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1. lNTRODUClTON 
THE I,CICAL heat transfer of ventilated tough spherical 
particles has recently attracted the interest of cloud physicists 
trying to understand the growth of rough and knobbly 
hailstones. Experimental studies were undertaken by Auf- 
dermaur and Joss [i] and by Schuepp [2]. Both studies 
agreed in so far as a characteristic maximum of heat transfer 
appeared downstream from the forward stagnation point 
under the influence of roughness. However, according to 
Schuepp’s experiments, the local differences smoothed out 
with increasing Reynolds number to an extent which was 
not expected from our experiments Therefore, additional 
experiments were undertaken with similar particles and 
Reynolds numbers in order to find out, whether the heat 
transfer in air (Pr = 0.72) would be similar to the mass 
transfer measured by Schuepp in a water tunnel by a chemi- 
luminiscent method (SC ,-., 1000). 

2. EXPERIMEh’TAL DEVICE 

A brass sphere of 30 mm dia and a local element of 87 
mm2 within the sphere (Fig 1) were electrically heated and 
regulated individually to 0°C. The power consumed by the 
heater of the local element and the heater of the spherical 
body was measured in a cooled wind tutmeL In the working 
section of 500 cm2 wind speed and temperature varied 
between 2.5 and 40 m/s and between - 4 and - 20°C 
respectively. For mom information about the conditions, 
evaluation and errors of the experiment the reader is referred 
to an earlier description [I]. The turbulence in the present 
experiments was 04 per cent without grid and 5 per cent with 
grid GS inserted The spectral distribution was also described 
by Aufdermaur and Joss [2]. 

This new series of experiments was conducted with 

particles of the same roughness as in Schuepp’s experiments. 
The roughness was achieved by sticking hemispherical metal 
caps of 3, respectively 5 mm dia on to the sphere, corres- 
ponding to 5 and 8 per cent roughness (Fig. 1). 

The thermal resistance at the interface sphere-metal cap 
was smah enough to be negligible. This was checked by 
m~uring the tern~~t~ difference between a metal cap 
and the brass sphere. 

3. RESULTS 
The results are given in terms of the dim~sionl~ number 

Nu.Re-*. Pr-*. To calculate this number, the kinematic 
viscosity and thermal conductivity of air were taken for the 
temperature of the particle. The characteristic length was 
the diameter of a sphere of the same volume as the rough 
particle. For the area, the projection on the equivalent sphere 
was chosen. 

Figure 2 shows the results plotted as a function of the polar 
angle rp from the forward stagnation point for three different 
Reynohls numbers. Roughness is given as a parameter for 
each curve. The results for a smooth sphere with roughness 
0 per cent and the sphere covered by brass chips, roughness 
1 per cenf are taken from our earlier experiments [l]. The 
heat transfer is gradually increased horn the Iowest to the 
highest Reynolds number. Under the infiuence of roughness, 
the local differences are not attenuated and the local maxi- 
mum around cp = 60” is typical. The additional influence of 
5 per cent turbulence from grid GS is moderate, and decreases 
for increasing roughness as can be seen from Table 1. This 
table gives the mean heat transfer number of the whole 
particle calculated by integrating the measured local values. 
The heating power consumed by the whole particle agreed 
with the values given in Table 1 within f 7 per cent. 
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a) Table 1. Mean value qf Nu.Re-f. Pr-* for the uhole partick 
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FIG. 2. Nu.Re-*.Pr-* in function of the polar angle cp from 
the forward stagnation point. The roughness and the 

Reynolds numbers are given as parameters. 
Turbulence = 0.4 per cent. 

Particle roughness (heightidia) 

Rt 0% 1% 5 $ 8 o<, Turbu- 
lence 

4oW 0.70 0.72 0.75 0.87 
17ooo 0.73 0.81 1.18 I.33 0.4 “/, 
7oocCl 0.91 1.46 1.89 1.89 

4ooo 0.91 0.89 0.84 1.01 
17ooo 1.02 1.23 l-44 159 5 “, 
7oooo I.25 1.81 2.06 2.02 

4. CONCLUSIONS 

Our experiments show a marked disagreement with 
Schuepp’s results in so far as for our particles of e.g. 8 per 
cent roughness the ratio of the local maximum to the mini- 
mum transfer amounts to about 2.5 for both Re = 17000 
and Re = 70000, whereas in Schuepp’s experiments this 
ratio gets smaller with increasing Reynolds number (1.6 at 
Re = 40000, same roughness) Furthermore, roughness is 
effective in the liquid system at a considerably smaller 
Reynolds number than in air. On the other hand agreement 
with Schuepp and List [4] was found in so far as the total 
transfer increases under the influence of roughness up to a 
factor of two. 

