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Abstract

" -In order to investigate the heat and mass_transfer aspects of
thermomechanical ablation, ablation experiments were performed with

models made of pure carbon dicxide (Cd;§ and a glass bead—C@é composite.
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The experiments were performed in a low subsonic, low turbulence jet at
ambient pressure and near 0°C temperature. The model geometry was a

hemispherical forebody-cylindrical afterbody with a diameter of 25 mm.

TNk g ey BT S 6 N

The stagnation point mass transfer of the pure Cdglmodels was 6.2% less

s
.

than predicted by equilibrium theory. The distribution around the
hemisphere generally agreed with the predicted laminar heat transfer

result of monotonically decreasing heat transfer with distance from the

4*#2%«&»%‘,&\.« P
.

stagnation point. The internal temperature response was approximately

5% higher than the theoretically predicted wall temperature. These

"t .
B
2 % ’

results could be correlated by the inclusion of a nonequilibrium

.sublimation model into the theoretical prediction equations. The

ot s
Fa s ‘f" e 3

A

required vaporization coefficient was 0.0005. For the composite models,

the stagnation point CO2 mass flux was 23% below the rate of the purc

b e i

CO2 models. The mass flux around thc hemisphere did not decrease with
distance from the stagnation point until beyond the 45 degree position,
and the internal temperature was slightly higher than the pure CO2

models. The composite results could be predicted by reducing the

Lo ik gt el
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transfer coefficient by 6% and including in the surface model diffusion

of the sublimed CO2 through the wells between the beads, nonequilibrium

- » N
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sublimation, and the consequences of heat transfer through the beads to

the subliming surface.
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THERMOMECHANICAL ABLATION

I. Introduction

The reentry of a vehicle into the atmosphere cannot be

oxperimentally duplicated on the ground, nor can the vehicle

in flight be instrumented well enough to determine all of
the significant phenomena associated with nosetip ablation.
This handicaps the analyst's attempt to model an event
governed by aerodynamics, heat transfer, and material
science. It is, therefore, no surprise that ablation

modeling is a difficult task zad is often the subject of

much dispute.

Through the efforts of many early researchers, the rate

of thermochemical ablation can be approximately determined
with rather simple relationships which yield surprisingly
accurate predictioﬁs for some materials. The key to the
simple solution is the application of the "Unity Lewis
Number” assumption, which implies equal mass and thermal
diffusivities, to the surface energy and specie conserva-
tion equations. This assumption was apr.ied to the problem
by Shvab and Zeldovich (Ref 21 and 26) in the 1940's and
received its widest dissemination when presented in its
most general form by Lester Lees at the Third AGARD
Colloquium on Combustion and Propulsion in 1958 (Ref 12).
Lees' results can be found in textbooké such as Dorrance

(Ref 3) and are the basis for mosi of the ablation
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prediction procedures used in the.Unifgd States aerospace
industry today. Spalding (Ref 24) employed the unity
assumption in a slightly different presentation to yield
equally useful results, which received excellent tutorial
treatment in W. M. Kays' text (Ref 8). These formulations
allow the determination of surface temperature and the
ratio of mass transfer rate to heat transfer coeffi~ient
when the boundary layer edge conditions and the thermo-
cheanistry of the system are specified. Convective heat
transfer theory supplies the transfer coefficient which
must he corrected for mass addition at the wall (blowing).
Kubota (Ref 11) simplified Lees' theory for a binary mixture
with nc chemical reactions and performed somefearly low
temperature ablation experimentg using ice at Mach 5.8.f
When experimental data became available for the
ablation of graphite, it was noted that the mass loss rat.s
were higher than the amount predicted by thermochemical
theory. The hypothesis which best explained the data was
that the graphite did nct completely transition to the
vapor phase, but that solid particles were removed from tlie

surface in a high enthalpy, high shear ablation environment

. (Ref 10). In fact, Tundell and Dickey were able to photo-

graph a shower of glowing particles downstream of an
ablating graphite model (Ref 13). The phenomena is called
thermonechanical ablation or erosjon and it was estimated
that in reentry the ratio of thermomechanical ablation to

thermochemical ablation for graphite could exceed one
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(Ref 10). As the understanding'of turbulent rough wail
heat transfer increased, the estimated mechanical loss
fraction Qés revised downward; however, uncertainties exist
due to the fact that it has not been possible to directly
measure the fraction of solids removed from an ablating
graphitg surface. .

Ablation performance prediction models include a
ppovision for thermomechanical mass loss. The conservation
of mass and energy equations for the ablating surface allow
s0lid as well as vapor to convect through the boundary.
Howevei,_it is assumed thét neither the surface nor the
boundary layer phenomenz are affected by the solid parti-
cles (Ref 9 & 16).

The objectives of this research are to ﬁerform an

ablation experiment in which a controlled amount of solid

material is released from an al.lating surface, and to

improve existing thermomechanical ablation models.

This dissertation contzins a derivation of the approx-
irate ablation theory which was used to select solid carbon
dioxide (CO2 or dry ice) from among various candidates for
the experiment. The congstruction and testing of both pure
CO2 and glass bead-~CO2 models =zre deseribeﬁ. Following a
presentation of experimerial resuits, improvements in the
thermomechanical theory, including the effects of
nonequilibrium sublimation, diffusion wells, and microscale

heat transfer events, are developed and discussed.
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II. Simplified Ablation Model

éhe primary purpose of this chapter is to present the
approximate ablation theory as applied to a simplified
model of a subliming surface including thermomechanical
ablation. The other analytical relations nseded to deter-
mine ablation rates are also presented. A'prediction cf
the simplified theory is then compared to that of a more
exact solution.

The heai and mass transfer fluxes are shown schemati-
cally in Figuré i. The coordinate system is fixed to the
so0lid-gas interface. The system'is assumed to have only
two components: the subliming subsfance and the surround-
ing gas, "air.” The system is analyzed at a fixed location
of the streamwise coordinate.

The overall mass flux of the system is described by

the equation

(pw})w + = My (1)

]

whéfe ﬁT is the total mass flux coming to the surface, ¥
is the mass flux which leaves the surface in the solid
Phase, and (pv)w is‘%h% normal mass flux of the gas phase.
If my is partitioned into the amount which leaves the
surface as a solid, m*, and the amount which vaporizes, m,

the overall mass conservation equation reduces to
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The mass flux of the vaporizeg material is usually
partitioned into convected anﬁ diffused portions. The
convected portion is expressed as the. mass fract;on of the
subliming substance at the wall, Kw’ times the normal mass
flux of the gas phase at the wall. The expression for the
diffused portion is derived from Fick‘s Law--the éiffused
flux is proportipnal to the concentration gradient.
Therefore, the conservation of mass equation for the

material which vaporizes is
Ky _ o
(pv)y K, = (oD 33),, = | (3)

The equation is further simplified by the substitution

of (pv)w from Equation (2) into Eqﬁétion (3) and by

rearrangement.

B(l-k) = - (o089, (4)

The energy flux of the system is described by the

equation
(q,..) 2y 3 (oDh. 2K 4 (pv).n
Yrad’net oy’w 1=1 prny dy’'w PV iy
l* [ ] —l
* mhg * ing = Prhg (5)
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vhere the first term is the net fﬁux 6f heat transferred
by radiation, the second term is the classical conductive
term, expressed by Fourier's lLiaw applied to the gas phase,
the third term is the enthalpy carried by the diffused
portion of the gas phase mass flux, and the fourth term is

the amount carried by the convected portion. The amount of

" mass which leaves the surface in the solid phase is assumed

to have the same enthalﬁy as that'of the solid coming up to
the surface, hg (Ref 10 & 16). The fifth term is the
amount of heat conducted into the interior. Subtracting
ﬁ*hs from each side of the equation, the energy equation

becomes
&Ei (pDh, 3y v
) (6)

* (D_V)whw * qi_nt = mhg

aT) *

-(k‘g'iw

.(qrad)net

o

Taus, by partitioning the total mass flux into the
amount which is vaporized and that which is not, the
equations for a system with thermomechanical ablation are
transformed into the same equations wﬁich describe a system
ﬁith pure thermochemical ablation: Equationé (2), (3),

(4), and (6)., This is an important result in that the

" development wr.ich follows applies to either pure thermo-

chemical ablation or combined thermochemical -~ thermo-

mechanical ablation provided that the term m is restricted
to that portion of the mass flux which is vaporized at the
surface. This result also applies to the more complicated

ablation process of graphite (Ref 16), and ig the basis of

7
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the thermomechanical ablation eiperiment of this research.
Simply stated, the existing heat and mass t?ansfer theory
associated with thermomechanigal ablatioh prz2dicts that the
response of the vaporizing material does not depend on the
amount of thermomechanical ablation in progress..

To simplify the following development, the radiative
heat flﬁx term and the internal heat conduction term are
assumed to be negligible relative to the other terms and
are eliminated from the analysis. Further simplification
of the energy equation results from the assumption that the
Lewis'ngmber is one. The Lewis number is defined as the

ratio of the mass diffusivity 4. the thermal diffusivity.

D

Le=%c—p' AT

" Thé quantity is often close to one for many mixtures of

interest. When the Lewis Number éguals unity, the heat
conduction and the summation of the diffusion enthalpy flux
terms of Equation (6) combine into the single term

(é% %%)w' This comhiration is derived in Chapter V. The
energy equation tha:n reduces tc

2h

n(h,hg) = (& 50, (8)

At this point it is convenient to replace the term
with the derivative by a transfer coefficient times a

driving potential. The most convenient coefficient for the
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heat and mass transfer problem is the Stanton number,

defined by the equation

(& 2h

. Cp By'w . )

Cqy = 3o (H i) (9)
pe 2 r w

"where h, is the recovery enthalpy. Substitution into

" Equation (8) yields

m(h -h ) = peu?CH(hr—hw) (10)

The similarity of Equations (4) and (8) suggests that
a transfer coefficient approach might also be useful in

Equation (4). In fact, with no chemical reactions, and

4

. when the Prandtl and Lewis numbgrs equal unity, the

boundary layer solutions to tﬁe concentration and energy
equations are similar, Whigh wili be shown in Chapter V.

