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Abstract

The AC condenser plays a vital role in HVAC systems (Heating Ventilating Air

Conditions). In vehicles, it is typically located within a cooling pack, alongside other

heat exchangers. The dissipation of heat from the AC condenser directly affects

surrounding components. Therefore, accurate modeling of heat transfer between

the refrigerant and air is crucial for vehicle development, especially nowadays for

battery electric vehicles.

The proposed model enhances the spatial distribution of heat transfer, resulting

in improved air temperature predictions. The proposed model is based on the

well-known and established ϵ − NTU approach and iterative takes into account

the appropriate relation according to the refrigerant phase during the condensation

process occurring in the condenser. Additionally, the approach reduces the amount

of required input data and relies on directly measured condenser characteristics,

leading to more generic approach.

In the thesis, a dedicated test equipment was developed for input data measure-

ment and model verification. The proposed model was tested under two distinct

conditions and compared with measurements. The model exhibited good agreement

with the measurements in predicting refrigerant inlet and outlet temperatures, as

well as relatively good agreement in air outlet temperature prediction. Furthermore,

additional development tasks were identified as well.
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AC Condenser, CFD, Heat Transfer, Measurement
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Nomenclature

AC Air Conditioning

CFD Computational Fluid Dynamics

HTX Heat Exchanger

HV AC Heating, Ventilating, and Air Conditioning

α Convective heat transfer coefficient (W/(m2K))

χ Vapor/Refrigerant quality (−)

∆ Difference (−)

ṁ Mass flow rate (kg/s)

Q̇ Heat transfer rate (W )

ϵ Effectiveness (−)

λ Thermal conductivity (W/(mK))

A Area, Heat transfer area, Cell surface area (m2)

C Heat capacity (W/K)

cp Specific heat capacity at constant pressure (J/(kgK))

Cr Heat capacity ratio (−)

dx, dy, dz Cell size in x,y,z direction (m)

Gi Geometrical Parameter (m;−)

h Specific enthalpy (J/kg)

N Cell count (−)

NTU Number of transfer unit (−)

p Static pressure (Pa)

1
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Rspecific Specific gas constant (J/(kgK))

T Temperature (K)

U Overall heat transfer coefficient (W/(m2K))

u Velocity magnitude (m/s)

Un Uncertainty (−)

V Volume (m3)

Xcells, Y cells, Zcells Cell count in x,y,z direction (−)

Subscripts

aux Auxiliary fluid

ave Average

global Heat exchanger domain level

i, j, k x,y,z axis index

in Inlet

local Local level (macro, cell)

m Arithmetic mean

max Maximum

min Minimum

n Sample point

out Outlet

prim Primary fluid

table Input table level

2
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1 Introduction

Nowadays, virtual prototyping has become an integral part of modern vehicle develop-

ment. It encompasses a wide range of activities, including numerical simulations, draw-

ings, and product lifecycle management. The simulations themselves encompass various

physical phenomena, ranging from electromagnetism, fluid dynamics, and thermal dynam-

ics to structural analyses. The prevalent numerical methods used in modern simulations

are the Finite Volume Method (FVM) and the Finite Element Method (FEM). However,

other numerical approaches such as Lattice Boltzmann or Smooth Particle Hydrodynam-

ics are gaining popularity. In recent years, computational resources have significantly

expanded, enabling the creation of comprehensive numerical models that utilize hundreds

or thousands of CPUs (Central Processing Units) per simulation. This utilization of

High-Performance Computing (HPC) is not limited to CPUs alone; graphics cards are

also being employed in HPC applications. From an engineering perspective, virtual pro-

totyping allows for a reduction in the number of physical prototypes and measurements

required. Furthermore, simulation plays a crucial role in vehicle optimization and design

exploration. As a result, virtual prototyping is indispensable in the current automotive

industry due to increasingly stringent emissions regulations and other vehicle design re-

quirements. Consequently, these demands have led to higher requirements for simulation

accuracy, computational time reduction, and other factors. Computational Fluid Dy-

namics (CFD) is particularly vital in the development of vehicle thermal management

and overall vehicle design, such as external aerodynamics. The accuracy of simulations

is even more critical for modern battery electric vehicles (BEVs) due to their lower en-

ergy reserves compared to conventional combustion engine (ICE) vehicles. Each watt of

energy must be carefully considered to extend the vehicle’s range. Additionally, the heat

dissipation within the system is lower in BEVs, leading to lower system temperatures.

Therefore, accurately capturing small temperature differences becomes essential in this

context.

One of the crucial components in vehicle thermal management is the HVAC (Heating,

Ventilating, and Air Conditioning) system. The HVAC system plays a crucial role in

ensuring cabin comfort, occupant safety, as well as the cooling of the engine or battery

pack in the case of BEVs. The significance of the HVAC system in the context of vehicle

electrification is extensively discussed in König et al. (2022). The HVAC unit typically

comprises various elements, including a cabin heater, AC (Air Conditioning) evaporator,

condenser, ducting, filters, blower, compressor, and others. As a major contributor to

vehicle fuel or electric energy consumption, optimizing the energy efficiency of the HVAC

system holds significant importance in modern vehicle development. Generally, the heat

generated by the vehicle, such as the cabin and the battery pack, dissipates into the

surrounding air within the studied heat exchangers.

