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A moving metallic plate subject to heating and cooling boundary conditions is considered in this
work. The plate is heated by an imposed heat flux, and cooled down by an array of impinging jets
through convection and radiation. The objective of the present work is determination of operating
conditions for controlling the temperature distribution at the end of both heating and cooling
sections. The results show that the temperature distribution becomes more uniform across the
heating section with an increase in the heating length. An increase in the distance from the
impinging jet to the plate causes an increase in the temperature values across the cooling section,
and a decrease in the diameter of the impinging jet causes a decrease in the temperature values
across the cooling section. It is also shown that an increase in cooling length and the addition of
another impinging jet help to reduce the temperature values and increase the uniformity of the
structure across the cooling section. Optimized values of the pertinent parameters for both

hardening and tempering heat treatments were investigated.

Heat treatment of metals is used to improve the me-
chanical properties of metals in their solid-state phase
[1]. Heat treatment is employed to achieve desired metal
designs in aircraft, automobile industries, and other
branches of engineering [2]. In the past few decades,
numerical simulation has received considerable atten-
tion because it predicts the thermal response of a moving
plate or cylinder that is subjected to different kinds of
boundary conditions. The applications of heated mov-
ing surfaces are not limited to heat treatments, but also
extend to hot rolling, wire drawing, extrusion, continu-
ous casting, and crystal growing processes [3].
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Various studies have been performed to investigate
the thermal response of heated moving surfaces in the
past few decades. Jaluria and Singh [4] numerically
investigated both the transient and steady-state cases
for heated materials, which move at a constant veloc-
ity. For a two-dimensional unsteady heat conduction
equation, their numerical results were obtained using a
Crank-Nicolson implicit formulation along with Guess-
Sidel iterative method. Their results showed that the
isotherms were almost parallel to the radial direction
for low values of Biot numbers. In addition, their results
showed that isotherms became more convex, which in-
dicated the temperature decay at the surface and gradual
decay at the centerline for high values of Biot number.
Karwe and Jaluria [5] studied the effects of a heated
moving plate that involved a conjugate heat transfer in-
vestigation. Their results indicated that the transverse
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Figure 1 Schematic of the problem under consideration.

temperature within the plate at a downstream location
became more uniform for smaller Peclet numbers. In a
subsequent study, Karwe and Jaluria [6] analyzed the
effects of the heated moving plate that accounted for
the buoyancy effects. The equations of the fluid and
the plate were similar to the study conducted earlier
by Karwe and Jaluria [5], except that buoyancy ef-
fects were added to the momentum equation. Their re-
sults pointed out that the temperature uniformity across
the moving plate could be assumed for lower Peclet
numbers.

Karwe and Jaluria [7] investigated the thermal trans-
port associated with continuously moving plates. Two
cases were considered: a plate moving vertically up-
ward, and a plate moving horizontally. Their results in-
dicated that the Peclet number and the thermal conduc-
tivity of both the fluid and the plate primarily governed
the temperature distribution throughout the plate. As
expected, the buoyancy effects were found to be more
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significant when the heated plate was moving vertically
rather than horizontally. Kang and Jaluria [8] studied a
comparison between a plate moving in a channel flow
and another plate moving in a free stream. Their nu-
merical analysis was based on a combination of alter-
nating direction implicit (ADI) and successive overre-
laxation (SOR) methods. Their results pointed out that
the boundary conditions and the properties of the fluid
for the two cases had a strong effect on the number
of iterations used in reaching convergence. In the case
of a plate moving in a channel flow, the effect of the
channel width on the resulting heat transfer rate was
significant.

In the past two decades, a number of studies have
been performed to investigate the thermal response of
moving materials that are cooled down by an array of
impinging jets. Chen et al. [9] numerically analyzed a
moving plate that is cooled by an array of submerged
planar impinging jets. Their results showed that an
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Comparison between (a) analytical and (b) numerical temperature distribution solutions, where t = 1.0 h and o. = 0.0000833 m?/s.
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Figure 3 Comparison between (@) analytical [14] and (b) numerical dimensionless temperature distribution solutions, where « = 10.0,
Pe = 0.2, Bi =5.0.
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increase in the plate speed caused a decrease in the
total heat transfer. Also, a decrease in the nozzle height
caused an increase in the average heat transfer rate. Taga

hot moving plate by impinging water jets. Their results
indicated that an increase in the plate speed, while keep-
ing the initial temperature of the plate at low values,

et al. [10] experimentally investigated the cooling of a caused an increase in the average heat flux.
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Figure 4 Steady-state temperature distribution throughout the plate for different heating lengths, where K = 1.0, [, = 1.0 m, [, =
50,0005, 7 =2.5, S—’[’[{:—l = 2.0, Re; = 114,000, Pe = 0.712.
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Recently, Lee and Vafai [11] investigated impinging
jet and microchannel cooling for high-heat-flux applica-
tions. Single and multiple impinging jets were analyzed
with different shapes of nozzles. The impinging jet was
better than microchannel cooling for a larger plate when
the spent flow was properly treated and applied after the
impinging jet. The results from their work will be used
in the present investigation.

