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Low Temperature Simuiation of Subliming Boundary-Layer Flow
in Jupiter Atmosphere

Ching Jen Chen*
The University of fowa, Iowa City, fowa

A method of low temperature, approximate simuiation for the sublimation of a graphiic heat shield under the
Jovian entry condition is studied. A set of algebraic equations was derived (o approximate governing equations
and boundary conditions based on the order-of-magnitude analysis. Characieristic quantities, such as wall
temperature and subliming velocity, are predicted. Similarity parameters needed to simuiate the most dominant
phenomena of the Jovian entry flow are also given. An approximaie simulation of the sublimation of a graphite
heat shield is given with an air-dry ice model. The simulation with the air-dry ice model may be experimentally
conducted at a iower temperature of 3000 ~ 6000 K instead of ai the eniry condition of 14000 K. The rate of
subjimation of the graphite predicied by the present algebraic approximation agrees te the order of magnitude
with extrapoiated data. The limiiation of the simulation method and its uiility are discussed.

Nomenclature

[DL} =dimensioniess variables; in general, lower case
letters

DN} =dimensional variables; in general, upper case
letters

A = deceleration encountered by the probe

Bo,,Bo, =hydrogen (or air) and C, {or CO,) gas Boitzmann
number

C, =refers to gas evaporated from the graphite with a
molecular weight of approximately 30

c, = specific heat at constant pressure

Ev, =e¢vaporation parameter, the ratio of the latent
heat of evaporation to the radiation flux [Eq.

. (253

E,E, = Eckert number of hydrogen (or air) and £, (or
CO,) gas [Eqgs. (8) and (13}]

€,,€, =respectively, the ratio of hydrogen {or airj and C,

{or CO,) gas temperature boundary layer
thickness io the radius L [Eq. (23) and Fig. 1}

. ={[DN} and [DL], radiation flux in hydrogen {or

air) boundary layer

F.f. =[DN]} and [DL] radiation fiux in C, {or CO,} gas
boundary layer

G, G, =inverse Froude number for hydrogen (or air} and
C, {or CO, ) gas [Egs. (13) and (8)]

k = thermal conductivity

L, =latent heat of sublimation

L = base radius of the graphite heat shield

M =molecular weight

Pry,, Pr. =Prandtl number for hydrogen (air} and C, gas
[Egs. (8) and (13)]

P, =equilibrium pressure of C, {or CG;) vapor {Eq.
(2031

P p =[{DN] and [DL] pressure defined in Eqs {1} and
2)

Re, = hydrogen Reynolds number [Eq. (8}]

Re, =, gas Reynolds number [Eq. (13}]
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R, =universal gas constant [Eqg. (20)]

R(X),r =[DN} and [DL}, disiance from the. graphite
surface to the axis of symmetry {Eq. (1) and Fig.
1]

T; = temperature at hydrogen-C, gas interface

To =temperature at the edge of hydrogen boundary
fayer

T = wall temperature or graphite surface temperature

T =gaverage hydrogen {or air) iemperature in the
boundary layer, taken to be {7;+ 7,)/2 [Eqs.
{(19) and (25)}

Lok, = dimensionliess time [Eq. (1}]

L = X component of velocity

U; =X component of velocity at hydrogen-C, gas
interface {Eq. (22)]

U, =X component of velocity at the edge of hydrogen
boundary layer

iy, U, =velocity components for hydrogen and C, gas
(air and CO,) along the probe surface [Egs. (1}
and (2)]

Uty =velocity components for hydrogen and C, gas
{air and CO,) normal to the probe surface [Egs.
{i}yand (2)]

v, = [DNj velocity of sublimation {Egs. (203 and (21}

X, x =[DN} and | DL}, coordinate along the surface [Eq.
(1) and Fig. 1}

Y = {DNV], coordinate normal to the surface

ViV =dimensioniess Y coordinate defined in Eq. (1),
used respectively for the hydrogen velocity and
temperature derivatives

Few ={DL}, Y coordinate defined for £, ablative layer
{Eq. (2}]

Ves¥er =i{DL}, Y coordinate defined in Eq. (2), used
respectively for the €, velocity and temperature
derivatives

[ = Stefan-Boitzmann constant

3, =ratio of ablative layer thickness to L [Eq. (21}}

& = z;mo of hydrogen (or air} boundary layer
thickness to £ [Bqg. (Z1)}

I =ratio of C, gas {or CO,) boundary layer thickness
to L {Eq. 21

Po =density of hydrogen at the edge of the boundary
layer

DPustte = [DN], hydrogen and C, gas density

8, =[], sclid graphite temperature distribution
{Eq. (3}

8.9, =[DL], hydrogen and C, gas temperature [Eqs. (1)

and (2)]
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€p,€, = averaged emissivity of hydrogen (or air) and C,
gas {or CO,)

U = Viscosity

T =ratioc of the circumference of a circle to its
diameter 3.14159

a = global vaporization coefficient [Eq. (20)]

T =real time

¢ = ratio of density-viscosity product {Eq. (22)}

G b = dissipation function for hydrogen (or air) and C,
{or CO,) gas [Eqgs. (7) and (12)}]

Subscripts

w =inviscid hydrogen flow at the edge of hydrogen
boundary layer

h =hydrogen gas in the entry condition and air in the
simulated case ’ _

€, =, gas in the entry condition, carbon dioxide gas
in the simulation

c =, gas evaluated at a reference temperature, i.e.,
T;

i =hydrogen-C, or air-CQO, interface

t =refers to the variable scale for temperature and
radiative flux

a = sublimation layer

w ‘ = wall or graphite surface

s = condition interior to the graphite solid

I. Intreduction

HIS paper examines the possibility of a low temperature

simulation for a probe entering the Jovian atmosphere.
In particular, the sublimation of the protective graphite heat
shield and the flow and heat transfer phenomena adjacent to
the heat shield are analyzed.

