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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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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.

4
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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 4, 5, 6, 7, and 8 presents the suggested and developed AC

condenser model. In Section 9, 10, 11, and 12 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.

5
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2 The current state of research

Within the chapter, the current state of research in the area in question is discussed and

summarized. The first part, Section 2.1, focuses on the general heat exchanger calculations

and calculations in the context of full vehicle simulations. General measurement of heat

exchangers is summarized in the following Section 2.2. Furthermore, the current state of

the art in AC condenser modeling and measurement is discussed within the Section 2.3.

2.1 Full Vehicle Heat Exchanger Calculations

Flow arrangement is a essential specification for heat exchangers (HTX), with common

types including counter flow, parallel flow, and cross-flow HTXs. Another important

consideration is the heat flux arrangement, distinguishing between mixed and unmixed

flows. In an unmixed flow, there is no heat transfer in the direction perpendicular to

the flow, whereas a completely mixed flow results in a constant fluid temperature in the

normal flow direction. This definition is outlined in Taborek (1983). In the context of

vehicle heat exchangers, a typical configuration is the cross-flow HTX with both fluids

being unmixed. Figure 2 from Incropera et al. (2011) illustrates a cross-flow HTX with

both fluids unmixed, as well as the scenario where the primary fluid is mixed. The figure

also provides nomenclature for the working fluids. The cross-flow direction typically refers

to the primary side (commonly air), while the tube flow pertains to the auxiliary side (such

as coolant or refrigerant). The focus of the thesis is on the heat transfer between these two

fluids within the AC condenser. Figure 2 from Kim and Kim (2008) presents a schematic

representation of the cooling pack, including the AC condenser, within the underhood

area of a vehicle.

Figure 1: Cross-Flow HTX. (a) both fluid unmixed (b) primary fluid mixed Incropera
et al. (2011)

The HTX is commonly integrated into full-vehicle 3D CFD models using a porous media

approach. This method is preferred over directly modeling the complex geometry of the

6
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tube and fins, as it is computationally more efficient. By implementing porous media,

the pressure drop across the HTX can be modeled using the Darcy-Forchheimer law with

appropriate inertia and viscous coefficients Lu and qiang Lu (2018). In some cases, a

multi-scale detailed sub-modeling approach has been utilized for a more comprehensive

analysis, such as in Shui-Chang et al. (2014). However, this approach may result in in-

creased computational demands. Underhood studies pertaining to full vehicles have been

extensively discussed in previous research of Ding et al. (2006), Kim and Kim (2008), Mao

et al. (2010). Additional aspects, such as transient modeling of auxiliary fluid (coolant)

was studied by Pang et al. (2012) or consideration of drag coefficient have also been ex-

amined by Saab et al. (2013). Specific investigations on HTX performance in underhood

simulations can be found in Crippa et al. (2011). Similarly, the dynamic response of the

HTX core has been explored in previous work of Gao et al. (2014).

Figure 2: Vehicle underhood scheme Kim and Kim (2008)

In the modeling of HTX core heat transfer, various methods can be used, including the

ϵ − NTU method, Log Mean Temperature Difference (LMTD), and Arithmetic Mean

Temperature Difference (AMTD) Huang et al. (2014). These methods are implemented

to define the overall heat transfer of the HTX. The ϵ−NTU method, LMTD, and AMTD

approaches assume steady-state conditions and constant material properties. However,

there is a fundamental difference between the ϵ−NTU method and the Mean Temperature

methods, which is the requirement of inlet and outlet temperatures for both the primary

and auxiliary fluids in the Mean Temperature methods. On the other hand, the ϵ−NTU

method only requires the inlet temperatures of the fluids and the fluid configuration curves

(known as ϵ − NTU relations) Incropera et al. (2011), Kays and London (1984), Webb

(2007). These methods are described in more detail in the sections below.

Pressure drop is a critical parameter in HTX analysis, and it is closely linked to heat

transfer performance. While the focus of the thesis lies on heat transfer, it is essential to

acknowledge the significant role of pressure drop in HTX design and operation. The quan-

titative relationship between pressure drop and temperature drop in an HTX is discussed

in previous studies of Bejan (1978) and Liang et al. (2015). However,the developed model

in this thesis does not directly calculate the flow field and, as a result, does not predict

7
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pressure drop. Instead, pressure drop is assumed as input data, which can be obtained

through measurements or coupled with a separate 3D Computational Fluid Dynamics

(CFD) analysis. Examples of 1D HTX solver coupling with airflow 3D CFD simulations,

could be found in Kumar et al. (2010), or Minovski et al. (2015).

2.1.1 eNTU Method

In scenarios where only inlet temperatures are known for heat exchanger calculations,

the ϵ−NTU method-based approaches are commonly used, as the log mean temperature

approach cannot be directly applied without an iterative technique Incropera et al. (2011).

The effectiveness ϵ is defined as the ratio of the actual heat transfer rate to the theoretically

maximum possible heat transfer rate (infinite heat exchanger core length) as shown in

Equation 1 Kays and London (1984). The Number of Transfer Units (NTU) represents

the ”heat transfer size” and is a dimensionless parameter as defined in Equation 2 Kays

and London (1984). It is important to note that maintaining a constant overall heat

transfer coefficient U over the entire surface area A is assumed in the analysis. Within

the context of 3D CFD, this assumption is satisfied as the heat exchanger volume is

divided into multiple cell volumes. Where each cell has a constant U value over its local

area.

ϵ =
Q̇
˙Qmax

=
Q̇

Cmins(Tin,aux − Tin,prim)
(1)

NTU =
1

Cmin

∫ A

0
U dA =

UA

Cmin

(2)

In Equations 1 and 2, the Q̇ refers to the heat transfer rate (W ), U refers to the overall heat

transfer coefficient (W/(m2K)), and A represents the heat transfer area (m2). The overall

heat transfer coefficient, denoted by U , takes into account the convective heat transfers as

well as solid wall conduction. It can be expressed as shown in Equation 3 Incropera et al.

(2011). In this equation, α represents the convective heat transfer coefficient (W/(m2K)),

and the solid conduction is represented by the conduction resistance Rw (K/W ) Incropera

et al. (2011).

1

UA
=

1

(αA)prim
+Rw +

1

(αA)aux
(3)

The definition of the minimal heat capacity, denoted as Cmin(W/K), is given by Equation

4 Kays and London (1984). It represents the minimum heat capacity rate between the

auxiliary fluid and the primary fluid, or alternatively, the maximum heat capacity rate.

Kays and London (1984)

Cmin/max = min/max{ṁauxiliarycp,auxiliary; ṁprimarycp,primary} (4)
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In general, the parameter ϵ depends on the variables NTU , Cr, and the flow arrangement

(e.g., cross-flow heat exchanger), as mentioned in Equation 5 Incropera et al. (2011). The

ratio Cr is defined as the ratio of Cmin to Cmax, as shown in Equation 6 Incropera et al.

(2011).

ϵ = f(NTU,Cr, F lowArrangement) (5)

Cr =
Cmin

Cmax

(6)

The relationship between ϵ and NTU for a unmixed fluid cross-flow heat exchanger (e.g.

AC condenser) is described by Equation 7 Incropera et al. (2011). However, this equation

is strictly accurate only when Cr = 1. For other values of ϵ and the NTU relationship,

a detailed and exact solution was derived by Triboix (2009). Nevertheless, Equation

7 can still be used as a reasonable approximation for 0 < Cr <= 1 Incropera et al.

(2011). For more complex arrangements, an iterative approach to obtain the ϵ-NTU

relationship is suggested in Navarro and Cabezas-Gomez (2007). Additionally, a study

on the performance of multi-pass parallel cross-flow heat exchangers based on the NTU

method is conducted in Silaipillayarputhur and Mughanam (2018).

