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The reliability of combustion chamber components is mainly determined by the thermal
load of diesel engines. Under the plateau operation condition, diesel engine performance
degradation and ablation area appear. Therefore, it is crucial to study the engine heat
transfer phenomenon at different altitudes, of which the Woschni formula cannot meet the
accuracy requirement. With the motive of modifying and calibrating the Woschni formula at
different altitudes, a modified conjugate heat transfer (CHT) model of the combustion
chamber and the cooling medium was proposed to analyze the temperature distribution of
the cylinder head. The results indicated that relative errors were controlled within 5% under
variant altitudes, comparing the temperature field of the numerical simulation with the
single-cylinder engine experiment test data. Therefore, the modified in-cylinder conjugate
heat transfer model can be used to predict the thermal load of diesel engine combustion
chamber components under different altitude operating conditions.

Keywords: variable altitude, diesel engine, conjugate heat transfer, in-cylinder heat transfer model, CFD

INTRODUCTION

As a compact, wide power range, and adaptable power system, the internal combustion engine (ICE)
is widely used in engineering and agricultural machinery, automobiles, motorcycles, national
defense, and other fields (Ambrogi et al., 2019; Liu and Wang, 2022). High-altitude areas can
also experience high cold weather (Wang et al., 2013; Yang et al., 2018), which would greatly reduce
the performance of batteries (Yu et al., 2014; Zhang et al., 2020). Consequently, internal combustion
engines will continue to be used as the primary source of power at high altitudes (Stocchi et al., 2019;
Liu et al., 2022). There are many high-altitude roads and vehicles powered by diesel engines for high-
altitude operations around the world (Liu and Liu, 2021a; Liu et al., 2021). For example, in China, the
area at a high altitude can be as large as 1/4 of the country’s land area (Shen et al., 1995; Liu and Liu,
2022). However, it is found that as altitude increases, air density decreases, which causes many
problems to the normal operation of the vehicle, such as insufficient power and localized ablation of
the cylinder head and piston (Perez and Boehman, 2010; Liu and Liu, 2021b). According to previous
literature, these problems are because conventional heat transfer correlations are not well adapted to
heat load prediction in high-altitude situations (Zhang et al., 2016; Liu and Liu, 2021c).

The accurate prediction of diesel engine thermal load plays an important role in the whole design
process of diesel engines (Shannak and Alhasan, 2002; Sideri et al., 2017). In addition, the
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distribution of temperature field and heat flux of combustion
chamber components has a decisive influence on diesel engine
reliability (Gholinia et al., 2018; Liu et al., 2019). Moreover, it was
hard to predict the thermal load of diesel engines precisely due to
in-cylinder rapid transient gas changes, extremely inhomogenous
distribution of the temperature field, and uncertain initial and
boundary conditions (Sroka, 2012; Lu et al., 2013). At the same
time, numerical simulation accuracy is greatly affected by the
strong coupling relationship between the in-cylinder combustion
process, thermal conduction in the combustion chamber walls,
and cooling fluid flow (Chen et al., 2017; Lu et al,, 2017).

In recent decades, the development of the in-cylinder heat
transfer model has roughly gone through three stages: the stage
of the pure empirical model (Borman and Nishiwaki, 1987), the
semi-empirical model (Woschni, 1967; Hohenberg, 1979; Huber
et al., 1990) based on similarity principle and dimensional analysis,
and the combination of the turbulence model and heat transfer
model (Launder and Spalding, 1974; Han and Reitz, 1997; Broekaert
et al,, 2016). Nowadays, the experimental correlations proposed by
Woschni (1967), Hohenberg (1979), Huber et al. (1990) are the most
commonly used formulas. In addition, more research studies made
modifications to these heat transfer formulas in detail to improve
model precision under different operating conditions. The research
team (Launder and Spalding (1974), Han and Reitz (1997))
measured the heat flux density of the premixed spark ignition
engines fueled with CH,, H,, and CH;OH under motored and
fired operating conditions, analyzed the effects of gas properties on
heat flux, and checked and modified the Reynolds analogy modeling
approach. The results showed that traditional heat transfer models
were not satisfied with precision acquirements due to higher heat
flux of the engine fueled with hydrogen rather than hydrocarbon
fuels caused by different gas properties. Michl et al. (Broekaert et al,,
2016) measured combustion chamber wall heat flux using a rapid
response thermocouple and modified the heat transfer model with
experimental data, which improved prediction accuracy under
various operating conditions. Fagundez et al. (De Cuyper et al,
2016) tested the combustion process of hydrous ethanol fuel and wet
ethanol fuel blends with different water volume fractions and
established a two-zone combustion model based on Wiebe
function. Moreover, the predictive accuracy of the Hohenberg
model (Hohenberg, 1979) was the highest by comparing the heat
transfer correlations proposed by Woschni (1967), Hohenberg
(1979), Sitkei (Michl et al., 2016), and Annand (Fagundez et al,
2017). In addition, the heat transfer model of Hohenberg (1979) was
modified with experimental data.

