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Turbulence Modeling of Flowfields
with Massive Surface Ablation

R.N. Gupta*
NASA Langley Research Center, Hampton, Virginia

A turbulence model accounting for the various physical phenomena in the viscous shock layer of a massively
blown spherically blunted probe has been developed. In particular, an allowance has been made in the tur-
bulence model for the longitudinal and normal pressure gradient effects, peaked massive ablation, and the
nonequilibrium turbulence effects. The need for finding a boundary-layer edge is avoided. A computational
mesh and convergence criterion more appropriate for the blown surface is employed in obtaining the results
which include the effect of surface roughness.
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Nomenclature
= measure of effective sublayer thickness
= coefficient for production (enlargement) of

mixing length
= coefficient for dissipation (diminution) of mixing

length
= constant in Sutherland's law of viscosity, =96.67

K for hydrogen
= constant in Klebanoff intermittency factor
= nondimensional total enthalpy, //*/u^2

= finite-difference point in 5 direction
= finite-difference point in n direction
= kinetic energy of fluctuations; also time-step

counter
= mixing length given by Eq. (13)
= mixing length given by Eq. (16)
= mixing length given by Eq. (27)
= freestream Mach number
= molecular weight of mixture
= surface injection rate, P^v^/p^u^
= surface injection rate at the axis of symmetry
= coordinate normal to the body, n*/r*N
= normal coordinate
= pressure gradient parameter
= Prandtl number
= turbulent Prandtl number
= nondimensional pressure, p*/p^w£2

= universal gas constant, J kg"1 K"1

= freestream Reynolds number, p£,w^/"^//C
= gas constant, J kg"1 K"1

= Richardson number, (2M*/rJff)/(3w*/3/i*)av
= nondimensional roughness height, R*h/r*N
= effective radius of curvature, (r^j + n*)/r*N
= nose radius, m
= coordinate measured along the body, s*/r*N
= nondimensional temperature, T*/T^
= freestream temperature, K
= nondimensional time, /* £/£, /r*N
= nondimensional tangential velocity, w*/w^
= freestream velocity, ms ~ l

= friction velocity
= nondimensional normal velocity, v^/u*^
= transformed coordinate along body surface
= transformed coordinate given by Eq. (8)
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= transformed coordinate normal to body
= transformed coordinate given by Eq. (8)
= location where (d///3«)max occurs
= constant in mixing-length correction
= pressure gradient parameter, (d*/T*)(dp^/ds*)
= stretching factors in Eq. (11)
= ratio of specific heats
= Klebanof f normal intermittency factor
= shock standoff distance, 8*/r*N
= incompressible displacement thickness,

= a small number specified for convergence
= normalized eddy viscosity, ^T!\JL
= dimensionless total strain rate, fVJv/wJ,
= local curvature, K*r^
= nondimensional viscosity, /x*//C
= nondimensional eddy viscosity,
= freestream viscosity, N s m~ 2

= absolute vorticity of the flowfield
= nondimensional density, p*/p^0
= freestream density, kg m~ 3

= Reynolds number parameter, (/C/
= transformed time given by Eq. (5)
= transformed time given by Eq. (8)
= local shear stress, T*/p^u^2

= stretching parameters in Eq. (11)
Superscripts
( ) * = dimensional quantity
k = time-step count
( ) ' = fluctuating component
Subscripts
av = average
e = boundary-layer edge
/ = inner law
o = outer law
mp = match-point
5 = shock
w = wall
oo •= freestream

Introduction

TURBULENCE is one of the most important physical
events in the flowfield of a blunt probe traveling at

hypervelocity speeds under massive ablation conditions, and
it plays a vital role in heat shield design considerations for
such a probe. Recent studies1 have demonstrated the large
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penalty encountered due to the adverse effect that turbulence
has on the ability of the injected ablation species to block or
absorb radiation. Due to the severe entry conditions, the
experimental simulation of such flowfields is very difficult if
not impossible. There are some experimental data with
massive blowing available in the literature.2'5 They all suffer
however, from the fact that they have been obtained for the
freestream Mach number range of 3 to 7. The Jovian entry
conditions are almost an order of magnitude more severe than
the conditions employed in these experiments. Furthermore,
Refs. 2-5 give mostly the surface convective heating results.!
Not much information can be obtained about the flowfield
structure from the surface convective heating under massive
blowing conditions. The convective heating will be predicted
to be negligible under these conditions by using almost any
turbulence model! There are some detailed flowfield
measurements reported6 under moderate blowing conditions.
Unfortunately, these measurements were also made at
M^ =2.6 only. The entrainment rate and turbulent mixing at
these Mach numbers would be substantially different than
those occurring during the Jovian entry conditions.7

