
Mech. Sci., 11, 205–220, 2020
https://doi.org/10.5194/ms-11-205-2020
© Author(s) 2020. This work is distributed under
the Creative Commons Attribution 4.0 License.

Application of the multi-field coupling
enhanced heat transfer principle to the

engine compartment design of clean gas bus

Jiajie Ou1 and Lifu Li2
1Department of Mechanical & Electrical Engineering,

Guangzhou University, Guangzhou 510006, China
2Department of Mechanical & Automotive Engineering,

South China University of Technology, Guangzhou 510641, China

Correspondence: Jiajie Ou (oujiajie11@126.com)

Received: 29 January 2020 – Revised: 1 April 2020 – Accepted: 27 April 2020 – Published: 17 June 2020

Abstract. Clean gas engines, such as liquefied petroleum gas (LPG) engines, have high thermal loads on parts
under equivalent specific combustion. This study examines the multi-field coupling enhanced heat transfer prin-
ciple and its applications to the engine compartment of a typical LPG city bus. The field synergy enhanced heat
transfer principle (FSP) was applied in the radiator assembly area. The FSP model yielded an optimum velocity
-temperature gradient matching field that would improve convective heat transfer in this area. To strengthen the
convective heat transfer ability of the limited cooling air in the cabin, temperature field homogenization (TFH)
in the core flow region of the engine block area was achieved. The TFH optimization model helped minimize
the temperature gradient in the core flow region and maximize it at the heat transfer boundary, and the optimum
vector field and flow path were obtained. More comprehensive changes to the structural design were made ac-
cording to the multi-field coupling enhanced heat transfer principles. The simulation results showed that in the
comprehensive structure, the heat transfer efficiency of the radiator increased by 14.66 %, the average tempera-
ture of the air passages in the engine block area decreased by 22.23 %, and the heat dissipation coefficient of the
engine body and engine cover increased by 4.60 times and 3.49 times, respectively.

1 Introduction

The 2017 Chinese government work report specifically pro-
poses to encourage the use of clean energy vehicles in key
areas. Clean gas engines, especially liquefied petroleum gas
(LPG) and liquefied natural gas (LNG) engines, are becom-
ing more and more popular on city buses in China.

Gaseous LPG is easier to mix with air than gasoline to
form a homogeneous and combustible mixture. Addition-
ally, the CO and HC emissions of LPG engines are lower,
and LPG’s high octane number is helpful for increasing
the engine compression ratio, thereby improving the engine
power and thermal efficiency (Walls et al., 2017; Kang et al.,
2015). However, LPG has a high ignition temperature and a
slow flame propagation speed. LPG city bus (LPGB) engines
adopt single-point injection, intake manifold mixing and in-

cylinder ignition; further, LPG large-bore engines have high
power, a long-stroke, and a long combustion duration, which
affect the full combustion of the mixture. Moreover, when
gaseous LPG enters the cylinder, if the inlet temperature is
too high, the engine volumetric efficiency will be reduced,
which will affect the power and economy of an LPG igni-
tion engine. City buses adopt a rear-mounted compartment,
which is not easy to be cooled by the windward air, resulting
in less air entering the compartment under the same condi-
tions than the front-mounted one, which brings greater chal-
lenges to dissipating heat in the engine compartment (Lars-
son et al., 2011a). In summary, the heat transfer problem of
a rear mounted LPGB engine compartment has become a re-
search focus at home and abroad.

Domestic and international research on thermal manage-
ment of automotive engines mainly focuses on two aspects.
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On one hand, improving the engine compartment structure
for the purpose of enhancing its convective heat transfer, such
as analysing the velocity and temperature fields in the cabin
(Merati et al., 2011), improving the front-end structure of
the car (Singh and Shen, 2007; Juan, 2008; Lukeman et al.,
2012; Harambat, 2014; Khaled et al., 2014a) adjusting the
spatial layout of the internal parts of the engine compartment
(Khaled et al., 2014b), or adding wind deflectors (Khaled et
al., 2010; Wei et al., 2006). On the other hand, the optimiza-
tion of engine cooling systems, such as intelligent control of
the cooling system (Kaleli et al., 2018; Sun et al., 2017; Lu
et al., 2019) and optimization of design parameters of the
engine cooling module (Khaled et al., 2012; Sharma et al.,
2018; Lu et al., 2016; Baskar and Rajaraman, 2018).

However, the influence of the coupling of the air velocity
field, temperature field and temperature gradient field on the
heat dissipation performance in the cabin has not been re-
vealed. The impact of the air passages in the cabin and the
flow paths out of the cabin has not been studied. The de-
sign of the cabin structure is not guided by the theoretical
results of the multi-field coupling enhancement heat dissipa-
tion. Further, current research on improving engine compart-
ment structures to enhance convective heat transfer mainly
focuses on engine compartments for passenger cars (Zhang
et al., 2018), buses (Shen et al., 2013) and heavy trucks (Yang
et al., 2015; Vegendla et al., 2018; Pan et al., 2010) with tra-
ditional fuel, while the study of clean gas engine compart-
ments with higher cabin temperatures is less involved. At the
same time, although the technology on optimizing cooling
systems is relatively mature, but most studies are based on
the criterion of cooling airflow rates. In a hot summer, the
ambient temperature inside and outside the cabin is high, re-
sulting in the air’s thermal saturation. Simply increasing the
cooling airflow rate in the cabin cannot fundamentally solve
the problem of high temperature in the cabin (Larsson et al.,
2011b; Wang et al., 2017).