ϵ = 1− exp[−NTU0.22

Cr

(1− e−CrNTU0.78

)] (7)

For heat exchangers with one fluid mixed, an exact relationship between ϵ andNTU exists,

which is defined in Equations 8 and 9 Incropera et al. (2011). However, it is important to

note that while the thermodynamic definition is rigorous, the actual physical geometry of

a heat exchanger can sometimes lead to partially mixed conditions in certain scenarios.

The uncertainty in defining the ϵ − NTU relationship and the proposed methods for

dealing with partially mixed conditions are discussed in Digiovanni and Webb (1989).

In general, heat exchanger designs with tubes and fins are considered to fall under the

category of fluid unmixed heat exchangers Incropera et al. (2011) Digiovanni and Webb

(1989). However, it is worth noting that the specific shapes of tubes and fins can vary

among heat exchanger manufacturers, potentially leading to partially mixed or mixed

designs.

Cmax(mixed) Cmin(unmixed) : ϵ =
1

Cr

(1− exp{−Cr[1− exp(−NTU)]}) (8)

Cmin(mixed) Cmax(unmixed) : ϵ = (1− exp{−C−1
r [1− exp(−Cr(NTU))]}) (9)

9
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2.1.2 Log Mean Temperature Difference Method

The log mean temperature difference (LMTD) approach is employed to calculate the

average temperature in the heat balance equation, as shown in equation 10 Incropera et al.

(2011). The average temperature is determined using a logarithmic temperature profile

across the length of the heat exchanger (HTX) core, assuming a counter-flow arrangement,

as shown in equation 11 Incropera et al. (2011). The equation 11 Incropera et al. (2011) is

written below under the assumption that the auxiliary fluid’s inlet temperature is higher

than the primary fluid’s inlet temperature. This approach enables the estimation of the

average temperature difference, which is a key parameter in heat transfer calculations.

Q̇ = U × A× LMTD (10)

LMTD =
(Tin,aux − Tout,prim)− (Tout,aux − Tin,prim)

lnTin,aux−Tout,prim

Tout,aux−Tin,prim

(11)

Equation 11 in Incropera et al. (2011) is derived specifically for a simple counter-flow heat

exchanger. However, in the case of cross-flow heat exchangers, the temperature profiles

of the primary and auxiliary fluids vary along their respective flow directions. This is

illustrated in Figure 3 Kays and London (1984).

Figure 3: HTX temperature profile (a) Counter-flow (b) Cross-flow Kays and London
(1984)

The non-dimensional factor FG is used to modify Equation 11 Kays and London (1984)

in order to account for different flow arrangements in heat exchangers. It is commonly

referred to as the geometric correction factor. The modified equation, known as the log

mean rate equation, is given by Equation 12 Kays and London (1984). The factor FG takes

a value of unity for the counter-flow arrangement, while for other flow arrangements, it is

10
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less than one. The values of FG for various flow arrangements and operating temperatures

can be found in Bowman et al. (1940). The evaluation of the cross-flow arrangement

factor has been studied in detail by Smith (1934) and Mason and John (1955). Examples

of in-house and general numerical implementations of the arithmetic mean temperature

difference method can be found in Ribando et al. (1997).

Q̇ = U × A× FG × LMTD (12)

2.1.3 3D CFD Codes Implementation

The chapter focuses on different utilization of Computational Fluid Dynamics (CFD)

codes for modeling heat exchangers (HTX). Specifically, two common commercial CFD

tools, namely Simcenter STAR−CCM+ and Ansys F luent, were selected for compar-

ison within the chapter. While both CFD codes offer simpler models for heat exchangers,

the chapter primarily focuses on the most detailed models available. These detailed mod-

els rely on a provided performance table known as the Q − Table. The Q − Table is

typically obtained through experimental measurement and contains data on HTX heat

dissipation for various primary and auxiliary mass flow rates, assuming constant inlet

temperatures. From the Q−Table, the overall heat transfer coefficient or the ϵ values are

extracted. These values are used to characterize the heat transfer performance of the heat

exchanger. In cases where flow rates are not directly specified in the Q− Table, interpo-

lation methods such as linear interpolation are employed to estimate the corresponding

values in the performance space.

Ansys Fluent

In the Ansys F luent software, the ϵ−NTU method is implemented through a so-called

macro− based model. The ϵ−NTU approach, as described in Section 2.1.1, is applied to

multiple local macros or computational cells within the heat exchanger. The heat transfer

properties are scaled based on Equation 13 Fluent (2009). In this equation, V represents

the appropriate volume (m3) (local stands for macro/cell and global for s whole HTX).

The ϵ−NTU relation used in the Ansys F luent implementation is the same as Equation

7 Incropera et al. (2011). Therefore, it should be noted that the Ansys F luent imple-

mentation is valid only for unmixed fluids, cross-flow heat exchangers without any phase

change Fluent (2009)

NTUlocal = NTUglobal
VlocalCmin,global

VglobalCmin,local

(13)

The local(macro) heat transfer in the Ansys F luent implementation is calculated using

Equation 14 Fluent (2009). The final temperature is determined through a steady-state

energy equation, as described in Equation 15 Incropera et al. (2011). Equation 14 Fluent
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(2009) is derived from Equation 1 Incropera et al. (2011) mentioned earlier. If the macro

consists of multiple computational cells, the heat transfer within each cell is expressed by

Equation 16, and the total heat transfer within the heat exchanger is given by Equation

17 Fluent (2009).

The Q−Table is utilized to generate the global ϵ andNTU values Fluent (2009). However,

since Equation 7 Incropera et al. (2011) cannot be directly rearranged to express NTU

as a function of effectiveness ϵ Incropera et al. (2011), the ϵ − NTU relation is solved

iteratively using the Newton-Raphson method. This iterative approach allows for the

determination of NTU based on the given effectiveness ϵ Incropera et al. (2011).

Q̇local = ϵlocalCmin,local(Tin,aux − Tin,prim) (14)

Q̇local = ṁcp∆T (15)

Q̇cell = Q̇local
Vcell

Vlocal

(16)

Q̇global =
∑

Q̇local (17)

Simcenter STAR-CCM+

In contrast to the ϵ−NTU approach used in Ansys F luent, Simcenter STAR−CCM+

employs a modified average temperature difference method for heat exchanger analy-

sis. In this method, the term local refers directly to a computational cell volume, as

Simcenter STAR − CCM+ does not utilize a macro − based model. A further differ-

ence between Ansys F luent and Simcenter STAR − CCM+ is the implementation of

auxiliary fluid flow phenomena. In the macro− basedmodel of Ansys F luent, it assumes

a uniform distribution of auxiliary fluid flow and does not directly simulate the flow field.

On the other hand, Simcenter STAR − CCM+ incorporates only a more general tech-

nique called the Dual Cell or Dual Stream approach, where the auxiliary fluid flow is

explicitly modeled in a separate overlapping domain. It’s worth mentioning that this

approach is also available in Ansys F luent.

The Q− Table is utilized to generate the overall heat transfer coefficient U based on the

table’s inlet temperature difference, as described by Equation 18 STAR-CCM+ (2019).

While the literature often favors the log mean temperature difference (LMTD) method

including the correction factor for geometrical configuration for heat exchanger analy-

sis, Simcenter STAR − CCM+ employs the arithmetic mean temperature difference

(AMTD) method, as shown in Equation 19 STAR-CCM+ (2019). To determine the

12



CFD MODEL OF VEHICLE CONDENSER

global overall heat transfer coefficient, the average value of the inlet temperature differ-

ence from each computational cell is used. However, it is important to note that this

method is valid when the computational cells are sufficiently small. Each individual HTX

cell represents a local heat sink or source (auxiliary or primary) and is defined using

Equation 21 STAR-CCM+ (2019).