Therefore, this data base also cannot be relied upon for any
better understanding of the flowfield for the purpose of
turbulence modeling.

In the absence of a good experimenal data base against
which a turbulence model can be verified, the theoretical
design calculations should incorporate as much physics of the
various events in the flowfield as possible. In particular, the
turbulence model employed for the heat load calculations
should be based on a good understanding of the various
factors affecting the flowfield without requiring an excessive
amount of computational time.

A typical probe shape designed to explore the atmosphere
of outer planets would be a spherically blunted cone. Such a
probe will have a high rate of mass injection from its ablative
heat shield into the flow. The shock layer, contained between
the shock and the probe, is expected to be turbulent over
almost the entire length of the probe due to the massive
ablation and large Reynolds number of the flow. The viscous
shock layer for this flow situation would be characterized by
an almost inviscid inner layer (close to the surface), a shear
layer blown away from the surface, and an outer inviscid
layer as shown in Fig. 1. The blown-off shear layer in this case
does not quite behave as a free shear layer such as that en-
countered in a jet exhausting into a freestream. Over the
spherical portion of the probe, the blown-off shear layer
curves around the surface and retains a "memory" of the
presence of a bounding surface. Also, the presence of the
shock on the other side does not allow the shear layer to
spread as freely as it would if it were truly a free shear layer
unbounded by the surface as well as the shock wave.
Therefore, in order to model such effects as those due to the
surface curvature and roughness under massive blowing
conditions, one should not ignore the presence of the wall
since it is the source of these effects. However, the presence of
the wall does not damp turbulence in this case the same way as
it does in the case of no blowing.

Figure 4 of Ref. 2 (with helium injection and the blowing
rate parameter = 1.05) clearly shows the convection of the
small-scale eddies (generated near the surface) to outer
regions of the flow due to massive blowing. The velocity near
the surface is predominantly normal and the tangential
velocity as well as its normal gradients are small. These ob-
servations are also supported by the velocity profiles obtained
in the present work. Neither the gradients of the normal nor
the tangential velocity near the surface are large enough to
sustain any large amount of "turbulence" there, as evidenced
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tFor Jupiter entry, radiation is the dominant heat-transfer
mechanism with the turbulent convective component normally less
than 10% of the radiative component for peak heating conditions.
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Fig. 1 Schematic of the flowfield around a re-entry probe with
massive ablation.
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Fig. 2 Effect of various physical parameters on the eddy-viscosity
profiles for m0 = 0.2 and s = 0.393.
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Fig. 3 Effect of various physical parameters in the turbulence model
on temperature profiles for m0 - 0.2 and s = 0.393.

by small values of the eddy viscosity. This conforms with the
basic physics of the flow outlined earlier, namely, the
presence of an almost inviscid flow between the blown layer
and the wall. With this physical picture in mind, we may now
be able to model the effect of various parameters on turbulent
transport.

As indicated earlier, in the absence of a good data base for
the Jovian entry conditions, any effort to make the turbulence
model more complex would be meaningless. For such
situations, one would like to draw upon the existing tur-
bulence models and modify them by incorporating as much
physics of the problem as possible. Since the Cebeci model8 is
the most widely used model for wall-bounded flows and as it
is supported by Stanford's detailed9 measurements under
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Fig. 4 Effect of the variation in turbulence model and physical
parameters on eddy-viscosity profiles for rh0 = 0.2: a) s = 0.393,
spherical portion; b) 5 = 1.767, conical portion.

small surface mass transfer conditions for compressible
flows, we have drawn heavily from this model in formulating
the present two-layer eddy-viscosity model.