There has been some core theories of enhanced convec-
tive heat transfer applied in heat exchangers and engine com-
partment, including the principle of minimum entropy pro-
duction, the field synergy principle (FSP), and the minimum
principle of entransy dissipation (MPED).

Prigogine (1963) proposed the principle of minimum en-
tropy production. Bejan (1996) proposed that the minimum
entropy production of a system corresponds to the optimal
thermodynamic performance, optimizing the geometric pa-
rameters of parallel plate counter-current heat exchangers
with the objective of minimizing the entropy production (Be-
jan, 1996; Ordóñez and Bejan, 2015). Ahmadi et al. (2011)
optimized the multi-structure parameters of cross flow plate-
fin heat exchangers with the objective of minimizing the en-
tropy production.

The FSP of convective heat transfer was first proposed
by Guo (2000). The physical mechanism of convective heat
transfer was studied from the energy equation. It was found
that the intensity of convective heat transfer also depends on

the synergy of the flow velocity and heat flux vector. Xia et
al. (2011) proposed a comprehensive evaluation method of
heat transfer enhancement efficiency based on the FSP. Wu
et al. (2016) studied the heat transfer and fluid flow charac-
teristics of a new type of fin with built-in interrupted delta
winglets, and the FSP and the MPED are employed for
analysing the mechanism of heat transfer enhancement. Liu
et al. (2017) proposed a principle of velocity-temperature
field coupling intensified heat dissipation as a guide for the
heat dissipation analysis and structural modification of a car
engine compartment. Yu et al. (2018) proposed a numerical
method for demonstrating the interrelationship and consis-
tency between the FSP and the MPED.

Guo et al. (2007) proposed that with the purpose of en-
hancing convective heat transfer, under given flow resistance,
the direction with the highest heat transfer capacity is the di-
rection with the least flow heat entransy dissipation, which
is called the MPED. Song et al. (2010) validated the cor-
rectness of the uniformity principle of temperature difference
fields of the radiator using the MPED. Wu and Guo (2008)
proposed the principle of minimum conversion thermal resis-
tance for heat transfer optimization under complex boundary
conditions. Cheng et al. (2012) used entransy dissipation as
a criterion to measure the uniformity of the temperature gra-
dient field and applied it to the optimization of the parallel
heat network system. Guo et al. (2010) defined the entransy
dissipation number used to evaluate the overall performance
of heat exchangers. Wang et al. (2018) demonstrated that the
objective functions of minimizing the entransy-dissipation-
based thermal resistance were better than that of traditional
objective functions for optimization of spiral wound heat ex-
changer.

The above-mentioned theories of enhanced convective
heat transfer have been studied extensively in the optimiza-
tion of the heat exchanger and heat pipe structure. However,
in view of the characteristics of the engine compartment,
such as multiple heat sources, complex passage structures,
multiple inlets and outlets, and driving air resistance less af-
fected by cabin structure, the enhanced heat dissipation prin-
ciple of multi-field coupling of the air velocity field, temper-
ature field, and temperature gradient field is rarely reported.

Figure 1 shows the typical structure of a rear-mounted en-
gine compartment of a clean gas bus. As seen, the compart-
ment can be divided into the radiator assembly area and the
engine block area, each with different heat transfer principles
between the high-temperature components and cooling air in
the engine compartment.

In the typical cabin, the discrepant direction between the
temperature gradient vector and the velocity vector of high-
temperature parts, such as the intercooler and radiator, re-
sulted in poor convective heat transfer in the radiator assem-
bly area. In view of the above problem, this research sought
to enhance heat transfer by optimally matching the air ve-
locity and temperature gradient vectors. The matching rela-
tionship between the two vectors at the heat transfer bound-
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Figure 1. The layout of the typical engine compartment. 1 – intake
manifold, 2 – intake baffle, 3 – intercooler, 4 – radiator, 5 – fan,
6 – right outlet, 7 – air compressor, 8 – exhaust pipe, 9 – exhaust
manifold, 10 – engine body, 11 – left inlet.

ary was explored according to the FSP. The heat transfer en-
hancement module yielded optimum speed and temperature
gradient vector fields with an effective cooling air inflow di-
rection that would improve heat transfer in the radiator as-
sembly area.

To achieve more effective cooling, this research proposes
the temperature field homogenization enhanced heat transfer
method in the core flow region of the engine block area, ab-
breviated as TFH. The TFH model helped to minimize the
temperature gradient in the core flow region and to max-
imize it at the heat transfer boundary. Additional volume
force constraints were added to the air momentum equation
to change the pure pressure-driven flow field, and the opti-
mal velocity vector field and flow path were obtained. By
increasing the range of the uniform temperature field in the
core flow region, the thermal boundary layer became thin-
ner, the temperature gradient in the layer increased, and the
thermal resistance decreased. A series of problems leading to
high compartment temperature, such as the formation of air
whirlpools, reflux, hot air retention and so on, were solved.

