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maximum velocity is increased by 8.5 per cent and the shape of 
the conduction profile is altered appreciably, causing the tem-
perature gradient at the wall, which is a measure of the heat 
transfer, to be changed correspondingly. These effects, of course, 
are magnified or diminished according to the value of K. 

Other interesting and unusual results predicted considering 
the frictional heating are that (a) there is another flow and heat-
transfer state (as shown by the dashed lines u and f in the figures) 
for a given set of conditions, and (b) there is a critical set of condi-
tions beyond which no solutions exist. The physical interpre-
tations of these results are not complete, but qualitatively (a) ap-
pears to be similar to the situation in a Laval nozzle where 
either subsonic or supersonic flow can be obtained for a given area 
ratio, and (b) appears to be analogous to thermal-choking 
phenomenon. (Note the change of scales for the dashed curves 
in the figures.) 

2 Parallel infinite plates with uniform longitudinal heat flux: 
Consideration of the same configuration as in the foregoing, but 
where now, instead of having uniform wall temperatures, it is 
specified that the heat transfer in the longitudinal direction is 
constant, leads to a problem where the convection term in the 
energy equation appears in addition to those of the previous 
problem. Therefore a more complete evaluation of the natural-
convection problem can be made from the solution of this prob-
lem since the convection effects will be included. This problem 
corresponds to the case where there is a counterflow on the out-
side of the channel formed by the two plates. The computations 
for this case are now in process. 

3 More general problems: More general problems such as the 
flow in finite channels or pipes and the flow of fluids whose density 
is a function of pressure as well as temperature arc being con-
sidered to include the inertia and compression work effects. 
Problems of this type simulate closely the actual cases met in prac-
tice but, of course, are much more difficult to deal with theoreti-
cally. 

C O N C L U S I O N S 

An analysis of the natural-convection phenomenon shows 
that the compression work and frictional heating, depending on 
the magnitude of a new parameter K, may be of consequence in 
this type of heat transfer. Consideration of the specific case of 
natural-convection flow between two parallel plates at constant 
wall temperatures indicates that the velocity and temperature 
distributions and hence the heat transfer are altered appreciably 
by consideration of the frictional heating. Further, the results 
of this study predict two flow and heat-transfer states for a given 
set of conditions as well as a critical set of conditions beyond 
which no solution exists. Therefore, to evaluate properly the 
practical utility of the natural-convection process, care should 
be taken to see if the compression work and friction heating are 
important in each particular case. In addition, the solution 
of the other problems outlined herein should yield the qualitative 
and quantitative characteristics of the natural-convection phe-
nomenon under the new conditions. 

F I G . 1 V E L O C I T Y D I S T R I B U T I O N S FOR C A S E W H E R E P R K = 1 0 AND 
R A T I O OF W A L L - T E M P E R A T U R E D I F F E R E N C E S I S 2 

F I G . 2 T E M P E R A T U R E D I S T R I B U T I O N S FOR C A S E W H E R E P R K = 10 
A N D R A T I O OF W A L L - T E M P F . R A T U R E D I F F E R E N C E S I S 2 

where in this particular case T, is the temperature outside the 
channel formed by the plates. The curves denoted by « 0 and r0 

are those computed neglecting the frictional heating. Note that 
the To curve is just the conduction profile. This result is to be 
expected since as was stated previously, the convection terms 
vanished from the equations. It can be seen that the frictional 
heating appreciably affects the velocity and temperature pro-
files and hence the heat transfer. For the particular case shown 
here where Pr K = 10 and the right-hand wall is heated twice 
as much as the other (that is, where (2*i — T,)/(T0 —- T.) = 2, 
where T, is the right-hand wall temperature and T0 the other), the 

Discussion 
J. C. MATHESON.6 The author summarizes with almost severe 

conciseness his work in the analysis of natural-convection heat 
transfer. He looks inquiringly at the dimensionalizcd momen-
tum and energy equations, and exercises physical reason in ex-
amining the significance of the characteristic velocity. The in-
troduction of the dimensionless group K based on the reference 
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velocity U = (Gr) (v/l) and the interpretation of its signifi-
cance is an important extension of the theory. The argument for 
the retention of the compression-work and friction-heat terms on 
the basis of the numerical value of K is most convincing. 

The physical interpretation of the parameters affecting heat 
transfer by either natural or forced convection is believed to be 
especially important. In many cases it is overwhelmingly dif-
ficult to estimate the magnitude of the effect of variations in the 
several physical factors that, characterize a process, particularly 
when previously investigated regions are exceeded greatly. To 
illustrate, consider a hollow rotating blade exposed to hot com-
bustion gases and cooled by forcing air radially through the hollow 
passage from Bhaft to tip. Natural-convection effects could be 
expected in this high-acceleration field to cause marked departure 
from the predictions of static forced-convection results. The 
natural-convection effect in this case would be to diminish the 
heat transfer from the solid surface to the cooling air. This is 
because the "buoyancy" of the high-temperature air near the 
solid surface is directed toward the center of rotation and tends 
to decrease velocity in the boundary layer. 

The flow picture in the example is too complicated for mathe-
matical analysis and it is therefore necessary to resort to compari-

son of characteristic parameters to estimate the relative effect of 
the two processes. The Grashof number plays a role in natural 
convection similar to the Reynolds number in forced convection, 
and, for the case of a vertical heated plate, Jakob7 has shown the 
Grashof number to be a special case of the Reynolds number 
squared. The ratio Gr/Re 2 appears in the dimensionalized 
momentum equation, and this is believed to be significant in 
cases of combined natural and forced convection. This group 
may be interpreted as the ratio of buoyant body force to inertia 
bodj' force, and is similar in construction to the familiar Froude 
number. 

Returning to the example, it is to be expected that natural-con-
vection effects will be negligible for values of Gr /Re 2 1.0, but 
that- the natural-convection mechanism will be predominant for 
Gr /Re 2 1.0. For cases where Gr /Re 2 — 1.0, not much can be 
said except that natural convection certainly should not be neg-
lected. These rough generalizations are qualitatively in agree-
ment with the results of experiments conducted at the research 
department of the writer's company. 

1 "Heat Transfer," by M. Jakob, vol. 1, John Wiley and Sons, 
New York, 1949, p. 493. 
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