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Due to the performance degradation of the vehicle cooling system heat exchanger 
in the low pressure environment, the problem of overheating of the cooling sys-
tem occurs when the vehicle is running on the plateau. This seriously affects the 
use of vehicles on the plateau environment. Therefore, it is necessary to study the 
influence of the plateau low pressure environment on the heat transfer and flow 
characteristics of the vehicle cooling system heat exchanger. In this paper, an ex-
perimental study of an offset fin and flat tube heat exchanger was conducted on a 
low pressure wind tunnel test bench, and the heat transfer and flow characteristics 
of the heat exchanger under different gauge pressure conditions were analyzed. 
Based on this, numerical simulations were carried out to study the heat transfer 
and flow characteristics of the heat exchanger with different structural parameters 
under low pressure environment. The empirical correlation of Colburn factor, j, 
and friction factor, f, were fitted using multiple linear regression. The research 
results can provide help for the engineering calculation of the offset fin and flat 
tube heat exchanger.
Key words: offset fin, heat transfer, low pressure environment,  

experiment and numerical simulation

Introduction

With the continuous increase in the level of economic development, the demand for 
automotive applications in the plateau has gradually increased. For cars designed for the plain 
area, there are a couple of serious problems in the low pressure environment of the plateau, 
including declining power performance, overheating of the engine, and overheating of the 
cooling system. One of the most important reasons for these problems is the performance deg-
radation of the heat exchanger of vehicle cooling system in the plateau environment. Therefore, 
it is necessary to study the influence of plateau low pressure environment on heat transfer and 
flow characteristics of heat exchangers.

Research on the influence of low pressure environment on the performance of heat 
exchangers has been published in some literatures. Tanaka et al. [1] conducted an experimental 
study on the heat transfer characteristics of radiation, convection, and heat conduction processes 
in low pressure and low temperature environments. The results show that the Knudsen Number 
is an indicator of the change in the dominant heat transfer mode in the low pressure environ-
ment. Liu et al. [2] deduced the performance of the natural convection heat exchanger under low 
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pressure environment. The results show that the natural convective heat transfer coefficient of 
the flat wall at an altitude of 5000 m is reduced by 27% compared with that at the plain. Liang 
[3] studied the performance change of tube-fin heat exchangers of air conditioner under different 
environmental pressures. Theoretical derivation shows that when the wind speed is constant, 
the air side convection heat transfer coefficient and the pressure drop of the heat exchanger 
decrease with the decrease of the ambient pressure, and the theoretical derivation conclusions 
are verified by experimental results. Li et al. [4] used theoretical deduction to analyze the effect 
of environmental pressure on the performance of the heat exchanger. The calculation results 
show that the air side convection heat transfer coefficient at an altitude of 5000 m decreases by 
22~33% compared with that at the plain. Jia et al. [5, 6] studied the heat transfer and flow resis-
tance performance of a louvered fin heat exchanger under low pressure environment. The results 
show that the air side convection heat transfer coefficient decreases with the decrease of the 
ambient pressure. Obviously, the plateau low pressure environment has a serious impact on the 
heat transfer performance of the air side of the heat exchanger and needs to be studied in depth.

Offset fin heat exchangers are widely used in vehicle cooling systems. At present, 
researchers have studied their performance under atmospheric pressure. Kays and London [7] 
first analyzed the heat transfer and flow of offset fins, and established a modified analytical 
solution model for the laminar flow boundary-layer of offset fins. Dong et al. [8] conducted an 
experimental study on 16 different offset fin heat exchanger samples, and obtained the empirical 
correlations of j factor and f factor in the Reynolds number range of 500-7500. Peng et al. [9] 
numerically simulated the offset fins and analyzed the heat transfer and flow resistance charac-
teristics of offset fins. 

At present, research on offset fin heat exchangers has been focused on normal pres-
sure environment, and the influence of low pressure environment on the flow and heat transfer 
performance of offset fin heat exchangers remains to be studied. Thus, it is of great significance 
to study the heat transfer and flow characteristics of the offset finned flat tube heat exchanger 
under the low pressure environment.