Most studies have considered either heating or cool-
ing conditions associated with moving materials. In the
present study, a combination of both heating and cool-
ing boundary conditions is imposed on a moving plate
and the thermal response of the moving metallic plate
is investigated. The objective of the present work is
to examine the control of the temperature of the plate
at the end of both heating and cooling sections, and
optimization of both heating and cooling lengths. An-
other objective is to investigate conditions under which
one can maintain the temperature distribution across the
thickness of a metallic plate as uniformly as possible in
order to keep uniformity of the structure. For example,
if a steel metal is heated beyond a critical range, a uni-
form structure cannot be obtained. The effect of various
parameters in achieving a uniform temperature distri-
bution is discussed in this investigation. The pertinent
parameters are heating and cooling lengths, speed of the
plate, speed of the coolant fluid, distance from the plate
to the impinging jet, and the diameter of the impinging
jet. The optimization of the controlling parameters in
the heat treatment processes is also discussed.

PROBLEM FORMULATION

A metal plate moving at a constant speed, u,, is
considered, as shown in Figure 1. The setup shown
in Figure 1 displays only the upper half of the plate
(0 =<y =<b), because of symmetry. In the heating sec-
tion a constant heat flux is imposed, and in the cooling
section an array of impinging jets is utilized.

The two-dimensional unsteady heat conduction equa-
tion is considered for the plate while accounting for the

plate movement.
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It is necessary to include the transient term in Eq. (1) in
order to account for the time it takes to reach the steady-
state solution for both heating and cooling sections. Due
to the motion of the plate in the axial direction, it is
necessary to account for convective terms. Both terms
are necessary for designing the system.

The initial condition and boundary conditions are
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Figure 5 (a) Transverse temperature distribution at the end of the
heating section, (b) transverse temperature distribution at the end of
the cooling section, and (c¢) axial temperature distribution at the top
surface, for different heating lengths.
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IMPINGING JET ANALYSIS

It is important to analyze the impinging jet in order
to determine the average heat transfer coefficient, 4},
across the impinging jet. Based on Lee and Vafai’s [11]
and Martin’s [12] works, the Nusselt number for the
present impinging jet arrangement can be written as
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Figure 6 Steady-state temperature distribution throughout the plate for different plate speeds.
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and

) Re0-SS 0.50
) = _J
FF(ReJ)—ZRej G 00 (11)
In the above equation,
Rej = l/ljdj
v
- (12)
u=
kg

Re; = Reynolds number based on nozzle diameter
Nu = Nusselt number based on nozzle diameter

In the above equation, v is the kinematic viscosity, £ ;
the average heat transfer coefficient, and k is the ther-
mal conductivity of the coolant fluid. The correlation
given in Eq. (9) is valid in the range of

2,000 =<Re; =400,000

25 <X <75 (13)
d;

2 <<l
i

NUMERICAL SETUP

The numerical analysis is based on finite-difference
approximations. The alternating direction implicit
(ADI) method is used to carry out the solution for the
two-dimensional unsteady heat conduction equation for
the moving plate. An analytical solution for the two-
dimensional unsteady conduction equation, without the
presence of the convective term in the axial direction,
can be obtained based on the method of separation of
variables [13]. Figure 2 shows excellent agreement be-
tween this analytical solution and the numerical results.

Choudhaury and Jaluria [14] have obtained an ana-
lytical solution for the two-dimensional unsteady heat
conduction equation, with the presence of the convec-
tive term in the axial direction and a uniform boundary
condition, by employing the coordinate transformation.
The final solution is obtained by superposition of both
“pseudo-steady” and “pseudo-transient” parts. Figure 3
shows very good agreement between this analytical so-
lution and the numerical results. This analytical solu-
tion cannot be used in the present investigation, due to
limits imposed by linearity and uniformity of boundary
conditions.
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Figure 7 (a) Transverse temperature distribution at the end of the
heating section, (b) transverse temperature distribution at the end of
the cooling section, and (c¢) axial temperature distribution at the top
surface, for different plate speeds.
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DISCUSSION OF RESULTS

