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Abstract: A novel method characterizing the air backflow of the underhood in order to improve
the thermal efficiency of the air conditioning system (ACS) and reduce the energy consumption of
PHEV is proposed in this paper. In addition, a 1D model for analyzing air backflow occurring in
the underhood is established and a CFD method for calculating air backflow rate and distribution is
proposed. It is found that the decrease in the air backflow rate of the underhood helps to improve the
refrigeration capacity of the ACS, and when the backflow ratio cannot be reduced below 10%, the air
backflow should be distributed as evenly as possible at the front end of the condenser. Moreover, in
order to eliminate the impact of backflow on the underhood of PHEV, the gap between the radiator
and the bracket is sealed and the gap around the air guide is reduced. Compared with the original
structure, the backflow rate of the optimized structure is reduced from 32.7% to 9.3% and the cabin
temperature can be reduced by 3–5 ◦C.

Keywords: PHEV; air conditioning system; air backflow; thermal management

1. Introduction

With the proposal of “carbon peaking” and “carbon neutrality”, a higher requirement
for vehicle exhaust emissions is required. The shortage of non-renewable resources and the
increasingly stringent pollutant emission regulations are driving vehicle manufacturers to
lower fuel consumption and lower exhaust emissions [1–3]. Compared with traditional
fuel vehicles, plug-in hybrid electric vehicles (PHEV) clearly reduce fuel consumption and
CO2 emissions [4,5]. The PHEV power sources rely on electric power generated by electric
machines and mechanical power generated by internal combustion engines (ICEs) [6]. Due
to the high efficiency of electric machines and the quick development of battery technology,
the PHEV is a rational choice for a long period in terms of environmental issues and energy
saving [7].

In the past decade, a lot of scholars have mainly focused on the energy management
strategies in the research of energy saving for PHEV [8–11]. The author of [12] proposed a
predictive energy management strategy (EMS) based on reinforcement learning for PHEV.
The EMS combined the velocity prediction with the optimal power distribution between
engine and electrical motor, which greatly improved the vehicle’s fuel economy. The author
of [13] obtained the optimized operating point of the engine based on the dynamic pro-
gramming algorithm and proposed an improved rule-based energy management method.
The results show that the energy management strategy can effectively reduce the fuel
consumption per 100 km of the vehicle equipped with a diesel engine. 22.80 L/100 km. A
PHEV-integrated optimization simulation platform based on Isight and MATLAB/Simulink
software for bus is established in [14]. They proposed a multi-objective optimization and
matching method and proved its effectiveness and superiority in fuel reduction and better
performance. The optimization of the series fuel cell vehicle components by a single and a
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multi-objective genetic algorithm to improve the vehicle performance and the operational
costs is also performed in [15]. A method for PHEV online energy management utilizing
an evolutionary algorithm was developed in [16]. The results show that the proposed
self-adaptive control strategy outperforms the conventional binary control strategy with an
average of 10.7% fuel savings without considering charging opportunity and 31.5% fuel
savings when considering charging opportunity. The author of [17] provided a compre-
hensive study regarding the PHEV’s optimum powertrain design based on an interactive
adaptive-weight genetic algorithm approach, which aims to simultaneously minimize the
PHEV’s fuel consumption, battery state of health, charging time, and costs.

Nowadays, in order to reduce the energy consumption of the PHEV, most research is
limited to the energy management strategy. However, there is little research that pays atten-
tion to the energy-saving potential of the air conditioning system. As the core component
of the PHEV, the air conditioning system needs to keep the cabin at a proper temperature.
However, because it is also one of the most important energy-consuming components of
PHEV, especially the compressor of the air conditioning system [18–20], a low-efficiency
air conditioning system will bring great challenges to the endurance of the vehicle. The
cooling load of an air conditioning system can cause an 18–37% reduction in the Urban
Dynamometer Driving Schedule (UDDS) range depending on ambient conditions [21].
Therefore, in order to reduce the energy consumption of PHEV, it is vital to pay attention to
the air conditioning system.

