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ABETRACT

The physical characteristics of the ablation process are described,
& theoretical approach to calculate the heat transfer to the wall of an
ablating body under flow conditions encountered in the GALCIT hypersonic
tunnels is outlined. Simplification is achieved by assuming the vapor
pressure next to the subliming body is at its equilibrium value. The
GALCIT hypersonic test fa.cilitieé are described briefly. Methods of
manufacture are given for CO,-ice, Hé@«ice, and C; H; 6O~ica models.
- Techniques and special test equipment used in obtaining experiments
results w‘ith HZ{)«icekamﬁ Cwﬁw&-ice {camphor) are described. An
illustration of the computational technigue used to determnine the heat
transfer rates to the wall and the wall temperature distributions is
included. Figures to show the agreement between theory and experiment
are presented and reasonable results are obtained for temperature
distribution, but heat-transfer rates {ablation rates) are greater for

theory than for experiment.
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I INTRODUCTION

Ablation is the process whereby a body absorbs heat by giving
up part of its masse, either by melling with or without evaperation, or
by direct sublimation from the solid state. Ablation similar to the type
gongidered in this report is found most commonly in nature in the form
of meteorites which enter the earth's atmosphere at high velocity and
generally (if they are neither too large nor too small) vaporize before
i;fmy‘ strike the ground.* Ablation shows prémise as an engineering
weapon against high heat transfer rates and high material temperatures
in several applicationé, the r:ost cbvious being for nose cones of ballis-
tic missiles, or other bodies entering the earth's atmosphere. Leesz
points out that the heat transfer rate at the throat of ligquid fuel rocket
nozzles can be as high as 1000 BTU/ft._Z sec., and values of the order
of 2500 ~ 3000 BTU/fw. é sec., may be r&aéhed at the forward stagnation
point of ballistic missiles during reentry.

Sublimation ablation or melting ablation where a significant por-
tion of the molten material is vaporized offers a reduction in the heat
transfef rate to the body for two general reasons: |

{1} Absorption of a significant portion of the incident heat in
latent heat of sublimation {evaporation) of the body material.

{2} Insulation of the body by its own vapor in the boundary layer.

Consider a semi~infinite slab of material subjected to an im=-

pulsive constant heat transfer at the surface.**If the temperature, the

¥ Sinel Chengl presents some interesting comments on and
photographs of meteoric ablation. (Superscripts denote references at
the end of the text.)

*% Lees? points out that a triangular timewise distribution of heat
transfer rate is a good approximation to the heat pulse during reentry.



distance from the surface, the time, and the heat flux are denoted by

T, X, tand for §  respectively, then

2

~pCai

T(X,t)z%-q?{mf(tw e&f ~xérfc(§m)}

where p, ¢, k, and K, are respectively the density, specific heat,
thermal conductivity and thermal diffusivity of the solid material, and
erfc {z) denotes the complementary error function. In particular, at

the surface X = 0, the temperature is given by

4y
T{0, t} = YT s
Y wpck

and hence, even in the case of a material with high conductivity and heat

capacity, there is a limit to the heat transfer rate that maintains surface
temperatures below the fusion point of the material invelved. When the |
material begins to melt at the surfa.ce, a certain amount of heat is
absorbed in changing the phase of the material from solid to liguid and
the heat transfer into the solid is reduced by that amount. {This does
not apply to amorphous materials which do not have a sharp melting
temperature. ) If the liquefied material is convected away from the
melting region and resolidifies in the réginn of low heat transfer rate

or in the wake, namely if aerodynamic ablation occurs, the melted
material acts as an agent which redistributes or reduces the heat
transfer to the solid body. Sublimation ablation offers a particularly
good means of regulating surface temperatures to tolerable levels
because of the heat blocking eifect of the ablated material and absorbtion

of heat by the latent heat of sublimation. Also as seen by the Clausius~



Clapeyron equation for vapor pregsure
log, p, = - (LJ/R TI+0Q

where Q = constant, an increass in T will resul: i}; an increase in P,
end hence the heat absorption and blockage effect by blowing will be
increased until a balance is achieved. By this mechaniszn, the ablation
process is seifnreguiating. In aﬁdiﬁien the vapor pressure Curve versus
temperature is so steep that theoretically one has ouly to find a suitable
‘material to regulate the maximum temperature eé;;aeriexxc@d to a given
level. Further, as showa by Ad&mss for applications such as recovery
of a satellite the required weight for an ablating nose cone may be less
‘than for a radiating nose cone when the required weight for insulation is
coasidered. Schemes where a gas is ejected at the nose of a body have
the disadvantage of excess weight and mechanical complexity of pumps,
‘vegulating devices, and plumbing.

2045 2ubota®, Bethe” and Adame, Fay® and Riddell,

Lees
Rabertsg, and others have worked out the theory for the heat transfer
rate to bodies in hypersonic {low including the effects of ionization,
dissociation, combustion in the boundary layer, recombination, radiation
from the hot gases behind the bow shock and back radiation from the body.
By specializing these general results to the conditions existing in the

GALCIT hypersonil tunnels®, it is possible to obtain theoretical results

‘which may be used to predict the salient macroscopic parameters of

% See page 10 for a brief description of the GALCIT hyperaonic
facilities.



temperature, heat transfer rate, and ablation rate for a given material,
model shape, and tunnel operating conditions. These results are based
on well understood fluid mechanical aspects of the problem and allow
the experimental resulis obtained to serve as a check on the portions

of the theory still remine&. Since the flow conditions in hypersonic
tunnels of the GALCIT type are now well known, it is hoped that these
results will prove an intm-éating supplement to the regsults obtained in
high energy sources such as 'air arc jets and rocket exhausts where high

enthalpies are obtained, but where flow conditions are less well known.



II. THEORY OF HEAT TRANSFER TO ABLATING BODIES

1. 1. Conceniration and Stagnation Enthalpy Distributions in the

Boundary Layer, L.e = Prs Sc = 1

Leess shows that for flows of boundary layer type where Le =

PrsScs 1, KA

if the boundary conditions imposed on K, and h at the wall and at the

edge of the boundary layer are compatible, and K A and h g are slowly
W w

and h, satisfy identical differential eguations.® Hence,

varying along the body surface, then the distributions of b and K, will

be similar. Based on this fact, the conservation of mass for each

chemical species, and defining

{k(a’r/ay) +p Dy, Z h, (Mxi/&y)} = p, U Cylh, -h )
STe

one obtains

K = BY(B'+ 1)

E
w

or

= (K 1=K ) | 1
(g M/ - K ()

w
where

Also it iz shown in Section II. 2. that

A )

m(Lv+ LT} = g, U, CH(h%éh .