Overall, the model modification was performed to modify the
parameters or additional items of the classic formula by considering
the impact of the factors on the theory model, predicting the
performance using simulation methodology, and checking the
applicability of the modified formula. Moreover, lower engine
performance and ablation area of the cylinder head and piston
with higher altitudes was attributed to a decrement of model
predictive accuracy of the traditional heat transfer correlation
formula at high altitude (Zhang et al, 2016). In addition, the
literature is limited to date on the investigation focused on the
applicability of the heat transfer model at variant altitudes. In this
study, a collaborative simulation method for solving fluid-solid

Conjugate Heat Transfer Model

coupled heat transfer problems is constructed, while the Woschni
formula (Woschni, 1967) is modified to obtain a heat transfer model
adapted to different altitudes and verified with the experiments. A
conjugate heat transfer (CHT) model was calibrated based on single-
cylinder experimental data under a simulated plateau environment.
Moreover, the diesel engine in-cylinder heat transfer model with
higher prediction accuracy at variant altitudes was proposed by
modifying the traditional empirical formula, which can be used as
a reference for thermal load prediction of combustion chamber
components at different altitudes.

METHODOLOGY

It is of significance to revise the Woschni formula (Woschni,
1967) because it can hardly meet the accuracy requirement at a
higher altitude. Thus, this study aims to develop a modified heat
transfer model for the plateau. The logical idea for modifying the
Woschni formula for different altitude conditions is shown in
Figure 1. The zero-dimensional combustion model and heat
transfer model were used to calculate the average heat transfer
coefficient and gas temperature, while the three-dimensional
numerical simulation model was utilized to solve the
temperature field, which was compared with measured data to
assess the modified model precision.

Experiments

Experimental Setup

In order to precisely modify the in-cylinder heat transfer model of
diesel engines at various attitudes, the experiments on a single-
cylinder diesel engine at different operation conditions were
carried out. Proper sensors were utilized to measure the
relevant parameters, such as pressure and temperature. The
diesel engine specifications are shown in Table 1.

This study used a four-stroke single-cylinder diesel engine.
The engine speed was set to 1500 r/min (MBT), 1900 r/min, and
2200 r/min (rated condition). The different altitude (0, 1000,
2000, 3000, 3700, and 4500 m) environments were simulated
by changing the intake pressure. All equipment and sensors have
been calibrated precisely to ensure accuracy in the installation.
The assembled test bench was equipped with a plateau simulation
system that can change ambient pressures from 100 to 57.9 kPa.
The ambient pressure at different operation conditions was
precalculated in consideration of altitude and aspiration.

The NiCr-NiSi type thermocouples were arranged on the
firing surface of the cylinder head in the test engine, and the
specific locations of the measurement points are shown in
Figure 2. A total of 10 measurement points were installed on
the fire face located between the inlet and exhaust valves in the
nose area and between the two exhaust valves. The sensor
calibration revealed that the error is within +0.1 °C, which can
preciously capture the in-cylinder temperature. Moreover, the
dynamic response time of this thermocouple is about 50 ~
100 ms, that meets the quick response requirement of the in-
cylinder temperature measure.

An NI data acquisition system that compiles NI-LabVIEW
software with temperature measurement was used to collect data.
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FIGURE 1 | Block diagram of semi-empirical formula correction.

