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Abstract

Conjugate heat transfer from a uniformly heated spinning solid disk of finite thickness and radius during a semi-confined liquid jet
impingement from a rotating nozzle is studied. The model covers the entire fluid region including the impinging jet on a flat circular disk
and flow spreading out downstream under the spinning confinement plate and free surface flow after exposure to the ambient gaseous
medium. The model examines how the heat transfer is affected by adding a secondary rotational flow under semi-confined jet impinge-
ment. The solution is made under steady state and laminar conditions. The study considered various plate materials such as aluminum,
copper, silver, constantan and silicon. Ammonia, water, flouroinert FC-77 and MIL-7808 oil were used as working fluids. The range of
parameters covered included Reynolds number (220–900), Ekman number (7.08 � 10�5–1), nozzle-to-target spacing (b = 0.25–1.0),
disk thicknesses to nozzle diameter ratio (b/dn = 0.25–1.67), Prandtl number (1.29–124.44) and solid to fluid thermal conductivity ratio
(36.91–2222). It was found that a higher Reynolds number increased local heat transfer coefficient reducing the interface temperature
difference over the entire disk surface. The rotational rate also increased local heat transfer coefficient under most conditions. An engi-
neering correlation relating the Nusselt number with other dimensionless parameters was developed for the prediction of the system
performance.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The applications of liquid jet impingement over a rotat-
ing surface are growing in various processes encountered in
mechanical, electrical and chemical engineering. The high
heat transfer rate, along with the simplicity of hardware
requirements makes this cooling process an attractive
option in a variety of applications. In addition, rotation
is used in metal etching, rinsing operations to dissolve spe-
cies, surface preparation or coating and microgravity fluid
handling to generate secondary flow and therefore enhance
convective heat or mass transfer. The interaction of liquid
jet impingement and rotation creates a very complex and
0017-9310/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.ijheatmasstransfer.2008.01.023

* Corresponding author. Tel.: +1 813 974 5625; fax: +1 813 974 3539.
E-mail address: rahman@eng.usf.edu (M.M. Rahman).
powerful flow capable of improving heat transfer processes
considerably in the absence of gravity.

The heat transfer rate from a surface to an impinging jet
is a complex function of many parameters. The proper
understanding of the effects of these parameters such as
flow rate, working fluid properties, nozzle structure and
orientation, nozzle-to-target spacing, spinning rate and
confinement ratio are critical to achieve a reliable cooling
system design. Even though a good number of publications
have considered liquid jet impingement but the simulta-
neous spinning of top and bottom disks during a semi-con-
fined liquid jet impingement cooling system has not been
attempted in any previous investigation. The past studies
are mostly restricted to the cooling of a stationary disk
by free or confined liquid jet impingement. Additionally,
most of these publications deal with average heat transfer
measurements rather than local distributions. A review of
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Nomenclature

Cp specific heat (J/kg K)
b disk thickness (m)
d diameter (m)
g acceleration due to gravity (m/s2)
Ek1 Ekman number of impingement disk

mf= 4 � X1 � r2
d

� �� �
Ek2 Ekman number of confinement disk

mf= 4 � X2 � r2
d

� �� �
h heat transfer coefficient (W/m2 K) (qint/

(Tint � TJ))
Hn distance of the nozzle from the plate (m)
k thermal conductivity (W/m K)
nr number of elements in the radial direction
nz number of elements in the axial direction
Nu Nusselt number (h � dn/kf)
Nuav average Nusselt number (hav � dn/kf)
p pressure (Pa)
Pr Prandtl number (lf � Cpf/kf)
q heat flux (W/m2)
r radial coordinate (m)
rd disk radius (m)
rp/rd confinement plate to disk radius ratio (confine-

ment ratio)
Re Reynolds number (VJ � dn/mf)
T temperature (K)
T int average interface temperature (K)

2
r2

d

R rd

0 T intrdr
� �

VJ jet velocity (m/s)

Vr,Z,h velocity component in the r, z and h-direction
(m/s)

z axial coordinate (m)

Greek symbols

b dimensionless nozzle-to-target spacing (Hn/dn)
d free surface height (m)
e thermal conductivity ratio (kS/kf)
l dynamic viscosity (kg/m s)
m kinematic viscosity (m2/s)
h angular coordinate (rad)
H dimensionless temperature (2 � kf � (Tint � TJ)/

qw � dn)
q density (kg/m3)
r surface tension (N/m)
X1 angular velocity of the impingement disk (rad/s)
X2 angular velocity of the confinement disk (rad/s)

Subscripts

atm ambient
av average
f fluid
int interface
J jet or inlet
n nozzle
p plate
S solid
w bottom surface of the impingement disk
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both analytical and experimental studies on jet impinging
on a flat surface has been presented by Polat et al. [1].