The probe entering the Jovian hydrogen atmosphere is
preceded by a detached shock front, behind which the
hydrogen shock laver may reach a temperature of 10* K, a
speed of 10° cm/s, and a heating rate of 10* w/cm?. 2 Under
this condition the protective graphite heat shield sublimes as
the graphite surface temperature reaches 3000 K or higher. To
simulate this condition experimentally in the laboratory
creates problems. First, the high temperature hydrogen wind
tunnel or shock tube is difficult to build and costly. Only the
recently developed Jet Propulsion Laboratory Annular Arc
Accelerator shock tube® permits a simulation of the Jupiter
entry condition, a shock velocity over 50 km/s, and 1.0 Torr

of hydrogen pressure. Experimental work for outer-planetary -

entry today is still lacking. Secondly, the operation at such a
high temperature makes measurements and observation
difficult. Therefore, an approximate simulation of the
sublimation of the graphite heat shield, if possible at a lower
temperature with simulated material and gas, becomes a very
attractive alternative. ' )

Although several analyses and experimental works on
sublimation or ablation are available, they either do not apply
to the Jupiter entry condition or do not suggest details for the
simulation of subliming graphite heat shield in hydrogen gas.
None has suggested a low temperature simulation for Jupiter
entry flow, Many sublimation and ablation experimenis were
performed for materials such as graphite,®!® camphor and
dry ice, %12 Teflon and polyethylene, * and glassy material, *
However, most of them were tested in air or nitrogen gas and
did not simulate the Jupiter entry condition. Some theoretical
analyses related to sublimation or ablation and simuiation of
Jupiter entry condition were given by Tauber and
Wakefield, ? Scala and Gilbert,* Kuo,! Lees,’ Leibowitz and
Kuo, ¢ Libby,’ and Howe and Sheaffer.® Scala and Gilbert*
presented a boundary layer solution near the stagnation
region for sublimation of graphite, but the analysis was done
in air. Kuo,! adapting an approach similar to Lees’ and Beth
and Adams,!* analyzed with a semiempirical formula the
ablative heat transfer for a conical Jupiter entry probe. For
simulation analysis, Howe and Sheaffer,® studying the flow

AIAA JOURNAL

with mass addition in the stagnation region, derived some
approximate scaling parameters for an arbitrary mass ad-
dition or ablation. Similarity parameters are the Reynolds
number and the ratio of the mass flux at the wall to the
freestream. Libby’ derived a set of similarity parameters
required for steady ablation in air which includes Reynolds
number, the ratio of molecular weight between the air and
ablated material, the ratio of specific heat, the ratio of the
latent heat of sublimation to the stagnation enthalpy, the ratio
of a density-viscosity product, and a blowing parameter.

Chen and Ostrach?® and Kuzyk and Chen'® presented an

analysis for low temperature simulation of the melting
ablation associated with Tektite and re-entry probe in
hypersonic flow. Both Libby’ and Chen and Ostrach®® did
not include the details of radiative simulation which is needed
in Jupiter entry flow. In the present paper the analysis of low
temperature simulation given by Chen and Ostrach’® is ex-
tended and a method for an approximate simulation of the
graphite sublimation in a Jovian hydrogen atmosphere is-
given.

il. Flow Region and Configuration

. According to Kuo,! the flowfield near the probe may be
considered as shown in Fig. 1 to consist of a C, {(a gas with
molecular weight of 30) subliming layer on top of the graphite
heat shield and a C,, boundary layer bordering the subliming
layer. Above the C, boundary layer is a hydrogen boundary
layer. Between the hydrogen boundary layer and the shock
front is the inviscid hydrogen flow. The inviscid hydrogen
flow is considered known and given in the present study. The
temperature, pressure, and velocity behind the shock front are
given by Kuo' or can be calculated with the method cutlined
by Callis.!” For example, a probe of a 120 deg blunt nose cone
and a base radius of 50 cm entering the Jupiter atmosphere
with a speed of 40 km/s at an angle of 6 to 15 deg produces a
shock wave and behind it a temperature of 14,000 K, a
pressure 2-10 atm depending on the altitude, and a hydrogen
inviscid velocity of 20 km/s at the edge of the boundary layer.

