´s , one needs to know the surface tem-
perature of the particle, Tw . It is determined from the condition of
steady-state energy balance at the particle surface. The surface is
heated by the collisions of atoms and molecules, surface oxida-
tion, nitridation, and � ow irradiation. It is cooled by sublimation
and surface radiation. The convective heating rate [erg/(cm2-s)] is
calculated in a manner similar to that for atomic oxygen removal
rate:

qc D .0:25Nt Ct £ 1:5kT C 0:5½w3/=
p

1 C Re (5a)

The surface reactions produce heat in an amount [erg/(cm2-s)]

qs D 6:040 £ 10¡11 NoCo´o C 5:66 £ 10¡ 13 NnCn´n

¡ 1:35 £ 10¡11 NseCs´s 1 C
p

Re (5b)

where Cs is the average molecular velocity of the C3 molecules
leaving the particle surface. The wall temperature Tw satis� es the
equation

qc C qs C qr ¡ 1:346 £ 10¡11 NseCw´s ¡ ¾ T 4
w D 0 (5c)

where qr is the radiative � ux incident on the particle. Equation (5c)
is solved through a Newton’s iterative procedure.

For convenience, x , y, and t are � rst normalized by

x 0 D .x ¡ x0/=10 (6a)

y 0 D y=10 (6b)

t 0 D .v0=10/t (6c)

U is approximated for the hemisphere and the � at disk by
U D .dU=dx/x . The velocity gradient dU=dx is approximated in
turn by 0.75V f =Rn . For the � ow over a cone, U is given by
U D V f sin.µ/. V is approximated by V D ¡Ve y=1 for all three
geometries.

The differential equations in Eqs. (2a– 2d) are integrated in the
form of a series expansion in t. By the assumption that the particles

emergenormally from the surface,one has v D v0 and u D 0 at t D 0.
The variables x and y are expressed nondimensionallyby

x 0 D a1t
02 C a2t

03 C a3t
04 (6d)

y0 D t 0 C b2t
02 C b3t

03 C b4t
04 (6e)

By expanding both the left- and the right-hand sides of
Eqs. (2a– 2d) in powers of t 0 and equating the like terms, the co-
ef� cients a0 and b0 are determined. Trial and error shows that a
better agreement with a numerical integration of Eqs. (2a– 2d) can
be obtained if a3 and b4 obtained from this procedureare multiplied
by 1.5. This procedureprobablypartlyaccounts for the higher-order
terms neglected in Eqs. (6d) and (6e).

The parameter that controls the rate of vaporization is

a D
¼

3

1

v0

1

m
1
3
0

3

4

1

¼½s

2
3

[No.Co C w/mc´o

C Nn.Cn C w/mc´n C NseCsmc3´s]=
p

1 C Re (7a)

If a is constant, Eq. (4c) can be integrated in a closed form:

m D m0.1 ¡ at 0/3 (7b)

In reality,a is not constant.An approximateconstantbest-matching
value of a was assumed to be in a form

a D Aab.Baa=ab/C (8a)

where aa is the a valueevaluatedat U D V D u D v D 0 and ab is that
valueevaluatedat U D Ue; Re D 0; V D u D v D 0. The constants A,
B, andC aredeterminedso as to satisfy theglobalmass conservation
condition,as will be explained in the CalculationProceduresection,
for many different values of mr and vr . The selected values of A,
B, and C lead to

a D 0:8ab.5aa=ab/1:5 (8b)

This average a is used in Eq. (7b).
In Figs. 3a and 3b, comparison is made between the present poly-

nomial approximation and a numerical integration of Eqs. (2a– 2d),
(4a), and (4b), for typical cases. As seen here, agreement is good
within the interested range of x and y, at least for these cases.

For an arbitrarily given starting point x0 (Figs. 2a and 2b) and a
speci� ed downstream location x , one can determine the � ight time
t 0 by solvingEq. (6d). By substitutingthat t 0 value into Eq. (6e), one
can determine the value of y that corresponds to the original x .