More comprehensive changes to the compartment struc-
tural design were made according to the multi-field coupling
enhanced heat transfer principle in the engine compartment
of clean-gas-bus, where FSP and TFH were both take into
comprehensive consideration. The airflow field in the com-
prehensive structure was numerically analysed using a com-
putational fluid dynamics (CFD) method, and the heat trans-
fer efficiency enhanced by the improved design was verified.

The remainder of the paper is organized as follows. Sec-
tion 2 introduces FSP in the radiator assembly area, stud-
ies the relationship between the matching degree of double
vectors and the radiator heat transfer efficiency, and devel-
ops the FSP model. Section 3 details the TFH in the engine
block area and explains the enhanced heat transfer principle
of “minimum temperature gradient in the core flow region

and maximum temperature gradient on the thermal bound-
ary”. Section 4 introduces the comprehensive structure de-
sign and the simulation verification for the heat transfer effi-
ciency enhanced by the improved design. In Sect. 5, an ex-
perimental system of the LPGB engine compartment temper-
ature field based on infrared imaging technology is designed
and developed, and the experimental results are analyzed. Fi-
nally, Sect. 6 presents the conclusions of this study.

2 FSP in the radiator assembly area

The air velocity and the temperature gradient vector do not
match at the heat transfer boundary of the radiator assem-
bly area in a typical cabin of a rear-mounted-engine clean
gas bus, which results in low heat transfer efficiency be-
tween the radiator and the high temperature of the cooling
water. Based on the FSP and the theory of radiator heat dis-
sipation, the relationship between the matching degree of the
above-mentioned vectors at the heat transfer boundary, radi-
ator heat transfer efficiency and heat dissipation performance
in the compartment are analysed. Next, with the FSP model,
the optimal velocity and temperature gradient for increasing
heat flux in the heat boundary layer and enhancing convec-
tive heat transfer are obtained. The heat transfer efficiency of
the radiator is improved, and the compartment temperature is
reduced (Ou et al., 2014).

2.1 The relationship between the matching degree of
double vectors and the radiator heat transfer
efficiency

To improve the radiator heat transfer efficiency, it is not suf-
ficient to just increase the airflow rate at the heat transfer
boundary. It is also necessary to find a new method for heat
transfer enhancement in the compartment. The heat dissipa-
tion model at the radiator is shown in the following Eq. (1).

Q= cpama1T εa

1T = T in
w − T

in
a (1)

When the automobile working conditions are constant, the
heat dissipation capacity Q at the radiator can be regarded
as a fixed value. cpa represents the specific heat capacity of
the air with constant pressure. ma is the air mass flow, which
depends on the airflow on the windward side of the radiator,
εa is the heat transfer efficiency of the radiator, which is de-
termined by the heat transfer characteristics of the cold side
and the hot side of the radiator pipeline, and1T = T in

w −T
in

a
represents the difference between the inlet water tempera-
ture and the average air temperature on the windward side of
the radiator. For the fixed-heat flow-problem of the radiator,
whenQ and T in

a are fixed, a higher the average air velocity on
the radiator windward surface and a higher matching degree
of the air velocity vector and temperature gradient vector at
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the heat transfer boundary of radiator result in a smaller inlet
water temperature T in

w and a higher radiator efficiency.

2.2 FSP model

The energy equation expresses the coupling relationship be-
tween the cooling air velocity field and the temperature field.
The general expression of the three-dimensional and un-
steady convective heat transfer energy equation is as follows:

ρcp

(
∂T

∂t
+ u

∂T

∂x
+ v

∂T

∂y
+w

∂T

∂z

)
= λ

(
∂2T

∂x2 +
∂2T

∂y2 +
∂2T

∂z2

)
(2)

Taking the two-dimensional, steady-state, laminar boundary
layer/channel flow as an example, the energy equation in the
rectangular coordinate system is as follows:

ρcp

(
u
∂T

∂x
+ v

∂T

∂y

)
=
∂

∂y

(
λ
∂T

∂y

)
(3)

where ρ represents the fluid density, cp is the constant pres-
sure specific heat capacity, u, v, w are velocity components
in the rectangular coordinates, T represents temperature, and
λ is the thermal conductivity.

By comparing the convection term in Eq. (3) to the heat
source term, the convection heat transfer problem is trans-
formed into a heat conduction problem with a heat source
term, which is the function of the fluid velocity. The wall
heat flux, which is concerned by the research of heat transfer
enhancement, can be obtained by integrating the two sides
of Eq. (3) over the temperature boundary layer δt (Tao et al.,
2002).

δt∫
0

ρcp

(
u
∂T

∂x
+ v

∂T

∂y

)
dy = −λ

∂T

∂y

∣∣∣∣
w
= qw (x) (4)

For the two-dimensional boundary layer problem, δt is the
thickness of the thermal boundary layer and qw(x) is the wall
heat flux at x. Equation (4) shows that the larger the sum of
the convective source terms, the higher the heat flux and the
convective heat transfer intensity on the wall.

For the two-dimensional thermal boundary problem, the
dimensionless analysis of Eq. (4) is carried out by using
Eq. (5) as follows:

U = u/Um,

∇T = (δt∇T )/ (Tw− Tm) ,
y = y/δt ,Tw > Tm

Re=
Umδt

ν
, Pr =

ρcpν

λ
(5)

Figure 2. Air velocity-temperature gradient angle β.

where Um is the average air velocity on the windward side
of the radiator or intercooler, Tm is the average air temper-
ature on the windward side of radiator or intercooler, and ν
represents the flow kinematic viscosity.

