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The integral on the RHS of equation (8) is the Laplace
transform of the following function

f(L)z{L(DZ—LZ)‘”Z; 0<L<D, o
Q; L<D,
and can be evaluated as [3]
JD LA P e-s@l 10
o VDT 2

where & = kD, I,(¢) is the modified Bessel function of order 1,
and Z(£) is the modified Struve function of order 1. Thus, we
obtain

Tepnger = 1= = [11() = A

2 (1

For various values of &, 7.4, was calculated by using a table
of 1,(¢) and (&) from ref. [4], and is plotted in Fig. 2.
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The transmittance for a plane of thickness D (or a cube of
side D) when the radiation is incident normal to a face, and a
sphere of diameter D are given for comparison in Fig. 2. It
should be noted that the transmittance of radiation for a
sphere for collimated and diffuse radiation is identical so that
for the sphere is given by the well-known [1, 2] relation

2 .
TSPhCrc:Cv.z[l 4(1_’_5)6'5]. “2)

The negative slopes of 7 at the origin (see Fig. 2) are equal to
Lg/D, or in agreement with the predictions ofequation (3), n/4
for a cylinder, 1 for a slab (or cube), and 2/3 for a sphere.

It can be seen that the error in t of approximating it by e “**©
over the range of interest in many practical situations (kD < 2)
iszero for a slab, and less than 11%/ for a cylinder and a sphere.
The recommendation is therefore made that in the absence of
an exact formulation the transmittance of any objective may
be adequately approximated for kD < 2 by

7= kit (13)

A lower average error over the interval 0 < kD < 2 can be
obtained by using a smaller mean beam length for the cylinder
and sphere, unlike the mean beam length for emission,
however, no one correction factor can be defined that applies
for all optical thicknesses.

Acknowledgement—This factor was developed for the
interpretation of soot concentrations being measured as part
of the United States Environmental Protection Agency Grant
No. R808774.
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NOMENCLATURE

¢ ratio of the velocity gradients at the edge of the
boundary layer (b/a) when t* = @
skin-friction coefficients at the wall in the x-
and y-directions, respectively

c,.c,
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F.S dimensionless velocity components in the x-
and y-directions, respectively

F,.S. skin-friction parameters in the x- and y-
directions, respectively

G,G, dimensionless temperature and heat transfer
parameter at the wall, respectively

Gr,N Grashof number and ratio of viscosity,
respectively

Nu, Pr Nusselt and Prandtl numbers, respectively

r* dimensionless time
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T, T, T, temperature, wall temperature at t* = 0 and
free stream temperature, respectively.

Greek symbols

« ratio of Grashof number to Reynolds number
squared

1, % dimensionless independent variable and
parameter, respectively

i viscosity.

Superscript
differentiation with respect to 7.

Subscripts
e,w conditions at the edge of the boundary layer
and on the surface, respectively
r* derivatives with respect to r*.
INTRODUCTION

IN RECENT years, mixed convection flows with constant fluid
properties over two-dimensional (2-D), axisymmetric and
three-dimensional (3-D) bodies have been studied and the
relevant references are givenin ref. [ 1]. But the unsteady mixed
convection flow of water with temperature dependent
viscosity and Prandtl number on 3-D bodies has not been
studied so far.

The aim of this analysis is to study the effect of temperature-
dependent viscosity and Prandtl number on the unsteady
laminar incompressible mixed convection flow of water at the
stagnation point of a 3-D body where the unsteadiness in the
flow field is introduced by the time-dependent free stream
velocity, wall temperature, and surface mass transfer. Both
semi-similar and self-similar flows have been considered. The
appropriate governing equations have been solved numeri-
cally using an implicit finite-difference scheme [2].

GOVERNING EQUATIONS

The appropriate changes are incorporated in the equations
of ref. [1] to take into account the variation of viscosity and
Prandt] number with temperature as given in ref. {3]. The
relevant equations in dimensionless form can be expressed as

[1]
(NFY+ol(f+cs)F +1—F?)]

