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Abstract: With the incremental power of construction machinery diesel engines, the power perfor-
mance of diesel engines and the pollutant emissions from the exhaust gas have imposed increasingly
stringent requirements on the intake cooling system of diesel engines. This paper compared the j/f
evaluation factors for fin unit bodies of water-cooled intercooler (including straight fins and rectan-
gular misaligned fins) by means of CFD simulation, and found that the rectangular misaligned fins
had an 8% advantage in comprehensive performance. With the rectangular staggered fin intercooler,
it was found that under the same conditions, the cooling efficiency of the dual-pass water-cooled
intercooler is higher than that of the single-pass water-cooled intercooler, and the uniformity factor
of the temperature difference field of the dual-pass water-cooled intercooler is 1.5% higher than that
of the latter. The accuracy of the overall simulation of the intercooler is verified by the field test. The
dual-pass and single-pass water-cooled intercooler both can maintain heat balance under working
conditions, and its average air inlet temperature is 10 °C lower than that of the original air-cooled
intercooler, which provides support for further reducing the engine air inlet temperature. The results
provide a theoretical basis for the performance improvement of water-cooled intercoolers.

Keywords: water-cooled intercooler; fin structure; CFD; construction machinery

1. Introduction

As an important part of internal combustion engine cooling systems, the intercooler
improves power, reduces fuel consumption and reduces harmful emissions [1-3]. In
the early stage, the research on flow and heat exchange of intercoolers was limited to
experimental studies due to a lack of relevant technical support. In recent years, the
methods of numerical simulation and data analysis have been widely used with the help of
computer capabilities [4—6]. In order to meet the increasingly stringent emission regulations,
a large number of scholars continue to develop and improve intercooler technology. At
present, researchers have carried out a lot of in-depth research on intercooler design,
simulation, optimization and other aspects.

Simulated calculation is also an important means to study the performance of coolers.
At first, simulations were mainly two-dimensional due to the limitation of computer
performance. Yuan Y. et al. [7] first conducted experiments, analyzed and processed
the experimental data, and then simulation research was carried out. At that time, only
two-dimensional numerical simulation research was carried out on the louver fin channel
of the tube-belt intercooler due to the limitations of computer software and hardware.
Then, the influence of different fins on the heat transfer performance and flow resistance
characteristics were studied. The simulation calculations and experimental research were
carried out. The comparison of results shows that the simulation results are accurate. Song
R. etal. [8] used Fluent simulation software to perform numerical simulation calculations on
the flow channel, and studied the heat transfer characteristics and resistance characteristics
of the staggered fin. In order to ensure the predictive efficiency and accuracy of the
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staggered fin, the choices under different Reynolds numbers are different. Yang H. et al. [9]
studied the heat transfer characteristics and flow resistance characteristics in the vertical
channels of rectangular fins, zigzag fins and porous fins. The mechanism of the influence
of heating conditions on the heat transfer performance of the cooler was discussed, and
the Manglik and Bergles correlation was revised. Hao J.H. et al. [10] introduced the heat
flow method into the design and optimization of the cooler structure, combined with the
empirical relationship between heat transfer and flow resistance, and proposed a new
solution method. Through this mathematical method, the fin structure can be optimized.
Li K. et al. [11] used the experimental design method and the response surface method to
study the influence of the geometric parameters of the zigzag fin of the plate-fin cooler
on the heat dissipation resistance. The results show that the fin height, the length of
the fin discontinuity and the fin spacing are positively correlated with the heat transfer
coefficient, while the fin thickness is negatively correlated with the heat transfer coefficient.
Richter Do Nascimento C. et al. [12] used an optimization technique to optimize the
design of a counterflow plate-fin compact cooler with offset fins under different mass flow
conditions. Li]J. et al. [13,14] conducted an experimental study on the boiling pressure
drop characteristics of offset finned two-phase flow in a low-temperature compact heat
exchanger. A new relationship for the prediction of frictional pressure drop was established,
which was consistent with 95% of the experimental data within a deviation of £25%.
Kedam N. et al. [15] studied a unique heat transfer factor “j” and friction factor “f” model
for offset strip fins and rectangular wavy fins, and considered the influence of geometric
variables such as plate space (Hp), fins Pitch (Pf), hydraulic diameter (Dh), wave amplitude
(Aa), fin length (A) and Reynolds number (Re). Based on RMSPE and experimental data
analysis, the proposed j and f models were verified and are superior to the existing offset
strip fin and rectangular wavy fin models. Achaichia, A. and Cowell, T. [16] also studied
the heat transfer and flow performance of different size structures of the intercooler by
numerical simulation.