The dimensionless treatment of Eq. (4) produces Eq. (6),
where an expression of the Nusselt number is obtained. The
Nusselt number is proportional to the convective heat transfer
intensity.

Nu= RePr

1∫
0

(|U | |∇T |cosβ)dy (6)

In Eq. (6), Nu, Re, and Pr represent the Nusselt number,
Reynolds number, and Prandtl number, respectively.

The above analysis and conclusions are also applicable to
the three-dimensional, steady-state, convective heat transfer
problems with internal heat sources, which are more general.

The angle between the air velocity vector and the temper-
ature gradient vector at the heat transfer boundary of the ra-
diator and intercooler, which is called β, is shown in Fig. 2.

According to Eq. (6), there are three ways to enhance the
convective heat transfer at the heat transfer boundary of the
radiator and the intercooler:

1. Increase the Reynolds number by increasing the air ve-
locity on the windward side of the radiator, or reducing
the leakage between the inlet grid, the intercooler, and
the radiator, helps to enhance the convective heat trans-
fer.

2. Increase the Prandtl number by increasing the specific
heat capacity or viscosity of the cooling fluid in the
compartment.

3. Increase the dimensionless integral value∫ 1
0 (U · ∇T )dy.

As mentioned above, under the common working conditions
of a LPGB rear-mounted engine compartment, increasing the
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upwind velocity of the intercooler and radiator comes at the
cost of increasing the fan energy consumption, which has lit-
tle significance for improving the overall heat dissipation per-
formance of the compartment. The leakage between the inlet
grille, the intercooler, and the radiator can be reduced appro-
priately by improving the structure of the compartment. Ad-
ditionally, the cooling fluid in the compartment is air, whose
heat capacity and viscosity cannot be changed. Therefore,
when the Reynolds number and Prandtl number are fixed,
the intensity of the convective heat transfer at the heat trans-
fer boundary of the radiator assembly depends entirely on the
vector product of the dimensionless air velocity and temper-
ature gradient.

U · ∇T = |U | |∇T |cosβ (7)

As seen in Eq. (7), when the values of the velocity vector and
temperature gradient vector are fixed, the smaller the angle β
at the heat transfer boundary is, the larger the Nusselt num-
ber. Therefore, in order to enhance convective heat transfer,
the angle between the two vectors of cooling air should be
reduced as much as possible, which is the guidance of the
FSP (Guo et al., 2005).

3 TFH in the engine block area

TFH in the core flow region of the engine block area takes
into account the coupling of multiple physical fields in the
compartment and serves to overcome the problem of high
cabin temperature caused by the current compartment design,
which undermines heat dissipation due to limited cooling air
in the cabin.

3.1 TFH

Based on the thermoelectric analogy, Guo et al. (2007) in-
troduced a physical quantity called entransy, which is half of
the product of heat capacity and temperature.

Evh =
1
2
QvhT (8)

In Eq. (8),Qvh is the heat capacity for a constant volume, and
T is the temperature of the object. Air entransy is related to
its ability to transfer heat. This ability, namely, the entransy
dissipation, can indicate the irreversible losses of the heat
transfer process.

For the steady-state fluid convective heat transfer process
without an internal heat source, the energy equation can be
expressed in vector form.

ρcpU∇T =∇ (λ∇T ) (9)

Multiplying T on both sides of Eq. (9) yields

ρcpTU∇T =∇ (λ∇T )T (10)

Equation (10) can then be transformed into

ρcpU∇

(
T 2

2

)
=∇ (λT∇T )− λ|∇T |2 (11)

In Eq. (11), ρcpU∇
(
T 2/2

)
represents the heat transport

caused by the movement of air micro-clusters in the process
of convective heat transfer, ∇ (λT∇T ) represents the diffu-
sion of entransy in the air, and −λ|∇T |2 is the entransy dis-
sipation. In the equilibrium equation of entransy, the change
of entransy is equal to the sum of entransy flow and entransy
dissipation (Zhao et al., 2019; Chen et al., 2019).

From the expression of entransy dissipation in the core
flow region of the passages in the compartment, it is found
that in order to enhance convective heat transfer the entransy
dissipation of air in the core flow region must be small. A
smaller value of entransy dissipation corresponds to a lower
modulus of the temperature gradient; thus, the more uniform
the air temperature field in the core flow region of the pas-
sages is, the smaller the thermal resistance. The above rule
agrees with the evaluation criterion of heat transfer intensity
based on the uniformity of the temperature.

Based on the MPED, convective heat transfer is accom-
panied by irreversible dissipation of entransy. The direction
of minimum entransy dissipation is the optimal direction of
heat transfer. The heat dissipation in the rear-mounted engine
compartment of the clean gas bus is poor, so it is necessary
to strengthen the convective heat transfer ability of the lim-
ited cooling air in the cabin. For an engine compartment with
multiple heat sources, a complex passage structure, multi-
ple inlets and outlets, and driving air resistance affected less
by cabin structure, TFH is proposed. In this method, the La-
grangian functional variation method is used to construct the
temperature field homogenization model in the engine block
area, and the minimum temperature gradient in the core flow
region of the air passages in this area is taken as the optimiza-
tion objective. Additional volume force constraints are added
to the air momentum equation, with the purpose of changing
the pure pressure driving flow field and obtaining the opti-
mum vector field and flow path for enhancing heat transfer
in the cabin. The idea of TFH is shown in Fig. 3.

