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ABSTRACT

A high heat transfer rate and excellent heat transfer uniformity are crucial to the
physical tempering manufacturing of glass. In the current study, numerical
simulations were conducted to evaluate the influence of nozzle shape (circular,
square, or triangular) on the transient heat transfer rate and uniformity during jet
impingement heating using a square-array configuration at low nozzle-to-plate
distances. The Reynolds number (Re) was varied between 2000 and 10000, the
nozzle-to-plate distance to nozzle diameter ratio (H/D) was varied between 0.2
and 2, and the nozzle-to-nozzle spacing to nozzle diameter ratio (S/D) was set to
values of 4, 5, and 7. The properties of heat transfer rate and uniformity are
evaluated by the surface Nusselt number distribution, the average Nusselt
number, and the coefficient of variation of temperature. The results revealed that
a higher heat transfer rate and good heat transfer uniformity could be obtained
only at H/D = 0.2 or 2. Furthermore, square and triangular nozzles afforded
superior heat transfer rates and uniformity to the corresponding circular nozzles
in specific jet configurations. Moreover, at low H/D values, non-circular nozzles
can obtain a higher local maximum Nusselt number than circular nozzles, and
significant axis switching occurs around the impingement hole in the center of
the jet impingement wall.

1. INTRODUCTION
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diameter ratios (H/D). These studies consider the impact

Jet impingement can effectively transfer enormous
amounts of thermal energy or mass between a surface and
a fluid by releasing a directed liquid or gas against the
surface (Zuckerman & Lior, 2006; Ekkad & Singh, 2021).
Jet impingement features the highest heat transfer rate
among single-phase heat transfer methods and is widely
used in a variety of thermal processing operations and
thermal engineering equipment. Some common
applications include the temperature control of glass and
metal plates (Yu et al., 2017a; Zhu et al., 2018; Yang et
al., 2022), preheating of billets (Ferrari et al., 2003),
cooling of turbine blades (Yang et al., 2023), drying of
paper, heating of furnaces, and cooling of combustion
chambers (Xing & Weigand, 2013).

Previous research mainly focused on the steady-state
jet impingement heat transfer using single holes,
particularly for large nozzle-to-plate distance to nozzle

of various factors, such as the Reynolds number(Re)
(Lytle & Webb, 1994; Jensen & Walther, 2013; Bhagwat
& Sridharan, 2016; Zhang et al., 2020), nozzle-to-plate
distance (Lytle & Webb, 1994; Yu et al., 2017a; Choo et
al., 2016), jet diameter (Tang et al., 2020),nozzle shape
(Singh et al., 2003; Zhao et al., 2004; Kim & Park, 2013;
Vinze et al., 2016), jet temperature (Jensen & Walther,
2013; Vinze et al., 2016; Zhou et al., 2016), and jet
medium (Nguyen et al., 2009; Yu et al., 2017b; Glaspell
etal., 2019).

In recent years, photovoltaic cell modules have been
evolving to become larger, lighter, more efficient, and less
expensive. As a key auxiliary material for such modules,
tempered glass must possess high transmittance, high
strength, and an ultrathin profile. For the tempering of
ultrathin glass, physical tempering has attracted
substantial attention owing to its excellent tempering
quality, lack of environmental pollution, and long
tempering lifespan. The physical tempering process of
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Nomenclature
D diameter of the nozzle
Dy  cross-diffusion term
h heat transfer coefficient
H nozzle to plate distance
It total enthalpy
Kair  thermal conductivity of air
use the “Tab” key to add more rows to this
table
m mass flow rate of jets
Nu  Nusselt number
Nu  average Nusselt number
p static pressure
R gas constant of air
R, ideal gas constant
Re  Reynolds number
S nozzle to nozzle spacing

Sy user-defined source term

Sw user-defined source term

S, Sutherland's constant for kinetic viscosity
Tae  average temperature

T, reference temperature

u fluid velocity

p density

A thermal conductivity

Ay Reference thermal conductivity
7 stress tensor

U dynamic viscosity

r effective diffusivity

air air

ave  average

ultrathin glass entails heating the glass with high-
temperature air and then quenching it to induce
compressive stress on the glass surface, thereby enhancing
its strength. It is noteworthy that uneven heat transfer
during the glass tempering heating phase can cause
warping deformation, affecting surface quality and
reducing heat transfer efficiency, making it difficult to
achieve the desired stress distribution of compressive
stress on the surface and tensile stress in the interior.
Moreover, the ultrathin nature (<1.6 mm) of the glass
needed for photovoltaic cell modules imposes strict
requirements on the heat transfer rate and uniformity of
the impinging jet during the heating process. Compared
with jet heating equipment designed for other working
scenarios, the array jet arrangement is more suitable for
large-area heating. In the impinging jet heating bins for the
physical tempering of glass (Yazici et al.,2015), the jet
medium is air at 953 K. This leads to a significant
temperature difference between the jet medium and the
glass plate, with the heat transfer exhibiting pronounced
time dependence. Moreover, owing to the short distance
between the nozzles and the plate, which is only a few
millimeters, it becomes imperative to investigate the
transient heat transfer rate and uniformity under
conditions of high-temperature differentials and small
nozzle-to-plate distances in the array jet heating process.