To account for the various factors influencing the
flowfield, we have chosen a mixing-length formulation for the
inner as well as outer region of the viscous-shock-layer flow,
which is based on the complete strain rate. The longitudinal
surface curvature effects have been accounted for essentially
by following the approach of Refs. 10 and 11. The effect of
longitudinal pressure gradient is included in the damping
factor and Prandtl constant appearing in the Van Driest
proposal for mixing length near the wall. The friction velocity
near the wall has also been suitably modified through the
integration of the momentum equation with massive surface
blowing in the limit of normal distance shrinking to zero.
Because of the difficulty of finding the boundary-layer edge
for a radiating shock layer, the present model incorporates the
modification that avoids such a necessity. Furthermore,
growth of the large eddies in the outer layer with the
streamwise distance has been accounted for by incorporating
a simplified form of the length-scale equation.12 Due to
massive ablation, the nonequilibrium turbulence effects
become important over the flank portion of the probe. These
effects may not be important over the curved portion of the
body since the large-scale eddies in the outer flow are sup-
pressed there by the action of the normal pressure gradient. It
is felt that the use of only the length-scale equation in
preference to the more complex two-equation model of
turbulence should be adequate to allow for the
nonequilibrium effects for the problem under consideration.
Unless the values of the various constants needed in the two-
equation model are obtained from the appropriate ex-
periments, it is sometimes not worth the extra effort,
especially for the present case. The values of most of these
constants employed in the earlier works13 have been obtained
from the experiments for subsonic flows.

It may now be summarized that the turbulence model
outlined here adequately accounts for the vital physical events
in the shock layer and,can easily be combined with the
viscous-shock-layer equations without substantially in-
creasing the computational time. This criterion may be im-
portant for computing the flowfields with real-gas effects
where the computations of radiative heating consume a
substantial amount of computer time. Simplicity of the two-
layer eddy-viscosity model and the ease with which it can be
combined with the viscous-shock-layer equations have also
played a major role in the formulation of the present model.

The turbulence model described herein has been combined
with the conservative form of the time-dependent viscous-
shock-layer equations. These equations are advanced in time
to a steady state using the unsplit explicit finite-difference
algorithm of MacCormack.14 As pointed out earlier, the shear
layer is blown away from the surface with massive blowing;
therefore, the nodal spacing of the computational mesh
should be more refined through the shear layer and not
necessarily near the wall. In the present work, the refinement
(i.e., compression) of the computational mesh is done in the
region where the gradient of the total enthalpy is maximum.
This approximately coincides with the location where the
velocity normal to the surface becomes zero. However, since
the magnitude of the normal velocity is very small and may
vary in magnitude from iteration to iteration due to the
computer roundoff errors even in the vicinity of converged
solutions, it may not be meaningful to tie the mesh to the
location where the stream function based on mass flux
becomes zero, as suggested recently by some investigators.15

Analysis
Governing Equations

The flowfield solutions presented here were obtained by
solving the conservative form of the time-dependent viscous-
shock-layer equations for a perfect gas appropriate for both
laminar and turbulent flow. These equations, when
represented in the body-oriented coordinate system and for
flow at zero angle of attack, are expressed as1

dU dM 8N
-r- +—— + —dt ds dn (1)

where the vectors U, M, N, and Q may be obtained by
dropping the species continuity equation and taking the mass
fraction of species and radiative heat flux as zero in Eq. (1) of
Ref. 1.

The following limiting form of the governing equations is
obtained at the axis of symmetry (where 0 = 0) by dif-
ferentiating Eq. (1) with respect to s and taking a limit as 5—0:

dU0 dM0 dN0 (2)

where the vectors U0, M0, N0, and Q0 may once again be
obtained from Eq. (2) of Ref. 1 .

