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Abstract

The flow dynamics and heat transfer of dual vertical water jets impinging a high-
temperature steel plate were numerically investigated using a three-dimensional model. A
systematic parametric investigation was conducted by varying key operating conditions: in-
cluding the jet velocity at the nozzle exit (V =5m/s, 7.5m/s, 10 m/s), the non-dimensional
nozzle-to-plate distance (H = h/d = 3.3, 5.8, 8.3, 10.8), and the non-dimensional spacing
between twin nozzles (W =w/d = 5,7.5, 10). Upon impingement, multiple wall-jet flows
formed on the steel plate surface, with their radial spread distance increasing along the
plate’s surface. A wall-jet interaction zone developed between the two jets, accompanied
by a linear fountain upwash flow. To depict the thermal and hydrodynamic characteristics,
the distributions of the local Nusselt number and flow velocity vectors were examined.
Findings suggest that fluctuations in W have little impact on the mean Nusselt number.
Nevertheless, a growth in H brings about a concurrent increase in the Nusselt number of
the stagnation point on the plate’s surface. Furthermore, the results indicate that W is a
primary factor controlling the heat transfer rate within the interaction zone of the opposing
wall jets.

Keywords: heat transfer; jet impingement; flow field; hot rolling; twin circular nozzle

1. Introduction

A thermal management method that can reach extremely high heat transfer coefficients
is jet impingement cooling, which is highly efficient. Within the steel manufacturing sector,
water-cooling methods are widely utilized in the cooling systems of Runout Tables (ROT).
The cooling rate and temperature uniformity of steel plates during jet impingement are
governed by the heat transfer characteristics. Optimizing heat transfer in these processes
can reduce water consumption, thereby decreasing the energy required for pumping and
water treatment. Consequently, such optimization leads to direct energy savings while
simultaneously enhancing product quality.

Over the years, a growing number of research scholars have carried out investigations
into the effects of various cooling process parameters during the quenching of hot metal
plates on the cooling intensity [1-5]. Gomez et al. [1] conducted research on a new cooling
experimental device, which was used to study the impact of higher steel-plate moving
speeds on the quenching cooling process. The maximum moving speed of the experimental
steel plate in this research equipment can reach 8 m/s, and the influence laws of different
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surface temperatures and steel-plate moving speeds on the stagnation zone’s boiling heat
transfer of the jet have been obtained. An experimental investigation was carried out by
Li et al. [2] to explore the impacts of heat flux, wetting circumstances, and moving velocity
for quenching process under single jet cooling. A thorough analysis was conducted by
Suresh et al. [3] regarding how a variety of metal materials and cooling parameters (like
water quality, jet velocity, jet inclination, moving velocity, starting temperature, etc.) impact
different boiling phases.

Dou et al. [6] conducted an experimental investigation on the heat transfer perfor-
mance of circular water-jet impingement for cooling high-temperature steel plates. The
findings they obtained showed that the heat transfer efficiency in the stagnation area
could be improved by increasing the roughness of the surface. An exploration of the
transient heat transfer behavior during circular air-jet impingement on a flat plate was
explored by Guo et al. [7] via a combination of experimental and numerical methods.
The research included nozzle inner diameters of 6 mm and Reynolds numbers varying
from 14,000 to 53,000. Avadhesh et al. [8] carried out experimental research on the heat
transfer and wetting features of a single-stream aerosol jet hitting the bottom side of hot
stainless steel. Via this experimental research, a visualized model of the heat flux ratio was
acquired within the scope of an initial surface temperature of 500 °C and a droplet ratio
spanning from 0.48 to 1.18.

Wang et al. [9] experimentally investigated the flow characteristics of a fully developed
submerged jet from a pipe, impinging on an impermeable plane, at a jet-to-plane spacing
of H/D =3, the impinging angles of 0-90°, and the Reynolds numbers of 11,700-5100. The
experimental results revealed that jet energy dissipation during impingement exhibited
a positive correlation with inclination angles, whereas both the mean velocity profiles
and pressure coefficient remained largely insensitive to Reynolds number variations. The
influence of hyperbolic nozzle configurations on the heat transfer characteristics of confined
impinging air jets was meticulously investigated by Colucci et al. [10]. The results they
obtained showed that, in contrast to unconfined situations, in confined jet setups, the local
heat transfer coefficients were more strongly influenced by both the Reynolds number
and the distance from the nozzle to the plate. Ibroheng [11], Wang [12], Amirhosein [13],
Joo [14], and Chee [15] have put forward several studies regarding the cooling of a circular
cylinder with an impinging circular jet.

