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ABSTRACT
Heat and flow pattern of a vertical free jet impinging on a hot disk were numerically investigated. A
cylinder with various thicknesses andmaterials exposed simultaneously to uniform heat flux on one
side and a free impinging jet on the other side is simulated byANSYS Fluent 19.3. For simulations, the
thermal boundary condition on the hot surface might differ due to the nature of the heat flow. The
Volumeof Fluid (VOF) approach is used tomodel the free jet heat transfer and fluiddynamicswith the
presenceof air,while only the energy equation is solved in the cylinder. Heatline equation is solved to
reveal the heat flow direction and effects of different geometry conditions. The maximum heat flux
of 2.5MW/m2wasobtained at the edgeof stagnation region for hot targetmadeof copper,while the
value was 1.5 MW/m2 when the material was combined with stainless steel. However, the general
thermal and hydrodynamic features of the jet flow were not influenced. It means that hot object
condition may only affect the balance between heat flux and temperature, and the ideal uniform
heat flux on the impinging wall may not be achieved in any experimental conditions.
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Introduction

Heat harvesting from hot objects is a common activ-
ity in many industries, from heat exchangers to power
plants (Kröger, 2004;Mahdavi et al., 2017;Mahdavi et al.,
2015; Mahdavi et al., 2016; Mahdavi et al., 2018a, Mah-
davi et al., 2018b; Omidi et al., 2017).A free impinging
water jet is often used on hot surfaces withmany different
shapes, from circular to flat rectangular surfaces (Oztop
et al., 2011; Pachpute & Premachandran, 2020; Wu et al.,
2019). Liquid is injected from the inlet of a small nozzle
with high velocity and impinges on the hot object. The
jet flow starts to create a thin layer of liquid just after the
stagnation region because of the air–liquid surface ten-
sion. As the flow spreads on the hot surface, the velocity
decreases as a result of flow resistance and boundary layer
formation on the solid wall. This thin liquid layer absorbs
the heat and conveys it to the outer region.

Cooling methods using a flow jet depend on the type
of heat transfer and limitations, and vary from gases
such as air to liquids such as water and nanofluids, both
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experimentally and numerically (Afroz & Sharif, 2018;
Debnath et al., 2020; Du et al., 2020; Hatami et al., 2018;
Kim et al., 2019; Nessab et al., 2019; Peng et al., 2020;
Wae-hayee et al., 2019; C. Wang et al., 2019; X. L. Yang
et al., 2020; Yeranee et al., 2020). Hatami et al. (2018)
conducted a two-dimensional (2D) computational fluid
dynamics (CFD) simulation of air-jet flow using two dif-
ferent turbulence models. The geometry consisted of a
moving diaphragm pushing flow into an orifice and cool-
ing down the hot circular disk at a distance from the
orifice outlet. The hot disk was assumed to have a uni-
form constant temperature with no actual thickness in
the modeling. Hatami et al. (2018) used only a quarter of
the model (90°) to reduce the expensive computational
cost. They investigated the heat transfer improvement
and simulation approaches by comparing the results of
different turbulentmodels. However, the thermal bound-
ary conditions, especially how a uniform constant tem-
perature can be obtained in reality considering the flow
pattern on the hot target, were not discussed. Moreover,
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they showed that heat transfer can be improved by nearly
30% in an unconfined test case compared to a confined
one, as well as the major impact of dimensionless length
on achieving maximum heat transfer.