UAtable =
Q̇table

T table
in,aux − T table

in,prim

(18)

UAglobal =
UAtable(T

ave
in,aux − T ave

in,prim)

∆TaveN
(19)

. . . where:

∆Tave =

∑
(Tin,aux − Tin,prim)Vcells∑

Vcells

(20)

The main advantage of the method used in Simcenter STAR − CCM+ is that it elim-

inates the need for recalculation of the ϵ − NTU relationship, making it a more general

approach.

Q̇local =
UAlocal(Tin,aux − Tin,prim)Vcells

1
N

∑
Vcells

(21)

2.2 Heat Exchanger Measurement

A schematic of a heat exchanger (HTX) measurement facility is presented in Figure 4

Zhao (1995). The facility consists of two separate flow circuits: one for the cooling air

(primary side) and another for the auxiliary side fluid (such as water). The measurements

conducted can focus on obtaining characteristic quantities of the measured HTX, such

as the Q− Table, which represents the heat transfer performance of the heat exchanger.

Alternatively, the facility can be used for model verification purposes. In both cases,

specific quantities typically measured to assess the performance of the heat exchanger are

listed below: Khot et al. (2012)

• heat dissipation on the primary and auxiliary fluid side,

• inlet/outlet temperature difference,

• primary and auxiliary side flow rate,

• primary and auxiliary pressure drop.

Consequently, various physical quantities are measured, including temperature, velocity,

flow rate, and pressure. The accuracy of these measurements is crucial, especially since

heat dissipation is calculated based on flow and temperature assessments rather than

being directly measured.
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In order to ensure accurate measurements, it is suggested in Khot et al. (2012) to have

a temperature measurement accuracy of at least ±1◦C and a flow meter accuracy of at

least ±2%. Pressure measurements using a column gauge should have an accuracy of

at least 1mm. However, it is important to note that even with lower accuracy probes,

as shown in Tatara and Lupia (2011), the uncertainty in the overall heat transfer rate

can be as high as 9.5%. In certain cases, such as those outlined in EN1643033 (2011),

even higher measurement accuracies are required. For example, a temperature accuracy

of 0.1K and a flow accuracy of 1% are recommended to meet the standards specified in

the EN (European Norms) guidelines.

Figure 4: Schematic of a HTX measurement facility: 1-blower; 2-flow straightener; 3-
heating coil; 4-pitot-static tube; 5-screen; 6-thermocouple; 7-differential pressure gauge;
8-motor; 9-electrical heater; 10-water pump; 11-strainer; 12-flow meter; 13-valve; Zhao
(1995)

Given the relatively small sample size for temperature and flow measurements, it is not

suitable to rely on error analysis based on the assumption of a normal distribution. In-

stead, the more appropriate approach is to utilize the Student’s t-distribution. The sample

standard deviation is defined in formula 22 Tatara and Lupia (2011). The confidence level

is determined using the Student’s t-distribution, as indicated by formula 23 Tatara and

Lupia (2011).

S =

√∑
(Xn −Xm)2

Ns− 1
(22)

St = tϑ−%S (23)

The final combined uncertainty, denoted as Un, is obtained by combining the random

uncertainty, described by formula 23 Tatara and Lupia (2011), and the predictable part of

deviation. The predictable part, so-called bias B, accounts for factors such as instrument

calibration and data acquisition errors. The equation 24 Tatara and Lupia (2011) below

incorporates the sensitivity coefficient θ, which takes into consideration the effects of

uncertainty dependencies. When calculating a quantity based on measured variables, such

as the head dissipation of a heat exchanger, the final combined uncertainty is expressed
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using equation 25 Tatara and Lupia (2011) Moffat (2014).

Un =

√∑
(θB)2 +

∑
(θS)2 (24)

UnQ̇ =
√
(θUn)2 =

√√√√[
∂Q̇

∂ṁ
Unṁ]2 + [

∂Q̇

∂cp
Uncp ]

2 + [
∂Q̇

∂Tin/out

UnTin/out
]2 (25)

2.3 Vehicle AC Condenser

As aforementioned, the condenser is a crucial component of any Air Conditioning (AC)

system, responsible for dissipating the heat from the refrigerant fluid into the surrounding

air. The AC condenser is a specific type of heat exchanger (HTX), which involves both

dual-phase (condensing) and single-phase heat transfer between the refrigerant (auxiliary

fluid) and the surrounding air (primary fluid) in its operation. From a geometric perspec-

tive, a typical condenser is a multiple pass, tube-and-fins, micro-channel cross-flow heat

exchanger (Figure 5). Pervaiz et al. (1997).

Figure 5: Detail of an AC condenser Pervaiz et al. (1997)

As illustrated in the Figure 5, the refrigerant flows through micro-channels in multiple

passes. The flow direction in a typical condenser with multiple passes is demonstrated in

Figure 6 Ye et al. (2009). In some cases, a baffle may be replaced by a distributor, which

permits some flow between separate tanks through a hole in the baffle. These distributors

contribute to a more uniform temperature distribution within an AC condenser Ye et al.

(2009). From a thermodynamic perspective, the AC condenser is a component where

part of the reverse Rankine Cycle takes place. In the AC circuit, organic substances

are used as auxiliary fluids to meet specific application requirements, particularly those

related to low boiling points. This variation of the Rankine Cycle is commonly known

as the Organic Rankine Cycle (ORC). The ORC is based on the Ideal Rankine Cycle

(IRC), where expansion is isentropic and evaporation/condensation processes is isobaric.

Figure 7 illustrates the IRC, with the condenser stage taking place between points 2 and

3 Nozicka (2008). However, in reality, the ORC represents a Real Rankine Cycle, where

the processes are not completely reversible, and the efficiency of each process (such as
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Figure 6: AC condenser flow distribution Ye et al. (2009)

the compressor) becomes a factor. The heat transfer rate of the AC condenser within the

cycle is determined by equation 26 Nozicka (2008), Dai et al. (2009), Moran et al. (2014).

Figure 7: Function (a) Parise (1986) and thermodynamic scheme (b) of reverse ideal
Rankine Cycle Nozicka (2008)

Q̇ = ṁ(h2 − h3) (26)

The efficiency Equation 27 for a phase change AC condenser is derived by modifying

equation 1. In this modification, the inlet fluid temperatures are replaced with the inlet

fluid enthalpy Liang et al. (2015). The Cmin should be in the case calculated as shown in

the Equation 28 Liang et al. (2015).

Q̇ = ϵCmin(hin,aux − hin,prim) (27)

Cmin = min{ṁauxiliary;
ṁprimarycp,primary

hin,aux−hin,prim

Tin,aux−Tin,prim

} (28)
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2.3.1 Calculations

The 3D CFD codes mentioned earlier in Section 2.1.3 do not have a dedicated compu-

tational model specifically utilized for AC condensers. In the automotive industry, AC

condensers are often simplified by using a simple heat source. However, this simplified

approach fails to capture the spatial distribution of refrigerant flow, phase changes, local

heat transfer, and their effects on airflow. Nevertheless, heat exchanger models available

in software such as Simcenter STAR−CCM+ or Ansys F luent can be potentially used

to simulate refrigerant flow, including phase changes, by incorporating user-defined codes.

An example of an implemented AC condenser model in Simcenter STAR−CCM+ can

be found in Pervaiz et al. (1997). The model proposed in the work by Pervaiz et al. (1997)

incorporates phase change by employing an empirical expression for the heat transfer co-

efficient (α) as a function of refrigerant quality (χ).