The equation of state is given by

p=[R*T*00/M*U*00
2]pT

and the viscosity is obtained from Sutherland's law

(3)

(4)

Transformation to Computational Planes
The first of the two independent transformations employed

maps the physical domain into a rectangular region in which
both the shock and the body are made boundary mesh lines of
the computational region. This transformation is

(5)
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The transformed forms of Eqs. (1) and (2) are

dU dM dN

dU0 dM0 dNn-~ - — -dt dy dz

(6)

(7)

where

U=5U, M=dM, N=(l-z)(dTU+dyM)-N

and

N0=(l"Z)(drU0 + dyAf0)-N0t Q0 = SQo

The computation region is then mapped to another plane to
allow higher resolution through the shear layer which has
been blown away from the surface due to massive blowing.
The second transformation is

y=y, z=f(z), (8)

With this transformation, the final forms of Eqs. (6) and
(7) become

dU dM 8N -+ +——+Q=0
df dy dz

dU0 dM0 dN0

(9)

(10)

where

0=0, M=M

N= ( l / F ) [(I-z) (B.U+dfM) -N]

Q=Q+(l/Fi)(dF/dz)[(l-z)(Sa+dfM)-N]

and

The partial derivative with respect to n in the expressions
for U, M, TV, and Q is to be replaced by

d( 1 1 d( )
dF dz

Equation (11) refines the grid near z = z0 and z= l , while
making the grid coarser at z = 0. Here z0 is the value of z
where (dH/dn)max or [ -(1/5) (l/F)dH/dz]max occurs. This
permits better solution of flowfield details near z0 and the
body surface (z=l) . j37 controls the amount of refinement
near the surface, whereas 02 provides control of the grid near
Z0. The practical value of /37 ranges between 1 and 2 with
values near 1 giving the largest amount of refinement. The
practical range for $2 is between 2 and 10 with a larger value
providing the best resolution near z0. Typical values of /37 and
02 employed in the computations were 1.2 and 4, respectively.

Boundary Conditions
The boundary conditions at the shock are calculated by

using the Rankine-Hugoniot relations. At the body surface
(wall), no velocity slip and no temperature jump are assumed.
The surface blowing-rate distribution of Ref. 16 has been used
and the surface temperature is taken as a prescribed value.
Flow properties along the outflow boundary, where the main
flow must be supersonic, are computed by extrapolation from
the upstream grid points. Alternatively, they may also be
obtained by using two-point backward differencing in both
the predictor and corrector steps for computing the
streamwise or tangential derivative.

Turbulence Model
A two-layer (inner and outer) eddy-viscosity/mixing-length

formulation modified for nonequilibrium pressure gradient
and longitudinal curvature effects and with allowances for
peaked surface injection-rate distribution and surface
roughness effects is presented here. Further, the necessity for
finding the boundary-layer edge is also avoided. The inner
eddy-viscosity model is used from the wall to the match-point
(mp), where the eddy viscosity given by the inner model is
equal to that of the outer model.

The dimensionless eddy viscosity is expressed in time-
averaged fluctuating components as

e+ —IJLT/IJL= — (pv) 'u'/a2n(du/dn) (12)

where the Reynolds-stress term - (pv) 'u' is defined in terms
of a mixing-length correlation as

0 = ( l / F ) [ (1- 0 ) -N0]

Here

<»>

-(pv)'u' =pl2 l (13)

Here f is the total strain-rate of the flowfield to account for
the peaked surface injection rate distribution and is expressed
as

1 dv _ 1 du
(n + riK.) ds (7 + fl/c) dn

(14)

From Eqs. (12) and (13), the Prandtl's mixing-length concept
may be stated as:

= [pl2/a2n] If I (15)

Effect of Longitudinal Curvature on Mixing Length
Longitudinal streamline curvature has been shown9'10 to

affect the mixing length, /, for computational schemes using
mixing-length/eddy-viscosity turbulence modeling. Ac-
cordingly, a formulation suggested by Bradshaw11 is used
herein to correct the mixing length for the effects of
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longitudinal curvature and is given by

(16)

where a = 3 and aRi<0.1 in the outer portion of the viscous
region over the curved portion. This limiting value of Ri in the
outer region is justified in view of the experiments of Ref. 17.
These experiments give a value of /=0.0255 over the curved
portion, compared to a value of /"= 0.0856 over the flat
portion. Further, the value of (du/dn)av employed in ob-
taining the Richardson number, Ri, is an average taken over
all the grid points from the match-point (mp) to the shock-
wave location:

N* N*/to\ = V (d^\ I V
\dn/av .,~ \dn/Nl ^~f

Now, over the spherical portion of a blunted body,

(17)

and a lag equation is used to smooth out abrupt changes in
curvature:

d(7/re f f)/ds= -7/(70Azmaxref f) (18)

Here «max is the value of n at which Fmax, defined by,18

F(n)=nu (19)

occurs and co is the absolute magnitude of vorticity given as

7 dv du K
1 + Kn ds dn 1 + m (20)

Inner Eddy- Viscosity Formulation
The eddy viscosity for the inner region of the viscous layer

is obtained from Eq. (15) rewritten as:

to allow for the longitudinal curvature effects introduced
through Eq. (16). The mixing length, /, is evaluated by using
the Van Driest's8 proposal stated as

l~=Kn[l-exp(- (21)

where

In defining n + , f has been used in place of TW to allow for the
effect of blowing on the mixing length in a direct way. There
is negligible convective acceleration near the wall, so that

du
ds (22)

Under the massive blowing conditions, typical values of
n + /A+ in Eq. (21) are of the order of 106 over the spherical
portion of the probe. For such a situation, Eq. (21) yields

f=Kn (21a)

Thus, the damping influence of the wall is automatically
removed from Eq. (21) when the blowing is massive. Further,
depending on the value of dv/ds (required to sustain tur-

bulence near the wall), eddy viscosity is predicted ap-
propriately from Eq. (15a) with the inclusion of total strain
rate f.

Thus, the basic concept of the Prandtl-Van Driest-Cebeci
formulation employed for the inner layer here seems to give
the correct physics for the flowfield under massive blowing
conditions. This physics is further reflected from the velocity
profiles obtained in the present work.

Effect of Pressure Gradient onA +

The effective sublayer thickness A + is strongly affected by
local pressure gradients and was modeled based on Ref. 19.
The experimenal data of Ref. 19 cover the range of ap-
proximately -0.07</? + <0.07, where p+ is the pressure
gradient parameter

(23)

For p+ < -0.07, the value of A+ was held constant at the
value obtained for P+ = -0.07. Thus, the sublayer thickness
employed for flows with a pressure gradient is:

-1/2 for P+ > -0.03

=26(1 - 11.8x0.03) ~'/2 for P+< -0.03 (24a)

and for flows with both a pressure gradient and massive
inj ection (p w v w > 0 . 1 ) :

(P++=26\ —— [exv(11.8v+)-l]+exp(lL8v+)L t? +
for P + > - 0.07

-(^[exp(lL8v+)-l]+exp(lL8v+)l~1/2

forP+<-0.07 (24b)

where v+ = VW/UT and

With moderate surface injection rates, bounds on A+ for
larger values of the favorable pressure gradients may be
obtained from the experimental results contained in Ref. 19.

Effect of Pressure Gradient on Prandtl Constant (K)
The effect of the longitudinal pressure gradient on the value

of the slope of the mixing length near the wall, K, has been
accounted for through the relation between K and the pressure
gradient parameter 0 defined as:

where 6, is the incompressible displacement thickness.
The variation of K with j3 used in the analysis is20

0.182[l-exp(0.321j3)] for J3>0

= 0.004(p + 10)2 for -10<j3<0 (26)

For values of 0 less than - 10, K may be assumed to be zero
(laminarized condition).

Effect of Surface Roughness
The mixing length in Eq. (21) may be modified to include

the influence of surface roughness by following the approach
of Ref. 21. Thus, for a rough surface, the mixing length, /", in
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Eq. (21) is obtained from:

7
/ rt^

-exp^- —
L "~"\ A-

with rt + and A + as defined earlier and

(27)

Rh=R*h/r*N

Outer Eddy- Viscosity Approximation
For the outer region of the visous layer also, the eddy

viscosity is obtained from Eq. (15) by combining it with the
Klebanoff inter mittency fator. Thus,

pf(l-aRi)2

a2 jit
(15b)

where the mixing length has been modified for the
longitudinal curvature effects with the help of Eq. (16) and
7f- n is the Klebanoff intermittency factor defined as

(28)

In Eq. (28) rtmax is the value of n where F(n), defined by Eq.
(19), is maximum.18 The constant CKLEB was found to be
unity by requiring agreement with the results of Ref. 8.