The present problem is to make a simulation analysis for
the flow near the graphite heat shield of the probe. We
consider that the hydrogen and C, gas in their respective
layers are in equilibrinm and iaminar. The equilibrium
assumption is adapted here so that the transport properties in
each layer can be properly chosen.
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[if. Idea of the Algebraic Appmximation‘

Although a complete simulation of Jupiter entry in the
laboratory is not possibie, it is still possible to make an ap-
proximate simulation. The basis for the approximate
simulation is to simulate the most dominant phenomena or
parameters of the given situation. One way to derive these
dominant, similarity parameters is to perform an order-of-
magnitude anaiysis on the governing equations and boundary
conditions. The order-of-magnitude analysis may be con-
sidered as the algebraic approximation of the differential
governing equations for a given problem. An example of the
algebraic approximation is Prandtl’s order-of-magnitude
analysis for a boundary layer flow from which the ratio of the
boundary layer thickness to the characteristic length of the
solid boundary, 8, is found to be of the order of 1/vRe. Here
Reynolds number Re is the similarity or simulation parameter
and6=1/VRe is the algebraic approximation of the
momenium equation. In principle, this order-of-magnitude
analysis or algebraic approximation may be extended to
complex flows, such as the subliming boundary layer flows.

We shall systematically derive the algebraic approximation
as follows. First, we choose as many characteristic quantities
as needed, whether known or unknown, such that they
represent the typical value for each corresponding in-
dependent and dependent variable. These characteristic
variables are used to make all independent and dependent
variables dimensionless. Second, whenever possible the
dimensionless variables are made so that they vary from zero
to one. The reason for this requirement is that when both
independent and dependent variables vary from zero to one,
the first derivative or gradient, with least bias, may be con-
sidered to be of the order of one. Third, all governing
equations and boundary conditions are made dimensionless
according to the preceding two conditions. The algebraic
equations or order-of-magnitude equations are then obtained
from the most dominant terms in governing equations and
boundary and matching conditions. Simulation parameiers
are derived as a consequence of solving the unknown
characteristic quantities from the equations derived by the
algebraic approximation.

For the present problem (see Fig. 1) we let Ld;, Le,, U,
and 7, respectively, be the unknown characteristic hydrogen
velocity and temperature boundary layer thickness, and the
velocity and temperature at the hydrogen-C, gas interface.
Here the subscript 2 denotes the hydrogen gas and oo the
freestream condition, We let U, and T, be the known
characteristic velocity and temperature at the edge of the
hydrogen boundary layer. The following dimensionless
guantities, in the lower case character, are defined for the
hydrogen boundary layer:

u,,=U/(U°°—U,-) [hzT(Ua’n—Ui)/L

v, =V/8,(Uo—=U;) r=R(x)/L, x=X/L

p=P/pm(Uon_‘U¢')2 yh=Y/6hL

D=0/ o Yu=Y/e,L

0= (Th=T) /[ (To—=T)) fo=Fileyo(TH=TH) (1)
- where y,, y, are the Y coordinate made dimensioniess,
respectively, by velocity and temperature boundary layer
thickness L, and Le, . The reason for this distinction is that,
having done so, both velocity gradient du,/dy, and the
temperature gradient 86, /dy,, may be, in order of magnitude,
considered to be one. All preceding dimensionless variables in
Eq. (1) are now assumed to be in order of unity and vary
approximately from zero to one in the hydrogen boundary
layer.
Similar to these characteristic variables, we let Lé., Le,,
and T, be the characteristic C,, gas velocity and temperature
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boundary layer thickness and the wall temperature. In ad-
dition, let the subliming velocity be V. and the total layer of
the C, gas flow L§,. The dimensionless variables for the C,
gas boundary layer are then defined as follows

U Peg 7U;
Ue= — po=—2 .=t
Ui P P L
.oV v 4
(S Vw y(—LBC yc'v“’Laa
_ P Y
p= poo(.ch—Ui)z th—Lec
(T(‘—_TW) F(
[ — [Py e 2
(Ti_Tw) f O—(GhTfn_chz/) ()

The variables F;, and F,. are complex integral expressions
for radiative energy flux. In order to make their dimensionless
quantities f3, f, be of the order of one, we adapted that the
typical value for F), is the net radiative energy exchange
between the hydrogen inviscid flow and hydrogen boundary
layer, and F is that between the hydrogen boundary layer and
the C, gas layer. In defining these radiative fluxes, the
temperature 7, is taken as the mean temperature of the
hydrogen boundary layer or (T, + 7;)/2. The variables y,,
Yoo, and y,, are the normal coordinate variables used for the
derivatives of velocity component ¥, velocity component v,
and the temperature in C, gas flow, respectively. The reason
for these distinctions is again to make the derivatives du./dy .,
ov./0y.,, and 80./3y. have a magnitude of one. If the in-
terior of the probe is kept at 7, we may let the temperature
and y variable in the graphite solid be
From Egs. (1-3) there are nine unknown characteristic
quantities, U, T}, 8,,€5,6:,€.,8,, V., and T, used in defining
the dimensionless variables. The knowledge of these quantites
will provide a physical picture in order of magnitude for the
sublimation of the graphite heat shield. These unknowns are
determined from the nine approximate algebraic equations
that will be derived from the governing equations and
boundary conditions by the order-of-magnitude analysis in
the following section.

IV. Governing Equations and Boundary Conditions

When the governing equations and necessary boundary
condition are properly written, ail of the information about
the flow and heat transfer of the problem are contained in
them. If we can correctly apply the aigebraic approximation
to them, we will be able to extract the most dominant relation
from them. From these aigebraic equations the characteristic
quantities and similarity parameters needed for simulation are
then obtained. .