Numerous scholars have conducted extensive
research into heat transfer during array jet impingement.
For example, San and Chen (2014) carried out an
experimental study on circular nozzle jet impingement,
considering different nozzle-to-nozzle spacing to nozzle
diameter ratios(S/D) ranging from 2 to 8 and nozzle-to-
plate distances (H/D) ranging from 0.5 to 3. Their findings
demonstrated that S/D is the primary factor influencing
heat transfer inhomogeneity, while H/D is a secondary
factor. Singh et al. (2021) studied the jet impingement heat
transfer properties of a square array of nine jet holes for
the condition of H/D>6 by numerical simulation. Culun et
al. (2018) performed simulations of synergistic heat
transfer for multi-jet impingement and determined that the
jet arrangement is the weakest parameter affecting heat
transfer. San and Lai (2001) as well as Singh and Prasad
(2020) proposed novel configurations, namely, an

equidistant staggered jet arrangement and an equidistant
staggered jet arrangement with chamfered nozzles,
respectively. Siw et al. (2016) examined the heat transfer
performance of single-row jet impingement cooling under
different flow rates with H/D=2. The results revealed that
increasing the total flow rate by approximately 65% led to
a heat transfer augmentation of about 35% on the target
surface. Interestingly, previous studies on array jet
impingement primarily concentrated on impingement
cooling with large H/D values (>1), with little attention
devoted to high-temperature jets.

In addition, Ikhlag et al. (2019) compared the
transient jet development for a single hole under rotating
and non-rotating conditions using high-resolution time-
series infrared imaging data. Vinze et al. (2016)
researched the influence of nozzle shape for a single hole
on the local heat transfer distribution and efficiency at
different jet heights with H/D>1. In comparison to square
and triangular nozzles, circular nozzles exhibited the
highest heat transfer rate. Singh et al. (2003) carried out an
experimental  investigation on the entrainment
characteristics of confined/semiconfined circular and
noncircular jets. The results revealed that isosceles
triangular jets displayed the highest entrainment among
confined jets, with an entrainment rate that was nearly
10% greater than that of circular jets. Zhao et al. (2004)
studied single-hole jets with various nozzle shapes at H/D
values ranging from 2 to 8. Noncircular nozzles were
found to exhibit enhanced heat transfer only at lower H/D
values. Attalla et al. (2017) investigated the effect of
circular and square nozzles on the heat transfer uniformity
of an in-line array jet impinging on a smooth plane with a
large separation distance (2<H/D<8). It was discovered
that circular nozzles resulted in an average Nusselt number
7.8% higher than that of square nozzles. Furthermore, the
heat transfer uniformity for square nozzles exceeded that
for circular nozzles by 10.45%. The above studies
indicated that within the range of nozzle-to-plate distances
examined, non-circular jets at low H/D values exhibit
superior heat transfer performance. Therefore, to optimize
both heat transfer uniformity and rate, it is necessary
to explore the influence of jet impingement transient heat
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Fig. 1 Square array jet impingement model and meshing

transfer for different nozzle shapes (circular, square, and
triangular) at lower H/D.

Through the above literature survey, we find that
there is no information available on the transient heat
transfer rate and uniformity of array jet impingement for
different nozzle shapes. However, especially at low
nozzle-to-plate distances, non-circular nozzles can
provide better heat transfer characteristics. In our paper,
we examined the transient heat transfer rate and
uniformity during square-array jet impingement using
different nozzle shapes (circular, square, and triangular) at
low nozzle-to-plate distances with a large temperature
difference. Numerical simulations were performed with
Re values ranging between 2000 and 10000. Additionally,
the H/D values range from 0.2 to 2, the S/D values are set
at4, 5, and 7 under a constant mass flow rate. The obtained
results provide theoretical support for the design of gas
suspension heating bins for the physical tempering of
ultrathin glass.

2. GEOMETRY AND NUMERICAL SIMULATION

2.1 Square Array Jet Impingement Model

Figure 1(b) shows a model of the square-array jet
impingement for various nozzle shapes. The equivalent
diameters (D) of the non-circular nozzles were calculated
by equating their cross-sectional areas to that of a circular
cross-section. The equivalent diameter for all nozzles in
the jet model was 10 mm, and the height was 6 mm. In this
work, we examined Re values ranging between 2000 and
10000. At a certain mass flow rate, the effects of H/D
values ranging from 0.2 to 2 and S/D values of 4, 5, and 7
were evaluated. In a typical physical tempering for
ultrathin glass (Yu et al., 2017a), the spacing between the