Since the flow in the outer region of a massively blown
shock layer resembles to some exent the free-mixing layers, a
length-scale equation should describe the growth of the
mixing length with streamwise distance. The length-scale
equation suggested by Spalding12 is

(29)

In the outer portion of the viscous region, convection makes a
significant contribution and an appropriate balance may be
taken to exist between the convective term and the production
term resulting from the enlargement of / in Eq. (29).

uav(s)—=aDk" (30)

Here uav is the average velocity across the wake region and
may be taken as

Uav=(US + Ump)/2 (31)

where us is the velocity behind the shock and wmp is the
velocity where e^ =e+. It would appear more appropriate to
use the velocity at the edge of viscous layer ue in place of us in
Eq. (31), as pointed out in Ref. 22. Due to the difficulty of
finding the boundary-layer edge for a radiating shock layer,
however, it is proposed to use us in place of ue. This results in
a somewhat larger value of /~and, consequently, e+. The in-
crease in e + is offset, possibly through the use of a larger
value (1 rather than 0.3) for CKLEB in Eq. (28). Now, kinetic
energy of the turbulent fluctuations, k, may be obtained
from23

k»=0.3\us-ump\ (32)

Using a value12 of 0.27 for the coefficient aD in Eq. (30) and
combining it with Eq. (32) gives:

The constant appearing in Eq. (33) is based on low-speed
data and is more appropriate for unconfined free-mixing
flows. In the absence of any better experimental data for the
Jovian entry conditions, the only other way to find the value
of this constant would be to use Eq. (33) for the small blowing
case and tune in the value of the constant by comparing it with
the Cebeci model predictions. This procedure results in a
somewhat lower value of the constant, and Eq. (33) is
modified to

v— =0.005 \us-un (34)

The smaller value of the constant in Eq. (34), which ac-
tually represents the spread rate of the viscous layer in the
outer portion of the shock layer, appears more appropriate
for application to the viscous-shock-layer type of flows since
Spalding's coefficients were meant primarily for flow
situations without the confining effect of a shock wave. It
may also be pointed out here that the value of the constant
appearing in Eq. (34) might require some further modification
in view of the results obtained recently.24 However, any effort
to make the turbulence model more complex would be
meaningless until we have a good data base for the Jupiter
entry conditions.

Finally, Eq. (34) upon integration yields the mixing length /
to be used with Eq. (15b):

f(s)=0.01\S^ Us Un (35)

,^=0.081 \us-ump\ (33)

An equation similar to Eq. (34) has also been obtained in Ref.
25 through a somewhat different procedure.

Method of Solution
A time-asymptotic two-step finite-difference method due to

MacCormack14 is used to solve the governing equations. A
forward-predictor backward-corrector operator sequence is
used for each time step in the vectorized code26 ideally suited
for the CDC Cyber 203 computer. In the present analysis, the
eddy viscosity and new grid are obtained after every 25 time
steps to save computing time.

Discussion of Results
As pointed out in the introduction, this study was un-

dertaken primarily to account for the various physical events
in modeling turbulence for the massively blown viscous shock
layers. In addition, a computational mesh and convergence
criterion more appropriate for such flowfields and surface
roughness effects were included in the analysis.

The solutions presented here were obtained using 101 grid
points normal to the body with a variable grid spacing,
whereas those along the body were evenly spaced at As values
of 0.1963 through 5 = 2.7482. For all the solutions obtained,
the transition to turbulent flow was instantaneous and located
at the first body grid downstream of the stagnation point.

The flow conditions used in the analysis are those of Ref.
16, considered typical of the Jovian entry conditions at that
time. Although the probe shape, mass, and other entry
conditions have changed since then, the case of Ref. 16 was
retained for the present study to allow comparisons with the
published results.

Probe geometry: 45 deg half-angle spherically blunted cone
with a nose radius (r^) of 0.22m.