In� uence on Flow by One Particle

The rate of removal of oxygen atoms per unit length in the x
direction is obtained by dividing Eq. (4a) by u(g/cm):

qo D ¡ ¼r 2´o No.Co C w/mo

u
p

1 C Re
(9a)

The process produces CO molecules in return at a rate (g/cm) of

qco D ¡.mco=mo/qo (9b)

Likewise,nitrogenatomsare removedandCN moleculesare formed
at the rates (g/cm) of

qn D ¡¼r 2´n Nn.Cn C w/mn

u
p

1 C Re
(9c)

qcn D ¡.mcn=mn/q3 (9d)

Sublimation produces C3 molecules at the rate (g/cm) of

qc3 D ¼r 2´s NseCsm c3

u
p

1 C Re
(9e)
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a) Spherical nose, D 0 = 1 cm, x0 /Rn = 0 3

b) Cone, = 45 deg, x0 = 14 1 cm

Fig. 3 Particle radius and particle trajectory comparison between
present analytical method and numerical integration: Vf = 12 km/s,

f = 1 88 £ £ 10¡ 7 g/cm3.

The kinetic energy of the � ow is disturbed by the drag work,
oxidation, nitridation,and sublimation.The drag work (erg/cm) de-
posited within the 1 cm along the streamline is

q6a D .Cd =2/¼r 2½[.U ¡ u/2 C .V ¡ v/2]

Oxygen and nitrogen atoms are removed by surface oxidation and
nitridation, but this occurs without causing any disturbance. How-
ever, when the CO, CN, and C3 molecules emerge as a result of
the surface reactions, they appear with a velocity different from
the � ow velocity. The disturbance energies (erg/cm) caused by this
mechanism are

q6b D ¼r 2 NoCo´om co[.U ¡ u/2 C .V ¡ v/2]=2w

q6c D ¼r 2 NnCn´nmcn [.U ¡ u/2 C .V ¡ v/2]=2w

q6d D ¼r 2 NseCs´smc3[.U ¡ u/2 C .V ¡ v/2]=2w

The ratio of the total turbulenceenergy produced by one particle to
the � ow energy per second is (cm2)

q6 D
q6a C q6b C q6c C q6d

0:5½.U 2 C V 2/
(9f)

Calculation Procedure

At any speci� ed point x and y, the quantitites q [Eqs. (9a– 9f)]
are multiplied by the ablation rate M .x0/ and summed over the
initial location x0 . The summed values are multiplied by fm fv and
integrated over m0 and v0, that is,

G D 6x0 M.x0/q.x0; m0; v0/ fm fv dm0 dv0 (10)

The quantity G represents the effect of spallation on the � ow and is
in the form of a rate of production, that is, g/(cm3s) for q1– q5 and
s¡1 for q6. The integrationsare performed numerically.

The particle path calculation starts from the stagnation region.
The stagnation point itself is singular, and, therefore, the present
calculationstarts from the next nodepoint.The calculationis carried
out up to the sphere– cone juncture point assuming the body to be a
sphere. After the juncture point, the body is assumed to be a cone
that extendsupstream to its apex. The calculation is started from the
extremeupstreampointof thishypotheticalcone to determinethe in-
� uence of the upstream points on the points downstream of the
juncture point.

The calculation ignores the presence of the bow shock wave and
assumes that the properties ahead of the shock wave are the same
as those behind. This assumption probably produces only a small
error because most particles of interest are behind the shock wave.

After obtainingtheproductionratesG atall pointsin the � ow� eld,
the mass � ux of the particles hitting the heatshield wall, the mass
� ux of particles leaving the computational domain through the exit
plane, and the spatial integrationof the production rate of elemental
carbon in the � ow� eld are evaluated.The sum of these three � uxes is
theglobalsumof the rate of the disappearanceof elementalcarbonin
the � ow� eld and must equal the surface integrationof the source M
if the mass of carbon is to be conserved.A test is made to verify this
mass balance.The mass ratio (i.e., the ratio of the surface integration
of M to the global sum) is calculated for arbitrarily chosen mr and
vr values. Initially A, B, and C in Eq. (8a) were varied also. The
ratio was found to dependpartly on the � nenessof the grid.A grid of
51 £ 51 was found to be necessary for a grid-independentsolution.
With a 51 £ 51 grid, A, B, and C were varied until the mass balance
is satis� ed for different values of mr and vr . The chosen A, B , and
C values are given in Eq. (8b).