In this paper, considering the lack of heat dissipation efficiency of the intercooler,
multipass designs are adopted in the cooling side of the radiator to create the coolant, and
high-temperature gas carries out more efficient heat transfer improving the heat transfer
efficiency of the intercooler. This provides a new method for intercooler design.

2. Governing Equation

When studying the heat transfer and flow characteristics of the intercooler in the
flow field, three conservation (1) laws are required: law of conservation of mass, law of
conservation of momentum, and law of conservation of energy. The heat transfer of the
intercooler in the flow field follows the Newtonian cooling formula. In this paper, the heat
transfer of the intercooler is calculated by the efficient heat transfer element method [17] (2).

% +div(pue) = div(Tgrade) + s "
PT | 2°T | 9T _
5zt e +52=0
where s is the momentum source term, I is the diffusion coefficient, u is the velocity
vector [17].
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where Cr is the heat capacity ratio, NTU is the number of heat transfer units.
The pressure loss caused by air flowing through the heat dissipation module and
power cabin shall be calculated according to formula [17] (3).
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where f, is the pressure loss coefficient, p is the air density, U gmin is the flow velocity of the
minimum flow area, « is the friction coefficient, b is the friction index.

As a type of compact heat exchanger, the intercooler is evaluated based on the overall
heat transfer performance on the macro level and the performance of the fin unit inside
the intercooler on the micro level. The intercooler studied in this paper is a plate-fin heat
exchanger. The waterside and airside fins use rectangular staggered fins. The comprehen-
sive performance of the fins is evaluated by the j/f comprehensive factor (6) method. The
j/f comprehensive factor evaluation method, which is a fin evaluation factor based on
the ratio of Colburn heat transfer factor and Fanning friction factor, is proposed. Because
the performance parameters of unreinforced fins are introduced in the formula, the j/f
evaluation factor is more objective than the j/f factor ratio method proposed by Kays and
London [18]. In Equation (6), the variable with R angle mark represents the friction factor
and heat transfer factor of the unreinforced fin. In this paper, the straight fin is selected as
the unreinforced fin.
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where j is the heat transfer factor, f is the friction factor, Nu is the Nusselt coefficient, Pr is
the Prandtl number, Re is the Reynolds number, De is the equivalent diameter, 1, is the
average speed.

3. Performance Analysis of Water-Cooled Intercooler Unit

The plate-fin-type water-cooled intercooler is composed of several layers of water-side
heat sinks and air-side heat sinks. Each layer of the heat sink is filled with fins to enhance
heat dissipation. It is difficult to simulate the whole model of the intercooler with the
current computer performance, so at present, researchers mainly use the porous medium
method that takes a fin with the characteristic length direction of the radiator as the unit
to carry out CFD simulation of the radiator model [19]. In preprocessing, periodic and
symmetrical boundaries are set to maximize the actual radiator characteristics The pressure
drop and heat transfer parameters of the unit at different inlet velocities obtained from
the calculation of the flow field are simulated in the form of Equation (7) [20], and then
two key coefficients of porous media are obtained: viscous resistance coefficient a~! and
inertial resistance coefficient C,.

AP

1, 1
A —C2§PV o ()

The waterside and airside fins of the water-cooled intercooler studied in this paper
are rectangular staggered fins with a fin thickness of 0.2 mm. The structural parameters of
the two fins are shown in Table 1. The core part of the intercooler is made of brazing with a
size of 300 mm x 120 mm x 110 mm [20].

Table 1. Structural parameters of water-cooled charge air cooler.

Number of Plies Fin Height Heat Transfer Area Fin Thickness Tooth Angle
Airside 10 6.5 mm 2.06 m? 0.2 mm 90°
Waterside 9 3mm 1.37 m? 0.2 mm 90°

The charge air-side unit body model established based on the above data is shown
in Figure 1. The model inlet is set as the velocity inlet and the outlet is set as the pressure
outlet, and the intake speed is 2~20 m/s, respectively, with an increment of 2 m/s.
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Flow path zone

Figure 1. The airside unit model.

