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Abstract Work on increasing the eﬃciency of heat exchangers used in
car air conditioning systems may lead to a partial change in the construction of refrigeration systems. One of such changes is the use of smaller gas
coolers, which directly translates into a reduction in the production costs
of the entire system. The article presents the use of computational ﬂuid
dynamics methods to simulate the impact of changing the shape of an internal heat exchanger on the cooling eﬃciency with R744 as the refrigerant.
Internal heat exchangers with diﬀerent geometry of the outer channels were
subjected to numerical analysis. The obtained results of calculations show
temperature changes in inner and outer channels on the length of the heat
exchanger.
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Introduction

Internal heat exchanger (IHX) is a liquid-to-vapor heat exchanger, with
one inner chamber and one outer chamber. Hot liquid refrigerant from the
condenser flows through the inside chamber, and it’s surrounded by cool
refrigerant vapor flowing from the evaporator through the outer chamber.
The task of the heat exchanger is to increase the efficiency of the system
by subcooling the liquid refrigerant, which is supplied to the evaporator by
refrigeration control devices.
Over time, it was necessary to miniaturize refrigeration systems, which
entails the need to increase the efficiency of heat exchangers. This action
forces scientists to conduct research and developments on various methods
that increase the efficiency of internal heat recovery. Among the ways of
improving the systems efficiency, there are various techniques to improve
heat transport, just to mentionchanges in refrigerant as well as changes of
exchanger geometry. In papers [1,2,3] due to the changes of the upper layer
geometry of the plate heat exchanger as well as in [4] due to the general
change of internal heat exchanger geometry, improvement in heat transport
efficiency was achieved. These works allow the develop more energy-efficient
and efficient heating ventilation and air (HVAS) systems.
Heat exchangers used in automotive industry are subject to a prescribed
regulation regarding the refrigerants used in the system. In order to assess
the harmful effect impact of the refrigerant on the atmosphere, the GWP
(global warming potential) coefficient was introduced. On January 1, 2011,
according to the EU Directive 2006/40/EU, in all newly produced refrigeration and air conditioning equipment, the fluids not exceeding GWP coefficient above level 150 must be applied. According to the directive, it
was proposed that the refrigerant R134a (ratio GWP = 1430) should be
replaced with R744 (CO2 ) featuring the GWP = 1. For these reasons, the
proposal of changing the refrigerant is not ecologically and economically
justified. It is necessary to focus on the shape of exchanger and appropriate materials selection from which it is built using a refrigerant in the form
of CO2 .
In 1998, the works on the use of CO2 refrigerant in the automotive industry were initiated [5], but from year 2005 it was proposed to replace the
refrigerant R134a by R744 [6,7]. At the same time, research into the use
of CO2 for internal heat exchangers in refrigeration and air-conditioning
systems began [8,9]. A few years later, experimental analyzes of internal
heat exchanger refrigeration systems optimization were presented [10,11].
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The scheme of the car air-conditioning system is shown in Fig. 1. The
air conditioning system primarily consists of a compressor, evaporator and
a condenser. The cooling medium circulating in a closed circuit is pumped
to the compressor. Than it is transported to the condenser where the working fluid is converted into a liquid form. Thanks to the fans, the desired
process temperature is maintained. Then, the liquid gas is transported
throughout internal heat exchanger to the evaporator where the temperature drops dramatically in the expansion process. The purpose of the internal heat exchanger is to subcool the liquid in the tube B through a cooler
gas in the tube A, which increases the efficiency of the air-conditioning
system.

Figure 1: Scheme of the car air-conditioning system [12].