jet nozzle(s) and the target glass plate is extremely small
(several millimeters), which is why we chose to
investigate H/D values of 0.2-2. In the experimental study
by San and Chen (2014), the interactions and interference
effects between jets were weak when S/D>4, and each jet
formed an independent cooling zone on the target plate
when S/D>6. Similarly, Huber and Viskanta (1994)
reported that the maximum average heat transfer on the jet
target plate occurred at S/D=4. Given these findings, we
selected S/D values of 4, 5, and 7 to explore the heat
transfer characteristics within this range. Zhao et al.
(2004) and Attalla et al. (2017) studied the jets produced
by various nozzle shapes with H/D values ranging from 2
to 8 and found that non-circular nozzles exhibited superior
heat transfer characteristics at lower H/D values.
Therefore, we investigated the heat transfer characteristics
of circular, square, and triangular jets at low nozzle-to-
plate distances. The specific jet nozzle arrangements are
illustrated in Fig. 2. The jet impingement plate an ultrathin
smooth glass plate of 1.6 mm thickness with a fixed
density of 2.5x10% kg/m?. The thermal properties of glass
change significantly with increasing temperature, and we
calculated the  temperature-dependent  standard
thermophysical properties, including the specific heat and
thermal conductivity, for the ultrathin glass plates.

During the physical tempering of glass, it is
necessary to heat the glass to its softening temperature
(950-960 K), for which high-temperature air at 953 K is a
typical jet medium. It is worth noting that, as shown in
previous studies, the density and thermal properties of air
undergo significant changes at high temperatures (Zhou et
al., 2016). Compared with heat transfer at lower
temperatures, these changes have a greater impact on the
heat transfer process. We assume that the flow is
incompressible, and the density and thermal properties are
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Fig. 2 The arrangement of the jet nozzle

considered to only vary with temperature. The Re value
was calculated from the total mass flow rate (1) and high-
temperature gas properties using the following formula:

pDV _ 4nm

Re = 1)

Yz nzuD
Where p is the density, and D is the equivalent
diameter of the nozzle, n is the number of nozzles. We
used Eqg. (1) to obtain the incident Re value for the high-
temperature gas considered in this paper based on the total
mass flow rate of ambient air at room temperature reported
by Yu et al. (2017a) and Yazici et al.(2015) for
impingement cooling during glass physical tempering .

The density was calculated using the equation of state
for an incompressible ideal gas:
Ry
P=p2T 2
P 2

where p is the pressure, Ro=8.314 J/(mol-K), M is the
molar mass of the gas, and T is the gas temperature.

The equation of state for air can be shortened to the
following:

P = pRT 3)
where R is the gas constant of air.

The dynamic viscosity («) and thermal conductivity
(1) were calculated using Sutherland’s law:

3/2 3/2
i T) T +5, 121 T) T.+S, 4
"\T.) T+s,’ "\T) T+s,

r r

where Ty is the reference temperature (273.15 K), ur is the
dynamic viscosity at the reference temperature, S, is the
Sutherland constant for dynamic viscosity, Ar is the
thermal conductivity at the reference temperature, and S;
is the Sutherland constant for thermal conductivity.

A geometric model for grid partitioning was
established using the ICEM software, defining fluid
domain and solid domain blocks. To improve grid quality,
we perform O-block partitioning on circular nozzles in the
fluid domain, Y-block tangents on triangular nozzles, and
a regular hexahedron structure on solid domains. In order
to better capture fluid phenomena and temperature

gradients near the wall, the mesh at the nozzle inlet and
the fluid-solid connection in the convective domain were
refined, as shown in Fig. 1(b). In the near-wall region, we
maintained a maximum wall-normal spacing of y+=0.72,
with a wall-normal expansion ratio of 1.1.

2.2 Control Equations and Boundary Conditions
2.2.1 Control Equations

The established numerical heat transfer model for jet
impingement was used to solve the energy equation,
continuity equation, and momentum equation given in
Egs. (5)—(7), and computational fluid dynamics (CFD)
simulations were then performed to examine the jet
impingement characteristics for square arrays with
different nozzle shapes.

Continuity equation:

%’)+V(pu)=0 ©)

Momentum equation:

M+p(u.v)u:Vp+V; (6)

Energy equation:

a(%")W((ph +p)u)=V (kT +(r-U))

(")

Here, p is the density, P is the pressure, 1 is the thermal
conductivity, u is the velocity, T represents the stress
tensor, and I denotes the total enthalpy.

Numerous researchers have chosen to use the k-w
turbulence model because of its low computational cost
and the consistency of the simulation results with jet
impingement theory. In the present work, this model was
employed in conjunction with the shear stress transfer
(SST) model. This combination is better suited for
handling the computational process of near-wall flow,
offering wide practicality and high computational
accuracy. The relevant flow equations are as follows:

ol pku.
o(pk)  Apku) o L RV 8)
at 6)(] 8XJ' 6)(

i
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) o\ pwu,
(pw) erzi l"wﬂ +G,-Y,+D,+S, (9)
ot X, oX; X,

Here, I', andI",, are turbulent diffusion terms, Gy and

Gw are terms representing turbulent Kinetic energy
production, Yxand Yy are turbulent dissipation rates, and
Sk and Sy, are source terms.

2.2.2 Boundary Conditions

In the heating process of ultra-thin glass, there is a
characteristic of small nozzle-to-plate distance and thin
glass. Therefore, only the influence of convective heat
transfer was considered during the simulations, while the
effects of heat conduction and thermal radiation were
neglected.