Air jets were also employed in the experimental work
of Kim et al. (2019) and C. Wang et al. (2019), with
uniform constant heat flux as the thermal boundary con-
dition. C. Wang et al. (2019) used a heating foil in direct
contact with the injecting jet into the main channel flow
to provide uniform constant heat flux, and found that
air velocity close to the impingement region was a major
contributory factor in heat transfer enhancement. Yera-
nee et al. (2020) experimentally and numerically investi-
gated the cooling impact of an air jet from a nozzle over
a hot plate. Copper bars were used under thin stainless
steel foil (0.03mm thickness as the hot plate) to supply
constant heat flux as the thermal boundary condition.
The authors assumed that uniformheat fluxwas achieved
during the experiment under the foil. For the numerical
part, the thin foil was assumed to be a surface and heat
flux was distributed uniformly everywhere. The aspects
of this thermal boundary condition were assumed to be
correct in the numerical simulation, without any expla-
nation of the details. Considering the complexity of the
geometry and flow field, they modeled only a quarter of
the model. They found that heat transfer can deteriorate
at some specific values of pipe length to nozzle diameter
ratio because of the blocking impacts of air circulation.
Afroz and Sharif (2018) and X. L. Yang et al. (2020)
focused on 2D and axisymmetric models of the compu-
tational domain for simplicity. The former researchers
used a uniform temperature and the latter used a uniform
heat flux thermal boundary condition on the target wall,
while neither of these studies specified any geometric
shape for the hot surface in terms of thickness ormaterial.
Nonetheless, it is noted that the Nusselt number showed
an initial increase around the stagnation region and then
decreased as the flow left the domain. This means that
there is a wide range of heat transfer distribution and
Nusselt number from the impingement point to the out-
flow. One would expect to obtain a wide distribution of
temperature and heat flux in the case of uniform heat flux
and temperature boundary conditions, respectively.

Using a liquid such as water or a nanofluid has more
advantages than air in terms of cooling hot surfaces
because of the higher thermal conductivity (Ez Abadi
et al., 2020; Ghalandari et al., 2019). Peng et al. (2020)
used CFD analysis to find the optimum geometry and
number of water jet flows in a microchannel with lami-
nar single-phase fluid. The entire three-dimensional (3D)
model was simulated by considering the actual shape of
hot wall thickness exposed to uniform heat flux. The val-
ues for heat transfer and the pumping power of the flow

were reported, but no results regarding the solid geome-
try or material were discussed. However, they found that
using multiple jets can have noticeable effects on heat
transfer enhancement compared to a conventional sin-
gle jet. A 2D channel flow of nanofluid was simulated by
injecting a nanofluid jet into the domain in the study by
Nessab et al. (2019). Amagnetic field was located on both
sides of the channel, while the solid walls were under the
impact of uniform constant heat flux, with no thickness
consideration for the walls. The fluid consisted of liquid
and fine particles, and a multiphase mixture model was
used to model both the liquid phase and nanoparticles.
The flow pattern and vortices in the channel revealed no
uniformity or symmetry in the distribution of the tem-
perature and streamlines at the top and bottom parts, or
in the flow direction. This is one of the challenges regard-
ing the correctness of assumed uniform heat flux on
the walls in numerical simulation. Their results showed
that using a smaller opening ratio and higher magnetic
number can improve heat transfer considerably.

Owing to the high complexity of free jet cooling, with
the presence of two phases and a thin layer of liquid on
the hot surface (and, in some cases, with boiling), most
of the studies have focused on experimental measure-
ments, and numerical simulations are limited to specific
cases (Jing-Zhou et al., 2013; Lallave et al., 2007; Lam-
raoui et al., 2019; Rehman et al., 2017; Selimefendigil &
Öztop, 2017a, 2017b, 2018; Turkyilmazoglu, 2019; Y. T.
Yang et al., 2015; Zhang et al., 2019; Zuckerman & Lior,
2006). Rehman et al. (2017) conducted numerical simu-
lations to identify the heat and flow features of nanofluid
jet over a hot rectangular body. They modeled the entire
domain, including the fluid and the solid copper base
exposed to uniform heat flux at the bottom, used as an
impingement object with actual experimental thickness.
The study investigated the effects of various fluid param-
eters for different boundary conditions, as well as other
geometric parameters such as nozzle-to-target spacing.
The k–ε turbulence model was used to simulate the flow
regimen in turbulent mode, and the multiphase volume
of fluid (VOF) method was used to track the interaction
between liquid and air. The same methods and models
were used by Y. T. Yang et al. (2015). Only a quarter
of the full geometry was simulated, by assuming sym-
metric boundary conditions on two sides. The geometry
was constructed based on the experimental studies in the
literature. The hot surface was made of Inconel® alloy
plate with a low thermal conductivity of 10.1W/m.K
and thickness of 0.3mm. The heater block was located
under the Inconel alloy plate. Y. T. Yang et al. (2015)
considered this whole set-up in their computational
domain and applied uniform heat flux under the heater
block.
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This extensive literature review shows that the main
focus of jet flows has been on thermal flow parameters,
such as velocity, temperature and Nusselt number. Two
different thermal boundary conditions were investigated
by researchers, namely uniform heat flux and tempera-
ture. However, in many cases, the actual geometry of the
hot surface with complete thickness was not considered
in themodel.Many authors simply assumed that the ther-
mal conditions were achieved by using highly conductive
materials or thin plates. In this study, the geometry from
an experimental work was chosen to model the flow
section as well as the solid part of the set-up. The goal
is to seek the heat flow transfer routes by using the heat-
line concept in the case of a hot surface with different
thicknesses and materials. The correctness of the ther-
mal boundary conditions used in the literature is also
discussed.