There is also research to develop new construction of heat exchangers. One
of such constructions is a heat exchanger with microjets [13] or mini- and
microchannels technology [14,15]. Thanks to such solution it is possible to
obtain higher values of the heat transfer coefficient in the exchanger.
The use of computer techniques in the form of numerical simulations
using the finite volume method known as CFD (computational fluid dynamics) offers great opportunities for developments in this area. This technique
gives the opportunity to visualize various phenomena, such as fluid flows,
temperature distribution, or stress distribution. Huge advantage of CFD
is the ability to simulate these phenomena in both 2D and 3D space. An
extensive literature review in the field of designing various types of heat
exchangers using CFD methods is presented in [16]. The authors, in their
analysis of 66 literature items, found the high usefulness of computer simulation methods, providing the possibility of quick and economical solving
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of the design problems of heat exchangers. Authors shown the flexibility of
these methods, which can be used in the initial design stage by forecasting
the fluid flow, and at the final stage in the form of optimizing the shape
of the exchanger itself. One of the works using CFD methods in research
on heat exchangers is the publication [17], in which the authors focus on
the optimization of the internal heat exchanger for refrigeration, where the
refrigerant is CO2 . Experimental and numerical research on microchannels
of radiators used in car air-conditioning systems is also being carried out
in work [18].
The purpose of the work was to perform simulation calculations of the
impact of geometry changes in the heat exchanger on the cooling efficiency
of R744 refrigerant (CO2 ). It was decided to perform an analysis for three
types of geometries, differing in the way of conducting the outer channels
in the exchanger.

2
2.1

Numerical simulation
Calculation area

Numerical calculations were carried out for three models of the tube in
tube counter current heat exchanger with a length of 1.0 m . In model I,
the geometry was presented as a typical ‘pipe in pipe’ exchanger. Model
II corresponded to the geometry in which 16 outer channels (heated) were
made parallel to the inner channel (heating). In model III, geometry of
outer channels have been twisted around inner channel (Fig. 2).

Figure 2: Internal heat exchanger models.
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All three models consisted of an inner channel with radius of 16.4 mm.
In model I, the inside radius of the outer channel was 9.5 mm, while the
external radius is equal to 11.2 mm (Fig. 3). For model II and model III,
the outer channel consist of 16 channels with cross-section and dimensions
shown in Fig. 4. The outer radius of exchanger was 12.5 mm. Total length
of three exchanger models was 1.0 m.

Figure 3: Heat exchanger cross-section – Figure 4: Heat exchanger cross-section –
model I.
model II.

The outer channels in the II model had shape of a simple prism, while in
the III model outer channels were wound along the exchanger in accordance
with the parametric curve equation, which was surface extraction trajectory
performed as a script in the preprocessing program:
s = 2πr cot _10 ,
L
t 360 ,
s
z = tL,

θ=

(1)
(2)
(3)

where: cot _10 – cotangent of the helix angle on the pitch diameter 10 mm,
s – distance of the forming cylinder between the nearest points of helix,
r – cyllinder radius, L – curve total lenght, θ – rotation angle of the pullout surface, z – position in the axis, t – parameter of moving along the
trajectory from 0 to 1.
In order to obtain correct numerical calculation results, it was necessary to apply a dense calculation mesh. It was decided to use the mesh size
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function, which allows to control the size of numerical mesh around the
selected point, edge or surface [1]. Three-dimensional model of the internal heat exchanger was digitized with the unstructured tetrahedral mesh
(Fig. 5), which then, due to the large size of the model and selection of
a dense computing mesh, was converted into a polyhedral mesh (Fig. 6).
The advantage of using this type of mesh is to obtain more accurate results
by converting bad cells and faster obtaining the final results due to the
smaller number of cells compared to the tetrahedral mesh. Mesh conversion was made by using the Ansys Fluent 18 software. The mesh consist of
2.15 million elements for all three geometrical models.

Figure 5: Polyhedral mesh of model I.

2.2

Figure 6: Tetrahedral mesh of model I.

Boundary conditions and flow model

In the studied issue, there are two centers, gas (also in the supercritical
state) in the form of CO2 and a solid in the form of an aluminum alloy.
The boundary condition for the inner channel HP (heating) and outer
channels LP (heated) has been defined as a mass flow. The design assumptions set static pressure at the inlet to the channels equal to:
PHP = 12.00 ,
PLP = 4.50 ,
where: P HP – inlet pressure for inner channel (heating), P LP – inlet pressure for outer channels (heated).
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Due to the flow nature, it was necessary to define the outlet form individual channels as a pressure outlet, which entails defining the pressure at
the outlet of the channels. Therefore, it was necessary to estimate the CO2
pressure drop due to flow resistance. For this purpose, the Darcy-Waisbach
equation was used:
L ρu2
∆p = λ
,
(4)
Dh 2
where: ∆p – denote the pressure loss, λ – flow coefficient, dependent on
the Reynolds number, L –length of the channel, Dh – hydraulic diameter,
ρ – fluid density, u – fluid velocity.
Fluid velocity is determined by the formula
u=