At the nozzle inlet, a velocity inlet boundary
condition was imposed, and the hot air flow impinged on
the glass plate, where the gas was considered
incompressible and the inlet temperature was 953 K. The
upper wall of the fluid domain and the nozzle surface were
assumed to possess an adiabatic no-slip boundary. A
pressure outlet boundary condition was applied at the jet
outlet, where the system pressure was 1 atm. The liquid—
solid interface (impingement wall) was set as a coupled
conjugate heat transfer boundary. Convective heat transfer
boundary conditions were used on the outer surface of the
glass to handle the heat transfer between the hot air flow
and the glass surface. In addition, we established an initial
boundary condition with the glass temperature assumed to
be 298 K at the outset (t=0 s).

2.3 Numerical Simulation

CFD simulations were conducted using the Ansys
Fluent software (2021 R2). The SIMPLE algorithm was
employed to solve the pressure and velocity coupling. To
improve the calculation accuracy, various physical
quantities such as turbulence kinetic energy, laminar
kinetic energy, specific dissipation rate, momentum, and
energy were chosen in the second-order upwind scheme.
In this work, the SST k—® model was used to obtain more
precise results.

In previous studies, Lee et al., (2013) conducted an
in-depth investigation into the effect of the nozzle-to-plate
distance and Re value on the heat transfer during array jet
impingement, with a particular focus on using the average
Nusselt number at the surface to elucidate the heat transfer
effectiveness.  Furthermore, Yu et al, (2017b)
quantitatively described the heat transfer uniformity
during mist flow jet impingement on glass plates using the
standard deviation percentage of the Nusselt number at the
surface. Similarly, Bijarchi et al. (2019) used the standard
deviation to evaluate the heat transfer uniformity, and
Huber and Viskanta (1994) examined the local Nusselt
numbers to reveal the (non-)uniformity of heat transfer.

We adopted the average Nusselt number (Nu) as a
metric to evaluate the jet impingement heat transfer rate.
However, given that we are studying transient properties,
wherein different samples concurrently exhibited varying
average temperatures, assessment of the standard
deviation appeared unsuitable. Therefore, to consider the

transient heat transfer uniformity during the heating
process, we utilized the coefficient of variation of

temperature (GTytj ) to quantitatively evaluate the

differences in average values. Furthermore, the surface
Nusselt number (Nu) distribution was utilized to elucidate
the uniformity of heat transfer. These calculations were
performed using the following equations:

hD — " Nu.
N :_,N = 1
- Kair - ; n (10)
13 2
. Ti,t- \/n;(TiJJ _Tave,tl)

Here, Kair is the thermal conductivity of air, h is the
convective heat transfer coefficient, Ort; is the coefficient

of variation of the surface temperature at the moment of t;,
and Tave,t; is the average surface temperature at the

moment of t;.

3. VERIFICATION OF
INDEPENDENCE

GRID

To check the grid independence in the numerical
calculation of the jet impingement model, simulations are
performed for the circular jet array impingement model
with S/D =7 and H/D = 1. The corresponding results are
presented in Fig. 3, which compares the obtained Nu
values at the impingement wall as a function of heating
time for three refinement grids. By considering three
refinement meshes with different numbers of cells, i.e.,
991772 (Mesh 1), 1336928 (Mesh 2), and 1714641 (Mesh
3), it was found that the maximum difference between the
predicted results occurred in the early stages of heating.
The maximum difference between Mesh 2 and Mesh 3 was
only 1.9%, while that between Mesh 1 and Mesh 3 was
6.3%. Therefore, Mesh 2 was considered to provide
sufficient computational domain resolution without
excessive computational expense, and it was thus used in
the subsequent simulations.
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Fig. 3 Verification of grid independence

2232



Z. Lietal./ JAFM, Vol. 17, No. 10, pp. 2228-2244, 2024.

220
— SST k-0
—— Standard k-0
180 — RNG k-¢
¢ Experiment
140 —
=
Z
100 —
60 —
20 T T T T T
-10 -5 0 5 10
X/D

Fig. 4 Comparison of the predicted local Nusselt
number distributions with experimental data

4. VALIDATION OF SST "K-2" MODEL

To evaluate the performance of the SST "k-o"
turbulence model, the predicted fluid properties and heat
transfer characteristics of circular nozzles were compared
with experimental data obtained from Ichikawa et al.
(2016), Xing and Weigand (2013), and Huber and
Viskanta (1994) for a square-array jet impinging on a flat
plate. Ichikawa et al. (2016) made a visual experimental
study of the square-array jet impingement model and
proposed a normalized analysis of Vi , representing the
maximum roll-up velocity of fluid impact. The numerical
simulation result for the jet configuration with S/D = 4 and
H/D = 2 was compared with experimental results (V). The
value obtained from the simulation was 0.5073, which was
found to have a relative error of only 5.4% when compared
to the experimental data.

Different structures have varying adaptability to
turbulence modeling, and other turbulence models
(Standard k-o and RNG k-¢) are also widely used to study
the heat transfer performance during jet impingement. To
evaluate the effectiveness of the SST k- turbulence
model, we compared three turbulence models with the
experimental square-array jet impingement heating data
reported by Xing and Weigand (2013), as shown in Fig 4.
The results revealed that the SST k-w turbulence model
was in good agreement with the experimental results, and
it performed particularly well in capturing the secondary
peak of the surface Nu values, with a maximum error of
only 7.9%.