Although the previous studies mainly concentrated on the cooling of single circular-jet
impingement, there has been relatively little research regarding the cooling of dual- or
multiple-jet impingement for high-temperature steel. A numerical study on the hybrid-type
turbulence modeling of twin-jet impingement with different spacing and Reynolds number
was carried out by Taghinia et al. [16]. The outcomes indicated that the SST-SAS k-w model
yielded favorable results regarding pressure distribution and velocity. The interference
characteristics between two submerged jets under the change in parameters, like the angle
and height of the jets, were studied by Sandoval et al. [17]. An experimental exploration of
the phase-opposed impingement behavior for both single and twin circular synthetic jets
was carried out by Greco et al. [18].

An experimental exploration of the flow features of twin bounded jets for Reynolds
numbers between 30,000 and 50,000 that emerged from the lower to the upper surface
perpendicularly was carried out by Ozmen [19]. A combined experimental and numerical
investigation was carried out by Singh et al. [20] to examine the thermo-fluid dynamics of
an isothermally heated cylinder cooled by dual circular air-jet impingement. The findings
indicated that the surface-averaged Nusselt number had a positive relationship with the
normalized distance between jets, and the existence of bottom confinement remarkably
improved the heat transfer efficiency. In an experimental study, Yin et al. [21] explored
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the flow field characteristics of twin air jets generated by two identical parallel axisym-
metric nozzles. The findings indicated that the two jets were drawn to one another and
a higher Reynolds number further amplified the turbulent kinetic energy. A study by
Meslem et al. [22] investigated the flow dynamics and mass transfer in a low Reynolds
number circular impinging jet.

Nakabe et al. [23] experimentally investigated the interactions of longitudinal vor-
tices produced by twin inclined water jets and the augmentation of impingement heat
transfer. An experimental exploration was performed by Kate et al. [24] regarding the
interaction of hydraulic jumps created by two circular liquid jets that impinge normally.
The thermo-hydrodynamic characteristics of the two jets on a horizontal heated surface
were experimentally explored by Teamah et al. [25]. The study revealed that (1) asymmetric
Reynolds number distribution between the jets enhances both local and area-averaged
Nusselt numbers, and (2) at fixed Reynolds numbers (Re = 7100-30,800), increasing the
dimensionless jet-to-jet spacing (L/D = 22.73-90.1) improves the overall heat transfer per-
formance. A numerical analysis regarding the flow dynamics of twin laminar jets striking a
flat catalytic sample was carried out by Thibaut et al. [26].

Abraham [27] carried out an analysis of the spatial distribution of cooling effectiveness
created by an array of heated circular jets, arranged in an aligned manner, striking a
convex cylindrical target surface at various inclination angles. In an experimental study, an
investigation into the heat transfer properties of three in-line, premixed laminar butane/air
flame jets impinging on a water-cooled flat plate was conducted by Dong et al. [28]. It was
shown by the outcomes that the local heat flux notably lessened because of combustion
suppression caused by jet-to-jet interference. Also, the positive pressure gradient in the area
between jets led to asymmetric flame formations and uneven heat transfer distributions,
especially for the side jets. Chiu et al. [29] carried out an experimental investigation into
the impact of jet orifice shape and film cooling hole arrangement on the characteristics of
impingement heat transfer. Flow structure and heat transfer enhancement using elliptic and
rectangular air jet arrays were analyzed by Caliskan et al. [30], revealing a notable reliance
on orifice geometry. Under normal impingement conditions on a flat plate, Geers et al. [31]
experimentally described the turbulent velocity field produced by hexagonal arrangements
of circular jets, placing special focus on the distributions of turbulence intensity. An
experimental exploration regarding the quenching of two rows of water-impinging jets
was conducted by Mohammad et al. [32].

While existing research has predominantly focused on single-jet impingement cooling
of high-temperature steel plates, industrial applications typically employ multi-jet systems
for enhanced cooling efficiency. The study of single-stream jets, while valuable, overlooks
a critical factor in multi-jet systems: the interactive effects between adjacent jets which
significantly alter the local and global heat transfer characteristics. Especially for the
high-intensity cooling system, the jet flow velocity is higher, the distance between the
nozzles is smaller, and the interference factors between the jets are more prominent. This
study emphasizes the critical need for systematic investigation of double-jet and multi-jet
impingement cooling under realistic hot-rolling conditions, with particular attention to
cooling equipment configurations and the optimization of process parameters for hot-
rolled steel sheets. Taking into account all the previous research efforts and the potential
applications of impinging jets, the focus of this paper is on numerically studying the heat
transfer occurring between a pair of circular vertical water jets of a Newtonian fluid and a
steel plate subjected to a constant heat flux. Following successful model verification, an
investigation was conducted into the impact of jet exit velocity, nozzle-to-plate distance,
and twin-nozzle spacing on the velocity vectors and Nusselt number distribution across
the steel plate surface. Research objectives of this work are as follows:



Metals 2025, 15, 1305

40f18

To investigate the heat transfer characteristics and fluid dynamics of dual vertical
water jets impinging on a high-temperature steel plate.