With similarity the identical transfer coefficient can be
used for mass transfer with the cohcentration difference

replacing enthalpy difference as the driving potential,

The Stanton number for mass transfer is

(p &
Cyp = ﬁ Try (11)
pee e.w .

Substitution of CH from Equation (11) into Equation (4),
with Ke = 0, yields

e Ky
m = TTE, Pl (12)
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Equation (10) is still somewhat difficult to use since

k]

A

the enthalpy of the gas at the wall is a function of concen-

e
I

tration aﬁd temperature. For the two species, (1) the sub-

% liming substance and (2) "air”, the enthalpy at the wall is

{ hw = Kw'hlw + (l'Kw) how (13) .

Substitution of h, from Equation (13) into (10) yields

x.I'I:Kwh-lw * (l'Kw) h2w'hs:l = (14)

r . .
pepeCHLhr - Kwhlw - (léKw) h2w]

Using Equation (12), the terms of Equation (14) can be
}; * regrouped such that all terms relating to the enthalpy of
; -. the subliming material are on the left and all the terms

4 _relating to the eninhalpy of the aiﬁ are on the right.
m (hy~hg) = pguCy (hy=hy,) (15)

The enthalpy difference on the left is simply the enthalpy

of sublimation, A hsub‘

. : Finally, the nondimensional mass transfer parameter B*

is defined by the equation

B! = Ly
peueCH (16)

Subatitution of B' into Equations (12) and (15) and

rearrangement yields

10
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K .
B' = % (17)
T-K, .
h,. - h
Bt = 2 (18)
sub

Assuming that the gas at the wall can be modeled as a
mixture of ideal gases, Equation (17) can be expressed in

terms of the partial pressure of the subliming material.

B' =, ;:"]_" 1 ?lv(’/ PZP) (19)
. 2 Piw :
= Molecular weight

Where: M

Py = Partial pressure of sub-
. liming specie at the wall

P

Mixture pressure

If the vapor of the subliming specie is assumed to be
in equilibrium with the solid phase, the parfial pressure
is the equilibrium vapor pressure which is a function of
the wéli temperature.

With this system of equations, a unique value of Tw
and B' can be d;termined when hr’ P, and the thermochemis-
try of the system are specified. The solution of these
equations can be obtained graphically by assuming various
values of wall temperaéure and plotting B' from Equations
(18) and (19). Ablation response plots are shown in

Figure 2.  The equilibrium vapor pressure of a material is

often correlated in the form

11
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log,o(p) = (-0.2185 A/T) + B . (20)

where p i8 the vapor pressure in Torr and T.is the tempera-~

ture in degrees Kelvin (e.g. The Handbook of Chemistry and

Physics). The Clapeyron equation relates the enﬁhalpy of
evaporation-or-subiimation—to—the—equilibrium-vapor
pressure--temperature relation. Equation (20) is conven-
iently arranged so that the constant A is the molal heat
of sublimation (Ahsub/Ml). Equations (18), (19), and (20)
can be solved by an iterative process.

Once B' and Tw have been determinad, two corrections
must be'applied to conventional heat transfer -results

before mass flux can be determined. First, the Stanton

. number, which is based on the actual heat transferred to

the ablating body, must reflect the reduction in heat

" transfer due to blowing. Gazley, Gross, and Masson (Ref 5)

reported Equation (21), a correlation of theoretical
results for the ratio of Stanton number without mass
addition to the boundary layer, CHo’ to that with mass

addition.

Q

1/3
Ao = 5 4 0,6 (-ﬁ) B (21)

H
The equation compares well with experiment, especially for
low B' values. '
Second, the results of the simplified heat and mass
transfer equations must be ccrrected for the assumption of

unit values for the Lewis and Prandtl numbers. Analysis

12
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and experiment have shown that moderate departures from

unity are adequately accounted for by adjustment of the

transfer coefficient. Kays (Ref 8) suggests the following
-~ Lewis.number correction to the heat transfeir Stanton number

for mass transfer appiication:

(CH) Mass Transfer
(CH) Heat Transfer

= (ze) 2/3 (22)

In summary, the mass loss is estimated by the follow-
El : ing procedurs:
' 1) B' and Tw are determined upon specification

of the environmental conditions and the subliming material

using a plot or by otherwiwe solving Equations (18) and'(19L
2) CHO/CH is determined from Equation (21).
3) Gy, is determined through conventicnal heat
transfer techniques. Since Tw has been determined,
reference temperature methods can be used for properties.

4) Finally

B = (pg2eCye) (O/Cyo) (L) 3B (23)

This simple theory provided the infofmatioﬂ'necessary
to design a sublimgfioﬁlexperiment; however a verification
of its accuracy was required before it could be used to
eyaluate experimental reéults. Thé more exact solution was
obtained using the Boundary Layer Iﬁtegral Matrix Procedure
(BLIMP) written by Bartlett and Kendall (Ref 2). The

BLIMP solution is described in Appendix A, It includes

13




the mass transfer prediction for the entire hemispherical

Torebody, and takes into account the individual air

sy
o
4

o

species, and unequal diffusion coefficients. A comparison
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*»of the simple theory and BLIMP for an axisymmetric stagna-
tion point for the approximate conditions of the experiment

performed in this research is shown in Table I. In this

L& Lt g iR
R e N T

case, the unity Lewis number assuniption has not only
simplified the derivation, but also provided very accurate
predictions for the ablation response. The boundary layer

is assumed to be laminar.

Table I

Comparison of BLIMP znd Simple Theory Predictions for an
Axisymmetric Stagnation Point

BLIMP APPROXTIMATE  DIFFERENCE

o rre: st AT LSS T e S L, oo el Kl Sl FATL
> Lealr- Ut < ¥, ;
R oo A‘W‘W «mw »..Wmm- P ey '

T, (XK) 181 172 ~5.0%
B' | 0.193 0.192 -0.5%
Pe%eCHo (ke/n°.s) 0262 0.268 2.3%
ii Cyo/Cur . 1.094 1.107 0.9%
éz POy (ke/n’+s) 0.239 0.242 - 1.3%
;é m (kg/n®es) T 0.0461 0.0465 0.9%

DN
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III. Experiment

An experiment was performed which provided a direct
comparison of ablation with and without solid mass addition
to the boundary layer. This chapter contains the rationale
used in the selection of a subliming material for the
experiment, the method used in the fabrication of the
models, a description of the experimental test facility,

the experimental procedures, and the methods used in the

reduction of the data. i

Subliming Material and Environmental Conditions

The initial problem was toﬁfind a good combination of
subliming material and envirogﬂental conditions for the.
experiment. Kubota's paper.{Ref 11) was quite helpful in
this regard since it contained graphs of ablation response
as a function of environmental conditions for water ice,
dry ice, and camphor which are summarized in Figure 2. A
low turbulence subsonic free jet was chosen for the experi-
ment because of its ease of operation and low cost. The
free jet afforded open access to the mode}, which facilita-
ted data acquisition. The conditions in the jet were
ambient pressure and near 0°C temperature. With this
environment, dry ice (solid COZ) was chosen because it
responded with a B' of nearly 0.2,.which is high enough to

yield sufficient mass transfer for experimental accuracy

15
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and is within the range of B! véiues experienced by
‘graphite during reentry.
Axisymmetrical flow over z hemispherical forebody-

* cylin&rical afterbody was chosen over a two-dimensional
flow configuration for a more accurate determination of the
shape change during the experiment.’ The potential flow
solution for the -sélected shape is one of the many computed
by A.M.0. Smith and Pierce and presented in Reference 22.
Thneir computed velocity distribution merses into that for a
gphere near the staghation point as shown in Figure 3.
Therefore, the stagnation point heat transfer coefficient
for this geomefry is identiczl to that of a sphere. .

The experiment was performea at Mach numbers below‘o.l
which further simplified the predicfion of the ablation

The pressure did not significantly vary around
the body and the recovery air temperature was essentially
congtant and equal to the free stream air temperature.

With constant environmental conditions, the simple equilib-
rium theory predicts a'constant wall temperature and B'

around the body, which further implies a constant ratio of

CH to CHo' The mass loss is then directly propoi-tional to

the heat transfer coefficient around the bodyvas predicted

by Equation (23). 'Tﬁié conclusion was confirmed by BLIMP

‘in that the predicted variation of wall temperature around

the body was only 0.11K {0.065%) and the B' variation was
only 0.0015 {0,78%).

17
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Ablation Models

The 25 mm diameter models were produced in molds of
two designs, which are shown in Figure 4. The first was
made from seamless tubing with a welded end plug which had
a hemispherical surface machined into it. A second mold

was constructed of stainless steel tubing with a2 hemispher-

"ical surface machined into one of the threaded end plugs.

The second design was much easier to construct. It

facilitated the extraction of the -frozen model, since both
ends of the tube could be removed and the model pushed out.
Both molds had a single entrance port for the introduction

of carbon dioxide.

Thermomechanical ablation was simulated by dispersing

-

[

glass beads in the 002. Since. the speculated size of the
solid particles removed from ablating graphite was on the
order of the stagnation poi;t boqﬁlary layer thickness, the
boundary layer thickness oi this experiment dictated that
120 pm diameter beads be chosen. The beads were screened
to improve size uniformity. The bead shape was fairly
spherical as shown in the photomicrograph in Figure 5.

The most reliable method of obtaining a uniform

. dispersion of glass beads in the CO2 was to fully pack the

beads into the mold before introducing the 002. All of
the glass bead 002 ablation experiments were performed
using the fully packed mode of glass bead loading. A
plastic rod (also shown in Figure 4) was frozen into the

center of each model to serve as a solid attachment point.

19
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The rod had a hole drilled along its axis, so that a ther-

mocouple junction could be placed near the center of the

. hemispherical nose.

The glass bead and CO2 composite models ‘were quite
sensitive to moisture. If any moisture was present, the

beads tended to agglomerate during the experiment, forming

‘a crust on the model surface. The following filling

procedure was used to eliminate the moisture. The mold was

filled with preheated beads, then maintained at 360 K in an

oven for at least one hour. The hot mold was then attached
to a system for introducing Cozfipto the mold which is

skown in Figure 6.