The governing equations and boundary conditions, in the
dimensionless variables just defined, are written as follows.
For the hydrogen boundary layer:

Continuity equation
ap, 0 é
— + —{(rp + — {rp =0
5, o (rnus) P {ronvn) 4)

Momentum equations

ad ad g dry2y%
f)h( “a +u,,aﬂ+vh uh>_ﬂ+Gh[1—<"‘£)]

at, ax 3y, T oax dx
y) azuh 6214,,
+ +67 +> 5
Re,63 (8y§, "ax? ©)



262 R C.J. CHEN

_ /0y, 61},, av,, 7 ap,, dr G,,
(G v ) -

a1, a}’h 8% 3yn d)‘ 54
1 4%, 82v,
+ 87 +>
Re, 53 <3yi TRy ©
Energy equation
a6 . 06 6
~ (_"' 0, n o 38, )
Bth ax [ ayh,
! 320, 3%, E,
= $
Re, Pryei \dyi, “hox? )+ Rend2 "

1 afh afh) E Dp,
Boheh ayh, k Dth

2 2 2

$,= (%> +2( ol ) 4 (L% +5,,a—v£>
ax ayy &, 0y ax
Here the coordinate system is considered fixed with respect to
the graphite heat shield. Thus, any deceleration, A4, en-
countered by the probe is represented by G, =ALp,/ (U, —
U;)?, the inverse Froude number in the momentum equation.
X and Y, respectively, are the coordinates along and normal
to the surface of the graphite heat shield. The dots {...) in Eqs.
(5) and (6) denote other viscous terms of no greater magnitude
than the two terms in the brackets. Re,, Pr,, and Bo, are
similarity parameters defined as follows.

M

Up—Ui)lp,
Rey, = Waz bl hydrogen Reynolds
B number
Pr, = Cpobo hydrogen Prandtl
Ko - number
,
- (U, -Uy) hydrogen Eckert
Cpm ( Tcn - Tl) number
C Uy, —U) (T, —T;
‘Bo, = -~ = ( — ) (4 ) hydrogen Boltzmann
€30(Te —Th) number (8)
For the C, gas boundary layer:
Continuity equation
a“°C+ o )+[V]a(-)o g
—— + — (P U, — (r =
at, Pe Usd, Ly, Pt ©

Momentum equations

. (auc ‘ du, +[ v, ]v auL,) [p&(Um—U,-)Z]

e L u . = [PV = U™
Pele, T ax TLUue, 17 9y, 0 U?

ap. dry2\» 1 3%u,
“aeroe(i-(5)) |z (

X[ oax C dx Re 8% \ 8y}

a2 .
w25 (10)

i &vc+ avc+[ V., ]v avc)
u
pe (alc ¢ 9x Ui, ¢ 0Yeo

[pm(U ~U;)? ( . +G.8, g)

e U; V 8, ey dx
1 8%v 3?u
+ < +62—° +) 11
Re 62 ( 3y2, ax? (
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Energy equation
_(600_'_ 80c+[VW ]v ae. )
. U, -
P az, ax Use, ayc,
1 <azac 620 )+ ' 5,
B Recprceg aygl RGZG‘?
1 a3 af, D,
- Yoy | Yo )+E Pe (12)
Bo.e. \ oy, ¢
- where

2 V v, \? vV ov 1 Qu.\2
ve=2(5) g 1)+ [ ] G v s
ax Us, Yy U; ax + 6. dy, )

Here, as in the case of the hydrogen layer, the parameters
G., Re,, Pr_, E_, and Bo, are defined as follows

G.=ALp ./ U? inverse C,, Froude number

Re.=ULp./u, C, Reynolds number

Pr.=Cup./k. C, Prandtl number

U? ’
E=——— C, Eckert number
Cpc ( Tl - Tw)
C,on UA(T,—T
Bo.= pebe UlTi— 1) C, Boltzmann number {13)

eno(Th—T%)

The boundary conditions are written in terms of the
dimensionless variables. The boundary conditions at the outer
edge (denoted by the subscript o) of the hydrogen boundary
layer are all of unit order or

9/1:000:0(1) uh=um=0(1) (14)
In addition to the symmetric condition at the stagnation
point, both the hydrogen gas and the C, gas layers must be
matched at their interface. With the subscript / denoting the
condition at the interface, we have

Continuity

wp =V (U — U} Ju,
U =[(Uide) / (U — U;) 840 (15

Tangential stress
du, dv, wd,U; Bu, v,
i) =[] (e o) o
(ayh ax gu'csac(an-Ui) ayc ¢ dx i ( )
Normal stress
ooy () oo [ e G), 0
"7 Rey \dy, i—pc Re, Lpo (U U221\ 8y, /;
Energy transfer
(agc)_[khec(Tm—Ti)](%> (18)
0y /i keen(T;~T,) Vy /i

At the graphite wall, in addition to the no-slip condition
u. =0, the balance of radiative, conductive, and evaporative
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energy transfer in dimensionless form is