Configuration details and governing formulas

Geometric details

The general configuration of the test case is borrowed
from the research provided by Zeitoun and Ali (2012).
A free jet of water/nanofluid is vertically released in the
gravity direction from a circular nozzle and impinges on
a horizontal round disk being heated from the bottom.
Instead of using heater bars, as mentioned in the litera-
ture review, they used a spiral element heater in direct
contact with the bottom of the cylindrical copper disk,
and only partially. Also, they added 1mm of nickel elec-
troplated on top of the copper disk. The details of the
exact experimental geometry are shown in Figure 1.

For the purpose of this study, a 2D axisymmetric
model is provided to simulate the geometry of Zeitoun

and Ali (2012), as well as other changes in the geome-
try. The axisymmetric model has been repeatedly used
by other authors, as explained in the literature review.
To emphasize the focus of this study on specific geome-
tries, two main 2D layouts are presented here: one is
exactly according to Zeitoun and Ali (2012), shown
in Figure 2(a), and the other is similar in the fluid
region and slightly different in the solid object, with
different thickness and material, as indicated in Figure
2(b). In addition, the flow is highly complex in exper-
imental tests because of turbulence; however, unlike in
reality, in simulation the 3D geometry is 100% axisym-
metric and turbulent models have to be used (employ-
ing average values of variables), so the 3D effects of
turbulence will vanish. Therefore, 2D modeling can
correctly represent the entire 3D simulation in this
case.

Heat andmultiphase flow equations

Because of the presence of a two-fluid mixture in the
domain, the multiphase VOF model (Hirt & Nichols,
1981) was used to solve the interaction between atmo-
spheric air and water. This model is mathematically for-
mulized according to the surface tension and interaction
between the phases in each cell.

Themass balance equation is adjusted according to the
following assumption:

⎧⎪⎨
⎪⎩
α = 1 liquid
α = 0 air
0 < α < 1 air-liquid-interface

(1)

Figure 1. Schematic of the experimental geometry used by Zeitoun and Ali (2012): (a) three-dimensional view; (b) side view.
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Figure 2. Axisymmetric models of the geometries simulated in this study: (a) geometry from Zeitoun and Ali’s (2012) experiment; (b)
case study in this research with different L1 and L2.

The volume fraction equation in each computational cell
is calculated as follows:

∂(αiρi)

∂t
+ ∇ .(αiρi�u) = 0 (2)

where α and i are the secondary flow volume fraction in
the cell and the flow fields, respectively.