Moreover, to further validate the accuracy of the
numerical findings, we compared the average Nusselt
numbers acquired at different Reynolds numbers under
H/D = 1 with the experimental results of Xing and
Weigand (2013) and Huber and Viskanta (1994), as
illustrated in Fig.5. For these previous experimental
results of vertically square-array jet impingement heating,
we employed numerical model settings with the same
boundary conditions as their experimental setup. The
results depicted in Fig.5 reveal strong agreement between
the average Nusselt numbers computed using the SST k-
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Fig. 5 Comparison between the results of the
numerical model and experiment data

turbulence model and the experimental data. The
numerical data exhibited a maximum deviation of merely
8% when compared to the findings of Xing and Weigand
(2013). In comparison to the experimental results of
Huber and Viskanta (1994), thus the numerical results
exhibit a maximum deviation of 12.7%, underestimating
the Nu in that region. This discrepancy can be attributed
to the fact that the experimental setup by Huber and
Viskanta (1994) featured an increased heat transfer rate
due to the configuration of the spent air exit. These
validation results indicate that the predictions obtained
from the SST k-w turbulence model can be considered
plausible, and all of the results presented below were
obtained using this numerical model.

5. RESULTS AND DISCUSSIONS

In this work, the effects of variations in S/D, H/D, and
Re on the heat transfer rate and uniformity were
numerically studied for different nozzle shapes. The jet
configurations employed are listed in Table 1.

5.1 Research on Transient Heat Transfer Rate

The transient average Nusselt number plots for
different nozzle shapes at Re ranging from 2000 to 10000,
with S/D=7 and H/D=0.2 are given in Fig. 6. The current
results are compared with the transient single-hole heat
transfer research conducted by Ikhlaq et al. (2019) and Yu
et al. (2017a). A similar trend in the variation of Nu with
heat transfer time was observed during square-array jet
impingement. However, the distinction lies in our focus on
array jet impingement at high temperatures. At H/D=0.2,
irrespective of the nozzle shape, the array jet heating
process with a large temperature difference exhibited a
rapid increase in Nu during the initial 20 s of heating. As
the jet heating continued, Nu gradually reached a stable
value. This behavior was primarily attributable to the large
temperature difference between the hot air and the glass
plate during the early stages of heating, resulting in a rapid
increase in Nu. However, as the glass plate approached
a certain temperature, the rate of increase in Nu slowed
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Table 1 Square array jet impingement configuration

m(kg/h) Re Shape S/D H/D
68.36 1620 O.0O A 4 02. 04. 06. 08, 1. 2
68.36 2330 O. L A 5 02. 04. 06. 08, 1. 2
68.36 3640 O.0 A 7 02, 04, 06. 08, 1, 2
37.56 2000 O.L1 A 7 0.2
75.12 4000 O. L1 A 7 0.2
112.68 6000 O. L1 A 7 0.2
150.24 8000 O. 1 A 7 0.2
187.8 10000 O.L1 A 7 0.2
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Fig. 6 Study of the transient Nu for different nozzle shapes at different Re
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Fig. 7 Nu of different jet configurations when
reaching the heating temperature of the glass plate at
different Re

down, leading to lower heating efficiency in the later
stages compared with the earlier stages.

As observed in Fig.7, the circular nozzles consistently
achieved higher Nu values compared with the square and
triangular nozzles, especially at larger Re values. This

difference in performance can be ascribed to the higher
decay rate of axial velocity reported by Kim and Park
(2013) and Vinze et al. (2016) for square and triangular
nozzles. Consequently, non-circular jets experience
weaker interaction and lower local turbulence intensity,
resulting in a lower efficiency of jet impingement.

Furthermore, when Re>4000, the effect of the nozzle
shape on the heat transfer rate became more pronounced.

At the lower Re value of 2000, the three nozzle shapes
afforded similar Nu values, which is consistent with the
findings reported by Attalla et al. (2017). The difference
lies in the fact that our study was conducted at small
nozzle-to-plate distances. In addition, Nu exhibited a
linear relationship as Re increased, indicating a
pronounced enhancement of the heat transfer rate with
increasing Re. This enhancement arises from the
augmentation of Re, denoting an intensified jet velocity,
which in turn leads to an increase in turbulent kinetic
energy within the wall jet region.

