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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*
Cleveland State University, Cleveland, Ohio

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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g = £ -derivative of/
h = £-derivative of g
K - transformed tangential surface velocity
k = thermal conductivity
Nu = Nusselt number
Pr = Prandtl number
q = heat flux
Re = Reynolds number
T = temperature
U = characteristic velocity
u = velocity component in streamwise direction
v = velocity component in transverse direction
x = coordinate along streamwise direction
y = coordinate normal to the surface
rj = nondimensional coordinate
0 = nondimensional temperature
v = kinematic viscosity
£ = transformed mass-transfer parameter
p =.density
0 = £ -derivative o f 6
X = £ -derivative o f <j>
\l/ = stream function

Subscript
w = conditions at the wall

Introduction

THE flow pattern that results when a jet of fluid is
discharged tangentially along a plane surface is called a

plane wall jet. Wall jet flows are used in many practical
situations. Some of these are in boundary-layer control, metal
ingot cooling, paper drying, gas turbine blade cooling,
window deicing, glass tempering, etc.

The effect of the surface mass transfer boundary condition
in a plane wall jet is to introduce nonsimilarity in the velocity
field. The nonsimilarity in the velocity field makes the
thermal problem nonsimilar. In a recent study, Gorla1

analyzed the effect of uniform mass transfer at the wall in a
normal direction. Series as well as local nonsimilarity
solutions were presented in Ref. 1, to study the flow and heat-
transfer characteristics. The present work is undertaken to
provide local nonsimilarity solutions for the flow and heat
transfer in a plane wall jet with vectored mass transfer along
the surface such that vw is uniform along the surface and
u^ ~ x~1/2. These particular distributions of wall velocities are
chosen because they allow the integration to proceed in an
ordinary way. In fact, they result from an examination of the
continuity equation in conjunction with the stream function at
the wall.

Analysis
For a laminar, steady, incompressible, two-dimensional

flow, where the viscosity coefficient remains constant and
pressure gradient, body forces, and viscous dissipation are
negligible, the governing equations within boundary-layer
approximation are given by the following:

Mass:

(1)

(2)

du/dx + dv/dy = 0

Momentum:

u(du/dx)+v(du/dy) = v(d2u/dy2)

Energy:

u(dT/dx)+v(dT/dy)=a(d2T/dy2) (3)

where x and y are the distances measured along and normal to
the surface, respectively, u and v are the corresponding

velocity components, and Tis the temperature. The boundary
conditions are given by

y = 0 : u = uw, v = vw, and T=TW (4a)

y-+<x> : u = 0 and T=T* (4b)

Positive and negative values for vw imply blowing and suc-
tion, respectively.

Proceeding with the analysis, we define

-n = (l/4)(U/v)1/4x~3/4y

£ = 4vw(x3/v3U)"

6 = (T-T00)/(TW-T00)

uw=(K/4)(Uv/x)I/2

(5a)

(5b)

(5c)

(5d)

(5e)

The case of isothermal wall boundary condition will be
discussed in this Note. The momentum and energy equations,
together with the corresponding boundary conditions, can be
written as

(6)

at j,=

=0

0(£,0) =/ 0(£,oo)=0

(7a)

(7b)

(8)

(9)

Primes denote differentiation with respect to 17.
Equations (6-9) do not admit a similarity solution, and so

the local nonsimilarity method has been used. Since the
methods of deriving the various levels of local nonsimilarity
models have been well documented in literature,2'3 these
details will not be given here in the interest of conserving
space. The present work employed the third level of trun-
cation model. To this end, we define

df dg

and then write the governing equations for the third level of
truncation model as follows:

Velocity Problem

/'" +//" +2f'2=3t(f'g' -f'g) (10)

g'"+fg"+4f"g+f'g'=3t[(g')2+f'h'-g"g-f"h} (11)

h'" +fh"+8gg" + 7f"h-2f'h'-2(g')2=0 (12)

Boundary conditions

/(£,0) = -$/4 f (£,0) =K f (£,oo) =0

/z ' (£ ,oo)=0 (13)
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Thermal Problem

(14)

(l/Pr)<t>"+f<t>'+4gef-(3f'<t>)=3tig'<j>+f'x-hO'-gx']
(15)

' -6 f ' x -6g '<l> = 0 (16)(l/Pr)x" +fx'

Boundary conditions

=0

The local wall shear stress is given by

rw _ du(x,y)
7 dy f * ( t , 0 )

(17)

(18)

If one defines

Rex = Ux/v and Cf = rw/ [(p U2 ) /2]

then Eq. (18) can be rewritten as

Cf(Rex)s'4=f"(S,0)/8
\ .

The local wall heat flux can be written as

K

(19)

(20)

In the previous equation, qw <0 indicates heat transferred to
the surface. The heat-transfer coefficient is given by

h(x)=qw(x)/(Tw-T<x)

and so the Nusselt number becomes

Nux=h(x)x/k= - (l/4)Rex
 l/4 -6' (£,0)

- (K/64) 'Re~314 -Pr.E. f" ($,0)

(21)

0-6
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0-2

-0-8 -0-4 0-8

(22)

Fig. 2 Effect of downstream vectored surface mass transfer on local
Nusselt number (Pr = 0.73).

values of £ ranged from -0.8 to 0.8, whereas the tangential
surface velocity K was allowed to vary from 0 to 0.75.

Figure 1 shows curves for the local skin-friction coefficient
vs £ for downstream vectoring. It can be observed that the
local wall shear decreases monotonically with £. The addition
of streamwise momentum coupled with normal injection
tends to increase the wall shear. This explains the crossing of
the curves for positive values of £.

Figure 2 shows curves for the heat-transfer results for
downstream vectored surface mass transfer. It is seen that the
local Nusselt number decreases monotonically with £. The
surface heat-transfer rate is observed to decrease with in-
creasing values of K. A value of 0.73 has been used for the
Prandtl number.
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Discussion of Results
The governing equations for the third level of truncation

have been solved numerically on the computer by means of a
forward integration fourth-order Runge Kutta method. The

Goethert's Rule with an Improved
Boundary Condition
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Fig. 1 Effect of downstream vectored surface mass transfer on local
wall shear stress.
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Introduction

AGOETHERT rule is presented which identifies a
linearized subsonic compressible flow with a family of

affinely related exact incompressible flows. A modified
transformation in the supersonic case casts the problem in
hyperbolic canonical form, so that the results of Heaslet and
Lomax1 are directly applicable. The boundary conditions
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