When a liquid jet impinges on a circular disk, the fluid
spreads radially as a thin film. A boundary layer develops
along the disk radius. This film is responsible for convec-
tive heat removal from the disk surface. The flow can be
divided into two regions, the impingement or stagnation
zone, and the wall jet region. A theoretical study of circular
laminar impinging jet spreading into a thin film was done
by Watson [2]. Chaudhury [3] presented the heat transfer
aspect of Watson’s problem. Confinement of impinging
slot jet flows by a plate parallel to the impingement surface
was studied by Korger and Krizek [4], Kumada and Mabu-
chi [5], Miyazaki and Silberman [6], Sparrow and Wong [7]
and Polat et al. [8,9]. Al-Sanea [10] presented a numerical
model that studied three cases: free jet, semi-confined jet
and semi-confined jet impingement through a crossflow
for laminar slot jet impinging on an isothermal flat surface.
Moreno et al. [11] investigated the mass transfer behavior
of a confined impinging jet applied to wet chemical process
such as water rinsing, metal etching or platting and poten-
tial applicability of printed wiring board’s fabrication.
Webb and Ma [12] presented a review of studies on jet
impingement heat transfer.
Morris and Garimella [13] computationally investigated
the flow fields in the orifice and confinement regions of a
normally impinging, axisymmetric, confined and sub-
merged liquid jet. Garimella and Nenaydykh [14], Fitzger-
ald and Garimella [15], Li et al. [16], and Rahman et al.
[17], all considered a confining top wall such as the one
used at the present study for a submerged liquid jet. How-
ever, no rotation was used. These studies covered a number
of working fluids including flouroinert (FC-77) and ammo-
nia (NH3) at different volumetric flow rates. Li and Garim-
ella [18] experimentally investigated the influence of fluid
thermo-physical properties on heat transfer from confined
and submerged impinging jets.

Chatterjee and Deviprasath [19] numerically investi-
gated the heat transfer to a laminar impinging jet at small
nozzle-to-plate distances. Ichimiya and Yamada [20] stud-
ied the heat transfer and flow characteristics of a single cir-
cular laminar impinging jet including buoyancy effect in a
narrow space with a confining wall. Temperature distribu-
tion and velocity vectors in the space were obtained numer-
ically. Shi et al. [21] carried out numerical experiments to
examine the effects of thermo-physical properties of fluid
with Prandtl number range from 0.7 to 71 under a semi-
confined laminar jet. Qing-Guang et al. [22] studied the



Fig. 1. Three-dimensional schematic of axisymmetric semi-confined liquid
jet impingement on a uniformly heated spinning disk.
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flow characteristics associated with a three-dimensional
laminar impinging jet issuing from a square pipe nozzle.
The authors discussed the flow field characteristics for dif-
ferent nozzle-to-plate spacing and Reynolds numbers.
Dano et al. [23] investigated the flow and heat transfer
characteristics of confined jet array impingement with
crossflow.

The jet impingement on a rotating disk adds more com-
plexity to the flow field. Carper and Deffenbaugh [24] con-
ducted experiments to determine the average heat transfer
coefficients for the rotating solid–fluid interface, with uni-
form temperature, cooled by a single liquid jet of oil
impinging normal to the rotating disk. Carper et al. [25]
conducted further experiments to consider the Prandtl
number effects on the average heat transfer coefficient at
the rotating disk. Thomas et al. [26] performed a one-
dimensional analysis of the hydrodynamic and thermal
characteristics of the boundary layers with and without
rotation. The heat transfer results at the interface were
greater under rotation due to a thinner thermal boundary
layer. Thomas et al. [27] measured the film thickness across
a stationary and rotating horizontal disk using the capaci-
tance technique, where the liquid was delivered to the disk
by a controlled semi-confined impinging jet.

Rahman and Faghri [28] presented the results of a
numerical simulation of the flow field and associated heat
transfer coefficient for the free surface flow of a thin liquid
film adjacent to a horizontal rotating disk. Rahman and
Faghri [29] analyzed the processes of heating and evapora-
tion in a thin liquid film adjacent to a horizontal disk rotat-
ing about its vertical axis at a constant angular velocity.
Faghri et al. [30] experimentally and numerically studied
the heat transfer effect from a heated horizontal disk to a
film of liquid from a controlled impinging jet under a par-
tially confined condition. Heat transfer data were collected
along the radius of the disk for different volumetric flow
rates and inlet temperatures for supercritical and subcriti-
cal regions. Saniei et al. [31] investigated heat transfer coef-
ficient from a rotating disk during jet impingement when
the jet was placed perpendicular to the disk surface at four
different distances from the center of the disk. Saniei and
Yan [32] presented local heat transfer measurements for a
rotating disk cooled with an impinging air jet.

The characterization of a thin film of water from an axi-
symmetric controlled impinging jet over a stationary and
rotating disk surfaces were experimentally studied by Ozar
et al. [33,34]. The authors measured the thickness of the
liquid film on the disk surface by an optical method,
including the characterization of the hydraulic jump. In a
later study, Rice et al. [35] presented an analysis of the
liquid film and heat transfer characteristics of a free surface
controlled liquid jet impingement onto a rotating disk.
Computations were run for a two-dimensional axisymmet-
ric Eulerian mesh while the free surface was calculated with
the volume of fluid method.

