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analysis because the estimates of the wall pressure gradients at
these locations were considered to be more accurate and
reliable. Some typical values of change of crossflow angle Aa
predicted by the analysis are compared with the experimental
data in Refs. 7 and 8. The analysis predicts conservative
results (overestimates), the overestimation increasing with
distance from the wall. This is to be expected as the effect of
the wall static pressure field decreases with distance from the
wall. The overestimation is also seen in the predicted profile
shapes which have a slight curvature upward (Fig. 2). Within
the limitations of the analysis, the estimated decrease of
crossflow angle compares favorably with the measured value.

Conclusion
This Note clearly points to the importance of and dif-

ficulties in obtaining reliable measurements and reliable flow
conditions near the wall of skewed flows. It suggests that even
slight lateral adverse pressure gradients could be initiating
reversal of the crossflow, with the first sign of this reversal
being the collateral layer arid decreasing flow angles near the
wall. With these considerations of the near-wall flowfield, it is
conceivable that in the absence of the small local transverse
pressure gradients close to the wall, the skewing of the flow
could have been much more pronounced practically down to
the wall (limited only by the resolution of the sensor), im-
plying a noncollateral flowfield consistent with the equations
of motion in the neighborhood of the wall.
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Ice-Crystal/Shock-Layer Interaction
in Hypersonic Flight

T. C. Lin* and N. A. Thysont
Avco Systems Division, Wilmington, Mass.

WHEN a re-entry vehicle flying through the Earth's
Atmosphere traverses a cloud, raindrops or ice crystals

may strike the nosetip at high speed, causing serious damage
to the heatshield. The shock layer surrounding the vehicle
tends to shatter, decelerate, and melt the incoming debris and
hence acts as a shield against the erosive environment. In
order to make accurate predictions of the nosetip erosibn, one
must first understand the kinematics of these ambient par-
ticles and their thermal environment. The analytical results
presented here are focused on the dynamics of ice crystals in
the shock layer, although the formulation can be extended to
particles other than ice.

Heating Environment
Previous investigations concerning the kinematics of

particles in the shock layer include either vaporization or
melting processes.1'2 In the latter case, it is assumed that trie
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aerodynamic force is sufficient to remove the liquid melted
layer immediately. So far, only Wu3 has considered the so-
called blockage effect. His analysis follows Bethe and Adams'
work,4 which originally was designed for glassy materials.
We shall adopt a mathematical model for the heating en-
vironment which includes three layers, namely, the air
boundary layer and the liquid and thermal layers in the ice
crystal. The solutions for these three layers are coupled.
Heat Conduction in the Ice Particle

The unsteady one-dimensional heat-conduction equation
for a spherical ice particle is

dT
dr (1)

where Tis temperature, a is the thermal diffusivity, / is time,
and r is the local body radius. The appropriate boundary and
initial conditions are T(t,a) = Tm, T(Q,r) = T0, and
d T ( t , Q ) / d r = Q, where Tm is the melting temperature and a is
the particle radius. Then Eq. (1) has the solution

xsm-
. mrr /-an2ir2t\~\
in —— expl——-—— )

a \ a2 / J

Air Boundary Layer
The heat transfer from an air boundary layer with mass

injection at a stagnation point of a sphere can be correlated
asj

(2)

where B = mi(Hs—Hi)/q0, M is the ratio of molecular
weights of air to injected vapor (H2O), m, is the rate of
surface mass transfer, Hs and /// are the total enthalpy at the
boundary-layer edge and wall, respectively, ^ is the heating
blockage parameter, and q0 and (q0Yi are the laminar flow
stagnation-point heat transfer without and with mass in-
jection, respectively. Equation (2) agrees well with ex-
perimental data5 and exact numerical solutions.6

Liquid Layer
The governing equations for the liquid layer on a spherical

ice particle are

(MT/A) , +//".+ l/2 [PeIP-f 2 ] = 0 (3a)

1.0 I——

D = 100 IJ.

M = free stream Mach Number
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Fig. 1 Distribution of heating blockage parameter for a typical flight
trajectory (spherical ice particle).
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Fig. 2 Radial velocity and temperature profile on a spherical ice
particle.

(3b)

where

and where
/' = ulue - velocity ratio
K- thermal conductivity

IJL = viscosity
Cp = specific heat

p = density

and where p and ft are the density and viscosity of water at
0°C, respectively. Subscript / refers to the conditions at the
interface of liquid and air. The corresponding boundary
conditions are

= 0,0 =

=[ */ds)Y
and Pr = Prandtl number, H= total enthalpy, and rj = -rjdf
f, =0,0 = 0.

Since ^ is also an unknown, one additional heat-balance
equation is needed:

dT \
)
/ ice

where hT = Q.6 Cp(Tj-Tm), mh mm = mass-transfer rate at
17 = 0 and r/6, and where Ahf and Ahv are the heat of fusion
and vaporization, respectively. This expression for the heat-
capacity term hr follows Lees' analysis,7 which includes
convection as well as heat absorption by the melted layer. The
K(dT/dr) denotes the rate of heat conduction into the ice
crystal.