The governing equations are followed by:

∂(ρ�u)
∂t

+ ∇ .(ρ�u�u) = −∇P + ∇ .(μ(∇�uT + ∇�u))

+ ρ�g + σχ �∇α (3)

∂(ρE)
∂t

+ ∇ .(ρE�u) = ∇ .(k∇T) (4)

where E, P and k are the internal energy term, flow pres-
sure and thermal conductivity, respectively. The surface
tension term in Equation (3) is estimated by using the
continuum surface force (CSF) model (Brackbill et al.,

1992). The interface curvature χ is defined based on the
surface normal vector ñ:

χ = −∇ .ñ (5)

The mass-averaged method is used to obtain the mix-
ture energy term E, represented by cpT:

E =
∑i=2

i=1 αiρiEi∑i=2
i=1 αiρi

(6)

The values of the Reynolds number at the exit of the
nozzle show the presence of turbulent flow in the domain.
Hence, the realizable k–ε model was used to include the
effects of turbulence (Bacharoudis et al., 2007; Teodo-
siu et al., 2014). The differential equations of turbulent
kinetic energy (κ), dissipation rate (ε) and viscosity are
defined as follows:

∂(ρκui)
∂xi

= ∂

∂xi

([
μ+ μt

σk

]
∂κ

∂xi

)
+ Gk + Gb − ρε
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− YM + Sk (7)

∂(ρεui)
∂xi

= ∂

∂xi

([
μ+ μt

σε

]
∂ε

∂xi

)
+ ρC1Sε

− ρC2
ε2

κ + √
εν

+ C1ε
ε

κ
C3εGb + Sε (8)

μt = ρCμ
κ2

ε
(9)

C1 = max
[
0.43,

S κ
ε

S κ
ε

+ 5

]
(10)

C2 = 1.9, σε = 1.2, σk = 1.0,C1ε = 1.44 (11)

Cμ = 1
A0 + As

κU∗
ε

(12)

The definitions of turbulent terms (σk, C2, σε , A0 and
C1ε , which are turbulent constants, and μt , Gk, Gb, YM ,
Sk and Sε) can be found in Bacharoudis et al. (2007) and
Teodosiu et al. (2014).

Grid generation and numerical method

Owing to the simplicity of the 2D geometry, a fully struc-
tured mesh is provided here with a fine grid close to the
hot surface in contact with water, as shown in Figure 3.
The generated mesh for the geometry of Zeitoun and Ali
(2012) is also similar to this figure.

The multiphase VOF model was used to find the
interface between air and liquid in the fluid domain
from the nozzle inlet to the outside boundary. This was
conducted in an implicit unsteady frame, with a time
step of 10−4 s. CSF was used in combination with wall
adhesion to model and solve the pressure and interface
between the two phases only in computational cells with
a volume fraction below 1. The realizable k–ε model

was used to model the turbulence in the flow with
the scalable wall function to evaluate the viscous sub-
layer and buffer layer thickness. Because of the conver-
gence issue, a coupled scheme was chosen for the cou-
pling between momentum and energy equations. Only
the energy equation was solved in the solid layers. The
terms for pressure, momentum, volume fraction, tur-
bulent parameters and energy terms are discretized by
the following schemes: PRESTO!, second-order upwind,
modified HRIC and second-order upwind, respectively.
Themass andheat balancewere tracked to ensure that the
convergence was obtained in the solution, as well as
the temperature on the hot surface and pressure at the
nozzle inlet.

Grid study

Owing to the formation of a thin layer of liquid at the
vicinity of the wall, it is critical to study the number of
generated meshes for the purpose of the grid study. A
wide range of meshes was tested, with the main focus on
the first layer thickness and the number of cells in the
liquid layer. The value of the Nusselt number and devi-
ation from this value were considered as a base for the
grid study. The results are presented in Table 1. As can be
seen, mesh 3 seems to be the most appropriate grid for
this study.

Boundary conditions and case studies

Similar boundary conditions were applied in all cases
for the flow section of the simulation, as follows: veloc-
ity inlet for the nozzle, axisymmetric boundary, pressure
outlet for all other flow boundaries, coupled boundary

Figure 3. Generated mesh for a case study.
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Table 1. Grid study for the case of a water jet with Reynolds number 12,500.

Mesh no. Total cells First layer thickness (mm) No. of layers in liquid phase Nu Deviation from experiment

1 8,370 1 1 610.3 −30%
2 17,880 0.1 4 774 −12.6%
3 28,220 0.05 13 839.4 −4.8%
4 43,700 0.02 21 840.7 −4.8%
5 64,410 0.01 32 841.3 −4.7%

Table 2. Conditions of the simulation case studies.