3
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In modern vehicles, various heat exchangers (HTX) are integrated primarily for the pur-

pose of dissipating heat into the ambient air. Examples of these HTX include the engine

coolant HTX (radiator), Charged Air Cooler (CAC), as well as coolers for steering, tran-

sition oil, fuel, and the aforementioned AC condenser. These HTX are typically combined

with a cooling fan and shroud to form a so-called cooling pack. Consequently, each HTX

has an impact on the others within this assembly. Computational Fluid Dynamics (CFD)

simulations focused on this area are commonly referred to as under bonnet/underhood

thermal management (UTHM) or front-end simulations. The CFD modeling of HTX not

only affects the prediction of coolant, oil, and fuel temperatures (auxiliary fluids) but also

influences other under-bonnet components (exhaust, battery, brackets, filters, etc.) due

to the airflow heating. The accurate prediction of airflow rate and fluid temperatures

relies directly on the proper modeling of HTX heat transfer.

This thesis specifically focuses on enhancing the heat transfer model of the AC condenser

within a comprehensive underhood CFD simulation of a full vehicle. The objective is to

improve prediction of heat dissipation from the AC condenser. The proposed model en-

hancement aims to accurately capture the thermodynamic characteristics of each section

of the AC condenser, considering both phase change and single-phase regions. The appro-

priate heat transfer model should be implemented based on the operating conditions and

boundary conditions of the AC condenser. By improving the 1D AC condenser model,

the accuracy of airflow rate and temperature predictions in full vehicle CFD simulations

should be increased as well. The standard physical measurements of HTX need to be

modified to obtain suitable input data for the suggested numerical model. Furthermore,

the proposed model and measurement technique are more general compared to existing

approaches for AC condenser modeling. Additionally, a verification measurement is con-

ducted to validate and demonstrate the benefits of the developed AC condenser model.

The initial thesis sections discuss the calculations, modeling, and measurement related to

the AC condensers. Furthermore, it suggests objectives based on current state-of-the-art

research. The thesis Sections 3, 4.1, 4.2, 4.3, and 4.4 presents the suggested and developed

AC condenser model. In Section 5, the thesis describes the measurement devices and

test equipment developed for obtaining input data for the model and verifying model

accuracy. The subsequent part of the thesis presents the results of the measurements

and the calculations performed using the AC condenser model. Finally, the results are

compared, discussed, and summarized in the conclusions. The conclusions also outline

future steps based on the findings and conclusions of the thesis.

4
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2 Objectives

The primary aim of this research is to enhance the accuracy of AC condenser modeling

within a complex full-vehicle 3D CFD simulation, where implementing a detailed heat

exchanger model is not feasible. The proposed model seeks to improve the prediction of

local heat transfer between the refrigerant and cooling air within the AC condenser. By

achieving enhanced heat transfer prediction, the accuracy of airflow simulation should be

improved as well, leading to more precise predictions for other vehicle components and

fluids, such as coolant and oil. Moreover, the proposed model and measurement approach

simplify and generalize the current procedures used for calculating local heat transfer.

The enhancement of the proposed model relies on accurately defining local heat transfer

based on the phase or quality of the refrigerant, similar to the approaches adopted by

other researchers. However, unlike the current 1D AC condenser calculation methods,

which rely on the estimation of convective heat transfer coefficients, the suggested model

directly measures the overall heat transfer coefficient. This integration and modification

of conventional 3D CFD methods and the latest 1D AC condenser models result in a more

comprehensive approach.

Consequently, the measurement of the overall heat transfer coefficient in the suggested

model combines and modifies the methodologies used for single-phase heat exchangers

and phase change heat exchangers. The gathering of input data for the suggested AC

condenser model is expected to be more general and applicable compared to the current

state-of-the-art approaches.

By incorporating these advancements, the proposed model aims to improve the accuracy

and generalizability of AC condenser modeling, enabling more precise predictions of heat

transfer in various refrigerant phases and enhancing the overall performance of the system.

To successfully achieve the aforementioned objectives, several critical tasks need to be

accomplished. These key tasks are listed below:

• Propose the AC condenser model

The model should be able to capture local refrigerant quality and select appropriate

heat transfer (single vs. dual-phase).

• Create single-phase HTX calculation algorithm

Verify model via comparing with CFD code from

• Create HTX calculation algorithm including phase change

• Test equipment development

• Experimental verification

5
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3 Suggested Model Philosophy

The proposed model integrates the implementation of the ϵ − NTU approach used in

Ansys F luent with the recent advancements made to 1D AC condenser models. Conse-

quently, it requires modification of standard input data (Q− Table) measurement.

The primary concept behind the suggested and developed model is the incorporation of

the spatial distribution of the ϵ−NTU relationship to account for the refrigerant phase

in an AC condenser. Figure 1 (a) Nozicka (2008) illustrates a temperature-entropy and

pressure-enthalpy (T-s and p-h) diagram with an AC circuit. The highlighted section

between points 2 and 3 refers to the AC condenser. A schematic representation of the re-

frigerant flow within the AC condenser is shown in Figure 1 (b), highlighting the relevant

sections. The red-marked region indicates the gas phase of the refrigerant. At the satura-

tion temperature denoted as 2′′ in the diagram, a phase change occurs, and the refrigerant

transition into a dual-phase state starts, represented by the orange color. The ϵ−NTU

relationship needs to be modified accordingly, utilizing the dual-phase Equation 2 Incr-

opera et al. (2011), Liang et al. (2015). Once the refrigerant dissipates its latent heat into

the surrounding air, the condensation process is completed, and it fully transforms into a

liquid phase (blue region). This blue section is referred to as overcooling. Consequently,

the ϵ−NTU relationship should revert to Equation 1 Incropera et al. (2011), employing

liquid input characteristic data (Q−Table). Within each section (red, orange, and blue),

specific measured Q − Tables for overall heat transfer should be utilized to accurately

characterize the heat transfer process.