To analyze the effect of key parameters, specifically the spacing between twin nozzles,
nozzle-to-plate distance, and jet velocity, on the cooling efficiency and the interactive effects
between adjacent jets.

To provide critical insights for optimizing cooling equipment design and process
parameters in hot-rolled steel sheet production, enabling significant improvements in both
cooling intensity and thermal uniformity.

2. Materials and Methods
2.1. Computational Domain and Assumptions

Based on operational data and technical specifications from ultra-fast cooling (UFC)
for hot-rolled strip (Figure 1), Figure 1b schematically illustrates the configuration of the
multiple circular-nozzle array. Table 1 presents the experimentally determined correlation
between water flow rate and jet velocity (V) for circular nozzles of varying diameters (d).
The flow rates were measured using precision flow meters, while the corresponding jet
velocities were calculated from fundamental principles of fluid dynamics, accounting for
nozzle geometry and conservation of mass.

Figure 1. UFC equipment of hot-rolled strip (a) and the circular cooling nozzle (b).

Table 1. Connection between water flow rate and jet speed of the circular nozzle.

Water Flow/(m?/s) 0.01389 0.01667 0.01944 0.02222 0.03889

V/(m/s),d=0.045m 6.85 9.13 11.42 13.70 15.98
V/(m/s),d=0.006 m 3.85 5.14 6.42 771 8.99

The three-dimensional computational domain for the impingement of twin vertical
circular jets, along with the relevant boundary conditions for the numerical simulation,
is depicted in Figure 2a. To precisely capture both the geometric symmetry and fluid
dynamics characteristics of the vertically impinging twin circular jets, the 3D cylindrical
computational domain was chosen. At the bottom of the model, the steel plate is repre-
sented by the red region, while the rest constitutes the fluid domain. There are two small
cylinders positioned at the model’s apex, which serve as the nozzle pipes. The surrounding
fluid in the computational model is regarded as ambient static air, while the impinging jet
was composed of incompressible water. A uniform velocity and constant temperature were
prescribed at the nozzle exit. The nozzle’s pipe has a diameter of d. The distance between
the nozzle exit and the surface of the target heated plate is /. Space between twin nozzles is
w. The non-dimensional distance from nozzle exit to steel plate surface is H (H = h/d) and
the non-dimensional spacing between twin nozzles is W (W = w/d). The cylinder diameter
of the fluid calculation region is 200 mm. The nozzle type is a straight-hole circular nozzle.
The diameter of the nozzle is 6 mm and its length is 10 mm.
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Figure 2. Three-dimensional (a) dimensions and boundary conditions and (b) mesh.

2.2. Governing Equations

The set of governing equations for steady, incompressible, Reynolds-averaged flow
is composed of the continuity (Equation (1)), momentum (Equation (2)), and energy
(Equation (3)) equations.
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Here, P and T represent the mean pressure and temperature, while T’, u;/, and u]-’
denote their fluctuating components. The mean velocity components are u; and u;, and x;
and x; are the coordinate directions. The fluid properties are density p, dynamic viscosity y,
and Prandtl number Pr. In the model, the Prandtl number (Pr) has a default value of 0.85.

In the numerical simulations, the eddy-viscosity model’s Realizable k-¢ model is
employed [33]. For the near-wall flow, the enhanced wall function is utilized. The interface
between air and water is captured by means of the Volume of Fluid (VOF) approach. The
Realizable k-epsilon model can be expressed as
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k is the turbulent energy, and ¢ is the turbulent dissipation rate. The default values for
0k, 0¢, and Cy are 1.0, 1.2, and 1.9. The calculation formulas of other terms or coefficients
are as follows:

C1 = max <O.43, #) (6)
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put and Cy, in Equation (5) are calculated as follows:
k2
b = pCu ©)

1
A, + AsU*k/ e

A, in Equation (10) is 4.377, and the calculation formulas for other unknown terms are

Cu (10)

as follows:
As = V6cos ¢ (11)
_ 1 -1
¢ = 3 cos (\/EW) (12)
_ EiEixEyj (13)

- VEE;
u* =/ EijEij + ﬁi]‘ﬁi]' (14)

Qij = O — 2¢;jw; (15)
Qij = Qjj — gjjpwi (16)

2.3. Boundary Conditions

The starting medium of the fluid is stationary air, while an incompressible cooling
water jet is employed. The incoming circular jet has a uniform velocity profile. The medium
of inflow fluid is water (VFRC = 1), and the initial temperature is Tw (Tw = 298 K). The
initial velocity of the jet is denoted by V. The computational domain was initialized with
stationary air (species volume fraction VFRC = 0) at a uniform temperature of 300 K (Ta).
A no-slip condition was applied at the wall boundaries, and the outlet was set to a zero
normal pressure gradient. The steel plate was modeled as an isothermal wall with a
uniform surface temperature of 1123 K (Ty). In the numerical computation, the effect of
phase-change heat was disregarded.