The deviation from mass conservation at grids smaller than
51 £ 51 may be attributed to 1) the truncation error in the polyno-
mial expressions[Eqs. (6d) and (6e)], 2) theuse of an approximation
in determining a [Eq. (8b)], 3) the approximations for species pro-
duction rates [Eqs. (9a– 9f)], and 4) the numerical errors in the three
layers of integrationperformed. The calculated G values are multi-
plied by the mass ratio to produce the � nal G values that satisfy the
mass conservation requirement.

For all cases considered, the radiative heating rate qr was neg-
ligibly small compared with other terms in Eq. (5c), which are of
the order of 105 W/cm2 . The qr was kept as 100 W/cm2, a typical
value for Stardust entry environment, throughout.Gas temperature,
which enters into considerationin calculatingnumberdensities,was
assumed to vary as cos(µ ) between the stagnation and frustum re-
gion values. For a mesh of 51 £ 51, the entire calculation requires
approximately 2.8 min on an SGI Origin 200 work station.

Results
General Features

The geometry of the sphere– cone geometry chosen is that of
Stardust vehicle.4 The � ow environment is given in Table 1. In
Figs. 4a and 4b, typical calculated results are shown for the rates
of production of CO and turbulence, respectively, in the form of
equipotentials.The curvesshow the pointswhere the calculatedrate
valuesequal the indicatedfractionsof the referencemaximumvalue
over frustum. The stagnation pressure of 0.29 atm corresponds to
the peak heating point in the entry trajectory.4 The production rates
of CN and C3 are qualitativelysimilar to those shown in Fig. 4 and,
therefore, are not presented. Numerical values of this solution are
presented in Table 1.

Figures 4a and 4b show that the production rates are zero in the
stagnation region. This is partly because the stagnation point is a
singular point, and calculation is not performed there. However, it
is mostly because the particles are pushed downstream. Theo-
retically, the strength of the species production is in� nitesimally
weak along the stagnation streamline. The reference maximum
value is taken at the frustum instead of stagnation point for this
reason.
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Table 1 Parameters of the solution shown in Figs. 4a and 4b

Quantity Value

Inputs
Freestream density 2.34£ 10¡7 g/cm3

Freestream velocity 1.114£ 106 cm/s
Nose radius 23 cm
Frustum radius 40 cm
Cone angle 60 deg
Stagnation pressure 0.29 atm
O concentration 0.2
N concentration 0.75
Stagnation region temperature 12,000 K
Frustum region temperature 10,000 K
®, ¯ 2
dr 10¡3 cm
vr 104 cm/s
M0 1 g/(cm2-s)

Outputs
M dA 4,098 g/s

Gaseous C production rate 3,590 g/s
Flux hitting wall 508 g/s
Flux through exit plane Negligible

Max production rate over frustum
CO 0.0613 g/(cm3s)
CN 0.219 g/(cm3s)
C3 0.520 g/(cm3s)
Turbulence energy fraction 6.08£104 s¡1

e-folding distance at frustum
CO 0.802 cm
CN 0.802 cm
C3 1.28 cm
Turbulence energy fraction 6.23 cm
Particle surface temperature 3,700– 4,300 K

a) CO production rate

b) Turbulence energy production rate

Fig. 4 Equipotential plot of spallation effects for Stardust case.

a) As a function of particle size

b) As a function of initial velocity

Fig. 5 Distribution of CO production rates across shock layer at frus-
tum: M0 = 1 g/(cm2-s).

Calculatedquantitiesare continuousacrossthe sphere– cone junc-
ture, suggestingthat the presentmethodof joining the two solutions,
one for a spherical nose and the other for a cone, is viable.