+o 'l -F)—F.+0 'aG =0, (la)
(NSY + o[ (f+¢5)S +c(1 — 53]

+0 7 'ou1~-85)—Sa+o 'aG =0, (lb)

(ProiNGY +@(f+¢s)G' — G = 0. (I¢)

The boundary conditions are given by
F=8=0, G=o¢(t*)atyn=0,

for t* > 0. (2)
F=S=1.

G=0asn— o,

Itisassumed here that the flowisinitially (t* = 0)steadyand
changes to unsteady for t¥ > 0. Therefore, the initial
conditions are given by the steady-flow equations obtained by
putting

P(t*) = o (t*) = 1,

in equation (1).

P =Fu=8p=Gn=0, (3)

Here
N =(pa/u)'?z, t*=at, u, = axe(t*),
ve = byp(t*), u=uF(y,1*), (4a)
v="0800,1%), w= —{na/p) *[(t*}f+cs)],

G, t¥) = (T—=T)To—T,) c=b/a, a=Gr/Ref,

Rey = palt/u,, Gr = pfg(T,o— T, )]k, (4b)
N = plue = (b +b, T )b, +b,T) = (1 +2,ATG) 1,
AT, = Tyo—Ton @, = by/by +b,T,), (4c)
by = 0.3471, b, = 00244,
Pr = pc,fk = 455/[32+ 1.8(T, +AT,0G)],

n n
f='[ Fdn+f,, S:J Sdy, f,=Ap~'(t*), (4d}
0] 4]

A= —(w,/d)Re)'?, Re,=pax’/u, H,= ax.

The variation of viscosity (x) and Prandtl number (Pr) with
temperature (T) in the range 44°C<T<378°C is
represented by equations (4c) and (4d), respectively. Here ¢
and ¢, are arbitrary functions of t* representing the nature of
unsteadiness in the inviscid flow and wall temperature,
respectively. Also « > Ofor T,,, > T, (i.e. for aiding force) and
a < Ofor T, < T, (i.e. for opposing force).

The skin-friction coefficients in the x- and y-directions and
the heat transfer coefficient can be expressed in the form [1]

C; = 2(Re,) " '2@(t¥)F,, Nu=(Re)'*G,,

. o , )
Ty = ARe)™ P(ofudoltS,.

Self-similar equations

The self-similar solution to the foregoing problem exists
and the governing equations in dimensionless form can be
expressed as [1]

(NFY +(f+es)F' +1—F2 4+ J(1 —F =2 'yF)+aG =0,
(6a)

(NS +{f+cs)S'+c(1 =S+ M1 —S—2"178) +aG = 0,
(6b)

(PrriNGY+(f+¢s)G' —A2G+27'9Gy = 0. (6c)
The boundary conditions are given by

F=8=0, G=1latn=0;

F=8=1 G=0asn-w, o
where
n=(pa/u) Pe; %z, @y =1-At* A<}
U= axey ', ve=hypy !, u=ulF, (8a)
v=0S, w=—(ga/p)¥f+cs)py ',
(T=T M Tho—To) = 02 °G,
(T =TT~ T,)) = 977, (8b)

fo=4, A= —[wualp) o3

If the normal velocity at the wall (w),, is assumed to vary as
@3 '/? and p.a/p is considered as a constant, then f, = 4 isa
constant. Also the flow at the edge of the boundary layer is
accelerating or decelerating according to whether 4 2 0.

RESULTS AND DISCUSSION

Semi-similar case

For computation, the free stream velocity and wall
temperature distributions have been taken to be of the form
@ = 1+er*? and @, = 1 —&t*, respectively. Since most 3-D
bodies of practical interest lie between a cylinder (¢ = 0)
and a sphere (¢ = 1), this study has been confined to the range
O0<c<g .