PRESSURE +

REGULATOR

C02
SUPPLY

CYLINDER CONNECTOR

VALVE
g PRESSURE
VACUUM GAGE
PUMP
MOLD
DRY
ICE
BOX

Figure 6, System for Producing Ablation Models
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‘A vacuum pump attached to the fixture maintained a very low

pressure in the mold while it was cooling. When cool, the
mold was placed in an insulated container and.packed with
dry ice. The system was then pressurized with C0, to
approxiﬁately 14 atm. The CO2 pressure was maintained for
several hours, typically overnight, then the regulator was
closed. Within five hours the pressure in the'mold
decreased to slightly above atmospheric pfessure, as the

remaining CO2 vapor solidified.

Experimental Test Facility and Procedures

A free jet built for an Air Force Institute of Technol-
ogy aeroaccoustic study (Ref 14) supplied dry, very'low
turbulence air to the nodels. The . jet exit was 102 mm x
76 mm. The model size and placement were consistent with
aerodynamic testing standards required to simulate free
flight through still air. The jet and model are shown in
Figure 7.

Measurements were made of tunnel plenum temperature
and pressure, ambient pressure, and the model internal
teiiperature and shape as a function of time. P;enum
pressure was measured using a precision manometer. The
output of the thermocouple inside of the model was recorded
by a continuous strip chart recorder. Model shape as a
function of time was obtained from ?5 mm photographs of the
model with a stop watch and reference scale in the field of
view. Typical photographs of pure CO2 and composite models

are shown in Figure 8., The models, positioned in front of

22
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Free Jet and Ablation Model
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Data Photograph of Model, Stopwatch, and Reference Scale

Figure 8.

(Top~-Pure COy, Bottom--Composite)

Taken Early in Test.
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a flat black background, were front lighted by a strobe
flash attached to the camera. The camera was a Mamiya/
Sekor 1000 TL with a 270 mm lens. With this system the
*camer; could be positioned about two meters from the model
to eliminate parallax.

Air was introauced into the tunnel at the desired flow
rate and the ambiert conditions were recorded. _When tunnel
temperature 2x2 pressure stabilized, they were recorded.
Then the pressure was vented from the mold, the mold was
opened, and the model was extracted. The model was
attached to the support system while positioned out of the
jet and the thérmocouple wires were connected to the.
recorder system. The support wgé then swung into the jet
and locked iﬁto position on the jet'centerline. Pictures
were taken at approximately ten second intervals until the

surface receded to the embedded thermocouple.

Data Reduction

All of the data required to determine surface reces-
sior, rate are contained on the 35 mm film. Each frame was
prc jected onto a light table by a precision film.reader and
the distance reference and surface prcfile were traced. A
typical set of recession profiles is shown in Figure 9.

The complete set of recession profiles is contained in
Appendix B, |
The conversion of the recession profiles to local

recession rates around the hemispherical surface was

faciliﬁated by the use of an HP 9820A Calculator with an

25
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g dAnput digitizer and‘an output piotter. 0f primary interest
e ‘was the normal recession of the stagnation region while the
2 I surface was still essentially hemispherical. In prepara-

» tion for the data reduction, the recession profile trace

H ‘ was placed on the digitizer and the center of curvature of

the front surface was determined with the aid of an overlay

4 of concentric circles. A protractor was then p}aced over

the recession trace with its axis on the center of curva-

TN T R I (WS T N TR Wmmmw

ture and with the center ray (labeled zero) perpendicular

B

.2
s S A

to the nozzle exit plane as shown in Figure 9. The radii
of the protréctor are 15 degrees apart.

After enfering the time associated with cach profile
trace, the recession along each'fadius was digitized. As

each point was digitized, the location was stored, the

x ' location and time for that point were piotted, and the
point was numbered on the plot. The calculator referenced

all distances to the first point digitized and all times to

the time associated with the first profile. After each
point.along the ray waé digitized, points were selected to
inglude in a least squares linear curve fit. The equation
of the line was then printed and the line was plotted on
the recession trace through the range of intefest. The
recession rate is'fﬂé.glope of the curve. Two typical
‘recession plots are shown in Figure 10. The essentially
constant stagnation point recession'rate shown in the top
plot is a result of the compensating factors of decreasing
-model diameter and increasing nose bluntness. In the

.
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Figure 10. Typical Recessinn Plots
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second plot, the curve indicates an initial rate, associated

with the hemispherical shape, which decreases as model shape

. change decreases the transfer coefficient. All of the

recession plots are contained in Appendix B.
The carbon dioxide mass loss fate is related to the

normal recession rate, s, by the equation ﬁcoz = pcozé.

The density of solid CO2 in the temperature range of

interest was determined by Maass to be 1.60 Mg/m3 (Ref 15).
For the glass bead CO2 mixture, the density of each
conestituent was determined by qegsuring the increase in
weight of the mold after addition of the glass beads, then
after COz‘soliqification. The.cgnﬁer rod was“not used in
the five models especially fabri%ated for density determi—
nation. The density of.glass in the mixture was 1.48 t
0.02 Mg/m3 of mixture and fﬁe denéity of the composite was
2,09 t 0.03 Mg/m’. Therefore, the density of the CO, was
0.61 % 0.05 Mg/m of mixture.

Experimental Conditions and Physical Properties

The range of experimental conditions and physical
properties of the experimental materialg are listed in
Table II. The glass bead-CO2 composife tﬁérmal properties
are based on the properties of the constituents. Since the
conductivities of the materials are nearly identical, the
effective conductivity of the compésite is essentially that

of the continuous phase, CO,, 0.71 W/m*K (Ref 7). The

29




density of the composite was de%erhined to be z.oé'mg/h?.
By adding the mass weighted contribution of the specific
heat of-eéch material, the specific heat of the composite
is determined to be 0.92 kJ/kg+K. The effective thermal
diffusivity of the composite is, therefore, 0.371m£?s.

This result is quite fortuitous, since, with nearly identi-
cal thermal conductivity and diffusivity,'the pure CO2

models and the composite models respond essentially the

same in both transient and steady state conduction.
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Table iI

Range of Experimental Conditions
and Model Component Properties

MODEL RADIUS (mm)
VELOCITY (m/s)

AIR TEMPERATURE (K)
PRESSURE (atm)
REYNOLDS NUMBER Rep
PeeCH (kg/mz-s)
PRANDTL NUMBER Pr+
LEWIS NUMBER Le*
SCHMIDT NUMBER Sc*

SOLID PROPERTIES AT 170K
DENSITY (Mg/m’)

" THERMAL CONDUCTIVITY

(W/m+X)
SPECIFIC HEAT (kJ/xg°'K)

THERMAL DIFFUSIVITY
(mm2/s)

MASS FRACTION IN
COMPOSITE

ENTHALPY OF SUBLIMATION
(xJ/xg)

10.0 - 12.7
18-6 - 3.803
270 - 282

00957 - 00980

19,500 - 32,

0021 - 0033

0.735
0.886

0.829

CARBON
DIOXIDE

1.60 (15)%+
0.71 (6)

1.2 (15)
0.38

0.29

589.1 (6)

koo

GLASS  COMPOSITE
2,7 (&) 2.09

0.79 (&) 0.71

0.84 (4) 0.92
0.35 0.37

0.71"

C0, VAPOR PRESSURE  Log,,P (atm) = -1352.4/7(K) + 6.9576 ¥

# At Eckert's reference temperature (approximately 222K)

#* Number in parenthesis is the reference number

+ This correlation is based on the enthalpy of sub-
limation at 170 K and the vapor pressure data
reported in Referencz 6.

31




R Y L

R L o

g

o ir

Iv. E;pgrimental_Results

The mass loss results for the pure 002 models are
shown in Figure 11. The data have been normalized by the
stagnation point mass flux predicted by BLIMP, adjusteh to
the particular conditions of the experiment by the approxi-
mate theory presented in Chapter II. The normalized BLIMP
distribution is also shown. Except for the stagnation
point value, each data point shown is the average of the
values on either side of the stagnation point. The results
are in fair agreement with the predicted results; although
on the average, the experimental values are less than
predicted, -6.5% less at the stagnation poin$.$

The normalized carbon dioxide mass transfer results of
the glass bead laden models are shown in Figure 12. The
average stagnation point carbon dioxide mass loss rate was
28% less than the amount predicted by the approximate
theory, or 23% less than the experimentally observed mass
loss rate of the pure carbon dioxide models. ‘The distribu-
tion of mass loss around the hemisphere was different from
the pure 002 results in that the mass loss rate did not
decrease until beyond the 45 degree location. The mass
loss data for these models also exhibited more scatter,
which can be attributed, at least in part, to the variation

of the CO2 mass fraction in the composite models.
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The thermal response, as senﬁea By the embedded
thermocouple, of all models can be divided into three
periods. .Referring to the labels on the example tempera-
ture trace shown in Figure 13, there was a period of
decreasing temperature (A to B), a period of approximately
constant temperature, referred to as the asymptotic temper-
ature (B to C), and a period of increasing temperature (C
to the end of the test). The initial temperature drop is
an indication that the temperature of the dry ice packed
container in which the mold was placed while the model was
80lidifying was higher than thq?@quilibrinm wall tempera-
ture during the convective heat and mass transfer process.
The increase in temperature indicates a respoﬁse to possi-
ble thermal gradients near the.gﬁrface and, upon exposure,
the warmth of the air stream.