Qm
,
ρS

(5)

where: Qm – mass flow rate, S – cross-section area.
The Reynolds number is defined by the formula
Re =

uDh
,
ν

(6)

where: u – fluid velocity, Dh – hydraulic diameter, ν – fluid kinematic
viscosity.
Assuming the cross-section area and mass flow rate in Eq. (5), fluid
velocities were calculated. By defining the characteristic dimension in the
Eq. (6) as a hydraulic diameter, and assuming the CO2 kinetic viscosity at
13 ◦ C and 60 ◦ C, the Reynolds numbers were calculated (Tab. 1).
In engineering practice, the following criteria for flow in a round tube are
adopted:
• Re < 2100 – laminar flow,
• 2100 < Re < 3000 – transitional flow,
• Re > 3000 – turbulent flow.
Flow coefficient depends on the Reynolds number. If 3 × 103 < Re < 106
flow coefficient is defined by the Blasius formula:
0.3164
.
λ= √
4
Re

(7)

By calculating the flow coefficient for inner and outer channels, and then
substituting all calculated values into Eq. (4), we can get pressure drop of
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Table 1: Calculated values of Reynolds numbers.
Cross-section
area [m2 ]

Fluid
density
[kg/m3 ]

Fluid
Hydraulic Kinematic
velocity diameter viscosity
[m/s]
[m]
[m2 /s]

Reynolds
number

inner channel HP
(heating)

2.11 × 10−4

415.56

0.32

0.0164

0.078 × 10−6

66532

outer channel LP
(heated)
model I

1.11 × 10−4

118.65

2.12

0.0068

0.11 × 10−6

130914

outer
channels
LP (heated)
model II

4.65 × 10−6

118.65

3.15

0.0021

0.11 × 10−6

59918

outer
channels
LP (heated)
model III

4.65 × 10−6

118.65

3.15

0.0021

0.11 × 10−6

59918

CO2 in the channels due to the linear resistance (Tab. 2). For the model
III, an additional local pressure loss due to the geometry of outer channels
was assumed. The local pressure drop of 33 kPa was estimated based
on the Polish Norm‘PN-76/M-3404 Pipelines. Principles of pressure drop
calculations’.
Table 2: Calculated values of pressure drop.
Flow coefficient Pressure drop [Pa]
inner channel HP(heating)

0.020

25

outer channel LP (heated) model I

0.017

21

outer channels LP(heated) model II

0.020

26

outer channels LP(heated) model III

0.020

33026

The boundary condition at the outlet was defined as a pressure outlet with
a pressure value of PoutHP =11 999 975 Pa for inner channel HP in all three
models. Due to the slight pressure drop in the model I outlet pressure is
equal to PoutLP I = 4 499 979 Pa for outer channel LP, while for model II is
equal to PoutLP I = 4 499 9974 kPa. The pressure outlet boundary condition
for the outflow from outer channels LP in the II model was 4 466 974 Pa.
As a boundary condition at the inlet to the inner channel and outer
channels, the following values were used (Tab. 3). Presented boundary
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conditions in model II and model III for outer channel were defined in all
16 outer channels.
To calculate the CO2 flow in the heat exchanger pipes, turbulent flow
modeling was applied by using the k-ε turbulent model [19].
Table 3: Boundary conditions for inner and outer channels.

Mass flow rate
[kg/h]

Inlet static Outlet pressure Inlet
pressure
at the outlet
temperature
[MPa]
[Pa]
[◦ C]

inner channel HP
(heating)

100.00

12.00

11 999 975

60.00

outer channel LP
(heated) model I

100.00

4.50

4 499 979

13.00

outer channel LP
(heated) model II

6.25

4.50

44 999 974

13.00

outer channel LP
(heated) model III

6.25

4.50

4 466 974

13.00

Standard k-ε model is a semi-empirical model based on equations of transport of turbulence kinetic energy (k) and its dissipation (ε)
∂
∂
∂
(ρk)+
(∂kui ) =
∂t
∂xi
∂xj

"