Combining Eq. {1) and the above relations yields

» Notethatﬁ{Es 1 “KA .



. (hse- Aw) ' ;
B = PN v : ' (@

Assuming that the vapor pressure of the solid material is at its thermo-
dynamic equilibrium value

WE Pv

5 =
E WAl P=pJ¥+Wep,

and Eq. {1) becomes
: P,/P
B' = (Wg/W ) V/va ) . : {3)

l#m

P
Figures 1 through 3 were prepared by T. B‘;,uiwtaé from Egs. (3)

and {3), taking (hse - hAw ) = CPA (To - T, | LT =0, and using the

Clausius~Clapeyron vapor pressure equation. With figures suchas 1
through 3 for a particular wall material, the egquilibrium wall temperature
can immediately be determined once the recovery temperature and pressure

distribution are known.

iL 2. Heat Transier Normal to Sireamlines in Boundary Layer Flows

For steady state conditions there will exist a heat transfer balance

9K,
oT : :
e e 3] [+ v

{gas phase)
(7777777777777 777777777 V4 /////‘
1 . T : {solid phase)
] [t
w
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at the surface of any body immer.sed in a fluid. Consider an ablating
gas-solid interface with coordinates fixed in the interface.

In the ga phase there are three terms to be considered for the
heat transfer at the wall:® (1) conduction to the wall, (k % )w H
{2) diffusion of different species to the wall carrying their associated

K,
enthalpy, (p D> Z hi W—’-‘- lw ¥ {3) blowing of material away from
i ;

the wall=m hw {g) .
In the solid phase there are two terms to be considered for the
heat transfer at the wall; (1) conduction of heat into the interior of the

solid, E;s i {2) convection of enthalpy to the wall {since the coordinates

are fixed in the interface}, m hE {s)
w

Hence balancing heat to the wall in the gas = heat away from the

wall in the solid

R S W .tk = hh 4
g‘?'ﬁ'ﬁ 12‘5’;’“"‘(&" E) W*m w(g)"qe“mﬁ (5) {4)

W
define
8K,
, 8T : i
Pe U, Cg [hse - hw(g)] = k 3= +pDp, }; By {5)
but _
bte) = |2 % h|w@ = Kp hp @ (-Eg dw, @ ()
1 w w W w
B! = m _ KEW
Pe e “H Pt Rg

¥ We ignore here radiation and chemical reactions at the wall.
See Reference 5 for an accounting of the terms in the general case.



hence
=3 | ;
Iﬁ:peuecﬂmm ’ - {0
Eg
Substituting Eqs. (5), (6), and (7) in Eq. (4) and rearranging terms

yields

E‘lw = Pe Ye CH [hse - hAW] - m [hE (e) - hE @s)] A

" where [ he {g) - hE: (s)] w 18 the latent heat of sublimation Ly -
Defining E}s = 1 Lo

m (LV + LT) = pg Uy GH (h.se - hAw) . _ {8)

It q, istakenasp u, CH ghs “=h, ) thgm
e w
QW = I (Ly + L'I‘)
In order to obtain resulis that will allow use of pioneering work by other

10, . .
authors” in computing the heat transfer parameter, one can define

N
Cyy = oy /pe) [ﬁ%”} g

then

/p u
&iw = = sw - [ L ] € €To - Twp : (9

Br Yﬁes w PA

The case of melting ablation is not considered here. In the case of body
materials of high latent heat of sublimation and/or low conductivity, it

is possible to ignore heat conduction into the solid and take



m Ly = q . - (10)
This assumption was used to analyze the ablation data for these tests. An

estimate is made in Appendix T of the error involved in considering

LT::G.

IL 3. Blowing Correction for Heat Transfer

Defining ng for zero mass transfer as
odieo = Po e Oyt - Bp )
e 1

gives immediately that

ﬁiw)r}j 0
Fﬂ-i——'é—— = GH/ CHO .
lri=0

Theoretical considera&iona“ indicate that the equation for CH/ CH

O
is of the form

1
@H/CH

o - TTEE (1)

Correlating theoretical and experimental resulis for mass addition into a
lamiinar boundary layer, T. Kubota determined the vaiué of p as
B=0.84 (W A/ WE)i/ 3 . . The experimental and theoretical results mentioned
in this correlation are based on body materials in which 2 s WE s 44,
An effective heat of sublimation can be defined by
(a,) |

He L m=0

H = Ly(l+p3B) | (12)

1

H= Ly+p Ahs . ,
Hence the effective heat of gublimation increases linearly with stagnation

enthalpy difference across the boundary layer.
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IIi. EXPERIMENTAL INVESTIGATION

IIf. 1. Introduction

The experimental investigation of subliming ablation was conducted
in the GALCIT hypersonic wind tunnels. The models used in the experi~
rents were hemisphere-cylinders of 1-inch diameter made of HZ(}«ice,
Cl OH}. 6O-ice, and COa-ice. In the first phase of the investigation, the
models were tested at wide ranges of temperature and pressure iﬁ order
to explore the general behavior of these materials in hypersonic air
streams. (See Section IIL. 5.) In the second phase of the investigation,
the temperature distributions and the rates of ablation were measured on
H,O-ice and G, H, 60»&@@ models. In the third phase of the investigation,
a study of the equilibrium shapes of ablating bodies was conducted with
H,O-ice and G, H, éodce models initially of hemisphere-cylinder shape.
In addition to the ablation models, two metal pressure models were
machined with orifices distributed on the surface; one model was of
hemisphere-cylinder shape, and the other of the "equilibrium'' shape obtained
with 2 camphor model. From the measured pressure distributions the
ablation rates were computed by the method outlined in Section II. and

compared with experimental values.