TABLE 1 | Engine specifications.

Research type Single-cylinder

Cycle 4-stroke DI GDI
Valves per cylinder 4

Bore x stroke 150 x 160 mm
Intake valve open 300 CAD
Intake valve close -126 CAD
Exhaust valve open 110 CAD
Exhaust valve close 406 CAD
Connecting rod length 300 mm
Compression ratio 13.5
TDC clearance height 2 mm
Valve diameter 46 mm

As the sampling frequency of the temperature and strain data is
5Hz and 100 kHz, respectively, a pair of independent hardware
systems was utilized to ensure the system’s reliability and data
accuracy.

Experimental Data

FIGURE 2 | Physical diagram of thermocouples.

To describe the plateau simulation system, first, the pressure and
temperature of the intake air were controlled; the parameters such
as throttle opening and injection advance angle were adjusted.
Once the single-cylinder engine has been stable, the experimental

system would collect the temperature data and other engine  shown in Figure 3.

parameters. The engine performance data, such as excess air
coefficient and exhaust gas temperature at different altitudes, are
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FIGURE 3 | Excessive air coefficient (A), in-cylinder (B), exhaust gas (C) temperature, and heat flow density (D) with altitude.

It can be inferred from Figures 3A,B that with altitude
rise, the exhaust air temperature rose while the excess air
coefficient dropped, regardless of various engine speeds. As
expected, the higher altitude corresponded to lower intake
pressure and, therefore, less intake air, echoing the decreased
excess air coefficient in Figure 3A. The probable reason for
the trend of exhaust gas temperature was that the higher
equivalence ratio indicated less in-cylinder mass but similar
chemical heat released, contributing to exhaust gas
temperature according to basic thermal rules. In addition,
faster engine speed leads to decreased excess air coefficient
and exhaust gas temperature, possibly because of the
shortened duration of the air intake process. The
deteriorated combustion at higher speed also contributed
to lower exhaust gas temperature.

The data relating to the temperature field at the fire face were
measured by the experiment. Figure 3C shows the temperature at
the relevant measurement point on the cylinder head at 2,200 r/
min. The heat flow density of the cylinder head, as shown in
Figure 3D, was measured by the double-layer thermocouples
arranged in advance.
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FIGURE 4 | Results of temperature index m under various conditions.

Zero-Dimensional Combustion Model

To further investigate the heat transfer model by simulation, the
zero-dimensional combustion model and in-cylinder heat
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Water jacket model

FIGURE 5 | Geometry and mesh of the cylinder head (A) and water
jacket (B).

TABLE 2 | Macro parameters of the diesel engine at plain.

Parameters Measured Simulated Error
value value range (%)
Maximum burst 127.6 126.8 0.63
pressure/(bar)
Torque/(N-m) 295 306.8 4.00
Power/(kW) 68.24 70.7 3.61
Exhaust gas 730.15 745.38 3.33
temperature/(K)

transfer model, which are the main relevant submodels in GT-
POWER, were used to calculate the boundary conditions, such as
in-cylinder temperature and heat transfer coefficient, which can
be the boundary conditions to a three-dimension numerical
simulation model that calculates the temperature field.

A zero-dimensional in-cylinder combustion model (Sitkei and
Ramanaiah, 1972) is used in this study; it can be described by the
following equation:

dQg dy

—_— = H S 1
do g umqu) (1)

Conjugate Heat Transfer Model
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FIGURE 6 | In-cylinder transient results at an altitude of 4500 m

where Qg is the heat release of the fuel, ¢ is crankshaft angle,
Hu is the lower heating value of a fuel, #; is combustion
efficiency, my is the amount of the fuel, and Y is the mass
percentage of the burned fuel, which can be described by the
equation:

m
Y = —2 % 100%, )
mg
Wiebe (Annand, 1963) proposed a semi-empirical formula for
combustion rate based on the chemical reaction kinetics of a
homogenous mixture:

Y =1 - exp(-6.9087"""), 3)

where m is the combustion quality index, which determines the
shape of the combustion heat release curve. The constant 6.908
was obtained if the period between the start of combustion and
99% of the fuel burned is assumed to be the end of combustion,
according to the literature (Liu and Dumitrescu, 2019a) and
(Wiebe, 1962). 7 is dimensionless time, calculated with the
following equation:

*=(P_(PB=(p_(pB (4)

T ,
Ay P~ Pc

where @p is combustion initiation angle, ¢c is combustion
termination angle, and Ag is combustion duration angle.
Thus, substituting Eq. 3 into Eqsl, 5 results in obtaining the

calculation model of the combustion heat release rate:

dQB m+1

—= = 6.908% .H,m———7" exp (-6.9087™""), 5
In addition, the differential equation for the change of in-
cylinder bulk temperature T can be obtained from the first
law of thermodynamics (energy conservation equation) as
follows:
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TABLE 3 | Calculation solution and test data at an altitude of 4500 m

Measurement point number Measured temperature/K

01 474.60
02 487.04
03 481.05
04 450.52
05 479.57
06 502.61
org 480.91
08 471.98
09 488.01
10 473.26

Temperature

500
490
480
470

460
450
440
430
420
410
400
390
380
370
360
350

FIGURE 7 | Numerical results of cylinder head temperature.

ou
_pdV+Zin +Zj:hjdmj ~ udm = m=cdA ),

(6)

where pdV is the mechanical work, which is the product of cylinder
pressure and cylinder volume change rate; h;dm; is the energy, which
is brought into the system by mass di; the combustion process can
be calculated by Weibe exothermic law, intake and exhaust stroke
process can be calculated by the intake and exhaust system energy
equation; u is the specific internal energy; c, is constant volume
specific heat; and dQ; is the wall heat loss of the combustion
chamber, which can be calculated by Newton’s cooling formula.

In-Cylinder Heat Transfer Model

Heat Transfer Model Without Consideration of
Elevation

To establish an in-cylinder head conjugate heat transfer (CHT)
model for diesel engines, the main control equations include the
coolant turbulence model, solid thermal conductivity model,
fluid-solid interface treatment, and in-cylinder transient heat
transfer boundary conditions.

As mentioned in Experiments, the experiment can obtain the
temperature, heat flow density, and other parameters. However,
the heat transfer coefficient and gas temperature cannot be
measured directly, which requires building a proper model.
The main equations are briefly sorted out below.

Conjugate Heat Transfer Model

Calculated temperature/K Relative error/%

472.48 -1.05
484.19 -1.33
481.13 0.04
458.56 4.53
487.03 3.61

499.68 -1.28
490.24 4.49
481.68 4.88
483.28 -2.20
469.34 -1.96

m  Measured values in the y-direction of the nasal region
Calculated values in the y-direction of the nasal region
A Measured values in the x-direction of the nasal region
—-—- Calculated values in the x-direction of the nasal region

500
480
460

440 1

Measurement point temperature (K)

420

1 1 1 1 1 1 1 1 1
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FIGURE 8 | Cylinder head temperature distribution along the path in
Figure 7.

The heat transfer of coolant flow in the cylinder head water
chamber can be described by the standard k-¢ turbulence model,
whose main controlling equations are the turbulent pulsation
energy equation and the turbulent dissipation rate equation, and
the detailed information is shown in the study by Yu et al. (2014).
Moreover, the thermal conductivity of the solid region of the
cylinder head can be described by Eq. 7, namely:

oT
Pergy = V(AV(T)) +S,, (7)

where A is the thermal conductivity, p is the density of the solid, ¢,
is the specific heat capacity of the solid, S, is the unit volume of
heat generation power, and the non-linear effect with
temperature is considered in material properties.

The heat flux and temperature at the fluid-solid interface of
the cylinder head are equal and can be described by Eq. 8,
namely:

Tyv—solid = wafluicb

qwfsolid = qwffluid’

—A(a—T> =h(Ty,-T.),
onj,

8)
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where g, is the heat flow density at the interface, n is normal to
the outside of the wall, & is the convective heat transfer coefficient,
and T, and T.. are the temperatures of the fluid at the interface
and the mainstream region, respectively.