Specialized models and approaches are available for calculating the performance of AC

condensers, with many of them relying on 1D methods such as the ϵ − NTU approach,

the logarithmic mean temperature difference (LMTD) method, or the arithmetic mean

temperature difference (AMTD) method. These methods take into account specific con-

denser specifications, including micro-channel construction and refrigerant phase change,

by incorporating correction factors. The determination of the (convective) heat trans-

fer coefficient (α) plays a crucial role in these approaches. The overall or convective is

obtained through measurements and correlation relations, such as Wilson, Colburn, and

others Fernandez-Seara et al. (2007). Subsequently, the obtained convective heat transfer

coefficient (α) is employed in the 1D models, such as the ϵ − NTU method (equations

2 and 3) Kays and London (1984), Incropera et al. (2011), or alternative methodologies.

A comprehensive summary of the 1D modeling approaches for AC condensers can be

found in the work by Pavlu (2012), which also includes the development and compari-

son of a model with extensive experimental measurements. Furthermore, the 1D models

have been extended to capture the single-phase as well as phase-change region of the AC

condenser. The extension of ϵ − NTU approach-based models incorporates a relation

for the phase-change (two-phase) region, as indicated by equation 29 Incropera et al.

(2011). This relation is based on the fact that Equation 6 is equal to zero during phase

change. The combination of the phase-change and single-phase regions is implemented

and compared with experimental measurements in studies such as Admiraal and Bullard

(1993), Bansal and Purkayastha (1998), Huang et al. (2012), and Liang et al. (2015).

Detailed investigations on the condensation heat transfer coefficient have been performed

by Garcia-Cascales et al. (2010).

ϵ = 1− exp(−NTU) (29)

The LMTD and AMTD based methods are commonly employed for modeling phase
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change heat exchangers (HTX), including condensers. In Equation 12 Kays and London

(1984), the geometry correction factor FG for the condenser is equal to unity in the case

of phase change Saari (2010). A model of this type was developed and compared with

experimental measurements by Garcia (1998), which also considered the effect of vapor

quality as discussed in McLinden and Radermacher (1987). Iterative models encompass-

ing the entire refrigerant circuit have been presented in Parise (1986), Rice and Sand

(1990), Miyara et al. (1993), and Haselden and Chen (1994). These iterative models in-

corporate both single-phase and two-phase regions by accounting for varying heat transfer

coefficients based on refrigerant quality (χ).

The number of passes, which refers to the construction of the AC condenser, is an impor-

tant factor that determines the spatial flow of the refrigerant within the condenser (Figure

6 Ye et al. (2009)). Consequently, it significantly impacts the spatial distribution of re-

sults and overall heat transfer, as investigated in Silaipillayarputhur and Al-Mughanam

(2018). An analytical solution considering multiple passes based on a known NTU value

was developed by Bes (1996). In Martinez-Ballester and Gonzalvez-Macia (2013) and

Gonzalvez-Macia (2013), a numerical model incorporating an empirical heat transfer co-

efficient was applied and compared against experimental measurements. The predicted

condenser heat capacity and outlet refrigerant temperature exhibited accuracy levels be-

low 5% and 2K, respectively. Other models have been developed by Stoitchkov and

Dimitrov (1998), Schwentker et al. (2006), Singh et al. (2009), Mart́ınez-Ballester et al.

(2011), and Liang et al. (2015). A comprehensive comparison of condenser models, in-

corporating different heat transfer coefficients from the literature, was performed by Tuo

et al. (2012), demonstrating good accuracy. Detailed models that consider refrigerant

flow were developed by Zou et al. (2014) and Hu et al. (2015). These models predict

flow distribution between the tubes, local refrigerant quality, and are compared against

experimental measurements.

The condenser model implemented in the Gamma Technologies GT−SUITE COOL3D

utilizes regression analysis to fit the measured performance data by adjusting coefficients

in Equation 32 Gamma Technologies (2014). This Equation is used in the expression for

the Nusselt number as shown in Equation 31 Gamma Technologies (2014). For single-

phase heat transfer, the heat transfer coefficient is defined by Equation 30 Gamma Tech-

nologies (2014). In a study conducted by Jha and Shaik (2016), this model was employed

and compared against experimental data. The results showed an accuracy of approx-

imately ±2.3% for overall heat dissipation. However, when the model was applied to

different condenser dimensions, which were not used in the initial parameter fitting, the

accuracy decreased to around ±8.1%.

α = 0.23Re0.8Pr0.4
λ

L
(30)
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Nu = 0.23Re0.8Pr0.4 (31)

α = Nu[(1− χ)0.8 +
3.8χ0.76(1− χ)0.04

Pr0.38
]
λ

L
(32)

Additionally, the 1D models are often coupled with 3D CFD simulations of the entire

vehicle to capture three-dimensional effects. An example of such coupling, utilizing the

commercial tools KULI soft and Ansys F luent, for a simplified cooling pack can be

found in Long et al. (2014). The Wang et al. (2016) work contains a 1D model of an AC

condenser usingMathWorks Matlab software with ϵ−NTU approach, including transient

simulation. It should be noted that MathWorks Matlab provides a 1D model for AC

condensers, which includes a simplified spatial distribution. The schematic in Figure 8

(Wang et al. (2016)) illustrates the computational cells used in the AC condenser model,

while the figure below in Figure 9 (Wang et al. (2016)) shows the 3D CFD results from

overall underhood coupling simulation.

Figure 8: Schematic diagram of air conditioning modelWang et al. (2016)

In Shah (2018), a coupling of 1D and 3D solvers using the tools Magna KULI software

and Simcenter STAR − CCM+ is demonstrated, with a focus on the condenser. The

condenser model implemented in theMagna KULI software utilizes the Nusselt number

expression given by Equation 33. The correlation coefficients Coeff, Coeff1, and Coeff2

in the expression are functions of the Reynolds number and the type of heat exchanger

(such as condenser or evaporator). Shah (2018)

Nu = CoeffReCoeff1PrCoeff2 (33)

2.3.2 Measurement

An experimental setup utilized for measuring the heat performance of an AC condenser

is shown in Figure 10 Zheng et al. (2014). The typical AC condenser measurement is
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Figure 9: 3D CFD underhood with condenser coupled with 1D Wang et al. (2016)

focused on assessing the overall thermal performance parameters such as heat dissipation,

inlet/outlet temperatures, and pressure losses. Important for AC condenser modeling is

the measurement of the convective condensation heat transfer coefficient. The Wilson plot

method and its variations (e.g. Colburn) are commonly used for this purpose Fernandez-

Seara et al. (2007). These methods involve fitting the experimental data with correlation

equations, such as equations 33 and 31 Shah (2018) Gamma Technologies (2014).

Extensive measurements were conducted in Vist and Pettersen (2004) or Zou and Hrnjak

(2013), specifically focusing on the vapor fraction within individual tubes under vari-

ous conditions. Comprehensive convective condensation heat transfer measurements for

micro-channels could be found inCavallini et al. (2003) or Bandhauer et al. (2006).

Figure 10: A layout of the experimental system apparatus Zheng et al. (2014)

As aforementioned in Section 2.3.1, a crucial aspect of condenser measurements involves

gathering heat transfer coefficients or correction factors for condenser models Dittus and

Boelter (1985) Kim et al. (1999) Kim and Bullard (2002). Detailed measurements of the
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heat transfer coefficient during phase change (within tube specimens) are described in

Panchal et al. (1992). The suggested heat transfer coefficient from Panchal et al. (1992)

is utilized in a heat pump simulation model and compared with the overall pump mea-

surements in Ouazia and Snelson (1994). Another example of experimental heat transfer

coefficient measurements can be found in Kondou et al. (2014), or in work of Park and

Jacobi (2009), which includes multiple conditions and specifications of the Colburn factor.

Detailed measurements of internal refrigerant flow and quality were performed by Ye et al.

(2009), with a specific focus on enhancing condenser efficiency through modifications of

baffles in the tanks into distributors (i.e., baffles with orifices) (Figure 6) Ye et al. (2009).

