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Abstract-An experimental investigation is carried out to study the thermal transport from a heated 
aluminum plate being cooled due to its own movement at uniform velocity in a stationary extensive fluid. 
Time-dependent temperature measurements are carried out for the plate moving vertically downward in 
water and moving vertically upward or downward in air. The local and average heat transfer rates from 
the plate are determined. The temperature distribution, within the moving plate and in the induced flow 
is measured. The thermal field associated with the flow is visualized by means of a shadowgraph. Interesting 
flow structures, due to separation, are observed when the flow induced by the plate motion and the buoyancy 
force oppose each other. The experimental results are in fair agreement with the numerical results obtained 

earlier. 

1. INTRODUCTION 

IN MANY manufacturing processes such as hot rolling, 
hot extrusion, wire drawing, continuous casting, fiber 
drawing and crystal growing [l-3], energy transport 
occurs between a moving material and the ambient 
medium. The nature of the flow field and the tem- 
perature distribution within the material undergoing 
the thermal process, as well as that within the cooling 
or heating medium, are characteristic of each process 
and depend upon many process variables such as heat- 
ing or cooling rates, material properties and the 
geometry. In most cases, the moving material is hotter 
than the surroundings and the energy transfer to the 
ambient occurs at the surface of the moving material. 
In the case of continuous casting, a liquid spray [4] is 
often used to cool the hot material. Sometimes, cold 
air is blown across the hot material or the material 
is passed through a pool of recirculating coolant 
fluid [3]. 

When the material is moving in a vast expanse of a 
stationary medium and in the absence of an externally 
driven flow, the flow present is largely due to the 
motion of the material itself. Viscous effects at the 
surface of the material induce flow in an otherwise 
quiescent ambient medium. When the temperatures 
are high enough, buoyancy effects also generate a 
significant flow which aids or opposes this induced 
flow, depending upon the orientation. There are many 
situations in the manufacturing industry, especially 
in metal forming and heat treatment, in which one 

encounters energy transfer to the surroundings, from 
a moving material, as outlined above. In many process 
industries, the cooling of cylinders, threads or sheets 
of material is of importance along the production 
line [5]. The required length of the cooling medium 
depends upon properties like heat capacity, thermal 
conductivity of the materials involved and the exit 
conditions at the die, such as temperature, geometry 
and the speed of extrusion or withdrawal. 

A few other processes that involve thermal trans- 
port from a moving surface are hot or cold rolling of 
metal sheets [3] and continuous casting [4]. In the case 
of wire drawing and continuous casting processes, 
the material is cooled by passing it through a colder 
ambient medium like water or, in some cases, just 
quiescent ambient air. The properties of the processed 
material usually depend upon the rate at which the 
energy is being removed and the resulting temperature 
gradients. In the case of rolling of steel billets, the 
molecular structure of steel which is being cooled, 
strongly depends upon the cooling rate. This, in turn, 
affects the physical properties of the steel. Similarly, 
in the drawing of optical fiber, the temperature field 
in the material affects the diffusion of impurities and, 
thus, the quality of the final product. This emphasizes 
the importance of heat transfer in these processes of 
practical interest. 

1.1. Basic features of the transport process 

The transport process is time dependent at the onset 
of the process when the material with a leading edge 
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c specific heat 
d half plate thickness 
Gr Grashof number, g/3( T, - Ta)d3/vf 
h local heat transfer coefficient 
k thermal conductivity 

krlk thermal conductivity parameter 

Nu* local Nusselt number, hd/k, 
Pe Peclet number, USd/ctS 
Pr Prandtl number, v&r 

NOMENCLATURE 

R physical properties parameter, 

(k,p,C,lk,p,C,) I” 
Re Reynolds number, U,djv, 

Greek symbols 

; 

thermal diffusivity, k],oC 
coefficient of thermal expansion of the 
fluid 

D dimensionless temperature, 

(‘I’- T,>i(lh-- T,) 
V kinematic viscosity 

P density. 

Subscripts 
C centerline of the plate 
f fluid 

t time 
S 

T temperature 
plate 

v, velocity of the plate 
coordinate along the midplane of the 

0” 
ambient conditions 
initial conditions. 

X 

plate 

Y coordinate normal to the plane of the Superscript 

plate. 
* dimensionless quantity. 

or surface emerges from a die or from a set of rollers. 
However, at large time, as the tip of the material 
moves away from the die, the process is expected to 
approach a steady-state convective transport cir- 
cumstance. Due to the movement of the material, flow 
is induced in the fluid near the surface of the material, 
due to viscosity. This effect penetrates into the quies- 
cent fluid, thus inducing a flow field [6-l 21. 

In most practical situations, the temperature vari- 
ation within the solid, the nature of boundary con- 
ditions at the die or the slot, the orientation of the 
plate with respect to gravity, and the variation of 
material and fluid properties, make the problem very 
complicated. The inclusion of the temperature vari- 
ation within the material, gives rise to a conjugate 
boundary condition at the surface. This is pa~i~ularly 
important when one is interested in controlling 
the temperature variation within the solid, which 
in turn determines the resulting characteristics of the 
material. Therefore, information on the conjugate 
transport is often essential in the design of the system. 

This paper deals with the experimental investigation 
of some of the circumstances described earlier. The 
thermal transport from a long flat plate moving at 
fixed velocity, through water and air is considered. 
The conjugate nature of the problem is studied. The 
effect of buoyancy on the flow is also investigated. 

