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Abstract

This study deals with two main topics on the cooling characteristics of impinging jets. The
first topic, Part I, is the cooling characteristics of impinging jets assisted by the Joule-Thomson effect
of carbon dioxide (CO,). Joule-Thomson effect is the temperature change of real gas when it expands
through the nozzle(s) or orifices(s). The CO, jet is considered one of the most promising ways to
improve the cooling performance due to its superior Joule-Thomson coefficient to other gases. The
second topic, Part II, is geometry optimization of array impinging jets and confirmation experiments.
The Kriging response surface model and multi-objective genetic algorithm (MOGA) are applied to
optimize the impinging jet arrays. The Kriging model is an interpolating technique and suitable for
CFD simulation which has a high strength of non-linearity. The objectives of the optimization study
are to minimize the average temperature and maximum temperature difference of the target surface.
The verification experiments are performed to evaluate the reliability of optimization results. The 3D
printing technique is used to build the optimal design of impinging jet arrays. 3D printing has an
advantage of fast manufacturing, low cost, and suitable for build a complex structure than conventional

manufacturing methods such as machining, casting, and forging.

First of all, in Part I, the cooling characteristics of single and array impinging jets on the flat
surface are experimentally investigated with varying Reynolds number (Rep) and nozzle-to-plate
distances (L/D). It is confirmed that the temperature drops of CO, and N, impinging jets caused by
nozzle expansion are about 3.49 °C and 0.64 °C, respectively. The tendency of stagnation heat transfer
coefficients of single impinging jets is consistent with established heat transfer characteristics, but the
slightly different trend is shown in this study. There is a maximum value of the stagnation heat transfer
coefficient at certain L/D. The value of L/D with the maximum heat transfer coefficient tends to
increase as the Rep increases. The stagnation heat transfer coefficients of CO, impinging jet are
more sensitive to Rep increasing than that of N, impinging jet, this result is due to the difference of
Joule-Thomson coefficients. In case of the same volume flow rate, the heat transfer rates of CO, are
higher than N,. While the performance of uniform cooling by the array impinging jet with CO, and
N, has a similar level, but there is a big difference in the average temperature of the target body. It is
beneficial to use the array CO, impinging jet to guarantee both high heat transfer coefficient and low
temperature non-uniformity.

In Part II, geometry optimization and confirmation experiments are conducted to obtain the
enhanced cooling performance of array impinging jets on the flat plate. The central and outer nozzle
diameter (d, and d,), elliptic nozzle size (a and AR), and jet-to-jet spacing (S) are selected as the design

parameters. The lowered average temperature (T,ye) and maximum temperature difference (Tq;5) on



the cooling surface are obtained by using elliptic impinging jet array (EJ). Compared with the initial
design, the T,y and Ty;r are lowered about by 7.6 K and 7.7 % by using the EJ2 jet configuration.
The significance of design parameters is evaluated by sensitivity analysis. For the circular impinging
jet array (CJ), the d. and S are major parameters on the T, and Tyf, respectively. In the case of
EJ, the value of §'is the major parameter for both T,y and Tg;r.  The effects of S/D are analyzed by
compared the velocity vector distributions and maximum temperature difference contours. At small
S/D, the jet interference that the jets are disturbed by adjacent jets before impinging on the target surface
has occurred. The flow characteristics of optimum configurations are evaluated at the location of the
jet center and jet interaction. It is confirmed that the axial velocity and turbulent kinetic energy (TKE)
distributions of EJ are superior to CJ at the jet interaction region. The 3D printing technique is used
to build the optimum design of impinging jet arrays based on the optimization results. Owing to the
material properties of the PLA used for 3D printing, the correlations between the CAD design and
measured dimensions of the structure are established to predict the shrinking of PLA due to thermal
expansion. For all optimum configurations of the impinging jet arrays, the stagnation temperatures
decrease as L/D decreases and Rej increases. The experimental results are matched well with the
CFD predictions based on the T,,.. Moreover, the order of superior configurations of impinging jet

arrays is agreed well with the order EJ2, EJ1, CJ1, and CJ2 of CFD predictions.

Keywords: Jet impingement cooling, Carbon dioxide, Joule-Thomson effect, Temperature uniformity,

Geometry optimization, RSM, MOGA, 3D printing
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1. Introduction

Jet impingement is a technique for ejecting a flow of high momentum issued from a nozzle(s)
or orifice(s) onto a target surface. Impinging jet has been a well-established technique as a localized
heating, cooling, and drying to various industrial applications, such as cooling of the electronic systems
or gas turbine blade, tempering of glass, food processing, and drying of textiles [1-8]. Due to its ability
to high heat and mass transfer, it has been received significant attention form many researchers. In
general, the uniform temperature of a solid surface is a key design parameter of some applications such
as electronic components and batteries, as non-uniform surface temperature leads to the thermal shock
or defect which reduces the life of the applications [9]. Therefore, studies on the thermal effects of
impinging jets on the application components in the industrial fields have been continuously demanded,
so many researchers have been broadly investigated the flow and heat transfer characteristics of

impinging jets.

Fig. 1 shows the flow regions of the single and array impinging jet. For a single impinging
jet, there are generally divided into four regions: (1) the free jet region, (2) the potential core region, (3)
the stagnation region, and (4) the wall jet region. In the free jet region, the jet flow begins decelerated
and broaden due to the entrainment of mass, momentum, and energy of the surrounding fluid. The
region which is not affected by shear-driven interaction of surrounding fluid and approximately equal
to the nozzle outlet velocity is potential core. The stagnation region is the impinging zone that jet
forms a high static pressure on the target surface, and then the velocity profiles are converted to the
accelerated horizontal components and it grows into wall jet region. While the single impinging jet
yields a superior heat transfer rate near the impingement region, it drops dramatically as away from the
stagnation region [10].  As a result, the temperature uniformity of the target body cooled by the single
impinging jets is poor. Compared to the single impinging jet, the array impinging jets have a fountain
flow region due to the wall jet collisions. For the array impinging jet, there is shear layer expansion
due to the jet-to-jet interactions, resulting in more uniform temperature distributions of the cooling
surface than the single impinging jet [11]. Therefore, the array impinging jet is regarded as a

promising way to ensure the uniform cooling performance.

As the demand for enhanced cooling performance increases in many industrial applications, the
cooling characteristics of single and array impinging jets have been broadly investigated. Gauntner et
al. [12] have shown the length of potential core was 4.7 to 7.7 nozzle diameters based on the survey.
Katoka [13] proposed the correlation of potential core length and showed that the peak heat transfer
coefficient was obtained at the end of potential core. Guo et al. [14] investigated the flow visualization

for wall jet development in confined impinging jet using the stereo particle image velocimetry method.
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They observed that the counterclockwise vortex structure interrupts the wall jet development at the
small L/D. Katti et al. [15] investigated the local heat transfer coefficient distributions. They
suggested the correlations for predicting the local Nusselt number. Yang et al. [16] investigated the
heat transfer characteristics of array impinging jets on the concave surface. They showed that the
maximum heat transfer rates appeared at L/D = 10 and S/D is the significant factor for the array
impinging jet. Xing et al. [18] studied the cooling performance of impinging jet arrays which inline
and staggered array nozzles with varying Reynold numbers. They showed that the highest heat
transfer coefficient was obtained at L/D = 3 and the inline configuration always outperformed the
staggered pattern.  San et al. [ 17] investigated the Nusselt number distributions of array impinging jets.
They have shown that the major and minor parameters to affect the non-uniformity of heat transfer
distributions are S/D and L/D, respectively. Wae-hayee et al. [19] studied the cooling characteristics
of array impinging jets under a fully developed flow. They revealed that the peak of average heat

transfer rate occurred at L/D = 4 over all S/D.