3 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 (outlined in Section 2.3) 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. This is achieved by locally defining the

ϵ − NTU relationship, similar to the approaches adopted by other researchers discussed

in Section 2.3.1. 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 (as described in Section 2.1.3) 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 (as

discussed in Section 2.2) and phase change heat exchangers (as detailed in Section 2.3.2).

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. The first task involves developing a single-phase heat exchanger (HTX)
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model that incorporates the current state-of-the-art approaches. This model will serve as

the foundation for further extensions to account for phase change phenomena. The second

task involves suggesting and conducting measurements to gather appropriate input data

required for the developed AC condenser model. These measurements should encompass

relevant parameters that influence heat transfer, such as temperature differentials, flow

rates, and pressure. In addition to model development and data gathering, a crucial task

is to verify the proposed AC condenser model through physical measurements.

The 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).

Define the domain discretization, mass and heat. transfer

Section 4, 5, 6, and 7.

• Create single-phase HTX calculation algorithm

Based ϵ−NTU approach

Verify model via comparing with CFD code from Section 2.1.3

Section 8.1

• Create HTX calculation algorithm including phase change

Section 8.2

• Test equipment development

The test equipment should be capable of input data gathering as well as of verifi-

cation measurement

Section 9, 10 and 11

• Verification

The developed AC condenser model results should be verified by comparing with

measurement

Section 12 and 13
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4 Suggested Model Philosophy

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

Ansys F luent (described in Section 2.1.1 and 2.1.3) with the recent advancements made

to 1D AC condenser models (Section 2.3.1). Consequently, 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 11 (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

refrigerant flow within the AC condenser is shown in Figure 11 (b), highlighting the

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

the saturation 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 29 Incropera 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 7 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) (Sec-

tion 2.3.1). Within the same section, it was mentioned that Pervaiz et al. (1997) im-

plemented 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 liter-

ature, 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 12.
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Figure 11: (a) T-s and p-s diagrams Nozicka (2008); AC condenser sections (b)

Figure 12: (a)Gamma Technologies GT−SUITE COOL3D model inputs Gamma Tech-
nologies (2014); suggested model input (b)
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5 Computational Domain and Discretization

The computational domain, shown in Figure 13 (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 13 (b). The domain

(simple block) is discretized using a uniform division with a constant interval, similar

to the approach shown in Figure 8 Wang et al. (2016). Consequently, each cell (control

volume) has identical size and an equal distance between the centroids of adjacent cells.

In Figure 13 (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 13: Computational domain (a) and mesh details (b)

6 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

(Section 2.3.1). This would allow for a more comprehensive analysis of the condenser

performance by considering the simulated mass flow rates.

6.1 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 9.2. 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 13).
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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 (34)

6.2 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 14 illustrates the distribution of the auxiliary fluid (refrigerant) flow between the

passes. Equation 35 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 14: The refrigerant flow distribution scheme

ṁcell =
ṁaux

[Xcells · Zcells]Pass

(35)

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
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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 (Section 9.3) 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 described in Section 2.1.3, as applied in Pervaiz et al. (1997), could

be employed. Nonetheless, the proposed heat transfer approach remains unchanged.

7 Heat Transfer Model

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

is modeled by ϵ − NTU approach (Section 2.1.1 and 2.3.1) as discussed in Sections 3

and 4. 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 15. 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. More detailed information

regarding the measurement procedure and data gathering can be found in Section 11.

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

Equation 1 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 7 Incropera et al. (2011)

is used. On the other hand, for cases involving phase change, Equation 29 Incropera et al.

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

7 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 (as discussed in Section 2.1.3).
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Figure 15: Measured data processing workflow

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

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 8.

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 36 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 37, 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 7 Incropera et al. (2011) for non-phase-change conditions, and Equation 29

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

cell is determined using Equation 14 Incropera et al. (2011) or for phase-change Equation

27 Liang et al. (2015), and the outlet temperatures are calculated using Equation 15

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.

ṁglobal
cell = ṁcell

AQ−Table

Acell

(36)

NTU local
cell = NTU global

cell

VcellCmin,global

VglobalCmin,cell

(37)
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Figure 16: Computational cell flow scheme

7.1 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 14). 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 38 and illustrated in Figure 17 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 39. Based on the

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

χ =
mvapour

mvapour +mliquid

(38)

Q− Table =


Liquid Phase, if χ = 0.

DualPhase, if 0 < χ < 1.

GasPhase, if χ = 1.

(39)

Figure 17: T-s diagram with vapour quality Nozicka (2008)

29



CFD MODEL OF VEHICLE CONDENSER

8 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

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)

(Section 2.3.1).

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

implementation of Ansys F luent Fluent (2009) (Section 2.1.3). This model is compared

with other commercial tools in Section 2.1.3 to initially verify the code.

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

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

8.1 Simple Heat Exchanger

The algorithm for the heat exchanger (HTX) model is described in Figure 18, where the

indexes are defined as shown in Figure 13. This model is based on a fixed heat rejection

and an iterative adjustment of the auxiliary fluid inlet temperature. This approach is more

suitable for typical vehicle applications, such as known heat rejection from an engine.

In Figure 8, relation (a) represents the HTX with single-phase flow, while relation (b)

represents the HTX with exclusive dual-phase (phase change) flow. It is important to

appropriately combine these two scenarios in the AC condenser model, as both single-

phase and dual-phase regimes occur in real condensers (Section 8.2). The single-phase

HTX model was implemented in GNU Octave 5.2.0 and verified against commercial tools

in the following subsection.

8.1.1 Verification

To verify the implementation of the simple heat exchanger model without phase change, a

test case is compared against commercial CFD tools, namelyAnsys F luent and Simcenter

STAR− CCM+.

As mentioned earlier, this thesis focuses on heat transfer, and thus, the flow in the test

case is assumed to be inviscid. For the sake of simplicity, no pressure drop is considered

throughout the domain. The test case involves a conventional air-to-water heat exchanger

(HTX) selected for verification.

The dimensions of the HTX test case domain are (x, y, z) = (0.04, 0.7, 0.6)m. The domain

is numerically decomposed into (8, 70, 60) grid cells along the coordinate system axes. The

auxiliary fluid flow direction is aligned with the positive z-axis, while the primary flow

direction is along the positive x-axis, indicating a single-pass HTX configuration.

The heat performance characteristics, represented by the Q−Table, of the selected HTX
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Figure 18: Simple heat exchanger. (a) single-phase variant (b) dual-phase variant
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are shown in Figure 1. The Q− Table performance data was obtained using an auxiliary

fluid flow temperature of 388.71K and a primary fluid flow temperature of 322.04K Fluent

(2009).

Table 1: Heat exchanger performance characteristic data Fluent (2009)
Heat rejection (W)

Coolant flow (kg/s) 2.535 3.169 3.803
Air Flow (kg/s) - - -
0.567 26187 26639 26494
0.945 40891 41355 41677
1.512 56177 57128 57792
2.268 70569 72143 73249
3.024 81529 83677 85196
3.780 90793 93501 95428

The test case simulations were conducted with a heat dissipation of 40.0W within the

HTX. The auxiliary fluid flow rate was set to 3.169kg/s, and the primary fluid inlet

temperature to 319.15K.

For the auxiliary fluid, water-like material properties were used, including a density of

1000kg/m3 and a specific heat capacity of 4000J/kgK. The properties of the primary

fluid are based on dry air.

Two different air inlet velocity profiles were tested, as shown in Figure 19. Profile A

represents a uniform air inlet velocity magnitude, while Profile B represents a sinusoidal

function-based velocity profile.

Figure 19: Air inlet velocity profiles

The verification results are summarized in Figure 20, where a comparison is made between

the outcomes obtained from the implementation in GNU Octave 5.2.0. and the commer-

cial tools (Ansys F luent and Simcenter STAR−CCM+). This comparison is based on

the air outlet temperature contour and the water inlet temperature. It is observed that

the air temperature contour profile and the water inlet temperatures show a satisfactory

agreement with the results obtained from the CFD codes. As a result, the implementation
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of the simple HTX in GNU Octave 5.2.0. is assumed valid for the development of the AC

condenser model (Section 8.2).