2.4. Numerical Considerations

Hexahedral cells are employed to mesh the computational domain, presented in
Figure 2b. To achieve a grid capable of resolving the boundary layer, the mesh is refined in
the area where the free surface is anticipated. At the jet impingement zones (stagnation
point and radial flow region) and the pipe (Figure 2), a fine mesh with a cell size of 0.1 mm
was applied. In the two-phase region and the core flow field, a base cell size of 0.5 mm
was used. Subsequently, the grid independence investigation needs to be conducted. A
series of comparison tests were performed with a jet exit velocity of V =10 m/s, the non-
dimensional nozzle-to-plate distance of H = 10.8, the non-dimensional spacing between
twin nozzles of W =5, and cooling water temperature of Tw = 298 K. The results of the
grid independence study for pressure at the steel plate surface are presented for different
grids (Table 2) in Figure 3. It can be observed that grid independence is attained when
the number of elements reaches 7.14306 x 10°. After this point, there is no further notable
change in the pressure at the stagnation point.
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Table 2. The number of nodes and elements.

Grid Nodes Elements
NO.1 295,215 259,788
NO.2 675,922 588,724
NO.3 800,104 714,306
NO.4 1,247,153 1,103,653
70,000 —
*NO4
60,000 2 < .Egi .
50,000 "y & lavoi ]
< 40,000
&
A 30,000 e -
[ v
20,000
10,000 .' ‘.

-0.05-0.04-0.03-0.02-0.01 9(/m0'01 0.02 0.03 0.04 0.05
Figure 3. Results of grid independence study for pressure at the impingement surface.

An in-depth investigation of mesh independence was carried out to establish the most
suitable grid resolution. After that, extensive numerical simulations covering a variety
of Reynolds numbers were performed. The validation of heat transfer carried out in
this research is presented in Figure 4. This figure compares the Nusselt number at the
stagnation point with the findings of Liu et al. [34] and Lienhard [35]. The simulated
results of the Nusselt number at the stagnation point lie between those of Liu et al. [34] and
Lienhard [35]. Based on these case results, it can be stated that the subsequent methodology
has been validated. The governing equations with the considered boundary conditions
were numerically solved by using the software ANSYS Fluent (2022 R2). For spatial
discretization of equations related to momentum, volume fraction, turbulent kinetic energy,
and turbulent dissipation rate, a first-order upwind scheme was adopted.

1000 , , ,

—e—Present study
—=—Liu 1991

/ g
600 |- ——Lienhard 2006 ... //

400 é"/‘ .—
200 1 :

800 -

Nu

=

i

0 20,000 40,000 60,000 80,000 100,000
Re

i

Figure 4. Nusselt number at stagnation point for different Re [34,35].

3. Results

This study primarily investigates the velocity field characteristics within the flow
domain and corresponding Nusselt number distribution on steel plate surface. The com-
putational analysis systematically examined the flow characteristics across the parametric
range of jet velocity (V =5 m/s, 7.5 m/s, 10 m/s), non-dimensional distance between
nozzle exit and steel plate surface (H = 3.3, 5.8, 8.3, 10.8), and the non-dimensional spacing
between twin nozzles (W = 5, 7.5, 10). The numerical results were analyzed upon reaching
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steady-state flow conditions. The simulations for each set of input parameters yielded the
velocity field as well as the local and average Nusselt numbers. The local Nusselt number
is defined based on the nozzle hydraulic diameter as the characteristic length. The specific

formula used is
- hxd

k

I is the local convective heat transfer coefficient (W/m?-K). d is the hydraulic diameter

Nu

(17)

of the nozzle (m), which serves as the characteristic length. k is the thermal conductivity of
the fluid (water) at the film temperature (W/m-K). The convective heat transfer coefficient
h was obtained from the simulated data using Newton'’s law of cooling.

