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Highlights
e Nanofluid free jet impingement on hot stationary and rotating disk is numerically
studied.
e Volume of Fluid method is used combining with Discrete Phase Model to track
nanoparticles.

e Six stages are found during jet impingement until steady-state condition is reached.

e No splatter of droplets is observed in the rotating disk.

e Five flow regions are identified on rotating disk regarding thermal and velocity
boundary layers.

Abstract

The objective of this research is to analyse the heat transfer characteristics of air/nanofluid jet
cooling flow on a hot circular rotating disk and track the possible fate of nanoparticles.
Computational methods are employed to initially solve the air and liquid multiphase flow in
ANSYS Fluent 19.3 by considering the importance of surface tension between two phases
through the volume of fluid model. Subsequently, the nanoparticles are injected through the
nozzle into the jet liquid to calculate nanoparticles distribution via pre-defined user functions.
The impacts of parameters such as nanoparticles volume fraction and disk rotation are
evaluated. The patterns of the jet flow from inlet until steady-state condition shows that there
exist six stages of fluid flow for a stationary hot disk, while splattering of droplets disappears
when the disk starts rotating. In spite of the positive impact of nanoparticles for rotating disk,
larger torque is required for higher nanofluid volume fraction to enhance heat transfer due to
increase in viscosity. Also, the trend for heat transfer coefficient identifies five flow regions
from the stagnation point to the edge of the rotating disk.

Keywords: Nanofluid jet impingement; ANSYS Fluent; Volume of fluid; Discrete phase
model; Hot rotating disk



Nomenclature

particle projected area [m?]

Cunningham correction factor

drag coefficient

rotational coefficient

specific heat [J/kg.K]

disk diameter [m]

particle diameter [m]

water molecule diameter [m]

thermophoresis diffusion coefficient [m?/s]

generation of turbulence kinetic energy due to buoyancy [N/m%s]
generation of turbulence kinetic energy due to the mean velocity gradients [Ny/ms]
nozzle to disk distance [m]

hear wansfer coefficient [W/m2.E]

Thermal conduetvity [Wo/m.K]

Boltzmann constant [mz.kgﬂ{.sz]

particle mass [kg]

MNusselt number
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Prandt] number
laminar and turbulent heat flux [Wx'mz]
jet Reynolds number
particle Reynolds number
. particle angular Reynolds mumber
- disk rotational Reynolds number

5y, S user-defined source terms [N,-"mgs]

L, nano-layer thickness [nm]

At particle time step [s]

Tx reference temperature [k]

V. veloeity [m,s]

Yaur contribution of the fluctnating dilatation in compressible turbulence to the overall dissipation rate [MNy/m7s]

Greek letters

e phase volume fraction

o particle volume fraction

¥ shear rate [1/5]

K turbulent kinetic energy [m2/5%]

M viscosity [Pa.s]

e turbulent viscosity [Pa.s]

i particle angular velocity [1/5]

Wy disk angular velocity [1./5]

i relative particle-liquid angular velocity [1/5]
density [kg/m®]

o surface tension [N/m]

oL, O turbulent constant

& Gaussian white noise random number

Subscript

ip impingement point

j jet

w1l water

nf nanofluid

r particle

1. Introduction

One of the most common effective ways of cooling hot surfaces in many industries is to spray
or imping cooler fluid. Due to thin thermal and viscous boundary layers on the hot surface,
rapid heat and mass transfers are achieved in some essential industries such as textile and
wood, metal sheet manufacturing, turbine blades, combustion engine, etc.



Considering the extensive applications of jet cooling systems in engineering sections, a large
number of experimental and numerical studies have been conducted throughout years, from
simple cases to higher complexity. For the purpose of reviewing literature in this section, it is
essential to take the following remarks into account: The difference between free and
confined jet cooling systems, geometry of the hot surfaces from circular and rectangular to
curvy shapes, non-boiling or boiling flows on the surfaces, stationary or dynamic objects like
rotating disks, using air or liquid for cooling, applying nanoparticles in the flow to improve
the heat transfer [[1], [2], [3], [4], [5], [6], [7]].