In this paper, in order to reduce energy consumption of PHEV, the efficiency of the air
conditioning system is addressed. A detailed and quantitative analysis of the air backflow
of the PHEV’s underhood is carried out to improve the efficiency of the air conditioning
system, so that the system energy consumption can be reduced. In fact, the air backflow
phenomenon in the underhood of PHEV refers to when hot air from the underhood
returns to the front-end cooling module, which increases the temperature of the windward
air passing through the condenser, intercooler, low-temperature radiator, and electrical
radiator, resulting in a decrease in the heat dissipation performance of the cooling module.
Therefore, the air backflow in the underhood can cause the performance of the condenser to
decrease, which in turn will affect the performance of the air conditioning system, resulting
in increased energy consumption.

Based on the reviewed literature, optimizing the air backflow of the underhood is an
effective way to improve the thermal efficiency of the air conditioning system and reduce
the energy consumption of PHEV. Therefore, the contributions of this paper are threefold:

• A heat flux marking method is proposed to characterize the mechanism of air back-
flow and its distribution in the condenser, thereby quantifying the air backflow phe-
nomenon in the underhood of PHEV.

• The performances of the air conditioning system, including the evaporator outlet
temperature, cooling capacity, exhaust pressure of the compressor, and COP, are
investigated under different ambient temperatures, air backflow ratios, and air back-
flow distribution.

• An optimization model of the underhood is proposed to eliminate the impact of air
backflow on the air conditioning system of PHEV.

The rest of the paper is organized as follows. The research method, including the 1D
model characterizing the effect of air backflow on the air conditioning system performances,
the 3D model characterizing and quantifying the backflow phenomenon in the underhood
of PHEV, and experimental test system verifying the air conditioning system performance,
is presented in Section 2. The evaluation results, including the impact of the air backflow
effect in the underhood of PHEV on the air conditioning system, mechanism analysis of air
backflow phenomenon, and performance optimization, are reported in Section 3. Section 4
concludes the paper.
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2. Research Method
2.1. Research Framework of the Air Backflow Effect in the Underhood

To quantify the backflow phenomenon in the underhood of PHEV and explore the
impact of the air backflow in the underhood of PHEV on the air conditioning system, the
research framework is constructed in this paper, as shown in Figure 1. The quantification
and analysis of the air backflow phenomenon of the underhood of PHEV are realized based
on the heat flux marking method demonstrated in this paper. The performances, including
the evaporator outlet temperature, cooling capacity, exhaust pressure of compressor, and
COP of ACS are investigated under different ambient temperatures, air backflow ratio,
and backflow distribution based on one-dimensional simulation. Furthermore, the com-
putational fluid dynamics (CFD) simulation of the underhood can characterize and reflect
the air backflow flow field distribution and provide a basis for the structural parameter
optimization of the underhood. Moreover, a real vehicle experiment is carried out in order
to verify the performance of the air conditioning system after the underhood of PHEV
is optimized.
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Figure 1. Research framework of the air backflow effect in the underhood of PHEV.

2.2. 1D Model
2.2.1. Compressor

A compressor is the core component of an air conditioning system;, so, the accuracy of
its simulation model needs to be much higher than other components. Generally, a 1% error
in the compressor simulation model will cause a 0.7% error in the air conditioning system
approximately. In this paper, the compressor efficiency model is adopted and the physical
model applied to the compressor efficiency model is shown in Equations (1)–(3) [22]:

mcom =
ηvVthrcom

νsuc
(1)

Pcomp = mcom (hdis − hsuc)/ fQ (2)

hdis = hsuc +
hdis|s − hsuc

ηs
(3)

where Vth is the displacement of the compressor, rcom is the rotary speed of the compressor,
mcom is the mass flow of the compressor, ηv is the volumetric efficiency of the compressor,
Pcomp is the energy consumption of the compressor, hdis is the exhaust enthalpy of the
compressor, hsuc is the suction enthalpy of the compressor, ηs is the isentropic efficiency,
hdis |s is the exhaust enthalpy under the condition of isentropic compression, and fQ is the
heat loss of the compressor.
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2.2.2. Condenser and Evaporator Model