The proposed model follows an iterative approach similar to the works of Rice and Sand

(1990), Admiraal and Bullard (1993), or Bansal and Purkayastha (1998). Within the same

section, it was mentioned that Pervaiz et al. (1997) implemented a spatial distribution

of heat transfer coefficient in the Simcenter STAR − CCM+ model. Additionally, Jha

and Shaik (2016) employed a similar approach using the Gamma Technologies GT −
SUITE COOL3D model Gamma Technologies (2014). However, all these models rely

on convective heat transfer coefficients obtained from literature, specimen measurements,

or fitted correlation equations (fitting to the whole HTX measurement).

The proposed method directly measures the overall heat transfer coefficient (respectively

the Q − table), which encompasses various heat transfer mechanisms such as tube con-

duction, phase-change convection, and air-side convection etc. This approach effectively

reduces the number of required input parameters, as demonstrated in Figure 2.

ϵ = 1− exp[−NTU0.22

Cr

(1− e−CrNTU0.78

)] (1)

ϵ = 1− exp(−NTU) (2)

6
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Figure 1: (a) T-s and p-s diagrams Nozicka (2008); AC condenser sections (b)

Figure 2: (a) Gamma Technologies GT−SUITE COOL3D model inputs Gamma Tech-
nologies (2014); suggested model input (b)
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4 Model Description

4.1 Computational Domain and Discretization

The computational domain, shown in Figure 3 (a), represents an AC condenser in the

standard Cartesian coordinate system for vehicles J902 (2011). The Cartesian axis index-

ing and the structural mesh of cell volumes are illustrated in Figure 3 (b). The domain

(simple block) is discretized using a uniform division with a constant interval. Conse-

quently, each cell (control volume) has identical size and an equal distance between the

centroids of adjacent cells. In Figure 3 (b), an example cell is shaded, with the points

representing the cell centroids. The dimensions of each cell are defined as dx, dy, and dz.

It is important to note that the cell centroid represents a simple 1D element, wherein the

values denoting the cell volume are calculated and stored.

Figure 3: Computational domain (a) and mesh details (b)

4.2 Mass Flow Rate

The suggested condenser model focuses solely on predicting heat transfer and does not

simulate fluid flow. Therefore, the mass flow rates of the fluids are considered as boundary

conditions based on the measured data. However, it is possible to couple or integrate the

suggested condenser model with a 3D CFD code, where the fluid flow can be simulated.

This would allow for a more comprehensive analysis of the condenser performance by

considering the simulated mass flow rates.

4.2.1 Primary Fluid Flow

The primary flow, which corresponds to the airflow, is considered a measured boundary

condition and is obtained from the test device described in Section 5.2. The device

measures the magnitude of the airflow velocity and the temperature in the direction

parallel to the heat exchanger surface (the x direction, as defined in Section 3).

8
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To calculate the mass flow rate of the airflow, the ideal gas law for dry air (Nozicka

(2008)), the measured ambient pressure, and the airflow frontal area are utilized. The

air mass flow rate is determined by multiplying the measured velocity magnitude by the

airflow frontal area, while assuming a negligible pressure difference between the ambient

pressure and the pressure at the inlet surface of the AC condenser.

The uniformity of airflow distribution plays a significant role in the performance of the heat

exchanger. More in-depth analysis on the importance of airflow uniformity distribution

can be found in Moradi et al. (2020) and Schmid et al. (2021).

ṁcell =
pambient

Rspecific · Tcell

Acell · ui cell (3)

4.2.2 Auxiliary Fluid Flow

The refrigerant fluid flow is modeled as a one-dimensional tube flow in the direction of

the passes (i.e., through the micro-channel tubes). The mass flow rate of the refrigerant

liquid at the AC condenser inlet is prescribed based on the measured value obtained from

the experimental data.

Figure 4 illustrates the distribution of the auxiliary fluid (refrigerant) flow between the

passes. Equation 4 is used to calculate the flow rate for each computational cell. The

defined refrigerant flow rate is divided equally among the cells within the cross-sectional

area of a particular pass.

Figure 4: The refrigerant flow distribution scheme

ṁcell =
ṁaux

[Xcells · Zcells]Pass

(4)

The distribution of flow within each pass is assumed to be uniform among the parallel

tubes. This assumption is based on the Bernoulli equation (Nozicka (2008)). However,

in real AC condensers and cross-flow heat exchangers in general, the flow distribution

9
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within the pass tubes can be nonuniform due to three-dimensional effects. The uniformity

of the auxiliary fluid flow is an important design parameter in heat exchangers and is

balanced against pressure restrictions Zou and Hrnjak (2014). The uniformity of flow

is influenced by factors such as tank and tube shape, fluid properties, and mass flow

rate. The uniformity of the refrigerant flow in the evaluated condenser is deemed valid

based on the geometry of the tanks and tubes, particularly the size ratio between these

components. This conclusion is supported by studies such as Minqiang et al. (2009),

Mohammadi et al. (2013), Pistoresi et al. (2015), and Wei et al. (2015). However, in the

case of nonuniform flow distribution, an alternative approach such as the Dual Cell or

Dual Stream method, applied in Pervaiz et al. (1997), could be employed. Nonetheless,

the proposed heat transfer approach remains unchanged.