For the LPGB studied in this paper, as it works mostly at
low speed and heavy load conditions, the change of the struc-
ture in the rear-mounted engine compartment has little effect
on the driving air resistance. The TFH enhancement model
without flow resistance constraints can be obtained. More-
over, the thermal resistance of the convective heat transfer
in the compartment is mainly located in the laminar bottom
layer of the high temperature components in order to reduce
the thermal resistance in this layer; thus, the temperature uni-
formity area in the core flow region can be increased as much
as possible. As a result, the thickness of the thermal bound-
ary layer can be thinned, and the temperature gradient of the
layer can be increased to accelerate the heat conduction, with
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Figure 3. The idea of TFH.

the final purpose of enhancing convective heat transfer in the
cabin.

In the engine block area, it is insufficient to enhance the
convective heat transfer at the heat transfer boundary. Rather,
it is necessary to optimize the air velocity field and flow path
in the cabin at the same time. As a result, high-temperature
air can be discharged out of the compartment in the shortest
possible path. Based on the TFH, the absolute value of the
temperature gradient in the core flow region of the air chan-
nels in the engine block area is minimized. Coupled with the
continuity equation and the energy conservation equation, a
new Lagrangian functional model is constructed to obtain the
TFH heat dissipation enhancement model in the core flow re-
gion.

J =

∫ ∫ ∫
�

{
(∇T )2

+A∇ ·U +B
(
λeff∇

2T

+ Sτ − ρcpU · ∇T
)}

dV (12)

Calculate the temperature variation for Eq. (12) and make it
zero:

−2∇2T + ρcpU · ∇B + λeff∇
2B = 0 (13)

Calculate the velocity variation for Eq. (12) and make it zero:

−∇A− ρcpB∇T = 0 (14)

Under the given boundary conditions,(
2∇T − ρcpUB − λeff∇B

)
δT + λeffBδ (∇T )= 0

AδU = 0 (15)

The optimal velocity field for air convective heat transfer
can be obtained when the temperature gradient in the core
flow region of air passages is minimized.

Comparing Eq. (14) with the momentum conservation
equation gives

∇A=−ρ (U · ∇U )−∇p+µeff∇
2U (16)

Then, the momentum equation becomes

ρ (U · ∇)U +∇p−µeff∇
2U = F

F = ρcpB∇T (17)

The boundary condition Eq. (15) for the fixed wall tem-
perature problem can also be written as:

B = 0 (18)

Therefore, Eq. (17), where the additional volume force F is
added, is coupled with the continuity equation and the en-
ergy conservation equation. Scalar B is determined by the
constraint Eq. (13) and the boundary condition Eq. (15). The
optimal velocity field corresponding to heat dissipation en-
hancement through TFH in the core flow region can be ob-
tained.

3.2 Minimum temperature gradient in the core flow
region and maximum temperature gradient on the
thermal boundary

According to the theory of boundary layer, when the vis-
cous cooling air in the passage flows over the wall of a
high-temperature component, a boundary layer is generated.
Similar to the boundary layer, a thermal boundary layer is
generated under heat exchange between air in the cabin and
the wall of high-temperature components. Figure 4 shows
the distribution of internal flow temperature under fixed wall
temperature and fixed heat flux conditions, in which δt de-
notes thickness of the thermal boundary layer, T stands for
temperature, R and r represent the radial sizes of the passage
(Cebeci, 2005).

Heat transfer in the engine compartment involves both heat
conduction in the laminar bottom layer and convective heat
transfer in the core flow region of the passages. Thermal re-
sistance of air in the cabin comprises the resistance of the
core flow, the transition layer and the laminar bottom layer,
among which the thermal resistance of the laminar bottom
layer is the largest. Hence, to enhance the convective heat
transfer between high-temperature components and the air,
measures should be taken to reduce the thermal resistance of
the laminar bottom layer. These measures include promoting
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Figure 4. Distribution of internal flow temperature under fixed wall temperature and heat flux conditions.

homogenization of the temperature field in the core flow re-
gion and enlarging the uniform-temperature region, both of
which contribute to make thinner the thermal boundary layer
and increase its temperature gradient, thus strengthening heat
conduction of the laminar bottom layer to enhance heat trans-
fer. On the basis of the TFH, the enhanced heat transfer prin-
ciple of minimum temperature gradient in core flow region of
air passages and maximum temperature gradient on thermal
boundary is proposed.

4 Comprehensive structure design and simulation
verification

4.1 Comprehensive structure design

Guided by the principle of multi-field coupling heat transfer
enhancement in the engine compartment, the unreasonable
factors of the flow field in a typical structure are analysed.
According to the improvements for a typical cabin structure,
including the azimuth of the radiator assembly, the position
of the air inlets and outlets, and the improvements to the roof
structure, a new comprehensive structure is proposed.