At a certain mass flow rate, studies of heat transfer
rate for different nozzle shapes under different H/D and
S/D are shown in Fig.8. Moreover, Fig. 9 shows the Nu
values when the required heating temperature (950 K) of
the glass plate was attained under different jet
configurations. Notably, the transient change trend of Nu
was consistent for the non-circular and circular jets. At the
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Table 2 Studies of for different jet configurations

Shape | S/D Inflection point of Nu for | Inflection point of o7 for H/D Optimal heat transfer uniformity
H/D (100s) for H/D
4 0.4 0.8 0.2
Q 5 0.4 0.4 2
7 0.4 0.4 2
4 0.4 0.6 2
5 0.4 0.6 2
7 0.4 0.8 2
4 0.4 0.8 0.2
A 5 0.4 0.8 2
7 0.4 0.4 2
. b —=— ke 2000 o —=— Re-2000 ° 2 ]
¢ |k Circular e || £ oo Square il § | Triangular 5 Reduoo
oo ram| F el 1 f TEE
g 0 i0d ] 0. 10 %
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Fig. 10 Study of the transient coefficient of variation of temperature for different nozzle shapes at different Re

same S/D value, as H/D increased from 0.2 to 2, the Nu
value at the impingement wall first became smaller and
then increased, with the inflection point occurring at
H/D=0.4. This inflection point was also reported by Yu et
al. (2017a) and Glaspell et al. (2019) in their research,
which focused on single-hole circular jet flows with small
nozzle-to-plate distances. The appearance of this
inflection point can be attributed to the jet deflection
effect, leading to changes in the flow field structure, flow
intensity, and vortex positions with varying jet heights.
From our examination of the inflection points of Nu in
Table 2, we note that the influence of the nozzle shape and
jet array was minor.

At a certain mass flow rate, Nu decreased with
decreasing S/D (the number of nozzles increases). This
was attributable to the increase in the number of nozzles,
which requires a reduction in Re to maintain a consistent
inlet flow rate. Although the interaction between jets may
become stronger in relative terms, it overall weakens the
turbulence intensity within the confined impinging jets.
When S/D=4, which means that the nozzles were arranged
too closely, Nu reached its maximum value at H/D=0.2,
resulting in the maximum heat transfer rate. At S/D>5, the
heat transfer rate was highest when H/D=2, although a
high heat transfer rate was still attained at H/D=0.2, which
was second only to the case of H/D=2. This was
attributable to the more pronounced jet deflection effect
and increased turbulence intensity within the wall—jet
region under H/D=0.2. Compared with the study for
H/D>2 reported by Attalla et al. (2017), it is evident that a
superior heat transfer rate could always be achieved

irrespective of the nozzle shape at an extremely small
nozzle-to-plate distance (H/D=0.2).

Therefore, at a certain mass flow rate, the circular
nozzles generally afforded a better heat transfer rate than
the non-circular nozzles. The triangular nozzles exhibited
the poorest heat transfer rate, and the difference became
more noticeable as S/D increased. At small nozzle-to-
nozzle spacings (S/D=4 or 5), the non-circular nozzles
displayed heat transfer rates comparable to the circular
ones at short nozzle-to-plate distances (H/D<1), with a
maximum difference of only 3.8%. This minor difference
can be ascribed to the fact that the higher axial velocity
decay rate of non-circular nozzles does not significantly
influence the heat transfer rate at smaller Re values.
Moreover, the heat transfer rate was slightly better for the
triangular jets than for the square ones at small nozzle-to-
plate distances (H/D<0.4), which can be attributed to the
stronger three-dimensional development of triangular jets
(Kim & Park, 2013). The heat transfer rate for the square
nozzles at S/D values of 4 and 5 and larger nozzle-to-plate
distances (1<H/D<2) was slightly superior to that for the
circular nozzles, with a maximum difference of only 2.3%.
Notably, Nu did not vary significantly for 0.4<H/D<0.8 in
the jet configurations with smaller nozzle-to-nozzle
spacings (S/D=4 or 5), which indicates that it is difficult to
obtain a good heat transfer rate for these configurations.

5.2 Research on Transient Heat Transfer Uniformity

Figures.10, 11, 12, and 13 demonstrate the study of
transient heat transfer uniformity on the impingement
wall, which was evaluated using the coefficient of
variation of temperature (Eg. (11)). As observed in Fig. 10,

2236



Z.Lietal./ JAFM, Vol. 17, No. 10, pp. 2228-2244, 2024.

Fig. 11 The magnitude of the coefficient of variation of temperature at the late stage of heating (100s) at different
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the heat transfer uniformity increased with increasing Re
for all three nozzle shapes, although a temporary decline
in uniformity occurred during the early stages of heating.
The transient trend of the coefficient of variation of
temperature followed a consistent pattern across all of the
various jet configurations, exhibiting a rapid increase
within the initial 10 s followed by a gradual decrease to a
stable value. Combined with the results from the
coefficient of variation of temperature for the three nozzle
shapes at the late stage of heating (100s) in Fig. 11, it is
evident that increasing Re from 2000 to 6000 greatly
enhanced the heat transfer uniformity. This enhancement
can be ascribed to the increased turbulence intensity in the
wall—jet region and a larger jet impingement area, thereby
improving the heat transfer uniformity on the
impingement wall. When Re>8000, the heat transfer
uniformity slightly improved with increasing Re, and the
Ort; values for the circular and square nozzles were

similar. In addition, the triangular nozzles exhibited the
best heat transfer uniformity at Re=2000. This was
ascribed to the stronger three-dimensional development of
triangular jets compared with circular or square jets at
lower Re values (Singh et al., 2003), leading to a larger
heated surface area on the impingement wall. As a result,
heat transfer uniformity is improved. For other Re values,
the circular nozzles gave better heat transfer uniformity,
followed by the square nozzles.

