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Comparison Between Theory and Flight Ablation Data'

HenrY HipaLGo? AND LEo P. KADANOFF?
Avco-Everett Research Laboratory, Everett, Mass.

A theory for ablation of glassy materials under laminar and turbulent heating is verified by
using data from an AICBM nose cone that was recovered after flight from a typical 5000-naut
mile trajectory. The missile geometry is of the Thor-Able type, and the ablative material on

the spherical cap and cone is opaque quartz.

Excellent agreement is found between theo-

retical and experimental results. The actual value for the maximum ablated thickness along
the sphere and cone is 9% higher than the theoretical value, whereas the weight loss of ablated
material from the spherical nose and cone agree within 209. The fraction of ablated material
which vaporized during re-entry is only 39, higher than the theoretical value. Most of the
difference in these results can be explained by the effect of impurity material on the viscosity

of opaque quartz.

Nomenclature

body cross-sectional area

drag coefficient

specific heat at constant pressure

acceleration, ¢’s

enthalpy

heat of vaporization

effective energy absorbed per unit mass of ablated
material

thermal conductivity

refractive index

viscosity law exponent

pressure

pr + G sing

heat transfer rate per unit area

aerodynamic heat transfer rate per unit area to a hot,
nonablating wall

ea Tt

body dimension normal to body axis of symmetry

effective reflectivity of surface

time

temperature, °R

x component of velocity

y component of velocity

vaporization velocity

ablation velocity

eoordinate along body surface

coordinate normal to body surface

body weight

ballistic missile parameter

optical coefficient, ft—!

liquid layer thickness

thermal thickness, ;7 = ns

angle generated by rotation of nose radius away
from stagnation point

emissivity

effective radiation mean free path

viscosity

density

Stefan-Boltzmann eonstant

shear stress

shear stress on nonablating surface

ratio of heat transfer rates with to without mass
injeetion
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property of glass vapor
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HE ablation process consists of the melting and vaporiza-

tion of the surface material of a body that re-enters the
atmosphere at hypersonic speeds. For a glassy material
such as quartz, this process is described physically by an in-
compressible, highly viscous liquid layer immediately under-
neath the air boundary layer. A steady-state theory for this
ablation process has been developed for both laminar and
turbulent heating (1-3).* This theory matches the solution
of the equations of motion for the radiating liquid layer with
vaporization at the liquid-gas interface to the solution of the
air boundary layer equations with mass injection from the
vaporization. The solution of the liquid layer is obtained
by neglecting the inertia terms in the momentum equation
(1,4) and using conventional integral methods. The gas
boundary layer is solved numerically (2,5,6) when it is laminar
and empirically (2,7,8) when it is turbulent. The basic aero-
dynamic parameters such asg pressure distribution around
the body, heat transfer rates, shear forces without mass in-
jection, and transition from laminar to turbulent flow in the
boundary layer have been studied in Refs. 9-20. The fore-
going ablation theory was verified experimentally in the arc
wind tunnel for conditions of stagnation point laminar heat-
ing (21). However, it was not possible to do so for the im-
portant case of turbulent heating because of power limita-
tions in arc wind tunnel development. . It is therefore of
great interest to use flight ablation data for a complete evalu-
ation of this theory.

A full-scale experiment was performed by flying a nose
cone along a typical 5000-naut mile trajectory and recovering
it after flight. The missile geometry is of the Thor-Able type
(2), which consists of a spherical nose, followed by a cone, a
cylinder, and a skirt. The ablation material on the spherical
nose and cone was opaque quartz (21). The ablation theory
is evaluated by comparing theoretical and experimental
values for the ablation thickness around the spherical nose
and cone, the weight loss of material from the nose cap and
cone, and the vaporized material during re-entry, which is
measurable from the recondensed ablated material on the
forward section of the cylinder.

Ablation Theory

Ref. 2 presents a theory for the steady-state ablation of
glassy materials under both laminar and turbulent heating,

¢ Numbers in parentheses indieate References at end of paper.
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Table 1 Optical constants of opaque quartze

Constant Symbol Value ’ Error

Refractive index 1.5 +0.1
Effective surface reflectivity for internally pro-

dueed radiation Rogt 0.2 +0.2
Effective radiation mean free path A=1/a 2.4 X 10731t +0.7 X 1073 ft
Ratio of effective radiation mean free path to

mean free path between absorptions ‘ ag/a 0.15 +0.03
Ratio of scattering mean free path to absorp- :

tions mean free path aa/as 0.07 +0.03

2 For detailed explanation of the meaning of these constants, see Ref. 23.
including radiation effects from the high temperature ablating k

material. The energy equation for the liquid layer yields the
following result:

g — eoTw* = (1 + E)pep_oTow 1
where
9 = quo — pibulty [13]
§E =4L—-& [ib]
1 ° 1 ° y

b= l:f_ LUTsy — — f_ T (T f_ . udy)zdy]
[1e]