In a few experiments.’%he thermocouple data was
obviously erroneous, in others, the mass loss data was
useless because of flaws in the model, yet the temperature
data was acceptable. A table of asymptotic temperatures is
included in Appendix B. Of three experiments with pure

COZ' the mean asymptotic value was 179.3 K. Of ten

. experiments with composite models, the mean asymptotic

value was 182.1 X,
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V. Ablation of the Composite Material

The addition of nonsubliming material to the CO2 had a
significant effect on the observed mass transfer from the

model. A change in mass transfer could be attributed to a

" change in either the transfer coefficient, peueCH’ or the

driving potential, 3'. Had the réduction in mass loss been
solely the result of a reduced_transfer coefficient, no
change in model temperature would be expected. The
slightly higher model temperatlres associated with the
composite material and the high percentage of nonsubliming
material‘dictated that a more.tbopough analyéis of the
ablating surface be performed. -

Inspection of the enlarged speculated model of the
surface shown in Figure 1h"éuégesfs items for consideration.
First, the wall will most certaiﬁly be rough rather than
smooth., On a discrete level, the raised glass bead surface
probably receives more heat flux than the lower CO2 surface,

especially considering the fact that the CO2 is outgassing,

while the glass is not. The glass beads affect the mass

. transfer of the Co? by constricting the surface area

available for sublimation, which causes a higher local mass
transfer rate at the subliming surface. The presence of
the beads also caﬁsed the CO2 vapor to diffuse through
wells between the beads to the boundary layer.
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In this chapter the heat and mass transfer equations
which were présented in simplified form in Chapter II are
reexamined with special attention given to the probable

microcosm of the glass bead-CO2 surface. The improved

-equations are then individually investigated; first the new

conservation of energy equation, then the conservation of

‘mass equation. Finally, the computétiona; scheme used to

solve the coupled equations is presented.

Improved Ablation Model

To improve the modeling of the ablating surface, the
single control surface is replaced by the control volume
shown in Figure 15. The top of the control volume is the
fluid dynamic wall, which can be roughly identified as the
top of the glass bead layer. The bottom of the volume is
the subliming surface.

The total solid mass flux entering the control volume
is immediately partitioned into that Which will sublime, m,

and that which will not, m . The expansion of the control
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gas bhase at fluid dynamic wall
subliming specie
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surface to a control volume doeé ﬁot affect the cénsérva-
tion of overall mass and individual specie equations.
Rather thén repeat the previous de#elopﬁént, the important
results are listed.

m

il

(ov), (2)

i

w(1K,) = -(oD 23),, (4)
The.improved conserv tion of energy equation contains
all of the terms identified in Chapter II, including the
radiative heat flux term and the internal heat conduction
term, and soﬁe addiﬁional terms associated with the flux of
the glass beads. The energy terms are shown échematically

and defined in Figure 15. The energy equation for this

system is

2
. 5% % _ aT : 3K
mh, + mh, = - [(x "'ay)w +'i=2=1 (pDh, —-ay)w] o
2

.* * * E ] [ ]
tm (hs * 4h7) + (qrad)net * (pv%vhw * Uint

The terms in the bracket may be simplified under the unity
Lewis number assumption. Since this is a binary mixture,

the diffusion coefficient, D, is tpe same for both species
(Ref 4:450}. First the Lewis number, which was defined in

Equation (7), is substituted into the bracketed expression.

ke 22 o,
(CPL,[(Cp syw ¥ e I (B I (25)
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By definition, the specific heat of a nonreacting mixture is

(26)

and, from thermodynamic analysis, the specific heat at

constant pressure of a specie is

Cps = (5) ' (27)

Substituting these definitions into Equation (25), the

expression becomes

. 2
(&) [z by ap ___.1 )

Given the general case, that enthalpy is a function of
temperature and pressure, the derivative of enthalpy with
distance y is

oh _ aT

The enthalpy of an ideal gas is a function of temperature
only, but for any gas the second term is zero since the
pressure is assumedsté.be constant across the boundary
layer in the normal direction. Therefore Equation (28)

gimplifies to

By 15 k. B 5o 241 (30)
C - iay ei:l lay 3
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Now, if it is assumed that Le = 1, the sum can be expressed

as
2 ah. - 3K.
k_ 1 SR &
(), I K + h

D i3y i ;;T)w (31)

Combining the differentials, the term simplifies to

2 2
(Cp)w L Kby (cp) 3y (i=1 K;hs)y
x_ 9h (32)
= (o ayw

The comoined term is often referred to as the heat
conduction term and, as defined in Chapter II, it is

expressed as a coefficient times an enthalpy difference

k_ 3hy _
(Cp 'é—y)w - peueCH (hr'hw) (33)

The driving potential is the-difference between %he
recovery enthalpy and the enthalpy of the mixture at the
wall. The Stanton number is substituted into Equation (24),
and, after rearrangement, the equation btecomes

o ul, (h-h)-mh-h) - m*an*
e’e H T W w S (34)

= (drad)net * dint
Further simplification requires a boundary layer
gimilarity result. The steady state conservation of mass
equation for a specie in a nonreacting boundary layer is
(Ref 12)
L2
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pu 38 + pv y oy (DD 3y) (35)
where: s = the streamwise coordinate

]
"

streamwise velocity

For the same system, the total enthalpy form of the

_ energy equation is

. 2/
oudl 8 j-(j-aH‘*"-Q'[u(l-l—)'a‘(——)—u 2]

a8 Ay 3y ‘Pr 3y = oy Pr’ 3y
+ 2 [eD(1-1) ¢ h, i] .
3y p Le’, i3s3y
2

Assuming that the Prandtl 'and Lewis numbers both egual
one, the last two terms of the energy equation drop out.
This assumption implies that the Schmldt number (Sc=pD/u),
the ratio of Prandtl number to Lewis number, is also one.
Therefore, p can be substituted for pD in Equation (35),

and the equations become

k. oK. oK.

i i _ 2 1
nu-5-§-+ Ws—y—- = 3y (u—ay) (37)
pu-g% + pv-g% = (u ) (38)

One solution for Equation (37) and (38) is
K. = AH+ B, (39)

i i i
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where Ai and,Bi are constants for a given specie. The

R constants for the subliming specie are evaluated by

applying .the following boundary conditions:

A%t the fluid dynamic wall:
0

- Cw - 2
K=K, 6  and H-ﬁw-hw+()//2f

At the boundary layer edge:

K=K, =0 and = H=H,

Equation (39) then becomes

. K = H ~h o ('4‘0)

The derivative of Equatién (40) with respect to y,

evaluated at the wall is -

X
oK _ W H N
(};)w = - Tﬁ;:ﬁ;y (3§)w (41)

and since H = h + u2/2, then

M, _ ,oh 0 3
B = B S B, (42)

Substitution of Equation (42) into (41) yields

- L A iy et ER R S e = 8=

Ty lw (43)
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When Equation (43) is substituted intc the conserva-

" tion of specie equation, Equaticn (#), the result is

K
o PD w oh
= - (=2) (4h) -
(l—Kw) (H e--hw) ay’'w

The total enthalpy at the edge, He’ is equal to the
recovery enthalpy,'hr, either at the staggation point, or
everywhere if the Prandtl number is one. Application of
the unity Lewis number assumption and the definition of

the Stanton number finally yields Equation (12)
m = ( ) P U Cy (12)

As in Chapter II, the energy equation is now re-
arranged using the definition of the enthalpy of a mixture

and Equation (12) to yield

p u (aH(h

. 0* * -
. 2w) - m(hlw-hs) - m*Ah

(45)

(qrad)net + Uint

Since the fluid dynamic wall temperature, Tw’ can be
different from the temperature at the subliming surface,
Tge the enthalpy difference (hlw - hS) can be divided into

the enthalpy of sublimation at TS,A11 plus the enthalpy

sub’

required to raise the temperature of the wvapor to TW’AhW g
?
When this distinction and the definition of B' are applied

to Equation (45), the result is

45
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l;l . % »*
= (h.-n, ) - m(8h_ . + Ah_ )'-m AR =
B* “'r 2w sub W,8
: ' (46)
(qrad)net * Qing '
Solving for B', Equation (46) becomes
(47)

B' = (hr'th?
o (Ah + AR + o AR* + (qrad)net 4+ ~int,
sub W,S m m m
If each term in the denominator is normalized by'Ahsub, the
result is : )
h, -h e
B' = - r 2W_ . (ua)
hsub(1 * X)
. , _ L
where: X = I X. and
W i=1 *
¥ = (qrad)net ) - mrA b . ¥ o= Ahw,s . iﬂ - Uint
1 Pt T Pt P .
mAhmm mAhmm Ahmm mAhmm

The nondimensional parameter X is the sum of the relative
contribution of each term which was neglected in Chapter II.
The definition of B' is again applied to the continu-

ity of specie equation which can either be expressed in

terms of mass fraction or partial pressure.

K
B' = T_WKW (17)
M P,,/P
S | 1
B M2 1 = (plv/P) (19)
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While Equations (17) and (19) are identical to-those
derived in Chapter II, neither the concentration nor the
partial px.'essure will be assumed to be equilibrium values.
The factors which influence the evaluation of the concen-
tration at the wall will be discussed following the

modeling of the additional terms of the energy equation.

The Energy Equation

The nondimensional parameter X in the energy equation
can have either a positive or a negative value. If X were
zero, Equation (18) of Chapter II would be generated. Each

contribition to X will be separately evaluated.

Radiation Heat Transfer. Tl is the ratio of net heat

" transfer by radiative process to the rate of heat absorp-

tion due to sublimation. Assuming the surroundings are

radiating as a black body at room temperature, the net flux

can be approximated by

L

. N L
(qrad)net = €0, - aoTroom (49)

Further, assuming that the temperature difference is small

enough that € and o are approximately equal, the equation

simplifies to

(qrad)net _ _Ff¢ .(T“’ - b (50)
m Ah, mbhg o W room)
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A pure CO, surface and a glass ia@ep CO, surface would
probably have different 's, however both are assumed to be
unity for this approximation. _ -

The next two contributions to X reflect the fact that
some energy can be absorbed by the solid and the gas pass-
ing through the control volume. The evaluation of these
terms féquires an estimate of the temperature difference
across the control volume. In the development which
follows, a sphere is analyzed to determine the temperature
rise that ié caused by an imposed heat flux, and the
increase in energy implied by that temperature rise. Next
an anal&sis is performed to determihe the thermal resist-

ance of the gas between the spheres. An analysis of the

- relative resistances of the sphere, the gas boiumns, and

the boundary layer finally yields an estimate of the

. temperature drop.