3.1. Velocity Distribution of the Flow Domains

Figures 5 and 6 show the velocity vector distribution for H = 3.3 and 8.3, W=7.5,
and V = 10 m/s. The velocity vector distribution of all flow domains is plotted in
Figures 5a and 6a, the section of paralleling the XZ plane and 0.0005 mm above the plate
surface is plotted in Figures 5b and 6b, the section of YZ plane is plotted in Figures 5¢ and 6c,
and the section of XY plane is plotted in Figures 5d and 6d. It can be observed that the
flow medium of the two jets impacts the steel plate surface at a high speed in the free-jet
zone, and the variation trend of velocity attenuation and divergence for the twin jets are
not obvious. Then, multiple water flows are formed in the wall-jet zone when jets impinge
against the steel plate surface, the distance of them increases with the increase in plate
surface radius, and the velocity decreases with the increase in jet radius. The wall-jet
interaction zone appears in the middle of the two jets. The fountain upwash flow is a
straight line, and it emerges as a vertical wall which takes an abrupt 90° turn [22]. Finally,
the jet leaves the computational domain via its lateral side.

(c) (d)

Figure 5. Velocity vector distribution for H = 3.3 (a), (b) parallel to XZ plane for y = 0.0065 m, (c) YZ
plane, and (d) XY plane.
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Figure 6. Velocity vector distribution in flow domain for H = 8.3 (a), (b) XZ plane for y = 0.0065 m,
(c) YZ plane, and (d) XY plane.

3.2. Local Nusselt Number Distribution

To investigate the thermal performance of circular-jet impingement cooling, the figures
for various operating parameters and the spatial distributions of the local Nusselt number
across the steel surface are depicted in Figures 7-12. The local Nusselt number distribution
was obtained over a surface length of 200 mm. The local Nusselt number profile along the
X-axis exhibits, as observed in prior studies [14,25,36].

500 500 500
(@) W=5 |—=—H=33 (b) W=7.5 |—=—H=33 () W=10 |—=H=33
400 - 'gjgi 400 - ; 400 -
300 - -+ H-108 300 - 300 -
z z z
200 - 200 -
100 - 100 -

500 500
400 - 400
300 300
= =
4
200 200 -
100 100 -
04 & TATISTIIIE 0 it :
-0.1 -0.05 0 0.05 0.1 -0.1 -0.05 0 0.05 0.1
X/m x/m

Figure 8. Nusselt number along the X-axis at V =7.5m/s.
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Figure 10. Nusselt number along the Z-axis at V =5m/s.
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300 |
= = [
4 I
200 200 |
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Figure 11. Nusselt number along the Z-axis at V =7.5m/s.

500 S 500
(b) W=7.5 |[——H=33
400 e H=5.8 400
«-H=83
300 300
= =
. z
200 200

100 PR L ; 100 %

Figure 12. Nusselt number along the Z-axis at V =10 m/s.

As shown in Figures 7-9, the general trend of Nu along the X-axis is like two volcanoes;
the two craters appear at the jet impingement zone. The distribution of the Nusselt number
presents a distinct pattern: there is a local minimum at the stagnation point, then a sudden
peak occurs, followed by a swift decline in the near-wall area. Finally, for locations far
from the jets, it shows a slight decrease with the distance. A lower Nusselt number is
observed at the jet stagnation point compared to the crater rim. As the distance between
twin nozzles grows, the interaction between the two jets weakens. This finding verifies that
when the gap between the jets is extremely large, the interaction between the two jets can
be disregarded. This distribution is a direct signature of the fountain upwash flow. The
collision of the two wall jets generates a upward-moving fountain flow. The lowest Nu
at the exact center implies that this fountain, at its root, may have a stagnation or lower
velocity core that is less effective at scrubbing the thermal boundary layer. This pattern
fundamentally demonstrates that the cooling effect in the interstitial zone is not dictated by
a single jet but is a result of this complex, jet-induced secondary flow.
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While the stagnation point experiences the highest pressure and the thinnest hydro-
dynamic boundary layer, the intense impingement force at this point suppresses bubble
nucleation and growth. Heat transfer is dominated by single-phase forced convection,
which, despite being strong, is less effective than the combined convection and nucleation at
the peak location. This leads to a relative local minimum in the Nu. As the flow accelerates
radially outward, the wall pressure and the impingement force drop rapidly. This sudden
pressure reduction creates conditions highly favorable for violent bubble nucleation and
growth. This synergy creates the sharp peak in the Nusselt number. Further downstream,
the continuous growth of the hydrodynamic and thermal boundary layers reduces the
temperature gradient and leads to a rapid decline in the Nu.