In this paper, an experimental study of an offset fin and flat tube heat exchanger 
(OFFTHX) was conducted on a low pressure wind tunnel test bench, and the heat transfer and 
flow characteristics of the OFFTHX under different gauge pressure conditions were analyzed. 
Based on this, numerical simulations were carried out to study the heat transfer and flow charac-
teristics of the OFFTHX with different structural parameters under low pressure environment. The 
empirical correlation of Colburn factor, j, and friction factor, f, were fitted using multiple linear 
regression. The research results can provide help for the engineering calculation of the OFFTHX.

The influence of low pressure environment

Physical properties of air and water

In this study, the physical parameters of water and air have important effects, in-
cluding density, kinematic viscosity, dynamic viscosity, thermal conductivity, specific heat 
capacity, and boiling point of water. According to the ideal gas state equation, when the tem-
perature is constant, the air density is inversely proportional to the ambient pressure [10]. The 
volumetric elastic modulus of liquid water is 2000 MPa. When the pressure variation is 101 
kPa, the volume change is less than 1/20000, so the water density can be considered as a con-
stant in this study [11]. According to the fluid molecule theory, the dynamic viscosity of air 
and water is independent of pressure when the temperature is constant [12]. According to the 
definition of kinematic viscosity, it is inversely proportional to the density of the fluid and is 
proportional to the dynamic viscosity of the fluid. When the dynamic viscosity is constant, the 
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kinematic viscosity increases with the decrease of density, that is, the kinematic viscosity of 
air increases with the decrease of environmental pressure. The physical properties of air under 
different gauge pressures [10] are shown in tab. 1.

Table 1. Physical properties of air
Gauge pressure

[kPa]
ρ 

[kgm–3]
ν 

(m2s–1)
cp 

[Jkg–1K–1]
λ 

[Wm–1K–1]
0 1.1885 1.54∙10–5 1006.4 0.0242

–10 1.0696 1.71∙10–5 1006.4 0.0242
–20 0.9507 1.92∙10–5 1006.4 0.0242
–30 0.8319 2.19∙10–5 1006.4 0.0242
–40 0.7130 2.56∙10–5 1006.4 0.0242

According to the fluid molecules theory [12], when the temperature is con-
stant, the thermal conductivity of water and air is constant within the pressure range of  
2.67∙10–3-2∙103 MPa. In the pressure range of 0-1 atm, the specific heat capacity of water and 
air can be regarded as a single-valued function of temperature [13]. In this study, the am-
bient pressure is within this range, and the temperature change of water and air is small, 
so the specific heat capacity of water and air can be regarded as constants. Environmental 
pressure has an effect on the boiling point of water. According to the ideal gas state equa-
tion and the Clausius Clapeyron [14] equation, the boiling point of water can be expressed as:  
Tb(a) = 373.15-3.3∙10–3a [m]. According to the formula, for every 1000 m increase in altitude, 
the boiling point of water is reduced by about 3.3 °C. At an altitude of 4500 m, the boiling point 
of water drops to approximately 85.15 °C.

Heat transfer and flow characteristics of heat exchangers

The thermal resistance on the air side usually accounts for more than 80% of the total 
thermal resistance [15]. Therefore, the air side flow and heat transfer characteristics under low 
pressure environment are mainly analyzed in this paper. According to the literature [5], the 
thickness of the thermal boundary-layer of the air-flow increases with the decrease of the gas 
density, so the thickness of the gas thermal boundary-layer under low pressure environment will 
increase, which will increase the thermal resistance, resulting in the convection heat transfer 
coefficient reduce.

Experimental study

Test apparatus and component parameters

The test bench used in this study is a low pressure wind tunnel test rig. The main com-
ponents and structure of the test bench are shown in fig. 1. The main body of the test bench is a 
closed air circuit. The air circuit is equipped with a fan to drive the air-flow. A nozzle flow meter 
is installed downstream of the fan, and flow stabilizers are installed before and after the flow 
meter. The other side of the flowmeter is a sample of the heat exchanger. The air conditioner 
and the flow stabilizer are installed upstream of the sample to ensure that the sample inlet air 
temperature and flow are uniform and stable. A vacuum pump and its control unit are connected 
to the air circuit for a stable low pressure environment. In order to reduce the heat loss of the air 
circuit, the outer wall of the circuit is wrapped with 5 mm of insulation material. 