Most of the experimental studies for jet cooling have been concerned with air or liquid, and
especially water, in Ref. [[8], [9], [10], [11], [12], [13], [14], [15], [16], [17], [18], [19], [20],
[21], [22], [23], [24], [25]]. At the early stage, researchers mainly focused on conventional
and most applicable geometries like rectangular and circular shapes with air and water as the
cooling medium, with taking the rotating impact of the hot surface into account [[8], [9], [10],
[11], [12],[26], [27], [28], [29], [30]]. Carper et al. [8] conducted an experiment on a hot
rotating disk via oil jet with different Prandtl number from 87 to 400. They found out the heat
transfer was not affected by the nozzle to hot disk distance as long as the flow exiting the
nozzle remained laminar. However, they reported the possible change of -slope in Nu number
on the disk could result from the developing flow on the hot surface from laminar to
transition. The other parameters investigated in their experiment consisted of disk rotational
Reynolds number, jet flow Reynolds number, disk to nozzle diameter ratio, jet Prandtl
number and the effects of asymmetric impingement. They developed a correlation for
average Nu number on the cooling in terms of disk rotational Reynolds number, jet flow
Reynolds number and Prandtl number.

On the other hand, some other authors have studied jet flows for rotating disks in turbulent
conditions for both air and water [[8], [9], [10], [11],15]. Gabour and Lienhard [11]
investigated the role of surface roughness on heat transfer for liquid jet Reynolds number
above 20, 000. They stated that the wall could be assumed smooth in terms of stagnation
Nusselt number under some specific values of non-dimensional roughness height. They
showed that the nozzle to target spacing could not influence the Nusselt number. Although,
Goldstein et al. [9] reported that the spacing in air impingement jet could be important in
changing the recovery factor, which is a function of wall and jet temperature and velocity.
They also mentioned that the thickness of thermal boundary layer on the hot surface might
highly depend on nozzle inside diameter and Reynolds number. Depending on the conditions
of the flow and hot surface geometry, the findings of researchers also have shown some
discrepancies. For instance, Pachpute and Premachandran [20] stated that the nozzle to target
spacing could play an important role on average Nusselt number, which was in opposition of
findings by Baonga et al. [13]. Minagawa and Obi [12] used local velocity ratio as a
contributing factor in rotating disk jet flows, while Jing-zhou [15] simply explained the
changes in Nusselt number on a rotating disk via distance from the center of the disk to the
radius. Baonga et al. [13] identified three significant regions in the jet flow on a hot disk: the
impingement, parallel flow and the hydraulic jump regions.

One of the main attempts of researchers in jet cooling systems has been to enhance the
efficiency of the heat transfer by manipulating of fluid characteristics and properties. In
recent years, adding nanoparticles to the base fluid is becoming a popular method [[31], [32],
[33]]. Nanoparticles are usually smaller than 100 nm and have minimum negative impacts on
hydraulic features of the fluid flow. While with appropriate improvement of thermal
conductivity, the heat transfer can be considerably enhanced due to higher conductivity of the



nanoparticles [[34], [35], [36], [37], [38]]. Considering this new technology, it has been a
number of experimental studies of jet impingement nanofluid, either free or submerged jets,
in recent years [[39], [40], [41], [42], [43], [44], [45], [46], [47], [48]]. One of the early
experiments was conducted by Nguyen et al. [40] for submerged alumina nanofluid up to 6%
vol. on a horizontal hot disk with uniform flux in turbulent regime. They found that the
increase in particles volume fraction may improve the heat transfer up to a certain amount.
Higher fraction up to 6% vol. might deteriorate the rate of heat transfer, especially with the
possibility of sedimentation. They also reported that reducing nozzle to target spacing can
have positive effects only up to a certain amount. On the contrary, the findings by Sorour et
al. [46] showed that higher nanoparticle volume fraction up to even 8.5% increased the heat
transfer and the ratio of spacing and nozzle diameter had a minimum impact on thermal
features of nanofluid flow. Modak et al. [47] reported that the nanoparticles presence could
improve Nusselt number up to 90% compared to the pure water jet. Keeping the flow in
turbulent regime in all cases, no noticeable enhancement was observed in heat transfer by
changing the spacing between nozzle and hot plate. They also indicated that maximum
Nusselt number always occurred at the stagnation point (impingement), and decreased
towards the downstream away from the impingement point. They developed a Nusselt
number correlation in terms of Reynolds number, Prandtl number and the ratio of spacing to
nozzle diameter, with the accuracy of £30%. More accurate Nusselt number correlation for
nanofluid jet flow was proposed by Barewar et al. [41] with +£15% in terms of nanoparticles
volume fraction, Peclet number, Reynold number, Prandtl number and ratio of spacing to
nozzle diameter.

