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ABSTRACT

The aerodynamics and heat transfer performance in the rear-mounted automobile cabin have an important
influence on the engine’s safety and the operational stability of the automobile. The article uses STAR-
CCM and GT-COOL software to establish the 3D wind tunnel model and engine cooling system model of
the internal combustion engine. At the same time, we established a 3D artificial coupling model through
parameter transfer. The research results show that the heat transfer coefficient decreases with the increase
of the comprehensive drag coefficient of the nacelle. This shows that the cabin flow field has an important
influence on the heat transfer coefficient. The mainstream temperature rise of the engine room increases with
the increase of the engine load. It is proved that vehicle speed affects the amount of heat dissipation of the
engine room internal combustion engine under certain load conditions. The article provides a more effective
and fast calculation method for the research on the heat dissipation of the internal combustion engine and
the optimization of the cooling system equipment.
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1 Introduction

The heat dissipation of the whole internal combustion engine and the heat dissipation of
various internal combustion engines are affected by many complicated factors. Factors include
combustion in the cylinder, the flow of air, coolant, lubricating oil, fuel, internal combustion
engine structure, working conditions, external cooling system, environment, and so on. The
academic circle has a set of mature theories and methods in internal combustion engine heat
dissipation research. The primary method is to rely on the combination of experiment and simula-
tion analysis to provide a design basis and optimization method for the engine compartment heat
dissipation in the automotive development process. This paper conducts an experimental study
on the performance of the internal combustion engine radiator, and the process will be explained
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in detail later [1]. This paper conducts an experimental study on the performance of the internal
combustion engine radiator, and the process will be explained in detail later. Due to the high cost
of the experimental test and the extended period [2], it is impossible to analyze the heat flow
field of the engine room comprehensively. We used CFD technology to simulate the flow field of
the engine room [2], and this method successfully improved the heat dissipation performance of
the engine room. It comprehensively considers convective heat transfer and radiation heat transfer
in the engine room [3]. They did further research on the heat dissipation performance of the
engine room. However, the calculation results are not ideal due to the consideration of radiation
factors. Unreasonable radiation model settings may cause this. The flow field outside the car has
an important influence on the air in the cabin. Considering the influence of the external flow field,
when it established a CFD model of the entire vehicle external flow field, including the internal
flow field of the engine room [4]. It accurately simulated the airflow conditions outside the engine
room and inside the engine room.

Current internal combustion engine problems include calculation of internal combustion
engine performance, including fluid flow and combustion, heat transfer and temperature field
of components, lubrication and cooling systems, etc. Mature software is available now. We can
directly use these local problem models and the coupling relationship between the boundary
conditions of each model to establish a unified coupling model. This can significantly reduce the
demand for thermal boundary conditions and improve the accuracy of calculation estimates. In
addition, to further improve the availability of calculation results, we still need test data of similar
reference prototypes. Based on the test data of the existing high-supercharged 4-cylinder internal
combustion engine, this paper adjusts the coupling model to calculate the boundary conditions
to estimate the heat dissipation of the internal combustion engine.

2 Multi-Model Coupling Method of Internal Combustion Engine

Fig. 1 shows the block diagram of the coupling relationship among the leading local models
in the prediction and calculation of the heat dissipation of the internal combustion engine. It
uses computer programs to realize data processing, connection, and adjustment between models.
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Figure 1: Block diagram of the coupling relationship between the main models of internal
combustion engines
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The heat flow of the whole machine and its distribution are calculated by loop iteration.
Many boundary conditions of each local model are interrelated. For example, the time and space
average temperature of the surface of the combustion chamber parts required for the performance
calculation of the internal combustion engine can be obtained by the integral calculation of
the spatial temperature distribution of the parts obtained by the finite element calculation of
the temperature field of the parts. The transient temperature and heat transfer coefficient in the
cylinder obtained by the performance calculation can be processed by time average and spatial
distribution to obtain the boundary temperature and heat transfer conditions required for the
finite element calculation of the part.

2.1 Empirical Parameter Method for Internal Combustion Engine Heat Dissipation

The empirical parameter method takes the rated power of the engine as the design working
condition. The calculation of the target heat dissipation of the internal combustion engine is
shown in Eq. (I). According to the engine’s rated power, the windward area of the internal
combustion engine is designed as shown in Eq. (2). The calculation of the total heat exchange
area of the internal combustion engine is shown in Eq. (3).