4.3 Heat Transfer Model

Heat transfer between primary (air) and auxiliary (refrigerant) fluid in the AC condenser is

modeled by ϵ−NTU approach as discussed in Sections 2 and 3. This approach assumes

that both fluids are unmixed, meaning that heat transfer occurs only in one direction

parallel to the airflow. This assumption is based on the thermodynamic definition of

unmixed fluids Taborek (1983). Additionally, it is assumed that the specific heat capacity

and density of the fluids are constant, based on the average temperature. This assumption

simplifies the calculations and is commonly used in heat transfer analysis.

The schematic for obtaining the NTU value from measured data (represented by the

Q − Table) is shown in Figure 5. In this measurement process, multiple flow rates of

fluids are typically tested in order to gather a range of heat exchanger characteristic data.

During the measurement, the inlet temperature for each fluid is kept constant. For the

suggested model, it is necessary to measure the Q−Table for each phase of the refrigerant.

This means that the heat transfer performance needs to be evaluated separately for both

the single-phase and dual-phase regions of the AC condenser.

The first step in the calculation is to determine the heat exchanger efficiency (ϵ) using

Equation 8 Kays and London (1984). Once the efficiency is known, the corresponding

NTU value can be calculated using an appropriate ϵ − NTU relationship. For cases

where there is no phase change in the measured data, Equation 1 Incropera et al. (2011)

is used. On the other hand, for cases involving phase change, Equation 2 Incropera et al.

(2011) is employed. It is important to note that when expressing NTU using Equation

1 Incropera et al. (2011), an iterative approach is required. The developed approach

utilizes the Newton-Raphson iterative method, which is similar to the implementation in

AnsysF luent.

Once the NTU values are determined for the entire heat exchanger, the next step is to

evaluate the operating point for each individual cell within the heat exchanger. In the

10
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Figure 5: Measured data processing workflow

suggested model, where constant inlet conditions are assumed, the operating point for

each cell is calculated only at the beginning of the simulation, as described in Section

4.4. In the case of changing flow conditions, such as varying inlet temperatures or flow

rates, the operating point for each cell would need to be calculated iteratively. However,

in the suggested model with constant inlet conditions, this iterative calculation is not

necessary, and the operating points can be determined at the start of the simulation based

on the initial conditions. The operating point for each cell within the heat exchanger is

determined using the following expressions. Firstly, the mass flow rate throughout the

cell is scaled to the entire dimension of the heat exchanger, resulting in the global flow

rate, as defined in Equation 9 Fluent (2009). This global flow rate is used to interpolate

the corresponding global NTU value for each cell from the NTU table, using linear

interpolation. Based on the global NTU value, the local NTU value for each cell is defined

using Equation 10, following a similar approach as in Fluent (2009). The efficiency of

each cell is then calculated based on the local NTU value, utilizing the relations provided

in Equation 1 Incropera et al. (2011) for non-phase-change conditions, and Equation 2

Incropera et al. (2011) for phase-change conditions. Finally, the heat dissipated by each

cell is determined using Equation 7 Incropera et al. (2011) or for phase-change Equation 6

Liang et al. (2015), and the outlet temperatures are calculated using Equation 5 Incropera

et al. (2011). These expressions allow for the evaluation of the heat transfer characteristics

and outlet temperatures at the cell level within the heat exchanger.

Q̇local = ṁcp∆T (5)

Q̇ = ϵCmin(hin,aux − hin,prim) (6)

Q̇local = ϵlocalCmin,local(Tin,aux − Tin,prim) (7)

ϵ =
Q̇
˙Qmax

=
Q̇

Cmins(Tin,aux − Tin,prim)
(8)

11
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ṁglobal
cell = ṁcell

AQ−Table

Acell

(9)

Figure 6: Computational cell flow scheme

NTU local
cell = NTU global

cell

VcellCmin,global

VglobalCmin,cell

(10)

4.3.1 Tanks’ Flow Mixing

The assumption of ideal mixing inside the tanks of the AC condenser, and with consid-

ered uniform mass flow within the HTX core, leads to the assumption of uniform outlet

temperatures from the tanks (Section 4). To calculate the uniform outlet temperature or

enthalpy from the tanks, the average of the inlet temperature or enthalpy of the tanks

is taken. Similarly, the refrigerant phase, specifically the quality χ, is calculated based

on the average inlet values for each tank. The refrigerant vapor quality χ ranges from 0

to 1 and is generally defined by Equation 11 and illustrated in Figure 7 Nozicka (2008).

However, in the AC condenser model, the vapor quality χ is not treated as a continuous

parameter, but rather as discrete ranges/values defined in Equation 12. Based on the

value of χ, the appropriate heat transfer calculation is applied in the model.

χ =
mvapour

mvapour +mliquid

(11)

Q− Table =


Liquid Phase, if χ = 0.

DualPhase, if 0 < χ < 1.

GasPhase, if χ = 1.

(12)

4.4 Algorithm

The iterative solver adjusts the auxiliary fluid inlet temperature of the heat exchanger

until multiple conditions are met. This adjustment is carried out using the bisection

12
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Figure 7: T-s diagram with vapour quality Nozicka (2008)

method, as described in Stepan (2012). Similar approaches have been implemented by

Rice and Sand (1990), Admiraal and Bullard (1993), or Bansal and Purkayastha (1998).