Meanwhile, the effects of nozzle geometry on the heat transfer have also been focused on many
researchers. Dano et al. [20] described the heat transfer characteristics of impinging jet arrays
including conventional circular and ellipse nozzles. They found that the improved heat transfer rates
and uniformity can be obtained by using the elliptic nozzles. Culun et al. [21] numerically investigated
the effects of design factors on the flow and cooling characteristics. They revealed that the improved
heat transfer rates achieved in the case of square jets due to the higher mixing flow. Caliskan et al.
[22] studied the effects of nozzle geometries on the array impinging jet heat transfer. They measured
the heat transfer rates and velocity profiles of impinging jet arrays for aspect ratios (4R) 0.5, 1.0, and
2.0. The results show that the elliptic jet with aspect ratio 2.0 yields the highest heat transfer rates than
other jet configurations. Attalla et al. [14] studied the heat transfer uniformity of the inline array of
impinging jets. They suggested the correlations of heat transfer uniformity and concluded the uniform
cooling performance was achieved by the square nozzle configurations. Lee et al. [24] studied the
Nusselt number distributions of elliptic impinging jets with varying the aspect ratio (4R) 1.0 to 4.0.
They observed that the maximum heat transfer rate can be obtained using the elliptic impinging jet due
to its azimuthal curvature variations of the vortical structure. Gulati et al. [25] experimentally
investigated the comparison study for rectangular, square, and circular nozzle configurations with
varying L/D and Reynolds number. They revealed that the Nusselt number distributions of the elliptic
impinging jet were higher than circular and square nozzle configurations within the range of 6 L/d and
the pressure loss coefficient is highest. Koseoglu et al. [26] investigated the circular, rectangular, and
elliptic jets with different aspect ratio. In the condition of the same mass flow rate, as aspect ratio

increases, the heat transfer rate enhanced in the stagnation region and decreases in the wall jet region.
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Due to the need for enhanced cooling performance of the impinging jet, various kinds of
working fluids for jet impingement have been considered. Zhang et al. [27] experimentally
investigated the liquid nitrogen (N,) jets. In general, the liquid impinging jet has a higher heat transfer
rate than the gas impinging jet. However, liquid impinging jets need to the recirculation system to
recycle the exhausted working fluid and difficult to apply to moisture-sensitive applications. While
gas impinging jets inferior heat transfer rate to liquid impinging jets, it does not need additional costs
to the closed-loop system and can be applied to various applications. Therefore, there is a continuous
demand for the study of impinging jets for different kinds of gas types to enhance the heat transfer rate.
The carbon dioxide (CO,) jet is considered one of the most promising ways for heat transfer
improvement due to its superior Joule-Thomson coefficient to other gases. As gases ejected through
the nozzle, its pressure and temperature are drops simultaneously due to the Joule-Thomson effect.
Namely, the CO, impinging jet has a potential to improve heat transfer performance than the impinging

jet using other gases [28,29].

On one hand, some researchers were focused on the geometry optimization of the impinging
jetarray. Chi et al. [30] built a novel system of impingement cooling geometry with variable diameter
nozzle holes by using multi-objective genetic algorithms (MOGA). Chiang [31] proposed the
effective optimization procedure for thermal performance characteristics of the confined impinging jet
over parallel plain fin structures by using the response surface methodology (RSM). Heo et al. [32]
investigated the geometry optimization of a single impinging jet with crossflow. They revealed that
the average heat transfer rates number on the cooling surface was enhanced by about 7.89 % as

compared to the initial geometry.

On the other hand, some investigators studied impinging jets by using the 3D printing
technique due to its ability to customize and good stability. Fernandes et al. [33] proposed the tunable
diameter of the nozzle assembly for micro liquid impinging jet by using the 3D printing technique.
They concluded that this nozzle assembly can be applied to many industrial fields to build their own
system. Masuk et al. [34] investigated the dynamics of multiphase flow by using the 3D printed jet
array. They described the 3D printing technique was the best option for establishing the cooling
system due to the 3D printed jet array has a waterproof and strong enough to endure the high-pressure
condition. Shankar et al. [35] experimentally investigated the swirl impinging jet via the 3D printed
swirl generators. Wei et al. [36] proposed the scalable design methodology for the 3D printed
impinging jet arrays. They suggested that the 3D printing technique has an advantage of the
capabilities to build the complex structures and high-resolution stereolithography with the water-

resistant.



As can be seen in the paper reviews, most of the previous studies were focused on the effects
of geometric parameters on the flow and heat transfer characteristics of single and array impinging jets
by using compressed air. However, there was not much information was available on the enhancement
of the cooling performance of single and array jets assisted by the Joule-Thomson effect of CO,.
Furthermore, there were few studies on the combined investigation that the geometry optimization of
the impinging jet array and confirmation experiments of optimization results. The purpose of the
present study is to investigate the cooling characteristics of single and array impinging jets. To
confirm the Joule-Thomson effect, the CO, and N, are selected as the working fluid. This is
covered in Part I.  Part I deals with a numerical investigation to find the optimal designs of impinging
jetarrays. The optimization is performed by RSM and MOGA approach. And then, the verification
of optimization results is experimentally investigated. The 3D printing technique is used to fabricate
the optimum design of impinging jet arrays. In Part II, the methodological research method is
presented for verifying optimization results using 3D printing, an easy, low cost, and fast manufacturing

method.
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Fig. 1. Schematic drawings showing the flow patterns of impinging jet: (a) single impinging jet (b) array impinging jet.



2. Joule-Thomson effect

As previously described, jet impingement cooling via CO, impinging jet has a superior to
heat transfer performance than other gases jet due to the difference of the Joule-Thomson coefficient.
Joule-Thomson effect is the temperature drop of real gas when it expands through the nozzle(s) or
orifices(s). The Joule-Thomson expansion is called a throttling process, a condition that is thermally

insulated so that no heat is exchanged with the ambient.

AH = AU + APV (1)

There are two mechanisms of the temperature change of gases through the Joule-Thomson
expansion. The first one is the change of internal energy and the second one is the conversion between
potential and kinetic energy. The temperature change means a variance of kinetic energy and internal
energy is defined as the sum of potential and kinetic energy. The change of enthalpy in the Joule-
Thomson expansion is shown in Eq. (1), and enthalpy remains constant in the throttling process. The
value of PV does change for a real gas, so there is a variance of temperature due to changes in internal
energy. If the PV decreases, the temperature increases due to the increases of internal energy, this
phenomenon is called a negative Joule-Thomson effect. On the contrary, an increase in PV causes a
temperature drop, which is called a positive Joule-Thomson effect. Also, there are the effects of
intermolecular conditions in the change of temperature. When the fluid expands through the nozzle,
the potential energy of fluid increases due to the force of attraction between the molecules or decreases
due to the reduces in the number of the molecular collision. These two mechanisms are occurred
simultaneously, the temperature decreases for the former case, increases for the latter case. At room
temperature, the temperature of CO, and N, decreases through the expansion and the temperature of

He and Ne increases through the expansion [37].

aT

a_P)H ()

tr = (

Fig. 2 shows the Joule-Thomson coefficients of real gases at atmospheric pressure. The
Joule-Thomson coefficient is defined as the ratio of the variance of temperature and pressure, as can be
seen in Eq. (2). The Joule-Thomson coefficient of CO, is superior to N,, and H,. Therefore, the
temperature drops of CO, is dramatic than other gases if the pressure drop is the same amount. Asa
result, the cooling benefits can be obtained by using the CO, impinging jet. The N, impinging jet
is investigated to compare the cooling performance. Table 1 show the thermodynamic properties of

CO, and N, at atmospheric pressure and 296.15 K, which values are obtained from REFPROP [38].
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Fig. 2. Joule-Thomson coefficients of CO,, N,,and H, .

Table 1. Thermodynamic properties of working fluid.