Although the above investigations provided very useful
information, only a few attempted to produce local heat
transfer distribution for a rotating disk in combination
with a semi-confined liquid jet impingement. In addition,
none of the studies have considered the rotation of the noz-
zle cover plate to further induce fluid motion at micrograv-
ity. The intent of this research is to study this effect with a
uniform steady flow over a solid spinning disk that is par-
tially confined with a spinning plate attached to the nozzle.
Even though several approaches can be used for enhance-
ment of heat transfer during jet impingement over a rotat-
ing disk such as triggering turbulence in the flow field by
increasing the flow rate or rotational speed; the present
study considered only laminar flow to address enhance-
ment with low flow rate that is critical in space borne appli-
cations to accomplish the job with lower fluid inventory
and hence lower mass of the cooling system. A higher rate
of rotation is expected to enhance heat transfer at the
impingement region, but may result in flow separation
from the heat transfer surface further downstream which
is not desirable. Therefore, the present study is quite signif-
icant in addressing the heat transfer enhancement under
certain conditions. Calculations were done under five dif-
ferent flow rates or jet Reynolds numbers, six spinning
rates or Ekman numbers, five different disk thicknesses
and four nozzle-to-target spacings. A broad range of
Prandtl number was covered with the use of four working
fluids, namely water (H2O), ammonia (NH3), flouroinert
(FC-77) and MIL-7808 lubricating oil. The thermal con-
ductivity effect was studied with the implementation of five
different disk materials: aluminum, Constantan, copper,
silicon, and silver. The results offer a better understanding
of the fluid mechanics and heat transfer behavior of semi-
confined liquid jet impingement.
2. Mathematical model

A schematic of the physical problem is shown in Fig. 1.
An axisymmetric liquid jet is discharged through a nozzle
and impinges at the center of a solid uniformly heated cir-
cular disk. The top plate acts as an insulated partially
confined spinning boundary that ends allowing the free



M.M. Rahman et al. / International Journal of Heat and Mass Transfer 51 (2008) 4400–4414 4403
surface boundary condition exposure of the fluid. The
present study considered an incompressible, Newtonian,
and axisymmetric flow under a steady state condition.
The variation of fluid properties with local temperature
was taken into account. Due to rotational symmetry of
the problem the o/oh terms could be omitted. The equa-
tions describing the conservation of mass, momentum (r,
h and z directions, respectively), and energy can be writ-
ten as [36]:
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The variation of thermal conductivity of solids with tem-
perature was not significant. Therefore, the conservation
of energy inside the solid can be characterized by the fol-
lowing equation:
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The following boundary conditions were used to complete
the physical problem formulation.
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The boundary condition at the free surface can be ex-
pressed as

At z ¼ d; rp 6 r 6 rd :
od
or
¼ V Z

V r
;

p ¼ patm �
r d2d

dr2

1þ dd
dr

� �2
h i3=2

;
oV S

on
¼ 0;

oT f

on
¼ 0 ð15Þ

where VS is the fluid velocity component along the free sur-
face and n is the coordinate normal to the free surface. The
local and average heat transfer coefficients can be defined
as

h ¼ qint

T int � T J

ð16Þ

hav ¼
2

r2
d � ðT int � T JÞ

Z rd

0

hrðT int � T JÞdr ð17Þ

where T int is the average temperature at the solid–liquid
interface. The local and average Nusselt numbers are calcu-
lated according to the following expressions:

Nu ¼ h � dn

kf

ð18Þ

Nuav ¼
hav � dn

kf

ð19Þ

The characteristics of the flow are controlled by three ma-
jor physical parameters: the Reynolds number, ReJ = VJdn/
mf, the dimensionless nozzle-to-target spacing ratio,
b = Hn/dn, and the Ekman number, Ek1;2 ¼ mf=4X1;2r2

d.
The values of Reynolds number was limited to a maximum
of 900 to stay within the laminar region. The nozzle open-
ing and the heated target disk have a radius of 0.6 and
6.0 mm, respectively. The heat flux (q) was kept constant
at 125 kW/m2. The incoming fluid jet temperature (TJ)
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was 310 K for water and FC-77, 303 K for ammonia (at a
pressure of 20 bars), and 373 K for MIL-7808. The thick-
ness of the disk was varied over the following values: 0.3,
0.6, 1.0, 1.5, and 2.0 mm. The jet impingement height or
the distance between the nozzle and disk was set at the fol-
lowing values: 3 � 10�4, 6 � 10�4, 9.0 � 10�4, and
1.2 � 10�3 m. The spinning rate (X) was varied from 0 to
78.54 rad/s or 0 to 750 rpm. The flow rate was varied from
6.65 � 10�7 to 2.72 � 10�6 m3/s. The range for Reynolds
number and Ekman number were: Re = 220–900 and
Ek1,2 = 7.08 � 10�5 to 1. The possibility of getting into
turbulent flow due to disk rotation was checked. Using
the laminar–turbulent transition criterion used by Popiel
and Boguslawski [37] and Vanyo [38], all runs used in the
paper checked out to be laminar.

