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Fig 1 Schematic of particle initiation process

the effective initiation flux varied inversely with particle
diameter Equation (2) can then be written in the form

(3)

Once the combustion of the particle has been initiated, it is
assumed that the particle burns at a constant linear rate
The particle-burning time can thus be defined by

tb = hd (4)

Substituting Eqs (3) and (4) into (1), the total time is then
given by

r = kdl 8 + hd (5)
The experimentally observed burning velocity is defined as

va = d/r (6)
Replacing r by Eq (5) and rearranging to show particle size
dependence more clearly, Eq (6) becomes

1/Va = + (7)

An analytical expression for ki can be obtained from an ap-
proximate solution4 of the energy equation describing the
over-all deflagration process

In terms of the proposed model, the first term on the right
in Eq (7) shows the influence of the initiation process on the
observed burning rate, whereas the second term is the actual
particle-burning velocity independent of initiation factors If
the foregoing relationship is indeed capable of representing
the experimental data, a family of curves with pressure as a
parameter would result at each initial solid temperature

Figures 2 and 3 show the experimental data obtamed in Ref
4 plotted in the form indicated by Eq (7) A Crawford
strand buiner with hot wire ignition was used to obtain the
experimental data The solid lines in Figs 2 and 3 were ob-
tained by applying the technique of least mean squares to the
experimental data It is apparent that the burning rate can be
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adequately correlated, in the particle-size range studied in this
investigation, by the use of Eq (7)

The ability of the model to describe the effects of particle
size, pressure, and strand density on the burning rate lends
support to the idea that the deflagration of ammonium per-
chlorate strands can be characterized as being the result of
the propagation of a continuous ignition front In addition,
the model clearly indicates the direction for future work in
this area In order to develop a quantitative description of
ammonium perchlorate deflagration, the several unit mecha-
nisms occurring must be investigated in greater detail
Specifically, the more important unknown areas requiring
study are the nature and magnitude of the kinetic reaction
processes associated with the particle-ignition phenomena and
the burning rate of the individual particles
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Heat Transfer from Nonequilibrium
Ionized Argon Gas

CHUL PARK*
Imperial College, London, England

THE effect of ionization on boundary-layer flow and heat
transfer has been a matter of considerable argument in

recent years, for, apart from the scarcity of experimental data,
a discrepancy was found between the result obtained by
Scala and Warren1 and those by others which are summarized
in Refs 2 and 3 In the present work, the effect of ionization
on heat transfer is investigated for argon flow both theoreti-
cally and experimentally

The transport properties of argon used for the calculation
is that of Penski,4 in which the transport properties are de-
termined using the Chapman-Enskog method from the
available data on electron scattering intensity The electron-
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Fig 1 Equilibrium
and frozen Prandtl
numbers of ionized
argon calculated by
Penski at 0 1 atm
and their analytic

approximation

atom collision cross section in this method varies from about
1 6 X 10-16cm2at7000°Ktoabout3 X 10~l6cm2at 12,000°K
at 01 atm The frozen and equilibrium Prandtl num-
bers obtained by this method are shown in Fig 1 The
equilibrium composition is determined by Saha equation5

In the theoretical analysis/ the equations are set up for the
following dimensionless variables:

where u is the velocity along the surface, h the frozen total
enthalpy h = 2 5(1 + <j>)RT + ^u2, the subscript e de-
notes the edge of boundary layer, N is the number density,
and the subscripts a and i refer to the neutral atoms and
ions, respectively The gas is assumed to be a binary mixture
of heavy particles, i e , atoms and ions, and electrons The
equations of motion can be set up as in Ref 2 and become, for
the frozen flow having similar profiles,

CD

= o (2)

(3)

In these equations C is the viscosity-density factor C =
PM/(PM) ; $ and L the effective Schmidt and Lewis numbers
for electron diffusion, 07 the frozen Prandtl number, and /3 is
zero for flat plate and |- for axisymmetric stagnation point
For an equilibrium flow, Eq (3) is reduced to6

(4)

where & is the equilibrium Prandtl number
Equations (1-4) are solved with the appropriate boundary

conditions with the condition 0(0) = 0, i e , infinitely cata-
lytic surface, for the axisymmetric stagnation point and the
flat-plate flows The frozen Prandtl number is calculated
assuming that it is a function only of ionization fraction
The equilibrium Prandtl number is taken for the pressure of
0 1 atm The effective Schmidt number for electron diffusion
is taken as -J, which is based on the assumption that the mean
free path of ions is the same as that of neutral atoms and that
the Schmidt number for diffusion of atoms is unity The
viscosity-density factor C is approximated by the inverse
square root of temperature ratio The solutions are obtained
through iteration using the Ferranti Mercury digital com-
puter The results are shown in Fig 2

To check the theory, the over-all heat transfer to a hemi-
sphere and a 30° included-angle cone has been measured in

Fig 2 Computed heat-tiansfer paiameters foi ionized
argon for equilibrium, frozen, and suddenly freezing
boundary layers In a suddenly freezing boundai y layei,
the flow is in equilibrium beneath the point 77 = 77/ and

frozen beyond it

the Imperial College 1-in plasmajet wind tunnel8 with argon
as the working gas The steady-state heat-transfer rate was
measured using a water-cooled model of 0 4-in diam The
surfaces used were copper and copper coated with a boro-
silicate ceramic material. The settling chamber pressure
varied from about 0 2 to 0 3 atm The nozzle exit area ratio
was about 3 5 The maximum enthalpy level reached was
about 5000 Btu/lb, giving a calculated ionization fraction of
about 8% The heat-transfer results are presented in Fig 3