I 2. ‘Wind Tunaels

The experimenis were performed in the GALCIT hypersonic wind
tunnels legs ! and 2. Both tunnels are of the continuous running closed
return type, and are supplied by the same compressor plant, hence they

are run alternately. The design features of these two tunnels are set



et
oot

forth in the following table:

Legl Leg 2
Mach No. Range 5.8 {mean) 6to 10
Max. Reservoir Temp., °c 149 867
Max. Reservoir Pressure, psig 100 300
Test Section, Dimensions, In. 7.1 x %3

" bx5

Leg l is a {ixed contour nozzle and leg 2 isa variable contour nozzle with

ten pairs of hand-operated jacks. {See Figure 4.) Leg 2 is a complete

operating 3/8 scale model of the 21 x 21 inch hypersonic tunnel at the

- Caltech Jet Propulsion Laboratory. Boeth legs | and 2 feature automatic

control of the reservoir temperature and pressure. The temperatures

are maintained by nichrome wire elecirical-resistance heaters immediately

preceding the test sections.

Il 3. Model Support and Shield

Because of the high temperatures encouniered in the GALCIT leg

2 hyper sonic tunnel it is necessary to bring the tunnel airflow up to

temperature while the wind is blowing; also flow had to be started at

much higher pressures than were used for these tests. Hence in order

to preserve bodies with low melting points or high vapor pressure

character, suchas HZO-iee or solid camphor (Cle 60), it was manda-«

tory to protect the models from the airstream.

This was accomplished

by withdrawing the model irom the airstream and holding it in a cooled



. ‘ 1z

protective case which could be opened and allow the model to be raised
into the airstrearn through a cutout in the funnel floor after the desired
flow conditions had been established. The device for accomplishing this
task is shown in Figure 5. Because of the high meliing point of camphor
and the high latent heat of H,O-ice, it was satisfactory to cool the model
with ordinary atmospheric cooling air. Had C{)gnics or other low melting
point materials been tested in leg 2, cooler temperatures could have

been obtained by using liquid N, for the cosling medium. Cooling by
meaneg of liguid N, was tried in leg 1 and model teﬁaperatures on the
order of »200°C were obtained. In leg 1 because of the lower reservoir
temperatures, it is possible to bring the airflow up to full stagnation
temperature while the tunnel air is channeled through hy-pé.ss lines and‘
then to establish flow in the tunnel at full atagnatian conditions in about
one minute after model installation; hence no device for model protection

wag required.

Iil. 4. Manufacture of Models

The CO,-ice models were first made by placing commercial dry
ice in a high pressure mold with a micarta sting fixed in place. The C@a
was allowed to melt, and was then refrozen by immersing the mold in
liguid Nz « The molds were then thawed to remove the models which
often came out with considerable velocity (this can be a dangerous
maneuver if one is curious encugh to look down into the mold). Later
COZ-ice models were manufactured by compressing the crushed dry ice
in a mold, which is a far beiter and safer techaique.

The ,HaO-ice models were the most difficult to manufacture., First
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the air had to be removed from a supply of distilled water by holding the
water under vacuum. The solubility of O, and N, in H,0 is given by
Henry's law, |

Ky = S, P,
where K, is concentration of the im gas species, 8¢ is the coefficient of
solubility at a given temperatare, and p is the partial pressure of the gas

over the liquid. (See Figure 6 for values of X, and K in H,0. )

Q N
Because of the solubility characteristics of air izn water,athe gas over
the water to be used for the models was evacuated of air for a period of
at least one day to scavenge the air from the liquid. Then the waier was
ejected intec molds with micarta stings fixed in place, held under a vacuum
and frozen (under vacuum) in an brdinary freezer. In order for this
scheme to work, it is advisable to .boil the water imder vacuum while in
the molds so that the bubbles of Vapor, which bave a large area, will
scavenge all the air from the system. The greatest difficulty with H,0O-
ice models lies in keeping the sides of the model uniform. Any slight
irregularity in surface slope causes considerable variation in both
pressure and pressure gradient, and hence heat transfer rate, or ablation
mte; thus making it very difficult to obtain good data repeatability with
this type of model. These difficulties appeared to have little effect on the
surface temperature distribution, however, because of the stecepness of
the vapor pressure curve versus temrperatur"e.
The C,,H,  O-ice models were made by pressing granulated cam-~
phor under 5000 lbs. hydraulic pressure in brass melds. This method

produced models of good dimensional accuracy and fairly uniform
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density®*, and is recommended for Cwﬂlﬁo-ice and COZ*ice models.
The accuracy of this"technique is reflected in the unifermity of ablation
results for the camphor models.

To obtain model temperature data, copper-constantan thermow
couples models were made (See Figure 7.}, with the thermocouples fixed
on the exterior of 8 hollow micarfa sting. The thermocouple wires were
lead in a circumferential direction on the micarta sting for 0. 20 to 0. 50
inch from the thermocouple junction in order to decrease errors caused
by conduction in the thermocouple wire itself. The ice was then frozen
on the stings in the case of the E—EZOdce models, or deposited in successive
layers similar to a candle-making technique in the case of the CNHI 60»-ice

models.

I 5. Exploratory Tests: ERole of the Triple Point

Exploratory tests were run in legs 1 and 2 with E:ia@vice and
CO,-ice models to examine general aspects of the ablation phenomena.
The models were tested at zero angle of attack under wide conditions of
temperature and pressure and were viewed by the naked eye and through
a short focal length telescope. The Coaniee models were found to exhibit
flaking on the surface and hence to lose a large share of their material by
fragmentation, ¥% For this reason and because of the difficulties of
manufacture and storage of CO,-ice models, no quantitative data were

attempted with this type of model. It should also be noted {See Figures

% The value of the density achieved in this manner with CIOHI 600
ice was 4 per cent lower than the value listed in physical tables.

®% Other investigatarslz using CO,-ice models have had
difficulty with fragmentation.
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2 and 3.) that the values of B' achieved with CO,-ice and C, ,H,; O-~ice
are very nearly the same and therefore preclude working with both
materials to spread the range of B' values attainable. The values of
Ah obtained with Coa-ice will be larger, however, because of the lower
wall temperatures. |

The H,0-ice models were observed to melt at the nose in leg |1
for supply pressures greater than 34 psia at Tﬁ = 149°C. If the pressure
was appreciably greater than this value, a distinct crater or melt region
of greater or less severity would form at the nose, depending on the
magnitude of the reservoir pressure. {See Figures 8 and 9.) The
reason for melting is seen from the relationship between the phases of a

crystalline substance and the temperature and pressure {See sketch. ),

TImPeratur € ——i=—

Pressure cemep
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In the sketch, the locus of points QA represent the bolling temperature
of the given substance in the liguid state at the corresponding pressure;
the locus of points OB represents the melting conditions for the solid
state; the locus of points OC gives the conditions under which the solid
will sublime, and O is the triple point at which all three gtates may
coexist. The dotted line from O represents suppression of the freezing
point, or supercooling. The tripl‘e point for the mast common form of
ﬁéo-ice occurs at 0°C and 0. 6886 psia pressure. Ata recovery tem-
perature of 149°C in leg 1, it was found possible to hold T, less than
0°¢ so0 long as the reservoir pressure was less than 2 atm., and
melting at the nose was not apparent at pressures less than 34 psia.
Based on this simple relationship and using Figure 1, it is easy
to determine the reservoir conditions of temperature and pressure which
will induce stagnation point melting at any given Mach number. Because
of the low viscosity of water,\ once the Bao-ice melted it was convected
away, thus causing the cratering effect. Melting was not a8 problem with

any of the other materials that were tested.