As shown in Figs. 12 and 13, at low H/D values, the
heat transfer uniformity worsened with increasing H/D
during the early stage of heating. However, in the late
stage of heating (100 s), the heat transfer uniformity
always initially deteriorated and then improved with
increasing H/D. Distinct inflection points were observed
for the circular and non-circular nozzles, which was
attributed to the combined influences of the nozzle shape,
nozzle-to-nozzle spacing, and nozzle-to-plate distance on
the jet deflection effect. The results are presented in Table
2, and the inflection points all fell within the range of
0.4<H/D<0.8 during the late stage of heating, which
renders it challenging to obtain good heat transfer

uniformity for jet configurations with these specific
nozzle-to-plate distances.

It can also be seen from Figs. 12 and 13 that the heat
transfer uniformity for different nozzle shapes improved
significantly with decreasing S/D at a certain mass flow
rate. This improvement can be ascribed to the reduction of
jet interference before impingement on the plate, leading
to a decrease in vortex generation, while enhancing the
interaction between jets (Attalla et al., 2017; San & Chen,
2014). In addition, the higher number of nozzles and their
close arrangement, which increases the heated surface area
on the impingement wall, also contributed to the improved
uniformity.

With the larger nozzle-to-nozzle spacings (S/D>5),
the heat transfer uniformity for the non-circular nozzle is
always worse than that of the circular nozzle. However,
similar to the circular nozzle, the best heat transfer
uniformity is achieved at H/D = 2, followed by H/D =0.2.
At the smaller nozzle-to-nozzle spacing (S/D = 4), where
Re is relatively small, the heat transfer uniformity is best
at H/D = 0.2. The heat transfer uniformity of the triangular
nozzle is better than the circular nozzle and square nozzle.
This is attributed to the superior secondary flow
characteristics of triangular nozzles compared to circular
and square nozzles, along with the strongest three-
dimensional development observed in triangular nozzles
(Kim & Park, 2013). Moreover, Singh et al. (2003)
reported that non-circular jet flows induce the most
significant entrainment and spreading effects, especially
in the case of isosceles triangular cross-sections.
Consequently, for smaller S/D and H/D values, the
turbulence intensity within the confined impinging jets
intensifies, leading to an increased effective impingement
area and thus improved surface temperature uniformity for
triangular nozzles. Notably, irrespective of the S/D value,
the square nozzles always afforded the best heat transfer
uniformity compared to other corresponding nozzle
shapes at H/D = 2.

During the early stage of heating, the optimal
heat transfer uniformity was observed for the triangular
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Fig. 14 Heated to 20 s. (a) H/D = 0.2, surface Nusselt number contour of the circular nozzle at different S/D (b)
S/D = 4, surface Nusselt number contour of the circular nozzle at different H/D

nozzles, followed by the square nozzles. In the late heating
stage, upon examining Table 2, we observe that at small
H/D, good heat transfer uniformity is only achieved at H/D
= 0.2 or H/D = 2. Moreover, smaller nozzle-to-nozzle
spacings exhibited better heat transfer uniformity; thus, at
H/D=0.2 and S/D=4, the triangular nozzles provided
superior heat transfer uniformity throughout the heating
process.

5.3 Surface Nusselt Number Distribution

Figures. 14, 15, and 16 display the contours during
square-array jet impingement using different nozzle
shapes with heating for 20 s. The results consistently
indicated a ‘“horseshoe” shape around the array jet
impingement hole, especially near the exit area. This
observation  demonstrates  periodic  repeatability,
suggesting a symmetrical distribution of the surface Nu on
the impingement wall. Figures. 15 and 16 show the axis
switching of the jet caused by the presence of counterflow
vortices at the corners of the non-circular nozzles. For
triangular nozzles located near the center of the surface, a
significant axis-switching phenomenon occurred with an
axis switching of 180°, whereas the square nozzles
exhibited an axis switching of 90°. This behavior is closely
related to the evolution of non-circular jets and the
changes in swirling vortices (Kim & Park, 2013; Vinze et

al., 2016). However, the axis-switching phenomenon near
the jet orifice at the exit was not pronounced because the
interactions between the non-circular impinging jets and
crossflow affected the evolution of the jets, resulting in
less apparent axis switching in the downstream region.
Furthermore, the overall surface Nu contours for the
circular nozzles had a slightly deeper color than those for
the non-circular nozzles at larger S/D and H/D values,
which was attributable to the higher decay rate of non-
circular jets compared with circular jets (Singh et al.,
2003; Kim & Park, 2013; Vinze et al., 2016).

The contour plots of Nusselt numbers obtained from
our study in Figs. 14, 15, and 16 exhibit a strong
correlation with the results reported by Vinze et al. (2016)
at the corresponding H/D. The local maximum for each of
the non-circular nozzles occurred at the apex, with the
triangular nozzles displaying the highest local maximum,
followed by the square nozzles. This can be attributed to
the increased entrainment and mixing with the
surrounding fluid that non-circular jets provide, along with
their stronger secondary flows (Kim & Park, 2013).
Particularly at smaller H/D, there is a significant
enhancement in the local turbulence intensity within the
apex region of non-circular jets. In contrast, the local
Nusselt number distribution of a single circular nozzle has
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the largest local Nusselt number in the stationary region
and gradually decreases towards the surrounding.