A schematic representation of the situation involv- 
ing energy transfer from a continuously moving sur- 
face is shown in Fig. 1. Assuming the flow generated 
due to the motion of a solid surface to be a boundary 
layer, Sakiadis [6-g] studied the characteristics of 
the flow over a continuous flat plate and a cylinder 
moving at a uniform velocity. Tsou et al. [12] exper- 
imentally showed that such a boundary layer flow 

indeed arises due to the material movement and has 
the general form sketched in Fig. 1. They found excel- 
lent agreement between the measured and predicted 
velocity and temperature profiles for laminar flow. A 
fair agreement was also obtained for turbulent flow. 
A few other investigators such as Jaluria and Singh 
[4], Horvay 113, 141, Chida and Katto [9, lo], Kol- 
denhof [15] and Karwe and Jaluria [16-181 have 
employed various other analytical and numerical tech- 
niques to study the transport processes involved. 
Griffin and Thorne [19] experimentally observed the 
growth of the thermal boundary layer on continuously 
moving belts coming out of an oven, using optical 
techniques. 

A few other modifications of the flow sketched in 
Fig. 1 have also been investigated analytically and 
numerically by Fox et al. [20]. Tsou et al. [i 11 carried 
out a linear stability analysis of the boundary layer 
flow on continuously moving plates. They found the 

FIG. 1. Schematic of the flow and temperature fields gen- 
erated by a continuously moving heated plate. 
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critical Reynolds number to be substantially higher 
than that for the Blasius flow, i.e. flow over a semi- 
infinite, stationary, flat plate. 

In all the cases mentioned so far, the thickness of 
the moving material was considered to be negligibly 
small compared to the distance along the surface. 
However, in many practical problems, such as 
extrusion and continuous casting, interest lies mainly 
in the temperature distribution within the material, 
which is of finite thickness. In the case of glass fiber 
drawing, even though the thickness is small, the tem- 
perature distribution within the glass determines the 
resulting material flow and, thus, the properties of the 
product. The inclusion of conduction within the solid 
gives the problem its conjugate nature, i.e. coupling 
of the conductive and convective transport processes 
in the material and in the fluid, respectively. Recently, 
many investigators have shown the importance of 
conjugate of heat transfer in a variety of practical 
situations [21, 221. Miyamoto et al. [23] have shown 
that the parameter kr/k, (see Nomenclature) plays an 
important role in the final temperature distribution. 
It is also shown that the parameter, k,p,C,/k,p,C,, 
relating the physical properties of the solid to those 
of the fluid, has a strong influence on the heat transfer. 
Recently, Dorfman [24] solved the problem of the 
cooling of a polymer tape issuing from a slot in a die, 
which is maintained at a fixed temperature. Dorfman 
also performed experiments with polymer fibers, using 
water as the coolant; and found good agreement with 
the theoretical predictions. A few other investigators 
have focused their attention on the cooling of con- 
tinuously moving cylindrical fibers [25, 261. 

In most of the studies mentioned above, the effects 
of thermal buoyancy force were neglected. However, 
buoyancy forces become important when the plate 
is moving sufficiently slow, for instance, in crystal 
growing and in continuous casting and when the tem- 
peratures are relatively high. This circumstance that 
involves mixed convection from a continuously mov- 
ing flat surface has been considered in a few inves- 
tigations [S, 27, 281. 

This paper presents an experimental study of the 
thermal transport process associated with a con- 
tinuously moving flat plate of finite length. The plate 
was heated to a uniform temperature and then moved 
at a uniform speed into the ambient fluid which was 
either water or air. The axial temperature variation 
within the plate and the transverse temperature vari- 
ation within the fluid were measured. The effect of 
thermal buoyancy on the flow pattern was also studied 
qualitatively. No such work has been reported earlier 
in the literature. This study was undertaken to develop 
an experimental system and to obtain data which 
would provide better physical insight into the associ- 
ated thermal transport. 

2. EXPERIMENTAL SET-UP 

As mentioned earlier, very few experimental results 
on the conjugate and mixed convection transport due 

to a moving plate, have been reported in the literature. 
The case in which the buoyancy force opposes the 
fluid flow induced by the plate motion has not been 
studied numerically or experimentally. As part of this 
investigation, experiments were conducted for situ- 
ations involving conduction in the material and mixed 
convection transport in the fluid. Specifically, the 
cases studied are : 

(a) A flat plate moving vertically upward and 
downward in air (aiding and opposing buoyancy situ- 
ations, respectively). 

(b) A flat plate moving vertically downward in 
water (opposing buoyancy situation). 

The basic arrangement used for the experimental 
study is shown schematically in Fig. 2. Only a brief 
outline of the arrangement is given here. For further 
details, see ref. [ 171. The system consists of a flat plate, 
the plate traversing mechanism, a tank containing the 
fluid, a heating unit, a thermocouple rack and a data 
acquisition system. 

2.1. Flat plate 

The flat plate, which simulates a moving material 
subjected to thermal transport, was 900 mm long, 300 
mm wide and 5 mm thick aluminum. The plate was 
wide enough to neglect the edge effects and assume 
the flow and thermal fields to be two-dimensional. 
Due to the low thermal capacity of aluminum, the 
time needed to heat the plate to a desired temperature 
level was small. Due to the high thermal conductivity 
of aluminum, a good temperature uniformity (within 
5%), across the plate, could be achieved without much 
difficulty. Also, aluminum is one of the common 
materials subjected to rolling and extrusion processes, 
and is, thus, suitable for this study. 