Due to many limitations in any experiment in terms of some measurements, numerical
methods can be useful tools to reveal all aspects of the tests. The complexity of nanofluid jet
impingement can be concerned with flow regime, heat transfer, interaction between two
phases of air and liquid, dispersed nanoparticles in the flow, volume fraction distribution and
possible sedimentation. Some of these conditions have been investigated by authors in recent
years [[49], [50], [51], [52], [53], [54], [55], [56]]. As expected, some authors focused on
deep understanding of free or submerged jet flows without nanoparticles, and especially with
rotating disk, because of simpler nature of modelling. Laminar confined liquid jet
impingement without nanoparticles was studied by Lallave et al. [49] on a hot rotating disk.
They stated that the rotation of the disk could only dominate the heat transfer when the
multiplication of Reynold and Ekman numbers is below 0.075. They employed Ekman
number to non-dimensionally define the effects of rotating disk, instead of rotational
Reynolds number used by Oguic et al. [54]. Oguic et al. [54] modelled a hot rotating disk via
direct numerical simulations (DNS) and in a turbulent jet flow without nanoparticles.
Lamraoui et al. [50] assumed nanofluid as Newtonian as well as non-Newtonian and used a
single-phase approach with complete uniform distribution of nanofluid during the confined
jet laminar flow, meaning uniform properties. Yang et al. [52] simulated a free water jet on a
hot plate and employed Standard k-¢ and volume of fluid (VOF) multiphase to model
turbulence and surface tension between air and water. Free jet impingement of different
nanofluids on a hot rectangular plate was numerically solved by Rehman et al. [53].
Continuous surface force (CSF) model as a part of the VOF model was used to track the
surface between air and fluid. Also, Standard k-¢ was employed to solve turbulence in the
flow. The impacts of nanoparticles were included through replacing the fluid properties with
mixture properties of nanofluid. Peng et al. [56] conducted a nanofluid simulation in a
confined jet flow by mixture and Eulerian-Eulerian models. They considered nanoparticles as
the second phase in the flow.



The work mentioned above shows that most of the researches for nanofluid cooling jet on a
hot surface is experimental and there is a limited number of simulation for the nanofluid free
jet. Also, modelling of nanoparticles in fluid flows is mainly concerned with only one liquid
phase in the domain and simple geometries such as tubes or cavities [[57], [58], [59]]. Lack
of enough modelling studies of nanoparticles inside a jet flow with considering the air and
liquid interaction is the main motivation of this investigation. In this study, nanofluid jet
impingement on a hot circular geometry will be simulated by including the surface tension
between air and liquid. Nanoparticles will be injected in the flow and tracked by using the
discrete phase model (DPM), and the obtained concentration distribution will be applied to
the fluid properties through some user functions. Eventually, rotation as RPM will be added
to the hot surface to investigate the effects of cooling jet on dynamic geometry.

2. Geometry and mathematical formulation
2.1. Problem statement

The initial geometry is based on an experimental study conducted by Zeitoun and Ali [39].
The minimum nozzle inside diameter is 3.9 mm, and the distance between nozzle and disk is
kept 50 mm. The general arrangement of the nozzle, hot rotating disk and computational
domain is shown in Fig. 1.
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Fig. 1. General arrangement of the physical model for a jet flow impinging a rotating disk.

At the beginning of the simulation, the entire domain is filled with air. Then, flow is injected
from the jet nozzle inlet into the domain until it hits the hot surface. Because of pressure
boundary around the domain, liquid can exit without any backflow. The vertical centreline of
the domain is in Y direction, and therefore the rotation can be added to the disk regarding this
coordinate.

2.2. Mathematical equations: multiphase VOF model
Two phases are present in the computational domain, air as the primary and water/nanofluid

as the secondary phase. Multiphase VOF model [60] assumes that the two-phase do not
interfere in each other medium and the interface between them is mathematically calculated



in each computational cell by knowing the volume fraction of each phase and interaction
surface tension force.