Figure 20: Result for Octave (a), Fluent (b), and STAR-CCM+ (c)

8.2 AC Condenser

The proposed AC condenser model algorithm is presented in Figure 21. 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 17

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 4.

The specific script for implementing the AC condenser model in GNU Octave 5.2.0. can

be found in Appendix D.

9 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 (Section

2.2, 2.3.2, 3, 4, and 8.2). This section describes the developed test bench, including sensor

specifications, and provides a description of the tested AC condenser.
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Figure 21: Proposed AC condenser model
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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.

9.1 Test Equipment

The test equipment schematic is presented in Figure 22, showing a typical automotive

AC thermodynamic circuit (Figure 7 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 23 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 4).

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

axial fan, representing the vehicle cabin.

Additional photographs of the test equipment can be found in Appendix A.

Figure 22: Test equipment scheme
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Figure 23: Test equipment photo

9.2 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

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

Continuous measurement

9.3 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 24

below. The AC condenser core thickness is 160mm. Photos of the evaluated condenser

and decomposition are shown in Appendix B. The decomposition was used with the aim

to determine pass flow within the condenser.

Figure 24: Evaluated AC condenser

9.4 Refrigerant

The test equipment refrigerant circuit (Figure 22) 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). Appendix C contains material properties applied in the AC condenser model and

measurement evaluation in combination with online properties available from Freon et al.

(2023).
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10 Air Flow Measurement

Airflow measurement is crucial for evaluating the air mass flow rate and determining

the air inlet and outlet temperatures. It plays a vital role in both the gathering of

characteristic data (Section 11) and the evaluation of the AC condenser model (Section

12).

To measure the airflow, the tested AC condenser frontal area in the x-axis direction

is divided into a grid of 25 measurement points, as illustrated in Figure 25. At each

measurement point, the air inlet velocity, inlet temperature, and outlet temperature are

measured. The VOLTCRAFT PL-135 sensor is used for measuring the air inlet velocity

and temperature. Additionally, the air outlet temperature is measured using the OMEGA

HH309A thermocouple with grade K (Section 9.2)

Figure 25: Measurement locations

The uniformity index (UI) is a significant parameter that determines the air inlet condi-

tions. It plays a crucial role in the overall performance of the heat exchanger, as studied

in Schmid et al. (2021). Achieving uniform air inlet conditions is essential for accurate

characteristic data measurement (Section 11). The UI is defined in Equation 40 Tischer

et al. (2001), including its discrete form used in measurement or simulation evaluations.

For temporal error estimation, the normal distribution is used. However, for spatial

error estimation, the T-Student distribution is preferred, and the values from Hahn and

Hendrickson (1971) (Section 2.2) are utilized.

.UI = 1−
∫ A
0 |u− ū| dA

2|ū|A
= 1−

∑
jk |u1jk − ū|A1jk

2|ū|∑A1jk

(40)
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11 Characteristic Data Measurement

Characteristic data measurement focuses on gathering input data for the AC condenser

model. This procedure involves measuring multiple physical quantities with the aim

of calculating the performance table via equation 15 Incropera et al. (2011) (so-called

Q− Table).

The dissipated heat within each phase region of the AC condenser, along with the corre-

sponding region volume as highlighted in Figure 26, are crucial information for the AC

condenser model. The volume is required for equation 37 Fluent (2009) used in the model.

Determination of each section is based on identifying the onset of condensation, such as

the saturated temperature of the refrigerant. To determine the region areas shown in

Figure 26, measurement devices such as the thermal camera Testo 87 and Thermocou-

ple OMEGA HH309A with grade K (Section 9.2) were used. Additionally, simultaneous

measurements of air and refrigerant mass flow rates, as well as refrigerant pressure, are

essential. The air mass flow rate can be calculated based on air velocity measurements

discussed in the previous Section 10 and equation 34 Nozicka (2008). It should be noted

that the refrigerant temperature is not measured directly, but rather on the outer surface

of the AC condenser. This simplification is based on assuming minimal temperature gra-

dients between the refrigerant inside microchannels or tubes and the outer surfaces. This

assumption is justified by the thinness of the tubes (approximately 1mm) and their high

thermal conductivity, as they are made of aluminum.

The equation 25 is derived and normalized by the dissipated heat. Assuming a zero un-

certainty in specific heat capacity, as stated in Tatara and Lupia (2011), equation 41 is

obtained. This uncertainty equation is valid for both the air side and the refrigerant

side. However, it should be noted that the heat dissipation measured on the air side and

the refrigerant side will never be exactly the same. This discrepancy is due to measure-

ment uncertainties and non-uniform flow on the air side. Therefore, the heat dissipation

should be calculated using equation 42 Tatara and Lupia (2011). The uncertainty in heat

dissipation can then be calculated as shown in equation 43 Tatara and Lupia (2011).

UnQ̇ = Q̇

√
[
Um

ṁ
]2 + [

UTin

(Tin − Tout)
]2 + [

UTout

(Tin − Tout)
]2 (41)

Q̇Overall =
Q̇airUn2

air + Q̇refUn2
ref

Un2
air + Un2

ref

(42)

UnQ̇Overall
= Q̇Overall

Q̇ref

Q̇air

√
[
UmAir

ṁ
]2 + [

UTinAir

(Tin − Tout)
]2 + [

UToutAir

(Tin − Tout)
]2 +Refrigerant side

(43)

For temporal error estimation, the normal distribution is used. However, for spatial error
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Figure 26: Characteristic data measurement scheme

estimation, the T-Student distribution is preferred, with values obtained from Hahn and

Hendrickson (1971) (Section 2.2), as well as for Section 10.

11.1 Gas and Liquid Phase

For the gas and liquid regions indicated in Figure 26, equations 41, 42, and 43 Tatara

and Lupia (2011) can be directly used. The only difference lies in the inlet and outlet

temperatures. In the gas region, the inlet temperature corresponds to the AC condenser

inlet temperature, while the outlet temperature corresponds to the saturation temperature

of the refrigerant at the measured pressure. In the liquid region, the inlet temperature is

the saturated refrigerant temperature, and the outlet temperature is the AC condenser

outlet temperature.

11.2 Dual Phase

However, for the dual-phase condition, the heat dissipation on the refrigerant side can-

not be calculated using equation 15 Incropera et al. (2011) since the inlet and outlet

temperatures are the same. Instead, equation 26 Liang et al. (2015) should be used.

In this equation, the specific enthalpy is derived from the measured pressure using data

from Section 9.4. Therefore, the uncertainty of the pressure measurement is included in

the calculation, as shown in quotation 44. The remaining calculations follow the same

methodology as described in equations 42 and 43 Tatara and Lupia (2011).

UnQ̇ = Q̇

√
[
Um

ṁ
]2 + [

Up

ṗ
]2 (44)
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12 Verification Measurement

Verification measurements are crucial for evaluating the AC condenser model. These

measurements comprise a combination of previously mentioned data. The air inlet flow

data obtained in accordance with Section 10 is used as a boundary condition. Additionally,

the characteristic data from Section 11 are incorporated into the model. The AC condenser

model also requires overall heat dissipation as an input. The measured pressure is utilized

for determining specific refrigerant enthalpy and saturated temperature, which pertain to

the material properties of the refrigerant. The requirements for the model are summarized

in Section 4. Finally, the air outlet temperature measurement, as well as the refrigerant

inlet and outlet temperatures, are used for model verification.

13 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.

Raw measured data are provided in Appendix E.

13.1 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.

The measurement locations are shown in Figure 25.