Iy
Sywind = (0.0027 ~ 0.0034) P (2
Stotal = C2 P (€)

O represents the target heat dissipation of the internal combustion engine, kW; Cj represents the
percentage of heat transferred to the cooling system in the fuel heat, and the value range is 0.18-
0.25; g, represents the gasoline consumption rate of the engine, and the value range is 0.210-0.270
kg/(KW-h); P represents the rated power of the engine, kW; A, represents the low heating value of
gasoline, hn =41870 kJ/kg; S,,.q represents the design windward area of the internal combustion
engine core, m?; C, represents the area of the heat dissipation ratio, according to passenger cars
Experience, the value is 0.07 m2/kW; Sy, Tepresents the total design heat dissipation area of the

internal combustion engine, m?2.

The thesis assumes that Q; is the actual heat transfer amount of internal combustion engine
heat dissipation; S; is the actual windward area, which is the product of core height and core
width; the actual total heat transfer area (S,/m?) is calculated as shown in Eq. (4). When the
wind is facing Q1 > O, S1 > Syind, S2 = Sioral, the cooling design of the internal combustion engine
meets the design requirements.

Sy =287+, @)

The formula Sy represents the heat dissipation area of the heat sink m?; S; represents the heat

dissipation area of the flat tube m2. The rated power is not commonly used during the everyday
driving of a passenger car, and the speed at this operating point is relatively high. This design
is conducive to heat dissipation. According to the rated power matching, the heat dissipation of
the internal combustion engine is prone to the problem that the design heat dissipation capacity
of the internal combustion engine heat dissipation is too large.
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2.2 The Coupling Relationship between Internal Combustion Engine Performance and Piston, Cylinder
Head, and Valve
2.2.1 Calculation Requirements for Internal Combustion Engine Performance

The average temperature T, f;;,,T ‘i’h, 75!, of the surface of the combustion chamber parts is

uniformly expressed as 7%/; the spatial average value 772(r), T5(7) of the transient temperature and

heat transfer coefficient in the output cylinder [5].

2.2.2 The Steady-State Temperature Field and Heat Flow Calculation Requirements of the Heated
Parts of the Internal Combustion Engine
The time average temperature and time average heat transfer coefficient 77(s), TX(s) of various

parts of the combustion chamber. The average time temperature Ty, (s), Ty, (s), Ty, (s) of the

heated surface of the output combustion chamber parts is uniformly denoted as 77, (s) [6]. For
performance calculation requirements:

T;’:/Tl’v(s)ds//ds 6]

For the calculation requirements of the temperature field of the parts:
Ti(s) =fL(s) - [y TE(Ddt/tc

tie) — £t L (e s ©)
Tz(s) _fT(S) f() Tz(t)

te
TS(s) =dt/ / TS (Hdt (7)
0

Among them, 7 represents temperature, 7" represents surface heat transfer coefficient, and B
represents pressure. W stands for oil film thickness ¢, stands for duty cycle time, n stands for
speed, ¢, stands for valve opening time, #,5 stands for valve closing time, A stands for the area, A
stands for thermal conductivity, / stands for height, s stands for space, and ¢ stands for time [7].

The meanings of the superscripts appearing here in the text are as follows: s stands for spatial
average; t stands for time average; subscripts: z stands for in-cylinder; w stands for part wall; p
stands for piston; h stands for cylinder head; v stands for valve; ¢ stands for cylinder liner; r
stands for piston ring; g stands for valve sealing surface; o stands for lubricating oil [§].