The properties of solid materials such as density, viscos-
ity, thermal conductivity, and specific heat were obtained
from Özisik [39] and assumed to remain constant over
the working temperature range. Fluid properties for H2O,
NH3, MIL–7808, and FC–77 were obtained from Bejan
[40] and Bula [41]. The properties of the above fluids were
correlated according to the following equations. For water
between 300 K < T < 411 K; Cpf = 9.5 � 10�3T2 � 5.9299T

+ 5098.1; kf = �7.0 � 10�6T2 + 5.8 � 10�3T � 0.4765;
qf = �2.7 � 10�3T2 + 1.3104T + 848.07; and ln (lf) =
�3.27017 � 0.0131T. For ammonia between 273.15 K <
T < 370 K; Cpf = 0.083T2 � 40.489T + 9468; kf = 1.159
� 2.30 � 10�3T; qf = 579.81 + 1.6858T � 0.0054T2; and
ln (lf) = �5.33914 � 0.0115T. For MIL-7808 between
303 K < T < 470 K; Cpf = 903.8 + 3.332T; kf = 0.18 � 1
� 10�4T; qf = 1181 � 0.708T; and ln (lf) = 3.2436 �
0.0229T. For FC-77 between 273 K <T < 380 K;
Cpf = 589.2 + 1.554T; kf = 0.0869 � 8 � 10�5T; qf =
2,507.2 � 2.45T; and ln (lf) = �2.38271 � 0.0145T. In
these correlations, the absolute temperature T is in K.
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Fig. 2. Dimensionless interface temperature distributions for different number o
rp/rd = 0.667, b = 0.5).
3. Numerical computation

The governing equation (1)–(6) along with the boundary
conditions (7–15) were solved using the Galerkin finite ele-
ment method [42]. The purpose of a finite element method
is to break down the continuum problem, of essentially an
infinite number of degrees of freedom, to a finite number of
degrees by discrete sizing the continuum into a number of
simple shaped elements. Four node quadrilateral elements
were used. In each element, the velocity, pressure and tem-
perature fields were approximated which led to a set of
equations that defined the continuum. The number of ele-
ments required for accurate results was determined from
a grid independence study. The size of the elements near
the solid–fluid interface was made smaller to adequately
capture large variations in velocity and temperature in that
region.

Due to non-linear nature of the governing differential
equations the Newton–Raphson method was used to arrive
at the solution for the velocity and temperature fields. The
approach used to solve the location of the free surface was
to introduce a new degree of freedom representing the posi-
tion of the free surface. This degree of freedom was intro-
duced as a new unknown into the global system of
equations. Since the solution of the momentum equation
required only two out of the three boundary conditions
at the free surface, the third condition was used to upgrade
the position of the free surface at the end of each iteration
step. The Newton–Raphson solver used spines to track the
free surface and re-arranged grid distribution with the
movement of the free surface. These spines are straight
lines passing through the free surface nodes and connecting
the nodes underneath the free surface. The free surface
movement affected only nodes along the spine. The solu-
tion was considered converged when relative change in field
0.5 0.6 0.7 0.8 0.9 1

adial Location, r/rd

nz x nr = 22 x 59 

nz x nr = 28 x 63 

nz x nr = 32 x 72 

nz x nr = 34 x 59 

nz x nr = 34 x 63 

nz x nr = 36 x 59 

nz x nr = 36 x 64 

f elements in r and z directions (Re = 750, b/dn = 0.5, Ek1,2 = 4.25 � 10�4,
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values from a particular iteration to the next, and the sums
of the residuals for each variable became less than 10�6.
Several grids or combinations of number of elements were
used to determine the accuracy of the numerical solution as
shown in Fig. 2. The numerical solution becomes grid inde-
pendent when the number of divisions equal to 34 � 63 in
the axial (z) and radial (r) directions, respectively is used.
Comparing the numerical results for the 34 � 59 and
36 � 64 grids with a 34 � 63 grid showed an average differ-
ence of 0.159%.
4. Results and discussion

Fig. 3 presents the free surface height distribution for
different plate to disk confinement ratios when the jet
strikes the center of the disk while it is spinning at a rate
of 125 rpm. The nozzle along with the confinement disk
is also rotating at the same speed, in the same direction
resulting in Ek1,2 = 4.25 � 10�4. It can be seen that the
fluid spreads out radially as a wavy thin film. The film
thickness decreases as the plate to disk confinement ratio
decreases under the same spinning rate and flow rate. This
behavior occurs due to dominance of surface tension and
gravitational forces that form the free surface as the fluid
leaves the confinement zone and moves downstream. When
rp is increased, the frictional resistance from both walls
slows down the momentum and results in higher film thick-
ness. For the conditions considered in the present investi-
gation, a sudden drop in fluid height occurs for rp/
rd < 0.333 because the equilibrium film height for free sur-
face motion is significantly lower than confinement height.
In this situation, liquid may not cover all the way to the
end of the confinement disk and free surface may start to
form within the confinement region to provide a smooth
streamline for the free surface. At rp/rd P 0.5, the confine-
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Fig. 3. Free surface height distribution for different plate to disk confinement ra
b/dn = 0.5).
ment region is fully covered with fluid and a smooth tran-
sition is seen in film height distribution after exit.

