D; = diameter of the impeller

d = impeller blade width

F = feed flow rate

N = impeller speed

n = number of data points for any run

Q = impeller pumping capacity

t = time

Vr = volume of stirred tank

H; = height of impeller from the bottom of mixing tank
Hp = height of liquid level in the mixing tank
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Reduction of Thermal Stratification by Nonuniform Wall Heating
L. B. EVANS, E. S. MATULEVICIUS, and P. C. PAN

The phenomenon of thermal stratification, which occurs
when a confined fluid is heated through the sidewalls of
its enclosure, has been the subject of a number of recent
investigations (I to 6), and the fundamental mechanisms
are well understood. In a thermally stratified fluid an axial
temperature distribution is established in the bulk of the
fluid, and the temperature at the top can exceed the mixed-
mean temperature by a considerable amount. The axial
temperature distribution can be predicted (5, 6) with rea-
sonable confidence for well-defined geometries subjected to
a uniform sidewall heat flux.

In many engineering applications, particularly those in-
volving storage of cryogenic fluids, thermal stratification is
undesirable. A rocket propellant tank, for example, must
be designed to withstand the vapor pressure of the warm-
est liquid in the tank. The extent to which the temperature
of the warmest liquid at the surface exceeds the mixed-
mean temperature will depend upon the severity of thermal
stratification. Several studies (7 to 1) have been under-
taken in an effort to develop techniques for reducing ther-
mal stratification, but the methods reported have not bee
generally successful. :

The experiments described here were carried out to
determine the effect of a nonuniform sidewall heat flux
on the thermal stratification phenomena. A most remark-
able effect was observed which may have direct applica-
tion to the control of thermal stratification.

EXPERIMENTS

The experimental apparatus (6), shown schematically in
Figure 1, was a rectangular cavity 8 in. wide, and 2 ft. deep,
filled to a height of 2 ft. with water as the test fluid. The motion
of a dye tracer introduced into the water could be observed
through transparent front and rear walls. Each sidewall was a
Pyrex glass heater evenly coated with a thin electrically con-
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ducting film for resistive heating. Each of the sidewall heaters
was divided into three 8-in. vertical sections whose heating
rate could be adjusted independently. Thermocouples mea-
sured the axial temperatures at six vertical positions in the
center of the enclosure.

Heat losses from the system were held to a minimum by
providing 4 in. of polyurethane foam insulation at the sides
and bottom, by using double panes of glass for the front and
rear walls, and by coating the free liquid surface with a sur-
factant film of stearic acid to retard vaporization.

Two experiments will be reported. In the first, the heat
flux distribution in the three vertical segments was uniform
(with ratios of heat flux in each segment of 1:1:1). In the
second, the heat flux decreased with vertical distance up the
plate (with ratios of heat flux in each segment of 1:2:3 in the
order top:middle:bottom). The total rate of heat input to the
system was the same (4,920 B.t.u./hr. at each sidewall) for
both experiments. The experimental conditions corresponded
to a fluid Prandtl number of 7 and a modified Grashof number

\/ Top
d Section
Liquid .- .
Surfwe\ H
L4 Middle
v } Section 2 .
H
:
Transparent H
Front Wall [ g L Bottom
.ot Section

Sidewall """

Fig. 1. Schematic diagram of experimental liquid enclosure,
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Fig. 2. Axial temperature profiles measured along centerline of enclosure at times of 10, 30, and’ 70 min. from start of heating from an
initial uniform temperature To of about 70°F.

of 1013, based on total liquid depth as the characteristic length
and mean heat flux over the entire heated surface.

RESULTS

The axial temperature profiles for each experiment are
shown in Figure 2 at various times after the start of heat-
ing. The difference between the mixed-mean and surface
temperatures of the fluid at equivalent times was decreased
by an order of magnitude for the case of nonuniform heat-
ing! It is apparent that the severity of thermal stratifica-
tion was drastically reduced when the total sidewall heat
flux was redistributed to provide a greater percentage of
heat input in the lower segments of the wall. The same
results were achieved in numerous additional experiments
conducted in this laboratory for cylindrical as well as rec-
tangular enclosures.

The primary mechanism for reducing the thermal strati-
fication appears to be closely related to separation of the
natural convection boundary layer at the wall. The fluid
rising in the boundary layer encounters an increase in core
temperature and a decrease in the rate of heat input from
the wall. Because the boundary layer fluid temperature
does not increase as fast as the adjacent core fluid tempera-
ture, a portion of the boundary layer fluid looses buoyancy,
decelerates, and is discharged into the core.

This boundary layer separation could reduce thermal
stratification in two ways: First, by decreasing the bound-
ary layer flow and hence the amount of energy carried to
the top of the container, and second, by causing direct
mixing between the core and boundary layer fluid. Qualita-
tive dye tracer observations showed that the outer part
of the boundary layer did appear to separate from the wall
and mix with core fluid in the case of nonuniform wall
heating,

The results reported here suggest that a practical method
of reducing thermal stratification might be to vary the
sidewall heat flux distribution. This could be accomplished,
for example, by providing more external insulation near
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the top of a tank than at the bottom. The optimal variation
in wall heat flux is not known, and research is continuing
in this laboratory to determine quantitatively the condi-
tions under which boundary layer separation can be ex-
pected and the effect of such separation upon the stratifica-
tion phenomena.
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