Case no. Geometry L1 (mm) L2 (mm) Bottom boundary heat (W) Side boundary heat (W) Solid layer 1 material Solid layer 2 material

1 Figure 2(a) 1 10 503 0.0 Nickel Copper
2 Figure 2(b) 1 10 503 0.0 Nickel Copper
3 Figure 2(b) 50 0.0 503 0.0 – Copper
4 Figure 2(b) 50 0.0 0.0 503 – Copper
5 Figure 2(b) 50 0.0 503 0.0 – Nickel
6 Figure 2(b) 3 50 503 0.0 Stainless steel Copper

for the hot wall in touch with water, and volume frac-
tion of 1 and 0 for water at the inlet and all other outlets,
respectively. Two different materials can be chosen for
solid layers 1 and 2, with thicknesses of L1 and L2. Heat
flux can be applied to either the bottom or side boundary
of the solid layers, as shown in Figure 2. In this case, the
other solid boundary will be assumed to be an insulated
wall with zero heat flux. Details of the different types of
boundaries are illustrated in Figure 3.

In this study, a few cases are simulated based on dif-
ferent base materials and geometries, according to Table
2. Since this research aims to determine the impacts of
hot object conditions on the heat transfer, the cases in
Table 2 are compared under similar values of flow and
heat condition.

Results and discussion

As the first step, the results of numerical models are com-
pared with available experimental measurements in the
literature. Hence, the findings of the study by Zeitoun
and Ali (2012) are borrowed to confirm the validity of
the current method. Since Zeitoun and Ali focused on
water and nanofluid jets in their work, the validation is
provided here for both water and nanofluid according to
the following mixture properties for nanofluid:

ρnf =
∑
ϕkρk

(1 − ϕ)+ 8ϕ
(
dp
2 + tv

)3
/d3p

(13)

tv = −0.0002833
(
dp
2

)2
+ 0.0475dp

2
− 0.1417 (14)

cpnf =
∑
ϕkρkcpk
ρnf

(15)

knf
kw

= 1 + 4.4Re0.4B Pr0.66
(

T
Tref

)10 (
kp
kw

)
ϕ0.66 (16)

ReB = ρwuBdp
μw

(17)

uB = 2KB

πμwd2p
(18)

μnf

μw
= 1

1 − 34.87(dp/dc)−0.3ϕ1.03
(19)

where ϕ, nf and w represent the nanofluid volume frac-
tion, nanofluid and water, respectively. Density is bor-
rowed fromSharifpur’smodel (Sharifpur et al., 2016) and
other properties are taken fromCorcione (2011). Because
of the impact of nanoparticles on the surface tension of
water, the new surface tension of the nanofluid can be
defined as (Meissner & Michaels, 1949):

σw−air − σnf−air

σw−air
= −7.773 × 10−3ln

×
(

ϕ

7.673 × 10−7 + 1
)

(20)

The surface tension correlation was implemented into
the program for simulation. The properties of nanopar-
ticles and other solid materials are presented in Table
3.

The other useful parameters are presented here:

Re = ρuipDip

μ
, Dip = Dj

(
uj
uip

)0.5
,

uip =
√
u2j + 2gHD (21)

Table 3. Solid and nanoparticle properties.

Material ρ [kg/m3] cp [J/kg.K] k [W/m.K]

Alumina nanoparticles 3900 760 39
Copper 8900 381 388
Nickel 8900 460 91
Stainless steel 304 8000 500 16
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Nu = hD
k
, h = q

(Ts − Tj)
(22)

where s, j and ip refer to the disk surface, jet at the nozzle
and impingement point, respectively. D is the disk diam-
eter andH is the nozzle to disk spacing. The outlet of the
nozzle is circular, with a diameter of 0.0039m. The space
to target distance is 0.05m and the hot disk diameter is
0.08m. The range of Reynolds number is from 4000 to
18,000, which can lead to a velocity range of 0.8–4m/s.
The concentration of the nanoparticles at the nozzle exit
is assumed to be 1.7%vol and 2.7%vol.