=1 liquid
=10 air
D<a<l mixzture interface (1)

Only one set of momentum and energy equations are solved. The flow is solved in unsteady
frame and incompressible without exchange of any mass between phases. The interface
between phases is obtained through solving the continuity equation for one of the phases:

% (a;pi) + V. (cx,;p,-ﬁ) 0

(2)
where o represents air/water volume fraction at the interface and i one of the phases.
Momentum and energy equations are as follows:
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where E, P and k are energy, pressure and thermal conductivity, respectively. The last term in
momentum equation is the surface tension force by CSF model [61], where @ and X are
surface tension and interface curvature obtained from continuum surface force model based
on surface normal vector 01, and defined as:

The energy term E, which represents 71

and temperature of each phase as:

> is obtained from the mass averaged specific heat
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Since the Reynolds number of the jet flow is above 4000, the flow needs to be solved via one
of the turbulent models. A realizable k-¢ model is numerically solved to estimate the
fluctuating velocity and turbulent viscosity, being successfully used by other researchers
[62,63]. The transport equations for the turbulent kinetic energy (), dissipation rate (¢) and
viscosity are briefly presented as follows
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where ks C2, 0=, Ay and C1e are turbulent constant, and 2 Gi> Go» Yars Skang S. are
turbulent viscosity, generation of turbulence kinetic energy due to the mean velocity
gradients, generation of turbulence kinetic energy due to buoyancy, contribution of the
fluctuating dilatation in compressible turbulence to the overall dissipation rate, and last two
terms are user-defined source terms.

The required boundary conditions are consist of: no slip at the walls with zero velocity and
turbulent variables, velocity inlet at the nozzle, uniform heat flux at the disk, zero volume
fraction of air at the nozzle, and no entry of liquid flow from the outlet boundaries with
volume fraction 1 for air backflow. The mathematical form of boundary conditions is as:

Atthe wall: u = v = w = 0, ¢" = constant, w + 0 for the case of rotating disk.

At the nozzle inlet: ¥ = Winlets Cair = U

At the outlet: P H-I!”ll’_).fip}!.['-'f'?;c: Cair—back flow 1
2.3. Fluid and nanofluid properties
Since there are 3 phases are present in the domain, the interactions between liquid (or

nanofluid)-air and liquid-nanoparticles have to be treated individually. For the case of liquid-
air, the properties are the volume average of the two phases on the interface cells, as [60]:

y = ay + (1 — a) Yair (13)
where y is the property of each phase.

The variation of temperature in the jet flow in this study can be from 25 °C up to 80 °C at the
edge of the hot disk. Therefore, it is essential to use accurate correlations for water properties,
as listed in Table 1 [64].



Table 1. Thermo-physical properties of water.

p(kg/m?) ey (J/ky k(W /m o (kg/m
K LK -]
Water T65.33 (28.07 —.5752 0.0967
+ 1.8142 0.2817 = T + 0.006397 — 8.207e
* T + 0.00125 =T 4
—0.0035 s T —8.151e =T
w T2 9. 48 — e T2 + 2.344e
— 6 — 6= T
w T8 2.244¢
+ 1.857e — 9 x T3
9 x TY)
» 1000

To calculate the nanofluid density, the following correlation is borrowed from Sharifpur et al.
[65]:
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The other thermo-physical properties are given as follows [66]:
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The other important parameters in the interface of nanofluid and air are undoubtedly surface
tension. The following correlation is used to present the surface tension at the interface
[67,68]:
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2.4. Introducing nanoparticles in the fluid flow by discrete modelling

To obtain a correct distribution of nanoparticles in the flow, discrete phase model (DPM) is
employed to track the particles in the Lagrangian frame until their final fate is revealed.
Hence, a finite number of particles are tracked in each time step as a representative of other
particles. The attempt is made to consider all the interaction forces involved. However,
virtual mass and pressure gradient forces are found to be negligible and removed from
calculations [69]. Newton's equation of force balance in the Lagrangian frame for
nanoparticles is written in details as follows:

du,

duy 3 (p,—n1)
P dt,

— Fd:'fr_{,r + my A + Fh_ft + F"Lfaqnu-r + Fthn?ma + FB

(22)

The effective forces on tracking nanoparticles in this equation are drag, gravity, lift, Magnus,
thermophoretic and Brownian, and #, is the particle travelling time in Lagrangian frame.

Drag force is [70]:

 UnHey
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Saffman lift force is [71]:
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where - is the shear rate.

Magnus force is induced by rotation of the particle around its axis in the uniform flow [72]:
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Thermophoretic force is [73]:
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Brownian random force is [70]:

| 6mdy,py K5T
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where (; ig the unit-variance random number produced by a Gaussian white noise process.