Fig. 4a shows the variation of the dimensionless inter-
face temperature and the local Nusselt number distribu-
tions for different Reynolds numbers under a rotational
rate of 275 rpm (Ek1,2 = 1.93 � 10�4). The plots in
Fig. 4a reveal that dimensionless interface temperature
decreases with jet velocity (or Reynolds number). At any
Reynolds number, the dimensionless interface temperature
has the lowest value at the stagnation point (underneath
the center of the axial opening) and increases radially
downstream reaching the highest value at the end of the
disk. At a Reynolds number of 220, the temperature
becomes practically uniform after r/rd > 0.667. The thick-
ness of the thermal boundary layer increases with radius
and causes the interface temperature to increase. The incre-
ment of the dimensionless interface temperature up to the
end of its confinement coincides with the thickening of
the thermal boundary layer. Afterward it becomes more
uniform beneath the free surface. As noted in Fig. 3, there
is a significant re-adjustment of fluid layer thickness as the
flow comes out of the confinement and moves downstream
with a free surface at the top. Fig. 4a shows how the local
Nusselt number distributions increases over a small dis-
tance (core region) measured from the stagnation point,
reaching a maximum around r/rd = 0.05, and then
decreases along the radial distance as the boundary layer
develops further downstream up to the end of the confined
spinning plate or rp/rd � 0.667. After this location, the
Nusselt number increases downstream and reaches a uni-
form value at larger radial locations of the disk. The loca-
tion of the maximum Nusselt number can be associated
with the transition of the flow from the vertical impinge-
ment to horizontal displacement where the boundary layer
starts to develop. The increase of Nusselt number after the
exit from the confinement is a result of significant decrease
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of film thickness that also decreases the thickness of the
thermal boundary layer until it reaches a new equilibrium.
It may be noticed that at low values of Reynolds number
(Re = 220 in particular), local Nusselt number remains
almost constant over a good portion of the disk including
a portion within the confinement region. This is because at
low Reynolds number, the jet momentum dies down and
the flow is driven by rotational motion of the disks.
Fig. 4a confirms to us how an increasing Reynolds number
contributes to a more effective cooling. The observations
are in-line with the previous studies by Garimella and Nen-
aydykh [14] and Saniei et al. [32].

Fig. 4b plots the average Nusselt number as a function
of Reynolds number for low, intermediate, and high
Ekman numbers of the solid disk. The spinning of the con-
fined plate was done at a constant rate of 125 rpm or
Ek2 = 4.25 � 10�4. It may be noted that average Nusselt
number increases with Reynolds number. As the flow rate
(or Reynolds number) increases, the magnitude of fluid
velocity near the solid–fluid interface that controls the con-
vective heat transfer rate increases. Furthermore, at a par-
ticular Reynolds number, the Nusselt number gradually
increases with the increment of disk spinning rate. This
behavior confirms the positive influence of the rotational
rate of the solid disk on the average Nusselt number down
to Ek1 = 1.25 � 10�4 that corresponds to a spinning rate of
425 rpm. It may be also noticed that the average Nusselt
number plots gets closer to each other as the Reynolds
number increases indicating that curves will intersect at
higher Reynolds numbers. These intersections indicate
the presence of a liquid jet momentum dominated region
at higher Reynolds numbers. From the numerical results
it was observed that the heat transfer is dominated by
impingement when Re � Ek1 > 0.113 and dominated by disk
rotation when Re � Ek1 < 0.09. In between there limits,
both of these effects play an important role in determining
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the variation of average Nusselt number. This type of
behavior is consistent with the experimental results of Bro-
dersen et al. [43] where the ratio of jet and rotational Rey-
nolds numbers was used to characterize the flow regime.

The rotational rate effects of the solid disk under the
influence of a constant spinning rate of the confinement
plate on the local Nusselt number and dimensionless inter-
face temperature are illustrated in Fig. 5a for a Reynolds
number of 540 and dimensionless nozzle-to-target spacing
(b) equal to 0.5. It may be noted that the local Nusselt
number remains the same over the distance 0 < r/
rd < 0.35 and increases with rotational rate (decreases with
Ekman number) further downstream. This is because the
flow is highly dominated by jet inlet momentum at r/
rd < 0.35, and the centrifugal forces generated by rotation
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Fig. 5. Local Nusselt number and dimensionless interface temperature distribu
dn = 0.5, rp/rd = 0.667). (a) Effects of Ek1 variation (Ek2 = 4.25 � 10�4) and (
of the disks can influence the transport only at r/
rd > 0.35. It may also be noted that a higher rotational rate
provides a lesser amount of undershoot in Nusselt number
and a higher equilibrium value at large disk radii. Fig. 5a
shows that dimensionless interface temperature decreases
with the increment of the rotational rate in comparison
with the stationary case due to the enhancement of local
fluid velocity adjacent to the disk. The local Nusselt num-
ber increases by an average of 33.78% in Fig. 5a; as the
Ekman number of solid spinning disk decreases from 1
to 7.08 � 10�5 under the influence of a constant spinning
rate of 125 rpm (Ek2 = 4.25 � 10�4) of the top confinement
disk. The dimensionless interface temperature decreases by
an average of 10.85% in Fig. 5a under a Reynolds number
of 540. The enhancement of Nusselt number due to rota-
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tion is primarily caused by enhancement of local fluid
velocity adjacent to the rotating disk surface. The tangen-
tial velocity due to rotation combined with axial and radial
velocities due to jet momentum increases the magnitude of
the velocity vector.