When H/D>0.4, the peak position of the local Nusselt
number of every single hole gradually moved closer to the
center of the impingement wall. This was caused by the
influence of crossflow effects, where a dense array of
orifices and confined impinging jets result in intensified
interactions between the impinging jets and their
surrounding crossflow. These interactions affect the heat
transfer in the downstream region. At H/D=0.2, we also
observed that the peak position of the local Nusselt
number for each hole shifted slightly toward the exit flow
direction, with minimal influence from the crossflow. This
observation further signifies the existence of an inflection
point for small nozzle-to-plate distances.

Figures. 14 a), 15 a), and 16 a) present a clear trend:
for different nozzle shapes, the local maximum Nusselt
number at the jet impingement wall increases with
increasing S/D. San and Chen (2014), Attalla et al. (2017),
and Behbahani and Goldstein (1983) found that the
surface local maximum Nusselt number is attributed to the
jet interaction. At smaller S/D, jet interference prior to
impingement caused a decrease in heat transfer. At larger
S/D, the nozzles within the square array could be regarded
as individual jets and each nozzle had a larger incident Re,
resulting in higher local Nusselt numbers. This
phenomenon also accounts for the significant axis
switching observed for the non-circular nozzles at larger
S/D. By combining the analysis of the local heat transfer
with the variation of H/D shown in Figs. 14(b), 15(b), and
16(b), it was observed that at small H/D values the local
maximum Nusselt numbers decreased with increasing
H/D. For H/D values between 0.2 and 1, there were large
differences in the local maximum. Specifically, the
difference was 56% for the circular nozzles at S/D=7, 36%
for the triangular nozzles at S/D=4, and 33% for the square
nozzles at S/D=4. This can be ascribed to variations in the
inherent core length and three-dimensional development
of the jets obtained using different nozzle shapes (Kim &
Park, 2013). It was also found that there exists the
potential for negative heat flow during the heating process
using non-circular nozzles at larger S/D and small H/D,
which is the main reason for their poor heat transfer rate
and uniformity.

6. CONCLUSION

For the large-size, ultra-thin physical tempering
process, this paper designs nozzles with three cross-
sectional shapes: circular, square, and triangular. The
effects of variations in the Re, S/D, and H/D values were
examined to assess the influence of these parameters on
the heat transfer rate and heat transfer uniformity of the
system. The following conclusions were obtained:

(1) Atsmall H/D values, the influences of changes in
Re, H/D, and S/D on the heat transfer performance for non-
circular nozzles were comparable to those observed for
circular nozzles.

The heat transfer rate increased with increasing Re,
resulting in an improvement in the transient heat transfer
uniformity.

A high heat transfer rate and favorable heat transfer
uniformity were achieved exclusively at H/D=0.2 or 2, and
the influence of crossflow was minor at H/D=0.2. As H/D
increased, the Nu at the impingement wall first
diminished then increased, with the inflection point
occurring at H/D=0.4. In the later stage of heating, the heat
transfer uniformity initially worsened and then improved
with increasing H/D, with the inflection point occurring
within the range of 0.4<H/D<0.8.

At a certain mass flow rate, the jet impingement heat
transfer rate gradually deteriorated with decreasing S/D,
while the heat transfer uniformity significantly increased.

(2) In addition, the non-circular nozzles exhibit a
higher local maximum Nusselt number than the circular
ones. Notably, significant axis switching was observed
only around the impingement hole near the center of the
impingement wall, with axis switching of 180° for the
triangular nozzle and 45° for the square nozzle. At specific
jet configurations, square nozzles afforded superior heat
transfer rates at smaller S/D, and larger nozzle-to-plate
distances (1<H/D<2). They also provided better heat
transfer uniformity at H/D=2. At smaller values of S/D,
H/D=0.2, and lower Re values, triangular nozzles
exhibited the best heat transfer uniformity throughout the
heating process. For the remaining jet configurations, the
circular nozzles performed better than the corresponding
non-circular nozzles.

(3) Under the same conditions, appropriately
increasing Re helped to reduce the glass heating time and
significantly improved the heat transfer uniformity. At a
certain mass flow rate, the heat transfer uniformity of the
jet array during the physical tempering of ultrathin glass
can be improved by reducing the jet spacing S/D.
Especially using H/D=0.2 is selected in the low H/D range,
the triangular and circular jets can further shorten the glass
heating time and improve the heat transfer uniformity.

The results obtained in this study provide important
insights for optimizing the physical tempering process for
ultrathin glass and offer more efficient methods for
uniform heat transfer in the high-tech and energy
industries. In the gas-suspended glass physical temper,
there is a strong requirement for a uniform pressure
distribution on the glass surface subjected to jet
impingement heating. In the future, we will further explore
the distribution patterns of the wall pressure under low jet
heights for both circular and non-circular jets. This is
anticipated to prove valuable for further improving the
process design and enhancing the flatness of glass surfaces.
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