Sphere Analysis. It will be shown that the majority

of the heat flux to the model passes through the glass
beads. The thermal analysis of the beads requires certain
assumptions which cannot be directly verified. It is
assumed that the beads are spherical, and that they do not
leave the surface until the cvz surface has receded to the
head equator. It is further assumed that the thermal
response of the sphere is symmetrical about the axis normal
to the model surface - temperature is a function of radial
position r, and angle 6, Figure 16. While it might be

guspected that ': transient heat conduction solution would

48
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- the thermal response

" highest mass transfer

.be required to obtain
of the sphere, steady
state solutions are

adequate. Even at the

rate, the surfaces.

receded at about 0.07
mm/s, traveling one

bead depth is about. Figure 16. A Sphere Half Emerged

. From the CO2
two seconds. The

Fourier modulus, defined as the thermal diffusivity times
the time divided by tﬁe square of the radius, is the
nondimensional time scale with which transient fluxes are
correlated. By the time the modulus is equal to unity, the
transient flux in a sphere is negligible. With the small
radius of the glass beads, the modulus becomes greater than
one within 0.01 seconds. The steady state heat conduction
equatién, in spherical coordinates, for the axisymmetrical

temperature distribution is (Ref 20:135)

.

2 2 :
aT 9T _
rgp o S reml gy = 0 (D)

There is an analytical solution to this problem in the form
of the Legendre polynomial series. Unfortunately, unless
the surface temperature is of a fortuitous distribution,

convergence can require a prohibitive number of terms.

L9




While several numerical prbgpaps were available ‘which
could solve the conduction problem in rectangular form, it
was decided that it would be more fruitful to write a
relaxation routine to solve the spherical problem directly.
The program computed internal temperatures for a specified
surface temperature distribution, the heat flux through the
sphere; and the amount of energy stored in the sphere above
the amount it would have had at a uniform minimum tempera-
ture level.

Solutiéns were obtained for two cases: I) a cosine
distribution from a maximum T,y at € = 0 to the minimum
To at O-= my II) a cosine distribufion over the top

hemisphere and a constant TO on the bottom hemisphere. The

. first case is actually the first Legendre polynomial, which

supplied a good test case for the program. The resulting

" temperature distributions are shown in Figure 17 and the

nondimensional heat flux and energy storage are shown in
Table III.

These two cases bracket the expected result. If the
temperature distribution is symmetrical about the equator,
as in Case I, the mean energy stored in the bead is half
the amount it would have if it reached a uniform Ty If
the CO2 maintained the bottom surface at an approximately
constant temperature, To, the energy gain is about one
fourth the uniform Ty value. The fluxes remained
essentially equal. These results were the relations used

to estimate the expected temperature difference and the

resulting increase in energy because of that difference.
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" Figure 17, Temperature Profiles in a Sphere
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Table ITI z

Summary of Theoretical Predictions for Heat Flux i,
and Energy Gain of a Sphere '

Q AE
CASE
o Ema(TyT) p Oy (/I a” (Ty-T )
I . 0.5 " 0.5
II 0.5 " 0.24

Gas Cclumn Analysis. In order to estimate the heat

flux through'the bead, the thermal resistance of a gas
column must be estimated. For analysis, assume the.
idealized geometry of three spheres half exposed from the
surface as shown in Figure 18. The column of interest
begins as a triangle at the top of the beads with an area
of V3 az and bottoms in the shaded region which has an

area Z_lg;:JL az. The area at any intermediate plane x is

2
Ax) = FrBE=mle L B (52

Assuming no heat flow out of the gas column to the glass
walls, a quasi-one dimensional expression for the heat

transferred through, ahy plane is

¢ = -xE aw (53)
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The solution of this equation with the boundary conditions
that the temperature at the top of the column is TM and at

the bottom is TO is

woom - 24 m [T ()
; TM To kra 2/3 -x tan 2/3-7n

Evaluating the constants and rearranging the equation

sy

yields
q L
T ka (TM - To) - 00127 (55)

AR
"— 2a :-’1 To

Figure 18. Idealized Gas Column Geometry
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Resistance Network Analysis.. Finally a me‘twork can be

constructed to represent the system. A "unit cell” of
surface consists of one glass bead. and two gas columns with
a total cross sectional area of 2 /F'az. The network is

shown in Figure 19. The heat flux through the boundary
layer is

] = T - - -y -~ ::4‘,';4
1, peueCHCp(Te ToA (56);ﬁ' ,Q;’ .
S 55

EI,

%
Yir
" ey

Therefore, the thermal resistance is

BL - 3. = 1

2
peueCHCp 2V3 a

(57)

For the glass bead, using the results of the sphere analysis

dGB = 1/2 Xep a(iw-Ts) (58)
Therefore .
R —_2
GB = ¢ kGB a (59)

For two gas columns

Q, = 2nkgyg alT,-7.)(0.127) (60)
Therefore
_ L
e * Tigas 2 (61)

The overall resistance of the network is

e ot S i o - AR S N 2t
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The resistance of the glass

bead is about two orders of
magnituds less than either Ra.
the boundary layer -or the

\
T

air columns; therefore, the

overall resistance to heat %QG @

flux is essentially the

wi

boundary layer resistance.

Since the temperature —

difference imposed on the

coiumns and the bead is the Figure 19. Resistance

Network
sane
Tw-Ts = Y BRez = ¢ Rg (63)
The ratio of the heaf fluxes is
Q R
L2 = & (64)
Q Rap

Considering the order of magnitude of the resistances,
essentially all of the flux is through the beads. The
flux through the bead is, then, approximately equal to the
flux through the boundary layer; therefore
_ ATgr _ ATqg
b T R, " Ry (65)
BL GB.
Equation (65) is the important relation for estimation

of the temperature difference between the fluid dymamic

-
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wall and the subliming surface, which is assumed to be ATbB‘

Enthalpy Increase of the Evolved Solids. The enthalpy
increase, Ahf, corresponds to the energy increase per unit

mass as predicted by the glass bead analysis.

»* .
an = —AE (66)
p(4/3 m a’)
It is assumed that the actual value of this quantity is
bracketed by the predictions for Case I and Case II shown

in Table III. If the average of the two cases is used,

then X2 is
L
2t (F)(0.37) ¢ T
Ah i (67)
1 2Bsup sub
Enthalpy Increase of the Evolved Gases. X, is the

3

ratio of the heat absorption rate of the gas while increas-
ing in temperature from TS to Tw’ to the heat absorption

rate due to sublimation, which is

A c_(r -7 oo
hW.S = Q( S W) (68)
Ahsub Ahsub

Internal Heat Conduction. 74 is the ratio of the ,
internal heat flux to the heat absorption rate due to
sublimation. This term is composed. of a transient rate as
the model cools and a steady state rate if any temperature

differences persist. The transient heat flux can be

56




estimated with standard techniques and will be discussed in
the next chapter. A mechanism will be described later
whereby the front of the model could be maintained at a

" different temperature than the sides. Assuming that the
front of the model responds to this in a way similar to a
sphere with a cosine temperature distribution on one
heﬁisphere and a constant temperature on.the other {Case
II), the results of the glass bead analysis can be applied.
The predicted heat flux at the high temperature point is

ar. - 5.8 (69)

kAT
Therefore
?int 10.8) k {Ts~ Tint) (70)
m Ahsub rm Ahsuﬂ)

The Conservation of Specie Equation

The result of the more thorough analysis showed that
Equation (17) of Chapter II also applies to the ablation
of the composiﬁe material. In this case, the concentration
of CO2 at the fluid dynamic wall is not necessarily that
determined by phase equilibrium at the wall temperature.
Three phenomena codid.pause the concentration to be
otherwise. The first is the possibility that the sublima-
tion temperafure is different from the wall temperature,

the second is that the concentration could be attenuated

between the subliming surface and the fluid dynamic wall,

57
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b AR,

-and finally, because of the mass transfer, the vapor

pressure of the 002 at the subliming surface could be

something less than the equilibrium value.

Temperature Difference. The possibility of a differ-

ence between the fluid dynamic wall temperature, Tw’ and
sublimation temperature, Ts’ must be accounted for in the
simultaneous solﬁtion of the mass and energy conservation
equations. It is the fluid dynamic wa.l temperature which
is required to determine energy transfer; the sublimation
temperature controls the mass transfer. In the simultane-
ous solution, the temperature difference is assumed to be
the difference across the glass -beads, and is compufed

using Equation (65).

Concentration Attenuation. If the columns of gas

between the glass beads were essentially stagrant with
respect to the boundary layer flow, the only mass flux
would be normal to the surface. This can be most reason-
ably imagined at or very near the stagnation point where
velocities pargllel to the wall are quite low. The result
of this situation is a diffusion well effect which causes
attenuation of concen?ration levels (Ref 4:452). Given the
arbitrary well gedﬁétry shown in Figure 20, the quasi-one

dimensional equation for the flow rate of a specie is

dK. .
A(x) [K;(pv) - oD E;*] = My (71)
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" were completely covered

If the area is constant, the resulting concentration

distribution is

1X
v {204 .

Furthermore, if a surface

with one dimensional
wells of infinitesimal
wall .thickness, then the

mass flux in the well

(pv) would .2lso be the
fluid dyhamic wall flux,

m. Given walls of finite

thickness, the one dimen-

gional analysis could be Figure 20. Arbitrary Geometry
‘ for

used with an adjustment Diffusion Analysis

to the mass flux by the

ratio of well area to surface area, F.