To measure the temperature inside the plate, type 
T thermocouples were inserted midway across the 
plate width and halfway through the plate thickness, 
as shown in Fig. 3. A few thermocouples were also 
inserted at locations away from the mid-plane in order 
to check the temperature uniformity across the plate 
before each experimental run. The temperature vari- 
ation in the plate was found to be generally less than 
3°C in 100°C. The thermocouples were bonded to the 
plate with OmegabondTM 200 high temperature, high 
thermal conductivity, epoxy. 

2.2. Plate traversing mechanism 
The plate was mounted on an aluminum frame, as 

shown in Fig. 2, and could be traversed up and down 
the two guide shafts of cold rolled and polished carbon 
steel. The entire plate and frame assembly could be 
moved upward and downward at a fixed velocity, with 
the help of a gear-motor, chain and counter-weight 
arrangement, as shown in Fig. 2. Teflon journal bear- 
ings were used to glide the plate assembly up and 
down smoothly over the two guide shafts. At any fixed 
r.p.m. of the gear-motor, the time required to establish 
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a constant speed of the plate was of the order of 1 s, 
starting from the rest position. 

2.3. Water or air tank 
The tank containing water or air, was made of 9.5 

mm thick Plexiglas. The 1 m x 1 m x 1.3 m tank could 
hold up to 1.365 m3 (360 gallons) of water. The tank 
was also suitable for experiments in air, since ambient 
disturbances had a small effect in the tank. The dimen- 
sions of the tank were chosen so as to simulate the 
conditions of a quiescent, extensive, ambient medium. 
The width of the tank was large enough to neglect any 
wall effects on the flow induced by the plate motion. 

2.4. Heating unit 
The heating unit consisted of four flat Nichrome 

coil heaters embedded in ceramic plates. In order to 
heat the plate to a desired temperature level, the plate 
was positioned in front of the heaters. The gap 
between the aluminum plate and the heaters was 
about 80 mm. The plate was mainly heated by radi- 
ation from the heaters. The output of each heater 
was controlled through a variable transformer and a 
temperature controller. During the heating-up, both 
the plate and the heaters were enclosed in a shroud of 
aluminum foil. This reduced the radiation losses and 
formed an enclosure. It also reduced the total time 
required to heat the plate up to a desired temperature 
level. Typically, it took about an hour to heat the 
plate from room temperature (20°C) to about 9O”C, 
which was the maximum temperature of the plate for 
experiments in which water was the ambient fluid. The 
final temperature distribution within the plate was 
almost uniform, with a maximum deviation of about 
f2”C. The average temperature was employed in 
characterizing the transport process. 

2.5. Ther~o~o~~le rack 

The major task of the data acquisition system was 
to measure the output from the nine thermocouples 
inside the plate along its midplane and five in the 
thermocouple rack. In addition, all the 14 output 
values had to be read within a very short period of 
time to get an almost instantaneous variation of tem- 
perature within the plate and the flow field. This 
required small sampling times, which were of the order 
of lo-* s to record the output of all the the~ocouples. 

To measure the temperature distribution within the Additional quantities that were then measured were 
flow induced in the fluid by the motion of the plate, a the velocity lJ, of the plate, by timing the motion over 
thermocouple arrangement was made, as shown in a fixed distance, the vertical locations of thermocouple 
Fig. 4. This a~angement was found to be suitable rack with respect to the water level, and the time 
for measuring the temperature distribution across the measured from the instant at which the plate started 
flow, normal to the plate surface, assuming tem- moving. The time at which the tip of the plate entered 

perature uniformity across the width of the plate and 
two-dimensionality of the induced flow field. 

As shown in Fig. 4, five thermocouples and a 
locator pin were mounted on a Plexiglas arm which 
could swivel about the vertical axis, thus changing the 
angle 0,. The angle 0, also determined the normal 
distance of each thermocouple from the plate surface. 
With the locator pin touching the plate, if the distance, 
S, between the consecutive the~~ouples is known, 
the normal distance of each thermocouple from the 
plate surface could be determined using the value of 
0,. The value of S was 2.5 cm and that of 8, was 
typically 9”. This would then yield the tern~rat~es 
at various y locations across the flow, at a given instant 
of time, To make sure that all the thermocouples 
remained at a fixed distance from the surface of the 
plate, the locator pin was kept in contact with the plate 
surface. This kept all the thermocouples at fixed dis- 
tances relative to the plate, during the plate motion 
which was upward or downward. 

2.6. Data acquisition system 
The data acquisition system used to perform the 

task of rapid temperature measu~ments was an 
APPLE Ile based Keithley Series 500 measurement 
and control system. The block diagram of the data 
acquisition system and the flow of data are shown in 
Fig. 5. For further details see ref. [17]. 

Locator Pin 

Spring 

-Adjusting Screw 

FIG. 4. Thermocouple arrangement to measure the temperature distribution in the flow (top view). 
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FIG. 5. Data acquisition system and the flow of data. 

the water surface was also recorded for experiments 
with water. 

For the aluminum plate and air, or water, as the 
working fluid, the ranges of the various parameters 
and quantities covered during the experiments, are 
given below : 

plate velocity, ti 
pIate temperature 
Reynolds number, Re 
Peclet number, Pe 
Grashof number, Gr 
GrlRe’ 
physical properties 

parameter, R 
thermal conductivity 

parameter, k,jk, 

3-100 mm s-’ 
25100°C (limited due to water) 
&250 in water; O-20 in air 
O-3.0 
O-25 000 in water; O-1000 in air 
O-2500 

{ 2yx 10;;3foraluminmandwater; 
1 35 x 10 4 for aluminum and air. 