Gas Density Joule-Thomson Coefficient ~ Specific heat Viscosity Thermal conductivity
[kg/m®] [K/MPa] [k]/kg- K] [uPa - s] [mW/m - K]

CO, 1.8204 11.122 0.8489 14.835 16.482

N, 1.1530 2.180 1.0413 17.712 25.690




3. Part I: Cooling characteristics of single and array impinging jets

3.1. Experimental setup and method
3.1.1. Experimental apparatus

The experimental apparatus including, a filter, valve, flow meter, nozzle assembly, test section,
AC power supply, power meter, and data acquisition system is shown in Fig. 3. The compressed CO,
and N, supplied from the gas cylinder, and the pressure is high enough to expand into the ambient air.
The filter ensures the high purity working fluid, and the volume flow rate is controlled and monitored
by the control valve and mass flow meter. The pressure transducer and T-type thermocouples are
inserted in the location of the nozzle inlet to measure the absolute pressure and temperature. The test
body is heated a fixed power 20W by the voltage variable transformer and the heating power is
monitored by a power meter. All the signals from the flow meter, pressure transducer, and

thermocouples are processed by a data acquisition system.

Flow meter

—®

Valve —(™)
Filter

Test section

Compressed CO,, N, @ CJoo

v
a Nozzle

Data
E I > Acquisition
System @ T-type Thermocouple

Signal
conditioner ® Pressure Transducer

Fig. 3. Schematic of experimental apparatus.



Fig. 4 shows the detailed descriptions of the impinging jet cooling system and test section.
The jet fluid supplied to the plenum of the nozzle assembly and ejected onto the target surface. The
test section is made of aluminum alloy of 55 mm X 55 mm X 15 mm. The heater consists of the
copper block which inserted cartridge rods. The insulation material is installed around the heater, test
section, and impinging jet array to preventing the heat losses to the ambient. The nozzle-to-plate
distance (L) is controlled by a z-axis stage installed under the impinging jet cooling system. As
described in Fig. 4(b) and (c), the eight thermocouples are inserted in the test section to measure the
local temperature of the test section. The thermocouples are aligned at distances of [; = 15.0 mm,

l, =75 mm, z; =3 mm, and z, = 6 mm, respectively.

(a) Fluid Inlet (b) Top view

—

*

Fluid Outlet

Insulation - / A
7

(c) Side view

7/

—

Z-axis stage ]

e Thermocouple

Fig. 4. Schematics of the (a) test module (b) top view of test section (c) side view of test section.



3.1.2. FDM process of 3D printing technique

3D printing is the additive manufacturing technique to fabricate the complex structures by
successively adding filaments layer by layer, unlike conventional manufacturing method such as
machining, casting, and forging. For the experiment which validation of numerical optimization
results, the impinging jet arrays are manufactured by the 3D printing technique. Many researchers
have been investigated the impinging jet with various method of fabrication techniques. Olesen et al.
[39] presented the liquid jet cooling system by using plastic parts. Han et al. [40] studied the hybrid
micro jet cooler which manufactured by silicone plate with etching process. Jorg et al. [41]
investigated the reduction of thermal resistance via liquid jet cooling system which fabricated by
micromachining. Natarajan et al. [42] were used the multilayer ceramic technology to build liquid jet
cooling devices. These manufacturing techniques for jet impingement cooling system are expensive
and difficult to create the complex geometries. Therefore, 3D printing technique is used to build

complex geometries for impinging jet experiment in this study.

The Fused Deposition Modeling (FDM) technique for 3D printing is the most broadly used
and works by using the filament. However, there is main issue that need to consider when
manufacturing the structures by FDM process. The problem is that structures are undersized than
CAD design modeling due to thermal contraction and expansion of the 3D printing material when it is
heated and cooled. Thus, it is needed to develop the correlations between the 3D printed structure and
CAD design modeling. Mazlan et al. [43] proposed the correlations of structures including, wire
diameter, bridge, hole diameter, wall thickness, and overhang. Likewise, the correlations for the
circular and elliptic horizontal hole printing are established in this study. As indicated in Eq. (3) and
(4), it is confirmed that the correlations of circular and elliptic holes for the predicting contraction of
PLA (Polylactic acid) are well fitted based on the coefficient of determination (R?) which value 0.995

and 0.997 for circular hole and elliptic hole structures, respectively.

Ameasure = 2.597dgesign” — 11.625dgesign” + 18.356dge5ign — 9.011 )
(Circular hole, R? = 0.995)

Ameasure = 4.549adesign3 - 7-212adesign2 + 4.601age5ign — 0.611

4
(Elliptic hole, R? = 0.997) @)

Fig. 5 depicts the schematic drawing of the FDM 3D printer. During the FDM process, the
filament is feed to heater block by filament extruder. The filament is extruded and melted via heated
nozzle, and then deposited on the heated bed in the foam of a semi-cylindrical. The detailed

parameters and values for the 3D printing process are listed in Table 2. The heated bed ensures the
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melted materials can deposited stably, so bed temperature set as 70 °C. The layer thickness is 0.12

mm and infill density are 100%, which values ensure the 3D printed structures have a higher quality

and strength to endure the high pressure.
for 3D printing the impinging jet array.

Filament Spool

y axis <+—

The printing speed is 50mm/s and it takes about 27 hours

Filament
«—

Heated Bed

i

Fig. 5. Schematic of an FDM 3D printer.

Table 2. FDM process parameters and values for 3D printing.

Parameter Value
Method FDM (Fused Deposition Modeling)
Material PLA (Polylactic acid)
Nozzle temperature 210 °C
Bed temperature 70 °C
Nozzle diameter 0.2 mm
Layer thickness 0.12 mm
Infill density 100 %
Printing speed 50 mm/s
Printing time 27 hours
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3.1.3. Measurement procedure

In this study, the cooling performance is evaluated by comparing the stagnation heat transfer
coefficient, stagnation temperature, and maximum temperature difference of target surface.
Assumption that the heater and test section are completely insulated, 1-Dimensional thermal conduction
equation is applied. The heat flux is evaluated by the Fourier's law based on the measured temperature,
and then the surface temperature is calculated. In Eq. (5). the heat transfer coefficient is evaluated

based on the reference value, nozzle inlet temperature.

h= (5)

The error of T-type thermocouples is + 0.5°C or + 0.4% as the maximum value.  The
accuracy of the mass flow meter is + 0.9 % in its full range, and power sources are + 0.2%. The
uncertainty of h is evaluated from the error propagation. The maximum uncertainty of h is about

+ 7.88%, and the temperature difference is £ 0.707°C.

Fig. 6 shows the single impinging jet nozzle and 3D printed impinging jet array. The size of
single nozzle hole is 2.0 mm. It is confirmed that the 3D printed array nozzle consisting of white color
PLA is well matched the CAD design, as shown in Fig. 6(c) and (d). The 3x3 circular nozzle holes of
diameter 1.5 mm are aligned in-line with an equal interval of jet-to-jet spacing (S) 10.5 mm. The 3D
printed nozzle is fabricated with an infill ratio of 100% to ensure that working fluid is only ejected
through the nozzle holes. As can be seen in Fig.7, the differences of average temperature between
steel and 3D printed jet array are less than 0.4°C which value is less than uncertainty of T-type
thermocouple. Therefore, it is confirmed that the results of impinging jet heat transfer using the 3D
printed jet array is reliable. The initial circular impinging jet array (ICJ) is set as a reference

configuration for the optimization study.
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Fig. 6. Experimental model of impinging jet nozzle: (a, b) single impinging jet nozzle (c, d) 3D
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Fig. 7. Comparison of average temperature between steel and 3D printed jet array.
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3.2. Results and discussion

The cooling characteristics of the single and array impinging jets with CO, and N, are
evaluated. The nozzle-to-plate distances (L) are set as 1.0 to 14.6 nozzle diameter. The range of
volume flow rates is 30.0 to 80.0 LPM. The jet Reynolds number is defined in Eq. (6) to normalize

the experimental conditions.