µt
µ+
σk



#

∂k
+Gk +Gb −ρε−YM +Sk , (8)
∂xj

∂
∂
(ρε) +
(∂εui ) =
∂t
∂x
" i
#

∂
ε2
µt ∂ε
ε
µ+
+ C1ε (Gk + C3ε Gb ) − C2ε ρ + Sε ,
∂xj
σε ∂xj
k
k

(9)

where: Gk – the generation of turbulence kinetic energy due to the averaged
gradient of velocity, Gb – the generation of turbulence kinetic energy due
to the buoyancy force, YM – source term being the ratio of the turbulence
fluctuation dilatation in compressible flow to the overall dissipation coefficient, C1ε , C2ε , C3ε – model constants, σk , σε – the Prandtl numbers for k
and ε, respectively, Sk and Sε – additional user-defined source terms.
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The commercial software package was used to solve [18] the energy
equation in fluid, in the following form:

→
∂
(ρE) + ∇ · v (ρE + p) =
∂t


∇ · kef f ∇T −

X

→



hj J + ref f · v
J

→



→

+ Sh ,

(10)

→

where: kef f – effective conductivity, J – diffusion flux, v – flow velocity,
ρ – density, E – total energy, h – entalphy, Sh – volumetric heat source.
Heat transport in solid was described by the equation:

→
∂
(ρE) + ∇ · v (ρh) = ∇ · (k∇T ) + Sh ,
∂t

(11)

where k is the thermal conductivity and h is the entalphy, Sh – volumetric
heat source.

2.3

Calculation results

The obtained results of temperature distribution calculations in models I,
II and III of the IHX counter-current heat exchanger have been presented
on the temperature diagram for the inner channel HP (heating) and outer
channel LP (heated) and in the form of contours. Tabular form shows the
initial flow parameters at the inlet for the inner channel HP, outer channel
LP, and calculated parameters at the outlet of the both channels.
The presented temperature distributions for the length of the exchanger
y = 0 m, corresponding to the inner channel HP inlet outer channels LP,
shows a slight difference in temperature at the outflow of outer channels
LP between the models I, II and the model II (Fig. 7). Along with the flow
of the medium through the inner channel, from y = 0.0 m to y = 1.0 m,
the influence of the low temperature of the material surrounding the inner
channel is visible, which reduces the temperature of the medium inside the
inner channel HP. At the outlet of the inner channel (y = 1.0 m), the
influence of changing the geometry in the form of replacing the 1 outer
channel 16 outer channels (model II) is noticeable, which results in the
lowest temperature of the medium at the outlet of the inner channel HP. In
all three models, the flow in inner channels indicates a lower temperature
near the wall of the channels. During the flow of fluid in the closed conduit,
velocity profiles and the temperature profile are formed in subsequent crosssections. The maximum velocity and temperature values are located in the
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Figure 7: Temperature distribution in inner channels HP (heating) and outer channels
LP (heated).

central flow zone, which is the potential core in which the smallest heat
exchange occurs. Temperature contours show a larger potential core in the
inner channel HP for model I.
For all three models, the largest changes in values of temperature occur
in the initial cross sections of inner channels HP (heating) and outer channels LP (heated). This is due to the occurrence of the highest temperature
gradient in these places. This phenomenon is particularly well visible in
Fig. 8, which contains maps of temperature distribution on the walls of
internal HP cables and the selected external conductor LP.
The observed changes in the area of the potential flow of refrigerant
stream in the inner channel HP indicate an increase in the refrigeration
effect in case of refrigerant flow in model II and model III. These differences
are visible in Tabs. 4, 5, and 6. For the same boundary conditions, the
difference in temperature at the outlet of the inner channel HP between
model I and model II is 1.53 ◦ C, and between model II and model III is
0.14 ◦ C. In the case of an outer channels LP, due to a change in geometry,
there was an increase in temperature at the outlet from 24.37 ◦ C (model I)
and 28.66 ◦ C (model II) to temperature 28.83 ◦ C (model III).
Using the following formula as
ηI =

T1 − T1′′
T1 − T1′′′
T1 − T1′
100% , ηII =
100% , ηIII =
100%
T1 − T2
T1 − T2
T1 − T2

(12)
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Figure 8: Temperature contours on the walls in inner channels HP (heating) and outer
channels LP (heated).
Table 4: Fluid ﬂow parameters in channels of model I.
Inner channel HP
(heating)