The simulation results are fitted to the velocity pressure drop curve as shown in
Figure 2.

400

300
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The velocity of charged air (m/s)

Figure 2. Curve of airside unit velocity pressure drop.

The j/f evaluation factor curve is drawn by taking the simulation data of rectangular
staggered fin unit into Equations (4)—(6). The simulation data of flat and straight fins
of the same size are introduced to compare the j/f evaluation factors with rectangular
staggered fins (Figure 3). With the increase in air velocity, the pressure drop of rectangular
staggered fins will be on the increase and the growth rate will increase, but the increase
in the convective heat transfer coefficient will slow down, which results in the rapid
increase in j/f evaluation factor in the low Reynolds number stage and the relatively
gentle increasing trend in the high Reynolds number stage. The average j/f factor of
the rectangular staggered fin is 8% higher than that of the straight fin, but the advantage
decreases with the increase in high Reynolds number. According to Equation (7), the
parameters of the porous medium of the waterside fin and the airside fin can be calculated,
as shown in Table 2.
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Figure 3. The curve of j/f factor with Reynolds number.

Table 2. The porous medium of charge air cooler.

Coefficient of Inertia Resistance Viscous Drag Coefficient Porosit
Cy/1-m~1 a1/1-m—2 y
The airside 10 8.15 x 107 091
The waterside 67 2.84 x 107 0.93

4. Overall Performance Analysis of Water-Cooled Intercooler
4.1. Flow Field Analysis of Water-Cooled Intercooler

According to the different requirements of specific engineering problems, the com-
monly used heat exchanger flow channel designs are divided into single-pass and multipass
designs. The cooling water flow mode of the single-process water-cooled intercooler stud-
ied in this paper is four-times the cross flow, and the unidirectional flow of hot and cold
fluid is shown in Figure 4. The dual-flow water-cooled intercooler is composed of two
layers of four crossflow radiators in series. The difference is that the second flow of cold
and hot fluid flows in the opposite direction, as shown in Figure 5. The two resistance coef-
ficients of the rectangular staggered fins have been obtained above, and the porous media
model is used to simulate the fluent steady-state flow field of the single and double flow
intercoolers. The flow field simulation of the intercooler is different to that of the common
heat exchanger. Because the air in the air inlet is compressed, the physical parameters of
the air cannot adopt the standard pressure parameters in the database provided by Fluent.
The air temperature and pressure of the air inlet simulated in this paper are 120 °C and
200 KPa, and the physical parameters are shown in Table 3. The ambient temperature in
the power cabin is set as 40 °C, the air intake of the intercooler is 0.3 kg/s, the temperature
of the cooling water is 40 °C, and the flow rate is 60 L/min. The turbulence model used
SIMPLEC. The overall performance of the intercooler was simulated and the results were
compared by Fluent.
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Figure 4. The single-pass water-cooled charge air cooler.
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Figure 5. The dual-pass water-cooled charge air cooler.

Table 3. Physical parameters of pressurized air.

Constant Pressure Specific Thermal Conductivi

. 3 P l'y . . . .

Density kg/m Heat Capacity J/(kg-K) W/m-k) Dynamic Viscosity Pa-s
2.656 1015 3254 x 1073 22.83 x 107

As shown in Figures 6 and 7, the temperature profiles of the central section (XY plane)
of the cooler height direction in the single-pass and dual-pass are compared. After the
flow heat exchange of the two processes, the temperature of the air outlet of the dual-pass
intercooler is lower than that of the single-pass intercooler. The cooling water flows into
the intermediate water chamber after passing the first process, and then flows from the
intermediate water chamber to the second process to continue the heat exchange with the
pressurized air, and finally flows out of the intercooler from the water outlet. The cooling
water of the single-pass intercooler flows in a U-shape, directly through baffles, and there is
only one flow path for heat exchange between it and pressurized air. However, compared
with the double-flow intercooler, the single-flow intercooler has the advantage of pressure
drop. Due to the particularity of its structure, the length of its internal cooling water flow
channel is doubled, resulting in the cooling water flow rate in its channel being twice that
of the single flow, which directly leads to a significant increase in the resistance along
the waterside. Therefore, in order to overcome the excessively high waterside pressure
drop of the cooler in the dual process, a pump with a larger head is required. There is no



Energies 2021, 14, 8332

7of 11

obvious difference in the pressure drop on the airside because the structure of the airside
heat sink and the fin is the same. Compared with the data for each section extracted by
surface weighting, the dual-pass intercooler is 7.5% more than the single-pass intercooler
in heat transfer capacity, the temperature drop on the gas side is 4.5 °C higher and the
water pressure drop is 24.8% higher than that in the single-pass intercooler. The overall
steady state simulation results of the intercooler are shown in Table 4.