The in-cylinder heat transfer coefficient  and gas temperature
T are difficult to measure directly by experimental methods; T can
be calculated by Eq. 6, and the instantaneous average heat
transfer coefficient & is the in-cylinder heat transfer boundary
model; its semi-empirical formula can be expressed in the
following general form according to Liu et al. (2020).

h=f(D)- f(p,T)- f(Cyp) = D" p"T"w, )

where D is the cylinder bore; p is the instantaneous pressure in the
cylinder; T is the instantaneous temperature in the cylinder; w is the
function of the piston average speed, and Cr, 1, ¢, and m are constants.

The instantaneous in-cylinder temperature and heat transfer
coefficient are obtained from Eq. 6 and Eq. 9, which is based on
Eq. 10 to obtain the corresponding average values.

290 [ T T T T T .
- e
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FIGURE 10 | Torque and power with altitude at 2200 r/min.

Frontiers in Energy Research | www.frontiersin.org

February 2022 | Volume 10 | Article 828215


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Zhang et al.

T T T T T 700
22 A\A .
- 650 O
/ - 600
1.8 |-

Excess air coefficient
1
(4]
n
o

(9]
o
o
Exhaust gas temperature (C)

16 [
—m— 2200r/min ™ \ - i
—A— 2200r/min /

14 F \
- "

A
— - 450

1.2 1 I I I L
60 80 100 120 140

Pressure (kPa)

FIGURE 11 | Excess air coefficient and exhaust gas temperature with
altitude at 2200 r/min.

4n

1
hm—gjhdgo

’ : (10)

1

Tp=—
47th,,

hTdg

o t— &

where T, is the integrated average gas temperature and h,,, is the
cycle average heat transfer coefficient.

To describe the spatial distribution of the average heat transfer
coefficient in the cylinder head fire surface, the variation of h,,
along the cylinder radial direction is written as a distribution
function of the following equation.

hr:hm[ao‘l'al(i)"'az(i) ]; (11)
To To

where r is the distance from a point P on the fire surface to the
cylinder center; r, is the cylinder radius; h, is the heat transfer
coefficient at point P; a, a;, a,, and as are constant coefficients. The
values are ay = 0.5, a; = 3, and a, = -3 for the test model in this article.

T,, and h,, is loaded to the cylinder head fire surface as the
third type of boundary conditions, which can be used to solve the
conjugate heat transfer model.

Heat Transfer Boundary Modification at Variable
Altitudes

The semi-empirical equation shown in Eq. 9 is derived from the
in-tube turbulence test correlation and experimental data. The f
(p, T) is the part related to the in-cylinder mixture physical
parameters. Moreover, mass density p, thermal conductivity A,
and viscosity # can be expressed as a function of temperature
according to Woschni (1967) as shown in Eq. 12.

_pm

p= g A=kl =k, (12)
9

Conjugate Heat Transfer Model

where the pressure index n = 0.8 and the temperature index m =
a-(b+1)n.

The in-cylinder components differ with altitude changes due
to degradation of combustion and reaction caused by lower intake
pressure and, therefore, equivalence ratio. That is the main reason
that the temperature index a4, b changes and therefore the
temperature index m in Eq. 13, as Liu and Dumitrescu (2019b
supported.

Therefore, it is important to build a correlation formula about
the temperature index m and altitude to simulate the heat transfer
process at different altitudes.

The most commonly used semi-empirical model is the
Woschni formula (Woschni, 1967), which has been modified
by Hohenberg (1979), Huber et al. (1990). Comparing the
characteristics and applicability of various in-cylinder heat
transfer models, the Woschni formula (Woschni, 1967) was
used as the basic model in this study, namely,

T Vs 0.8
h=0.013D2p° ™| ¢,Cy + cr——=(p-po)| »  (13)
vy

where h is the convective heat transfer coefficient, W/(m*K); C,,
is the average piston velocity, m/s; D is the cylinder diameter, m; p
and T are the instantaneous pressure (Pa) and temperature (K) of
the cylinder gas, respectively; p;, V; and T; are the pressure (Pa),
volume (m*), and temperature (K) of the cylinder gas at the
moment of IVC, respectively; V; is the working volume of the
cylinder, m’ p, is the cylinder gas pressure(Pa) under the
motored condition; ¢; is the airflow velocity coefficient; ¢, is
the combustion chamber shape coefficient; m is the temperature
index, and the initial value is -0.523.