1IL. 6. Test Conditions for Quantitative Data

Since any cratering with the models made accurate guantitative
data impossible to obtain, all tests with H,O-ice models were run at
reservoir temperatures and pressures such that the model nose tem-
perature was approximately 0°c. |

The test conditions used for all quantitative data measurements

on ablation rate are set forth in the following chart:
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legl Leg 2
M 5.8 ' 8.0
[oa)
T, °C 149 482
P, atm. (G, H,, O} 2.34, 3.70 5. 06
P, atm. (H,0) 2. 00 3. 70
Angle of Attack 0 ‘ 0

Il 7. Data Gathering Technique

To obtain quaniitative data on ablation rates, time lapse photoe
graphs were taken of the model profiles with a 35 mm single~lense
reflex camera fitted with a8 135 mum telephoto lense with extension tube
for close work. By taking a series of photographs of a model at
specified time periods during a run, a time lapse series of the ablation
process was obtained. The pholographic images of the modei were later
caz;efuily measured on an optical comparator to accuracies on the order
- of 0.0003 inches on the film (. 001 inches absolute), giviang the ablation
rate at all poiﬁts on the siih@uette of the axially symmetric body. (See
Figures 10 through 13.) |

The camera was invariably positioned at least 3 feet from the
i«inch diameter model, hence the cosine error introduced in photographing
the model silhouetie was negligible. Errors caused by diatértian in the
photographic process were checked by photographing @ é-inch scale and
measuring the inch marks on the film; errors from this source are

deemed to have been less than 0.1 per cent.



Perhaps the largest source of error was lack of picture sharpness,
caused mainly by the tunnel plate glass windows; this effect was
aggravated by the oil always present in the tunnel and found on the
windows after tunnel operation.

Model temperature data were recorded on 2 Brown self-balancing
potentiometer, which was calibrated to the lemperature of distilled ice
slush and boiling distilled water, Because temperature gradients will
exist within the material even after the wall temperature has stabilized,
accurate wall temperature data are obtained only when the thermocouple
ig colncident with the gas-solid interface. To minimize this effect, only
those temperature data which were obtained at the end of a data run were
uged.

Model pressure data were recorded on a precision lead-screw
mercury micro-manometer for the higher pressures near the stagnation
point {local body slope more than 45° to the flow direction) and a silicone
oil multiple manometer bank for the pressure orifices farther back on

the body. (See Figures 14 and 15.)

IIL 8. Equilibriume~Shape Models

There is good reason to believe that an ablating body under con=-
ditions such as were encountered in these tests will approach an equilibrium
shape, if one examines the two extremes of body shape for laminaxr boundary
layer flow: (1)} If the nose shape is highly convex or pointed (see sketch)
then the maximurn heat transfer and maximum ablation rate will occur at
the forward stagnation point and the body will become mére blunt;

{2) I the nose shape is initially flat then the heat transfer and ablation
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{a) Highly Convex {b) Flat Nose (c) Equilibrium
Nose Shape

rates near the shoulder are larger than at the forward stagnation point.
This fact can be seen from Eq. (9). If the nose is flat, then u will
increase as the flow approaches the shoulder; also du e/ ds will increase

approaching infinity at the carn@ir-. w

* Kempw, Rose, and Detra show experimentally and theoretically
that the peak heat transfer rate for a flat=-nosed cylindrical body with a
small corner radius is reached at the shoulder and not at the forward
stagnation point. Chonesl? presents experimental data to show that the
heat transfer parameter, Nu/ Y Re , and the non-dimensional velocity,
u./a® , increase very rapidly as the sharp corner of a {lat nose cylinder
is approached.
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Initially then, thegevtwo extremes in body shape will be expected
to approach each other and there may exist some intermediate shape,
as in the foregoing sketch. In part (c) of the sketch, the feedback between
ablation and heat transfer rate has established an equilibrium, the heat
transfer rate per unit cross section area is nearly constant, while the
ablation rate per unit cross section area is constant.

' The condition for an equilibriurm shape based on simple geometrical
considerationsz is

(8R/81) + w, (8R/8x) = 0.

T. Kubota® has examined the determination of the equilibrium
shape theoretically, assuming a modified Newionian pressure distribution
near the stagnation point, hs = 0, and using the same method of computing
{Nu/ YE&; ), @8 used in Reference 10. (See Appendices B and D.) His
results indicate that the radius at the stagnation point increases with time.
- As shown in Appendix D, he also obtained the result

1 9% 2 6A + 7 Y + 1

[a‘v AE75T ] = gpoar (y=T )
by assuming a linear external velocity distribution. With a%, A, and 7
all known for a given material and test conditions, one can determine the
value for du e/ d{s/r) to fit this relationship. Assuming an ellipsoidal
nose shape one can determine the ratio of the major and minor axes of
the ellipsoid that will agree with this equation. For the conditions of the
HZQ-—ica at Pa = 2. 34 atmospheres, Mm = 5,8, and TQ = 14906, his

results indicate that the equilibrium ellipsoid determined by this equation

% Private communication.