]_ 0
b=~ [ pe o+ mndiy [1d]

Eq. [1] relates the ablation temperature T', to the ablation
velocity v_.. The heat transfer rate at the liquid-gas inter-
face ¢; is determined from the aerodynamic heat transfer rate
with mass injection (¥qq) as reduced by the energy necessary
to vaporize the ablating material that is injected into the
gas boundary layer (pv,h,). The function ¥ is unity for zero
mass injection; otherwise it is reduced by a term that de-
pends on the nature of the heating rates (laminar or turbu-
lent). The integrals in Eqgs. [le] and [1d] are evaluated in
Ref. 2. The energy equation [1] can also be used to define
the effective energy of ablation he¢s as follows:

her =L = (1 + D¢, T + 2= he +
ov Vo

—om

(A = Whott + L hoe [1e]
Jo

The four terms on the right-hand side of Eq. [le] repre-
sent, respectively, the mechanisms of heat absorption by
conduction into the ablating body, vaporization of the ablated
material, mass injection effect of vaporized material into the
gas boundary layer, and the energy that is radiated away
from the ablating body.® This theory gave the important
result that, in the ablation of quartz under turbulent heat
transfer conditions, the fraction of vaporization v.,/v_, in-
creases significantly from the laminar value (2).

The solutions of the continuity and momentum equations in
the liquid layer yield the following result:

2 3
v _,_ 1 d [r(fwa 2P, >:| 2]
Voo T Mo Hw
where
u o< exp[124,000/T(°R)} [2a]
k
M/sc<1 = [2b]

(L 4+ &pcnv_o

5 An additional process of heat absorption is present when the
ablating material reacts chemically with the air boundary layer.
It can be shown, however, that for quartz this effect is negligibly
small.
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o>>1 A + Hpenv_o X

1
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The vaporization velocity v, is determined from the diffusion
process in the gas boundary layer. Hence, Eq. [2] is a linear
differential equation for the ablation velocity and is
coupled to Eq. [1] through the ablation temperature. Eq.
[2a] defines the viscosity for uncontaminated quartz (22).
Egs. [2b] and [2c] show the effect of radiation mean free
path on the liquid layer thickness and therefore on the abla-
tion velocity. The integration of the momentum equation in
the liquid layer uses the expression

b= paeTY/? [2d]

[2c]

where & is a function of z and is determined from the energy
equation. The foregoing expression implies also a tempera-
ture distribution through the liquid layer, because Eq. [2a]
may be expressed in a small temperature range as

u= puo(T/Tu)™ [2e]

where n is a function of temperature but may be considered
to be constant in a small temperature range. (This result
is obtained by matching slopes and viscosity levels from
[2a] and [2¢].) Hence, these expressions yield

T = T,e¥/? = T,e¥/5r [2f]

This result is used in the integration of the energy equation
and in the determination of the emissivity of the uncon-
taminated ablation material, as is shown in the following
section.

Emissivity of Opaque Quartz

From the foregoing equations, it is seen that the emissivity
of the ablation material has a strong effect on the liquid layer
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Fig. 1 Emissivity as a function of thermal thickness. The

AVCO-RAD data represent measurements of the emissivity

of a large nonablating slab of opaque quartz. The AERL data

represent measurements of emissivity in the Avco-Everett

Research Laboratory arc wind tunnel
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Fig. 2 Variation during re-entry of the calculated emissivity at
the stagnation point of body used in present flight

thickness, the ablation temperature, and the ablation velocity.
It has also an effect on the temperature distribution within
the ablating body (23). The emissivity is evaluated from
the flux of radiation, which, for a semi-infinite slab that can
emit, absorb, and scatter radiation, is given by (23)

@ = (1 - Reff) f_ o 20£a;l20'T4(y)e“ydy [3]

This equation is based on the fact that an element of vol-
ume between y and y + dy produces a flux of radiation
20,720 T* that is attenuated by e*¥ while traveling to the
surface. (Here, o™ acts as an effective radiation mean free
path.) The beam is further attenuated at the surface by the
factor (1 — Reg).