2.3 Coupling Relationship among Internal Combustion Engine Performance, Valve and Cylinder Head

Let’s take the exhaust valve as an example for analysis. The thermal coupling relationship
between the valve and the cylinder head is mainly on the valve seat surface [9]. If the heat transfer
coefficient function T g,'(t) of the seat surface during valve seat closing is known, then the time

average temperature and heat transfer coefficient Tég(t), Tég(s), T;l g(t), T ,2 g(s) on the valve sealing

surface can be obtained coupling relationship. For the valve sealing surface [10]:

ty
Tyg(s) = [(te — 12+ tv1) T, () + / i T ()dt)/t, 8)

Iy

[2%)
T! () =1 f o TOT 0+ f TS(0)dr]/ (1 Tty (s)) ©)
te—(ty1,02 Iy

1
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For the sealing surface of the cylinder head valve seat ring:

ty
Tho($) = [(te =ty + 1,1) Ty () + / REOTI (10)
Iy
2%}
T} (s) =[ / ( )Tg(z)ng(s)der / TE(0)di)/ (1. Ty (5)) (11)
te—(ty1,42 [

2.4 The Coupling Relationship among Internal Combustion Engine Performance, Piston, Piston Ring,
Piston Ring Lubricant Film, and Cylinder Liner
The temperature 77 .(s) of the inner surface of the cylinder liner can be calculated by the
temperature field, and the area 4,,.(f) of the contact part between the cylinder liner and the gas
in the cylinder at any time t can be obtained by the piston kinematics relationship. The average
heat transfer area A5, and the average wall temperature 775 can be obtained by the following
formula [11]:

te
A = / A -di]1, (12)
0

le
T = fo / TL.(5) - Aye(t,s) - dsdt/ A5, - 1, (13)
S

We use the finite difference method to solve the Reynolds lubrication equation to calculate
the thickness of the lubricating oil film between the piston ring and the cylinder liner. Fig. 2 is a
schematic diagram of the heat transfer and heat conduction relationship between the piston ring
groove-ring-oil film-cylinder liner of an internal combustion engine.

L =Wy+1,+ W, (14)

Compression

herl

Figure 2: Coupling relationship of heat transfer and heat conduction of internal combustion
engine piston ring groove-ring-oil film-cylinder liner

The coupling relationship between the bottom of the ring groove and the piston ring can
adopt the first type boundary condition of complete contact. The heat transfer coefficient Ty of
the coupled boundary surface of the low pressurization or non-first ring can be expressed as

To=1/Wp/dp+ Wo/ro+ W, /Ar) (15)
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Wy, Ap+ Wo, Ao + Wy, A, are the average height of the piston, oil film, and piston ring, and the
material’s thermal conductivity, respectively. The heat transfer environment at a particular point x
on the cylinder liner will change with time. It may contact gas, piston firepower bank, piston first
ring, piston ring bank, piston second ring,..., piston skirt, oil mist in the crankcase. We assume
that this point has experienced different heat transfer environments in the i section. In this way,
we can calculate the time #; and the average ambient temperature 7; for these sections to sweep
through point x in each cycle. We can use the temperature on the piston as the average ambient
temperature when certain sections of the piston sweep past point Xx. Then the average ambient
temperature and equivalent heat transfer coefficient at point x in a working cycle of the internal
combustion engine are 7, and To,.

Te=ZT,--t,-/Zt,- (16)
To=Y Ti-(Ti—T)- z,-/ [(Te=T0- Y 4] (17)

2.5 Mathematical Model of Internal Combustion Engine Heat Transfer Coefficient

The mathematical model of internal combustion engine heat dissipation is based on the e-
NTU method. The actual heat exchange amount can be expressed by Eq. (18) [12]. The key to
the heat transfer calculation is the heat transfer efficiency ¢. ¢ is a function of the Nusselt number
Nu. According to the test data of the internal combustion engine heat dissipation bench, the
paper uses Reynolds number (Re) and Prandtl number (Pr) to fit Nu. The specific data is shown
in Eq. (19).

PHeatexchange = Chinl Tin1 — Tinzle (13)

Nu=aReP Pr” (19)

In the formula: Peatexchange represents the heat exchange amount, kW; Cy,;, represents the
smaller specific heat capacity flow rate of the two heat exchange fluids, kW/°C; T;, represents
the air inlet temperature, °C; T;;» represents the coolant inlet temperature, °C; ¢ represents Heat
transfer efficiency, %; Nu means Nusselt number; Re means Reynolds number; Pr means Prandtl
number; «, B and y indicate fitting coefficients [13].