13.1.1 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 34 Nozicka (2008). Addition-

ally, the airflow measurement is utilized to determine the characteristic data of the AC

condenser as outlined in Section 11.
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Table 2 and 3 present the results of the first set (Set A) of air flow inlet measurements,

accompanied by the corresponding uncertainties. The Figure 27 shows contour of the mea-

sured inlet profiles for the Set A. 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 4 and 5 present the results of the second set (Set B) of air flow inlet

measurements, along with the corresponding uncertainties. The Figure 28 shows contour

of the measured inlet profiles for the Set B. 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 13.2.

Table 2: 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 3: 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 4: 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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Figure 27: Air inlet (a) velocity (m/s); (b) temperature (°C) profile Set A

Figure 28: Air inlet (a) velocity (m/s); (b) temperature (°C) profile Set B
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Table 5: 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

13.1.2 Air Flow Outlet

The air outlet temperature measurements for Sets A and B are listed in Tables 6 and 7,

respectively. The corresponding uncertainties are provided within the tabels.

Table 6: 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 7: 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

13.2 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, as discussed

in Section 11, the frontal area for each phase is measured. This allows for the acquisition

of essential input data for equation 37 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
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value. The refrigerant AC condenser inlet and outlet temperatures are recorded as

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

conditions within the measurements.

Figure 29: Refrigerant inlet and outlet temperature (°C) (a) Set A; (b) Set B

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

as well as the overall heat dissipation, is calculated following the guidelines provided in

Section 11. The heat dissipation values on the refrigerant side are presented in the Table

8. It is important to note that the accuracy of measuring the total heat dissipation

within the AC condenser is 16.441% for Set A measurements and 27.653% for Set B.

Material properties used within the calculation are based on Freon et al. (2023) and

values shown in Appendix C. As indicated in Table 8, 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 uncertainties 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 15 Incr-
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Table 8: 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

opera et al. (2011), along with the measured values of airflow from Section 13.1. The

obtained results are presented in Table 9.

Table 9: 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 10. Additionally, Figure 30 illustrates the thermal camera

measurement utilized to determine the area as described in Section 11.

Table 10: 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

Based on the expressions 42 and 43, the Table 11 is generated, representing the combined

heat dissipation. Regarding the higher uncertainty in the heat dissipation on the refrig-

erant 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

25. This aspect should be further investigated, especially in the case of industrial appli-

cations. 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.
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Figure 30: Refrigerant phase section measurement

Table 11: 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

13.3 Verification Measurement

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

with the measured air outlet temperature (Section 13.1.2) and the refrigerant inlet and

outlet temperature (Section 13.2)

13.4 AC Condenser Model

The computational domain, as shown in Figure 13, 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 24).

The resulting computational mesh is presented in Figure 31.

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

32. The plot shows the resulting auxiliary inlet temperature against the cell count. The
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Figure 31: Computational mesh in y − z area

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

significantly affects the results.

Figure 32: Mesh sensitivity study

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

ity and temperature measurements, as described in Section 6.1, and utilizing data from

Section 13.1.1. For both setup Sets A and B, constant material properties were defined

based on appropriate average temperature or measured pressure, and these properties are

listed in Table 12. 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 pro-

cess is illustrated in Figure 33. 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 13.2. Specifically, Table 8 provides the relevant
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information. This table was preferred over Table 11 because the uncertainty of the dissipa-

tion 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 33: Convergence (a) Set A; (b) Set B

Table 12: Constant material properties
Material properties specific values

Constant Set A Set B
Air Cp (J/kg-K) 1005.743 1004.533
Refrigerant Cp Gas (J/kg-K) 1010.704 1057.234
Refrigerant Cp Liquid (J/kg-K) 1432.144 1410.101
Refrigerant Latent Heat (J/kg) 187424.159 153541.046
Refrigerant Saturated Temperature (°C) 27.876 23.043

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

and B, are presented in Figures 34 and 35. 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 36. The model results show a significant tendency to overpredict the verification

measurements (Section 13.3). 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. A more detailed discussion of this aspect is presented

in the conclusion Section 14.
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Figure 34: Air outlet temperature (°C) (a) Set A; (b) Set B

Figure 35: Air outlet temperature (°C) (a) Set A; (b) Set B

Figure 36: Refrigerant temperature (°C) (a) Set A; (b) Set B
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14 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, as outlined in Section

11.

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

Section 4. 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 13.4, the suggested and developed model’s results for the refrigerant inlet

temperature 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 37. 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 8), 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 38, and a compar-

ison with the measurement data is presented in Figures 39, 40, 41, 42, and 43. It was

observed that the predicted values were in good agreement with the measurement data
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for Set B, while in Set A, there was a slight over-prediction.

One noteworthy observation in Figure 39 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 37: Refrigerant inlet temperature (°C) (a) Set A ; (b) Set B

Figure 38: Air outlet temperature (°C) (a) Set A; (b) Set B
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Figure 39: Air outlet temperature A1;B1;C1;D1;E1 (°C) (a) Set A; (b) Set B

Figure 40: Air outlet temperature A2;B2;C2;D2;E2 (°C) (a) Set A; (b) Set B
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Figure 41: Air outlet temperature A3;B3;C3;D3;E3 (°C) (a) Set A; (b) Set B

Figure 42: Air outlet temperature A4;B4;C4;D4;E4 (°C) (a) Set A; (b) Set B
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Figure 43: Air outlet temperature A5;B5;C5;D5;E5 (°C) (a) Set A; (b) Set B

14.1 Future Research

As discussed in the results Section 13, 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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and improvement based on the coupling of multi-scale models simulations, The Open

Mechanical Engineering Journal 8(1): 636–642.

Silaipillayarputhur, K. and Al-Mughanam, T. (2018). Performance charts for multi-pass

parallel cross-flow heat exchangers, International Journal of Mechanical Engineering

and Robotics Research 7(5): 478–482.

62



CFD MODEL OF VEHICLE CONDENSER

Silaipillayarputhur, K. and Mughanam, T. A. (2018). Performance charts for multi-pass

parallel cross-flow heat exchangers, International Journal of Mechanical Engineering

and Robotics Research 7(5): 478–482.

Singh, V., Aute, V. and Radermacher, R. (2009). A heat exchanger model for air-to-

refrigerant fin-and-tube heat exchanger with arbitrary fin sheet, International journal

of refrigeration 32(7): 1724–1735.

Smith, D. M. (1934). Mean temperature difference in cross flow, Engineering (London)

illustrated weekly journal 138(479): 374.

STAR-CCM+, S. S. (2019). Theory Guide Release 13.04.010, Siemens.

Stepan, B. D. G. (2012). Bisection method in higher dimensions and the efficiency num-

ber, Periodica Polytechnica Mechanical Engineering 56(2): 81–86.

Stoitchkov, N. J. and Dimitrov, G. I. (1998). Effectiveness of crossflow plate heat

exchanger for indirect evaporative cooling, International journal of refrigeration

21(6): 463–471.

Taborek, J. (1983). Handbook of Heat Exchanger Design, Hemisphere.

Tatara, R. A. and Lupia, G. M. (2011). Assessing heat exchanger performance data

using temperature, International Journal of Engineering, Science and Technology

3(8): 1–12.

Tischer, S., Correa, C. and Deutschmann, O. (2001). Transient three-dimensional sim-

ulations of a catalytic combustion monolith using detailed models for heterogeneous

and homogeneous reactions and transport phenomena, Catalysis Today 69(1-4): 57–

62.

Triboix, A. (2009). Exact and approximate formulas for cross flow heat exchang-

ers with unmixed fluids, International Communications in Heat and Mass Transfer

36(2): 121–124.

Tuo, H., Bielskus, A. and Hrnjak, P. (2012). Experimentally validated model of refriger-

ant distribution in a parallel microchannel evaporator, SAE International Journal of

Materials and Manufacturing 5(2): 365–374.