a2l

would have its major axis perpendicular tb the flow direction and a ratio
of major axis to minor axis of 4.6 to 1. For the conditions of Cio¥,y 60«1@@
at P= 2,00 atmesp&zereﬁ, Mm = 5.8 and Ty= 149 QC, his results indicate
that an ellipsoid with its major axis perpendicular to the flow direction,
and a ratio of amjor axis to minor axis of 6.0 to 1 would be obtained,
To check these ideas, H,0-ice and C, H, O-ice models with length to
diameter ratios on the order of 7 were constructed and tested in leg 1.
(See Figures 12 and 13.) Thege models were run for 34 minutes and
39 minutes respectively to allow them to appmé.ch their equilibrium
shape as closely as pcsaibie. An examination of Figures 12 and 13
indicates that the nose shapes can indeed be quite accurately approximated
by oblate ellipsoids with their major axe:; normal to the flow direction
out to the region of body slope on the order of 30 degrees to the flow
direction. For . the case of HZO-—ice the ratio of major axis to minor
axig obtained experimentally was 1.7 to 1, and for Ciofy éewice the
ratio of major axis to minor axis was 5 8 to 1. In the case of the
Clﬁﬁl (Orice model, a pressure model was constructed duplicating the
final shape of the actual model and was tested in leg 1 to determine the
pressure distribution along the surface. From these pressure daia,
calculations were made of the heé.t transfer rate and compared with the
experimental values.

The pressure distributions obtained for both the hemisphere-
cylinder and the equilibriume-ghape models are presgented in Figures 14

and 15, respectively.
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Iv. RESULTS AND DI&GUSSION

Particular hope for the accuracy of the experimental data is
derived from the excellent linearity for the ablation rates at the nose.
(See Figures 16 through 20.) At the start of each test there was an
adjustment period while the tunnel flow condiiions and model temperature
stabilized although the tunnel was run for approximately 15 minutes at
full reserﬁroir conditions before each test to decrease the effects of nozzle
block temperature adjusiment. These transie_nt effects caused some
anomalies to occur in the ablation rates for the first minute or two of
each run. Hence, the plots of ablation rate at the noge do not include
the first data points where obvious errors were involved. That is,
t=0and x = 0 are taken at the time and nose position about 2 minutes
after the start of the flow. (The ablation rate at the nose is defined as
the rate at which the nose recedes with time. )

The temperature measuring system as a whole - the Brown’ self-
bala.ncing potentiometer and the copper-constantan thermocouples — was
certainly accurate to within 11%. However temperature gradients
within the ablating materials caused such scaiter in the experimental
data that the theoretical data are' congidered far more reliable. (Sée
Figures 21 through 25.) The fact that the onset of melting at the nose
ig predicted accurately and with good repeatability by Figure 1 in the
case of Hzof-ice indicates that the actual wall temperatures were close
to the theoretical predictions.

A calculation was carried out to estimate the rate of conduction

of heat into the interior of the model, i;,s , based on the theoretical wall
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temperature distribution at the hemispherical nose and assuming a
uniform temperature distribution over the base of the hemisphere. (See
Appendix C.) However, the assumption of a uniform temperature dis-
tribution over the base of the herisphere prabaﬁly leads to higher
temperature gradients at the stagnation point than would actually be
achieved, and hence the estimated conduction effects at the nose mighﬁ:
be larger than the actual effects. Experiments with the H,O-ice models
to measure the temperature difference across the micaria midway back
on the body indicated that no measurable difference in temperature
‘existed hence the conduction effects on the afterbody are presumed to be
small. The accuracy of this assumption was enhanced in the case of the
H,O-ice models by the high latent heat of sublimation of ordinary ice

{i. e., LV + Lp 2 Ly) , and in the case of the C, H, ,O-ice models by
the low coefficient of thermal conductivity of solid camphor.

The comparison between the theoretical and experimental ablation
rates at the nose are given in the table on page 24.

Note that the theoretical values for the stagnation point ablatiqn
rate are greater than the experimental values in all cases. One principal
error in the theoretical results could be the existence of non-equilibrium
conditions at the surface. For example convection in the boundary layer
flow may cause the vapor concentration next to the wall to be less than
the equilibrium value; this would cause the B' value to decrease for
constant To {See Eq. {3).), and hence the constant pressure lines in
Figures 1 through 3 would be shifted to the right. If this should happen,
Ty would rise, and §  and i would decrease. Hence this result could

in part explain the fact that the experimental ablation rates at the nose
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Reservoir  Ablation Rate at the Nose (cm./min. )

Pressure
{atm. } Experiment Theory Theory
(@.=0) (a#0)
M =5.8
[s]
Hzﬁ}-ice 2. 00 0. 047 0. 081 . 075
CIGHI 6Q~ice 2. 34 0,173 0. 380 . 340
Clgﬂlﬁa‘ice 3- 7@ Qa 30& 0- 391 ° 380
M =8.0
7]
H,O-ice 3. 70 0.128 0.168 .161
Cloﬂlbo—-ice 5.06 0. 630 0. 944 . 943

‘are less than the theoretical values. Conversely, if the vapor conce-ntratian
next to the wall is higher than the equilibrium value, then the wall tem-~
perature will decrease.

If the experimental temperature data are qualitatively correct on
the model afterbody, then Figures 21 and 23 indicate that K was less
than equilibrium on the afterbody for HZC-ice and greater than equiiibrium
on the afterbody for Gwﬁléi}nice.

Conduction of heat into the interior of the body (positive qa) would
cause B! to decrease for fixed T {See Eq. (Z).) and hence would cause
the consiant reservoir tampérawre lines to shift down in Figures 1
through 3. This would cause the equilibrium Ty to decrease, but only
very slightly since the vapor pressure curves are very steep, In any

case, as seen by Eq. (8) et. seq.,



&b

Hence, positive "7&5 would effect a reduction in the local ablation rate.

Aa additional error incurred in the theoretical calculations is
that in general Le, Pr, and Sc are not equal io 1.

Factors coniributing to the reliability of the theoretical results
for m are as follows:

(1) If (To - T,)is large then é;s becomes relatively less important
with respect to E;w. This result is seen in the table on page 24 where the
theoretical predictioﬁs for ablation rate in leg 2 are much better than
those in leg 1.

{2y It Ky at the wall is small, then the approximation that p
is congtant acrosg the boundary layer is more valid. Here it is seen in
the table on page 24 that the the&rtmical ablation rates for H,O-ice are
better than those for CIQHmOwice. Also if Kg is small, -any errors
incurred in computing CH/ CHQ are reduced commensurately.

{3} The blowing correction CH/CH iz based on a correlation of

theoretical and experimental results for mgteri&w with W E less than 44.
Hence the extrapolation of these results to materials with high molecular
weighi such as camphor {molecular weight 152, 23) is questionable.