[ew(T:‘n—Tﬁ;) ]f [kcm—m ] L
Pe VwLu ¢ Leepc VwLy 5yct

_ [ks(T;v—Tm)]aBS+~ 19)
ST Lo vaL, oy, PPt (

with
Ta=(Ti+T4)/2

Where the first term of the eqguation represents the radiative
heat transfer, the second and the third are, respectively, the
conduction term on the vapor and solid side. The last term
represents the heat of evaporation of the graphite heat shield.
The mass rate of evaporation, .v,,, is related to the actual
pressure on the wall P, the wall temperature T, and other
physical constants of the material and is given by Kuo! as

L _aPe-P) [ M o0
Pl v N27R,T,

43630
T, (in K)

where

108 j0p, = 11.494 —

« is the global vaporization coefficient and is taken to be
0.145, as suggested by Kuo,! which is approximately the
average values given by Zavitsanos'® and Bishop and
DiCristina.'® P,, in atmosphere, is the graphite equilibrium
pressure at T, while Pis the surface partial pressure, taken to
be the pressure acting outside the boundary layer and assumed
known. M/R, is the molecular weight divided by the universal
gas constant. g

¥. Egquations and Soiutions of Aigebraic
Approximation

There are nine unknown characteristic quantities to be
determined; namely, two velocity boundary layer thicknesses
8, and 8., two temperature boundary layer thicknesses e, and
e., the sublimating velocity V,,, the subliming layer thickness
8,, the interface velocity and temperature U; and 7T, and the
wall temperature 7,,. They will be determined from nine
algebraic equations derived from the differential governing
equations. In the algebraic approximation we will retain the
most dominant term in each governing equation and bound-
ary condition. In the order of magnitude approximation, we
set all the variables and their first derivatives equal to one.
This leaves a set of algebraic equations relating the charac-
teristic quantities in square brackets. The resulting ap-
proximate equations will contain some of the preceding
unknown and other similarity parameters previously defined.

The algebraic equations are just a crude approximation of
both the original governing equations and boundary con-
ditions. Nevertheless they retain the essential physics of the
phenomenon.

To derive the algebraic equations we first examine Eq. (9).
Here in order for the flow to remain two dimensional,
[V,/U;6,] must be of the order of one since all the derivatives
in Eq. (9) are made to be of the order of one. Furthermore,
since the convective term in Eqgs. (5) and (10) is of order one,
the magnitude of the highest derivative term in Egs. (§) and
(10), i.e., the viscous term, must be at least of equal order of
one if the boundary conditions (14) and (iS) are to be
satisfied. Therefore, if we consider that the second derivative
terms are of order one we must require algebraic relations
from Egs. (5) and (10), equating convective and viscous
terms, as

1/Reud7 =1 1/Reri=1
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The continuity Eq. (9) also gives
V,/Us,=1I
Here the value of one on the right-hand side means an order

of magnitude of one. These relations lead to, similar to the
Prandti’s boundary layer relations,

8y =[{Uu—U)Lpo/pe] ™*

b= (ULp./pu.) %

8, =V,/U; @
The boundary conditions for the momentum Egs. (5, 6, 10,
and 11), are given in Egs. (14-16). From these boundary

conditions, if we require that the tangential stress must
be continuous at  the interface, we then need

fec0, Ui/ 6. (U, — Uyl in Eq. (16} to be of order one or

combining with Eq. (21)

Ui/Uoo:(i‘*_.()_l §-= (pc#c/poo#oo)% (22)

This is the algebraic approximation of the matching
conditions (16) and (17). Equation (22) shows that the in-
terfacial velocity U; is a function of the freestream velocity
U, and the ratio of pu product { between the hydrogen and
C, gas. It should be mentioned that { ratio is a well-known
ratio in the literature of two-phase flow problems such as film
condensation?® or film boiling.?' Indeed it is also a similarity
parameter suggested by Libby.”’

Turning to energy Eqs. (7) and (12), we reason that if one is
to satisfy the thermal boundary conditions, Egs. (14, 18 and
19), the highest derivative term or the conduction term in Egs.
{7) and (12) must be kept in the approximation. By equating
the conduction term to the convection term, one obtains the
following relations

e, = (ReyPry) ~* e.={(Re. Pr.)y " (23)
These two relations are also well known in determining the
temperature boundary layer thickness. When either the
dissipation or radiation term becomes greater than the
convection term, i.e., large Eckert number or small Boliz-
mann number, there will exist a dissipation or radiation layer
within the temperature boundary layer. To find this layeris to
equate the conduction term respectively to the dissipation or
radiation term. This will be examined later.