The depth of penetration of particles, that is, the distance from
the ablating wall to the point where the calculated value falls to
a desginated fraction of the reference value, increases toward the
downstream in the stagnation region, and remains almost constant
over the cone surface.

In Figs. 5a and 5b, the CO production rate is shown across the
shock layer over the frustum at different dr and vr values. Figure 5
shows a relatively smooth variation of quantities at small y, but a
large � uctuation at large y. This is because the number of samples
decreases with y. As seen here, larger particles and particles with
larger initial velocitiespenetratefartherinto the inviscidshock layer,
as expected.

For the largest particle size and largest initial velocity, there is a
region near the wall where the calculted rates are low. That is, the
particlecloud is detachedfrom thewall. Apparently,the large inertia
of these particles causes the particle cloud to exist away from the
wall. Except for the detached cases, the calculatedquantities decay
monotonically away from the wall. Two quantities can be de� ned:
1) the maximum value, which is at the wall, and 2) the penetration
distance de� ned as the e-folding point, that is, the point where the
calculated quantity falls to 1/e (36.8%) of the maximum value.

Correlations

The calculation has been repeated over the range of parameters,
½ f from 2:34 £ 10¡8 to 7:4 £ 10¡7 g/cm3 (correspondingto stagna-
tionpressuresfrom0.029 to 0.917atm), vr from103 to 105 cm/s, and
dr from10¡4 to 10¡2 cm, in the stepsof a ratio of

p
10 D 3:162.From

the results, correlation plots were generated. An independent plot-
ting parameter X is de� ned in the form X = .½a

f db
r vc

r /. Likewise,
the dependent plotting parameter Y is de� ned as Y = .G½d

f d
e
r v

f
r /
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Table 2 Correlation formulas

Quantity G Units X Y Correlation expression

CO production rate

Maximum value g/(cm3-s) ½0:5
f v¡2:5

r d1:8
r GM0½¡0:7

f v¡0:25
r d1:7

r Y D 12:54 C 0:2712X C 0:005:648X 2

e-folding distance cm ½¡1:8
f v3:3

r d0:6
r GM0½2:1

f v¡3:3
r d¡1

r Y D ¡9:328¡ 0:8501X C 9:407£ 10¡5 X2

CN production rate

Maximum value g/(cm3-s) ½0:3
f v¡2:2

r d2
r GM0½¡0:75

f v¡0:4
r d2:1

r Y D 15:10E C 0:3332X C 0:006526X 2

e-folding distance cm ½¡1:7
f v3:1

r d0:6
r GM0½2:2

f v¡3:3
r d¡1

r Y D ¡10:37 ¡ 0:9182X C 2:513£ 10¡4 X2

C3 production rate

Maximum value g/(cm3-s) ½0:5
f v¡3

r dr GM0½¡0:8
f v¡1

r d1:5
r Y D 13:47 C 0:8921X ¡ 0:002657X 2

e-folding distance cm3 ½¡0:1
f v0:25

r d0:4
r GM0½1:4

f v¡2:4
r d¡3:4

r Y D ¡6:455¡ 9:546X C 0:3237X 2

Turbulence energy production rate (as fraction of � ow kinetic energy)

Maximum value s¡1 ½¡2
f v2

r d¡0:7
r GM0½1:4

f v¡0:8
r d1:4

r Y D 16:26 ¡ 0:7152¡ 0:006699X 2

e-folding distance cm ½¡0:1
f v0:2

r d0:35
r GM0½1:3

f v¡1:85
r d¡2:95

r Y D 2:392¡ 15:88X C 1:527X 2

a) CO production rate

b) Turbulence energy production rate

Fig. 6 Normalized penetration distance: M0 = 1 g/(cm2-s).

where G is given by Eq. (10). The values of the indices a– f are
chosen to produce the smallest standard deviation in the plot. A
second-order curve

Y D A0 C A1 X C A2 X 2 (11)

that best � ts the plotted points was found through a least-square
curve � t.