Because the vapor in the nose region could be convected around
the shoulder of the body before it has sufficient time to diffuse through
the beundary layer, and also because p e 8nd T  decrease along the surface,
the vapor pressure on the afterbody may be greater than the thermadynamk
equilibrium value. In this case resolidification which is by definition

characteristic of an equilibrium process may become pronounced enough

to alter the ablation results appreciably, giving lower values of rh
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beyond the shoulder than would be otherwise experienced. Examination
of the model filr?z data and telescopic observations indicate that resolidi-
fication did occur, but no pronounced effects on the ablation results are
apparent. (See Figures 26 through 31.) Resolidification also has the
effect of increasing the model roughness, (See pa.ri:icularly Figure 12
near the shoulder.) and hence C, or C’H with a proportional increase in
qw ; the magnitude of this effect is not known. However, the model
roughness observed was on a very small scale incapable of tripping the
beundéry layer, and nowhere in the data is there a sharp increase in
heat transfer rate such as would have been experienced if boundary
layer transition to turbulent flow had occurred.

As seen by the photographs of the equilibrium~shape models
{Figures 12 and 13) the nose shapes remain convex. This result has
important ramifications in that if one is to measure experimentally the
ablation rate of a particular body shape it is important that the ablation
data be obtained before the body shape is appreciably altered. Ideally,
the body shape at the sia.rt of each test should duplicate the equilibrium
‘body shape. For the equilibrium body shape obtained experimentally in
these tests for CioHy 60«-1&:3, the axial ablation velocity increases by less
than 4 per cent from the stagnation point to the shoulder. (See Figure 32.)
| The shoulder is taken to be the point where the body slope is 45° to the
flow direction.

The pressure distribution for the equilibriume-shape model is
similar to the distribution for the hemisphere~cylinder and agrees well
with the modified Newtonian prediction out to 8 = 60°.

One point in the accuracy of the experimental technique uged in
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this report to obtain ablation rates is worth noting. In using a photo-
graphic time-lapse process, absolute errors such as operator prejudice
in film reading, distortion of the photographic image, and light refraction
by the tunnel window, are less imnportant because errors ,Gf this type tend

to cancel out when comparing measurements on two frames of film.
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V. CONCLUSIONS

The simple theory developed based on an energy balance at the
gas-solid interface and using a heat-transfer parameter suggested by
other researéhers, gives good results for wall temperature, but over-
estimates the ablation rate by as much as a factor of two. However, the
results for the ablation rates are greatly improved for the greater values
of {To - T,) and the lower Kg at the wall. The i‘h@ary may find particular
application for estimating the relative merits of different materials.
Radiatien between the gas é.nd the body, combustion of the ablating
materials, and recombination of chemical species at the surface can. be
accounted for by simple additive terms to the basic heat transfer equation
developed in this report. Also foi more detailed analyses, more complete
account could be taken of the heat conduction into the solid by constructing
figures based on Egs. (2) and (3}, but not taking és = 0. However, this
effect is second order and is small compared to the simple additive term
for g g used in this report. |

More regearch is clearly indicated to detérmine the magnitude of
the shielding effect from blowing by heavy molecules.

The H,0-ice and camphor models tested in leg 1 for long periods
of time attained equilibrium nose shapes in a sense that the changes of
shape with time were imperceptibly small. They were close to oblate
ellipsoids with a ratio of the major to the minor axis of 1. 7 for camphor
and 6 for H,O-ice. An attempt has been made to predict theoretically
the axis-ratio by assuming a family of ellipsoids for the equilibrium

nose shape, but the results were not satisfactory. If appears that one



needs more accurate relations between the body shape’and the flow
properties outside the boundary laver than those assumed in the analysis.
Trangient effects within the ablating material represents an
interesting and challenging area for investigation. In this reéimx, one
could measure the early timewise ablation rate and temperature dig=
tribution within the solid taking care to regulate the initial model tem-
perature. Also there is room for useful research investigating the
boundary layer, measuring concentration, temperature, and velocity
prdﬁies near ablating bodies. The heat transfer to the wall obtained
from boundary layer measurements-could be correlated with photographic

ablation data and heat transfer measurements within the solid.



1.

2.

3.

4.

5.

10.

i1,

i2.

RLFEPENCES

Cheng, Sin-L : Meteoric Ablation through Interfacial Insitability.
ARS Journal, Vol. 29, No. 8, pp. 579-5387, August, 1959,

Lees, L.: Ablation in Hypersonic Flows. Paper presented at the
7th Anglo-American Conference, sponsgored jointly by the Royal
Aeronautical Society and ihe Iastitute of the Aerouautical Scieuces,
New York, N. Y., Qctober 5-7, 1959.

Adams, M. C.: Recent Advances in Ablation. ARS Journal,
Vol. 29, No. 9, pp. 625~632, September, 1959.

Lees, L.: Recovery Dynamics -- Heat Transfer at Hypersonic
Speeds in a Planetary Atmosphere. Chapter 12, Space Technology,
pp. 12-01 to 12-20, John Wiley and Sons, New York, N. Y., 1959.

Lees, L.: Convective Heat Transfer with Mass Addition and
Chemical Reactions. Proceedings of the Third Combustion and
Propulsion Colloquium, Advisory Group for Aeronautical Research
and Development, NATO, Palermo, 8icily, Italy, March 17-21, 1958,
Pp. 451498, Pergamon Press, 1958.

Hubota, T.: Study of Ablation with Ice Model 2t M = 5.8. Peper
presented at the ARS Semi-Annual Meeting, San Diego, California,
June, 1959.

Bethe, H. A. and M. C. Adams; A Theory for the Ablation of
Glassy Materials. J. of the Aero/Space Sci., Vol. 26, No. 6,
pPp. 321-328, June, 1959.

Fay, J. A. and F. R. Riddell: Theory of Stagnation Point Heat
Transfer in Dissociated Air. J. of the Aero. Sci., Vol. 25, No. 2,
Pp. 7385, February, 1958,

Roberts, L.: Stagnation-Point Shielding by Melting and Vaporization.
NASA Report No. 10, April, 1959,

Cohen, C. B. and E. Reshotko: The Compressible Laminar Boundary
Layer with Heat Transfer and Arbitrary Pressure Gradient.
NACA Technical Note 3326, April, 1955,

Gazley, C.; D. J. Masson; J. F. Gross: General Characteristics
of Binary Boundary Layers with Applications to Sublimation Cooling.
Third Symposium on High Speed Aerodynamics and Structures,

San Diego, California, Vol. 1, pp. 301-347, March 25-27, 1958.