The first subsection of this chapter presents a simple heat exchanger model based on the

implementation of Ansys F luent Fluent (2009).

The second subsection of the chapter describes the proposed algorithm for calculating the

AC condenser model, which has been developed in this thesis.

This model combines the single-phase and dual-phase heat exchanger (HTX) models based

on input data and refrigerant characteristics, as shown in the T-s diagram shown in Figure

7 Nozicka (2008).

The AC condenser model iteratively determines the refrigerant subcooling, phase-change,

and overcooling regions based on prescribed boundary conditions. It applies the appro-

priate ϵ−NTU relation and utilizes the measured Q−Table for each region, as described

in Section 3.

5 Measurement Devices

The selection of devices used for the measurements should align with the requirements

for gathering input data for the Q− Table as well as for verification measurements. This

section describes the developed test bench, including sensor specifications, and provides

a description of the tested AC condenser.

It is important to note that in the case of industrial applications, the test procedure

needs to be fine-tuned to achieve more accurate and repeatable results. Additionally, the

test setup should be capable of operating under a wider range of conditions to meet the

requirements of industrial applications.

13
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5.1 Test Equipment

The test equipment schematic is presented in Figure 9, showing a typical automotive

AC thermodynamic circuit (Figure 8 Nozicka (2008)). The test equipment consists of

three distinct and separate sections. The first section encompasses the refrigerant circuit,

which includes the tested AC condenser (highlighted in red), evaporator, compressor,

and thermal expansion valve. Pressure sensors and a flow meter are integrated within the

refrigerant circuit for measurement purposes. The Figure 10 illustrates the test equipment,

highlighting specific labeled components.

The second section pertains to the air side of the AC condenser, where cooling air is

sucked into the AC condenser by an axial fan. This section represents the surrounding

air of a vehicle or engine bay. To ensure a uniform flow throughout the AC condenser,

the fan is positioned within a straight ducting configuration. Achieving flow uniformity

is crucial for accurately measuring the performance of the heat exchanger (Q − Table),

which serves as a crucial input for the developed model (Section 3).

The third section is physically separated and encompasses an evaporator, heater, and

axial fan, representing the vehicle cabin.

Figure 8: Function (a) Parise (1986) and thermodynamic scheme (b) of reverse ideal
Rankine Cycle Nozicka (2008)

5.2 Sensor and Probes

The following list provides the measurement devices along with their respective systematic

errors as provided by the manufacturers and data sampling frequencies.

• Refrigerant flow

Flowmeter KROHNE DK34

Maximum flow (kg/h) error of measured value is 4%

Continuous measurement
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Figure 9: Test equipment scheme

Figure 10: Test equipment photo
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• Refrigerant pressure

Manometer CT-466

Maximum pressure (Psi) measuring error of measured value is 1.6% of span

Continuous measurement

• Air Flow

Anemometer VOLTCRAFT PL-135

Maximum velocity (m/s) measuring error of measured value is 5% + 0.01

Maximum temperature (◦C) measuring error of measured value is ±1◦C

Sampling frequency 1Hz

• Refrigerant and air temperature

Thermocouple OMEGA HH309A with grade K

Maximum temperature (◦C) measuring error of measured value is ±1◦C

Sampling frequency 1Hz

• Refrigerant temperature

Thermal camera Testo 875

Maximum temperature (◦C) measuring error of measured value is ±2◦C

Continuous measurement

5.3 Tested AC Condenser

The evaluated AC condenser is originally used in Skoda Auto Roomster passenger vehicle.

The AC condenser basic dimensions as well as passes division are shown in Figure 11

below. The AC condenser core thickness is 160mm.

5.4 Refrigerant

The test equipment refrigerant circuit (Figure 9) is filled with R13a refrigerant. Detailed

chemical specifications and material properties of the used refrigerant could be found in

Morrison and Ward (1991). The R134a refrigerant properties described by an empirical

function could be found in Oliveira and Wakeham (1993) or in the book of Poling et al.

(2001).
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Figure 11: Evaluated AC condenser

6 Results

In order to validate the proposed AC condenser model that has been developed, two

separate sets of measurements were conducted, referred to as Set A and Set B. Each set

of measurements was carried out under distinct but constant and steady-state conditions

and repeated tree times. For each measurement set, the model’s input data (Q− Table),

model boundary conditions, and verification data were recorded. This comprehensive

approach eliminates the need for interpolating characteristic data (Q−Table) for various

refrigerants and airflow rates, a requirement that may arise in industrial applications.

6.1 Air Flow Measurement

The airflow measurement provides the input data for the AC condenser model as well as

verification data. For the input, the model uses the airflow inlet velocity and temperature,

while for model verification, the air outlet temperatures. The model aims to accurately

predict the air outlet temperatures based on the given inlet velocity and temperature.

6.1.1 Air Flow Inlet

The measurement of airflow inlet serves as the boundary condition for the developed AC

condenser model, specifically determining the air inlet mass flow rate and temperature.

The direct measurement of air mass flow rate is not performed; instead, it is calculated

based on the magnitude of air velocity using the equation 3 Nozicka (2008). Addition-
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ally, the airflow measurement is utilized to determine the characteristic data of the AC

condenser.