To shorten the distance between the air inlet and the radi-
ator assembly and improve the environment around the radi-
ator assembly, an improved radiator assembly azimuth struc-
ture is proposed based on FSP. To avoid leakage and ensure
that all the cooling air entering the cabin from the left inlet
can flow through the intercooler and radiator, in the com-
prehensive structural design shown in Fig. 5, the radiator as-
sembly is turned counter-clockwise by 90◦, and the left air
inlet and radiator assembly are designed as a whole. Com-
pared with the typical structure (Fig. 1), in the comprehen-
sive structure, the inlet baffle is removed. These changes aim
at enhancing the convective heat transfer at the heat transfer
boundary of the radiator assembly and increasing the airflow
rate to the engine block area.

According to TFH, while enhancing the convective heat
transfer at the heat transfer boundary, it is necessary to op-
timize the air velocity vector field and flow path to ensure

that the hot air is delivered out of the cabin in the short-
est possible path to maintain a low average temperature and
uniform temperature field in the core flow region of the air
channels. Based on the radiator assembly azimuth structure,
the relative positions among the air inlet, radiator assembly,
and the engine body are studied. As long as the air passages
around the intake manifold and engine body are dredged, the
high-speed airflow discharged from the fan blows towards
the high-temperature components in a shorter path, and the
exhaust manifold, exhaust pipe and exhaust gas turbocharger
at the rear of the engine can be effectively cooled.

Considering the spatial restrictions from the passenger
compartment, in order to avoid the formation of hot air vor-
tices in the cabin roof and to make full use of the character-
istic of hot air rising and cold air sinking, a roof outlet is set
on the top of the engine compartment.

Moreover, in view of the low air velocity near the exhaust
manifold of the engine, which is not conducive to enhanc-
ing the convective heat transfer, the comprehensive engine
compartment adds a deflector behind the fan of the radiator
assembly, guiding part of the high-speed airflow to the ex-
haust manifold to improve the air velocity in this area and
strengthen the heat transfer.

4.2 Simulation analysis of air flow path and velocity field

After establishing the geometric models of the LPGB body,
the engine compartment and its internal components, the
flow field in the calculation domain is divided into the ex-
ternal flow field of the body and the internal flow field of the
engine compartment delineated by the boundary of the en-
gine compartment. The internal and external flow field grids
of the cabin are divided. As the LPGB works at low speed
and high torque conditions most of the time, it is assumed
that the bus runs in a straight line without crosswind. Ac-
cording to the technical parameters of the LPGB, the flow
boundary conditions for simulating external flow fields and
the heat source boundary for the radiator and intercooler are
presented in Table 1.
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Figure 5. Comprehensive structural design.

Table 1. The boundary conditions of an LPGB’s internal and external flow fields.

boundary condition value

LPGB velocity (m s−1) 2.78
Inlet air temperature (◦) 35
Outlet pressure (Pa) P0 = 1.01× 105

Heat transfer power per unit volume of the radiator (kW m−3) 904.658
Heat transfer power per unit volume of the intercooler (kW m−3) 329.915

The Fluent CFD solver for the engine compartment of
LPGB is set as follows: pressure-based coupled implicit
solver; SIMPLE solution method; precision of numerical
residuals: energy equation, 1× 10−6, other equations, 1×
10−3; RNG k-ε turbulence model; and non-equilibrium wall
function.

Figure 6 shows the typical structure of an LPGB engine
compartment and its key plane location.

Figure 7 shows the air trajectory of the engine compart-
ment for a typical structure and a comprehensive structure.
As shown in the figure, cooling air enters the typical cabin
under fan suction, flows through heat sources such as the
intercooler and radiator, and then flows out at high speed
from the rear of the fan. However, obstruction of the rear
door of the engine compartment causes air retention behind
the radiator assembly area, forming a high-temperature swirl.
Part of the airflow passes through the baffle of the intake
compartment to reach the engine block area, resulting in a
decreased flow rate. A long counter-clockwise cooling path
is formed in the engine block area, with the air heated by
high-temperature components such as the exhaust manifold
and exhaust gas turbocharger repeatedly. Low-speed high-

Figure 6. Typical structure and its key plane.

temperature airflow is not conducive to heat transferring from
the engine block area in the shortest possible path. The left
air discharging directly from the outlets of the rear and right
hatches and the high-temperature components of the engine
compartment are not effectively cooled.

In the comprehensive structure, part of the high-speed air
discharging from the fan is blocked by the left part of the
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Figure 7. Comparison of air trajectory diagrams (top view).

Figure 8. Comparison of air trajectory diagrams (upward view).

engine body and directly flows out from the bottom of the
cabin. The other part of the air passes through the passage
between the intake manifold to reach the exhaust manifold,
which helps to directly cool high-temperature components,
such as the exhaust manifold and the exhaust turbocharger,
and then passes through the grille on the right hatch door in
the shortest possible path. The rest of the air is diverted to
the bottom of the cabin due to the blocking effect of the rear
hatch. Compared with the typical structure, there is no air
whirlpool in the radiator assembly area of the comprehensive
structure, and the cooling air entering the cabin flows to the
front of the intake manifold with higher speed and a shorter
path. The counter-clockwise low-speed whirlpool around the
engine body also disappears, and the air bringing heat from
the intake and exhaust manifolds is discharged from the right
door grille in a shorter path.