The structural and operational parameters of the test model were
input into the GT-Power model, and the user-defined heat transfer
model code was compiled. The Woschni equation (Woschni, 1967)
with customizable temperature index term m was loaded into the
GT-Power software (Heywood, 2018). Moreover, the temperature
index m was adjusted to calculate the average heat transfer coefficient
h,, and the average gas temperature T,, in the cylinder under
different operating conditions.

In Fluent software, h,,, T,, and the wall distribution function
(shown in Eq. 11) are loaded onto the cylinder head fire surface as
the third type of boundary conditions by compiling the user-
defined function (UDF) (Lefebvre, 2013); the cold side boundary,
as well as other boundary conditions, is set up according to the
test data. Finally, the conjugate heat transfer model is solved to
obtain the cylinder head temperature field.

The measured and calculated results of the temperature field
were compared to correct the heat transfer model. If the error
between measured and calculated values is unacceptable, then the
semi-empirical formula of the temperature index m would be
adjusted to reduce the disparity until the model precision could
meet the requirement.

All the correction results of the temperature index m at each
altitude for engine speed of 1500 r/min, 1900 r/min, and 2200 r/
min are summarized, as shown in Figure 4.

The effect of altitude on the heat transfer model was carried
out by mathematical statistics. The correspondence between
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temperature index m and intake pressure can be fitted by the
least-squares method, and the fitting results are shown in Eq. 14.

m=-0.523 + (by + byN)H? x 107, (14)

where N is the engine speed (r/min), H is the altitude(m), by = 1.5,
and b; = 5.5 x 10-4.

Numerical Simulation Model

The numerical simulation of the diesel engine thermal state was
calculated by the commercial software ANSYS Fluent in this
study. The boundary conditions of the heating surface were
obtained from the GT-Power model (Serrano et al., 2015), and
the boundary conditions on the cooling surface were obtained
from the measured data (He et al., 2013). The cylinder head could
be divided into two parts: solid and liquid, where the liquid part is
a double-layer cooling water jacket. The 3D model shown in
Figure 5 was divided by tetrahedral meshing, and the minimum
mesh size is 1~2 mm. The total number of grids is controlled at
9.34 million after grid independence analysis.

The standard k-¢ turbulence model (Kim et al., 2008; Liu and
Dumitrescu, 2018) was used in this study to describe fluid flow,
whose main controlling equations are the turbulent pulsation
energy equation k and the turbulent dissipation ¢ rate equation
(Yakhot and Orszag, 1986; Han and Reitz, 1995; Liu and
Dumitrescu, 2019¢; Liu and Dumitrescu, 2019d) as shown in
the following equations:

d d d u\ ok
9 (ok) + -2 (pkuy) = -2 te) ok —pe—Y
ot (P )+axi (,D M,) ax]|:<ﬁu+ >axA:|+Gk+Gb pe M

O j
+ Sk,
(15)
0 0 0 U\ O €
p (pe) + o (pew;) = o, [(;4 + 08) 8xj] + Clgk (Gx + C3.Gy)
e2
- CZSPE + Ss)
(16)

where Gy is the turbulent energy caused by the mean velocity
gradient, G, is the turbulent energy due to buoyancy, Yy
represents the effect of fluctuating expansion incompressible
turbulence on the total dissipation rate, C;., C,., and Cjeare
constants, o and o, are the turbulent Prandtl number of k
and ¢, respectively, and S and S, are user-defined source terms.

The thermal conductivity controlling equation for the solid
side and the heat transfer between the medium can be described
by Eq. 7 and Eq. 8.

RESULTS AND DISCUSSION

Numerical Simulation Validation

The result at the engine speed of 2200 r/min under the fixed
altitude (4500 m) was chosen as a typical result to analyze. A zero-
D calibrated diesel engine model was established that consisted of
a combustion chamber module, a camshaft-piston module, a set
of intake valves, and a set of exhaust valves. Moreover, the

Conjugate Heat Transfer Model

geometric design parameters of the single-cylinder engine as
well as the test values of intake pressure, cyclic injection
volume, and injection advance angle were input into the GT-
Power model for calculation.