In Figs. 6a, 6b, 7a, and 7b, such correlation plots are shown. In
Figs. 6a and 6b, thepenetrationdistancesat the frustumare shownas
G. Only the CO and turbulence energy production rates are shown
because the remaining two quantities behave qualitatively the same

a) CO production rate

b) Turbulence energy production rate

Fig. 7 Normalized maximum rates: M0 = 1 g/(cm2-s).

as those for CO. Figures 7a and 7b show the maximum values, that
is, the largest value across the shock layer over the frustum. The
correlation parameters are presented for all calculated quantities in
Table 2.

Wind-Tunnel Experiment

Calculations are also carried out for the conditions of the spec-
troscopic experiment mentioned in the Introduction.12;13 The test
� ow was subsonic and had a velocity of about 1000 m/s ahead
of the body.19 From the known pressure and a condition that Ve is
1000 m/s at a point 1 cm ahead of the ablating surface,an equivalent



448 PARK

a) As a function of particle diameter

b) As a function of particle initial velocity

Fig. 8 Distribution of CN production rate for a wind-tunnel experi-
ment condition.13

hypersonic � ow giving the same pressure, the same enthalpy, and
the same velocity distribution in the shock layer was determined to
be V f D 5 km/s, ½ f D 2 £ 10¡7 g/cm3 , and Rn D 6 cm. The invisicd
� ow is assumed to be dissociatedto the same extentas is indicatedin
Table 1. From the calculated distribution of production rate of CN,
a spatial integrationwas performed on the rate of productionof CN
in the direction parallel to the ablating disk surface. This averaging
was carried out because the spectroscopicobservationwas made in
that direction. M0 was kept as 1 g/(cm2-s).

The results of these calculations are shown in Figs. 8a and 8b.
As mentioned in the Introduction,signi� cant CN radiation was ob-
served at a distance about 2 cm ahead of the disk surface. Because
it requires a � nite time for the CN molecules produced at the par-
ticle surface to be electronicallyexcited and emit radiation, the ex-
periment implies that there was signi� cant production of CN at a
distance larger than 2 cm. According to Figs. 8a and 8b, that will
happen if either vr is equal to or greater than 32 m/s when dr is 10
¹ or dr is equal to or greater than 3.2 ¹ when vr is 100 m/s. It is
safe to say that vr and dr are in the orders of 100 m/s and 10 ¹,
respectively, for this material.

Discussion
The scatter of the computed points around the correlation curves

[Eq. (11)] is relatively small in Figs. 6a and 6b, signifying that the
penetrationdistancesmay be expressedby Eq. (11) reasonablywell.
However, the scatter in Figs. 7a and 7b is large, especially in Fig. 7a.
This means that the absolute values of the production rates of CO,
CN, and C3 cannot be expressed reliably by Eq. (11). As mentioned
in theCalculationProceduresection,themass � uxof spalledcarbon,

M dA, must equal the spatial integration of the production rates
of gaseous carbon (CO, CN, and C3 ). When Eq. (11) is used in
approximatingthedistributionof the productionrates, thecalculated

production rates must be corrected by multiplying by the mass ratio
mentioned earlier (i.e., the ratio between the surface integration of
spallation rate and the global production rate of elmental carbon) to
enforce mass conservation.

The absolute values of the maximum species production rate
shown in Table 1 are in the range from 0.06 to 0.5 g/(cm3s) for
the M0 value of 1 g/(cm2-s) considered. Results scale directly with
M0; therefore,if M0 is 10% of theablationrate,basedon the solution
given in Ref. 4, M0 will be up to 10¡3 g/(cm2-s). Therefore, maxi-
mum species production rate over the frustum for Stardust vehicle
will be between 6 £ 10¡5 (for CO) and 5 £ 10¡4 (for C3 ) g/(cm3s).
The maximum � ow residence time in the shock layer is 10¡4 s.
Within that time, CO and C3 could be produced in concentrationsof
up to 6 £ 10¡9 and 5 £ 10¡8 g/cm3, respectively,which corresponds
to mole fractions of 7:6 £ 10¡4 and 4:9 £ 10¡3, respectively, if the
spallation rate is 10% of the ablation rate. C3 will no doubt decom-
pose and, in the process,may producemore CO and CN. Ultimately,
all of these species dissociateinto atomic carbon,oxygen, and nitro-
gen. CO, CN, and atomic carbon are all known to radiate strongly.
The concentrationsof these species are suf� ciently high to increase
radiative heat � ux to the wall signi� cantly.