In the experiment, the flow rate of water in the sample is controlled by adjusting the 
valve, and the water temperature at the inlet of the sample is kept constant by a constant tem-
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perature water tank. Air-flow rate is controlled by adjusting the fan frequency. The pressure in 
the air circuit is adjusted with a pressure control system to stabilize it within ±0.1 kPa of the 
target value.

The heat exchanger sample in the experiment is an aluminum offset fin and flat tube 
heat exchanger. The size of the windward surface is 185×200 mm, and its structural dimensions 

are shown in fig. 1. Table 2 lists the 
specific dimensions of the heat ex-
changer sample.

In the experiment, the inlet 
water temperature of the sample is 

maintained at 60 ±0.5 °C, and the water flow rate is 300 Lpm. The inlet air temperature is main-
tained at 20 ±0.5 °C. Adjust the pressure control system so that the gauge pressure in the air 
circuit is 0 kPa, –10 kPa, –20 kPa, –30 kPa, and –40 kPa, respectively. At each gauge pressure, 
the fan frequency range is 35 to 125 Hz. In order to improve the accuracy of the experimental 
measurements, the data is collected after each experimental condition is stabilized for 40 min-
utes, and the steady-state heat balance deviation is 5%.

Data reduction and error analysis

The calculation formula of the heat capacity in the experiment is:

	
2

w aQ QQ +
= 	 (1)

where Qw and Qa are the heat capacity of the air side and the water side, respectively. 
In the heat transfer process of the finned tube, the thermal resistance is divided into 

three parts. Using the thermal resistance separation method, the expression of the air side con-
vection heat transfer coefficient is [10]:

	 1 1 1
w s j a

a a w w
R R R A

k k k Aη
 

= − + + + 
 

	 (2)

where aη  is the total efficiency of rib surface, 1 2( )/a f aA A Aη η= + , fη  – the fin efficiency, the 
calculation result of which is 0.783, Rw – the thermal conductivity resistance of the finned 
tube, Rs – fouling thermal resistance, the OFFTHX in this study is a new product, so it can be 
considered as Rs = 0, Rj – the contact thermal resistance. Considering the processing and using 

Figure 1. Schematic diagram of the wind tunnel test apparatus and  
offset fin structure size
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Table 2. Structure size of the sample
Structural parameters L l h t s

Size [mm] 41.6 5.2 9.2 0.5 2.2
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environment of the finned tube in this study, the contact thermal resistance is considered to be 
3∙10–4 m2K/W, ka – the heat transfer coefficient of the air side, kw – the heat transfer coefficient 
of the water side, Aw – the water side heat exchange area. The Colburn factor, j, of water side 
is calculated by the empirical correlation proposed by Guo [16].

The expressions of Colburn factor, j, and Fanning friction factor, f, are as:

	 1/3
Nu

RePr
j = 	 (3)

	
21

2 m

de pf
L uρ

∆
= 	 (4)

The relative error of the experimental data is calculated according to the estimation 
method. For a function R, it contains n independent variables Xi = {x1, x2,…,xn}. Then the rela-
tive error expression of R is as follows:

	

1/22

1

n
i

i i

XR
R X=

  ∆∆  =  
   
∑ 	 (5)

where iX∆  is the absolute error of iX . According to the formula, the relative errors of Colburn 
factor, j, and friction factor, f, are 3.48% and 5.02%, respectively.

Experimental result analysis

The heat transfer coefficient of offset fins under different gauge pressure conditions is 
shown in fig. 2(a). Under each gauge pressure condition, the convective heat transfer coefficient 
of the air side increases with the increase of wind speed between the fins. Under normal pressure, 
as the wind speed between fins increases from 3.9 m/s to 16.2 m/s, the air side convective heat 
transfer coefficient increases from 91 W/m2K to 210 W/m2K. When the wind speed between the 
fins is constant, the air side convective heat transfer coefficient decreases as the gauge pressure 
decreases. When the gauge pressure is –40 kPa, the convective heat transfer coefficient at the 
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Figure 2. Experimental results under different gauge pressure conditions  
(a) heat transfer coefficient, (b) friction factor, f
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same wind speed is reduced by 20.9%~28.9% compared with the normal pressure. Low pressure 
condition has a significant effect on the convection heat transfer coefficient of the air side.