The simulation results are compared tomeasurements
obtained by Zeitoun and Ali (2012) in Figure 4. The error
bars are within 10% of the experimental values, which
are found to be in good agreement with the numeri-
cal results. This proves the ability of the models and the
accuracy of the mesh used in the simulations.

The results of the average Nusselt number for var-
ious values of the Reynolds number and different
nanofluid concentrations are shown in Figure 5. Since
both local heat flux and temperature on the hot plate
vary in the radial direction, the integral form of the
heat transfer coefficient has to be used as a user-
defined function in CFD tools, according to the following
formula:

Nu = D
k

[
1
A

∫
A

qcell
(Tcell − Tj)

dA
]

(23)

where the term in the bracket is the average heat transfer
coefficient on the hot plate. qcell and Tcell are, respec-
tively, the local heat flux value and temperature on the

Figure 4. Validation studyof thenumericalmodel in this research
against the experimental work of Zeitoun and Ali (2012).

hot plate according to the corresponding computational
cell. The results of the average Nusselt number for dif-
ferent cases are presented in Figure 5. It is observed that
in spite of changing the geometry and material, the aver-
age Nusselt number is barely affected in either pure water
or nanofluid at different volume fractions. This may be
caused by the fact that heat flux and temperature can
interact in such a way that the energy transfer has to be
conserved, and consequently the average values of heat
transfer features are only slightly influenced.

The results of heat flux distribution on the hot imping-
ing wall are shown in Figure 6 for various cases. The heat
flux is distributed according to the strength of the flow
on the surface. In other words, the jet flow experiences
its maximum strength in the first impinging area, mean-
ing the stagnation region. Then, as the boundary layer
is formed, harvesting of heat transfer is reduced in the
direction of the flow on the surface after the stagnation
region. It can also be clearly observed that the smallest
change in the material and thickness of the base plate can
drastically affect the heat flux distribution. The highest
range of distribution is found in case 3, where there is
one layer of copper with 50mm thickness. In contrast, as
the thermal conductivity of the plate drops considerably
in case 6, with one thin layer of stainless steel, the trend
changes towards amore uniformheat flux distribution. In
addition, the value of maximum heat flux changes from
1.5 to 2.5MW/m2, an increase of almost 40%, from case
6 to case 3.

This uniformity in the heat flux in case 6 can lead to
a large spread of temperature on the hot surface, with
the maximum temperature at the edge of the surface, as
shown in Figure 7. As anticipated, themost uniform tem-
perature distribution is obtained in case 3, with 50mm
of copper plate. Both the heat flux and the temperature
prove that cooling of the hot target is highly dependent on
material and geometry. For instance, the minimum tem-
perature shows an increase of nearly 14% from case 6 to
case 3. However, the local heat transfer coefficient on the
hot surface reveals the opposite, as illustrated in Figure 8.
Because of the distribution of both heat flux and temper-
ature (with a lack of any conventional thermal boundary
condition, such as uniform temperature or heat flux), the
heat transfer coefficient was defined based on local values
in each computational cell, as follows:

hy = qcell
(Tcell − Tj)

(24)

All cases show the same heat transfer coefficient and
a similar trend in Figure 8. High heat transfer occurs
in the stagnation region, with the maximum value at
the edge of this region. Similar behavior is observed for
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Figure 5. Nusselt number vs Reynolds number for the different cases.

the shear stress distribution in Figure 9. From Figures 8
and 9, it can be concluded that, first, the material and
geometry of the heating base plate have no influence
on the flow and thermal features of the jet flow on the
impinging surface, and secondly, the impact of the jet
flow dominates and rules the energy transport in the
cooling object. This means that heat transfer occurs in
the base plate in such a way that the exchange between
heat flux and temperature distribution can be balanced
towards reaching the same heat and mass transfer in the
jet flow.