Temperature: 315 320 325 330 335 340 345 350 355 360 365 370 375 380

Figure 6. XY plane contours of two-pass water-cooled charge air cooler (K).

Temperature: 320 325 330 335 340 345 350 355 360 365 370 375 380

Figure 7. XY plane contours of single-pass water-cooled charge air cooler (K).

Table 4. Simulation results of the charge air cooler.

Waterside Airside Temperature Waterside Heat Exchange
Pressure Drop Drop Temperature Rise Capacity
The dual-pass 12.51 kPa 70.6 °C 55°C 21.5 kW
The single-pass 10.02 kPa 66.1°C 49°C 20.1 kW

4.2. Analysis of Temperature Field Uniformity of Water-Cooled Intercooler

G(X, y/Z) = Thot(xryrz) - Tcold(xryrz) (8)
N M . . . .
L Y Tot (i) = Teota (i, )]
o= ©)
N M . . . . 2
MN'Zl .Zl[Thot(Z/]) - Tcold(ll])]
i=1j=

The uniformity of the temperature field distribution directly affects the heat transfer
efficiency of the radiator and is an important index for evaluating the performance of the
radiator. The field synergy principle is used to study the uniformity of the temperature
field, and the difference is used as the uniformity factor to evaluate the uniformity of
temperature distribution [21]. Field synergy principle was proposed by academic Guo
Z.Y, who proposed the theory of temperature difference field uniformity by comparing the
efficiency of the upstream and downstream heat exchangers. According to the field synergy
principle, the three-dimensional heat exchanger body is simplified by two-dimensional
projection, which is especially suitable for the plate fin heat exchanger with a symmetrical
core structure. First of all, the layer of heat sink is divided into an M x N matrix by means
of dividing each layer of the heat sink into several small areas. Then, the weighted average
value of each unit is extracted to digitize the heat sink. In addition, the two-dimensional
simplification of the radiator is completed by projecting the extracted data of several layers
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on the warm side and the cold side to a single surface. Finally, the temperature fields of the
hot side and the cold side of the heat exchangers are established.

By comparing Figures 8 and 9, it is found that the high-temperature part of the
single-pass water-cooled intercooler is mainly concentrated within 120 mm in the length
direction, and the second half of the intercooler has a lower temperature and less heat
transfer. The difference between the high and low temperature is about 20 °C, and the
temperature field is unevenly distributed. The dual-pass heat exchanger has two processes
to make the cooling fluid more uniform. By observing the airside temperature field, it
is found that the uneven distribution is mainly concentrated near the upper and lower
water chambers, which conforms to the heat transfer law. The high-temperature part of the
dual-pass intercooler is concentrated within 250 mm in the width direction, which indicates
that most of the volume in the intercooler is involved in heat exchange to make the heat
exchange more efficient, and the temperature field distribution is uniform compared to
the single-pass intercooler. The waterside temperature field distribution of single-pass
and double-pass intercoolers can be established according to the same method, and the
temperature difference field distribution of waterside intercoolers can be obtained by using
the difference between the waterside temperature field and the gas-side temperature field.
According to Equations (9) and (10) [22], the uniformity factor of temperature field is
calculated. The uniformity factor of the temperature field of the single-pass intercooler
is 0.975, and that of the dual-pass intercooler is 0.989. The uniformity of the temperature
difference field in the dual-pass is higher than that in the single-pass, so the heat exchange
effect of the dual-pass intercooler is better than that of the single-pass intercooler. The
uniformity of the temperature difference field of the dual-pass intercooler is higher than
that of the single-pass radiator, therefore the heat transfer effect of the dual-pass intercooler
is better than that of the single-pass intercooler.
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Figure 8. Airside temperature field of single-pass water-cooled charge air cooler.
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Figure 9. Airside temperature field of two-pass water-cooled charge air cooler.
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5. Comparative Analysis of Experiments

The flow-field performance and temperature-field uniformity of single-process and
double-process water-cooled intercoolers have been studied above. According to the
results of steady-state simulation, the heat exchange capacity of single-pass or dual-pass
intercoolers is higher than that of original air-cooled intercoolers under the same air
intake amount.