Rep = — (6)

3.2.1. Effect of expansion

Fig. 8 depicts the temperature of nozzle inlet and outlet when without heating power to copper
block. The temperature drops of CO, is about3.49 °C and N, isabout 0.64 °C under the value of
NPR= 4.19 and NPR= 3.25, respectively. As mentioned earlier, the Joule-Thomson coefficient of
CO, is four times higher than that of N,, which means the temperature drop of CO, with a pressure
drop is more dramatic than N,. As Rep increases, the effect of expansion increases due to a higher

pressure drop ratio, so the flow has a lowered jet temperature.
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—+— Tiet(Ny) —=— T(CO,)
- Texit(Nz) T Texit(coz)

N
w
1
}—

A A e A F—

)
[N
r

"
B R e R e il L it SEE TEL

'y
un'» 3

Temperature [°C|
N

Cco,
20+
: B--g--N--B--8--B--%--0--B--p--E--F--p---E--2
19+
18 4 : : : } :
0 10 20 30 40 50 60

Time [s]

Fig. 8. Temperature drop of CO, and N, by expansion effect.
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3.2.2. Effect of L/D

The cooling characteristics of single and array jets with various nozzle-to-plate distances (L/D)
are investigated. In previous study, the heat transfer characteristics of the single impinging jet with
varying L/D and Rep was investigated by San et al. [44]. In general, at low L/D and high Reynolds
number means that high momentum flows can impinge on the target plate, so leads to the enhanced heat
transfer rates. In this experiment, this tendency is shown in the stagnation heat transfer coefficients,

but slightly different for certain conditions of L/D and Rep.

Fig. 9 shows stagnation heat transfer coefficients of single impinging jet. As L/D increases,
the heat transfer coefficients are decreases, but there is a peak value of the heat transfer coefficient at
the specific value of L/D. The value of L/D with maximum heat transfer coefficient tends to increase
as the Rep increases. In the case of Rep= 104,159, the value of L/D with maximum heat transfer
coefficient is 3.0 and when the Rep, is lower than 78,119 the peak value has at /D= 1.0 or L/D= 2.0,
as shown in Fig. 9 (a). The relations between heat transfer characteristics and vortices have been
studied by Popiel and Fox et al. [45,46]. After the jet impinges the target surface, the jet flow grows
to the wall jet region and jet vortices developed by confined wall and nozzle body. These vortices are
beneficial to heat transfer enhancement and as Rej, increases, it means the more flow rate and lower
temperature jet impinge the target plate. Fig. 9(b) illustrates the trend of heat transfer coefficients of
N, impinging jet with varying L/D, but the maximum value of heat transfer coefficient is not shown
clearly. As previously discussed, the temperature drops of N, is less sensitive than CO, by pressure

drop, thus resulting in the peak value are not clearly distinguished at high a Rep,.

Fig. 10 shows the heat transfer coefficient with varying L/D for array impinging jets by using
CO, and N, jet. Compared to the single impinging jet, the stagnation heat transfer coefficient of
array impinging jets linearly decreases as L/D increases. As Rep increases, the stagnation heat
transfer coefficient is increases. At the high Rep, the heat transfer coefficients are more increases
rapidly than low Rep. As can be seen Fig. 10(a) and (b), the heat transfer coefficients of N, are less
sensitive with varying of L/D. These results are considered to be due to the difference of Joule-

Thomson coefficient between CO, and N,.
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3.2.3. Effect of Rej

Fig. 11 depicts the stagnation heat transfer characteristics of single CO, and N, impinging
jet with varying Rep at L/D=2.0, 4.0, 8.0, and 10.0. As Reynolds number increases, the larger flow
rates and higher nozzle inlet pressures are guaranteed, so the low-temperature jets can be ejected from
the nozzle. Therefore, the high Rep enhances the heat transfer coefficient, both cases of CO, and
N, impingingjet. As mentioned above, the small L/D ensures that jets with high momentum impinge
the target plate, resulting in a high heat transfer rate. Compared to Fig. 11(a) and (b), the heat transfer

coefficient of single CO, impinging jet is more sensitive to Rep increasing than N,.

Fig. 12 shows the heat transfer coefficient of array CO, and N, impinging jet with varying
Rep with the value of L/D =2.67,4.67,8.67,and 12.67. Like the single impinging jet, the high Rep
and low L/D guarantee the enhanced heat transfer coefficient. The heat transfer coefficient of array
impinging jet increases more rapidly at the high Rep thanlow Rep. These result shows that the high
Rep yield the jet-to-jet interaction to beneficial the heat transfer improvement. Compared to array
CO, and N, impinging jet, the heat transfer coefficients of CO, jet are more sensitive to the value of
L/D than N, jet as shown Fig. 12(a) and (b). These results are due to that the lowered temperature
of CO, jet by the Joule-Thomson effect at low L/D condition.

Fig. 13 shows a comparison of the stagnation heat transfer coefficient between single and array
impinging jet with various Rep and volume flow rate at L/D=2.0. For the condition of the same
Rep, the stagnation heat transfer coefficient of N, impinging jet is higher than that of CO, impinging
jet as shown in Fig. 13(a) and (b). The heat transfer coefficient of single N, impinging jet from
Rep= 55,256 is nearly twice higher that of single CO, impinging jet from Rep= 52,079. However,
as shown in Fig. 13(c), if the reference value of the flow rate is chosen as the volume flow rate, CO,
jet has a higher heat transfer coefficient than N, jet under all conditions. This phenomenon is due to
the difference in the thermal properties that affect the Rep, such as the viscosity of the CO, and N,.
As the volume flow rate increases, the pressure drops of the gas ejected from the nozzle increases and
the difference of the heat transfer coefficient increases because CO, has a higher Joule-Thompson
coefficient than N,. The stagnation heat transfer coefficient of the single impinging jet is always

higher than that of the array impinging jet due to concentrated flow rates to the stagnation point.
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3.2.4. Temperature non-uniformity

For the evaluation of the cooling performance of temperature uniformity, the maximum
temperature difference (Tq;5) of six thermocouples is chosen as the indication of the temperature non-
uniformity, which is defined in Eq. (7). As the value of temperature non-uniformity is higher, the

cooling uniformity of the target surface is deteriorated.

Tdif = Tmax — Tmin (7

Fig. 14 shows comparison of temperature non-uniformity and average temperature of test
section between single and array impinging jet with varying volume flow rate at L/D=2.0. As shown
in Fig. 14(a), array jet has a higher performance of cooling uniformity than that of single impinging jet
under all volume flow rate condition. Fig.14 (b) shows a comparison of array impinging jet between
CO, and N, with varying volume flow rate. The average temperature is the mean temperature of the
eight thermocouples inserted into the test section. Under all volume flow rate conditions, the
temperature non-uniformity of the test section by the array impinging jet cooling is little different, which
means that it has a similar level of cooling uniformity. However, there is a big difference in the average
temperature of the test section and the largest temperature difference is about 8.45 °C. Therefore, the
array impinging jet has a more uniform cooling performance than a single impingement jet, and the

array CO, impinging jet guarantees a lower surface temperature than the array N, impinging jet.
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Fig. 14. Comparative plots showing the temperature non-uniformity of (a) single and array

impinging jet (b) array impinging jet with CO, and N,.
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4. Part II: Geometry optimization and confirmation experiments

4.1. Computational details
4.1.1. Governing equations

The numerical modeling for the optimization study is performed by the commercial CFD codes,
ANSYS Fluent 19.0. ANSYS Fluent uses the cell-centered finite volume method (FVM) to discretize
and solve the governing equations based on Reynolds averaged Navier-Stokes (RANS) approach. The
working fluid (CO,) is set as real gas and state of the flow is steady and fully turbulent. The second-
order upwind scheme is used to discretize the diffusive term. The pressure-velocity coupling is
achieved by a coupled algorithm, which has been proved a robust and efficient scheme. The coupled
algorithm solves the momentum and pressure-based continuity equation together, so it has a superior
performance compared to the segregated solution algorithm. In the simulation, the iteration of
solutions is continued until the convergence criterion which set as the normalized residuals of mass,
momentum, and energy equations decrease below the 10™*, 10™*, and 10~° at each iteration,
respectively.  Also, the average temperature of the impinging surface is monitored, and the solutions
are considered to be converged when the monitored value was not changed within the 100 iterations.