Jovian atmosphere: Hydrogen-helium mixture (0.90
H2 +0.10 He) under perfect-gas conditions.

Other flowfield parameters: Mw =43.84; 7^ = 145 K;
p^ = 1.27xlO~4 kg m-3;7^ = 4000 K, 7= 1.224; tf* = 3593.6
J kg-1 K-1; /te=156,700; Pr=0.72; Art0 = 0.2; the surface
blowing-rate distribution of Ref. 16 is employed.

In the present analysis, the result is considered as converged
to the steady-state value when the following criterion is
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satisfied:

maximum ! [ (dH/dn)k - (dH/dn)k~m] I(dH/dn) f = / 1 <e
u

where e«0 (10 ~3). This test is made after every 500 time
steps.

In the results presented here, first the effects of surface
roughness, complete strain rate, and the longitudinal pressure
gradient considered separately with the Cebeci model of
turbulence are given in Figs. 2 and 3. The cumulative effect of
these variations on the proposed eddy-viscosity model em-
ploying a mixing-length formulation in the inner as well as
outer region is presented in Figs. 4-6. With this formulation,

) ——— — CEBECI FOR INNER & MLE FOR OUTER REGION
) ————— 0 + NORMAL PRESSURE GRADIENT EFFECTS
) —--— (5 + LONGITUDINAL PRESSURE GRADIENT EFFECTS
)— —— -@+ COMPLETE STRAIN-RATE FOR INNER&

OUTER REGIONS + SURFACE ROUGHNESS (1mm)

100 140 180 220

Fig. 5 Effect of the variation in turbulence model and physical
parameters on temperature profiles for m0 = 0.2 and s = 0.393.
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CEBECI MODEL
——— —CEBECI FOR INNER + MLE FOR OUTER REGION

+ NORMAL PRESSURE GRADIENT EFFECTS
> ———(D+ LONGITUDINAL PRESSURE GRADIENT EFFECTS

(D+ COMPLETE STRAIN-RATE FOR INNER AND
OUTER REGIONS + SURFACE ROUGHNESS (1mm)

Fig. 6 Effect of the variation in turbulence model and physical
parameters on tangential velocity profiles for m0 = 0.2 and s = 0.393.

the effects of longitudinal surface curvature and
nonequilibrium turbulence have also been accounted for.
Finally, Fig. 7 gives results for no surface injection and Fig. 8
presents the Richardson number distribution (associated with
surface curvature).

Figure 2 contains the eddy-viscosity profiles obtained by
including the effects of surface roughness, total strain rate,
and the longitudinal pressure gradient in the Cebeci tur-
bulence model of Ref. 8. The results of Ref. 16, which do not
include these effects, are also shown for comparison. As
expected, surface roughness increases eddy viscosity as
compared to a smooth surface of Ref. 16. This effect is more
noticeable when the surface-roughness height is increased
from 1 to 2 mm. With the stronger surface blowing, however,
the surface may appear "smooth'' to the blown shock layer.
Furthermore, care must be taken in choosing the step size near
the wall such that the first grid point away from the wall is
located at a distance of the order of A«, defined in Eq. (27).
Otherwise, the effect of surface roughness will be smeared out
near the wall. The inclusion of complete strain-rate also in-
creases the eddy viscosity but to a somewhat lesser degree as
compared to the surface roughness. The effect of longitudinal
pressure gradient on eddy-viscosity distribution, however, is
much more noticeable over the spherical portion (as shown in
Fig. 2 for 5 = 0.393) where the gradient is strongly favorable.
Over the conical flank portion, the various effects are of the
same order of magnitude. For the sake of brevity, these
results are not included here. The temperature profiles
corresponding to the various cases of Fig. 2 are contained in
Fig. 3. With the suppression of turbulence by the longitudinal
pressure gradient, the upper edge of the blown viscous layer is
somewhat lower, implying lesser entrainment of the high-
temperature outer region gases. Further, a smaller value of
the eddy viscosity would cause reduction in the transport of
these hot gases to the lower region by turbulent diffusion.
This would suggest lower temperatures closer to the surface as
shown in Fig. 3.