(pv) = m/p (73)

An improved approximation for the glass bead simulation is
to perform a quasi-one dimensional analysis using the
idealized gas column geometry shown in Figure 18. The

concentration attenuation for a well depth y, no greater

than a, is
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- tan™} (222) )]
T
where (pv)w = m, the mass flux at the top of the well

Nonequilibrium Sublimation. The pure 002 models

exhibited the traits of a system experiencing nonequilibrium
sublimation, which are a mass loss rate lower than the
analyfical prediction of an equ%librium model and a wall
temperature higher than the préd%ction (Ref'l). The
definitiop of the equilibrium vapor pressure is that pres-
- sure which exists in a closed.spabe over a liquid or-solid
with no net mass transfer throﬁéh the phase interface and
with no other substances prgsent. Since the ablation
environment is quite different, nonequilibrium effects are
possible. This effect has been investigated by many
authors. The direct result of nonequilibrium vaporization
is a decrease in partial pressure below the equilibrium

value. For nonequilibrium vaporization (Ref 18 and 23)

(B, - P, = D5 /ZiREM (75)

where: o = The coefficient of vapcrization
R = The universal gas constant
M = Molecular weight

and 8 indicates the phase interface
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The coupled effect of the incluéion_of nonequilibfium
vaporization in the heat and mass transfer equations for
ablation 6f pure CO2 in air is shown in.?igure 21. The
effect is negligible at low mass flux levels, but as the
vatio of mass flux to coefficient of vaporization reaches a
threshold value of 10 kg/m?‘s, the effect becomes quife
dramatic. '

Application of the nonequilibrium vaporization
equation to-the giass bead - CO2 model requires a correc-
tion to the mass flux term. The glass beads block the
surfaée'area'available for vaporization; therefore,
continuity of mass fequires an increase in the mass flux at

the phase boundary which aggravates the nonequilibrium

" condition. Again, using the glaés bead surface model shown

in Figure 18, the CO2 mass flux at the subliming surface
required to sustain the mass flux m at the fluid dynamic

wall is ) .

mg = m 2 /3 (76)
2/3-2 (Y/a) + (Y/a)?

Substituting hs into the nonequilibrium equation, the model

for the glass bead 002 surface is

P -P) = (O 2ot T (77)
eq  “’'s  ‘u 2/3 - 2 (V/a) + (X/a)z 77
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Computation Scheme

LA The improved B' equations must be solved simultane-
ously to determine the overall effect on the 002 mass loss.

A B' prediction program was written to include the

discussed effects and is shown schematically in Figure 22,
The system is no longer independent of the heat transfer
coefficient, so péuéCH must be supplied as input. The
inclusion of nonequilibrium sublimation necessitates the
input of a first estimate for the temperature at the sub-

liming surface.
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INPUT Po,To, y
X, 0,UCH
' OUTPUT
ASSUMEB', T
| COMPUTE K., COMPUTE B'
EQUATION 17 EQUATION 48
= P,
COMPUTE Ks ggl’;‘:#;EN’;
» EQUATION 74 50 67 6870
COMPUTE p '
COM
IDEAL GAS OMPUTE T,
EQUATIONS EQUATION 65
1 ]
COMPUTE T
TE s
COMPUTE poq EQUILIBRIUM
EQUATION 77 VAP, TEMP.

Figure 22. Iterative Scheme to Predict B' and Model

Temperatures For Glass Bead - Co, Composite
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VI. Comparisoh.gi Theoretical and Experimental Results

While it would be desirable to subject the models to a
broad rangz of heat transfer conditions, the actual range

was quite narrow. Excluding Run 4, the average value of

'stagnation point peueCH for both pure Coz.and composite

experiments was 0.227 * 0.021 kg/mz-s. This stagnation
point mean value and the BLIMP distribution around the
hemisphericai nose, scaled to the mean.stagnation value,
became the base line for the thegretical results which

follow. Before attempting to predict the composite

' responsef the puv- CO2 prediction model is examined. The

’
base line onvironmental conditions for the pure CO2 results

were P = 0,976 atm and Tair = 280K, the average for those

i

runs.

Pure Carbon Dioxide Models

Two corrections {to the simple theory which could
affect the ablation performance of the pure 002 models are

nonequilibriun sublimation and radiant heat flux. When

these phenomena, Equations (50) and (75), were added to the

simplified ablation equations presenfed in Chapter II, a
coefficient of vaporization equal to 0.0005 brought the
theoretically predicted mass loss into closest agreement
with the experimental mass loss data and improved the
temperature agreement as shown in Figure 23. Since more

confidence was placed on the mass loss data, the
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vaporization coefficient was chosen to fit the mass loss
data rather than the temperature data, which would have
resulted in a coefficient of 0.0003. The effect of the
nonequilibrium sublimation is to reduce the partial
pressure of the CO2 at the surface. Referring to the
conservation of species equation

Dy./P
M1 lw/

B! = "M—z’ 1 - (plw/P) (19)

a reduced partial pressure results in a reduced B', In

order to then satisfy the energy equation

h_-~h
B' = -—L—&VL—_:— (48)
Ahsub(l + X)

there must be an increase in wall temperature. The radia-
tion term is only a 1.5% correction and hardly affected the
solution.

The evaporation coefficients of most materials are not
known. Scala (Ref 18) lists several of the known coeffi-
cients which vary from approximately one for water ice to
10—6 for red phesphorus. It is also known that the value
of the coefficient reduces with a decrease in temperature
(Ref 9). While z value of 0.0005 is lower than most known
values, 1t does not appear to be out of the questicn.

There are not many other reported 002 mass loss experimeats
to examine. Spalding and Chrisztie (Ref 25) revort experi-

mental results which wece 13 to 20 percent below their
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theoretical predictions; however, the mass loss rates were
sufficiently low that nonequilibrium effects could only
improve their agreement by less than two percent.

As a result of these corrections, the predicted B' and
Tw are no longer constant around the body. The variable
wall temperature gives rise to steady state heat transfer
through the nosetip; therefore, internal heat conduction
should have also been listed as a potential correction
term. However, the slight temperature difference for the
pure CO, models is too small to significantly affect the

solution.

Glass Bead - Carbon Dioxide Models

Nonequilibrium Model. Using the iterative scheme

outlined in Figure 22, ablation predictions were obtained
for the glass bead-—CO2 models using the base line heat
transfer distributions and average environmental conditions
of P = 0.967 atm and Tair = 273K. Parametric solutions in
terms of stagnation point diffusion well depth were
obtained using the previously deduced value of 0.0005 for
the coefficient of vaporization. In the case of the
composite models, the temperature variation around the body
is significant and a consistent method is required to
determine the internal heat flux., As discussed in Chapter ¥V,
the side wall temperature, assumed equal to the temperature
of the subliming surface at the 90 desgree location, is used

in cornjunction with the Case II spherical conduction

(3%
(o4}




solution to approximate the internal conduction term,
Equation (70). The special input conditions for the
solution at the 90 degree location were the convective heat
flux'from the BLIMP distribution, negligible internai heat
transfer as predicted by the Case II solution, and a
diffusion well depth which could be different from that
gpecified for the stagnation point. The average geometrical
well depth is probably the same around the body and was
assumed to be so for the calculation of mass flux at the
subliming surface in Equation (77). Yet, the depth for
diffusion pufposes probably decreases as increased boundary
layer velocities promote circulation between the beads. In

order to bracket this effect, the following distributions

were examined: .

1) Yaige = Y (A constant around the hemisphere)

2) Yaies = Y (cos @)

[

3) Yaire = Y (Bﬁ_mgz:_Bg) (See Figure 3)
e max

For each case, .a geometrical well depth, y, was assumed,
the ablation sclution for the 90 degree locatioﬁ was
obtained, and TS fo? ?hat location was specified as the
internal temperatdfé for the ablation solutions around the
body.

The stagnation point solutions are shown in the B'

versus T blot, Figure 24, for Cases 2 or 3 which had a

negligible well depth at the 90 degree location. If the

69




0.18¢-

0.17

.16

0.15

0.14

0.13

0.2

0.10

! i | ] 1 1 1

170

Figure 24,

180 190 200
TEMPERATURE (K}

Effect of Well Depth on Stagnation Point Ablation Response
of Composite Models with Nonequilibrium Sublimation Model.
( T=273, P = 0,97 atm, o¢= 0,0005, Side Wall Wells
Have Negligible Diffusion Depth)

70

" e




alasaiata ot i gl T el

IO IR T

- iy S i S R b it ek

entire stagnation point mass fiux decrease is attributed to
a decrease in B', the required B' value is 0.126, which is
obtained with an average geometrical well depth of 50 um..
The effect of this depth on mass loss and temperature
around the nose is shown in Figure 25. This model is gquite
insensitive to the way in which diffusion well depth is
varied about the body. The mass loss distribution is
reasonably well described by these modeis; however, the
predicted internal temperature of 186K for the zero side
wall cases is higher than the observed average asymptotic

value of 182K,

Equilibrium Model., Since the deduced value of the

vaporization coefficient could not be substantiated in the
literature, an equilibrium sublimation model.was also }
investigated. The nonequilibrium effect can be easily
nullified by specifying a value of one for the coefficient
of vaporization. In this case the assumption is made that
the aerodynamic prediction of heat and mass transfer for

this shape is 6.5% high for both the pure CO, and the

2
composite which brings the base line stagnation point mass 9

flux down to 0.212 kg/mz-s. The average experimental mass

£lux is 23% below the new base line, which is equivalent to

a reduction of B' to 0.135. ‘
The ablation response as a function of well depth for

the cases with negligible side wall diffusion depth are

gshown in Figure 26. Im order to reduce B' to 0.135, a well

depth of 80 um is required, which is in excess of the bead
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radius of 60 um. The quasi-one dimensjoﬁ2l solution for
the concentration attenuation probably under predicts the
actual two dimensional axisymmetrical process, So an
"effective well depth” of 80 um could have physical
significance.

It was possible to reduce the B' to 0.135 for the case
of constant well depth; however, an effective depth of
almost three times the bead radius was required. Referring
to Figure 26, the success of the zero side wall well depth
assumption in reducing B' was a strong function of the
internal heat conduction promoﬁgd by the low side wall
temperature. The parameter X is the measure of divergence
of the sblution from the simple ablation thedry energy
equation which is also plottedr?a positive X results in a
solntion below the line, ﬁegative X solutions are above.
With a side well as deep as the stagnation point well, the
internal temperature rises with well depth at about the
same rate as the stagnation point sublimation temperature,
thereby keeping the internal heat conduction contribution
to X low as shown by the proximity of wall temper:zture to
the energy line in Figure 27.