Using Eq. [2f] in [3], one obtains the following result:

_ 2aa;112 L—' Reff
T T a 144/amd

[3a]

The optical constants of opaque quartz have been measured
in the laboratory at the Aveo Research and Advanced De-
velopment Diviston. The results are shown in Table 1.
With these tabulated values, Eq. [3a] becomes

B 0.7 _ 07
T 1410-2/n8 14+ 1072%/6r

[3b]

€

where & is given in feet. This expression shows the de-
pendence of emissivity on the thermal layer thickness or,
which is defined as the thickness necessary for the tempera-
ture to drop by a factor of 1/e. This thickness is larger than
the liquid layer thickness because n > 1. The reason for
the foregoing dependence is that, for a semitransparent

ORIGINAL SURFACE
THEORETICAL PREDICTION

SURFACE AFTER RE-ENTRY

Fig. 3 Section of pre-launch, recovered, and calculated nose
cone profiles
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Table 2 Physical properties of quartz (Ref. 2)

Heat of vaporization, Btu/lb 5500
Density, 1b/ft? 140
Specific heat, Btu/lb-°R 0.25

Thermal conductivity, Btu/ft-sec-°R 3.2 X 1074, T>1800°R

u — 0.0672 exp[124,000/T(°R) — 20]
(ps/P:*)[0.4 + 0.6(p/p)]"* = 1;
py* = exp[ — 104,000/T(°R) + 18.48]

Viscosity, 1b/ft-see:
Vapor pressure law:

material such as opaque quartz, the emission of radiation is a
volume and not a surface effect.  If the thermal layer is large,
the amount of hot material is also large, and the emissivity
will be high. This is an important consideration in the ap-
plication of arc wind tunnel measurements of emissivity to
actual flight conditions.

Eq. [3b]is plotted in Fig. 1, which shows also a comparison
of theory with experimental measurements of emissivity at
low ablation velocities or high thermal thicknesses. The
point at 57 =~ o is a measurement by C. Leigh of the Aveo
Research and Advanced Development Diviston, who used a
nonablating slab of opaque quartz placed in a furnace. (Here
87 is very large, effectively equal to the body dimensions of the
slab.) The other experimental point is a measurement by M.
Camac in the Avco-Everett Research Laboratory arc wind
tunnel. The figure also shows the calculated emissivity at
peak heating conditions for the recovered nose cone described
earlier. The variation of emissivity at the stagnation point
during re-entry is indicated in Fig. 2, and it is based on a ther-
mal thickness obtained from a nonsteady-state ablation
analysis (24) with ¢ = 0.25. This figure indicates that a
mean value for the emissivity at the stagnation point during
re-entry is e = 0.25.

Flight Experiment

The steady-state ablation theory (2) was applied to the
geometry and trajectory of this flight with a constant emis-
sivity value of ¢ = 0.25 and the constants in Table 2. The
expression for a transparent liquid layer was used because
A/6 > 1. For examrle, at conditions near peak heating,
6 =~ 2 X 107*ft near the stagnation point. From Table 1,
A =at =24 X 10"% Hence, \/6 = 12.

Results

Fig. 3 shows a section of the body profile before flight to-
gether with the actual and theoretical body contours after
the flight. (When scales are omitted, it is because of classifi-
cation requirements.) Fig. 4 presents a relative comparison
of the flight and calculated results for the ablated thickness
or change in body contour after re-entry. At a given loca-
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Fig. 5 Temperature vs distance from wall for steady-state

ablation. The wall temperature and the ablation velocity are

chosen for conditions near peak heating at the stagnation point.

The “actual” temperature includes radiative effects (23),

whereas the other curves represent possible approximations for
this temperature

tion along the surface of the body, the ablated thickness is a
function of angular position because of the waviness of the sur-
face of the recovered nose cone (Fig. 3). The points represent
the average of the ablation around the 360° at each cross sec-
tion perpendicular to the longitudinal axis of the nose cone.
The arrows indicate the scatter produced by the waviness of
the surface. Theerror in the average values is estimated to be
about one half the size of the scatter. The dashed line is a
mean line drawn through the points. From these data, it is
found that the theoretical and flight values for ablation thick-
ness agree to within 109, on the spherical nose and between
zero and 309, on the cone. This latter value is, however, of
the same magnitude as the scatter of the data on the cone.
For the loss of ablated material from the spherical nose and
cone, the agreement between theory and flight values is to
within 209%.