Two of the main problems associated with the Cebeci
turbulence model are that the normal pressure gradient effects
(arising essentially from the longitudinal surface curvature)
cannot be properly accounted for in a straightforward
manner, and for a radiating viscous shock layer, it is difficult
to find the viscous-layer edge. For the massively blown case
the additional inadequacy of the Cebeci model is reflected
from the fact that eddy viscosity in the outer region is com-
puted as a local property, whereas the flowfield is highly
npnsimilar or is in a nonequilibrium state. Figure 4 shows the
results obtained by employing a mixing-length equation
(MLE), Eq. (35), for the outer region eddy-viscosity
calculations. With the formulation contained in Eqs. (15b),
(28) and (35), the objections mentioned here have been taken
care of. Once again, Fig. 4 also contains the eddy-viscosity

CEBECI MODEL (REF. 16)
CEBECI FOR INNER & MLE FOR OUTER REGION + NORMAL &

LONGITUDINAL PRESSURE GRADIENT EFFECTS + COMPLETE
STRAIN-RATE + SURFACE ROUGHNESS (1 mm)

s = 1.767

Fig. 7 Effect of the variation in turbulence model and physical
parameters on eddy-viscosity profiles for m0 = 0.

0 .02 .04 .06 .08 .10 .12 .14 .16

Fig. 8 Richardson number distribution corresponding to curve ® of
Fig. 4 for m0 = 0.0 and m0 = 0.2.
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profile of Ref. 16 obtained by the basic Cebeci turbulence
model of Ref. 8. The role played by the normal pressure
gradient in reducing the length scale of large eddies which
carry the upstream history is clearly brought out for the outer
region over the curved portion of the probe (Fig. 4a). The
inclusion of longitudinal pressure gradient effects suppresses
turbulence closer to the surface as before. Figure 4 also shows
a curve which has the combined effect of normal and
longitudinal pressure gradient, complete strain rate, and
surface roughness. The net result is an overall reduction of
eddy viscosity and also lowering of the upper edge of the
blown viscous layer. The smaller temperatures in the lower
region and less-full velocity profile due to poor turbulent
diffusion as shown in Figs. 5 and 6, respectively, for this case
are consistent.

Figure 7 shows the eddy-viscosity profiles obtained with the
complete model of Fig. 4 (shown as curve ®) for the case of
no surface blowing. Overall results are similar to those for the
massively blown case. However, the surface roughness seems
dominant now in controlling the eddy viscosity, especially
over the conical portion of the probe. Over the curved por-
tion, the reduction in eddy viscosity by the action of normal
and logitudinal pressure gradients is still substantial. Closer to
the surface, the surface-roughness effects appear to take over
unlike the blown case.

Figure 8 shows the role played by the normal pressure
gradient in reducing the large eddy structure in the outer
region and the recovery of the flowfield from curved to the
flat surface as measured through Richardson number
distribution. Massive blowing appears to reduce the normal
pressure gradient and its ability to destroy the outer eddies,
thereby making the flow more nonequilibrium. Finally, with
the adoption of the new grid, the computational time has been
reduced by about 25% as compared with the computations of
Ref. 16 employing a logarithmic grid for the same order of
accuracy. This saving results from the avoidance of excessive
grid refinement near the surface for a massively blown
flowfield.

Concluding Remarks
The flowfield solutions for a massively blown surface are

presented with a turbulence model, which accounts for the
normal and longitudinal pressure gradients, surface
roughness, and nonequilibrium character of the flow. The
need for finding the boundary-layer edge is also avoided.
Further, a computational mesh and the convergence criterion
more appropriate for the blown surface are employed. There
is a net reduction of turbulent mixing and lowering of the
viscous-layer edge with the accounting of these various ef-
fects. The reduction is more noticeable over the curved
portion. This has the implication of suggesting a lower
penalty resulting from the adverse effect of turbulence on an
ablating surface. With the new computational grid suggested
here, the computational time for the massively blown viscous
shock layers has been found to be lower by about 25% as
compared with those employing a logarithmic-grid
distribution for the same degree of accuracy.
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