Figure 8 is the air trajectory chart from an upward view of
a typical structure and a comprehensive structure. As shown
in the figure, the flow of cooling air at the bottom of the com-
prehensive structure is smoother.

Figure 9 shows the velocity field of the cabin in the plane
Z = 475 mm of a typical structure and a comprehensive
structure. As shown in Fig. 9a, there is an air swirl behind

the radiator assembly in the typical structure. The air veloc-
ity near the intake and exhaust manifolds of the engine is less
than 3 m s−1, and there are three obvious swirls on the right
side of the exhaust manifold. As shown in Fig. 9b, in the
comprehensive structure, the whirlpool behind the radiator
assembly disappears, and the flow velocity near the radiator
assembly increases to more than 10 m s−1. The air velocity of
the intake manifold also increases from less than 3 to more
than 7.5 m s−1, the two whirlpools near the exhaust mani-
fold of the engine disappear, and the air velocity vector and
temperature gradient vector near the exhaust manifold match.
The heat dissipation performance in the engine block area is
improved.

Figure 10 shows the velocity field of the cabin in the
plane X = 148 mm of a typical structure and a comprehen-
sive structure. As shown in the figure, the airflow in the cabin
roof of the comprehensive structure is smoother and faster,
and the direction of the airflow near the exhaust manifold
agrees with the FSP model.

Figure 11 is the velocity field of the plane Y = 810 mm
of a typical structure and a comprehensive structure. In this
plane, the air velocity in zone I of the cabin roof increases
from less than 2 m s−1 in the typical structure to 4.5 m s−1 in
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Figure 9. Comparison of velocity fields within the plane Z = 475 mm (unit: m s−1).

Figure 10. Comparison of velocity fields within the plane X = 148 mm (unit: m s−1).

Figure 11. Comparison of velocity fields within the plane Y = 810 mm (unit: m s−1).

the comprehensive structure, and the air velocity in zone II
increases from less than 2 m s−1 in the typical structure to
12 m s−1 in the comprehensive structure. The air velocity
vectors in the two zones of the comprehensive structure con-
form to the FSP model.

4.3 Simulation analysis of heat dissipation performance

Figure 12 shows the temperature field of the plane Z =
475 mm of a typical structure and a comprehensive struc-
ture. As shown in the figure, a large high-temperature zone
is formed near the intake and exhaust manifolds of the typi-
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Figure 12. Comparison of temperature fields within the plane Z = 475 mm (unit: ◦C).

Figure 13. Comparison of temperature fields within the plane X = 38 mm (unit: ◦C).

Figure 14. Comparison of temperature fields within the plane X = 148 mm (unit: ◦C).

cal structure, which is not conducive to improving the intake
efficiency but increases the deflagration tendency of the en-
gine. Figure 12 also reflects the temperature gradient in the
core flow region of the passages in the engine block area. Ob-
viously, the temperature gradient in the comprehensive struc-
ture is more in line with the principle of “minimum tempera-
ture gradient in the core flow region and maximum tempera-
ture gradient on the thermal boundary” in TFH. The average
temperature and the temperature gradient in the core flow re-
gion are lower, which is more conducive to enhancing the
convective heat transfer at the thermal boundary of the high-
temperature components of the engine. At the same time, the
heat is taken out of the cabin in the shortest path, and the heat
dissipation performance of the engine cabin is obviously im-
proved in the comprehensive structure.

Figure 13 shows the temperature field of the plane X =
38 mm of a typical structure and a comprehensive structure.
In the typical structure, the hot air in the cabin roof is re-
tained due to the existence of an air vortex on the stepped
cabin roof, and a high-temperature area of 95 ◦C on the top
of the cylinder head exists. The temperature near the cylinder
head of the engine in the comprehensive structure has been
reduced to approximately 57 ◦C by a large margin.

Figure 14 shows the temperature field in the plane X =
148 mm of a typical structure and a comprehensive structure.
As shown in the figure, compared with the typical structure,
the area of the high-temperature zone near the exhaust man-
ifold in the comprehensive structure decreases substantially.
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Figure 15. LPGB for experiment.

Figure 16. Infrared imaging temperature field map of high-temperature components in typical and comprehensive structure from the +Y
direction under the 600 r min−1 steady-state condition.

4.4 Simulation analysis of enhanced heat transfer
parameters

Table 2 details the average value of the air velocity-
temperature gradient angle β of the radiator, the heat trans-
fer efficiency of the radiator, the average temperature of the
air passages in the engine block area, the average tempera-
ture gradient in the core flow region, and the heat dissipa-
tion coefficient of the engine body and engine cover. It can
be seen that, compared with the typical structure, the β of
the radiator for the comprehensive structure is decreased by
34.09 %, the heat transfer efficiency of the radiator increased
by 14.66 %, the average temperature of the air passages in the
engine block area decreased by 22.23 %, the average temper-
ature gradient of the core flow region decreased by 67.39 %,
and the heat dissipation coefficient of the engine body and
engine cover increased by 4.60 times and 3.49 times, respec-
tively.

5 Experiment verification

In order to verify the guiding significance of the multi-field
coupling enhanced heat transfer principle for engine com-

partment structure design, an experimental system of the
LPGB engine compartment temperature field based on in-
frared imaging technology was designed and developed, and
the experimental results were analyzed and compared with
the simulation results in Sect. 4.3.