All the material and fluid properties are taken from 
Marks’ Handbook ,for Mechanical Engineers [29] and 
frcm Gebhart [30]. 

3. RESULTS AND DISCUSSION 

The results reported in this paper are for the exper- 
iments conducted with the aluminum plate, and 

employing water or air as the ambient fluid. With 
water, only the case of the plate moving vertically 
downward into the quiescent tank of water could be 
studied with the present experimental system. In this 
case, the buoyancy force is directed upward, whereas 
the flow induced by the plate motion is downward. 
With air as the fluid, experiments were carried out 
with the plate moving vertically upward, as well as 
vertically downward. The case of a hot plate moving 
upward is, thus, the aiding mixed convection flow 
situation, since the buoyancy force is in the direction 
of the forced flow. Similarly, the opposing mixed con- 
vection circumstance is obtained for the downward 
motion of the plate. 

Test runs were carried out to calibrate and check the 
repeatability of the temperature measurement system. 
These tests were carried out on the same aluminum 
plate. The plate was heated and the temperature of 
the plate was brought to a uniform level. Then it 
was allowed to cool by natural convection at ambient 
conditions. The temperature variation across the 
natural convection thermal boundary layer set up on 
the plate surface, was measured at the midpoint of the 
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plate using the thermocouple rack described earlier. 
The temperature variation was compared with the 
similarity solution [31] and the agreement was found 
to be good. To check the repeatability, test runs were 
performed under the same experimental conditions 
on two different days. The temperature variation 
along the centerline of the plate, for the two test runs, 
was compared. The deviation was within 5%. 

The data obtained in each run consisted of 20 
samples, each sample containing temperature values 
indicated by each of the 14 thermocouples (nine in 
the plate and five in the fluid) at a given instant of 
time. The velocity of the plate, US, was obtained from 
the time required to travel a measured distance. The 
value of x, the axial coordinate, was always measured 
from the point where the plate entered the ambient 
fluid. The location of the water level on the plate 
surface, at any instant of time, can be calculated 
knowing the plate velocity US and the time at which 
the leading edge of the plate enters water. 

The experimental results were plotted in terms of 
the following dimensionless quantities : 

CT- TJ X* = x/d, Y* = y/d, t* = tU,/d, 0 = (To _ T,) (I) 

where X*, Y*, t* and B are dimensionless. The physi- 
cal quantities employed in the definitions above are 
the characteristic of the thermal transport process 
considered here, namely, d is the half plate width, US 
the plate velocity, To the plate inlet temperature and 
T, the coolant or ambient temperature. 

3.1. Results for water 
As mentioned earlier, all the experiments with water 

involved the opposing buoyancy situation. In addi- 
tion, the temperature of the plate had to be maintained 
below 100°C so as to prevent any boiling when the 
plate was immersed in water. Figure 6 shows the 
results for the aluminum plate moving vertically 
downward at U, = 7 mm s-’ into water in the tank. 
Figure 6(a) shows the variation of the plate tem- 
perature with time, as measured by the various 
thermocouples within the plate. Each curve repre- 
sents the time-temperature record of a given thermo- 
couple. The arrow indicates the time at which a par- 
ticular thermocouple entered the water and the cor- 
responding temperature. It is seen that the local tem- 
perature of the plate has already dropped by a sig- 
nificant amount even before it enters the water. This 
suggests a strong upstream penetration of conduction 
effects, i.e. the effect of energy loss to the water propa- 
gates along the plate in the direction opposite to the 
plate motion. The drop in the plate temperature, 
in air, before it enters the water, was found to be 
small, as expected. The portion of the plate which is 
in water is much cooler than the rest of the plate. 
This temperature variation along the plate length 

results in strong longitudinal conduction transport, 
thus lowering the plate temperature before it enters 
water. 

Figure 6(b) shows the corresponding spatial tem- 
perature distribution within the plate at various 
instants of time. The temperature variation within the 
plate, before it enters the water (first sample) is fairly 
uniform, to within 5%. From the successive plots 
shown in Fig. 6(b), one can ascertain whether the 
temperature variation within the plate is approaching 
the steady-state variation with increasing time t*. 
However, due to the finite length of the plate, the 
steady-state situation could only be achieved approxi- 
mately in the present set-up. At large times, par- 
ticularly for small velocities, the steady-state situation 
was closely attained. 

The flow induced in the water by the plate motion 
and the buoyancy effects was visualized using a shadow- 
graph. A parallel beam of light was used to obtain 
the shadowgraph. Figures 7-9 show a sequence of 
photographs indicating the thermal field evolving with 
time. For these figures, the velocity of the plate was 
13, 20 and 37 mm s-‘, respectively. As seen from the 
photographs of Fig. 7, there are no oscillations in the 
flow and no flow separation is seen to occur. At higher 
values of the velocity, Us, waves or disturbances 
appear in the flow. This is seen in Fig. 8 for a plate 
velocity of 20 mm s-l. However, no flow separation 
seems to have occurred. At still higher values of 
velocity, as shown in Fig. 9, the onset of unsteady flow 
structures and flow separation near the top is clearly 
visible. Lumps of fluid mass are seen to travel upward 
and then separate from the plate. A few of the last 
frames in Fig. 9 show a strong recirculation, indicating 
hot and cold regions. The circulating flow was seen 
to be clockwise. This phenomenon occurred only at 
higher velocities of the plate. 