The governing equations are as follows:

Continuity:
a(pU;)
= 8
o, 0 ®)
Momentum:
c’)—xj__c’)_xi-l_uc’)_xj ax T ox, +a_xj(_puiuj) ©
Energy:
C M=i(la_T_ C u-’T’) (10)
p axi axi axl- p prt

Where U, T,P are the time-averaged velocity, temperature, and pressure of the fluid. u' and T' are
the velocity and temperature fluctuation. w;'T’ and u;'w;" are the turbulence heat flux vector and

Reynolds stress term which based on the Boussinesq assumption and these values are defined as:

pw'y' = u ox, T %) 73 Pl pe ) Oy (1)
He an)

—pu,'T' = == 12

pul Prt (axl ( )

Where u; = pC, (k 2/ ¢) is the turbulent viscosity, §;; is the Kronecker delta.
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4.1.2. Turbulence and near-wall modeling

The flow region of the impinging jet lies in the fully turbulent flow, so the realizable k-¢
turbulence model is adapted in this study. The standard k-& turbulence model was proposed by
Launder and Spalding [47]. This model involves the transport equations for turbulent flow such as the
turbulence kinetic energy (k) and the rate of dissipation (¢). Compared to the standard k-& turbulence
model, the realizable k- turbulence model contains an alternative equation for the eddy viscosity and
a modified transport equation for the dissipation rate. As a result, the realizable k-¢ turbulence model
accurately predicts the jet spreading and near-wall turbulence effects than the standard k-¢ turbulence

model [48-50]. The detailed transport equations as follows:

d(pkw;)) 0 U\ 0k
e A L) Pkl —pe—Y
( ) an ax]- ([1 + O'k> ax]- + Gy + Gp — pe m T+ Sk (13)
d(pey; 0 Ue\ 0€ g2 €
AP _ 9 He) € pCy— h 14
0x; 0x; [(M * as) 0x; T plase—plz k ++ve T Creg Coclip + 5 (14)

Where G, and G, are referred to the production of turbulence kinetic energy due to the mean velocity
gradients and buoyancy. Sj and S, are the user-defined source terms. ¢, and o, are referred to
the turbulent Prandtl numbers based on k and &, respectively.  C;, C;, Cy., and Cz, are the

empirical constants. Y, represents the contribution of the fluctuating dilatation.

One of the most important considerations to the numerical study of jet impingement heat
transfer is in the vicinity of the impinging surface, especially the near-wall viscosity affected layer.
The enhanced wall treatment (EWT) is a two-layer methodology for wall treatments and used to
evaluate the eddy viscosity in the near-wall. In EWT model, the whole domain is subdivided into a
viscosity affected region (Re, < 200) and fully turbulent region (Re,> 200) depending on turbulent
Reynolds number (Re,). Therefore, the more accurate results near-wall region can obtain by applying

the EWT. The turbulent Reynolds number (Re,,) defined as:

_pyVk
u

Re (15)

y

Where y denotes the wall-normal distance calculated at the cell centers. For the viscosity affected
region, the one equation of Wolfstein [51], the turbulent eddy viscosity and dissipation are evaluated by
algebraic expressions. For the fully turbulent region, the realizable k-¢ turbulence model is employed.
In EWT for momentum and energy equations, the law of the wall formulated to extend its applicability
throughout the near-wall region by blending the linear (laminar) and logarithmic (turbulent) using a
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function suggested by Kander [52]. The temperature and velocity of the near-wall region are obtained
by blending the laminar linear sublayer and turbulence logarithmic laws. The blended law of the wall

function as follows:

ut = eru+laminar + el/ru+turbulent (16)
a(y*)* 1
=~ T35y (17)
T = enT+laminar + el/nT+turbulent (18)
+P 4
_ _ao7Pn)T (19)
1+ pPr3y*

Where yt = Y puT/v is the dimensionless height of the first layer cells near the wall, y,, is the actual
height of the first layer cell, u* is the dimensionless velocity which defined as velocity over the shear
velocity, t,, is the wall shear stress, and u; is the shear velocity. I' and Il are blending functions,

and the value of constants is specified as ¢ =0.01 and § =5.

4.1.3. Computational domain and boundary conditions

The schematic drawings of the computational domain and boundary conditions for the array
impinging jet cooling simulation are shown in Fig. 15. The inlet boundary condition is set as the
temperature 294 K and velocity 15.78 m/s, which is equivalent to the value of volume flow rate
5x10* m3/s and outlet is set as pressure outlet boundary condition. The nozzle-to-plate distance (L),
nozzle diameter (d), and jet-to-jet spacing (S) are set as 4.0 mm, 1.5 mm, and 10.5 mm, respectively.
The bottom of solid domain is set as constant heat flux condition. Fig. 15(c) illustrates the CAD
rendering image of impinging jet array. The structure of the outlet is replaced as the square based on
the same hydrodynamic diameter to ease of grid generation. The nine nozzle holes (3x3) are arranged
at equal intervals on the impinging jet array. For the purpose of reducing the computational cost, the
entire domain is simplified to the one-quarter domain by applying the symmetry plane. Although the
numerical simulations are performed for a small part of the domain, symmetry planes facilitated the
computation which considering the 3x3 array nozzle holes. The adiabatic and no-slip boundary

conditions are applied to walls except for the impinging surface.
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Fig. 15. Schematics of the computational domain and boundary conditions: (a) front view (b)

top view (c) CAD rendering image of impinging jet array.
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4.1.4. Grid independence test

The computational domain is generated as a hexahedral grid system with refined meshing near
the walls by using ANSYS meshing, as shown in Fig. 16. Due to the enormous gradients of
temperature and thermo-physical properties near the impinging wall, much finer grids are required in
the vicinity of the impingement surface to resolve the near-wall region with EWT. To ensure the
accurate predictions of the near-wall region, the dimensionless distance from the wall (y ™) is kept less
than unity in this study. To check the grid independency on the numerical results, four different grid
numbers are used in the calculation. Fig. 17 shows the local temperature distributions depending on

the grid numbers. The maximum differences between the used and fine grid are within the 0.1 K, so

the grid number 2.78% 10%, which ensures the grid-independent results, is used in this study.

<Detailed view of nozzle>

<Detailed view of near-wall>

Fig. 16. The computational domain and grid system.
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Fig. 17. The grid independence test.
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4.2. Optimization strategy

First of all, the fixed and design parameters should be determined in order to optimization
study. The fixed parameters are the nozzle arrangement and number of nozzles. Due to the previous
study revealed that the inline arrangement has outperformed the staggered arrangement [18], so the
nozzle arrangement is selected as the inline and radial is selected as a comparison arrangement. The
design parameters are selected except those that can be changed by experimental method, such as Rep
and L/D. The jet-to-jet spacing, and nozzle size is the major parameters for affecting the temperature
uniformity and local temperature distributions, respectively [17,56]. For array impinging jet, it is
important to consider the effects of nozzle size at the central and outer of jet array due to the non-
uniform distribution of mass flow rate. Therefore, jet-to-jet spacing (S), diameter of central nozzle
(d.), diameter of outer nozzle (d,), minor axis length (@), and aspect ratio (AR = b/a) are selected as

the design parameters, as can be seen in Fig. 18.