The thermal boundary conditions are given by Egs. (14, 18,
and 19). in order that the energy transfer be continuous at the
hydrogen-C, gas interface, we require that the ratio
lkye (T, —T;) ke, (T;—T,)] in Eq. (18) be of order one,
or an algebraic equation of

Ti/To =+ (T,/Ts) (kpe ke )V + (Kye/keen3] (24)

This equation determines the temperature at the hydrogen-C,,
gas interface. The interface temperatutr, 7;, now depends on
both the freestreamn and wall temperature, as well as the ratio
of the thermal conductivity k,/k. and the ratio of the two
temperature boundary layer thicknesses e./e,. Since the ratio
e./¢, depends on Reynolds numbers Re, and Re. and on
Prandtl numbers Pr, and Pr,, the interface temperature, T,
is a complex function of the flow and thermal boundary
conditions and many fluid properties. in Eq. (24), if the wall
temperature is maintained at a fixed and controlled tem-
perature (for example, by a cooling process inside the graphite
heat shield), then the interface temperature is determined
from the equation. Otherwise, when the surface temperature
T, is an unknown quantity, it must be determined from the
boundary condition at the wall, Eq. (19). In Eq. (19) we
assume that the radiative flux dominates the heat conduction
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because of the high freestream temperature in the present
problem. Therefore, the radiative flux is largely absorbed by
the latent heat of sublimation. Thus, under the algebraic
approximation we have -

[EhU(Tfn_ Tﬁ)/pc Vva]=I

or

7 Vi Aoy Tfn - T?v
) @5)

v, "B\ 1L
where
Ev,=p L U, /e ,aT%

Since Eqg. (25) introduces an additional unknown of the
evaporating veiocity V,,, one needs one more equation for ¥,
before 7, and T, can be solved from Egs. (24) and (25), To
this end we have Eq. (20), which describes the thermodynamic
relation between the sublimating velocity V,,, the graphite
temperature T, the partial pressure at the surface P, and the
equilibrium or saturated vapor pressure P,. W may rewrite
Eq. (20) as

T,=a? (P.~P)?(M/2TRoo(V?3,) (20)

where the equilibrium vapor pressure, P,, at T, is given by
the other equation in Eq. {20). One may see that if 7, is fixed,
then T is given by Eq. (24) and V,, is determined by Eq. (25}.
Equation (26} then determines what the wall pressure P must
be. However for the Jupiter entry probiem, P is determined
when ¢ trajectory of the probe is selected. In this case T,
cannot be predetermined or fixed. Thus, 7;, T, and the
evaporating velocity V,, are determined from coupled Egs.
(24-26) and can be solved by trial and error iteration. In the
case of simulation, Eq. (20) will have to be replaced by the
thermodynamic relation of the material or gas under con-
sideration. In other words, the equation relating the
cquilibrium pressure to the wall temperature will take on
different constants as given in Ref. 22. Since Eq. (26) merely
describes the thermodynamic relation of a particular sub-
stance, it serves only to specify the state, say, 7,,.V,,, or 2, in
which the sublimation will take place. Therefore, Eq. (26)
needs in low-temeprature simulation to be replaced by the
equation describing the relation among T, V,,;, and P for the
simulated substance.

VI, Simulation Parameters and Characteristic Values

Equations (21-26) are equations that determine the nine
unknown characteristic quantities, 6.,68,,6,,e.,€4,7;, T, U;,
and V,,. Aside from the thermodynamic variables in Eq. (26},
the following dimensionless parameters determine the
previous unknown variables. These dimensionless parameters
can be grouped into two categories.

Dynamic parameters: Re,, Re,, ¢
Thermal parameters: Pr,, Pr,, k;/k., Ev, @n

These are the most essential similarity parameters needed for
an approximate simulation of the sublimating boundary layer
flow in the Jovian atmosphere. These parameters and the
characteristic quantities can be calculated once the conditions
of hydrogen inviscid flow, U,,T,0,P, and the charac-
teristic length of the probe, £, are given. The other similarity
parameters, such as Eckert, Froude, and Boltzmann numbers,
are of secondary importance under the algebraic ap-
proximation.

We calculate now the case for a Jupiter entry probe having
a cone angle of 120 deg with a base radius of 50 cm. The
conditions behind the shock front (Fig. 1) in the hydrogen
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inviscid flow is
U, =2%x10%cm/s P, =8atm
T,=1.4x10°K Po=14x10"%g/cm?

ko,=17%xI10"? cal/s cm
K

be=10"3g/scm

Pr,=0.8 €, =0.8
For the C, gas flow at 8 atm and 5000 K, we have

pe=10"7g/sem K

po= 6x10"%g/cm?

k.= 6x10"%cal/semK  Pr.=0.7
L,=6.5x10° cal/g e, =0.8
a= 0.145 M=30

" Here the value for the latent heat of vaporization £, and the

coefficient of evaporation for Eq. (26) are suggested by Kuo. !
The other values are taken as the most representative ones
from reports of Kuo,! Scala,'* Yos,?> and Aroeste and
Benton.?* From these data the characteristic quantities and
similarity parameters are calculated and listed in Table 1. In
calculating these values the viscosity-density ratio { was first
evaluated. Froin this the interface velocity U,/ U, and hence
Reynolds number for both hydrogen and C, velocity
boundary layer, Re, and Re., were calculated from Egs. (8,
13, and 22). T;, 7, V,, are obtained from Egs. (24-26) by
trial-and-error calculation. In the process, Prandtl numbers
Pr, and Pr., the ratio of thermal conductivity k, /4., and
evaporation parameter Ev,, were also tabulated, Then T,
which leads to the prediction of both ¥V, and 7; from Egs.
{24) and (25), is varied until Egq. (26) is satisfied. The
sublimating layer thickness then foliows from Eq. (21).