Table 1 and 2 present the results of the first set (Set A) of air flow inlet measurements,

accompanied by the corresponding uncertainties. The average inlet velocity is calculated

to be 1.669m/s with a uniformity index of 0.982. The average inlet air temperature is

24.42◦C with a uniformity index of 0.999.

Similarly, Table 3 and 4 present the results of the second set (Set B) of air flow inlet

measurements, along with the corresponding uncertainties. The average inlet velocity for

this set is determined to be 1.265m/s m/s, with a uniformity index of 0.977. The average

inlet air temperature is recorded as 18.23◦C, with a uniformity index of 0.999.

The mean refers to the area-weighted average for both quantities and for both measure-

ment sets. The uniformity index is relatively high, which is crucial for the characteristic

data measurement results in the next Section 6.2.

Table 1: Air inlet velocity measurement Set A
Air inlet velocity (m/s)

Loc. A B C D E
1 1.599±0.101 1.625±0.187 1.627±0.141 1.622±0.152 1.570±0.101
2 1.761±0.107 1.767±0.140 1.680±0.175 1.721±0.133 1.695±0.172
3 1.757±0.115 1.604±0.101 1.699±0.106 1.695±0.140 1.700±0.146
4 1.768±0.244 1.696±0.128 1.567±0.142 1.792±0.122 1.648±0.160
5 1.573±0.169 1.583±0.109 1.657±0.177 1.726±0.138 1.593±0.131

Table 2: Air inlet temperature measurement Set A
Air inlet temperature (°C)

Loc. A B C D E
1 24.245±1.016 24.392±1.012 24.203±1.040 24.746±1.196 24.635±1.076
2 23.900±1.014 24.100±1.027 25.126±1.920 25.432±1.089 24.999±1.046
3 23.876±1.014 24.040±1.013 24.559±1.145 24.445±1.051 25.026±1.081
4 23.869±1.066 23.802±1.010 24.393±1.046 24.345±1.072 25.700±1.175
5 23.657±1.057 23.452±1.021 23.816±1.063 24.069±1.149 25.683±1.183

Table 3: Air inlet velocity measurement Set B
Air inlet velocity (m/s)

Loc. A B C D E
1 1.143±0.085 1.288±0.171 1.280±0.089 1.122±0.087 1.139±0.109
2 1.325±0.126 1.193±0.130 1.240±0.099 1.136±0.104 1.270±0.130
3 1.239±0.114 1.209±0.136 1.267±0.099 1.292±0.126 1.315±0.127
4 1.311±0.093 1.328±0.087 1.263±0.097 1.337±0.098 1.352±0.090
5 1.387±0.082 1.338±0.141 1.239±0.101 1.276±0.090 1.324±0.094
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Table 4: Air inlet temperature measurement Set B
Air inlet temperature (°C)

Loc. A B C D E
1 18.215±1.157 18.244±1.009 18.154±1.007 18.502±1.008 18.517±1.045
2 17.484±1.106 18.079±1.077 18.480±1.036 18.853±1.030 18.856±1.045
3 17.399±1.000 17.730±1.026 18.262±1.026 18.881±1.061 19.101±1.032
4 17.312±1.012 17.438±1.012 18.408±1.009 18.541±1.052 19.006±1.047
5 17.073±1.014 17.421±1.053 18.612±1.071 18.533±1.050 19.209±1.036

6.1.2 Air Flow Outlet

The air outlet temperature measurements for Sets A and B are listed in Tables 5 and 6,

respectively. The corresponding uncertainties are provided within the tabels.

Table 5: Air outlet temperature measurement Set A
Air outlet temperature (°C)

Loc. A B C D E
1 37.246±1.065 28.359±1.075 28.795±1.036 29.702±1.377 29.394±1.102
2 36.726±1.032 29.243±1.012 28.474±1.305 29.350±1.032 28.835±1.249
3 29.239±1.125 28.596±1.272 27.777±1.024 29.220±1.105 27.979±1.489
4 29.685±1.009 28.850±1.031 27.783±1.070 29.094±1.321 28.085±1.279
5 29.485±1.011 29.400±1.187 28.389±1.038 28.863±1.358 28.652±1.401

Table 6: Air outlet temperature measurement Set B
Air outlet temperature (°C)

Loc. A B C D E
1 28.921±1.059 25.510±1.027 25.523±1.027 25.456±1.089 25.815±1.047
2 29.047±1.034 25.778±1.071 25.509±1.088 25.719±1.037 25.862±1.036
3 25.872±1.058 25.259±1.044 25.584±1.020 25.839±1.131 25.881±1.205
4 25.492±1.052 25.671±1.165 25.304±1.029 25.686±1.080 25.915±1.045
5 25.352±1.068 25.637±1.034 25.631±1.060 25.702±1.046 25.647±1.204

6.2 Characteristic Data Measurement

The measurement of characteristic data provides vital information on various parameters,

including the refrigerant mass flow rate, refrigerant inlet pressure, and refrigerant inlet and

outlet temperatures, for both Set A and Set B measurements. Furthermore, the frontal

area for each phase is measured. This allows for the acquisition of essential input data

for equation 10 Fluent (2009), which is utilized in the developed AC condenser model.

In Set A, the measured refrigerant mass flow rate is determined to be 0.018 + / −
0.001(kg/s), with a measurement uncertainty of 4.038% relative to the mass flow rate

value. The refrigerant AC condenser inlet and outlet temperatures are recorded as
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40.626+/−1.291◦C) and 27.684+/−1.272◦C, respectively. The refrigerant inlet pressure

is measured at 105.2+ /− 8.010(psi), with a measurement uncertainty of 7.031% relative

to the pressure value.