A possible explanation for the different transfer charac- 
teristics could be the difference of three orders of magnitude 
between the Prandtl and the Schmidt number of the two 
systems. As a consequence we expect the transfer boundary 
layer in air to be ten times bigger than in water for the same 
Reynolds number. Therefore, the liquid system is more 
sensitive to roughness, e.g. at Re = 4OGO we measure an 
increase due to roughness of the total heat transfer of up to 
20 per cent (Table 1) where Schuepp [2] finds up to 100 per 
cent. At Re = 4000 the boundary layer in air is of the order 
of 05 mm the same range as the roughness elements used in 
the experiments, whereas in water the boundary layer was 
always considerably smaller than the roughness elements 
used. Hence we should not expect similarity at this Reynolds 
number. At Re N 70 000 the roughness is large with respect 
to a hypothetical laminar transfer boundary layer in both 
systems. Under these conditions the roughness elements 
cause turbulence, which again makes the similarity theory 
questionable. Therefore it is understandable that the experi- 
ments in the two systems show different results. 
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NOMENCLATURE subscripts 
F, freezing condition ; 

It, 
initial condition ; 
liquid region ; 

0, refers to condition on the interface x = y ; 
s, solid region ; 
U: wall condition. 

CP 

K 

L, 

T 

T:, 

T1, 

T:, 

4 
x, 

x*7 

Y, 

Y*9 

Btu 
specific heat at constant pressure - ; 

[ 1 1bm”F 

thermal conductivity & ; [ 1 
temperature [“F] ; 

KL T - TF 
dimensionless initial temperature = K T-T; 

K; T’ - T; 
dimensionless liquid temperature = K T-T; 

TJ ‘T, 
w 

dimensionless solid temperature = T-T; 
F I 

time [min] ; 
distance [ft] ; 

x 
dimensionless distance 3 ~. 

2&Q) ’ 
distance [ft] ; 

Y 
dimensionless distance = -. 

2 J(a,r) 

Greek symbols 
k ft2 

e, thermal di!Iusivity = - - [ 1 PC, mn ; 
B, ratio of latent to sensible heat = 

L 

C,,(Tp - Tw); 

PV density !$! [ 1 * The City College of The City University of New York, 
N.Y. 

t Grumman Aircraft Engineering Corporation, Bethpage, 
N.Y. 

$ Harry Diamond Laboratories, Washington, D.C. 

INTEODUCHON 
HEAT conduction in systems undergoing phase transforma- 
tion is encountered in numerous engineering systems. 
Examples are freezing, melting, ablation, welding and 
casting Much of the research in this field has been theoretical 
in nature, based on one-dimensional models Limited 
theoretical, aa well as experimental, work has been done on 
two-dimensional systems [l-4]. 

This note presents experimental findings of twodimen- 
sional solidification of liquid in a comer. Comparisons are 
made witb an analytical solution to this problem which was 
obtained in Cl]. The problem considered in [l] is that of 
freezing or melting of a liquid, initially at a uniform tempera- 
ture and filling the quarter-space x, y > 0, subject to a con- 
stant wag temperature. 

EXPERIMBNTAL APPARATUS 
The apparatus c&i&d of a 12 in square container, 2 

in deep with a 2 in brass channel fitted along two sides. 
Polyurethane foam was used to insulate the four sides of the 
square. Air gaps 1 in deep were provided to insulate the 
two other sides of the container. The system is illustrated 
in Fig 1. 

Temperature measurements were made with a grid of 37 
chromel-alumel thermocouples Thermocouple locations 
were arranged to check symmetry and interface location. 
A Sanbom recorder was used to monitor thermocouple 
readings. The accuracy of temperature readings is +O.l”F. 