From the caiculaied characteristic values we may construct
an approximate physical picture for the sublimation of a
graphite heat shield in the Jupiter entry. This is given in Fig. 2
where boundary layer thickness, velocity, and temperature are
given to the scale, as predicted by the algebraic ap-
proximation. From Fig. 2 or Table 1, we see that §, of the
subliming C,, gas layer is larger than both the hydrogen and
C, gas boundary layer 8, and &.. The temperature boundary
layer e, and e, is slightly greater than the respective velocity
boundary layer 8, and §., because the Prandtl numbers for
both hydrogen and C, gas are less than one. 7; (5581 K} is

Table 1  Similarity parameters and characieristic quantities

Similarity Jupiter probe, Simulated model,
parameters hydrogen-graphite air-dry ice
¢ . 6.153 1.38
Re, 8.36%10° 8.3 x10°
Rey, 1.2 x16° 0.93x10°
Pr, 0.7 0.79
Re, 0.8 0.73
ko lk. 28.3 16.3
Euv, 187.3 187.3
Characteristic

quantities

U;/Ug 0.14 0.42

8. 3.45%x 1074 3.45%x 10 ~*
8, 9% 1074 3.28x 1077
8, 8.53x 10 73 3.28x10 ?
e 4.13x107¢ 3.88x10 *
e, Ixio ¥ 3.8 x1073
V,/Uq 12 xi073 1.36x 1073
T/ Te 0.399 0.711

T/ Te 0.346 0.07
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L=50cm
Up=2%10% “oe
Py= 8 atm

Tew= L4 x10% K

Peo= 1.4 x107% Y3
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Fig. 2 Order-of-magnitude analysis for sublimation of graphite heat
shield.

predicted to be close to T, {4840 K) showing a good blockage
effect by the subliming C, layer. The interface velocity U;
reaches 2.8 X 10° cm/s or 14% of the freestream hydrogen
velocity. This implies that £, gas moves rather slowly
compared with hydrogen gas. The reason for the relatively
fow U component velocity in the C, gas layer is because the
molecuiar weight, M =30, of the C, gas is much larger than
that of the hydrogen gas, M, =2. Because of the large density
difference, C, gas gives a large inertial resistance to hydrogen
gas flow. In making a trial-and-error calcuiation for T, and,
V., one will find that V,, is very sensifive to 7T, and,
therefore, to the equilibrium vapor pressure P,. The wall
temperature had to be determined to within + 50 deg K if all
three of Egs. (24-26) are to be satisfied. From the present
calculation we predict a wall temperature of 4850 K, an
evaporating velocity of 2.4x10° cm/s, and a rate of
sublimation p, ¥, =1.44 g/cm? s. This compares favorably
with Kuo’s! calculation which gives T, =4400 K and 1.15
g/cm? s. In a recent test of graphite sublimation by Lundell
and Dickey,!® they reported experimental resuits for the
pressure varying between 4.5 t0 4.5 atm and wall temperature
ranging from 2600 to 4000 K. If we extrapolaie their data
(Fig. 3), Kuo’s! calculation is in execellent agreement with the
experimental data, while the present calculation based on the
algebraic approximation predicts a slightly higher wall
temperature but with a good rate of sublimation. The intent
of the present study is to investigate the possibility of a low
temperature simulation. The preceding comparison confirms
the validity of the algebraic approximation.

We examine now other similarity parameters neglected in
the algebraic approximation, namely, Froude, Eckert, and
Boltzmann numbers. For example, the inverse Froude
number for the hydrogen boundary layer is negligibly small
with an order of 10! even though the Jupiter probe may
encounter 100~ 300 g of deceleration. Therefore, instability
of flow due to deceleration or Taylor instability will be of
secondary importance. On the other hand, Eckert number for
both hydrogen and C,, gas are large in the Jupiter entry flow.
This implies that dissipative heating may be important in the
flow and may be the major factor in modifying the tem-
perature distribution in both boundary layers. The vaiue of
Boltzmann number calculated is of an order 10® which makes
the radiative term in the energy Egs. (7) and (12}, of secon-
dary importance. This means that while radiation is important
in supplied energy for the sublimation of the graphite heat
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Fig. 3 Comparision of the predicted rate of sublimation and ex-
perimental data,

shield, it is relatively ineffective to modify the temperature
distribution in both boundary layers.

VIII. Low Temperature Simulation

The present method of simulation is valid in the region
between the shock wave to the graphite heat shield. We now
consider the possibility of a low temperature simulation using
different materials and gases. For an approximate simuiation
of the Jupiter entry, the similarity parameters given in Eq.
{27) are most important. If these parameters are ap-
proximately simulated, then the phenomenon of the
sublimation of the graphite heat shield is simulated whether
the simulation uses the hydrogen gas and graphite or other
gases and materials for sublimation. We outline the procedure
of calculation for the simulation first and then illustrate with
an exampie.

1} One must cxamine several possible combinations of
sublimation material and gases to simulate the graphite heat
shield and hydrogen gas. For example, they may be dry ice-
air, dry ice-helium, dry ice-steam, or camphor-nitrogen
combination.