A further test of the ablation theory is obtained from the
comparison of flight and theoretical values for the vaporized
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Table 3
Frozen, Vaporized,
ablated ablated
Flight 0.41 0.59
Theory 0.43 0.57

material during re-entry. At the cylindrical section of the
body immediately behind the cone, the heat transfer rates
decrease because of the Prandtl-Meyer expansion and further
pressure decay along the cylinder (17,19). Hence, as the
highly viscous liquid layer flows on to the cylinder, the liquid
condenses back to the solid state. From the weight of this
recondensed material and the weight loss from the sphere
and cone sections, it is possible to obtain an experimental
value for the fraction of vaporized material. The results are
given in Table 3 and show excellent agreement for the vapor-
ized material during re-entry. The small errors in the abla-
tion thickness can be attributed to the lack of precise knowl-
edge concerning the viscosity and emissivity of the ablative
material.

Accuracy of the Viscosity of Flight Material

The ablative material on the nose cone contains a struc-
tural honeycomb that is dissolved during ablation and thus
modifies the viscosity of the opaque quartz. Experiments
in the arc wind tunnel indicate that the honeycomb material
increases the ablation thickness by about 209;. These re-
sults are based on experiments with opaque quartz specimen
with and without the honeycomb material. Since the theory
uses a viscosity law for quartz without the honeycomb ma-
terial, this becomes a main source of error in the theoretical
results. Also, the viscosity of quartz without the honeycomb
material is not well known at high temperature. Eq. [2a]
has not been verified at the high ablation temperatures, but
it has been shown that, when the viscosity values from Eq.
[2a] are varied arbitrarily by a factor of +3.0, the corre-
sponding ablation thicknesses change only by +209 (2).

There are no significant errors introduced in the theoretical
results from the use of the exponential viscosity distribution,
Eq. [2d]. This result is obtained by comparing it with the
exact viscosity distribution as obtained from an exact tem-
perature distribution (23) together with Eq. [2a]. Tig. 5
shows the exact temperature distribution for conditions near
peak heating at the stagnation point of the nose cone and
compares it with the exponential temperature distribution,
Yq. [2f], for both the opaque and transparent liquid layers,
i.e.,, Egs. [2b] and [2c], respectively. (As a matter of in-
terest, a temperature distribution from the well-known con-
cept of effective conductivity (23) is also included to show its
poor accuracy.) It is seen that in the region of maximum
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Fig. 7 Relative comparison of steady- and nonsteady-state
ablation velocities at stagnation point during re-entry
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flow (0 < — y/8 < 2) the transparent exponential approxi-
mation is quite accurate for the temperature and therefore
the viscosity (Fig. 6). This is a somewhat general result
because the liquid layer is usually transparent to radiation.

Accuracy of the Emissivity

Eq. [3b] for the emissivity has small errors because of in-
accuracies in the optical constants and the use of an exponen-
tial rather than the exact temperature distribution. These
factors indicate that for this flight the emissivity has a value
of ¢ = 0.25 & 0.1 during the times of appreciable ablation.
Ref. 2 shows the effect of emissivity on ablation thickness.
The 0.1 uncertainty in emissivity produces an uncertainty
in ablated thickness of the order of £109.

Effect of Unsteady-State Ablation

Nonsteady effects in the liquid layer are introduced only
through the term OT/0t in the energy equation. The con-
tinuity and momentum equations are unaffected because of
the incompressibility of the liquid and the smallness of the
inertia forces as compared with the viscous forces. This
unsteady effect has been considered for the conditions of zero
radiation (24), but its extension to the radiation case is
straightforward with an exponential temperature distribution.
Fig. 7 shows a relative comparison for the steady and un-
steady ablation velocities at the stagnation point for this
flight case. It is found that, although the time history of the
ablation velocities can be somewhat different, the total
ablated thickness or area under the curves is about the same
for steady and unsteady ablation. Hence, the effect does not
introduce significant errors in the results for ablation thick-
ness from the steady state-theory.

Other Effects

It is believed that there are no other sources of errors com-
parable in magnitude to the foregoing effects of viscosity and
emissivity. The trajectory was calculated from accurate
knowledge of the W/CpA parameter and re-entry condi-
tions. The effect of angle of attack or oscillatory motion of
the body on the heating rates was neglected because these
angles are usually small in the initial phase of significant
aerodynamic heating. The turbulent heat transfer rates with-
out mass injection have been verified from shock tube experi-
ments (15,16), and mass injection does not, reduce the turbulent
heat transfer rates so effectively, as in the case of laminar
boundary layers, which are better known.

Conclusions

The steady-state ablation theory for glassy materials, as
reported in Ref. 2, predicts very accurately the ablation of
opaque quartz under both laminar and turbulent heating,
as is confirn-ed from flight measurements of time integrals
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of ablation velocity, and a double integration with respect to
time and space of the vaporization and ablation velocities.
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