Brooke, E. C.: Heat Transfer to Dry Ice nghereé Subjected to
Supersonic Airflow. NAVORD Report 5719, September 1, 1957.



13.

14.

i7.

i8.

19.

31

Kemp, N. H.; P. H. Rose; R. W. Detra: Laminar Heat Transfer
around Blunt Bodies in Dissociated Air. Journal of the Aero/Space
Sciences, Vol. 26, No. 7, pp. 431-430, July, 1959.

Chones, A. J.: Heat=-Traansfer and pressure Measurements on
Flat-Faced Flared-Tail Circular Cylinders and Normal Discs,
NAVORD Report 6669, June 15, 1959.

Handbook of Chemistry and Physics, 39th Edition, C. D. Hodgman
Editor, Cleveland Chemical Rubber Publishing Company, March, 1958.

Weiss, R.: Sublimation of a Hemisphere in Supersonic Flow.
Massachusetts Institute of Technology, Naval Supersonic Laboratory,
Technical Report 391, July, 1959.

International Critical Tables of Numerical Data — Physics, Chemisiry
and Technology. National Research Council, New York, Mc-Grawe-
Hill, Inc., 1926, 7 volumes.

Reshotko, E.: Simplified Method for Estimating Compressible
Laminar Heat Transfer with Presgure Gradient. NACA Technical
Note 3888, December, 1956. .

Vinokur, M.: Ianviscid Hypersonic Flow Around Blunt Bodies.
Lockheed Aircraft Corporation, LMSD-48454, 16 March 1959.



Material

Chemical Formaula

Molecular Weight (W E)

Conductivity (k)

32
APPENDIX A

PROPERTIES OF MATERIALS

Water
HaO
18. 02

0.002 - 0.005%

{cal. /em. sec. °C)

ﬂensx } { p)

gm So C!rz.

Latent Heat of
Sublimation (L
{cal. /gm.)

Diffusion Coefficient of

v)

0. 917 &k

676 dtees

0. 220 Sdombiok

Vapei in Air (DIZ’

(cm. ¢/sec. )

Viscosity qg Vapor at 0°¢ ( }

{poise . 107)

88 bk

-

3 )

e

oo

sededeo e

s e

desfedenioole

Reference 15, page 2256,
Reference 16, page 30.
Reference 15, page 1985,

op. cit., pages 2134, 2138.
op. cit., page 2248.
Reference 17, Vol. 5, page 62.

op. c¢it., page 4.

C

Camghor

10816°

153. 23

4,81 % 10™% #»

0.953
experimentally
determined

84, 1 ks

0.045 % 0. 015
estimated

o as
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Structural formula for camphor:
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APPENDIX B
ILLUSTRATION OF THE COCMPUTATIONAL TECHNIQUE
Consider a blunt-nosed axially symm:etric body in #n airstream

of Mach number M_ with 2 bow shock and boundary layer behind the

shock covering the body as in the following sketch.

Bow Shock
Gas Boundary Layex

_
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Eg. (9) was used to solve for the heat transfer rate to the wall
along the body surface. The values for the heat transfer parameter
{(Nu/ )"ﬁ?s )W were computed by a procedure worked out by Cohenw
and Reshotko as outlined below.

The pressure raf:io pe/ pﬁ* was computed by thetmodiﬁed Newtonian
distribution

p./p, = cos’ @ +{p_/p ') sin”
up to values of @ at which the slope of the Newtonian pressure distribution,
d(p /p Q')/d@, was equal to the magnitude and slope obtained by the
Prandtl-Meyer function. The pressure was then assumed to follow a
Prandtl«Meyer distribution out to @ = 70° from where the data were
faired into the experimental values. Experimental values of Pe/ po‘

o o o .
s 457, 907, and at various

were measured on a 3/4 scale model at 8 = 0
stations along the body. The modified Newtonian distribution was found

to give excellent agreement with experiment at @ = 45°, Once the pressure
distribution was determined, Mach nwmber and Te/ T o Were determined
analytically from pe/ p,'s and T was determined directly from the

charts of B' versus T, Thenas suggested in Reference 10, a correlation

number, n, was determined by numerically integrating the equation

: l«.A /D 2
‘P"(’!f?"l‘;)" = 0. 44 (tr@/%z"‘g ""‘§z""' f (TE/TQ)'?* z&% a (s/D)
Q e

where

dp,/p,")/dls/D)
(p/p,") M “

i

A = a2,

nsl p.
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[ al? ~ ey " o, s e
The Reynolds analogy parameter, ( ) .
) re
ﬁf Reg | Pr=l
NG

was obtained from Figure 2, page 13, in Reference 18, versus n and

T /T, . Then,

S/D.f ( £

Nu . o )

( ) = & Fr T Jpr=1
T , o Prs
es n/(Pg : } ~ 8 B

where o was taken as 1/3.

Values of L w vere determined from Sutherland's formula and
p,, was determined from the equa.ﬂon of state for a perfect gas both
values are for air at the wall temperature.

Once (Nu/(Pr YRe, ), is determined in this manner it is ea sy
to solve Eq. (9) for éivé along the surface.

Pr, cp ., and were assumed to be constants, 0.70, 0.2404
cal/gm°C, and 1.4, respectively,

This method has the advantage of being straighiforward and
requiring no iteration. The ;xumericai integration is best done analytically
near the stagnation point since the integral {a small number) must be

divided by the integrand {a small number). Near the stagnation point

one may take

o/P' (T /T ¥ (0.44)/(A+2). (/D) .

For the calculations with blunt bodies encountered in this report, this
linear equation was found to be accurate within 5 per cent out to values
of 8/D = 0.2. Further, B'is such an insensitive function of p_ that it
is possible to assume CHQ/CH = 1+ 5 B' = constant to good accuracy

where § is small.