Figure 2(b) shows the friction factor, f, under different gauge pressure conditions. The 
friction factor decreases with the increase of wind speed between the fins. Under normal pres-
sure, as the wind speed increases from 3.9 m/s to 16.2 m/s, the friction factor decreases from 
0.072 to 0.041. When the wind speed between the fins is constant, the friction factor increases 
as the gauge pressure decreases. When the gauge pressure is –40 kPa, the friction factor in-
creases by 32.2%~70.3% compared with the normal pressure.

Numerical simulation

According to the previous analysis, the low pressure environment has an important 
influence on the heat transfer and flow effects of the OFFTHX. In order to further analyze the 
influence of the low pressure environment on the OFFTHX, numerical simulation is needed.

Dimensions of the fins

In order to further study the heat transfer and flow characteristics of offset fins under 
low pressure environment, 16 sets of offset fins with different size parameters are designed 
using orthogonal design method. The dimensional parameter variables of the fins are expressed 
in a dimensionless form, /s hα = , /t lβ = , /L lγ = , /t sδ = . The dimensions of each fin is shown 
in tab. 3.

Table 3. Parameters of the offset fins
No. de [mm] α β γ δ No. de [mm] α β γ δ
1 8.33 0.2 0.05 5 0.1 9 2.50 0.33 0.05 9 0.3
2 4.90 0.2 0.1 7 0.17 10 3.26 0.33 0.1 11 0.23
3 3.62 0.2 0.15 9 0.23 11 4.42 0.33 0.15 5 0.17
4 2.77 0.2 0.2 11 0.3 12 7.51 0.33 0.2 7 0.1
5 3.42 0.27 0.05 7 0.23 13 4.20 0.4 0.05 11 0.17
6 2.62 0.27 0.1 5 0.3 14 7.14 0.4 0.1 9 0.1
7 7.87 0.27 0.15 11 0.1 15 2.38 0.4 0.15 7 0.3
8 4.63 0.27 0.2 9 0.17 16 3.10 0.4 0.2 5 0.23

The computational domain in simula-
tion is shown in fig. 3. The air flows from 
the left to the channel between the fins along 
the X-axis, and it is heated then flows out. 
The computational region is extended in 
order to ensure the accuracy of calculation. 
The inlet section is extended by 1.5 times of 
the fin length, l, allowing the air to obtain a 
uniform velocity distribution at the entrance 
of the fin. The outlet section is extended by 
five times the fin length [17].

Numerical model

The main assumptions in numerical simulations are:
	– The flow in the calculation area is steady-state and incompressible.

Figure 3. The computational domain
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	– Ignoring heat radiation and natural convection.
	– Physical properties of air are only related to environmental pressure.

The Reynolds number in the numerical simulation ranges from 1000 to 4000, so the 
laminar model is used when the Reynolds number is low, and the turbulence model is used when 
the Reynolds number is high. According to the reference [9], the critical Reynolds number of 
the air-flow in the offset fin is 2000, so the turbulence model is used when the Reynolds number 
is greater than 2000 in the simulation. 

Based on the aforementioned, the continuity equation is:

	 div( ) 0uρ = 	 (6)

The momentum conservation equation (Laminar flow: Re < 2000) is:

	 ( ) ( )2 1l
i j i

j l l i

pu u u
x x

µ
ρ ρ

∂ ∂
= ∇ −

∂ ∂
	 (7)

The momentum conservation equation (turbulent flow: Re ≥ 2000) is:

	 jt i i
l l j t l

j j k j j j i

uu uk k ku
t x x x x x x

µ
ρ ρ µ µ ρ ε

σ

   ∂  ∂ ∂∂ ∂ ∂ ∂
+ = + + + −     ∂ ∂ ∂ ∂ ∂ ∂ ∂     

	 (8)

	
2

1
2

jt i i
l l k t l

k k k j j i

uu ucu c
t x x x k x x x kε

µ εε ε ε ερ ρ µ µ ρ
σ

 ∂   ∂ ∂∂ ∂ ∂ ∂
+ = + + + −     ∂ ∂ ∂ ∂ ∂ ∂ ∂    

	 (9)

The energy conservation equation is:

	 ( )div div grad
Pr TTu T Sµρ  = + 

 
	 (10)

Mesh and boundary conditions

The computational domain is divided into tetrahedral meshes, and the mesh at the wall 
surface is encrypted to improve the accuracy of numerical calculations. 