The flow separation was not found to have a sig- 
nificant effect on the spatial variation of temperature 
within the moving plate. This is mainly due to the fact 
that the flow separation occurred in the regions where 
the plate had already cooled substantially to tem- 
peratures close to that of the ambient fluid. It is known 
[18] that the distance from the’inlet at which the plate 
temperature approaches the temperature of the ambi- 
ent fluid is mainly governed by the conductivity par- 
ameter k,/k,. For the case of water and aluminum, the 
value of this parameter was high enough to cool the 
plate to the ambient level before the entire plate was 
immersed. 

To see the effect of the plate velocity on the final 
temperature distribution within the plate, the plate 
was initially heated to a uniform temperature of T,, 
and was moved at different velocities. Figure 10 shows 
the temperature variation with time, for increasing 
values of the plate velocity, as measured by the first 
thermocouple which was located at 3.8 cm from the 
leading edge of the plate. At lower velocities, the tem- 
perature starts droppng earlier, even before the thermo- 
couple has entered water. At higher plate velocities, 
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FIG. 6. Measured spatial and temporal distributions of temperature within the plate along the vertical 
midplane for the aluminum plate moving vertically downward at 7.0 mm s- ’ in water : Re = 26.6, Pr = 4.3 1, 
Pe = 0.20, Gr/Re’ = 11.06, k$k, = 2.936 x IO-‘. (a) Temporal variation of temperature within the plate. 

(b) Spatial variation of temperature within the plate. 

the temperature drops more gradually. At larger 
plate velocity, the material has less time to cool, over 
a given distance. The induced flow velocities are also 
higher. However, the increased cooling due to higher 
flow velocities is not large enough to overcome the 
decrease in the exposure time for cooling over a given 
distance. Therefore, at higher velocity, i.e. higher 
Peclet number Pe, the temperature variation with time 
becomes more gradual, especially near the point of 
entry. This indicates that at lower Peclet number Pe, 
the downstream cooling effects penetrate over a larger 
upstream distance. Similar trends were also found in 
the numerical investigation carried out earlier [ 181. 

3.2. Results for air 
In the case of air, experiments were carried out for 

both aiding as well as opposing mixed convection flow 
situations. Unlike the experiments with water, there 
is no definite boundary or interface where the plate 
enters the ambient medium. Therefore, the edge of the 
heating unit, from where the plate starts emerging, is 
taken as the entrance point into the ambient air, since 
the heated plate leaves the heated zone at this location 
and enters the ambient fluid. 

3.2.1. Plate moving vertically downward. Figures 
11 and 12 show some typical results for a heated 
aluminum plate moving vertically downward in air. 
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4 

FIG. 7. Sequence of photographs showing the flow near the surface of the aluminum plate moving vertically 
downward at US = 13 mm SC’ in water: Re = 49.32, Pe = 0.37, Pr = 4.31 and Gr/Re* = 3.65 (opposed 

flow). 

This represents a mixed convection flow with the 
buoyancy force opposing the flow induced due to plate 
motion. The temporal and spatial variations within 
the plate, along its midplane, are shown in Figs. 11 (a) 
and (b), respectively, for a plate velocity US = 4.4 
mm s-‘. During each experimental run, the temporal 
variation of temperature, measured by the thermo- 
couples located along the vertical midplane of the 

plate, was recorded. Knowing the velocity of the plate, 
US, the location of the thermocouples on the plate and 
the instant of time, at which the tip of the plate entered 
the ambient fluid, the spatial variation of temperature 
along the vertical midplane of the plate, at any instant 
of time can be calculated. The temperature drop is 
found to be much smaller than that obtained in water, 
see Fig. 6. This is obviously expected physically, since 



502 M. V. KAKWE and Y. JALUKIA 

2 4 
FIG. 8. Sequence of photographs showing the flow near the surface of the aluminum plate moving vertically 
downward at U, = 20 mm s-’ in water: Re = 75.87, Pe = 0.57, Pr = 4.31 and Gr!Rr’ = 1.54 (opposed 

flow). 

the value of the physical properties parameter R for Similar trends have been reported earlier on the basis 
air and aluminum is 2.57 x lo-“, whereas, for water of numerical computations, see refs. [ 16, 181. 
and aluminum it was 7.24 x lo-*. Therefore, higher Figure 12 shows the corresponding temperature dis- 
temperature levels are observed at a given x location tributions in air. The temporal variations shown in 
and plate velocity US, at lower values of R [16, 171. Fig. 12(a) indicate that the transport processes have 
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Re 

4 
FIG. 9. Sequence of photographs showing the flow near the surface of the aluminum plate moving vertically 
downward at US = 37 mm SC’ in water: Re = 140.36, Pe = 1.05, Pr = 4.31 and Gr/Re* = 0.45 (opposed 

flow). 

essentially reached steady-state conditions. Figure velocity CJ,, as expected from the higher Prandtl 
12(b) shows the temperature distribution, in the fluid, number Pr for water. 
normal to the plate surface. The thermal boundary In Fig. 13, the temperature variation measured by 
layer is seen to be thicker for air than for water at a the thermocouple closest to the tip of the plate, 3.5 
given x location and for a given value of the plate cm from the leading edge of the plate, is plotted at 
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0 = Re = 175, Pe = 1.32, Cr&* = 
; z k = 136, Pe = 1.04, Cq,YR$ 

027 

= 63, Pe = 0.46, cr/Re* 
z y.44 

x=&z 22, Pe = 0.17, Gr/Fk* = 15.76 

FIG. 10. Measured temperature profiles for the aluminum plate moving vertically downward in water at 
different velocities, showing the effect of the plate velocity on the temperature as measured by the thermo- 

couple located at 3.8 cm from the leading edge of the plate. 

different values of 17,. It shows a significant effect of 
velocity, indicating lower temperature levels at lower 
velocity. This is due to the small amount of energy 
entering the plate at the lower velocity, as discussed 
earlier. Also, at lower velocity, more time is available 
to cool, up to a given axial location x. This results in 
lower temperature levels. The results for air, shown 

I! iiiil~2~~?; , 
0.0 50.0 100.0 150.0 200.0 250.0 

t* 

in Fig. 13, can be compared with those for water, 
shown in Fig. 10. It is seen that in the case of water, 
the plate cools much more rapidly as compared to air. 
The effect of the Peclet number, Pe, on the tem- 
perature variation near the entrance point is seen to 
be more significant in the case of water. 