To verify the results of CFD, a certain transporter used in the test, the air intake
capacity at the rated power is about 0.33 kg/s. Field experimental data were recorded
using DEWE and Krypton data collectors from DEWE soft with a sampling frequency of
100 Hz. The test condition is high-speed running. Omitting the heat engine time period, a
55 second-long winding cycle is intercepted from 1493.3 s, and a 55 second-long continuous
lifting cycle is intercepted from 3769.2 s. The data of each cycle are compared, as shown in
Figure 10.

70

T T T T
Air-cooled intercooler

68 Single-pass water-cooled intercooler

Dual-pass water-cooled intercooler

- -]
& o
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I I
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Figure 10. Comparison of charge air temperatures under high-speed running condition.

Under high-speed running, the temperature of the charge air outlet in the air-cooled
intercooler continues to rise, because the heat exchange capacity of the air-cooled intercooler
has reached a bottleneck and cannot meet the cooling demand of the charge air. The outlet
temperature of the pressurized air in the water-cooled intercooler is significantly lower
than that of the air-cooled intercooler and maintains a thermal equilibrium state, which
indicates that the air-cooled intercooler can no longer meet the cooling demand under a
high temperature and heavy load environment, while the water-cooled intercooler can meet
the cooling demand. When the intake air temperature rises, the water-cooled intercooler
can increase the heat exchange capacity by changing the flow rate of the water pump,
while the air-cooled intercooler needs to adjust the speed of the cooling fan to improve the
heat dissipation capacity. The latter has a longer response time and tends to cause a brief
overheating of the engine.

The thermal equilibrium temperatures during working conditions is shown in Table 5.
There is a significant difference between the test value and the simulation value, but the
overall deviation is less than 10%. Although the intake air temperature of water-cooled
and air-cooled intercoolers are within the normal range under both operating conditions,
the heat-exchange performance of water-cooled intercoolers is better because the average
outlet temperature of pressurized air of water-cooled intercoolers is about 10 °C lower than
that of air-cooled intercoolers. If a transporter equipped with a two-process water-cooled
intercooler is used for the test, the intake air temperature can be controlled to within 50 C,
which will greatly reduce the NOx and soot emissions of the engine and improve the
engine power performance to a certain extent [23].
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Table 5. Core volume comparison of charge air cooler.

Average Temperature

CFD High Speed
Air-cooled intercooler 66.3 65.7
Single-pass water cooling 53.9 52.4
Dual-pass water cooling 49.4 51.7

6. Conclusions

The j/f evaluation factors were used to analyze rectangular staggered fins and straight
fins. The performance gap between the air-cooled intercooler and water-cooled intercooler
increased as the Reynolds number increased, and the average performance gap reached 8%.
The uniformity of the temperature field distribution is introduced to analyze the single-
pass water-cooled intercooler and the dual-pass water-cooled intercooler. Comparing
the two field-cooler temperature difference field uniformity factors, it was found that the
dual-process water-cooled intercooler has a 1.5% advantage in heat dissipation.
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Nomenclature

] Colburn factor

f Friction factor

T Temperature (K)

D Hydraulic diameter (m)

AP Pressure difference (Pa)

fr Pressure loss coefficient

m Mass flow (kg/s)

Cp Constant-pressures pecific heat (J/(kg°C))
Heat transfer coefficient

Re Reynolds number

Pr Prandtl number

Nu Nusselt number

De Equivalent diameter

I Density (kg/m?)

U Dynamic viscosity (N-s/m?)

A Thermal conductivity (W/(m°C))

o Variance of basis function

r Diffusion coefficient

u Velocity

Cr Heat capacity ratio

NTU  Number of heat transfer units
Upmin  Flow velocity of the minimum flow area
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1 Flow channel length
b Friction index
A Flow channel section area
G Inertial resistance coefficient
a—!  Viscous resistance coefficient
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