Different numbers of meshes are calculated for the computational domain, and the 
number of meshes is increased from 0.1 to 2.02 million. When the number of grids is increased 
from 650000 to 1.15 million, the change of temperature and pressure difference between the 
inlet and outlet are less than 0.3%. Therefore, after the number of grids exceeds 650000, the 
calculation result is independent to the number of grids. The tetrahedral mesh size is 0.25 mm. 

The upper and lower surfaces of the computational domain are heating surfaces, and 
the temperature is 323.15 K. The left and right boundaries of the computational domain are 
set to periodic boundaries. The air inlet is set to the velocity inlet, the air inlet temperature is 
288.15 K, and the inlet velocity is calculated based on the Reynolds number. The air outlet is 
set as a pressure outlet.

The governing equations are solved numerically by using a control volume based 
finite difference formulation. The simple algorithm is used to solve iteratively the system of 
finite-difference equations. The second-order upwind scheme is adopted to solve the governing 
equations. 
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The offset fins are made of aluminum, the density of which is 2700 kg/m3, and the 
thermal conductivity of which is 237.2 W/mK. The physical properties of air changes with the 
environmental pressure, and are shown in tab. 1.

In the numerical simulation, the gauge pressure is taken as 0 kPa, –10 kPa, –20 kPa, 
–30 kPa, and –40 kPa. The air inlet Reynolds number ranges from 1000 to 4000 under each 
pressure condition.

Validation of numerical calculation model

In order to verify the accuracy of the numerical calculation model, the offset fin in 
the experiment is simulated. The numerical results are compared with the experimental data, as 
shown in fig. 4.

Figure 4(a) shows the air side convection heat transfer coefficient ka and fig. 4(b) 
shows the friction factor, f. The numerical simulation results are consistent with the trend of the 
experimental data. The maximum deviations of ka and f between the calculation results and the 
experimental data are 9.7% and 7.7%, respectively, and the average deviations are 4.1% and 
4.7, respectively. 

Figure 4. Comparison of numerical results and experimental data (a) heat transfer coefficient,  
(b) friction factor, f
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Numerical simulation result analysis

Field synergy angle

The conventional theory holds the opinion that heat transfer enhancement should be 
achieved by perturbing the thermal boundary-layer and the flow boundary-layer, such as add 
vortex generators in the flow field. However, field synergy theory considers that the enhance-
ment of heat transfer should focus on the reduction of field synergy angle [18]. 

The expression of the inner product of velocity and temperature gradient is:

	 grad grad cosU T U T θ⋅ =
   

	 (11)

where θ  is the angle between the local ve-
locity and the temperature gradient. The θ  is 
called the field synergy angle (FSA). The dia-
gram of the field synergy angle is shown in the 
fig. 5. Figure 5. Diagram of the FSA
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The expressions of local field synergy angle and mean field synergy angle are as fol-
lows [19]:

	

1cos

grad
i

T T Tu v w
x y z

U T
θ

− ∂ ∂ ∂
+ +

∂ ∂ ∂
=

⋅
 

	 (12)

	 i i
m

i

A
A
θ

θ = ∑
∑

	 (13)

where iA  is the area of the control volume, iθ  
– the field synergy angle of a single node, and 

mθ  – the mean field synergy angle of the com-
putational domain.

Figure 6 shows the variation of the av-
erage FSA of the calculated area under different 
gauge pressure conditions and wind speed be-
tween fins. In the calculated wind speed range, 
the increase in wind speed enhances the synergy 
between the temperature field and the velocity, 
thereby enhancing the convective heat transfer 
between the air and the fin. The decrease of the 
environmental pressure increases the field syn-
ergy angle, weakens the synergy between the 
temperature field and the velocity, and reduces the convective heat transfer performance be-
tween the air and the fin. This is consistent with the trend of the convective heat transfer coeffi-
cient of the air side in the experiment.