Fig. 5b shows the rotational rate effects of the top con-
finement disk in conjunction with a constant spinning rate
of the solid impingement disk on local Nusselt number and
dimensionless interface temperature distributions for a
Reynolds number of 540 and dimensionless nozzle-to-tar-
get spacing (b) equal to 0.5. It may be noted that rotational
effect up to a spinning rate of 375 rpm or (Ek2 =
1.42 � 10�4) increases the local Nusselt number and gener-
ates lower temperature over the entire solid–fluid interface
with less intensity in comparison with the Reynolds num-
ber effect shown in Fig. 4a and the solid disk rotational rate
effect under a constant spinning of the confinement plate
shown in Fig. 5a. Fig. 5b shows that dimensionless inter-
face temperature decreases with the increment of the rota-
tional rate up to a spinning rate of 375 rpm
(Ek2 = 1.42 � 10�4) in comparison with the stationary case
due to the enhancement of local fluid velocity adjacent to
the disk. The local Nusselt number increases by an average
of 5.92% and the dimensionless interface temperature
decreases by an average of 0.4% in Fig. 5b; as the Ekman
number of the top confined plate decreases from 1 to
1.42 � 10�4 under the influence of a constant spinning rate
of 125 rpm (Ek1 = 4.25 � 10�4) of the solid impingement
disk. However, exceptions occur for spinning rates of 500
and 750 rpm (Ek2 = 1.06 � 10�4 and 7.08 � 10�5) where
higher values for dimensionless interface temperature and
lower values for Nusselt number are found for the most
part of the solid–fluid interface. In these particular cases,
the rotation generates a negative effect within the confined
region. At these high rotational rates of the top disk (4 and
6 times compared to the bottom disk) the thermal bound-
ary layer structure at the heated bottom disk tends to get
swept away by the strong rotational motion of the top disk.
Therefore a lower Nusselt number is achieved compared to
other cases in the confined region. However, when the flow
gets out of the confinement at (r/rd = 0.667), the added
momentum exerted by the top disk results in rise of heat
transfer coefficient from this point all the way to the end
of the disk. Therefore, the proper selection of two spinning
rates is crucial in a design process. This type of behavior is
consistent with the observations of Popiel and Boguslawski
[37].

The effects of disk thickness variation on the dimension-
less interface temperature and local Nusselt number are
shown in Fig. 6a. In these plots, silicon has been used as
the disk material and water as the cooling fluid for Rey-
nolds number of 450 and spinning rate of 125 rpm
(Ek1,2 = 4.25 � 10�4). The dimensionless interface temper-
ature increases from the impingement region all the way to
the end of the disk. It may be noted that the disk thickness
variation curves from the 0.25 to 1.67 intersect with each
other at a dimensionless radial distance of r/rd = 0.55.
The thicker disks generate more uniform dimensionless
interface temperature due to a larger radial conduction
within the disk. Since the flow rate and heat input at the
bottom of the disk are kept constant, the global energy bal-
ance dictates that average interface temperature changes
only slightly as the thermal resistance offered by the disk
changes with the variation of disk thickness. It may be
observed from Fig. 6a that average interface temperature
slightly increases with the increment of disk thickness.
The local distribution of interface temperature is primarily
controlled by the re-distribution of input heat within the
solid. A thinner plate offers a smaller opportunity for heat
flux re-distribution and therefore a larger variation con-
trolled by convection and local fluid temperature is seen.
For a thicker plate, more opportunity for radial conduc-
tion results in higher interface heat flux in the impingement
region where the fluid is cooler and gradually smaller inter-
face heat flux as the fluid moves downstream. This results
in more uniform interface temperature as shown in
Fig. 6a. The combined effects of only slight change in aver-
age interface temperature whereas large change in local dis-
tribution with the variation of thickness results in plots
intersecting each other in Fig. 6a. Local Nusselt number
plots in Fig. 6a change slightly with the variation of disk
thickness. In all cases, it is evident that the Nusselt number
is sensitive to the solid thickness especially at the core
region where higher Nusselt number values are obtained.
It may be noted that local Nusselt number was calculated
by using local temperature and local heat flux at the inter-
face, both of which became larger in the impingement
region with increase of disk thickness. Therefore the net
effect was almost same Nusselt number distribution for
all the thicknesses. This phenomenon has also been docu-
mented by Lachefski et al. [44] for jet impingement on a
stationary disk.