In this paper, both the condenser and the evaporator of the ACS can be regarded as a
model of the microchannel tube–fin heat exchanger; the working principle diagram of the
heat exchanger is shown in Figure 2 [23]. The whole heat exchange process includes three
parts: external convective heat exchange air–wall, heat conduction wall + fins, and internal
convective heat exchange refrigerant–wall. In this model, the heat transfer correlation of
the air side of the heat exchange can be expressed as follows [24]:

Nu = C0 × ReN × Prt
M (4)

where Nu is the Nusselt number; Re is the Reynolds number; Prt is the Prandtl number; and
M, N, and C0 are the parameters that can be used to adjust the heat rejection performance
of the heat exchanger.
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2.2.3. Expansion Valve

The expansion valve model is used in this paper to achieve different throttling effects
by adjusting the opening degree of the expansion valve. The heat loss of the expansion
valve is ignored in the model; so, the flow process of the refrigerant in the expansion valve
is regarded as a constant enthalpy process. The mass flow rate is calculated as follows:

mexv = ρ× Cq × A×
√

2× ∆P
ρ

(5)

∆P = Pi − PO (6)

where mexv is the mass flow rate, kg/s; ρ is the density, kg/m3; Pi is the inlet pressure,
barA; PO is the outlet pressure, barA; and Cq is the flow coefficient, which can be calculated
by Formula (7):

Cq = Cqmax × tanh
(

2× λ

λc

)
(7)

where Cqmax is the maximum flow coefficient; λ is the flow number; and λc is the critical
flow number.

2.2.4. Fan and Radiator Model

The cooling fan is located at the front or rear of the radiator to increase the air flow
through the radiator and improve the heat dissipation performance of the radiator. In this
paper, the performance characteristic parameters of the fan are obtained based on the law
of similarity, which mainly include the volumetric flow coefficient and pressure coefficient,
and the calculation method is as follows [25]:

φ =

.
Q

A f an ·Vtip
(8)

ψ =
∆P

1
2 ρV2

tip
(9)
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where φ is the volumetric flow coefficient; ψ is the pressure coefficient;
.

Q is the volume
flow of air; A f an is the fan area; and Vtip is the linear velocity of the fan blade tip.

As for the radiator, the heat transfer and flow resistance of the cold side or hot side of
the radiator can be calculated by the following formulas:

∆p =
1
2

K · ρ ·V2
cool (10)

Qrad = Aexch ·U · (Tin − Tout ) (11)

where Aexch is the heat exchange area of heat exchanger; ρ is the air density; and K is the
pressure loss coefficient.

2.3. 3D Models
2.3.1. Heat Exchanger

To characterize the backflow phenomenon in the underhood of PHEV, it is necessary
to perform computational fluid analysis on the cooling module of the underhood. In the
cooling module of the underhood, the condenser, intercooler and, radiator all belong to the
heat exchanger. In this paper, the heat transfer model of the heat exchanger is established
by NTU method, as follows [25]:

NTU =
− ln(1− ε− εCr)

(Cr + 1)
(12)

where Cr is the heat capacity ratio and ε is the effectiveness.
The porous media model is adopted to characterize the pressure loss inside the heat

exchanger; it also adopts the correction method of the standard momentum equation,
which adds the momentum source term composed of viscous loss term and inertial to the
momentum equations. The mathematical description is as follows [22]:

Si = −
(

3

∑
j=1

Dijµuj +
3

∑
j=1

Cij
1
2

ρ|u|uj

)
(13)

where Si is the source term in the momentum equation, |u| is the velocity scalar, u is the
velocity vector, µ is the aerodynamic viscosity, and D and C is the given matrix.

D and C are defined as diagonal matrices, and the formula can be expressed as follows:

Si = −
(

µ

β
ui + η

1
2

ρ|u|ui

)
(14)

where 1
β is the viscous resistance coefficient, and η is the inertial resistance coefficient.

The simplified momentum equation of porous media can be expressed in the form of
pressure loss and source term as follows:

∆P = −
(

µ∆n
D

ui + C1
1
2

ρ|u|∆nui

)
(15)

The characteristic parameters of the heat exchangers are demonstrated in Table 1:

Table 1. The viscous resistance coefficient and inertial resistance coefficient of heat exchangers.