Another interesting feature of the model is also
exhibited in Figure 27; increasing well dépth has a 1limit
in its ability to decrease B'. This figure was generated
by increasing well depth up to 60 pm using Equation (74),
then adding a multiplicative factor to the exﬁonent.

keeping the 60 pm value constant in the trigonometric

7h
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expression. iHence, effective well depths in excess of

60 um were generated and indicated b& the factor on the
chart. The value x 1.5 can be interpreted as a well with
an effective depth 1.5 times that of the ideal 60 pm depth.

When the combination of mass flux and well depth reaches a

Lo ka2 o Mo

sufficiently high value, the concentration of CO2 at the
bottom of the well reaches 100%. The stagnation point

R R Y oo

wells saturate before the side wall wells since side wall

mass flux is lower. Increasing depth no longer affects the

stagnation point wells, but finally saturates the side wall

o UMbt & T SN

wells which réach the same temperature as the stagnation
point sublimation surface-the carbon dioxide surface
temperature in equilibrium with carbon dioxide vapor with a

partial pressure equal to the ambient pressure.

- e - < 2

The mass flux and wall temperature predicted for the . g
zero side wall well depth cases are shown in Figure 28. 1In
these solutions there is a significant dependence on the

manner in which well depth is varied. The predicted mass

flux for the case of well depth as a function of edge
velocity actually increases with distance from the stagna-
tion point to about the 45 degree position, which was ]

observed in some of the experiments.

Two Phase Flow Effect on Transfer Coefficients. The

previous results were computed assuming that the boundary
layer heat and mass transfer coefficients were unaffected

by the presence of the glass beads. Reduced mass flux can
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also be the result of a drop in transfer coefficient or a
combination of changes in both B' and peueCH‘ 4 parametric
study was performed of the combinations of peueCH' well
depth, and coefficient of vaporization whica would yield a
mass flux of 0.0288 kg/m2°s.which is equal to a 28% reduc-
tion of the simple theory mass flux prediction at the base
line condition. The more procbable zero side wall diffusion
depth models were used. The results are shown in Figure 29;
also shown are the predicted internal temperatures associ-
ated with the parametric combinations. It is evident from
this figure that the knowledgelsf internal temperature and
either well depth or coefficient of'vaporization is suffi-
cient to determine the combindtion of peueCH and B'
responsible for the reduced ma'ss flux.

The most consistent e%planation-of the experimental
results was obtained by usiﬁg the average recorded minimum
temperature, 182K, as the internal temperature and the
previously deduced value of coefficient of vaporization,
0.0005. The intersection of these values on Figure 29
occurs near the 40 pm well depth curve and corresponds to

a transfer coefficient of 0.213 kg/mzos. The average well

* depth, which is two thirds of the bead radius, seems

reasonable. The slight reduction in transfer coefficient
is not altogether unexpected since the beads must be

accelerated at the expense of boundary layer gas momentum
which thickens the boundary layer. With higher velocities

and, consequently, higher Reynolds numbers, the effect on
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transfer coefficient could be revérseé, The disturbances
caused by the solid particles and the rough wall would be
expected to cause boundary layer transition to furbulent
flow at a lower than usual Reynolds number, which would ve
accompanied by the increased heat transfer associated with

turbulent flow (Ref 19:509). Prior to transition, the

" rough wall has little effect on the laminar transfer

coefficients (Ref 19:580).

It should be recognized that -the single embedded
thermocouple does not provide the important temperature
variations in time and space rqq?ired to definitely specify
the internal temperature; yet the fact that the recorded

temperature remained for a siénificant period at or very

near the asymptotic value suggeé%s that the indicated

minimum temperature is a good estimate of the internal
temperature for the theore%iqal médel. Future experimenta-
tion cculd revise the value for fhe.coefficient of vapori-
zation; although, as shown in Figure 29, greater values
would require deeper and, therefore, more unreasonable well
depthé. In fact this theoretical model predicts that

values of coefficient of vaporization greater than about

. 0,.0015 are not admissible with a 182K internal temperature.

The optimum analytical model to correlate the data of
this experiment is that the glass beads czused a 6%
reduction in the stagnation point boundary layer transfer
coefficient and a 23% drop in B' due to the presence of

beads at the sﬁrface. The effect of this model on mass

- 80
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flux and temperature is compareé fo,the experimenfal'data
in Figure 30 as a “unction of the single phgse flow
transfer éoefficient. This plot is basea on the assumption
that the two phase flow effect has caused a constant €%
reduction in transfer coefficient, wﬁioh is probably a good
assumpﬁion over the narrow range of ‘the experiment. '
Further experimentation is required to improve the func-

tional relationship with transfer coefficient.

Relative Magnitudes of Correction Terms

The actual value of each correction varied with the
particular case chosen; however certain trends were evident.

Two of the contributions to X, the increase in enthalpy of

the glass beads and the evolved gas from ’I'S to-Tw, were

always quite negligible compared to the heat absorbed by

- sublimation. Typically they were only one percent each for

the base line solutions. The relative radiation Flux term
was a negative two percent effect.at the base lirne condi-
tion, and internal conduction at the stagnation point
varied from one percent to nearly four percent for the
equilibrium solutions which had the lowest side wall
temperatures. Since the radiation term has the opposite
sign from the other contributions, the net correction to
the energy equation was never very significanf. This is
graphically illustrated in Figures 24, 26, and 27 by the
fact that the predicted wall temperature is quite close to

the reference line plot of the simple energy equation.
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The transient conduction was estimated using theé
solutions presented in Schneider (Ref 20:246). While heat
and mass fransfer processes gctually:beéin when the model
is removed from the mold, an upper bound for the transient
conduction can be established if it is assumed that the
model temperature is initially uniform at the measured
internal temperature at the time of model insertion
(Figure 13-A) and subjected to an instantaneous change in
surface temp:rature to the asymptotic temperature (Figure
13-B). Since the area of interest is .the hemispherical
nosetip, the ‘solution for a sphere is used. The thermal
conductivity and diffusivity of bofh pure CO, and the

composite are approximately equal; therefore the internal

" heat flux for all models is approximately tﬁe same. The

result of this analysis was that the transient heat flux is
initially very high and can remain.a significant contribu-
tivnn to the energy equzation for approximately thirty
seconds. The heat flux is toward the surface, a negative
contribution to X, and consequently causes a higher mass
flux. The initial assumptions for this analyéis must have
been too conservative since no general trend of high
initial mass transfer rates was observed.‘ The heat and
mass transfer generated in the free convection portion of
the experiment must have established the‘internal tempera-
ture gradient well enough that the transient effects were
negligible. Therefore, transient heat conduction was not

included in the improved modeling of this experiment.
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The most significant effects. were caused by altera-
tions in the application of the simple conservation of
species equation. Because of %he diffusion wells, the
concentration of CO, was attenuated £9% from the subliming
sucrface to the fluid dynamiz wall at the stagnation point
for the nonequilibrium solution. The deepe: wells redﬁired
for the equilibrium solutions caused an attenuation of more
than 75%., The nomequilibrium sublimation effect, which
caused a 0.12 atm reduction in CO, partial pressure for the
pure CO2 predictions, was amplified to an 0.73 atm reduc-
tion 5epause.of the higher local mass flux due to the
blockage of surface'area by the glass beads. The two

phenomena, diffusion well attenuation and nonequilibrium

" gublimation, have the similar net effect in that they cause

a reduction of the available 002 concentration at the wall

for a given surfaée temperature. This reduces the potential
B*' in accordance witn Equation (17) or (19), which results
in a higher wall temperature to satisfy the energy equation.
The difference in temperature from the subliming surface to
the fluid dynamic wall was only about three dégrees. While
this had a negligible effect on the energy equation, it
decreased the conveective heat flux‘tc the surface by about
fhreé;percent, reducing the energy available fpr sublima-

tion and, hence, the B'.

General Applicability of Results

This research is the first investigation of thermo-

mechanical ablation in which a knewn amount of solid
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‘material was introduced into the boundary laycs of an

"ablating body. The solid addition resulted in significant

departures from pure thermochemical ablation performance.
The causes of the different response have been identified.
It is the purpose of this section t9 discuss-those
phenomena which have applicability to the ablation perform-
anée of actual reehtry vehicle materials gr more general
applicability.

The commonly used assumption that the thermomechani-
cally removed material departs the surface with the same
ehthalpy as the material coming up to the ablating surface
was shown to be not always true{ but prooably a good
approximation. The mechanically rgmoved mass fraction in
the simulation was ver& high, 0.71, which would tend to
amplify this effect. Yet, in spite of the definite
temperature increase of the beads, when properly normalized,
the increase in solid enthalpy contributed only a 1%
correction to the energy equation.

The possibility of two phase flow effects on the
boundary layer .transfer coefficients has general applica-
bility. For the conditions of the experiment, a 6%
reduction in transfgr.coefficient was realized. This is

generally less thén.the precision of current ablation test

‘data, or accuracy of prediction capability, but must be

éonsidered as ablation prediction and testing techniques
improve. The utilization of the techniques of this experi-

ment to investigate two phase boundary layer phenomena in
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general has promise. The data reduction and analyiical

techniques required to determine the effects on transfer

, . coefficient have been developed in this research.

The concentration attenuation through the diffusi.n

Rl S e d i) de ol L S ia et L

wells,; which had a large influencé on thies experiment,
probably also affects the ablation performance of graphit:s
E i "and composite materials. Real materials are not perfectly
“ homogenieous; as ablation progresses the surfaces roughen uv
lower density matrix areas recede ‘faster than higher

SN density grains or re-inforcements (Ref. 9 and 17). Micro-

cracking increases indepth poroéity and some indepth
sublimatioﬁ occurs (Ref 9). The glass bead gimulation

. produced ‘diffusion wells whicﬁ were easily modeled because
of the nonsubliming walls; yet gvery ablating rough wall,
egpecially in the vicinity of the stagnation point, has
regions which are not real{;ing the full benefit of the
convective currents of the boundary layer. Therefore, the
diffusion well effect is probably present, to some degree,

whenever ablation occurs.