3. Grid study and model validation

Due to the complexity of the number of equations involved, it is necessary to study a wide
variety of meshes to find the most suitable one for this unsteady case. The attempt is made to
generate structure mesh all over the domain. Because of the unsteady nature of the flow and
expensive running time of the simulations, only 30° segment of the model is created, and
periodic boundary condition is applied on the sections, as shown in Fig. 2. It is noted that
since the thin layer of fluid on the disk flows directly into the atmospheric condition, adding
the size of the domain had no impacts on the results, and hence the geometry was chosen as
Fig. 2.

Nozzle inlet

Hot llisk

Fig. 2. Periodic geometry and generated mesh of the computational domain.

As explained, due to involvement of multiphase VOF model, turbulence, unsteady nature of
the flow, impingement of liquid on a sold plate, solid disk rotation and using DPM, the
simulation is highly sensitive to the mesh and convergence and correct solution only obtained
for highly uniform and fine mesh close to the hot wall. The appropriate choice of the methods
and models in CFD tools are as:

For fluid: VOF multiphase in implicit mode, Realizable k-¢ turbulent model with Scalable
wall function. For nanoparticles: using discrete model, including the particle forces as
gravity, Brownian, drag, thermophoresis, lift and Magnus, input values for particles as
nanoparticles diameter, velocity, temperature and mass law, including heat transfer law for
nanoparticles.
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For solver: using SIMPLE scheme, PRESTO! for pressure, Compressive for volume fraction
and second-order upwind for other variables. The time step is chosen as 0.0001 s after try and
error of many types of meshes.

The domain is based on the experimental work done by Zeitoun and Ali [39]. A Nusselt
obtained from the test of water jet with 0.0039 m nozzle diameter and Reynolds number of
7190 is compared to those from each grid generated to achieve the best mesh for this study.
The other input parameters such as jet velocity for simulations are calculated by the following
correlations:

0.5
P up i, i [ o
Re = — D, = D (T) y Uiy = \/ u; + 2gH

i (33)
where uip and Dijp are velocity and jet diameter at the impingement point, and are velocity and
jet diameter at the nozzle. Regarding the obtained parameters and properties based on the
average temperature of the jet and liquid film on the hot surface, Nusselt number is calculated
by:

Nu = Al h = L
YT (T.-T5) (34)

Table 2 lists the comparison between different meshes and Nusselt number obtained. The
simulations are performed on a supercomputer cluster with 80 cores. Eventually, the best
mesh generated is chosen 300 % 125 x 20 and total cells of 750, 000.

Table 2. Grid study — Mesh no. is longitudinal, radial and tangential.

Mesh size Total Experiment Numerical No.ofeells Time Running Error

no. no. of Nu Nu in step time (80

cells boundary  (s) cores)

layer

150 ® 40 x 18 108,000 532 Divergence 1 o.c01  1day -
300 x 85 x 25 637,500 532 270 2 0.0007 2 days 49%
o0 x40 x8 gb,o00 532 365 5 o.0005 1day 32%
300 % B0 x 10 240, 000 532 440 5 0.0003 2days 18%
go0 x 80 x10 240,000 532 Divergence 5 o.0001 2 days 18%
300 x 125 x 20 750,000 532 480 5 0.0003 3 days 10%
300 x 125 x 20 750,000 532 498 8 o.0001 3days 6%
380 x 165 x 32 2,006, 532 498 13 o.0001 5days 6%

400

At this stage, the validity of the methods and equations needs to be confirmed by comparing
with literature. The Nu number obtained from the simulations for both water and alumina
nanofluid of 1.7% vol is compared with experimental measurements by Zeitoun and Ali [39]
in Fig. 3. The maximum error between the two results is below 11% in the worst case, and all
below 10% for pure water. The accuracy of the numerical Nu number calculation drastically
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decreases as the Reynolds number increases. It is noted that as the Reynolds number drops to
around 4000, the possibility of percentage of transition flow at the hot surface may increase.
This can be a contributing factor for higher error in lower Reynolds number in numerical
modelling compared to experiment. In addition, lower Reynolds number leads to smaller and
less changes in terms of heat transfer and Nusselt number, increasing the error in
experimental measurements.

1200

1000 =

800
= 600
400

200

- -
\ \\m - D,
Y \ ~ s !
ALY \ 7 u !
3 A o = . B
NN A Nozzle diameter = 3.9 mm
b\ Disk size = 80 mm
/ _ Nozzle-disk distance = 50 mm
rs \ -
4 ~ '
/ S
g 0% vol., Exp-.
E" 0% vol., Num =

1.7%vol, Exp ~ \
1.7% vol., Num \
2.7% vol., Exp \
2.7% vol., Num \
0% vol., Error% \
1.7% vol., Error%

2. 7% vol., Error%

10

10

000 15000 20000
Re

Error (%)

Fig. 3. Comparison of Nusselt number numerical calculations with experimental measurements for pure water
and alumina nanofluid with 1.7% vol. conducted by Zeitoun and Ali [39].