Heat Exchanger Viscous Resistance
Coefficient (m−2)

Inertial Resistance
Coefficient (m−1)

Radiator 1192.5 160.1
Intercooler 813.6 74.5
Condenser 851.8 126.9

Electrical radiator 808.2 114.3
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2.3.2. Meshing of the PHEV Underhood

The 3D solid model of the PHEV underhood, including the condenser, radiator, and
other components, is shown in Figure 3a. In order to avoid the interference of the air-
flow disturbance in the limited space on the model accuracy, a rectangular air domain
(10 L × 10 W × 6 H) is added, as shown in Figure 3b.
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In view of the fact that the air backflow of the underhood is determined in this paper,
the front half of the car body surface is also meshed to ensure that the flow details are
captured. The mesh model with 80 million mesh is shown in Figure 3c.

2.3.3. Boundary Condition

The air backflow flow field distribution is investigated based on the CFD method.
Some boundary conditions should be determined:

(1) RANS steady-state model is used for steady flow in this model;
(2) Pressure outlet and velocity inlet are selected for outlet and inlet boundary condi-

tions, respectively;
(3) The condenser, intercooler, radiator, and electrical radiator are calculated based on

the porous media model;
(4) The cooling fan is simulated based on the multiple reference frame (MRF) method.

2.4. Experimental Test System

In order to verify the effect of air backflow of the underhood on the cooling capacity
of the air conditioning system for PHEV, a system bench experiment is established. The
measurement points of the temperature sensor in the cabin are shown in Figure 4, and the
cabin temperature value is obtained by calculating the average temperature of multiple
measurement points.
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In order to ensure more accurate simulation results in the 1D/3D calculation, the
relevant key parameters of the condenser, evaporator, and other radiators are obtained
through the enthalpy difference experiment. The laboratory is shown in Figure 5.

Energies 2022, 15, x FOR PEER REVIEW 8 of 17 
 

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4. The measurement points of temperature sensor in the cabin. (a) Side air outlet; (b) Mid-
dle air outlet; (c) Front seat passenger; (d) Rear seat passenger; (e) Dashboard area; (f) Cabin bot-
tom 

In order to ensure more accurate simulation results in the 1D/3D calculation, the rel-
evant key parameters of the condenser, evaporator, and other radiators are obtained 
through the enthalpy difference experiment. The laboratory is shown in Figure 5. 

 

Figure 5. The heat exchanger performance test platform.

2.5. Heat Flux Marking Method

In order to solve the problem that the air backflow phenomenon of the underhood
cannot be judged based on a streamline method, a heat flux marking method is proposed
based on the mechanism and distribution of air backflow in the heat exchanger. The air
flow passing the heat exchanger will be marked. In order to monitor the backflow air, a
monitoring surface will be set at the front end of the heat exchanger. The schematic diagram
is shown in Figure 6.
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In this paper, in order to quantify the distribution of heated air and calculate the
backflow rate, the scalar γ is used to express the proportion of the volume of hot air,
referring to the momentum transport equation. The calculation method is as follows:

∂γ

∂t
+ uj

∂γ

∂xi
= ν

∂2γ

∂xj∂xj
− νt

∂γ

∂xj
(16)

When the air backflow phenomenon is characterized based on the CFD method, the
N-S equation for the entire fluid domain needs to be solved first. Then, the transport
equation should be solved after the flow field is in a stable state. Finally, the distribution of
hot air in the entire fluid domain can be obtained after the calculation converges.
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3. Results and Discussion

In order to systematically analyze the air backflow phenomenon of the underhood of
PHEV in this paper, the influence of the air backflow rate on the air conditioning system is
explored under different ambient temperatures and backflow distribution. Furthermore, to
eliminate the impact of air backflow of the underhood and improve the performance of the
thermal management system, the underhood of PHEV is optimized in this paper.