0f general interest is the result that qoz exhibits a
rather'strong nonequilibrium effect. Since nc reference to
- this could be found in the literature, this should be
3 independently verified. Embedding nonsubliming particles

in a subliming substance is a unique method of amplifying

nonequilibrium effects by blocking- the area available for
mass transfer. Unfortunately, since the question of

nonequilibrium sublimation of graphite is of current
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interest,* there is no known subéténce which céh pérférm
the same function at the temperatures of ablatlng graphite
(greater than 3500K) . Currently, graphlte specimens are
being arc jet testeqd over a lorge range of transfer
coefflclent to determine the departure from equlllbrlum
predlctlons. The surface roughness of ablatlng graphlte
probably tends to alleviate the nonequilibrium effect since

roughness increases the surface area available for mass

transfer.

* AFML Contract F33615-74-C-5094 with the Acurex Corporation
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VII. Conclusion

.The heat and mass transfer effects of thermomechanical
ablation were investigated by simulating this phenomena
with embedded glass bead spheres in solid carbon dioxide
(COZ) ablation models. Composite and pure CO, models,
which were approximately 25 mm diameter h;mispherical
Torebodies with cylindrical afterbodies, were ablated in a
low speed jet at approximately ambient pressure and 0° ¢
conditions. .The pure CO2 rode.s performed generally in the
manner predicted by simple equilibrium ablation theory and
laminar heat transfer results; ﬁowever, the stagnation
point mass flux was 6.2% lower than that predicted and the
temperature was slightly higher: These anomalies can be
explained as a nonequilibrium sublimation effect, with a
coefficient of vaporization of 0.0005 yielding the best £it
of the'experimental data. The effect of the glass bead

addition was threefold: (1) The CO2 wass flux was reduced

by 23% at the stagnation point, which was 28% below the
simple ablation vheory prediction. (2) The CO, mass flux
around the hemisphere did not monotonically decrease with
distance from the'éfaépation point, but remained constant
or increased slightly with distance from the stagnation

point to beyond the 45 degree location before decreasing.

(3) The inhternal temperatire was increased approximately K.
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A reduction in analytically predicted mass flux can be
accomplished by reducing either the transferccoefficient,
6euecH’ or'the potential for mass transfer, B'. An analysis
was performed which considered the possibility of a reduced
transfer coefficient and modeied those phenomena which
could change the predicted B', which is generally
accompanied by a change in model temperature. The modeled
effects were nonequilibrium sublimation, radiative heat
transfer, internal heat conduction, concentration attenua-
tion through the diffusicn wells caused by the protrusion
of the densely packed glass beads through the CO, surface,
and the consequenceé of heat flux through the glass beads
to the subliming surface. The average diffusion well depth
was left'as a free parameter in the analysisl r

The most consistent explanation of the data was that
in the ablation of the composite models there was a 6%
reduction in the boundary layer transfer coefficient due %o
two-phase flow effects and a 23% reduction in the B'. "he
reduction in B' was primarily the result of reduced
available 002 at the fluid dynamic wall due to the combined
effects of {1) concentration attenuation through diffusion
wells with an average depth of 2/3 of the radius of the
glass beads, and (2) reduced surface area available for
sublimation which amplified the nonequilibrium sublimation
effect. Some reduction in mass. flux was due to the insula-
ting effect of the glass beads which maintained a * degree
drop in tempe:ature between the fluid dynamic wzll and the
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e

heat flux frum the stagnation point to the side walls.

TG

] : Radiative heat flux, transient internal conduction, and

t reducad heat flux to the CO2 due to the  increase in glass

- bead temperature at the surface were relatively insignifi-
L .

: cant.

Sr

1 This research yielded aspects of the ablation process
é" which are applicable to reentry vehicle materials. The

diffusion well effect is probably#present, to some degree,
for any ablating material. Two phase flow effects on the”
boundéry layef transfer coefficientg should be considered
whenever a large fréction of solid material enters the

boundary layer. The commonly used assumption that the
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"golids depart the surface with the same enthalpy as the
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material coming up to the surface has been shown to be a

good approximation.
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VIII. Recommendsd Imprecvements to the Experiment

Further experimentation is recommended to confirm the
value used for the coefficient of-vaporization, improve the

estimate of internal temperature, and further investigate

" the two phase flow boundary layer phenomena.

An independent estimate of the coefficient of vaporiza-

tion should be made using existing physical chemistry

.-

.procedures such as the Knudson Cell Experiment. In lieu of

that, the problem can be indiréhtly addressed by performing

" the ablation experiment with smaller beads. The result of

bead radius on B', as predictédvby‘equilibrium and non-
equilibrium models, is shown iﬁ“Figure 31. The equilibrium
nodel predicts a gradual trend toward the simple ablation
model prediction as bead r;aius and, hence, well depth
decrease. The nonequilibrium solution predicts only a
slight change in B' and Tw since the percentage of surface
area blocked by the beads is not a function of bead size;
theréfore, the nonequilibrium effect remains.constant even
though the diffusion well depth is reduced.

Improved temperature measuring capability is strongly
recommended in any future experiments. An increased number
of quick response thermocouples precisely positioned with
protection from the influence of the center rod would

resolve questions of actual internal temperature and

internal temperature gradients influencing either transient
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or steady heat conduction.

The possibility of reduced boundary layer transfer
coefficieﬂts due to two-phase flow‘effeéts could be further
investigated using beads of varying density. Reduced bead
material density would certainly reduce the two phase flow
effect on the boundary layer; yet the net effect on
predicted B' and internal temperature would be negligible
since this would only affect the solution through the

corrections to the energy equation which were quite insig-

nificant.
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APPENDIX A

BLIMP

The Boundary Layer Integral Matrix Procedure (BLIMP)
was written by Bartlett and Kendall {Ref 2). This code can
compute a boundary layer along an atlating body including
the nonsimilar terms for a general chemical system and
incorporateg approximate formulations for mixture transport
properties, including unequal mass diffusion and thermal
diffuéipn coefficients for all species. A laminar flow
solution was obtainéd up to the hemisphere-cylinder tangent

using the velocity distribution shown in Figure 3. BLIMP

" was run in the mode which uses a complete surface mass and

energy balance for wall boundary conditions with the "quasi-

steady” assumption that éint

= m (ﬁs - ho)' where dint is
the heat conduction into the irverior, and hg is the
enthalpy associated with the asymptotic interior tempera-
ture. In order to insure that the BLIMP prediction would
be comparable to the approximate theory, the interior
temperature assigned to the 002 for BLIMP was wall tempera-
ture predicted by the approximate theory.. The "air” for
BLIMP was a mixture of oxygen and nitrogen. The input

environmental conditions were: P = 0.976 atm, T = 273K,

velocity = 30.5 m/s, and nose radius = 10 rm,
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"fBLIMP solves the boundary layer équations directly
including the mass addition at the wall, so the unblown
heat transfer coefficient and blowing correction are not
normally determined. = For purposes of comparison, BLIMP
was run a second time with no mass addition at the wall

and in the fixed wall temperéture mode using the tempera-

" ture computed with mass addition. The comparison for the

stagnation point is shown in Table I in the body of the

.dissertation. The predicted heat -transfer coefficient

around the hemisphere is shown in Figure A-1l., The
predicted concentration profileﬁ,across the stagnation
poeint boun&ary layer are shown in Figure A-zt

After the BLIMP run, it Qag discovered that the input '
CO2 vapor pressure~temperature-é&uilibrium correlavion was
not very accuraté in the temperature regime of interest
for the experiment, Since.%he.ppimgry purpose .of the
BLIMP was thc verification of the simple theory and the
prediction of the relative distribution of heat and mass
flux around the hemisphere, it was not necessary to

perform a computation with the improved correlation.
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Run 5 (also Identified as Run 12)
Simple Theory Stagnation Point Mass Flux: 0.00435 g/cmzfs

Position Recession Rate - Mass Flux Normalized
cm/s (x103) g[cmzzs (x103)
Stag Pt 4.59 - 2.85 0.655
15 right 4.69 2.91 - 0.669
15 left 4.75 2.94 0.676
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75 left ——-- . e eeeee
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Run 6 (Also Identified as Run 16)

Simple Theory Stagnation Point Mass Flux: 0.00411 g/cul-s

Position

Stag Pt
15 right
15 left
30 right
30 left
45 right
45 left
60 right
60 left
75 right
75 left
90 right
90 left

Recession Rate
_cm/s (x103)

4.96
3.96
4.85
4.64
5.14
5.06
4.49
4.33
3.59
3.46
2.56
2.03

145

Mass Fiux Normalized
g/em?-s (x103)
3.03 0.737
2.42 0.589
2.96 0.720
2.83 0.689
3.14 0.764
3.08 0.74¢9
2.73 0.664
2.64 0.642
2.19 0.533
2.11 0.513
1.56 0.330
1.24 0.302
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Run 8 (Also Identified as Run 21-2)
Simple Theory Stagnation Point Mass Flux: 0.00421 g/cmz's

e e i v ko AN AP TR

Position’ Recession Rate _ .'Mass Flux Normalized
/s (x10°) q/cmé-s (x10°)

Stag Pt 5.35 .3.32 0.789

15 right 5.21 3.23 - 0.767

15 left 5.32 3.30 0.784 -
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Run 9 (Also Identified as Run 22-1)

Simple Theory Stagnation Point Mass Flux: 0.00405 g/cm’.s

§
Position

Stag Pt
15 right
15 left
30 right
30 left
45 right
45 left
60 right
60 left
75 right
75 left

90 right

90 left

Recession Rate
cm/s (x103)

4.85
4.75
4.98
4.25
4.80
4.16
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Mass Flux Normalized
g[;mz.s (xlO%L

2.96 0.731
2.90 0.716
3.04 0.751
2.59 0.640
2.93 0.723
2.54 0.627
2.71 0.659
2.21 0.%46
2.63 0.649
1.75 0.432
1.97 0.486
1.35 0.333
1.64 0.405
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