A parametric study is employed to investigate the
effects of various parameters on the temperature distri-
bution and the uniformity of isotherms across the thick-
ness of the metallic plate. The pertinent parameters are
heating and cooling lengths, speed of the plate, speed
of the cooling fluid, distance from the impinging jet
to the plate, and impinging jet diameter. Properties are
evaluated at the mean temperature. The property vari-
ation is not expected to have a significant effect on the
results. The objective of the present work is to pro-
duce a more uniform temperature distribution across
the plate. This is important because if the top portion
is hotter than the bottom surface of the plate or vice
versa, the mechanical properties of the metal will be
different at the top surface relative to the bottom sur-
face. Therefore, uniform mechanical properties across
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the thickness of the metallic plate cannot be achieved.
As such, the uniform temperature across the thickness
of the plate is important for heat treatment processes.
These pertinent parameters are then designed to control
the temperature distribution at the ends of both heating
and cooling sections, optimize both heating and cooling
lengths, and obtain a uniform temperature distribution
across the thickness of the metallic plate. Aluminum
is used as plate material, and air is considered as the
coolant fluid in this analysis. The gravitational effect is
negligible for air, so it is ignored. As a result, symmet-
ric boundary conditions can be assumed for the current
analysis.

Effect of Heating Length

The effect of variations in the heating length is sig-
nificant on the temperature values and in creating a
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Figure 8 Steady-state temperature distribution throughout the plate for different impinging jet speeds.
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more uniform distribution across the heating section,
as shown in Figures 4 and 5. An increase in the heat-
ing length causes an increase in the time it takes to
reach steady-state conditions, which in turn increases
the overall temperature across the thickness of the plate.
An increase in the heating length also causes isotherms
to become more uniform across the heating section,
as shown in Figures 4a-4d. The temperature distribu-
tion is not uniform at the transition stage from heating
to cooling sections (Figures 4a-4c), due to the rapid
change in temperature at the transition point. These
nonuniform distributions tend to decrease with an in-
crease in the heating length, as shown in Figure 4d.

As seen in Figure 5a, the transverse temperature dis-
tribution at the end of the heating section becomes more
uniform, while the overall temperature increases with
an increase in the heating length. The overall transverse
temperature at the end of the cooling section increases
with an increase in the heating length due to the increase
in the heating time, as shown in Figure 5b. Figure 5¢
clearly illustrates that an increase in the heating length
causes an increase in the overall axial temperature dis-
tribution at the top surface of the plate.

Effect of Speed of the Plate

A decrease in the speed of the plate has a significant
effect on the temperature values and formation of a more
uniform temperature distribution across the thickness
of the plate, as shown in Figures 6 and 7. Higher plate
speeds lead to a nonuniform distribution, as shown in
Figures 6b-6d. The top portion of the plate becomes
hotter (cooler) than the bottom portion when the plate
is being heated (cooled) at higher plate speeds, thus
leading to a more nonuniform structure at higher plate
speeds. Both heating and cooling end sections undergo
a sharper decrease in temperature across the thickness
of the plate with an increase in the speed of the plate,
as illustrated in Figures 6 and 7.

Effect of Impinging Speed

As seen in Figures 8 and 9, an increase in the im-
pinging speed causes an increase in the heat transfer
coefficient across the impinging jet, which in turn de-
creases the time it takes to reach steady-state conditions.
The increase in the average heat transfer coefficient also
causes a decrease in temperature across the thickness
of the plate, as illustrated in Figures 8a-8d. Tempera-
ture distribution becomes less uniform at the transition
stage from heating to cooling sections (Figures 85-8d),
due to the rapid change in temperature at the transition
point.
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Figure 9 (a) Transverse temperature distribution at the end of the
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surface, for different coolant speeds.
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As seen in Figures 9a and 9b, the transverse tem-
perature distribution at both heating and cooling end
sections tends to decrease with an increase in the im-
pinging speed, due to the increase in the heat transfer
coefficient. The uniformity of the temperature distribu-
tion is not affected regardless of variations in the im-
pinging speed, as illustrated in Figures 8 and 9. The axial
temperature distribution at the top surface of the plate
decreases across the cooling section with an increase in
the impinging speed, as shown in Figure 9c.

Effect of the Distance from the Impinging
Jet to the Plate

An increase in this distance causes a decrease in the
average heat transfer coefficient across the impinging
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jet, which in turn increases the time it takes to reach
steady-state conditions, as illustrated in Figure 10. The
increase in time and the decrease in the average heat
transfer coefficient cause an increase in the overall tem-
perature values across the plate, especially in the cool-
ing section, as shown in Figures 10a-10d.