3.1. Note - Guide study for free jet modelling

Due to the involvement of two different approaches of multiphase flows, and considering the
transient nature of the flow, it is critical to find a method to avoid expensive simulations.
Therefore, the following procedure is recommended for this kind of modelling to find the
appropriate mesh and parameters required:

1.

2.

A 2D model is developed, and different meshes are generated to find the appropriate
one with the capability of solving in the steady frame.
The results of steady-state solution are used to start the transient simulation with a
gradual decrease in time step in each simulation. In this way, the optimum time step is
obtained.
The thickness of the flow on the hot surface is monitored to ensure the number of
computational cells inside the boundary layer is enough to capture the velocity and
temperature profile.
The settings of modeling in the previous stage are used for the new 3D model. The
results of steady-state similar to 2D model are also used here as initial values, and
then the frame is changed to transient.

12



5. The results of the simulation are checked with experiment and confirmed. The
accuracy of the models and mesh is confirmed, and other simulations can be solved in

full transient manner.

4. Results and discussions

Due to the importance of cooling moving objects in industry, a rotating disk with uniform
heat flux was studied here. A nanofluid cooling jet impinges on the hot surface and leaves the

domain into the atmospheric air in ambient temperature.

Stage |

1= 0.075

~0.9] s

[.39 s — Siage 1V

1=185-Stage V.

1=10.1s5— Stage |

t=0425 Stage Il

1= 1.935—Stage I'l

t=0.15s5— Stage |

1=1.335— Stage IV

——_

t=17s .\‘mgel'

Lugquid volume fraction
1.00

0.00

Fig. 4. Time evolution of jet impingement on a stationary hot disk from side view with Re = 7190.
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The evolution of water jet impingement from nozzle inlet to the outlet of the domain is shown
in Fig. 4. Before the jet reaches the disk, the diameter of the jet increases due to direct impact
of surface tension (t = 0.07 s). After the impingement, a short parallel flow section is
developed, and immediately after that, a hydraulic jump is initially formed at t = 0.22 s for
Re = 7190. The hydraulic jump section is also reported by Baonga et al. [13] along with the
parallel flow at the vicinity of the impingement region. The transition between forming of
parallel flow to lamella [14,74] (or hydraulic jump section) continues until the full deposition
[74] of the flow occurs towards the edge of the disk. The splatter of small water droplets
starts at t = 1.21 s, and eventually returns to the deposition part at t = 1.62 s. These
phenomena were also observed in the experiment conducted by Guo and Green [74]. Finally,
the deposited flow will leave the domain to reach the steady fluid flow. Regarding the
abovementioned details, a turbulent free liquid jet flow can be divided into the following
stages until it reaches the steady-state condition:

D Impingement stage followed by the formation of initial parallel flow
(I) ~ Formation of hydraulic jump (lamella)

(IIT)  Deposition of liquid and extension towards the edge of the disk

(IV)  The splatter of small droplets and return to the deposition

(V)  Flattening of the deposition and leaving the disk

(VD)  Steady-state flow

For comparing purposes, the evolution of water jet impingement for a rotating disk is also
provided in Fig. 5. As can be seen, the droplets splatter stage does not occur on a rotating
disk with RPM = 1000, because of strong acceleration in the radial direction. The deposition
height and duration are also reduced as the flow on the disk does not have a chance to grow
in vertical direction.

t=(0.044 s — Stage I t = 0.056 5 — Stage Il 1= 0.096 s — Stage IIl

t=0.246 5 —Stage V

t = 0.164 s — Stage IIf t=0.215—Stage V
Liquid volume fraction
1.0H)

b0

t=0.3465 - Stage V'

Fig. 5. Time evolution of jet impingement on a rotating hot disk from side view with Re = 7190 and
RPM = 1000.
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One of the other critical aspects of jet cooling can be the time required for dropping
temperature to the desired value. The evolution of the surface temperature with time is
presented in Fig. 6. It is observed that Re number is a contributing factor on the duration of
cooling, the higher, the shorter of cooling. However, the jet velocity plays an important role

as well, as lower velocity can make the process much slower, with slightly less dependency
on Re number.