The geometry of nozzles is selected as the circular and elliptic nozzles based on the prior
studies. The conventional circular jet has outperformed the triangle and rectangular jet, but elliptic jet
with specific aspect ratio has outperformed the circular jet and yield the uniform heat flux of target
surface [57,58]. Unlike the circular jets that grow in axisymmetric, the elliptic jets produce the
azimuthal curvature variation which evolves in different ways [24]. Therefore, the flow patterns and
cooling characteristics of array elliptic and circular jets will be different. Namely, the enhanced
cooling performance can be expected through the stronger jet-to-jet interactions by placing the circular
nozzle and elliptic nozzle at the central and outer of the jet array, respectively. The circular nozzle
arranged inline and radial are named CJ1 and CJ2. Also, the jet array consisting of the outer elliptic
nozzle arranged in a different direction and central circular nozzle are named EJ1 and EJ2, respectively.

The objectives of optimization study and range of design parameters are shown below:
Multi-Objective:

Minimize - Tyye (S, d¢, do, a, AR)

Minimize - Tgif (S, d¢, do, a, AR)
Subject to:

6.0mm< S <15.0mm, 1.0mm < d, <2.0mm,

1.0mm< d, <2.0mm, 04082mm < a < 0.8165mm,

1.5 < AR £ 3.0
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The optimization study aims to find the optimal geometry of jet array that satisfies the objective function
which minimize the average temperature (T,y.) and maximum temperature difference (Ty;r) of the
target surface. The range of geometric parameters about the nozzle size such as d., d,, a, and AR

are selected based on the same area.

The optimization process is divided into three steps, design of experiment (DoE), response
surface methodology (RSM), and optimization. Fig. 19 shows the overall flow chart of the
optimization procedure. Firstly, 29 DoE points are generated using the central composite design (CCD)
method. The CCD method was established by Box and Wilson [53] and widely used in due to its
performance of ideal solution for a second-order response surface fitting by selecting corner, axial and
center points.  Also, the RSM is used in various applications due to its merit that easy to numerically

by approximating a complex design space using average values and deviations.

The response surfaces are build based on the CFD simulation results of DoE points using the
Krigingmodel. The Kriging model is an interpolating technique and has several advantages over other
interpolation methods. Firstly, the Kriging model simulates an unknown point using information from
some estimated points. In addition, the Kriging model can analyze both global and local statistical
properties [54].  As such, the Kriging model is suitable for CFD calculation which has a high strength
of non-linearity. If the quality of the response surface is poor, the optimization process returns to the
first step and adds the number of DoE points and then builds the response surface again until the quality
meets the criteria. The final step is the optimization of design parameters using the multi-objective
genetic algorithm (MOGA). The MOGA is the modification algorithm of genetic algorithm (GA)
which based on the law of survival of fittest in order to find the multiple non-dominated solutions in a
single run [55]. The MOGA based on the non-dominated sorted genetic algorithm-II (NSGA-II) that
uses the elitism concept to find the Pareto-front, which is classified as non-dominated solutions. In
order to verify the candidate for optimization result, the CFD calculation (real solve) is performed. If
the difference between the CFD calculation and the candidate of optimization result is less than 5 %,

select the candidate to optimal solution and return to the first step, DoE, if exceed than 5 %.
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Fig. 18. Schematics of design parameters: (a, b) circular nozzle arranged inline and (c, d) radial

outer elliptic nozzle arranged in a different direction.
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Fig. 19. The flow chart of the optimization procedure.
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4.3. Results and discussion
4.3.1. Optimization results

In general, there are no solutions to optimize all objective functions simultaneously in multi-
objective optimization problems. One of the promising ways to solve these problems requires the
sacrifice of other objective functions to improve some objective functions, and in the same way, the
MOGA approach finds the optimal solutions that are not dominated by the other optimal candidates
through NSGA-II. The non-dominated solutions are called the Pareto optimal solutions, and the set
of non-dominated optimal solutions is called the Pareto-front. Fig. 20 shows the trade-off chart in the
optimization process. The best set of optimal solutions is the blue, and gradually turn to red as the
solutions became deteriorate. The objective functions of this study are the minimize the average
temperature (T,e) and maximum temperature difference (Tq;5) of the target surface. Therefore, the
optimal design can be obtained near the left bottom corner in the coordinate system. Among the
Pareto-front, the candidate of optimum design is sorted by the decision support process (DSP) which
based on the direct Monte Carlo method. The DSP takes into account the weighted objective functions
and ranks the candidate points using a uniform distribution. The weighted functions of the objective
are set as default, which means that the importance of the output parameters is identical. Table 3 shows
the best designs among the candidates selected by the MOGA approach for the CJ1, CJ2, EJ1, and EJ2,
respectively. To verify the optimization results, the real solve (CFD calculation) is performed to
examine them and the predicted error between optimization result and CFD simulation is less than 5 %
in all cases. It is observed that the nozzle diameter at the outer of jet array (d,)) is slightly larger than
nozzle diameter at the central of jet array (d.) due to it can be cover the larger cooling area. Compared
with the initial design, it is observed that in the case of EJ2, the T,y and Tgy;r (temperature non-
uniformity) is improved by about 7.6 K and 7.7 %. Among the optimum designs, the elliptic jet array
has outclassed of cooling performance the circular jet array, the best case is the EJ2 and the worst case

1s the CJ2.
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Fig. 20. The trade-off chart in the optimization process.
Table 3. The optimization results based on MOGA approach.
S d, d, a AR Tave Tdif
[mm]  [mm] = [mm]  [mm] [-] [K] [K]
Initial design 10.5 1.5 1.5 - - 32347  0.366
Optimum design (CJ1) 14.6 1.0 1.1 - - 316.6 0.341
Verification 316.96  0.345
(Predicted error) (0.1%) (1.1%)
Optimum design (CJ2) 15.0 1.1 1.1 - - 316.9 0.344
Verification 317.9 0.361
(Predicted error) (0.3%) (4.9%)
Optimum design (EJ1) 13.8 1.0 - 0.42 1.55 315.8 0.346
Verification 316.5 0.332
(Predicted error) (0.2%) (4.0%)
Optimum design (EJ2) 14.7 1.0 - 0.41 1.55 316.1 0.351
Verification 315.9 0.338
(Predicted error) (0.06%) (3.7%)
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4.3.2. Response surfaces

Fig. 21 depicts the 3D response surfaces for the two output parameters showing the visualized
effects of input parameters in circular impinging jets. The minimum value point and region of each
response surfaces are displayed as the red dot point or dashed line. It can be observed that the average
temperature of the target surface (T,,.) decreases monotonically as the nozzle diameter (d, and d,)
decreases, but in the case of jet-to-jet spacing (S), the T,,. decreases as it increases and has a minimum
value at a point other than the upper bound.  The maximum temperature difference (Tq;f) has declined
as the value of S increases and d, decreases, and the distinct thing is that the location of the minimum
value region is near the lower bound of d.. Like a circular impinging jet, Fig. 22 illustrates the effects
of design parameters of the elliptic impinging jets on the response surfaces. The tendency that the
effects of input parameters to T,,, are similar to circular jet. As the nozzle size (a, AR, and d.)
smaller, T,,. is decreases and the minimum value exists near the upper bound of S and lower bound
ofa, AR,and d.. AsshowninFig.22(e)—(h),the Ty;r decreases as the nozzle size increases, which
tends to be opposite of the T,,.. Also, it is confirmed that the uniform cooling performance of the
elliptic jet is obtained as Sincreases. Through the RSM analysis, the effects of design factors of elliptic
and circular array impinging jets on output parameters is examined, but it is difficult to compare the
importance of each design parameter. To figure out the significance of design parameters, the

sensitivity analysis is performed in this study.
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Fig. 21. Response surface plots showing the effects of design parameters for circular jet array:

(a, b) the average temperature (c, d) the maximum temperature difference.