As seen in Figures 11a and 115, the transverse tem-
perature distribution at both heating and cooling end
sections increases with an increase in the distance from
the impinging jet to the plate, due to the decrease in
the average heat transfer coefficient. The uniformity
of the temperature distribution is not affected regard-
less of variations in this distance, as seen in Figures 10
and 11. The axial temperature distribution at the top sur-
face tends to increase across the cooling sec-
tion with an increase in this distance, as illustrated in
Figure 11c.
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Figure 10 Steady-state temperature distribution throughout the plate for different s,,, distances.
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Effect of Impinging Jet Diameter

As seen in Figures 12 and 13, a decrease in the im-
pinging jet diameter causes an increase in the average
heat transfer coefficient across the impinging jet, which
in turn decreases the time it takes to reach steady-state
conditions. The increase in the average heat transfer co-
efficient and the decrease in time lead to decrease in the
temperature values across the thickness of the plate, as
illustrated in Figures 12a-12d.

As seen in Figures 13a and 135, the transverse tem-
perature values at both heating and cooling end sections
decreases with a decrease in the impinging jet diameter,
due to the increase in the average heat transfer coeffi-
cient. Varying the impinging jet diameter has no effect
on the uniformity of the temperature distribution across
the cooling section, as shown in Figures 12 and 13. As
seen in Figure 13c, the axial temperature magnitudes
at the top surface decreases across the cooling section
with a decrease in the impinging jet diameter.

Effect of Cooling Length

Varying the cooling length has a significant effect on
the overall temperature values and the formation of a
more uniform temperature distribution across the thick-
ness of the plate, as shown in Figures 14 and 15. It
should be noted that a single impinging jet is used in
Figures 14a-14c, and multiple impinging jets are uti-
lized in Figure 14d while increasing the cooling length
in all cases. As seen in Figures 14a-14c¢, when using
a single jet, an increase in the cooling length causes a
decrease in the average heat transfer coefficient across
the single impinging jet, which in turn increases the
time it takes to reach steady-state conditions. The in-
crease in time causes a small jump in temperature across
the heating section, as shown in Figures 14a-14c¢ and
15a. Figures 14a—-14c and 15b reveal that the tempera-
ture distribution decreases and becomes more uniform
across the cooling section with an increase in the cool-
ing length, due to the increase in time and decrease in
the average heat transfer coefficient.

An addition of another impinging jet causes a sharp
increase in the average heat transfer coefficient across
the multiple impinging jets. As seen in Figures 14d and
15b, multiple impinging jets have a significant impact
in reducing the temperature values and generating a
more uniform temperature distribution across the cool-
ing section because of the rapid increase in the heat
transfer coefficient. The axial temperature distribution
at the top surface tends to decrease across the cooling
section with an increase in the cooling length, as illus-
trated in Figure 15c¢.
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Figure 13 (a) Transverse temperature distribution at the end of
the heating section, (b) transverse temperature distribution at the
end of the cooling section, and (c¢) axial temperature distribution at
the top surface, for different nozzle diameters.
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Figure 14 Steady-state temperature distribution throughout the plate for different cooling lengths.

Optimization Design

The parameters that will produce a uniform temper-
ature distribution within the plate are given in Table 1.
These have been obtained for nominal operating tem-
peratures of 1,500 K for heating and 300 K for cooling.
From the obtained range of parameters, hardening and

tempering heat treatment processes for the aluminum
plate are achieved. Typical heating temperature val-
ues related to hardening and tempering heat treatment
processes are taken from Kamenichny [15]. Table 1
presents the range of parameters which will result in a
uniform temperature at the end of the heating and cool-
ing sections as well as production of the temperature

Table 1 Range of parameters which result in a uniform temperature distribution within the plate