Correlations of j and f factors

In order to facilitate the calculation of engineering, empirical correlations of j and f 
factors are obtained by multiple linear regression [20] on the basis of the 336 operating points 
calculated in this paper. The corresponding correlations of the Colburn factor, j, and friction 
factor, f, are given:

	
0.0637

0.487 0.0557 0.499 0.357 0.532

0
1.429Re Pj

P
α β γ δ− − − −  

=  
 

	 (14)

	
0.225

0.238 0.0175 0.725 0.232 0.501

0
20.493Re Pf

P
α β γ δ

−
− − − −  

=  
 

	 (15)

where P [kPa] is the ambient pressure, P0 is the standard atmospheric pressure, P0 = 101 kPa.
Figure 7 shows the comparison between numerical simulation results of j and f factors 

and that of correlation calculation results. Equation (14) can predict 95% of the simulation re-
sults of Colburn factor, j, within the deviation range of ±10%. Equation (15) can predict 95% of 
the simulation results of friction factor, f , within the deviation range of ±15%. The mean deviation 
and average deviation are calculated according to eqs. (16) and (17) [20]. The mean deviation of 
eqs. (14) and (15) are 4.7% and 7.8%, and the average deviation are 1.9% and 0.5%, respectively:
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	 1AverageDeviation 100%cor sim

simN
φ φ

φ
 −

= × 
 
∑ 	 (16)

	 1MeanDeviation 100%cor sim

simN
φ φ

φ
 − 

= × 
 
∑ 	 (17)

In fig. 8, calculation results of the correlations proposed in this paper are compared with 
experimental data of other offset fins. Dong conducts an experimental study on offset fins of 
different sizes, one of the fins is code No. 11. The calculation results of the correlations show 
good consistency with experimental data. The mean deviation of j factor is 8.2%, and that of f 
factor is 12.3%. 

Figure 7. Comparison of numerical result and correlation for (a) j factor and (b) f factor
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Conclusions
In this paper, the experimental study and numerical simulation of the heat transfer 

and flow resistance performance of the offset fin flat tube heat exchanger under low pressure 
environment were carried out. The conclusions are as follows:

	y The low pressure environment has an important influence on the physical properties of air 
and water. When the gauge pressure is –40 kPa, the density of air is reduced by about 40% 
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compared to when the gauge pressure is 0 kPa, and the kinematic viscosity of air is increased 
by about 66%.

	y The experimental results show that when the gauge pressure is –40 kPa, the convective heat 
transfer coefficient at the same wind speed is reduced by 20.9%~28.9% compared with the 
atmospheric pressure. And the friction factor, f, is increased by 32.2% to 70.3%. 

	y The increase of wind speed enhances the synergy between temperature field and velocity, 
and thus enhances the convective heat transfer between air and fin. The decrease of the envi-
ronmental pressure weakens the synergy between the temperature field and the velocity, and 
reduces the convective heat transfer performance between the air and the fin.

	y Based on the simulation results, the empirical correlations of j and f factors are obtained by 
multiple linear regression. The correlation prediction bias is reasonable, which can provide 
a basis for the engineering calculation of offset fins in the plateau low pressure environment.

Nomenclature
Aw	 –	 the water side heat exchange area, [m2]
cp	 –	 constant pressure specific heat  

of air, [Jkg–1K–1]
f	 –	 Fanning friction factor
h	 –	 fin height, [mm]
j	 –	 Colburn factor
k	 –	 heat transfer coefficient, [Wm–2K–1]
ka	 –	 heat transfer coefficient of the  

air side, [Wm–2K–1]
kw	 –	 heat transfer coefficient of the  

water side, [Wm–2K–1]
L	 –	 length of the fin, [mm]
l	 –	 flow length, [mm]
Nu	–	 Nusselt number
P	 –	 ambient pressure, [kPa]
P0	 –	 standard atmospheric pressure, [kPa]
Qa	 –	 heat capacity of the air side, [W]
Qw	 –	 heat capacity of the water side, [W]

Re	 –	 Reynolds number
Rj	 –	 contact thermal resistance, [m2KW–1]
Rs	 –	 fouling thermal resistance, [m2KW–1]
Rw	 –	 thermal conductivity resistance of  

the finned tube, [m2KW–1]
s	 –	 fin pitch, [mm]
t	 –	 fin thick, [mm]

Greek symbols

ηa	 –	 total efficiency of rib surface
ηf	 –	 fin efficiency
θ	 –	 field synergy angle, [°]
θi	 –	 field synergy angle of a single node, [°]
θm	 –	 mean field synergy angle of the 

computational domain, [°]
λ	 –	 heat transfer coefficient, [Wm–1K–1]
ρ	 –	 density of air, [kgm–3]
ν	 –	 kinematic viscosity of air, [m2s–1]
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