3.2.2. Plate moving vertically upward. Experiments 

PI 
FIG. 11. Measured temporal and spatial temperature variations along the vertical midplane for the 
aluminum plate moving vertically downward at U, = 4.4 mm SC’ in air: Re = 0.65, Pe = 0.13, 

Gr/Re’ = 222, Pr = 0.7, kJk, = 1.35 x 10m4. (a) Temporal variation. (b) Spatial variation. 
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0.0 1.0 20 50 4.0 5.0 6.0 7.0 a0 9.0 10.0 

FIG. 12. Measured temporal and spatial temperature variations in air for the aluminum plate moving 
vertically downward at U, = 4.4 mm SC’, Re = 0.65, Pe = 0.13, Gr/Re2 = 222, Pr = 0.7, 

k,/k, = 1.35 x 10T4. (a) Temporal variation. (b) Spatial variation. 

were also carried out with the aluminum plate moving 
vertically upward at different velocities. In this case, 
the heating units were located at the bottom, near the 
tank floor, and the plate was moved vertically upward. 
When the plate was moved vertically downward, the 
heating units were positioned at the top. Therefore, 
in the latter case, the plume of hot air rising upward 
from the heaters did not affect the flow near the plate 
surface. However, when the plate was moved vertically 
upward, the plume of hot air rising upward from the 
heating units could affect the flow near the plate. To 
reduce this effect, a horizontal blocker plate was 

placed just above the heaters to divert the plume of 
hot air away from the moving plate. 

Figures 14 and 15 show the results for the plate 
moving vertically upward at US = 4.34 mm s-‘. As 
shown in Fig. 14(a), the temperature levels have 
dropped by about 17% from the inlet temperature. 
This is more than the corresponding value for the 
plate moving vertically downward, in which case it 
was about 12%. This is because, when the plate is 
moving upward, the buoyancy force is in the same 
direction as the flow induced by the plate, which gives 
rise to an aiding mixed convection flow situation. This 

5 
0=u=&26mm/i 
~=U=19.43rn.r& 
+=U=3356mm/s 

F d 
x=U=55Zlmm/s 

FIG. 13. Effect of the plate velocity U, on the temporal variation of temperature at a distance 3.8 cm from 
the leading edge of the pIate for the plate moving vertically downward in air. 
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Arrow indimtes 
the time and teznperature 
when the T/c passed the wall 

0.0 50.0 100.0 130.0 209.0 239.0 
x* 

FIG. 14. Measured temporal and spatial temperature vari- 
ations along the vertical midplane for the aluminum plate 
moving vertically upward in air at U, = 4.34 mm s-l : 
Re = 0.65, Pe = 0.124, Gr/Re2 = 230.0, Pr = 0.7, kJk, = 
1.35 x lo-“. (a) Temporal variation. (b) Spatial variation. 

results in a higher rate of heat transfer, for a given 
velocity, and hence a lower temperature level. For a 
plate moving downward, the buoyancy force opposes 
the flow induced by the plate motion, thus reducing 
the heat transfer rate. 

The effect of a variation in the plate velocity US on 
the temperature measured by the first thermocouple, 
which is 3.8 cm away from the leading edge of the 
plate, is shown in Fig. 16. Again, higher temperature 
levels are seen at higher velocities. These trends are 
similar to those seen earlier in Fig. 13 for a plate 
moving vertically upward, leading to an opposed 
mixed convection flow. The plate is found to attain 
lower tem~rat~e levels for the aiding mixed con- 
vection situation. 

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 

y* 

FIG. 15. Measured, temporal and spatial temperature vari- 
ations in air for the case of the aluminum plate moving 
vertically upward in air at U, = 4.34 mm SC’: Re = 0.65, 
Pe = 0.124, Gr/Re* = 230.0, Pr = 0.7, kf/k, = 1.35 x 10e4. 

(a) Temporal variation. (b) Spatial variation. 

3.3. Com~~r~~5n between the results for aiding and 
opposing ~~oyffncy circumstances 

It is expected that the results for the opposing and 
the aiding buoyancy situations, described in the pre- 
vious sections, would differ from each other for given 
values of the governing parameters, particularly at 
large temperatures and small velocity levels. In the 
two extreme cases : (1) flow predo~nantly due to 
natural convection and (2) flow predominantly due to 
the induced flow arising from the plate motion, the 
results are expected to be independent of whether the 
motion of the plate is upward or downward. Of 
course, in the first case, the inclination with the vertical 
will be very important 1311. For the cases lying 
between these extremes, the flow is characterized by 
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9 x = U = 18.88 

2 

FIG. 16. Effect of the plate velocity U, on the temporal variation of temperature at a distance 3.5 cm from 
the leading edge of the plate moving vertically upward in air. 

the mixed convection heat transfer mechanisms and 
the direction of motion is expected to have a strong 
effect on the resulting temperature and flow fields. The 
results from the experiments carried out to verify these 
trends, are presented here. 