Here, only the effect of variable fluid properties is stressed
butin order to bring out the difference between the results with
variable and constant fluid properties, the skin-friction and
heat transfer results (F,,S,, —G,) for both variable and
constant fluid properties are shown in Figs. 1-3. The results
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F16G. 1. Skin-friction parameter in the x-direction (semi-similar
flow).

indicate that there is a significant difference in the two results
and this difference becomes more pronounced for large values
of the buoyancy parameter . For example, when o = 10, the
skin-friction parameters F, and S, for variable fluid
properties differ from those of constant fluid properties by
about 80% when t* = 0 and by 609, when t* = 3 (Figs. 1 and
2). However, the corresponding difference in heat transfer
— G, (Fig. 3) is comparatively less (about 11% at t* = 0 and
about 25% at t* = 3). Also, the effect of the buoyancy
parameter is more pronounced for variable fluid properties
than for constant fluid properties. For an opposing force
(x < 0), the values of the skin-friction and heat transfer
parameters (F, S, —G,,) for constant fluid properties are
more than those of variable fluid properties. On the other
hand, for aiding force (o > 0), it is the other way around. The
effect of mass transfer 4 is found to be more pronounced on the
heat transfer (— G,) than on the skin friction (F,, S,,). This is
true for both variable and constant fluid property cases (Figs.
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F1G. 2. Skin-friction parameter in the y-direction (semi-similar
flow).
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FiG. 3. Heat transfer parameter (semi-similar flow).

1--3). Therefore, it can be concluded that the effect of variable
fluid properties has to be taken into account for water
especially for large buoyancy parameters in order to predict
skin friction and heat transfer accurately.

Self-similar case

For this case, the governing equations (6a)~(6c) under
boundary conditions (7) have been solved by the same method
used for the semi-similar case and the results (F, S,,, — G, ) are
presented in Figs. 4-6. The difference between the results
corresponding to variable and constant fluid properties is
qualitatively and to some extent quantitatively similar to
those of the semi-similar flow results. For example, when «
= 10, the difference between the skin-friction results
(F,S,,)for variable and constant fluid properties is about 60%,
for A = —1 (decelerating flow) and 90% for 4 = 1 (accelerat-
ing flow), but the difference between the heat transfer results
is about 50%, for 4 = —1 and about 3% for 4 = L.
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F1G. 4. Skin-friction parameter in the x-direction (self-similar
flow).
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F1G. 5. Skin-friction parameter in the y-direction (self-similar
flow).

CONCLUSIONS

The skin friction and heat transfer are found to be strongly
dependent on the variation of viscosity and Prandtl number
with temperature especially for large values of buoyancy
forces. The effect of mass transfer is found to be more
pronounced on the heat transfer than on the skin friction.
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F1G. 6. Heat transfer parameter (self-similar flow).
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DURING recent years, there has been much speculation on the
possible existence of nucleate boiling in high quality diabatic
annular flows [1-7]. Hypotheses have been formulated and
experimental data re-analysed [1, 2] in an effort to show that
nucleate boiling may occur in the liquid film region at the wall.
A recent paper [7] describes experiments designed especially
to test the hypothesis of annular flow nucleate boiling, and
involving the determination of heat transfer coefficients at
constant quality and film flow. Data were obtained using a
tube, 367.2 cm long by 9.6 mm diameter, the first 182.9 cm of
which was heated to produce a desired quality fora given flow ;
the next 138.6 cm (or 144 diameters) was unheated to ensure
flow development ; and the last heated 45.7 cm was the section
in which heat transfer coefficients were determined. The heat
transfer characteristics were determined from wall tempera-
tures monitored by seven thermocouples uniformly spaced
along the final section, power input measurements, and local
coolant conditions. Experiments were performed with

steam—water at near atmospheric pressure ; mass fluxes were
105and 203kgm ~ 25~ !, and qualities ranged from 0.05 to 0.42.

On the basis of linear relationships between heat flux and
wall superheat at constant mass flows and qualities,
Aounallah et al. [7] concluded that nucleate boiling was not
present for the range of annular flow conditions covered by
their experiments.

This communication draws attention to similar experi-
ments performed nearly two decades ago, by Bertoletti et al.
[8] whose results were at variance with the conclusions of
Aounallah et al.

Bertoletti et al. [8] heated water at a pressure of 7 MPa to
required coolant qualities in an electrically heated section
corresponding to the 182.9 cm preheated section used in the
more recent experiments [7]. Heat transfer measurements
were made near the inlets and exits of two heated tubes 80 cm
long by 4.99 mm diameter and 139.9 ¢cm long by 9.18 mm
diameter, respectively. In each case the heated test section was