Turbulence energy production rate is expressed as a fraction of
the � ow kinetic energy. Its maximum value is 6£104/s for M0 D
1 g/(cm2-s). For an M0 value of 10¡3 g/(cm2-s), turbulenceintensity
may reach up to 0.6% of � ow energy within the residence time of
10¡4 s.

Calculations were carried out with ® and ¯ values between
2 and 5. The results show that the larger these values are, the farther
into the shock layer the particles penetrate. Larger values of ® and
¯ cause the magnitude of the distribution functions [Eqs. (1a) and
(1c)] to increase. For the same peak value, the behavior is similar.
Thus, larger® and ¯ values are equivalent to larger dr and vr . There-
fore, the uncertaintyin ® and ¯ values can be thought to be included
in the uncertainty for dr and vr .

The characteristicinitialvelocityvr was consideredto be uniform
over the entire ablating surface. As mentioned in the Introduction,
vr is producedpartly by the Magnus force generatedby the velocity
gradient in the boundary layer. This implies that vr is likely to be
small in the stagnation region where the � ow velocity is small and
large in the downstream region where � ow velocity is large. This
point should be considered in the application of the present results.

Theoretically evaluating the impact of the spallation phenomena
on heat transfer will be a task of considerable complexity. If the
� ow is assumed to be in equilibrium, the carbonaceous molecules
produced, CN, CO, and C3, are taken to be instantly dissociated
and ionized to produce C and CC because the temperature is over
10,000 K in the inviscid region. In reality, a � nite time is needed for
themoleculesto bedissociated,and theywill exist in thehot environ-
ment while the dissociationreactionis in progress.The spectrogram
in Fig. 1 is a proof of this. The CN and CO molecules electroni-
cally excited by the hot electrons will emit strongly and produce
the observed spectra. Calculations made in Ref. 5 demonstrate this
point. Therein, for a simple hypotheticaluniform slab, two different
temperaturesare assumed,one for equilibriumand one for nonequi-
librium, the nonequilibrium temperature being higher. It is shown
that radiative heating rate increases by a factor of 5 or 35 by ad-
dition of 2% by mass of carbon depending on whether the � ow
is in equilibrium or nonequilibrium. For these reasons, it is dif� -
cult to determine at this time which case gives the higher heating
rates: equilibrium or nonequilibrium.To calculate the phenomenon
accurately, one needs to carry out nonequilibrium � ow calculation
including the spallation effects.

By repeating and expanding the spectroscopic measurement
shown in Fig. 1 and comparing the results with such nonequilib-
rium calculations,it should be possible to determine dr and mr . The
absolute intensity of CN radiation should yield the ablation rate M .
Such a task is left for the future.

Conclusions
The rates of production of CO, CN, C3, and turbulence energy

by the drag work and vaporization of the spalled carbon particles
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in the inviscid region of a shock layer are calculated from assumed
characteristicparticlesizes, initial velocities,and rates of spallation.
The production rates are zero in the stagnation region, are nearly
invariantin thedownstreamregion,anddecayroughlyexponentially
in thenormaldirection.The maximumvaluesand the slopesofdecay
of these rates are expressed in terms of the characteristic particle
size and velocity and ambient atmospheric density. The spectra of
the radiation from the shock layer over a carbon-phenolic model
ablating in an arcjet wind tunnel � ow suggest that the characteristic
diameter and initial velocity of the particles are of the order of 10 ¹
and 100 m/s, respectively.
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