Figure 17(a) shows the temporal variation of the 
temperature measured by the fifth thermocouple, 
which is located at a distance of 24.0 cm from the 
leading edge of the plate. The magnitudes of the vel- 
ocity U, and the mixed convection parameter Gr/Re2 

were 6.5 mm SC’ and 101, respectively, in the aiding 
as well as in the opposing buoyancy situations. In 
both cases, dhe flow was mainly due to natural con- 
vection and, therefore, the direction of motion had 
almost no effect on the temperature, as long as the 
orientation of the plate is vertical. The temperature 
variations at higher velocity, US = 19.5 mm SC’, 
Gr/Re’ = 12.0, are shown in Fig. 17(b). This figure 
shows lower temperature levels in the aiding buoyancy 
situation, as compared to the opposing situation, as 
expected. This indicates that the generated flow is in 
the mixed convection domain. However, at still higher 
velocity, U, = 33.5 mm SC’ (Gr/Re2 = 3.97), as shown 
in Fig. 17(c), the deviation between the two tem- 
perature variations is much less. This suggests that 
the generated flow is mainly due to the plate motion 
and, thus, in the forced convection domain. In fact, 
at even higher velocity, for a given Grashof number 
Gr, the temperature variation within the plate was 
found to be essentially independent of the direction 
of motion. 

3.4. Heat transfer rates 
As described earlier, the transverse temperature 

variation, normal to the plate surface, was measured 

using the thermocouple rack. From this one can esti- 
mate the values of local heat transfer coefficient h and 
the Nusselt number Nud, as follows : 

where T, is the local temperature at the surface of the 
plate. For the range of parameters considered here, 
the values of Nud ranged from 1.8 to 2.2 for the case 
of water, from 0.4 to 0.65 for the case of the plate 
moving vertically downward in air and from 0.45 to 
0.55 for the case of the plate moving vertically upward 
in air. 

The thermocouple rack was located at some 
distance, typically 200 mm, downstream of the point 
where the plate enters the ambient medium. There- 
fore, the measured temperature levels were lower than 
the initial plate temperature. Also. the local Nusselt 
number was based upon the half plate thickness ‘d’, 
which was 2.5 mm, and not the downstream distance 
x. For the sake of comparison, the corresponding 
values of the local Nusselt number for a similar iso- 
thermal plate in a natural convection circumstance 
are 0.28 for air and 1.58 for water. In the case of 
an isothermal plate, the entire plate is maintained 
at a fixed temperature, whereas, in the experiments 
reported here, the part of the plate near the leading 
edge is exposed to the colder ambient fluid for a longer 
time and hence it is at a lower temperature than the 
remaining part of the moving plate. In spite of this 
the local Nusselt numbers are higher for a moving 
plate. Thus it can be concluded that, as expected, the 
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[a] U’, = 6.5 mm/s, Gr/Re2 = 101.0 

[b] U, = 19.5 mm/s, Gr/Re2 = 12.0 

bI u, = 33 mm/s, Gr/Re2 = 3.97 

FIG. 17. Comparison between the aiding and the opposed 
flow situations in terms of the temporal temperature vari- 
ation measured by the thermocouple located at 24 cm from 
the leading edge of the aluminum plate moving at different 

values of U,. 

moving plate has higher heat transfer rates than a 
stationary plate. 

3.5. C~rn~~r~son with the n~erical results 
The experimental results obtained are compared 

with the numerical results, in terms of variation of the 

centerline temperature of the plate with downstream 
distance x. For details of the numerical scheme, see 
refs. [l&18]. Figure 18 shows the comparison between 
the experimental and the numerical results, with water 
as the ambient fluid, for two different values of the 
mixed convection parameter Gr/Re*. The numerical 
solution is obtained for an aluminum plate moving 
vertically upward and the expe~mental result is for 
the plate moving vertically downward in water. It is 
seen from Fig. 18 that a good agreement is obtained 
over most of the plate except near the leading edge. 
This is expected, because in the analysis it is assumed 
that the tip of the plate is far away from the point 
of entry. Nevertheless, the comparison shows similar 
trends in theory and in practice. 

4. CONCLUSIONS 

An experimental study has been carried out on 
the thermal transport from a heated plate moving 
in a stationary fluid. The plate material is taken as 
aluminum and air and water are the ambient fluids 
considered. The experiments investigated vertical 
upward and downward motion in air, and vertical 
downward motion in water. Thus, the experiments 
with water gave rise to a buoyancy force opposing 
the flow due to the plate motion. Experiments in air 
simulate opposed, as well as aided, mixed convection 
flow situations. 

In the experiments with water, the results indicated 
a fairly close attainment of steady-state conditions. 
However, with air, a quasi-steady-state circumstance 
was achieved, which approaches steady state at large 
times. In water, the plate temperature dropped to the 
ambient temperature level very rapidly because of the 
much higher value of the physical property parameter 
R, as compared to that for air with aluminum as the 
moving material. With air, much larger distances are 
required to obtain a comparable drop in temperature 
and to obtain steady-state conditions. 

The temperature profiles obtained with water, as 
well as with air, showed similar trends found in the 
earlier numerical study. At low plate velocity, imply- 
ing small Peclet number Pe, the upstream penetration 
of the downstream cooling effects, was substantial. 
This effect decreased with an increase in the plate 
velocity. 