In Set B, the measured refrigerant mass flow rate is determined to be 0.015 + / −
0.001(kg/s), with a measurement uncertainty of 4.031% relative to the mass flow rate

value. The refrigerant AC condenser inlet and outlet temperatures are recorded as

29.190+/−1.242◦C and 24.637+/−1.154◦C, respectively. The refrigerant inlet pressure

is measured at 90.267+/−8.001(psi), with a measurement uncertainty of 7.614% relative

to the pressure value.

The temperature measurement curves are shown for the both measurement sets in the

Figure 12. The time development of these curves serves as evidence of the steady-state

conditions within the measurements.

Figure 12: Refrigerant inlet and outlet temperature (°C) (a) Set A; (b) Set B

Based on the aforementioned measured values, the heat release for each refrigerant sec-

tion, as well as the overall heat dissipation, is calculated. The heat dissipation values on

the refrigerant side are presented in the Table 7. It is important to note that the accuracy

of measuring the total heat dissipation within the AC condenser is 16.441% for Set A mea-

surements and 27.653% for Set B. As indicated in Table 7, both measurements did not

reach the overcooling section (liquid section). The inability to measure the overcooling

section is attributed to the refrigerant saturated temperature falling within the uncer-

tainties of the refrigerant outlet measurements. However, achieving overcooling in the AC

condenser can be accomplished in a integrated dryer connected to the AC condenser’s

refrigerant outlet.

The calculation of heat dissipation on the air side is performed using Equation 5 Incropera

et al. (2011), along with the measured values of airflow from Section 6.1. The obtained

results are presented in Table 8.
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Table 7: Measured heat dissipation on refrigerant side
Heat dissipation (W)

Region Set A Set B
Gas 247.382 +/-32.893 98.187 +/-22.030
Dual 3175.714 +/-21.321 2712.147 +/-9.561
Liquid N/A N/A
Overall 3423.096 +/-562.792 2810.334 +/-777.127

Table 8: Measured heat dissipation on air side
Heat dissipation (W)

Region Set A Set B
Gas 327.632 +/-20.068 268.357 +/-20.636
Dual 1362.951 +/-16.860 1737.456 +/-17.315
Liquid N/A N/A
Overall 1690.583 +/-16.876 2005.813 +/-17.308

The refrigerant state (gas, dual-phase and liquid) regions size for measurement Set A and

Set B are specified in Table 9.

Table 9: Refrigerant state region areas
Area (m2)

Region Set A Set B
Gas 0.010 0.007
Dual 0.160 0.163
Liquid N/A N/A

Table 10 represents the combined heat dissipation, in terms of statistical combination of

measured values on refrigerant and air side. Regarding the higher uncertainty in the heat

dissipation on the refrigerant side compared to the air side, the combined heat dissipation

aligns more closely with the refrigerant side. However, it’s important to note that the

uncertainty in the air side does not account for the sensitivity to the number of measured

points in Figure 13. This aspect should be further investigated, especially in the case

of industrial applications. The combined heat dissipation value should be applied in the

setup of the AC condenser model. However, the refrigerant side heat dissipation could

be preferred over the combined or air heat dissipation due to the inherent uncertainties

associated with the number of measured points in the air side.

6.3 Verification Measurement

The model’s verification is performed via comparing the results of the AC condenser

model with the measured air outlet temperature (Section 6.1.2) and the refrigerant inlet

and outlet temperature (Section 6.2)
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Table 10: Measured heat dissipation
Heat dissipation (W)

Region Set A Set B
Gas 269.150 +/-24.725 177.718 +/-20.801
Dual 2478.280 +/-20.627 1965.202 +/-11.817
Liquid N/A N/A
Overall 3421.540 +/-455.746 2809.935 +/-520.697

Figure 13: Measurement locations

6.4 AC Condenser Model

The computational domain, as shown in Figure 3, has been discretized into a numerical

grid consisting of (8, 75, 35) cells along the coordinate system. The size of the domain has

been determined based on the dimensions of the evaluated AC condenser (Figure 11).

The mesh size was chosen following a mesh sensitivity study, as illustrated in Figure

14. The plot shows the resulting auxiliary inlet temperature against the cell count. The

highlighted mesh size is selected , as further increasing the mesh decomposition does not

significantly affects the results.

The boundary condition for the air inlet mass flow rate is determined using air flow

velocity and temperature measurements, as described in Section 4.2.1, and utilizing data

from Section 6.1.1. For both setup Sets A and B, constant material properties were defined

based on appropriate average temperature or measured pressure,. In both calculations,

the convergence tolerance δ was set to 1W . The convergence of overall heat dissipation in

setup Set A and Set B during the solution process is illustrated in Figure 15. The upper

limit for the bisection method was established at 200K above the saturated temperature,

specific to each respective Set.

The characteristic data and heat dissipation values for the entire AC condenser are derived

from the findings presented in Section 6.2. Specifically, Table 7 provides the relevant infor-
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Figure 14: Mesh sensitivity study

mation. This table was preferred over Table 10 because the uncertainty of the dissipation

on the air side is affected by the spatial distribution of measured points, a parameter that

was not determined in this thesis. Therefore, further investigation is required to address

this aspect. Nevertheless, the difference between the refrigerant side and the combined

heat dissipation is negligible for the both measurements sets.