t(s)

1.6 1.7 1.8 1.9 2
110 'I 1 T T I T T I 'I 1 T T I T T I 1 T
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100k )\ ———— Water jet, Re = 9894, u = 1.95 m/s
o B — — ——  1.7%vol, Re = 9017, u = 1.95 m/s
| - — = = 2%vol, Re = 8258, u = 1.95 m/s
ok |1 6%vol, Re = 3806, u = 1.95 m/s
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5 s | I L
3 | Disk size = 80 mm
S | 1 I Noz:zle-disk distance = 50 mm
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S
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a0 0.5 0.55 0.6
t(s)

Fig. 6. Evolution of disk average temperature by time for different nanoparticles volume fractions.

It is noted that the trend for disk temperature found in Fig. 6 is highly similar to the
experimental measurements conducted by Modak et al. [47]. It is found that the cooling time
is increasing with adding to nanoparticles volume fraction. It can be caused by the increase in
viscosity and consequently delay in flowing of nanofluid on the surface. This could also be
explained through the trend in Prandtl number in Fig. 7. Prandtl number is the proportion of
flow to conduction diffusion. For volume fraction below 3%, there is a slight change in
Prandtl number, which causes a small difference in cooling duration up to 2% vol. in Fig. 6.
The drastic increase in Prandtl number in 6% vol. means the higher impact of viscous force
and slower cooling process, also captured in 6% vol. Nonetheless, the trend may change
regarding the cooling duration and nanofluid volume fraction if there is boiling on the
surface, as the surface is mainly covered with the bubbles and not fluid, reported by Modak et
al. [47].
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Fig. 7. Dependency of Prandtl number to nanoparticles volume fraction for different temperature.

The effects of rotating disk on heat transfer enhancement are shown in Fig. 8. Non-
dimensional rotational Reynolds number is defined to consider the impacts of nanofluid and

angular velocity as:

"plj
Re, = m;l

where %7 is angular velocity in terms of Rad/s.

(35)
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Fig. 8. Nusselt number improvement with rotational Reynolds number at constant jet Re number for different

nanoparticles volume fraction.
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Heat transfer is not affected by increasing the angular velocity at smaller rotational Re
number up to 100, 000, presented in Fig. 8. Nu number shows a linear increase for rotational
Re number above 100, 000, no matter of nanoparticles volume fraction. Also, the higher
value of Nu number is seen for the case of nanofluid compared to pure water at the same jet
inlet Re number. The behaviour of Nu number can be explained by understanding the
velocity vectors on the hot disk in Fig. 9. For Re:r below 105, the radial velocity is dominant
and tangential velocity comes into picture only close to the edge of the disk, as shown in Fig.
9a.

(a) (®

Fig. 9. Velocity vectors for the hot rotating disk from the cntere to the edge at a) Re = 12,500, Re; = 80,000 b)
Re = 12,500, Re, = 1.5 x 106,

It means that heat transfer is still similar to the case without rotation. With strong tangential
velocity in Rer = 1.5 x 108, the angular velocity plays an important role in cooling, and
contrary to Fig. 9a where the region with higher velocity is close to the centre, the higher
velocity magnitude occurs close to the disk edge.

To understand the impact of nanofluid in combination with rotating disk, Fig. 10 is presented.
It is expected to observe an increase in heat transfer by adding nanofluid as it goes up to 6%
vol. It can be said that adding angular velocity and improving fluid thermal properties by
adding nanoparticles should have positive impacts on Nu number. However, the negative side
is revealed when the relation between the rotational Re number and obtaining angular
velocity is illustrated in Fig. 11. As mentioned above, the higher Nu number obtained by
increasing the rotational Re number, which is dependent on angular velocity and fluid
viscosity. Adding nanofluid up to 6% vol. leads to higher viscosity, which is in inverse
proportion with rotational Re number. To boost up Rer, angular velocity has to go up. As seen
in Fig. 11, to obtain the same rotational number, angular velocity needs to increase
dramatically from 3% vol. to 6% vol. This will require much higher torque and power, which
is counted as negative effects in the cooling systems with higher nanofluid volume fraction.
This could also be explained by defining local friction factor as follows:

s T
(/f put /2 (3 6)

and shown in Fig. 12. As can be seen, friction coefficient remains the same in the stagnation
region, no matter the amount of rotational features. Beyond the stagnation region the angular
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velocity becomes dominant, and the rate of reduction in friction coefficient considerably
decreases for higher rotational Re number.
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Fig. 10. Nussselt number behaviour with increase in nanoparticles volume fraction for various rotational
Reynolds numbers.
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Fig. 11. Correlation between disk angular velocity and rotational Re number for different nanoparticles volume
fraction.
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Fig. 12. Local friction coefficient in radial direction on the rotating disk according to rotational Reynolds
number.