34



(a) (b)

TﬂVE [K]
Tave [K]

(c) c (d)

Tave [K]
Tave [K]

Tdif [K]

(h)

lef [K]
Tdif [K]

2.0
%  Minimum value point

-------- Minimum value region

Fig. 22. Response surface plots showing the effects of design parameters for elliptic jet array: (a-

d) the average temperature (e-h) the maximum temperature difference.
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4.3.3. Sensitivity analysis

Sensitivity analysis can quantitatively evaluate the effects of design parameters on output
parameters. It can be identified the major and minor design parameters on the cooling performance
by comparing the sensitivity coefficients. Fig. 23 plots the sensitivity coefficients of the circular and
elliptic jet array. A higher sensitivity coefficient means that the design parameters have a greater effect
on the output parameters. In circular impinging jet, the central nozzle diameter (d.) is a major
parameter for Ty, and jet-to-jet spacing (S) is a major parameter for Ty;r. The diameter of outer
nozzles (d,) has less effect on both T,y and Tyir than other parameters.  The negative value of the
sensitivity coefficient means that the output parameter has decreased as the input parameter increases.
In other words, in the case of S which has a negative value of sensitivity coefficient, Ty and Ty;r
decrease as S increases. For the elliptic impinging jet array, S is a significant factor and the aspect

ratio (4R) is a minor parameter for both Tgy, and Tg;y.

(a) (b)
0.8 0.8
d. d;
061 s 06 S
04] d%, 04] 770
’ a
2 0.2 2 0.24
> >
2 0, 2 1
& 0.2 & 0.2
0.4 0.4
0.6 1 0.6 4
-0.8 -0.8
Tave Tdif Tave Tdif

Fig. 23. The sensitivity of design parameters for (a) circular jet array (b) elliptic jet array.
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4.3.4. Effect of S/D

Fig. 24 shows the velocity vector distributions which obtained at S/D = 6.0 and 15.0. As
soon as the jet issued from the nozzles, it undergoes the flow separation and enlargement due to the
entrance of the surrounding fluid. As shown in Fig. 24(b), there is secondary stagnation region which
ensures the uniform cooling of the target surface due to the jet-to-jet interactions between the adjacent
jets [11].  After the collision between the wall jets, the fountain flow occurs and vortices (recirculation
region) are formed around the jet-to-jet interaction region to both sides of central and outer nozzles.
Depending on the strength of jet-to-jet interactions, the cooling characteristics of array jets are
determined. The vigorous interactions can improve heat transfer rates. Contrary to the flow
characteristics at S/D = 15.0, different flow patterns are shown at S/D = 6.0, as indicated in Fig. 24(b).
At small S/D, the jet-to-jet interaction occurs prior to the jet impingement on the target surface, this
phenomenon called jet interference. The jet interference disturbs the flow motions of jets, so it
deteriorates the cooling performance of array impinging jet. Thus, the value of S/D is a significant

factor affecting the cooling characteristics of array jets.

Fig. 25 illustrated the detailed maximum temperature difference (Ty; f) distributions showing
the temperature non-uniformity on the target surface with varying S/D. To compare the effects of S/D
to the temperature distribution on impinging surface, the three values of S/D are adopted: (a) small S/D
= 6.0, (b) intermediate S/D = 10.5, and (c) large S/D = 15.0. The value of Tgy;r is consistently
increases as decreasing the S/D from 15.0 to 6.0. There are mid-way regions where jet-to-jet
interaction occurs in the case of /D = 10.5, but not at S/D = 6.0, as compared by Fig. 25 (a) and (b).
It is worth noting that an inflection point exists between the value of S/D = 6.0 to 10.5 that changes the
phenomena from jet interference to jet-to-jet interaction. At the same value of S/D, the cooling
characteristics of circular array nozzles arranged radial (CJ2) appears as the worst scenario among the
optimum designs. The CJ2 array jets are still in the jet interference flow region despite the value of
S/D = 10.5, which lags behind other optimum designs in cooling performance. The elliptic array
nozzles arranged inline (EJ2) covers the broad area of the target surface than circular array nozzles

arranged radial (CJ1), resulting in outperformed cooling performance.
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Fig. 24. Velocity vectors with different jet-to-jet spacings: (a) S/D



(a) S/D = 6.0 (b) S/D=10.5 (c) S/D=15.0
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Fig. 25. The maximum temperature difference contours showing the temperature distributions
on the cooling surface for the array impinging jets with varying jet-to-jet spacings: (a) /D = 6.0
(b) /D =10.5 (¢) /D = 15.0.
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4.3.5. Comparison of flow characteristics

Fig. 26 shows the axial velocity and turbulent kinetic energy (TKE) distributions at the location
of jet center and jet-to-jet interaction, which locations are corresponding at (x/D, z/D = 0.0, 15.0) and
(/D, z/D = 0.0, 7.5), respectively. The v and V; represents the axial velocity and velocity of nozzle
inlet, and the velocity components are nondimensionalized by the nozzle inlet velocity. The CFD
calculations of the circular and elliptic jet array (CJ and EJ) are performed at the equivalent diameter
1.0 mm, jet-to-jet spacing 15.0 mm, and the dimensionless nozzle-to-plate distance set as 4.0. As
shown in Fig. 26(a) and (b), axial velocity distributions at the jet center do not differ considerably
between the CJ and EJ, but a noticeable difference appeared in the jet interaction region. From Fig.
25(c) and (d), as can be seen in the TKE distributions which directly affects the thermal energy transfer,
the TKE profiles of EJ has a superior to CJ, especially near the impinging plate. Summarizing the
comparison of CJ and EJ, at the jet center, the flow characteristics of EJ are similar to those of CJ, but
EJ surpasses CJ at the jet interaction region. Therefore, the elliptic jet array is more suitable for array

impinging jet heat transfer than the circular impinging jet array.

The axial velocity and TKE profiles of CJ1, CJ2, EJ1, and EJ2 configurations at the jet center
and interaction region are compared in Fig. 27. The location of the jet interaction region is selected
based on the value of half the jet-to-jet spacing. As shown in Fig. 27(a) and (b), the axial velocity
curves for all optimum designs of array jet have similar distributions, which means that the axial
velocity profiles at the jet center are independent of nozzle geometry. However, there is big difference
between the optimum configurations in the axial velocity of the jet interaction region, the highest axial
velocity distributions are obtained for EJ2.  Fig. 27(c) and (d) describes the TKE profiles at the location
of jet center and interaction region. At the jet center, the TKE profiles of the circular jet array (CJ1
and CJ2) has a slightly lower than the elliptic jet array (EJ1 and EJ2). The TKE curves at the jet
interaction region have a similar trend for all optimum designs, but the strength of TKE has a substantial
difference. It is worth noting that the nozzle geometry is significantly affect the flow and heat transfer

characteristics.

Fig. 28 represents the comparison of 3D streamlines between CJ1 and EJ2 configurations.
For array impinging jets, the vortex rings are generated by the jet-to-jet interaction between adjacent
jets. These vortex rings are significantly affecting the temperature distributions of target surface [45].
The large vortex ring means that the high strength of jet-to-jet interaction. It is observed that the EJ2
configuration has the larger vortex rings than CJ1 configuration. Furthermore, the jet velocity of EJ2
is higher than that of CJ1. Based on the results from the flow characteristics and 3D streamlines, it is

confirmed that the elliptic jet arrays have outperformed than the circular jet array.
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Fig. 26. Axial velocity and TKE distributions for CJ and EJ at the locations of jet center (a, ¢)
jet-to-jet interaction (b, d).
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Fig. 28. Comparison of the 3D streamlines between CJ1 and EJ2 configurations.
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4.3.6. 3D printed impinging jet arrays

Fig. 29 shows the 3D printed impinging jet array nozzles of optimum designs in CJ1, CJ2, EJ1,
and EJ2, respectively. The design parameters of S, d., d,, a, and AR denote the jet-to-jet spacing,
central nozzle diameter, outer nozzle diameter, minor axis length, and aspect ratio, respectively. The
configurations for CJ1 and CJ2 have the circular nozzles with the inline and radial arrangement. The
optimum designs for EJ1 and EJ2 have a circular nozzle at the central of the jet array and elliptic nozzles

at the outer of jet array with the inline arrangement.