Figure 15: Convergence (a) Set A; (b) Set B

The contour plots displaying the resultant air outlet temperature for both setup Sets

A and B, are presented in Figures 16. The refrigerant inlet and outlet temperatures

are 60.884◦C and 27.876◦C, respectively, for Set A, while for Set B, the corresponding

values are 41.793◦C and 23.043◦C. The refrigerant temperature contour is shown in

Figure 17. The model results show a significant tendency to overpredict the verification

measurements (Section 6.3). However, it is important to acknowledge that the input

data, especially concerning heat dissipation, exhibits relatively high uncertainty. This

uncertainty allows for adjustments to the input parameters, enabling the model to align

better with the measured values.
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Figure 16: Air outlet temperature (°C) (a) Set A; (b) Set B

Figure 17: Refrigerant temperature (°C) (a) Set A; (b) Set B
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7 Conclusions

Within the thesis, a comprehensive study of AC condenser heat transfer modeling and

measurement was conducted. The primary focus was on developing a simplified model

suitable for complex 3D computational fluid dynamics (CFD) simulations.

The philosophy underlying the suggested model is to iteratively utilize directly measured

overall heat transfer coefficients instead of relying on literature or separately measured

convective/condensation heat transfer coefficients. These separately measured coefficients

are specific to the micro-channel heat exchanger design, the refrigerant used, and the oper-

ating conditions. Thus, the proposed approach offers greater generality while significantly

reducing the amount of required input information. However, it should be noted that this

approach necessitates the modification of input data measurements.

The developed model utilized the widely recognized ϵ−NTU approach, as elaborated in

Section 3. Through this approach, the AC condenser model iteratively predicts locally

refrigerant phase and appropriately selects heat transfer models and measured characteris-

tics, resulting in an accurate spatial distribution of heat dissipation. Enhanced predictions

of refrigerant and air temperatures generally lead to improved predictions of other com-

ponents within a vehicle. This is particularly advantageous, especially for battery electric

vehicles (BEVs), where the requirements for thermal management are becoming increas-

ingly stringent. In the context of BEVs, every watt of energy must be carefully considered

and efficiently managed to optimize the performance and range of the vehicle.

In Section 6.4, the suggested and developed model’s results for the refrigerant inlet tem-

perature were found to exhibit significant over-prediction. For Set A, the model over-

predicted the refrigerant temperature by more than 18.967K , while for Set B, the over-

prediction was above 12.603K. Consequently, the air outlet temperature was also over-

predicted.

However, when the input heat dissipation was reduced by 8% for Set A and by 7% for Set

B, the resulting refrigerant inlet temperature fell within the uncertainty bounds of the

measurement data, as shown in Figure 18. Similarly, the refrigerant outlet temperatures

of 27.876◦C for Set A and 23.043◦C for Set B were also within the uncertainty range

of the corresponding measurements, which were 27.684± 1.272◦C and 22.637± 1.154◦C,

respectively.

The reduced prescribed heat dissipation is within the range of uncertainty for the mea-

sured heat dissipation (Table 7), the model achieved improved agreement also with the

measured air outlet temperatures. The contours of the air outlet temperature with the

reduced heat dissipation prescribed in the model are shown in Figure 19, and a compar-

ison with the measurement data is presented in Figures 20, 21, 22, 23, and 24. It was

observed that the predicted values were in good agreement with the measurement data

for Set B, while in Set A, there was a slight over-prediction.
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One noteworthy observation in Figure 20 was a significant change in the air outlet tem-

perature, highlighted by a red box. This change was attributed to the refrigerant being

cooled to the saturation temperature, altering the heat transfer behavior.

Overall, the findings highlighted the sensitivity of the model to the prescribed heat dissipa-

tion and its ability to match the measurement data when within the range of uncertainty.

The results presented in the thesis demonstrate the feasibility of the developed AC con-

denser model and measurement approach for industrial application, while keeping the

aforementioned benefits.

Figure 18: Refrigerant inlet temperature (°C) (a) Set A ; (b) Set B

Figure 19: Air outlet temperature (°C) (a) Set A; (b) Set B
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Figure 20: Air outlet temperature A1;B1;C1;D1;E1 (°C) (a) Set A; (b) Set B

Figure 21: Air outlet temperature A2;B2;C2;D2;E2 (°C) (a) Set A; (b) Set B
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Figure 22: Air outlet temperature A3;B3;C3;D3;E3 (°C) (a) Set A; (b) Set B

Figure 23: Air outlet temperature A4;B4;C4;D4;E4 (°C) (a) Set A; (b) Set B
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Figure 24: Air outlet temperature A5;B5;C5;D5;E5 (°C) (a) Set A; (b) Set B

7.1 Future Research

As discussed in the results Section 6, further investigation is needed for model industrial-

ization and validation. Key tasks include improving measurement accuracy by increasing

measuring points on the air side, and enhancing temperature measurement precision as

per standard EN1643033 (2011).

For industrial application, it is essential to measure more characteristic data and operating

points to ensure comprehensive coverage of various scenarios. Additionally, coupling the

model with 3D CFD and investigating its influence on the underhood compartments are

crucial steps for evaluating the developed model impact.

Furthermore, it would be appropriate to conduct studies focusing on comparing the results

of the developed model with other approaches under a wider range of operating conditions.

With the aim of quantifying the model’s limitations and benefits.
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