Outer channel LP
(heated)

inlet
y=0m

outlet

V = 0.32 m/s

V = 2.21 m/s

T1 = 60.00 ◦ C

T2′ = 24.37 ◦ C

outlet
y=1m

inlet

V = 0.28 m/s

V = 1.94 m/s

T1′

T2 = 13.00 ◦ C

=

54.62 ◦ C

the heat exchanger efficiency for model I, II, and III was calculated:
ηI = 8.70% , ηII = 11.21% , ηIII = 11.19% .
The heat transfer rate may be obtained from the overall energy balance
for the hot fluid. Using the mass flow rate Qm = 0.0028 kg/s, and the
specific heat cp = 3192 J/kg K total heat transfer rate was calculated from
the formulas:


qI = Qm cp T1 − T1′′ ,


qII = Qm cp T1 − T1′′ ,

qIII = Qm cp T1 −


T1′′′

.

(13)
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Table 5: Fluid ﬂow parameters in channels of model II.
Inner channel HP
(heating)
inlet
y=0m

outlet

V = 0.32 m/s

V = 3.43 m/s

T1 = 60.00 ◦ C

T2′ = 28.66 ◦ C

outlet
y=1m

Outer channel LP
(heated)

inlet

V = 0.28 m/s

V = 2.88 m/s

T1′

T2 = 13.00 ◦ C

=

53.09 ◦ C

Table 6: Fluid ﬂow parameters in channels of model III.
Inner channel HP
(heating)
inlet
y=0m

outlet

V = 0.69 m/s

V = 3.47 m/s

60.00 ◦ C

T2′ = 28.83 ◦ C

T1 =

outlet
y=1m

Outer channel LP
(heated)

inlet

V = 0.67 m/s

V = 2.91 m/s

T1′ = 53.23 ◦ C

T2 = 13.00 ◦ C

from were:
qI = 480.84 W , qII = 617.59 W , qIII = 605.08 W .
Calculated efficiency and total heat transfer rate show, that the changes
in geometry of the heat exchanger outer channels, increases the efficiency
of heat exchange by 2.51%. For working conditions presented above, these
changes case an increase of total heat transfer rate from 480.84 W for model
I to 605.08 W and 617.59 W for model III and model I. These changes take
place in the exchanger with a length of 1 m.
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Conclusion

Paper presents the simulation results of the impact of internal heat exchanger geometry changes on the cooling efficiency of the R744 refrigerant.
Geometric models were an accurate reflection of real models and the parameters used to define the boundary conditions were consistent with the
design assumptions. The flow calculations were carried out for a transcritical refrigeration cycle, in which the working fluid was CO2 .
The mathematical and numerical model of the internal heat exchanger
has been formulated, which enables the multivariant analysis of the flow of
R744 refrigerant along with the heat exchange. Based on numerical calculations, it was found that the refrigerant flowing through the counter current
internal heat exchanger should be treated as a compressible fluid. In addition, the design and estimated values of the boundary conditions for the
flow of R744 refrigerant in the exchanger indicate the flow of supercritical
refrigerant in the inner channel HP.
The obtained results of numerical calculations allow to notice the changes
in the area of the potential core of the flowing refrigerant stream in the inner channel HP being a heated channel. These changes indicate an increase
in cooling capacity in case of refrigerant flow in model II and model III.
As a result of changing the geometry in the form of replacing the model
outer channel with 16 outer channels obtained was lower temperature at
the outlet from the inner channel HP (heating) by 1.53 ◦ C in comparison
with the geometry of the ‘pipe in pipe’ exchanger (model I). Considering
the geometry in the form of twisting the outer channels LP (heated), and
thus their elongation (model III), does not give significant changes of gas
temperature in the inner channel HP (heating) compared with model II.
The change in geometry also increased the heat transfer efficiency by
2.51%, and total heat transfer rate by 136.75 W, which can translate into
the efficiency of the car air-conditioning system. The values of pressure differences and temperatures determined from the numerical analysis coincide
with the design assumptions.
Presented results in the article suggest that numerical modeling is useful
in the aspect of internal heat exchanger optimization.
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