lh (m) K l(‘j (m) Re_,» Wj/dj S,,pj/dj Pe
2=, =9 5 2 <, =3 2,000 =<<Re; =160,000 5.0 =w,/d; <1.5 2.0 <spi/dy <12.0 0 <<Pe =<0.570
1<, <3 2,000 <Re, <400,000 2.5 <w,/dy, <I.5 2.0 <50/ dy <12.0
1 <, <3 2,000 <Re; <400,000 2.5 <w,/dy <I.5 2.0 <s,5/dy <12.0
1 g4 3 2,000 =<<Re, =400,000 2.5 =wu/dy <1.5 2.0 <sypa/dy <12.0
1 <Js <3 2,000 <Res <400,000 2.5 <ws/ds <I.5 2.0 <s,5/ds <12.0
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Figure 15 (a) Transverse temperature distribution at the end of
the heating section, (b) transverse temperature distribution at the
end of the cooling section, and (c¢) axial temperature distribution at
the top surface, for different cooling lengths.
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Figure 16 (a) Steady-state temperature distribution throughout
the plate. (b) Transverse temperature distribution at the end of
both heating and cooling lengths in case of hardening, where
t =11.695h,l, =6.5m, K =4,l,-4 = 3.0m, Re; = 160,000,
Rez._.4 = 400,000, Wl._.4/d1._.4 = 7.5,5,,1,1._.4/d1._.4 = 2.5,q5 =
20,000 W/m?, Pe = 0.570.

magnitudes required for hardening and tempering pro-
cesses. As seen in Figures 16 and 17, the use of the op-
timized parameters, given in Table 1, such as the length
scales for the heating and cooling sections, fulfills the
objective of the present work: producing a more uniform
temperature distribution and controlling the transverse
temperature values at both heating and cooling end sec-
tions. This information on temperature distribution will
be useful in the design of heat treatment processes. For
example, the optimized values can be used to alternate
the mechanical properties of the aluminum plate for
hardening and tempering heat treatments.

CONCLUSION

A parametric study is employed to investigate var-
ious quantities that affect the temperature distribution
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Figure 17 (a) Steady-state temperature distribution throughout
the plate. (b) Transverse temperature distribution at the end of
both heating and cooling lengths in case of tempering, where,
t =8716h,1, =28m, K = 4,1, = 3.0 m, Re; = 160,000,
Rez._.4 = 400,000, Wp_.4/d1._.4 = 75, Snpp_»4/dp_»4 = 25, qs =
20,000 W/m?, Pe = 0.570.

and uniformity of isotherms in the heat treatment of
metallic plates. The pertinent parameters are heating
and cooling lengths, the distance from the impinging jet
to the plate, the speed of the coolant fluid, the diameter
of the impinging jet, and the speed of the plate. These
pertinent parameters are optimized for both hardening
and tempering heat treatments for a metallic plate. The
main conclusions of this investigation are as follows:

1. The temperature distribution increases and becomes
more uniform across the heating section with an in-
crease in the heating length.

2. Nonuniformity increases with an increase in the plate
speed.

heat transfer engineering

3. The uniformity across the cooling section is not af-
fected by variations in the distance from the imping-
ing jet to the plate, the speed of the coolant fluid, or
the impinging jet diameter.

4. The overall temperature values decrease across the
cooling section with a decrease in the diameter of
the impinging jet.

5. The overall temperature values increase across the
cooling section with an increase in the distance from
the impinging jet to the plate.

6. The temperature values decrease across the cooling
section with an increase in the impinging speed.

7. The temperature values across the cooling section
decrease and become more uniform with an increase
in the cooling length. The addition of another im-
pinging jet has a significant impact on reducing the
temperature values across the cooling section and
creating a more uniform temperature distribution.

NOMENCLATURE

b thickness of the plate, m

Bi Biot number (=h;/k,)

dj diameter of impinging jet, cm

F shape factor

FF Reynolds function for the impinging jet

G geometric function for the impinging jet

h heat transfer coefficient, W/m?2 K

h; average heat transfer coefficient across the im-
pinging jet, W/m? K

K number of impinging jet

kg thermal conductivity of the fluid, W/m K

kp thermal conductivity of the plate, W/m K

lej cooling length, m

Iy heating length, m

Nu Nusselt number (=h;d;/ k)

Pe Peclet number (=u ,r/o)

Pr Prandel number

qs constant heat flux, W/m?

Re; Reynolds number (=u ;d;/v)

Snpj distance from the plate to the impinging jet, m

t time, h

T temperature, °C or K

TenT entrance temperature, K

T, ambient temperature, K

T; initial temperature condition, K

T, temperature of the coolant fluid, K

uj speed of the coolant fluid, m/s

up speed of the plate, m/s

W radius of the cooling length, m

X axial coordinate distance, m

X dimensionless axial coordinate distance,
(=x/r)
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y transverse coordinate distance, m

Y dimensionless transverse coordinate distance,
(=ylr)

a thermal diffusivity, m?/s

0 dimensionless temperature [=(T — Ty )/

€ emissivity

v kinematic viscosity, m?/s

c Stefan-Boltzman constant, W/m? K*

Subscripts

c cooling length

f fluid

h heating length

j impinging jet
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