As the jet velocity rises, the Nu increases in the jet impingement zone, while in the
wall-jet zone, it shows no significant change. Neither the non-dimensional nozzle-to-plate
distance (H) nor the non-dimensional spacing between twin nozzles (W) exerts an obvious
influence on it. Therefore, the velocity of the nozzle exit is the primary factor influencing the
intensity of jet impingement in the jet impingement area, yet it has no notable impact on the
wall-jet area. Analysis of Figures 7-12 reveals a secondary influence of the nozzle-to-surface
distance and nozzle spacing on heat transfer intensity, with jet velocity emerging as the
predominant factor. In future work developments, other distances between the nozzle and
the plate surface, as well as the distances among nozzles, will be taken into account.

In the impingement zone, as the jet velocity increases, the stagnation pressure rises
significantly, resulting in a much thinner hydrodynamic and thermal boundary layer at
and near the stagnation point. Since the heat transfer rate is inversely proportional to the
boundary layer thickness, this leads to a substantial increase in the Nusselt number. In the
wall-jet zone, the flow is primarily shear-driven and its development is less sensitive to the
initial jet velocity in the same way. The wall jet has already turned and is developing along
the surface. While a higher inlet velocity does increase the local Reynolds number, it also
causes the wall jet to entrain more fluid and grow thicker, leading to a net change in the
local Nusselt number that is much smaller than in the impingement zone.

The general tendency of the Nu along the Z-axis (the path of fountain upwash flow)
is presented in Figure 10 through Figure 12. The Nu of the interaction line of two jets
decreases with the increase in the non-dimensional spacing between twin nozzles (W), but
the thermal interaction length for W = 5 is shorter than the other two cases (W = 7.5 and 10).
In a specific range, enlarging the distance between the centers of nozzles can enhance the
thermal interaction zone between the twin jets. Analogous to the outcomes regarding the
X-axis mentioned earlier, the Nusselt number value along the interaction line of the two
jets also rises as the jet velocity increases. The Nusselt number’s valley value shows up at
the midpoint of the interaction line, while its peak value is close to the mid-region of the
interaction line. Based on the outcomes of the X-axis and Z-axis, it can be deduced that in
the center of the two jets, there exists a region with low heat transfer intensity.

Quantitative analysis of the local Nusselt number distribution in Figures 7-9 reveals
that the configuration with the non-dimensional spacing between twin nozzles W = 5
demonstrates enhanced cooling uniformity across the central plate region (x = —0.05 m
to 0.05 m), compared to the larger spacings of W = 7.5 and W = 10. Cooling uniformity
within this region is also enhanced with increasing jet velocity. This enhanced heat transfer
in the central region can be attributed to the stronger fountain upwash flow generated by
the closer proximity of the two impinging jets. The coalescence of their wall jets results in a
more concentrated and vigorous upward flow, which subsequently impinges on the plate,
elevating the local Nusselt number. The higher momentum promotes greater flow mixing
and stabilizes the fountain, which leads to a more homogeneous heat transfer distribution.
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3.3. Average Nusselt Number Variation Along the Steel Surface

Figures 13-15 show the average Nusselt number (Nu4) variation in the steel plate
surface for various parameters. Nu,4 along the X-axis and Z-axis within £0.1 m are plotted
in Figures 13 and 14 and the Nu4 within +0.05 m in Figure 15. The analysis reveals that the
surface-averaged Nusselt number exhibits a strong positive correlation with jet velocity,
while demonstrating minor oscillations with nozzle-to-plate spacing. In the parameter
scope of this paper, the peak heat transfer performance occurs at the non-dimensional
nozzle-to-plate distance (H) of 5.8. When the nozzle is sufficiently close to the surface yet
the jet’s potential core remains intact, a high impingement velocity is ensured. However,
the confined space restricts the development of the radial wall jet. When the nozzle is far
from the surface, the jet’s potential core has dissipated due to vigorous mixing with the
surrounding quiescent fluid. Consequently, the time-average velocity decays significantly
before the jet reaches the surface. The impingement velocity is lower, and while the
turbulence is high, it cannot compensate for the loss of momentum, resulting in a decline in
heat transfer intensity. When the non-dimensional distance between twin nozzles increases
from 5 to 10 within a range of +0.1 m, the change in the average Nusselt number is not
very evident. In the wall-jet interaction zone, specifically in the middle of two jets, as
non-dimensional spacing between twin nozzles (W) rises from 5 to 7.5, the average Nusselt
number increases. Then, when W increases from 7.5 to 10 within the £0.1 m range, it drops
slightly. However, when considering a range of +0.05 m and W increasing from 5 to 10,
particularly at a jet velocity of 10 m/s, the average Nusselt number gradually decreases.
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Figure 15. Nuy along Z-axis within £0.05 mm.