3 Thermal Model Design

3.1 Model-Based Optimization Design Scheme

In the original scheme, the low-speed climbing engine has a low equilibrium water tem-
perature, and the internal combustion engine has a large heat dissipation margin. Initially, the
optimized size of the internal combustion engine heat dissipation core was set at 703 mm x
440 mm x 16 mm. We reduced the core thickness of internal combustion engine heat dissipation
by 11 mm. The size comparison of the two schemes is shown in Table 1 [14]. We substitute
the performance data and geometric dimensions of the optimized solution into the model for
calculation.
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Table 1: Thermal parameters of the internal combustion engine (mm)

Geometric parameters Original plan Optimization
Flat tube height 1.5 1.5

Flat tube material thickness  0.22 0.22

Fin wave height 5 5

Fin pitch 2.4 2.4

Fin material thickness 0.07 0.07

Fin efficiency 0.85 0.85

3.2 Fitting of the Heat Transfer Coefficient of the Internal Combustion Engine Optimization Scheme

Table 2 shows the single product performance data of the internal combustion engine opti-
mization program. The performance is tested according to national standards on the heat transfer
performance test bench under the condition of a temperature difference between liquid and gas
inlet of 60°C. The Nusselt number calculation formula is fitted by the performance data of
the single product of the internal combustion engine heat dissipation bench test, as shown in
Egs. (20)=(23) [15]. Then calculate the simulated heat dissipation. This can be used to calculate
the heat transfer in actual road conditions [16].

0.2903
Nttt jaminar = 0.0761Re*8832 pr (20)
0.3333
Nullturbulent = l-OlReo'Soz Pr (21)
0.0503
0.3333
Nwsjnrbuiens = 1.012Re?01 Pr (23)

Table 2: Single product performance parameter table of a particular model of internal combus-
tion engine heat dissipation optimization plan

Working condition point number Wind speed (m/s) Water flow rate (L/min)Heat dissipation (kW)

1 2 40 243
2 2 60 26.8
3 2 80 27.2
4 2 100 28.1
5 4 40 36.3

(Continued)
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Table 2 (Continued)

Working condition point number Wind speed (m/s) Water flow rate (L/min)Heat dissipation (kW)
6 4 60 41.2
7 4 80 43.8
8 4 100 45.5
9 6 40 41.8
10 6 60 49.6
11 6 80 53.9
12 6 100 56.8
13 8 40 45.2
14 8 60 55.2
15 8 80 61.2
16 8 100 65.4

In the formula: Nujj,ming represents the laminar flow Nusselt number on the wind side;
Nuijurbulens Tepresents the turbulent Nusselt number on the wind side; Nupj,mingr represents the
laminar flow Nusselt number on the waterside; Nuyj,mingr represents the turbulent Nusselt number
on the waterside [17].

4 Experimental Research

4.1 Limit Steady-State Simulation and Test Results Analysis
The parameters of low-speed climbing conditions and high-speed climbing conditions are

shown in Table 3. The wind speed and wind temperature distribution of the internal combustion
engine before the heat is dissipated are input by the 3D CFD simulation analysis results [18].

Table 3: Test condition parameter table of limit steady-state conditions

Parameter name Low-speed climbing High-speed climbing
Environment temperature (°C) 40 45

Vehicle speed (km/h) 40 120

Road slope (%) 10 3

Engine speed (r/min) 1629 2564

Transmission gear 3 7

The simulation result of the equilibrium water temperature of the engine water outlet is
shown in Fig. 3. The balanced water temperature at the outlet of the engine for low-speed
climbing is 113.4°C, and for high-speed climbing, it is 114.8°C, which meets the design water
temperature limit (115°C).

We load the new sample into a car for a ring mold test [19]. The results of the actual car test
are shown in Fig. 4. In the optimized scheme, the equilibrium water temperature of the engine
outlet for low-speed climbing is 113.1°C, and that for high-speed climbing is 115.0°C, which meets
the design water temperature limit (115°C). The balance water temperature error of low-speed
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climbing is 0.26%, and the error of high-speed climbing conditions is 0.17%, indicating that the
simulation results are more accurate.
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Figure 3: Simulation curve of the equilibrium temperature of engine water outlet under steady-
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equilibrium temperature of engine water outlet under steady-state

The balance water temperature of the low-speed climbing of the new internal combustion
engine heat dissipation scheme designed in the thesis has increased by 16.3°C, while meeting the
design limit of 115°C. The heat dissipation quality of the internal combustion engine is reduced
by 1.2 kg. This achieves the goal of reducing the heat dissipation of the internal combustion
engine and the optimal cooling system performance.
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4.2 Prediction Basis and Simulation of Prediction Results