Meanwhile, the heat transfer model shown in Eq. 13 and Eq.
14 was written as a Fortran code, together with the GT model, to
calculate the pressure, temperature, and convective heat transfer
coefficient of the in-cylinder gas. The maximum burst pressure,
torque, power, and exhaust gas temperature were compared with
the measured values as shown in Table 2. The errors of each
parameter were within 5%, indicating that the model successfully
reflected engine performance.

The predicted and measured in-cylinder pressure, together
with the heat transfer coefficient calculated by the original and
modified model, are shown in Figure 6. The highly coincident
pressure indicated a satisfied precision of the one-dimensional
engine model. In addition, the heat transfer coefficient calculated
by the modified model was apparently higher, corresponding to a
45.69% increment of the average value, which also proved the
importance of heat transfer model correction.

The simulation results of the cylinder head temperature field
are shown in Figure 6. To check the accuracy of the simulation
results, the simulated and measured temperatures at the same
position were compared, as Table 3 shows, implying that the
errors are within 5%. Therefore, it was proven that the convective
heat transfer model equation under this working condition is
accurate enough.

To further assess the precision of the modified heat transfer
model, Figure 7 shows the simulated temperature distribution
at X, Y direction (Figure 8) of the cylinder head and the
measured data. It is of interest to figure out that the central
depression of the temperature profile was probably caused by
the central sunk surface, which reduced the local convection
motion and, therefore, the heat transfer coefficient. In
addition, the heat flow in the exhaust valve nose area was
apparently higher, which was mainly due to the strong exhaust
flow motion. The high coincidence of measured and
calculated data suggested a satisfied accuracy of the
corrected model.

Effect of Intake Air Pressure on

Temperature Distribution

The distribution of the cylinder head temperature field for each
altitude condition is shown in Figure 9. The peak temperature
was located at the firing surface nose area on the exhaust port side.
With the altitude rise, the maximum temperature increased,
indicating that the deterioration of combustion also
contributed to more severe post-combustion, resulting in a
higher heat transfer coefficient. That is the probable reason for
the increased peak temperature at the cylinder head.

Effect of Intake Air Pressure on Power

Performance
The test data for the 2200 r/min operating condition at the
maximum power point are shown in Figures 10, 11. As can
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be seen from Figure 10, torque and power decreased with altitude
rise, probably due to reduced air pressure. The torque dropped
from 290 N-m to 265 N-m, and power dropped from 66.81 to
61.05 kW.

Figure 11 shows the excess air coefficient and exhaust gas
temperature at each altitude. With the altitude rise, the exhaust
gas temperature was gradually rising as analyzed above. In
addition, the intake pressure being too low at the last two
altitudes, the exhaust temperature exceeded the test safety
limits, and the oil supply parameters were adjusted to reduce
the torque.

It was also important to point out that there was a sudden
change in the exhaust temperature and excess air coefficient as the
altitude increased from 2000 to 3000 m because these altitudes
corresponded to a sudden drop in intake pressure.

Therefore, it can be concluded that under calibration
conditions, as the altitude rises, the temperature field of the
cylinder head fire surface, exhaust temperature, excess air
coefficient, and other parameters increase, indicating that the
engine’s combustion deteriorates due to reduced intake volume
and decreased excess air coefficient. Therefore, the concentration
of soot in the exhaust gas increases, and then the exhaust
temperature increases. However, the thermal state of the
engine changed abruptly when the altitude rose to 3000 m.
When the altitude rose from 0 to 4500 m, the exhaust gas
temperature increased by 46.52%, and the excess air coefficient
decreased by 39.81%.

SUMMARY AND CONCLUSION

In this study, the in-cylinder heat transfer model has been
modified based on simulation analysis and experimental
verification. The results indicated that the modified heat
transfer model can be used in variable altitude operating
conditions, and the main conclusions are as follows.

(1) By comparing different heat transfer correlations, the
Woschni formula is selected as the basic model. The
temperature index m in the formula is determined as the
key correction variable by analyzing the effect of altitude on
the model parameters.
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