The calculation of the test flow conditions7 is based on the
measurements of the energy conversion efficiency of the plas-
majet head and of the settling chamber pressure and mass flow
rate A detailed calculation of displacement thickness at the
throat and the convective heat loss to the nozzle wall is car-
ried out using the method of Ref 9 to compare the two
methods, as well as the exact computation of ionic relaxation
in the nozzle The displacement thickness at the throat was
negative and was equal in magnitude to about 1% of the
throat diameter, which contributed to increasing the frozen
enthalpy by 8% in the calculation The heat loss to the
nozzle wall from the point at which the Mach number is 0 3
onward was about 3% of the total electrical energy input to
the head The relaxation time for the equilibrium of electron
temperature with the atom temperature is checked for the
flow in the tunnel by using the method of Ref 10 and was
found to be very small compared with the mechanical transit
time Therefore, the electron temperature was assumed to be
equal to the atom temperature, neglecting the radiation
loss The ionic recombination process through the nozzle was
computed using the recombination rate of Ref 11 using a
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Fig 4 Comparison of heat-transfer results with other
data; stagnation-point heat transfer (Nu = Nusselt num-

ber, Rn = Reynolds number)

program that is an improved version of the one used in Ref
12 which solves the flow upstream of the throat as well as
downstream Significant ionic recombination was predicted
by this method The enthalpy levels calculated using the two
methods just described agree within the accuracy of measure-
ment (±25%) over the whole operating range

The formula in Ref 13 was used to calculate the local heat-
transfer rate over the hemisphere The resulting theoretical
heat-transfer rates are shown in Fig 3 As seen from the
figure, there is no difference between the heat transfer to the
copper and ceramic surface The heat transfer to the cone
shows good agreement between theory and experiment The
heat-transfer rate to the hemisphere shows that the boundary-
layer flow at the stagnation region is nearly frozen The
examination of the flow Damkohler number in the boundary
layer shows that the flow should be ionically frozen except for
the immediate vicinity of the wall Thus, the theory and ex-
periment both support the conclusion that the boundary-
layer flow under these conditions is nearly frozen

In order to compare the present result with equivalent data
for air, the heat-transfer rate to the hemisphere is plotted in
Fig 4 with the equivalent flight speed as abscissa The
equivalent flight speed was calculated to give the same en-
thalpy fraction, i e , the ratio of energy consumed in ionizing
to the total energy, as in flight The difference between the
experimental results presented here and those of Rose and
Stankevics and other similar ones summarized in Ref 3 can
be attributed to the difference in test conditions In Ref 3
the flow was in equilibrium; here the flow is nearly frozen
The test conditions relevant to Ref 1 are unknown, but from
the foregoing it seems that the flow must have been frozen
The disagreement between the results of Scala and Warren1

and the theory of Ref 2 for frozen flow remains unresolved
Figure 4 also shows that the difference between the theoretical
heat transfer from a frozen and equilibrium boundary layer
is more severe for argon than for air This may be because
the electron-atom collision cross section in argon is smaller
than in air, and hence the frozen Prandtl number decreases
more rapidly as the ionization fraction increases than in air
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Effective Heat of Ablation of Graphite

EUGENE P BARTLETT*
Air Force Flight Test Center, Edwards, Calif

rpHE effective heat of ablation, designated Q* or #eff, is an
A artifice often used for the prediction or comparison of the

performance of ablation materials It is usually defined as1

Q* = q0/m (1)
where m is the mass ablation rate and qQ is the heat-transfer
rate to a nonablating surface which is at the ablation tempera-
ture

go = (gpeU Cf Q/2)(h8e — hw) (2)
where pe, u , and hs are, respectively, the density, velocity, and
total enthalpy at the edge of the boundary layer; h^ is the
enthalpy of the gas that exists at the edge of the boundary
layer (air or other medium) evaluated at surface conditions;
and cf 0 is the skin-friction coefficient in the absence of abla-
tion With this definition, Q* is the energy absorbed or
blocked per unit mass of material ablated Hence, Q* is
usually considered as a measure of the effectiveness of the
ablation material

Graphite does not go through a melting phase, and sublima-
tion does not occur until very high surface temperatures are
attained At lower temperatures, ablation of graphite in air
occurs because of chemical reaction with oxygen Combustion
rates are relatively low, however, so that the heat blockage as
a result of mass addition to the boundary layer is minor
The heat that is conducted to or radiated from the graphite
can actually be increased by the combined effects of the
exothermic chemical reaction and the mass transfer, whereas
it is markedly reduced for most ablation materials such as the
reinforced plastics, fused silica and teflon Because of the low
ablation rates, the effective heat of ablation of graphite is
much higher than that of most other ablators, considerable
heat being stored in the solid phase and reradiated from the
surface There has been considerable misunderstanding re-
garding the heat of ablation of graphite The purpose of this
note is to attempt to clear up some of this confusion and to
bring to attention a more convenient method for the rapid
estimation of graphite ablation rates 2
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