APPENDIX C

CORRECTION FOR CONDUCTION EFFECTS AT THE NOSE

Because of the large texnperature difference at the nose and at
‘the shoulder of the models signifibam errors may be incurred by
assuming the heat ¢conducted into the solid interior is negligible.
'Barring the use of brute force numnerical methods it is possible 1o get
‘an estimate of the magnitude of such errors by means of 2 simple model.
Consider the hemispherical nose of the model to have a temperature
distribution on its surface equal to the theoretical eguilibriunm temperature
and 2 uniform temperature distribution over the base given by the
theoretical equilibrium shoulder temperature. Laplace's equation in

spherical polar coordinates for an axially symmetiric body gives

2 1 2 97,. 1
VT:O:-—ZE%-(:' gg)aam?%{sinagg)
r ‘ I 8in

Separating variables, T = R{r) @ (9), and applying the boundary condition,
T=0atéss(u/2), |

o0
2 ,
T{x, 9) = z a, FAut Pyl {cos @)
a=x0 ‘

. where Pn's are the Legendre's polynomials.

Then set

Tyl 9 = ) a P, . (cos@) ,
n=0 ‘

where T_({1, 8} is known. From this the an's are determined.

Differentiate and solve to obtain
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G
(9T/0x) (s) = » (2n+ 1) a P, ., (cos@)
n=0

Once, (8T/8r) (s) is determined, §_ may be determined by

&is = kE‘(BT/ar)W( 8} .

For practical purposes the summation was not made from 0 to
infinity. The temperature distribution followed & cosine function so
closely that only the Legendre polynomial Pl wag retained. The effect
of conduciion is to decrease the ablation rate ai the nose, ihe estimates

of these effecis are shown in Figures 26 through 31.
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APPENDIX D

ANALYSIS OF EQUILIBRIUM NOSE SHAPE

Reference 18 gives the approximate relationship for calculating

the laminar heat transfer on an arbitrary body
e/D -

(No/ YRS, ), = (0.22) Pr® y&/D {-ﬁ% !F(ty dz}

where
Fis) = (1/7 )% M B! R°
K = (Y+ /(Y-
G = a number |
R is the local cross-section radius of the body, and C_{ Efef
( ~Ne— pr=1

is assumed = 0. 22 (the {lat plate value). Near the stagnation point one

may assume & linear velocity profile, hence

u, = Cla*s

Then from the isentropic flow relations

=] 2
T/Tg = 1= ""’;’TI’ (ug/a%)
D 2
= 1= 9T €9
-1

M° = -‘-7%:-1- ("‘e/a*}z [1 - —-;—f;—%— iue/a*ﬁa]

- o -1
‘75;’1" @GI 5)¢ [1‘ ‘%‘_‘}i’ (Cls)z] .

Also, near the stagnation point for blunt bodies
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R = 8 [1 - {1/6) (s/z’)a Fone ] , r = radius of curvature at nose.

Hence, substituting for F{x) and F(t) from these relations and simplifying,

one obtains near the stagnaiion point

(Nu/)§es ), = 0.2z Pr, /..'?i%_l. [1 - ‘ZK%? {@K*A-@- 1) %}Cla
+ u/%“‘"‘;} & + ] .

Evaluating this at the stagnation point, the term in square brackets

becomes 1, and

{ Nu/ YRe. ) . - ‘
T I { L -aes) Sip cf} 4.
{ Nu/ yﬁes )s. p. | 3r

[

This equatian is limited to the region close to the stagnation point.
Reference 14 presents experimentally obtained plots of ue/a* for flat
nosed bodies at Mach numbers between 2. 15 and 4. 86 and obtains velocity
profiles linear within 5 per cent for s/D less than 0.3. For flat nosed
bodies r —» o , and hence l/ra = 0.

{1} At A = 5, the term in brackets in the last equation becomes
zero, hence the ratio of the heat transfer coefficient to its stagnation
point value is 1, and the nose will remain flat in the region of the stage
nation point.

{2) If A>5, the heat transfer parameter increases away from the
stagnation point hence the ablation rate will increase and the nose will
become convex.

{3) If A <5, the heat transfer paré,meter decreases away from

the stagnation point, hence the ablation rate will decrease, and the nose



will tend to become concave.
From Reference 10, Figure 5, the result is obtained that

A <5 for '%/'3"0 < 0.8 and vice versa.

By Eq. (9)
Qw Pr
( No/ VRS, =
/Py Ye
3 c {To N Tw)

Pa
But the condition for an equilibrium nose shape, if q, = 0, is that

4,/4,, p. = €08 6 , also (ue/a) = due/dss

velocity profile, hence

p = Cl a®* for a linear

( Nu/ YRe, ),
( Nu/) Reg )s. p-

= cos® = dR/ds

i

1=} (s/0)° + 0 (%%
Equating this result with the result on the last page,
(1/2:3) = (1/2A4+3) { (1/3r2) - (A=5) (Y -1/7+1) clz}

or

(ZA3 . Lyasd = sea) (7-1/741) @13' :

But, C, = (1/a%) Qdue/ds) ', hence

2
[n/a*; {due/ds)] - %?;_?A) )):f T

By determining ér/a*)(due/ds) for a family of ellipsoid-nosed

cylinders with ratios of minor to major axes of the ellipsoids between
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1 and 0%, one can solve the above relationship for the shape of the ellipsoid
that ig compatible with the equilibrium nose condition.

The above analysis offers a means of predicting whether an
, initialiy flat nose will tend to become convex or concave. If the nose
tends to become convex, then one may asswmne a general type of nose
shape such as an ellipsoid and predict an aquilibriuxh shape from that.
This only works if one knows the general type of nose shape in advance.
For the conditions of the experiment in this report, the ratio of the major
axis to the minor axis was overestimated by a factor of 3 for camphor

and underestimated by a factor of 0. 7 for H;O-ice.

' du
# See Reference 19 for plots of % 3-53 )s. p. .

@
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FiIG. 8-SEVERE OCRATERING OF H,0-ICE MODEL
IN LEG |

FIG.9~CONTROLLED ORATERING OF H,O0~-1GE MODEL
IN LEG |



FIG.10-H ,0~1GE MODEL IN LEG | AFTER QUANTITATIVE
DATA RUN , P, = 2.00 ATM.

FIG.lI- GioHgO - ICGE MODEL IN LEG | DURING
QUANTITATIVE DATA RUN, P, = 2.34 ATM.



FIG.12- EQUILIBRIUM SHAPE FOR H,O-IGE MODEL IN
LEG I, P, =2.00 ATM.

FIG.13- EQUILIBRIUM SHAPE FOR CH, 0~ ICE MODEL
IN LEG I, P, = 2.34 ATM,
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