The coupled boundary-value problem just outlined has
been solved numerically by the method of quasilinearization.t
The heating blockage parameter ^ is plotted in Fig. 1 for a
typical flight trajectory with ballistic coefficient (3 = 2360 psf.
These results indicate that the heat-transfer shielding effect
caused by mass injection significantly reduces ice-crystal

tin the numerical example, Tm = T0 is assumed in the ice crystal
[seeEq.(l)].
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Fig. 3 Comparison of various heating
models for melting of ice crystals: spherical
ice particle.
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melting in the shock layer. The liquid-layer velocity and
temperature profiles are shown in Fig. 2. Comparison of our
results with the approximate solution of Ref. 3 also is shown
in Figs. 1 and 2. Wu's closed-form solution overpredicts the
liquid-layer thickness.

In the existing literature, attention has been focused on
obtaining closed-form solutions. However, there has been
disagreement on the formulation of the heat transfer q0. For
example, Jaffe8 assumed a constant Nusselt number, i.e.,
q0 ~ (Nu/2r)KAT, where Nu- Nusselt number = const, and
AT= Ts — Tj, whereas Waldman and Reinecke1 employed the
relation q0 ~ (u/u^ ) 3 r ~ ' / 2

9 where u = particle velocity, and
w^ = freestream velocity. A comparison between these two
approaches and a more exact heating model, that of Fay and
Riddell,9 is depicted in Fig. 3. Jaffe's formula8 predicts that
q0 increases as the melting ice particle traverses the shock
layer (since r becomes smaller). Waldman and Reinecke's
model ' compares favorably with Fay and Riddell's solution.9

Kinematics of Ice Crystals in the
Shock Layer

When ice crystals enter the shock layer, they will be
decelerated, tumbled, heated, and melted away. The
governing equations for the motion of one particle are

dx/dt = u,

mdu/dt = - l

dy/dt = v (4a)

g)- l/2pgCLAq(v- V g ) (4b)
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Fig. 4 Distribution of impact kinetic energy ratio at flat-face
cylinder stagnation point as function of nosetip radius and particle
size: cylindrical ice particle.

(4c)

where u and v are velocity components in the x and y direc-
tions; CD and CL are the drag and lift coefficients, respec-
tively; q= [u-Ug)2 + (v- Vg )2 ] / /2; and A is the particle
projected surface area. The particle mass is given by w = 4/3
pirr3 for a spherical crystal.

We shall assume that the flowfield is not affected by the
presence of the ice crystal. The distributions of gas velocity
components Ug and Vg and density pg are obtained from
exact inviscid flow computations.10 The drag and lift coef-
ficients are determined by empirical fitting of the extensive
experimental data compiled in Refs. 1 1 and 12.

To evaluate the mass loss caused by melting, we follow
Waldman and Reinecke's formulation.1 The average heating
on a sphere is taken to be 53% of its stagnation-point value,
and the laminar stagnation-point heat transfer without mass
injection q0 is evaluated by Fay and Riddell's relation.9

Equations (4) have been integrated numerically. The variation
of the impact particle kinetic energy fraction at the stagnation
point after passage through the shock layer on a flat-faced
cylinder is shown in Fig. 4. The atnbient particles have been
taken to be cylinders at an angle of 60 deg to the flight
direction and with a ratio of length to radius of 6. The results
show that, for a body radius of 1 in., the shock layer will
dissipate 22% of the initial particle energy of 200-/x-diam ice
crystals and 80 % for 50-/x-diam crystals at impact.

10*
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Fig. 5 Statistically average kinetic energy ratio at impact: cylindrical
ice particle (flat-face cylinder stagnation point).
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Fig. 6 Ice-crystal kinetic energy impact
ratio on blunt cone: spherical ice particle.
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The statistical particle size distribution function for ice
crystals can be represented by an exponential relation.' The
net kinetic energy impact fraction at the stagnation point then
becomes

A = o 6m(y,ui
D

6.06DS

where m^ represents ambient particle mass, subscript /
denotes conditions at impact, and Ds is a reference particle
diameter.1 Figure 5 shows the variation of A with Ds for a
2.8-in. body cylinder radius. Numerical results for spherical
ice particle impact downstream of the stagnation region are
shown in Fig. 6. Here we have considered a sphere-cone body
geometry with a cone half-angle of 8 deg. For the larger ice
particles, the trajectory deflection and slow-down attributable
to shoc)c layer effects is insignificant and can be neglected.
For the smaller ice crystals (Z)<200 JLI), the shock layer
becomes an effective shielding mechanism in decelerating the
particle. It is interesting to note that a minimum appears in
I/=miVi(Vi'n)/m0f>V00(V00-n) near the cone-sphere
junction.§ Far downstream (e.g., X/RB>25), // starts to
decrease due to the thickening of the shock layer. This
behavior of // is associated principally with the increase in the
particle deflection angle.

In Ref. 13, we have considered the questions of the spinning
of ice particles, the effects of thermal shock, and the problem
of high-temperature radiant energy transfer. It was concluded
that the thermal shock effects and the tumbling of the
cylindrical ice particles are not important because of the
small-particle residence time. A large angular velocity is
induced, however, which may cause the ice to crack or break
up.
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Heat Transfer in Wall Jet Flows with
Vectored Surface Mass Transfer

Rama Subba Reddy Gorla*
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Nomenclature
Cf = local skin friction coefficient
E = Eckert number U2 Icp (Tw - Tw)
f - nondimensional stream function

§Here // represents the shock-layer shielding effect on ice-crystal
kinetic energy impact ratio.
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