One useful method in thermal analysis is the con-
cept of the heatline, as developed by Kimura and Bejan

(1983). They proposed that energy can be transported
on a specific route, similarly to fluid flow. The energy
resulting from the temperature difference between two
points has to flow from the higher temperature to the
lower. The heat cannot cross the heatlines and this can
help in tracking the way in which energy is transported.
The other main advantage of using heatline is concerned
with obtaining specific thermal boundary conditions.
For instance, a sharp slope in the heatlines can indi-
cate the presence of a strong temperature gradient on
a boundary where obtaining a more uniform temper-
ature distribution is the final goal. The heatline can
help the researcher to modify the material, shape and
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Figure 6. Local heat flux on the impinging surface in the radial
direction (Y in this study).

Figure 7. Local temperature on the hot impinging surface in the
radial direction (Y in this study).

thickness of the section to reach such a goal. This anal-
ogy comes from the similarity between a stream func-
tion definition and energy balance terms, rearranged
as follows.

Continuity equation in axisymmetric flow and stream
function:

1
r
∂(rur)
∂r

+ ∂(ux)
∂x

= 0 (25)

ur = −1
r
∂(ψ)

∂x
, ux = 1

r
∂(ψ)

∂r
(26)

Energy equation in axisymmetric flow and heatline:

1
r
∂

∂r

[
r
(
ρcpurT − k

∂T
∂r

)]
+ ∂

∂x

[
ρcpuxT − k

∂T
∂x

]

= 0 (27)

Figure 8. Local heat transfer coefficient on the hot impinging
surface in the radial direction (Y in this study).

Figure 9. Local shear stress over the hot impinging surface in the
radial direction (Y in this study).

∂H
∂x

= r
(
ρcpurT − k

∂T
∂r

)
,

∂H
∂r

= r
(
ρcpuxT − k

∂T
∂x

)
(28)

where r (or Y in this study) represents the radial direc-
tion. Since the outcomes of Ansys Fluent are obtained
in axisymmetric coordinates, the continuity and energy
equations also need to be expressed in this way. The anal-
ogy indicated in Equations (25)–(28) can indicate the
behavior of the energy transport and, more importantly,
its direction, since having the values of velocity compo-
nents (and ux) in each point can give the direction of
the flow tangential to the streamline. The same concepts
can be used to obtain the energy transport direction.
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The two terms in Equation (28) represent the axial and
radial components of the volumetric energy flux vec-
tor. Similarly to the velocity vector and streamline, the
energy components in Equation (28) are defined as user
functions in Ansys Fluent, and the direction of the vec-
tor made by these components leads to energy lines or
heatlines.

With this method, the heatline and the direction of
heat flow are specified, as shown in Figure 10. The
heatlines contain constant values of heat, which is only
transferred between two lines. In case 1, with actual
experimental geometry, and case 2, it is observed that
thermal energy is transported from the uniform heat flux
boundary with a noticeable slope, to reach the impinging
hot wall in contact with the water jet. As a result of the
large thermal conductivity of the copper layer in cases 1
and 2, heat directly flows towards the nearest location on
the impinging wall with the highest heat transfer coef-
ficient. As the thickness of the copper layer is increased
in case 3, with no other layer, a gradual smaller slope is

formed for the heat transfer line. By changing the heat
flux boundary to the side, the heat travels a long distance
from one corner of the side to reach the stagnation region
with the highest heat transfer coefficient. It seems that the
energy path takes a larger slope towards the hot surface.
With the lowering of the solid thermal conductivity in
case 5, a more uniform distribution of energy transporta-
tion is achieved, and only close to the impinging wall is
there a slight slope in the heatline. This is caused by the
fact that energy follows the shortest and easiest routes
to the heat removal surface, and with the decreasing
thermal conductivity and rise in thermal resistance, the
easiest route seems to be the shortest with the least slope.
Considering all of these observations regarding different
materials and thicknesses, an almost uniform heat flux
would be expected on the hot surface by combining cop-
per with a thin layer of low thermal conductivity stainless
steel, as shown in Figure 10(f). There is a gradual slope in
the energy lines in the copper layer, and the curves flat-
ten near the thin stainless steel owing to the high thermal

Figure 10. Heatline and heat transfer direction shownwith temperature contours for both the solid and fluid regions: (a) case 1; (b) case
2; (c) case 3; (d) case 4; (e) case 5; (f ) case 6.
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resistance of this layer. The thermal damping impact of
stainless steel also increases the temperature everywhere
in the copper layer.