In order to obtain the sequence of continuous infrared
imaging temperature field maps and analyze the poor per-
formance of heat dissipation in the cabin, the engine is set
at various steady-state conditions of 600, 1000, 1400, 1800
and 2000 r min−1 (GBT12542-2009, 2004). When the wa-
ter temperature of the engine is stable, the rear cabin door
of the engine is opened, and the infrared imaging continu-
ous temperature field maps of the typical and comprehensive
structures are obtained by the infrared imager (FLIR T640)
from the +Y direction (looking forward from the rear of the
car). To cooperate with the normal operation of LPGB and
the experimental site (Fig. 15), the ambient temperature in
Guangzhou of the two experiments are 18–20 ◦C in autumn,
which is far from the worst working conditions of 39–40 ◦C
in summer. However, it can be predicted that, if the exper-
imental data obtained under cool conditions can reflect the
difference of heat dissipation characteristics before and af-
ter structural improvement of the engine compartment, the
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Figure 17. Infrared imaging temperature field map of high-temperature components in typical and comprehensive structure from the +Y
direction under the 2000 r min−1 steady-state condition.

Table 2. Comparison of enhanced heat transfer parameters in the radiator assembly area and engine block area.

Structure β (◦) Heat transfer Average temperature Average temperature Engine body heat Engine cover heat
efficiency of of the air passages in the gradient in the core dissipation coefficient dissipation coefficient
the radiator engine block area (◦C) flow region (◦C m−1) (W (m2 ◦C)−1) (W (m2 ◦C)−1)

typical 63.24 0.491 74.37 129.61 2.7840 2.8279
comprehensive 41.68 0.563 57.84 42.26 12.8040 9.8655

difference will be more obvious in hot, low-speed and high-
torque adverse conditions.

Under the 600 and 2000 r min−1 steady-state condi-
tions, the infrared imaging temperature field map of high-
temperature components in typical structure (a) and compre-
hensive structure (b) are shown in Figs. 16 and 17, respec-
tively. In particular, as shown in Fig. 16b, considering the
actual need of assembly layout, the fan in the comprehensive
structure is arranged at the right air inlet, and the intake and
exhaust manifolds of the engine are respectively located at
the right and left sides of the engine. The layout of other com-
ponents is symmetrical with the simulation analysis model
in Sect. 4.1, which can also verify the the correctness of the
simulation model.

From the comparison of temperature field maps before
and after the improvement of the engine compartment un-
der the above-mentioned conditions, it can be seen that the
temperature in the typical structure was higher, especially
in radiator assembly area and engine block area. Moreover,
the temperature gradient of the heat transfer boundary of the
high-temperature components was too small, which was not
conducive to the enhanced heat transfer between the high-
temperature components and the surrounding cooling air, af-
fecting the heat transfer efficiency in the cabin.

In comprehensive structure, the average temperature and
the temperature gradient in the core flow region of air pas-
sages were lower, which was more conducive to enhancing
the convective heat transfer at the thermal boundary. The heat
was taken out of the cabin in the shortest path, and the heat

dissipation performance of the engine cabin was obviously
improved in this structure. The above phenomenon is con-
sistent with the enhanced heat transfer principle of minimum
temperature gradient in the core flow region and maximum
temperature gradient on the thermal boundary in the TFH.
The experimental results are also consistent with the simula-
tion results in Sect. 4.3.

6 Conclusion

Based on the FSP, the optimal matching of velocity and tem-
perature gradients for increasing heat flux in the heat bound-
ary layer is obtained in the radiator assembly area. The con-
vective heat transfer of the radiator assembly is enhanced,
the heat transfer efficiency of the radiator improves, and the
compartment temperature is reduced.

The TFH model helps to obtain the optimum vector field
and flow path in the engine block area for enhancing the
heat transfer. As a result, the high-temperature air can be dis-
charged out of the compartment in the shortest possible path.
According to TFH, the principle of “minimum temperature
gradient in the core flow region and maximum temperature
gradient on the thermal boundary” is proposed, which min-
imizes the temperature gradient in the core flow region and
maximizes the temperature gradient on the thermal bound-
ary, in order to reduce the laminar bottom layer thermal re-
sistance of the high temperature components and enhance the
convective heat transfer in the cabin.
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A comparison of the simulation results for various struc-
tural schemes shows that the comprehensive structure based
on the multi-field coupling-enhanced heat transfer princi-
ple, where FSP and TFH are both taken into comprehensive
consideration, can effectively improve the heat transfer ef-
ficiency of the radiator, increase the heat dissipation coef-
ficient of the high-temperature components, and effectively
control the cabin temperature. In the comprehensive struc-
ture, the heat transfer efficiency of the radiator is increased
by 14.66 %, the average temperature of the air passages in
the engine block area decreased by 22.23 %, and the heat
dissipation coefficient of the engine body and engine cover
increased by 4.60 times and 3.49 times, respectively.

An experimental system of the LPGB engine compartment
temperature field based on infrared imaging technology was
designed and developed, and the experimental results were
analyzed. It is found that compared with the typical struc-
ture, the engine compartment with the enhanced heat trans-
fer structure has the following characteristic of “minimum
temperature gradient in core flow region and maximum tem-
perature gradient on thermal boundary”, which conforms to
the TFH optimization model.
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