(a) CJ1 (b) CJ2

(c) EJ1 (d) EJ2

Fig. 29. The 3D printed impinging jet array nozzles of optimum design in CJ1, CJ2, EJ1, and
EJ2, respectively.
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4.3.7. Confirmation experiments

The verification experiments of optimization results are performed using the 3D printed
impinging jet nozzles of optimum designs. The cooling performance of array impinging jets is
evaluated at the nozzle-to-plate distance (L) in the range of 4.0 to 22.0 mm for the volume flow rate

30.0 to 80.0 LPM. The L is nondimensionalized by the equivalent diameter of the jet array.

Fig. 30 shows the measured stagnation temperature distributions of CO, impinging jets with
varying L/D. The stagnation temperatures linearly decrease as L/D decreases over all optimum design
configurations. This is because the jet velocity becomes decay as it moves away from the target
surface due to the shear-driven interaction between the jet and ambient fluid. For the array impinging
jets with Rep = 8,493 using the EJ2 configuration, the stagnation temperature is decreased by about

4.75 K as the value of L/D decreases 21.5 to 3.9.

The effects of Rep on the stagnation temperature with CO, array impinging jets at L/D =
4.0 are shown in Fig. 31. It is confirmed that the stagnation temperature decreases as the Rep
increases over all cases. At the low Reynolds number, there are no big differences in the stagnation
temperature between the optimum designs except for ICJ. However, the differences are increasing as
the Rep increases, and the best scenario for impinging jet heat transfer is using the EJ2 configuration.
These results imply that the high Rep corresponds to a large amount of CO, impinging jets with
lowered temperature due to the Joule-Thomson effect. Namely, the high Re ensures the lowered

temperature of the target surface with enhanced cooling performance.

Fig. 32. Shows the comparative plots of experimentally and numerically obtained results on
the cooling performance of impinging jet arrays. The experimental results agree well with the CFD
predictions based on the average temperature of the target surface, as can be seen Fig. 32(a).
Furthermore, the order of superior configurations of impinging jet arrays is agreed well with the order
EJ2, EJ1, CJ1, and CJ2 of CFD predictions. Fig. 32(b) shows the comparison between CFD
predictions and experiment results on the maximum temperature difference of target surface with a
measurement error of thermocouple. It is confirmed that the maximum uncertainty of temperature
difference is about + 0.707 K by error propagation. As a result, it is difficult to measure the
temperature non-uniformity of the target surface by experiment method. Although the reliability of
the experiment results on the maximum temperature difference is low, CFD simulations confirmed that
the optimum designs have a uniform cooling performance than the initial design. In conclusion, based
on the CFD predictions and experiment results, it is confirmed that the best scenario for the array

impinging jet heat transfer is the using the EJ2 jet configuration.
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5. Conclusions

5.1. Part I: Cooling characteristics of single and array impinging jets

In Part I, the single and array impinging jet heat transfer with CO, and N, are experimentally

performed compared with heat transfer coefficient and maximum temperature difference of test section

varying with L/d and Rep. The salient conclusions are listed below.

@)

2

®)

(4)

®)

The temperature drop caused by nozzle expansion is about 3.49 °C and 0.64 °C under the
condition of CO, jet (NPR=4.19) and N, jet (NPR=3.25), respectively.

Owing to the material properties of the PLA used for 3D printing, the correlations between the
CAD design and measured dimensions of the structure are established to predict the shrinking
of PLA due to thermal expansion. It is confirmed that the correlations for accurate 3D printed
structures are well build based on the coefficient of determination (R?).

There is maximum value of stagnation heat transfer coefficient at certain L/D. The value of
L/D with the maximum heat transfer coefficient tends to increase as the Rep increases, and
the maximum value of single CO, impinging jet is more clearly distinguished than single N,
impinging jet. This trend is due to the larger temperature drop of CO, jet as the Rep
increases.

The heat transfer coefficient of CO, impinging jet is more sensitive of Rej increasing than
that of N, impinging jet. In case of same Rep, the heat transfer coefficient of N,
impinging jet is higher than CO,. However, in case of same volume flow rate, the heat
transfer coefficient of CO, is superiorto N,. These phenomena due to the difference in the
thermal properties that affect the Rep, such as the viscosity of the CO, and N,. Under the
same experimental conditions, cooling performance of CO, is always higher than that of N,.
The performance of uniform cooling of CO, and N, array impinging jet has a similar level.
However, there is a big difference in the average temperature of the test section, so it is
beneficial to use the array CO, impinging jet for guarantee both high heat transfer coefficient

and lowered temperature non-uniformity.
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5.2. Part II: Geometry optimization and verification experiments

In Part II, the geometry optimization of array CO, impinging jet is performed to achieve the

enhanced cooling performance using the RSM and MOGA approach. The effects of design parameters

(S, dC5
Tgif-

d,, a, AR) are analyzed. Also, the cooling performance are evaluated based on T,,, and

Furthermore, the verification experiments of optimization results are performed by using FDM

3D printing technique. The key conclusions are listed below.

M)

2

@)

(4)

Q)

The non-dominated optimal solutions of the multi-objective problem, Pareto-front, are

obtained using MOGA model based on NSGA-II. The predicted error between the candidate

of the optimal solution and real solve is less than 5 % in all cases. Compared with the initial

design, it is confirmed that in the case of EJ2, the Ty, and Ty;r (temperature non-uniformity)
is improved by about 7.6 K and 7.7 %. The cooling performance of the elliptic jet array

surpasses the circular jet array, the best scenario is for EJ2 and worst is for CJ2.

The visualized effects of design parameters to output parameters are illustrated by the 3D

response surface. The main trend is that as nozzle size smaller, the T, decreases and Ty;r
increases. In addition, as the jet-to-jet spacing (S) increases, the T, and Tgyr are

decreases. The significance of design parameters is evaluated by sensitivity analysis. For
the CJ, the d. and § are major parameters on the T, and Tgy;f, respectively. In the case
of EJ, the value of S is the major parameter for both Ty, and Ty

The effects of S/D are analyzed by compared the velocity vector distributions and maximum
temperature difference contours. At small S/D, the jet interference that the jets are disturbed
by adjacent jets before impinging on the target surface have occurred. The jet interference
deteriorates the heat transfer rates of array jets. At S/D= 10.5, the optimum designs are
beyond the jet interference effects except for CJ2.

The flow characteristics of optimum configurations are evaluated at the location of the jet
center and jet interaction. It is confirmed that the axial velocity and turbulent kinetic energy
(TKE) distributions of the EJ are superior to CJ at the jet interaction region. As a result, the
cooling performance of the elliptic array impinging jet outperformed than circular array
impinging jet.

The cooling performance of array impinging jets is evaluated with varying L/D and Rep. For
all optimum configurations of the jet array, the stagnation temperatures linearly decrease as
L/D decreases. The stagnation temperature decreases as the Rep increases. This result
indicates that the high Reynolds number ensures a large amount of CO, impinging jets with

lowered temperature due to the Joule-Thomson effect.
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(6) The experimental results are matched well with the CFD predictions based on the average
temperature (T,,.). Moreover, the order of superior geometries on the array impinging jet
heat transfer is agreed well with the order EJ2, EJ1, CJ1, and CJ2 of CFD predictions. It is

observed that the maximum temperature difference (Ty;¢) of the target surface is difficult to
measure by the experiment method due to its uncertainty error is exceed the order of Tg;y.
Although the reliability of the experimental results for the Tg;r is low, CFD predictions

confirmed that the optimum designs have a uniform cooling performance than the initial

designs.
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