Conclusion

The effects of different materials and geometries of a hot
object exposed to a free cooling jet were numerically
investigated. This study aimed to discuss the challenge
of the appropriate definition of thermal boundary con-
ditions for cooling objects, as most researchers tend to
simply assume uniform heat flux or temperature bound-
ary conditions, either in experiments or in simulations.
Themultiphase VOFmethod combinedwith the k–ε tur-
bulence model and energy equation were used to solve
heat and flow in the fluid and solid domains, respectively.
Six cases were modeled for the purposes of this study.
Case 1 was based on an experimental geometry in the lit-
erature. The initial results of numerical calculations were
compared with case 1, and good agreement was found.
However, the heat flux distribution on the impinging wall
showed a large range from the stagnation region to the
edge of the hot surface. This means that the assump-
tion of uniform heat flux on the impinging wall cannot
be obtained in the laboratory. To control the thermal
resistance, stainless steel and nickel with lower thermal
conductivity were used instead of copper in some sim-
ulation cases. The largest range of heat flux distribution
was obtained in the case with one thick layer of cop-
per. A more uniform distribution was found when one
layer of copper was combined with a thin layer of stain-
less steel. However, an increase in themaximum heat flux
of 40% was obtained compared to the critical case. The
same comparison forminimum temperature proved to be
only 14%. On the other hand, the temperature distribu-
tion on the impinging surface showed the opposite trend
to the heat flux. Analysis of the heat transfer coefficient
and shear stress on the hot wall revealed that the geom-
etry and material of the hot object had no impact on the
general characteristics of the jet flow regimen, either ther-
mally or hydrodynamically. Based on the concepts of the
velocity vector and streamline, the heatline definitionwas
used and implemented to capture the route and direc-
tion of energy transportation. It was found that heat is
transferred from the hot wall boundary to the impinging
wall with a slope in the energy lines, depending on the
amount of thermal resistance. Higher thermal resistance
could lead to a flattening of the energy lines. It may be
concluded that using a highly conductivematerial next to
a less conductivematerial with proper thickness can assist
in achieving conventional thermal boundary conditions.
Further analysis is recommended in future research to

reveal the heat transfer behavior of a free surface flow jet
combined with boiling on the hot target.

Nomenclature

cp specific heat [J/kg.K]
D diameter/disk diameter [m]
dp particle diameter [m]
E internal energy [J/kg]
Gb buoyancy generation of turbulence energy

[N/m2s]
Gk velocity gradients generation of turbulence

energy [N/m2s]
H heatline [W/m3]
HD vertical height from flow exit to disk [m]
h convective heat coefficient [W/m2.K]
k thermal conductivity [W/m.K]
KB Boltzmann’s constant [m2.kg/K.s2]
L1 impinging wall thickness (first layer) [m]
L2 hot object second layer thickness [m]
Nu Nusselt number [-]
Pr Prandtl number
P pressure [Pa]
q heat flux [W/m2]
Re Reynolds number [-]
ReB particle Reynolds number
Sk, Sε source terms [N/m2s]
tv nanolayer thickness [nm]
Tref reference temperature [K]
u velocity [m/s]
YM fluctuating dilatation on dissipation rate

[N/m2s]

Greek letters

α volume fraction [–]
ε turbulence dissipation rate [m2/s3]
ϕ particle concentration [–]
κ turbulent kinetic energy [m2/s2]
μ viscosity [Pa.s]
μt turbulent viscosity [Pa.s]
ρ density [kg/m3]
σ surface tension [N/m]
σk,C2, σε ,A0,C1ε turbulent constant
χ interface curvature [–]

Subscript

cell computational cell
ip impingement on the hot surface
j jet
W, c water, continuous phase
nf nanofluid
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p particle
s hot surface
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