Four different nozzle-to-target spacing ratio (b) from
0.25 to 1 were modeled using water as the coolant and sil-
icon as the disk material. The effects of nozzle-to-target
spacing on local Nusselt number and dimensionless inter-
face temperature at a spinning rate of 125 rpm
(Ek1,2 = 4.25 � 10�4) and Reynolds number of 900 are
shown in Fig. 6b. It may be noticed that the impingement
height quite significantly affects the Nusselt number distri-
bution particularly at the stagnation region. A higher local
Nusselt number at the core region is obtained when the
nozzle is brought very close to the heated disk (b = 0.25).
A lower distance between nozzle and impingement plate
provides lower loss of momentum as the jet travels for a
shorter distance through the surrounding liquid medium.
In addition, a smaller gap provides quicker propagation
of centrifugal force from the spinning disks into the fluid
medium increasing the net transport rate. It may be also
noticed that in Fig. 6b, curves for b = 0.25–0.75 are close
together whereas, at b = 1, a higher temperature is
obtained all along the disk. In Fig. 6b, it can be noticed
that minimum in Nusselt number moves downstream with
increase in gap and no minimum is observed at b = 1.
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Therefore, rotational effects cannot propagate very well
when the gap between impingement and confinement plates
is large. The local maximum is associated with the transi-
tion of flow structure from vertical stagnation flow to hor-
izontal boundary layer flow adjacent to the heated disk.
The Nusselt number is maximum at the start of the thermal
boundary layer. The minimum is associated with the tran-
sition from jet momentum dominated flow to rotation
dominated flow. As the fluid moves downstream, boundary
layer grows in thickness and jet momentum diminishes. On
the other hand, the centrifugal force generated by disk
rotation increases as the fluid moves to a larger radial loca-
tion. The balance of these simultaneous effects results in the
minimum in local Nusselt number. As both disks are rotat-
ing, a smaller vertical gap between disks causes a stronger
propagation of rotational effects to the fluid and therefore
earlier transition from momentum dominated to rotation
dominated flow.

Fig. 7a compares the dimensionless interface tempera-
ture results of the present working fluid (water) with three
other coolants that have been considered in previous heat
transfer studies, namely ammonia (NH3), flouroinert
(FC-77) and oil (MIL-7808) under a Reynolds number of
750. Even though the rotational rate (X1,2) for the imping-
ing solid disk and confinement plate was set at 350 rpm the
variation of Ekman number occurred since the density (q)
and dynamic viscosity (l) are different for each fluid. It
may be noticed that MIL-7808 presents the highest dimen-
sionless interface temperature and ammonia has the lowest
value. FC-77 shows the most uniform distribution of
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temperature along the radius of the disk. Fig. 7a shows the
corresponding local Nusselt number distributions. It may
be noticed that MIL-7808 presents the highest local Nusselt
number values over the entire dimensionless radial dis-
tance. Ammonia on the other hand provides the lowest
Nusselt number. The Nusselt number trend is well corre-
lated with the variation of Prandtl number. A higher Pra-
ndtl number fluid leads to a thinner thermal boundary
layer and therefore more effective heat removal rate at
the interface. The present working fluid results are in agree-
ment with Li et al. [16] and Ma et al. [45] findings where a
larger Prandtl number corresponded to a higher recovery
factor.

Fig. 7b shows the dimensionless interface temperature
and local Nusselt number distribution plots as a function
of dimensionless radial distance (r/rd) measured from the
axisymmetric impingement axis for different solid materi-
als with water as the working fluid. The studied materials
were aluminum, Constantan, copper, silicon, and silver
having different thermo-physical properties. The dimen-
sionless temperature distribution plots reveal how the
thermal conductivity affects the heat flux distribution.
Constantan shows the lowest temperature at the impinge-
ment zone or stagnation point and the highest dimension-
less temperature at the outlet in comparison with other
solid materials. Copper and silver show a more uniform
distribution and higher temperature values at the impinge-
ment zone due to their higher thermal conductivity. The
dimensionless temperature and local Nusselt number dis-
tributions of these two materials are almost identical
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due to their similar thermal conductivity values. The
crossover of curves for all five materials occurred around
r/rd � 0.525. This crossover is expected because of ther-
mal energy balance for constant fluid flow and heat input
rates. A solid material with a lower thermal conductivity
(Constantan) shows a higher maximum local Nusselt
number. For all solid materials, the local Nusselt number
distribution increases rapidly over a small distance (core
region) measured from the stagnation point, reaches a
maximum around r/rd = 0.05, and then decreases along
the radial distance up to rp/rd � 0.63. Further down-
stream when the film encounters a free surface at the
top along with the rotation of the solid disk at the bot-
tom, the local Nusselt values for all materials gradually
increase due to the increment of the tangential velocity
and thinner thermal boundary layer that enhances the
heat transfer on the solid disk surface.

Six different plate to disk confinement ratios (rp/rd)
from 0.2 to 0.75 were modeled using water as the coolant
and silicon as the disk material. The effects of plate to
disk confinement ratio on the dimensionless interface tem-
perature and local Nusselt number at a spinning rate of
125 rpm or Ek1,2 = 4.25 � 10�4 and Reynolds number of
450 are shown in Fig. 8. The plots in Fig. 8 reveal that
the dimensionless interface temperature increases with
the increment of the plate to disk confinement ratio (rp/
rd). This increment coincides with the increment of liquid
film thickness in the free jet region seen in Fig. 3. A thin-
ner film thickness for the same flow rate results in higher
fluid velocity near the solid–fluid interface resulting in a
higher rate of convective heat transfer. This is seen in
the distribution of local Nusselt number plotted in
Fig. 8. The local Nusselt number increases with the
decrease of plate to disk confinement ratio.
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A correlation for the average Nusselt number was devel-
oped as a function of confinement ratio, thermal conduc-
tivity ratio, dimensionless nozzle-to-target spacing,
Ekman number, Reynolds number, and confinement plate
to disk radius ratio to accommodate most of the transport
characteristics of a semi-confined liquid jet impingement
cooling process. The correlation that best fitted the numer-
ical data can be placed in the following form:

Nuav ¼ 1:94282 � b0:111 � Re0:75 � Ek�0:0465
1 Ek�0:047

2 � e�0:69

� ðrp=rdÞ�0:05 ð20Þ

In developing this correlation, all average Nusselt number
data corresponding to the variation of different parameters
were used. Only data points corresponding to water as the
fluid were used because the number of average heat transfer
data for other fluids were small. Also data points corre-
sponding to both disks rotating at the same rate were used.
Fig. 9 gives the comparison between the numerical average
Nusselt numbers to average Nusselt numbers predicted by
Eq. (20). The predicted average Nusselt number values
from Eq. (20) deviates in a range of �14.76% to
+13.08% from the actual numerical results obtained in
present study. The mean deviation is 6.37%. The ranges
of the dimensionless variables in this study are the follow-
ing: 360 6 Re 6 900, 4.25 � 10�4

6 Ek1 6 7.08 � 10�5,
4.25 � 10�4

6 Ek2 6 7.08 � 10�5, 0.25 6 b 6 1, 0.2 6 rp/
rd 6 0.75, Pr = 5.49, 227.6 6 e 6 627.6. It should be noted
from Fig. 9 that a large number of data points are very well
correlated with Eq. (20). This correlation can be a conve-
nient tool for the prediction of average heat transfer
coefficient.

Fig. 10 shows a comparison of local Nusselt numbers
obtained in present numerical simulation with the experi-
mental data obtained by Ozar et al. [34] and numerical
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results of Rice et al. [35] at various rotational speeds. A
rotating disk with a heat flux of 32 kW/m2, cooled by a
round single water jet impingement at a flow rate of 3 l/
min (Re = 238) and spinning at speeds of 50, 100,
200 rpm were compared. The computation was conducted
for jet temperature (TJ) of 293 K; the nozzle-to-target
spacing was set to 0.00254 m, with a nozzle diameter of
0.0508 m and for collar (or confinement) that extended
over a radial distance of 0.051 m. The spinning disk had
a diameter of 0.4064 m and thickness of 0.00635 m. The
disk was made of aluminum, a material with a thermal
conductivity of 202.4 W/m K. As seen in Fig. 10, the
agreement of the local Nusselt number results of Ozar
0

40

80

120

160

200

240

280

320

360

0 0.1 0.2 0.3 0.4

Dimensionless 

L
oc

al
 N

us
se

lt
 N

um
be

r,
 N

u

  50 rpm

100 rpm 

200 rpm 

Ozar et al.[34], 50rpm

Ozar et al.[34], 100rpm

Ozar et al.[34], 200rpm

Riceet al.[35],50rpm

Riceet al.[35],100rpm

Fig. 10. Comparison of numerical and experimental local Nusselt number distr
cooling fluid (TJ = 293 K, Re = 238, Hn = 0.000254 m, b = 0.00635 m, b/dn =
et al. [34] and Rice et al. [35] with the present numerical
simulation is satisfactory. The difference in local Nusselt
number between Ozar et al. [34] and the present simula-
tion is in the range of 0.79–22.07% with an average differ-
ence of 12.33%. The difference in local Nusselt number
between Rice et al. [35] and the present simulation falls
in the range of 5.01–22.08% with an average difference
of 14.9%. The Nusselt number at the stagnation region
was compared with the stagnation Nusselt number corre-
lation developed by Liu et al. [46] for liquid jet impinge-
ment over a stationary disk. For the Reynolds number
and rotational rates considered in this paper, the average
difference was 4.22%. The rotation always enhanced the
stagnation Nusselt number compared to the stationary
disk.

5. Conclusions

The following conclusions could be made based on the
numerical results of the present investigation.

1. The increment of Reynolds number contributes to a
more effective cooling by increasing the local heat trans-
fer coefficient over the entire solid–fluid interface.

2. For Ek1,2 > 7.08 � 10�5, a higher rotational speed
enhances the local Nusselt number and generates lower
temperature over the entire solid–fluid interface.

3. A higher disk thickness provides more uniform interface
temperature and heat transfer coefficient.

4. Heat transfer coefficient increases as the nozzle-to-target
distance decreases from b = 1.0 to 0.2.

5. A reduction in plate to disk confinement ratio increases
the local Nusselt number at all locations.

6. A higher Prandtl number fluid leads to a thinner thermal
boundary layer and provides a more effective heat
removal rate at the solid–fluid interface.
0.5 0.6 0.7 0.8 0.9

Radial Location, r/rd

1

ibutions at different spinning rates for an aluminum disk with water as the
0.125, rp = 0.0508 m, rp/rd = 0.25).
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7. Plate materials with higher thermal conductivity main-
tain lower thermal resistance within the solid and there-
fore a more uniform temperature distribution is
achieved at the solid–fluid interface.

8. A correlation for average Nusselt number is proposed in
terms of Reynolds number, Ekman numbers (Ek1, Ek2),
nozzle-to-target spacing ratio, thermal conductivity
ratio and confinement plate to disk radius ratio. The dif-
ferences between numerical and predicted values are in
the range of �14.76% to +13.08%. The mean deviation
is 6.37%.

9. The numerical results compared reasonably well with
available experimental measurements.
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