2} Once the combination is chosen, the four similarity
parameters, {, the ratio of viscosity-density product and
k,/k. the ratio of thermal conductivity, and two Prandti
numbers Pr,, Pr., are calculated for a chosen temperature,
pressure, and density behind the shock wave, such that they
approximately match the corresponding values given in Table
1. The condition in front of the shock wave may be calculated
from thc condition required behind the shock wave if a
supersonic tunnel or a shock tube is chosen to do the
simulation. The simulation of the subsonic region near the
stagnation point may alternatively be simulated in a subsonic
tunnel without simulating a shock front.

3) The similarity parameter EFv, given in Eq. (25), which
simulates the balance of the radiative energy flux to the rate of
energy absorbed by the sublimation, must now be simulated.
We observe that Ev, defined in Eq. (25) includes the density
0., latent heat L, emissivity ¢, and freestream temperature
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and velocity T, and U,.. As the freestream temperature T,
and simulation material are already chosen in the first step of
the procedure, one may proceed to vary the freestream
velocity U,,, such that the Fv, value is simulated.

4) With U, now determined, the interface velocity U, can
be obtained from Eq. (22).

5) Knowing U, and U; we can now simulate the two
Reynolds numbers Re;, and Re. by choosing the size of the
simulated model L. If this size turns ouit to be unsuitable for
the simulation facility available, the procedure is repeated
from the second step by varying the simulation temperature
and pressure range.

6) The other characteristic quantities, such as T7,,, V,, T,
and sublimation layer thickness &, are calculated as before by
trial-and-error procedure from the algebraic equations [Egs.
(21-25)] while the thermodynamic relation, Eq. (26), is now
replaced by the similar equation for the simulated sublimation
material.

As an example, the air-dry ice combination is chosen for the
simulation under the Jupiter entry condition as given in Table
1. If the experiment is conducted in one atmosphere and at a
substantially lower temperature of 3000 K, then a 66.4 cm
radius dry-ice model is needed in a wind tunnel with 1.31 m/s
of air velocity. For this condition the dry ice will sublime at
210K atarate of 0.045 g/cm? s.

In Table 1 we see that thermal similarity parameters Pry,
Pr., k,/k. and Ev, are closely simulated, while the dynamic
similarity parameters {, Re,, and Re, are only approximately
simulated. C, gas Reynolds number Re, is simulated exactly,
but hydrogen gas Reynolds number Re, and { are un-
dersimulated. This is a result of the difference in the density
(or molecular weight) between air and carbon dioxide being
much smaller than that between the hydrogen and C,, gas. The
difference shows in the ratio of the viscosity-density product ¢
which, in turn, affects the interface velocity. The ratio U,/ U,
for Jupiter entry is 0.14 while the air-dry ice simulation gives
0.42. For this consideration the helium-dry ice combination is
better than the air-dry ice combination since helium gas will
have a smaller molecular weight resembling that of the
hydrogen gas. In freestream temperature and pressure

conditions similar to those just considered, the helium-dry ice

model will give a value of 2.5 for ¢.

Probably the most difficult part of the simulation, par-
ticularly the low temperature simulation, is the radiative flux.
In the simulation the radiative effect is included in the
similarity parameter, Ev,, where the radiative heat flux is
lumped into €,07%. Air at low temperature is a
nonradiatively participating medium. Therefore, to simulate
the radiative energy flux to the sublimating material, some
artificial radiation must be devised. This may be ac-
complished in two ways. First, if the simulation is conducted
at a high temperature, then some radiatively participating gas,
such as CO, or H,0O, may be mixed with air to achieve the
necessary radiative flux. In this respect a steam-dry ice
combination may be considered. If the simulation is con-
ducted in a shock tube which normally has a small test section
but allows for high temperature operation, one may simulate
Ev, at a high temperature, The high temperature simulation
will, in turn, lead to a higher simulated gas velocity than that
given by a low temperature simulation. Secondly, if the
simulation is conducted at a low temperature the radiative
heat flux to the sublimating material must be supplied by an
external radiation source, such as a laser heater or radiation
lamp. The radiative heating can be independently controlled
for its power output such that the Ev, is simulated. If the
radiative heating is Q, then the freestream temperature 7,
can be taken to be [Q/¢,0]% and used in Egs. (24) and (25).
This method is particularly attractive, since the low tem-
perature simulation can be held at a gas temperature where
the radiation is negligible. Furthermore, at different levels of
radiative heating the similarity of Ev, may still be simulated
by choosing a suitable freestream velocity U, . The added

AIAA JOURNAL

flexibility for selecting U, allows us to determine a suitable
model size in the simulation, as long as we satisfy the
similarity of Reynolds number. The larger the radiative flux is
used the greater the simulated velocity as required from the
similarity of Ev, and hence the smaller the model size as
required to simulate Re;, and Re, can be made.

VIII. Ceonclusions

The analysis presented permits one to approximately
simulate in a lower temperature environment the high tem-
perature subliming boundary layer on the heat shield entering
the Jupiter atmosphere. The flexibility of the low temperature
simulation and the low cost in conducting the experiment
makes the method attractive in investigating many problems
associated with Jupiter entry. Investigations of heat shield
recession rate, surface features, transition in the subliming
boundary layer, stability of the hydrogen-C, gas interface,
flow separation, and particulate mass loss are some examples.
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