3.4. Nusselt Number at Stagnation Point

The distribution of the stagnation-point Nusselt number (Nus) across the parameter
space under investigation is shown in Figure 16. The Nu,; shows a positive correlation
with the distance between the nozzle and the plate. The Nus increases by about 9-30%
with the increase in the non-dimensional nozzle-to-plate distance for V =5 m/s, and it
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increases by about 4-23% for V = 10 m/s. For W = 7.5, the Nus increases significantly
as the non-dimensional nozzle-to-plate distance increases from 3.3 to 10.8. For W =5,
a rise in jet velocity from 5 m/s to 10 m/s yields a 66-82% increase in the stagnation-
point Nusselt number. Based on the analysis outcome of the Nug, within a specific range,
appropriately increasing the distances between the nozzle and steel surface can enhance
the heat transfer intensity of the stagnation zone. As the non-dimensional nozzle-to-plate
distance(H) increases, the jet has a longer travel distance to entrain the surrounding fluid.
This promotes the development of a turbulent mixing layer at the jet periphery. When
this jet with a higher level of turbulence impinges on the surface, the intensified fluid
mixing significantly thins the thermal boundary layer, thereby augmenting the convective
heat transfer coefficient. Within this specific H range, the enhancement of heat transfer by
increased turbulent mixing serves as the dominant mechanism, overriding the marginal
decay of the centerline velocity and resulting in a net increase in the Nusselt number.
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Figure 16. Nus of x axil for 5m/s (a) and 10 m/s (b).

3.5. Peak Value of Nusselt Number

To delve deeper into the influence of the non-dimensional nozzle-to-plate distance (H)
and non-dimensional spacing between twin nozzles (W) on the jet impingement zone, the
peak values of Nusselt number (Nup) distribution along the X-axis and Z-axis are presented
in Figures 17 and 18. The peak value of the Nusselt number increases significantly with
the increasing of the non-dimensional nozzle-to-plate distance for the X-axis, and the big
peak of the Nusselt number can be observed for H = 10.8. The gap of the Nup increases
with the increasing of the jet velocity for different non-dimensional spacings between twin
nozzles (W). Conversely, the Nup along the Z-axis decreases as the non-dimensional nozzle
spacing increases. However, the highest overall peak value is observed at W = 5. The heat
transfer intensity of the wall-jet interaction zone can be changed slightly by decreasing the
nozzle-to-nozzle spacing.
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Figure 17. The peak value of Nusselt number variation in the X-axis: (a) 5m/s and (b) 10 m/s.
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Figure 18. The peak value of Nusselt number variation in the Z-axis: (a) 5 m/s and (b) 10 m/s.

At smaller H, the two jets and their radial wall jets interact intensely and immediately
after impingement. This close-proximity interaction can lead to destructive interference,
thereby thinning the effective cooling coverage and limiting the peak heat transfer potential.
As H increases, the jets have more space to develop independently before their wall jets
collide. This delay in interaction allows the individual jets to establish stronger, more
stable stagnation regions. The subsequent collision at a greater distance from the wall then
forms a more vigorous and organized fountain flow that constructively enhances fluid
mixing and scouring of the surface between the jets, leading to a significantly higher peak
Nusselt number.

At a low jet velocity, the jets have lower momentum and are more susceptible to
mutual interference and dissipation. The difference in the flow field and heat transfer
performance between different W values is, thus, less pronounced. However, at a high
jet velocity, the jets possess higher inertia and can sustain their individual structure over
a longer distance. The difference in the interaction efficiency between various W values
becomes amplified at high velocity.

4. Discussion

The present numerical investigation elucidates the complex fluid dynamics and con-
comitant heat transfer behavior inherent in twin-jet impingement cooling on a heated steel
plate. Our findings, particularly regarding the formation of the fountain upwash flow
and the resultant Nusselt number (Nu) distributions, align with and extend the current
understanding of multi-jet impingement systems.

The observed flow morphology, characterized by the generation of multiple wall jets
and the development of a distinct, linear fountain upwash between the two impingement
points, is a canonical feature of interacting jets. This upwash fountain, a direct consequence
of the collision between the opposing wall jets, creates a secondary stagnation region that
significantly influences the local thermal field. The relationship between the Nu, and
system parameters reveals further nuances. The slight fluctuation of the Nuy with the
non-dimensional nozzle-to-plate distance, H, and identified optimum at H = 5.8 are critical
for industrial system design. The subsequent gradual decline in average Nu with increasing
W from 5 to 10 underscores a fundamental scaling in multi-jet systems: as the jet density
decreases, the overall heat transfer capability diminishes, despite the local enhancements in
the interaction regions. The enhancement of stagnation zone’s heat transfer by optimizing
H/d is directly linked to the integrity of jet core. Conversely, sensitivity of the wall-jet
interaction zone to W highlights that this region is governed by the interplay of two
developed wall jets, a dynamic distinct from the primary impingement process.