Regarding average Nu number behavior mentioned here, it is important to locally analyse
heat transfer and fluid flow. Local heat transfer coefficient in radial direction from the centre
of the disk for two rotational Re number is shown in Fig. 13 for the case of water. The trend
is considerably different and needs to be explained, and both pure water and nanofluid
showed the same trend. For lower rotational Re number, the trend is expected to be similar to
flow on a flat plate heat transfer after stagnation area, starting from higher value and
decreasing towards the edge of the disk. On the other hand, heat transfer for higher angular
velocity is affected by tangential velocity after point C. The points indicated in Fig. 13 can be
detailed as follows:

(1) Point A: Stagnation point at the centre of the disk.

(2) A to B: Stagnation region as also illustrated in Fig. 14.

(3) B to C: Flow in touch with the wall begins at point B, and the boundary layer starts
growing, also shown in Fig. 14.

(4) C to D: As radial distance goes further, tangential velocity (r x ®) contributes to radial
velocity and improves heat transfer coefficient.

(5) D to E: The contribution of both tangential and radial velocity gradually decreases
because of fluid viscosity, similar to heat transfer on a flat plate.
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Fig. 13. Classification of water flowing jet on a disk based on radial heat transfer coefficient.
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Fig. 14. Velocity contour of jet impingement on the side view and stages of flowing.

Due to the high dependency of Nu to the velocity field, the trend in velocity should also show
the growth of the viscous boundary layer, as presented in Fig. 15. Particles are tracked in
Lagrangian frame from inlet until they left the domain. A sudden drop in nanoparticles
velocity occurs in stagnation region from A to B. The sharp points in velocity profiles are
caused by sudden changes of velocity from nozzle inlet to nearly zero at the stagnation point,
and immediately after that flowing on the surface by gaining the momentum again. Boundary
layer growth between B and C, and eventually tangential velocity due to disk angular velocity
increases the particles velocity magnitude from C to D. The nanoparticles velocity evolution
from nozzle inlet is in agreement with local heat transfer coefficient and boundary layer
growth in Fig. 13. It is noted that the time frame in Fig. 15 is Lagrangian which is completely
different than the transient time scale used in the simulation. This Lagrangian time frame is
used to track the nanoparticles in the flow moving from one computational cell to another as
a parcel regarding the flow velocity.
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Fig. 15. Evolution of particle velocity magnitude from nozzle inlet to outlet of domain using discrete phase
model in Lagrangian time frame.

5. Conclusion

Nanofluid free impingement jet for cooling a stationary and rotating disk with uniform heat
flux is numerically investigated. The VOF from multiphase model is used to solve the
interaction between air and liquid interface, combined with the discrete phase model to track
the nanoparticles in the fluid flow. It is found that the liquid layer is very thin on the disk, and
it is crucial to have a few number of mesh inside the boundary layer. The initial simulations
are compared with Nu number obtained from experimental literature studies and found in
good agreement. Numerical modelling shows that there are six stages in the jet impingement
process on a disk until it reaches the steady-state condition. The main difference between
stationary and rotating disk is the splatter of droplets and returned to the main flow in stage
(4), which is absent in rotating disk. Both adding nanofluid and rotating disk has positive
impacts on heat transfer; however, the power cost of rotating in connection with nanofluid
increases due to the higher value of viscosity compared to pure water. During analysing local
heat transfer coefficient on the hot disk, five fluid regions are identified for rotating disk with
rotational Re number above 100, 000. While these regions are reduced to three for the case of
the stationary disk and lower rotational Re number. This is caused by dominating the
tangential velocity induced by disk angular velocity, as flow moves away from the centre of
the disk. The existence of these regions is correctly confirmed by tracking the nanoparticles
and checking the evolution of velocity magnitude from jet inlet to outlet of the domain.

One of the major challenges for the jet cooling system is how to model evaporation and
boiling on the surface. This can be a part of future studies, as well as considering the impact
of nanoparticles.
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