3.1. Effect of Backflow Rate under Different Ambient Temperatures

In this section, the influence of air backflow rate on the air conditioning system is
explored under different ambient temperatures. Figure 7 shows that under ambient tem-
peratures of 30 ◦C, 35 ◦C, and 40 ◦C, as the backflow rate increases from 0% to 30%, the
air conditioning system performance parameters, including evaporator outlet temperature,
evaporator heat exchange, compressor discharge pressure, and COP, are changed accordingly.
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to 30%, the heat exchange performance and energy efficiency of the system is reduced. 
Specifically, when ambient temperature is 30 ℃, the heat exchange of evaporator is re-
duced from 4693 to 4214 W and the reduction rate is 10.2%, at the same time, while the 
system COP is reduced from 3.07 to 1.96 and the reduction rate is 36.16%. Thus, more than 
a 35% improvement of COP could be achieved solely by eliminating air backflow of the 

Figure 7. Influences of backflow rate on air conditioning performances under different ambient
temperatures. (a) Evaporator outlet temperature; (b) evaporator heat rejection; (c) compressor
discharge pressure; and (d) COP.

As shown in Figure 7, as the air backflow rate of the underhood is increased from
0% to 30%, the heat exchange performance and energy efficiency of the system is reduced.
Specifically, when ambient temperature is 30 °C, the heat exchange of evaporator is reduced
from 4693 to 4214 W and the reduction rate is 10.2%, at the same time, while the system
COP is reduced from 3.07 to 1.96 and the reduction rate is 36.16%. Thus, more than
a 35% improvement of COP could be achieved solely by eliminating air backflow of
the underhood of PHEV, which indicates that the decline of the air backflow rate of the
underhood enhances the cooling capacity in the air conditioning system. In fact, when
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the air backflow rate is enhanced, the oncoming air temperature of the condenser will be
increased and the heat exchange capacity of the condenser will be decreased, enhancing
the condensing pressure and the condensing temperature, thus increasing the discharge
pressure of the compressor, as shown in Figure 2(C). Furthermore, when the compressor
speed remains unchanged, the suction pressure of the compressor will increase, and the
evaporation pressure and evaporation temperature will increase accordingly; thus, the
cooling capacity will increase. Moreover, the increase in the suction pressure will cause the
compressor power consumption to increase, and the system COP will decrease.

3.2. Effect of Air Backflow Rate under the Different Air Backflow Distribution

In fact, the air backflow phenomenon of the underhood occurs in different local
areas of the condenser; thus, the influence of different air backflow distribution on the air
conditioning system is analyzed in this section. In view of the fact that the distribution ratio
of the cooling tube of the condenser analyzed in this paper is 27:13:7:5, the air backflow
distribution form is set according to 27:13:7:5 (uniform distribution), 1:1:1:1, and 1:1:2:2.
Figure 8 shows that under different backflow distribution, the air backflow rate has an
effect on the performance of the air conditioning system.
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As shown in Figure 8, when the air backflow rate is lower than 10%, the air backflow
distribution has almost no effect on the performance of air conditioning system. However,
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when the air backflow rate is higher than 10%, compared to the air backflow concentrated
under the condenser (Pass distribution 27:13:7:5) when air backflow is evenly distributed
on the surface of the condenser, the cooling capacity of the air conditioning system will be
higher and the system efficiency will improve. Specifically, compared to the air backflow
concentrated under the condenser, when the air backflow rate is 30% and air backflow
is evenly distributed on the surface of the condenser, the heat exchange performance
increases from 3248 to 3983 W and the growth rate is 22.6%; at the same time, the system
COP increases from 1.3 to 1.62 and the reduction rate is 24.6%, which indicates that the air
backflow should be distributed as evenly as possible at the front end of the condenser.

3.3. Mechanism Analysis of Backflow Phenomenon

The analysis in the above section exhibits that the air backflow rate and air back-
flow distribution of the underhood have a great impact on the performance of the air
conditioning system. In order to avoid the impact of air backflow on the air conditioning
system of PHEV, the mechanism that causes the backflow phenomenon is analyzed in
this section; thus, the performance of the air conditioning system can be optimized in the
subsequent section.

The air backflow phenomenon of the underhood is analyzed and the distribution of
air backflow on the surface of the condenser is shown in Figure 9.
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Figure 9 shows that the distribution of the backflow hot air on the surface of the
condenser is mainly concentrated on the left and upper right corners of the condenser. In
order to trace the source of backflow hot air, as shown in Figure 9b, most of the backflow
hot air is generated by the gap between the radiator and the bracket and the gap between
the air guide parts.