The present numerical model, while capturing the essential physics of twin-jet in-
teraction, incorporates several simplifying assumptions. Firstly, the boiling heat transfer
mechanism was neglected, and an isothermal wall boundary condition was adopted. It
does not capture the transient temperature drop and the complex boiling regimes preva-
lent in actual ultra-fast cooling processes. Secondly, the influence of cross-flow, which is
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significant in multi-jet industrial systems and drastically alters the impingement dynamics,
was not considered in this idealized twin-jet configuration.

The implications of this work extend directly to the design of high-strength cooling
systems in steel processing. The results provide a quantitative basis for selecting H and W
to either maximize cooling intensity in critical areas or to achieve a more uniform thermal
profile across the plate surface. However, this study focused on a twin-jet configuration. In
industrial applications, arrays of dozens or hundreds of jets are employed. Future research
should, therefore, transition from the idealized twin-jet system to investigate full-scale
nozzle arrays. Specifically, the interaction between the fountain upwash flows and the
cross-flow, and its impact on the global Nu distribution, warrants detailed investigation.

5. Conclusions

A systematic numerical investigation of turbulent twin-jet impingement cooling
on heated steel plates was conducted to evaluate the influence of three critical param-
eters: (1) nozzle exit jet velocity (V), (2) the non-dimensional nozzle-to-plate distance (H),
and (3) the non-dimensional spacing between twin nozzles (W) on the resulting Nusselt
number distribution. The main findings are presented below:

(1) When the jets strike the surface of the steel plate, several water flows are generated
in the wall-jet area, and the distance between them grows as the radius of the plate
surface increases. Between the two jets, there emerges an area of wall-jet interaction,
and the fountain upwash flow presents as a straight line.

(2) In the parallel direction of the two jets’ centerline, the local Nusselt number exhibits
a characteristic profile, beginning with a minimum at the stagnation point, rapidly
increasing to a peak value, and subsequently decaying sharply with radial distance
from the impingement zone. Finally, it shows a slight decline as the distance increases.
While in vertical direction, the Nusselt number of the interaction line of the two
jets decreases with increasing non-dimensional spacing between twin nozzles (W),
However, the thermal interaction length for W =5 is shorter than the other two cases
(W =7.5and 10).

(38) The Nuy of the plate surface fluctuates slightly with the distance from the nozzle to the
plate surface, and the maximum value of Nuy4 is obtained when the non-dimensional
nozzle-to-plate distance (H) is 5.8. Meanwhile, due to the limitations within +0.05 m,
it shows a gradual decline as the non-dimensional distance between twin nozzles (W)
increases from 5 to 10.

(4) The heat transfer intensity of stagnation zone can be enhanced by appropriately
increasing the distance of the nozzle-to-plate surface within a certain range, and the
heat transfer intensity of the wall-jet interaction zone can be changed slightly by
decreasing the nozzle-to-nozzle spacing.

6. Future Direction

Based on the findings and limitations of this study, several key directions for future
research are proposed:

(1) The current work focused on a limited set of parameters. Future investigations should
explore a wider parametric space, including a broader range of Reynolds numbers,
nozzle-to-plate distances, and nozzle spacings. Furthermore, research should extend
to more complex nozzle arrangements, such as jet arrays, and the use of inclined or
swirling jets, which could offer superior control over cooling uniformity and heat
transfer distribution on large-scale surfaces.

(2) In this work, a constant isothermal wall condition and Realizable k-¢ model were
selected, the effect of phase change heat was disregarded, and the influence of the
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transient temperature drop of the high-temperature steel plate was not thoroughly
investigated. Developing a completely transient-coupled model that includes a com-
plete boiling curve is the key to future work. The application of more sophisticated
numerical models is critical to unravel the underlying physics. Exploring the appli-
cation of more advanced turbulence and multiphase models (e.g., RSM or LES) to
capture finer flow dynamics is also critical.
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Abbreviations

The following abbreviations are used in this manuscript:

d nozzle diameter (0.006 m)
h distance between nozzle exit and target heated plate surface (mm)
H non-dimensional nozzle-to-plate distance (-)

Nu Nusselt number (-)

Nup  average Nusselt number (-)

Nus  Nusselt number at stagnation point (-)
Nup peak value of Nusselt number (-)

Tw initial temperature of water (298 K)
Ta initial temperature of air (300 K)
Ty initial temperature of steel plate (1123 K)
A% the jet velocity at the nozzle exit (m/s)
w spacing between twin nozzles (mm)
4 the non-dimensional spacing between twin nozzles (-)
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