The article calculates the performance and boundary conditions of the newly designed diesel
engine to extrapolate and predict the heat dissipation of the whole engine and the distribution of
heat dissipation of various parts. The heat dissipation of the whole machine is calculated from
formulas (1) to (12). Table 4 shows the calculation results of heat dissipation adjustment of the
existing 4-cylinder supercharged 290 kW diesel engine. Table 5 shows the prediction results of
the heat dissipation of the newly designed 4-cylinder supercharged 360 kW diesel engine. Fig. 5
shows the results of finite element analysis to predict heat dissipation of the internal combustion
engine.

Table 4: Calculation results of heat dissipation adjustment of the existing 4-cylinder supercharged
290 kW diesel engine

Project name Heat dissipation Project name Heat dissipation
value (kW) value (kW)

Total heat transfer of 29.7 Total heat dissipation of 2.9

piston exhaust valve

The amount of heat 23.7 Heat dissipation from 2.5

dissipated from the the valve seat to the

piston to the oil cylinder head

Total heat dissipation of 53.9 Total heat dissipation 108.8

cylinder liner through cooling water

Heat dissipation from 6.0 Total heat dissipation 38.1

the piston to the through oil

cylinder liner

Total heat dissipation of 57.9 Total heat dissipation 62.9

cylinder head through the air

Cylinder head exhaust 37.1 Total heat dissipation of 209.8

duct heat dissipation engine

Table 5: Forecast results of heat dissipation of the newly designed 4-cylinder supercharged
360 kW diesel engine

Project name Heat dissipation Project name Heat dissipation
value (kW) value (kW)

Total heat transfer of 35.2 Total heat dissipation of 3.5

piston exhaust valve

The amount of heat 28.3 Heat dissipation from 3.0

dissipated from the the valve seat to the

piston to the oil cylinder head

Total heat dissipation of 60.2 Total heat dissipation 125.6

cylinder liner through cooling water

(Continued)
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Table 5 (Continued)
Project name Heat dissipation Project name Heat dissipation
value (kW) value (kW)
Heat dissipation from 6.9 Total heat dissipation 44.9

the piston to the

cylinder liner

Total heat dissipation of 68.7
cylinder head

Cylinder head exhaust 44.0

through oil

Total heat dissipation 82.2
through the air
Total heat dissipation of 252.7

duct heat dissipation engine
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Figure 5: Finite element analysis results for the prediction of heat dissipation of the entire internal

combustion engine

It can be seen from Table 6 that after adopting the scheme in this paper, compared with the

algorithm proposed in [20]. The heat dissipation

efficiency of the radiator has increased. About

20%, the heat dissipation efficiency of the entire cooling system and engine has also increased by
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about 15%. In the entire cooling system in the engine compartment, the intercooler and radiator
are used most frequently.

Table 6: Comparative analysis of the scheme in this paper and literature [20] (W/s)

This article Literature [20] Heat dissipation
scheme efficiency
change(%0)
Intercooler heat dissipation 50568.4219 48220.8906 —4.64
Heat dissipation capacity of the 167450.9032 214101.5938 21.79
radiator
Condenser heat dissipation 17562.9809 13528.5928 —29.82
Engine heat dissipation 7209.0746 7833.1178 7.97
Total heat dissipation 242790.7836 283684.195 14.42
Maximum temperature of 74.98 83.78 11.74

temperature field (°C)

5 Conclusion

In the process of predicting the heat dissipation of the whole machine, the coupling boundary
conditions between the models and parts can be determined more accurately through the coupling
relationship between the models and calculation iterations. This shows that the analysis model
and analysis method are correct. The cooling constant of the radiator at the rated power point
is lower than the design index. This shows that the selection of the parameters of the fan
and the radiator matching the engine is not feasible. The maximum temperature of the engine
compartment temperature field at the rated power point and the maximum torque point did
not reach the maximum allowable operating temperature of the engine compartment 90°C. The
maximum temperature of the air in the engine compartment is controlled within the design index
value. This shows that the temperature field characteristics in the engine compartment meet the
design requirements.
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