3.4. Mechanism Analysis of Air Backflow Phenomenon

In order to eliminate the impact of air backflow on the air conditioning system, a
cooling module of the underhood for PHEV is optimized in this section. The optimized
structure is shown in the Figure 10. As shown in red in Figure 10, the gap between the
radiator and the bracket is sealed and the gap around the air guide is reduced.

Figure 11 shows the optimized results of the PHEV underhood, and that the air
backflow phenomenon in the left area is significantly improved and that there only is some
backflow hot air around some pores that cannot be sealed.

In order to quantitatively analyze the backflow phenomenon of the optimized struc-
ture, the air backflow rate and the mass flow of backflow air are calculated based on the
heat flux regression method, and the results are shown in Table 2.
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Table 2. Comparison of the backflow rate of the optimized cooling module and the original structure.

Air Mass Flow (kg/s) Backflow Ratio (%) Backflow Air Mass
Flow (kg/s)

Original Structure 0.518 32.7 0.169
Optimized structure 0.518 9.3 0.048

As shown in Table 2, compared with the original structure, the backflow rate of
the optimized structure is reduced from 32.7% to 9.3%, the backflow air in the left area
is significantly reduced, and the backflow air mass flow is reduced from 0.169 kg/s to
0.048 kg/s. The reduction rate is 36.16% and the backflow situation of underhood cooling
module is significantly improved.

In order to verify results of the optimization, the performance of the air conditioning
system installed with the original cooling module and the optimized cooling structure is
tested in a real vehicle under driving conditions of 32 km/h. The performance results of
the air conditioning system are shown in Figure 12.

As shown in Figure 12, when the air backflow phenomenon is weakened, the cooling
capacity of the air conditioning system is significantly better. Compared with the original
underhood cooling structure, the cabin temperature can be reduced by 3–5 ◦C.
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4. Conclusions

The air backflow phenomenon of the PHEV underhood is quantitatively investigated
in this paper and the relevant conclusions are as follows:

(1) The heat flux marking method proposed in this paper can accurately quantify the
backflow phenomenon in the underhood of PHEV based on the momentum trans-
port equation.

(2) The decrease in the air backflow rate of the underhood helps to improve the re-
frigeration capacity of the air conditioning system, thereby increasing the COP of
the system

(3) When the air backflow ratio cannot be reduced below 10%, the air backflow should be
distributed as evenly as possible at the front end of the condenser.

(4) In order to eliminate the impact of air backflow on the PHEV underhood, the gap
between the radiator and the bracket is sealed and the gap around the air guide is
reduced. Compared with the original structure, the air backflow rate of the optimized
structure is reduced from 32.7% to 9.3% and the cabin temperature can be reduced
by 3–5 ◦C.

In order to further investigate the effect of backflow phenomenon of the underhood on
air conditioning system, digital twin technology should be considered in the future so that
backflow phenomenon can be investigated in an all-round way without a large number of
time-consuming and high-cost experiments and simulations.
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Nomenclature

PHEV plug-in hybrid electric vehicles
ACS air conditioning system
ICE internal combustion engine
UDDS urban dynamometer driving schedule
CFD computational fluid dynamics
EMS energy management strategy
COP coefficient of performance
BTMS battery thermal management system
MTMS motor thermal management system
Acronyms
Vth displacement of the compressor
mcom mass flow of the compressor
Pcomp energy consumption of the compressor
hsuc suction enthalpy of the compressor
hdis |s exhaust enthalpy under the condition of isentropic compression
ρ density
η inertial resistance coefficient
γ volume proportion of the hot air
φ volumetric flow coefficient
Nu Nusselt number
Prt Prandtl number
Vtip linear velocity of the fan blade tip
rcom rotary speed of the compressor
ηv volumetric efficiency of the compressor
hdis exhaust enthalpy of the compressor
ηs isentropic efficiency
fQ heat loss of compressor
u velocity vector
1
β viscous resistance coefficient
Cr heat capacity ratio
Re Reynold number
.

Q volume flow of air
A f an Fan Area
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