The variation of the temperature along the vertical 
centerline of the plate was measured for various values 
of the mixed convection parameter GrlRe2 and also 
for the opposing and aiding buoyancy situations. The 
results indicated that the temperature level along the 
centerline strongly depends upon the mixed con- 
vection parameter as well as on the flow con~guration. 
In the case of the buoyancy force opposing the flow 
induced by the plate motion, higher plate tem- 
peratures were obtained as compared to the aiding 
case, due to smaller heat transfer rates in the former 
circumstance. This difference, however, decreased 
with an increase in the plate velocity. 
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FIG. 18. Comparison between the experimental and numerical results: variation of the plate centerline 
temperature along the downstream distance for aluminum plate moving in water : Re = 103, Pe = 0.727, 

kdk, = 2.936 x 10T3. (a) Gr/Re’ = 0.2. (b) Gr/Re* = 0.8. 

The experimental results obtained were in fair 
agreement with the numerically predicted results. The 
deviation between the two was larger near the tip of 
the plate. 

A flow visualization of the opposing buoyancy flow 
situation with water, indicated the presence of recir- 
culating flows which moved upward, foliowed by flow 
separation, for Gr/Re2 < 3.9. At higher values of 
Gr/ReZ, the flow was found to be stable. The complex 
nature of the flow observed in the opposed mixed 
convection flow situation is difficuh to simulate 
numerically and the experimental results indicate the 
basic trends which may be employed in the devel- 
opment of a suitable mathematical model. 
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ETUDE EXPERIMENTALE DU TRANSPORT THERMIQUE DEPUIS UNE PLAQUE 
CHAUDE MOBILE 

R&nt&-Une etude experimentale est conduite sur le transport thermique depuis une plaque chauffee en 
aluminium qui se refroidit par son propre mouvement a vitesse constante dans un fluide Ctendu et au repos. 
Les mesures de temperature variable dans le temps sont faites pour la plaque en mouvement vertical 
ascendant ou descendant dans fair. On determine les flux thermiques locaux et moyens sur la plaque. 
On mesure la distribution dans la plaque et dans l’ecoulement induit. Le champ thermique associe I 
l’ecoulement est visualise. On observe des structures d’ecoulement interessantes dues a la separation 
lorsque l’ecoulement induit par le mouvement de la plaque s’oppose a la force de flottement. Les 

resultats experimentaux s’accordent bien aux resultats numeriques anterieurement obtenus. 

EXPERIMENTELLE UNTERSUCHUNG DES WARMETRANSPGRTS AN EINER 
BEWEGTEN BEHEIZTEN PLATTE 

Zusammenfassung-Es wird der Wlrmetransport an einer beheizten Aluminiumplatte experimentell unter- 
sucht. Die Platte wird aufgrund ihrer Eigenbewegung mit gleichfdrmiger Geschwindigkeit in einem un- 
bewegten, ausgedehnten Fluid gekiihlt. Der zeitliche Temperaturverlauf der Platte wird gemessen, wenn 
diese sich vertikal abwlrts in Wasser und vertikal aufwgrts oder abwPrts in Luft bewegt. Die iirtlichen 
und mittleren W%rmetibergangskoeBizienten an der Platte werden bestimmt. Die Temperaturverteilung 
im Inneren der bewegten Platte und in der induzierten Strijmung wird gemessen. Das Temperaturfeld in 
der Striimung wird mit Hilfe des Schherenverfahrens sichtbar gemacht. Bei der Striimungsabliisung 
werden interessante Strukturen beobachtet, wenn die durch die Plattenbewegung induzierte Strcimung 
und die Auftriebskraft entgegengerichtet sind. Die Versuchsergebnisse stimmen mit friiheren mrmerischen 

Ergebnissen befriedigend tiberein. 
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3KClTEPkiMEHTAJIbHOE kICCJIE~OBAHklE IIEPEHOCA TEl-IJIA OT HAl-PETOfl 
flBHXYIJJE~CJI I’IJIACTIIHbI 

~3~cuep~eriwwio nccne~emi mxmonepemc OT ~arpe~ol amo~eeoir n.nacwHbI, 
0xnazwaeMofi 38 cwr ee ueper4emeHHa c nocronmio~ cnopocrbm B 6oJIbmoM o6aeMe HenoaeHmoii 
XMAXOCM. Bbmomrerer a3~epem mzcTalraoaapHoii TeMnepaqw LUII~ ury-mee m=emrn nnacw~bl 
BepTHKaJlbHO BHE3 B BOLle,aTaKKCe BePTHUUIbHOBBePXawBHA3BB03L[YXe.OIIPeLlCneHbInOKaTIbHltl(E 

CpeIDiKKCKOpocTATeMOIle~HOG3OT -.kl3~epeHb1 pacnpe~eneHlraTewn2paq-p BLIBA*~LU~%CII 

nnaCnwe H B HH.UYIIE~OB~SHHOM noToKe Kc~~KocT~.Ten~~oeoe none,co3Ll;iBaeMoe nepeMeqemieM XIIA- 
KWH, BH3,'aJIH3HpOBa,IOCb M~TOLI~M TeIieBoa cpoTorpa@iE. B uyiae ~OTEBOllOJIOXHO~O Hanpaane- 

HHK ABEiY(eHHff ILflaCTIiHbl H UOWMHOii CHJIbl Ha6nloWTHCb HHTepeCHble CTpyKTYpbl Te'IeHHX, 

06)'CJlOBJleHHbIe ero OTpblBOM.~KCII~EMeHTaJlbHbIe&3HHbIey~OBJIeTBOpETWIbHO COrJIacyIoTCX CpaHee 
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