Vist, S. and Pettersen, J. (2004). Two-phase flow distribution in compact heat ex-

changer manifolds, Experimental Thermal and Fluid Science 28(2-3): 209–215.

Wang, G., Gao, Q., Zhang, T. and Wang, Y. (2016). A simulation approach of under-

hood thermal management, Advances in Engineering Software 100: 43–52.

63



CFD MODEL OF VEHICLE CONDENSER

Webb, R. L. (2007). Heat exchanger design methodology for electronic heat sinks, Jour-

nal of Heat Transfer pp. 899–901.

Wei, M., Fan, Y., Luo, L. and Flamant, G. (2015). Cfd-based evolutionary algorithm

for the realization of target fluid flow distribution among parallel channels, Chemical

Engineering Research and Design 100: 341–352.

Ye, L., Tong, M. W. and Zeng, X. (2009). Design and analysis of multiple parallel-pass

condensers, International journal of refrigeration 32(6): 1153–1161.

Zhao, X. (1995). PERFORMANCE OF A SINGLE-ROW HEAT, Department of

Aerospace and Mechanical Engineering.

Zheng, W., Chen, Y., Hua, N., Zhong, T. and Gong, Y. (2014). Comparative perfor-

mance of an automotive air conditioning system using micro-channel condensers with

and without liquid-vapor separation, The 6th International Conference on Applied

Energy 61: 1646–1649.

Zou, Y. and Hrnjak, P. S. (2013). Refrigerant distribution in the vertical header of the

microchannel heat exchanger–measurement and visualization of r410a flow, Interna-

tional Journal of Refrigeration 36(8): 2196–2208.

Zou, Y. and Hrnjak, P. S. (2014). Effects of fluid properties on two-phase flow and

refrigerant distribution in the vertical header of a reversible microchannel heat ex-

changer–comparing r245fa, r134a, r410a, and r32, Applied Thermal Engineering

70(1): 966–976.

Zou, Y., Tuo, H. and Hrnjak, P. S. (2014). Modeling refrigerant maldistribution in mi-

crochannel heat exchangers with vertical headers based on experimentally developed

distribution results, Applied thermal engineering 64(1-2): 172–181.

64



CFD MODEL OF VEHICLE CONDENSER

A AppendixA

Appendix A contains a photograph of the developed and used test equipment.

Figure 44: Test equipment view 1
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Figure 45: Test equipment view 2
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Figure 46: Test equipment view 3
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B AppendixB

Appendix B contains a photograph of the evaluated type of condenser and its decompo-

sition, which was conducted to determine the dimensions of the passes and the internal

flow arrangement of refrigerant.

Figure 47: Condenser decomposition

Figure 48: Condenser decomposition detail
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C AppendixC

Appendix C contains the thermodynamic properties of R134a refrigerant, as shown in

Figure 49 Nozicka (2008).

Figure 49: R134a Nozicka (2008)
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D AppendixD

Appendix D contains the source code of the developed model implemented in GNU

Octave 5.2.0.

% | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
% | | | | | | | | | | | | | | | | | | | | | | | | | | Geometry − HTX Domain Mesh | | | | | | | | | | | | | | | | | | | | | | | | |
% | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

xcells=4;

ycells=50;

dx=0.004;

dy=0.470/50;

dz=0.010342857;

%Dimensions y=0.470 z=0.362 x=0.016

zcells Pass1=14;

zcells Pass2=10;

zcells Pass3=5;

zcells Pass4=3;

zcells Pass5=3;

zcells=zcells Pass1+zcells Pass2+zcells Pass3+zcells Pass4+zcells Pass5;

% | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
% | | | | | | | | | | | | | | | | | | | | | | | | | | Variables | | | | | | | | | | | | | | | | | | | | | | | | |
% | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

HTX VPrim= zeros (xcells,ycells,zcells);

HTX MdotPrim= zeros (xcells,ycells,zcells);

HTX DenPrim= zeros (xcells,ycells,zcells);

HTX CpPrim= zeros (xcells,ycells,zcells);

HTX TPrimIN= zeros (xcells,ycells,zcells);

HTX TPrimOUT= zeros (xcells,ycells,zcells);

HTX MdotAux= zeros (xcells,ycells,zcells);

HTX DenAux= zeros (xcells,ycells,zcells);

HTX CpAux= zeros (xcells,ycells,zcells);

HTX TAuxIN= zeros (xcells,ycells,zcells);

HTX TAuxOUT= zeros (xcells,ycells,zcells);

HTX hAuxIN=zeros (xcells,ycells,zcells);

HTX hAuxOUT=zeros (xcells,ycells,zcells);

HTX Cmin=zeros (xcells,ycells,zcells);

HTX Cmax=zeros (xcells,ycells,zcells);

HTX Cr=zeros (xcells,ycells,zcells);

HTX NTU=zeros (xcells,ycells,zcells);

HTX e=zeros (xcells,ycells,zcells);

HTX q=zeros (xcells,ycells,zcells);

HTX Phase=zeros (xcells,ycells,zcells);

HTX Cmin GasPhase=zeros (xcells,ycells,zcells);

HTX Cmax GasPhase=zeros (xcells,ycells,zcells);

HTX Cr GasPhase=zeros (xcells,ycells,zcells);

HTX NTU GasPhase=zeros (xcells,ycells,zcells);

HTX e GasPhase=zeros (xcells,ycells,zcells);

HTX Cmin LiquidPhase=zeros (xcells,ycells,zcells);

HTX Cmax LiquidPhase=zeros (xcells,ycells,zcells);

HTX Cr LiquidPhase=zeros (xcells,ycells,zcells);

HTX NTU LiquidPhase=zeros (xcells,ycells,zcells);

HTX e LiquidPhase=zeros (xcells,ycells,zcells);

HTX NTU DualPhase=zeros (xcells,ycells,zcells);

HTX e DualPhase=zeros (xcells,ycells,zcells);

HTX LatentHeat DualPhase=zeros (xcells,ycells,zcells);

x =zeros(xcells,1);

y =zeros(1,ycells);

z =zeros(1,zcells);

% | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
% | | | | | | | | | | | | | | | | | | | | | | | | | | Material properties | | | | | | | | | | | | | | | | | | | | | | | | |
% | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

AuxCp GasPhase=1010.704;

AuxDensity GasPhase=33.358;

AuxCp LiquidPhase=1432.144;

AuxDensity LiquidPhase=1197.954;

X
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AuxSpecificLatentHeat=187424.159;

%Ideal Gas

R=287.058;

% | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
% | | | | | | | | | | | | | | | | | | | | | | | | | | Input Data − Measurement | | | | | | | | | | | | | | | | | | | | | | | | |
% | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

AuxMdot=0.018093;

qIN=3423.0961;

%+/−562.7923(W)

Tsaturated=27.876+273.15;

latentQDualPhase=AuxSpecificLatentHeat;

AmbientPressure=101325;

%Primary Inlet Profile

HTX CpPrim(:,:,:)=1005.743;

HTX VPrim Measurement=[1.599,1.625,1.627,1.622,1.570;

1.761,1.767,1.680,1.721,1.695;1.757,1.604,1.699,1.695,1.700;

1.768,1.696,1.567,1.792,1.648;1.573,1.583,1.657,1.726,1.593;];

HTX TPrim Measurement=[24.245,24.392,24.203,24.746,24.635;

23.900,24.100,25.126,25.432,24.999;

23.876,24.040,24.559,24.445,25.026;

23.869,23.802,24.393,24.345,25.700;

23.657,23.452,23.816,24.069,25.683;];

HTX TPrim Measurement=HTX TPrim Measurement.+273.15;

HTX VPrim Measurement=HTX VPrim Measurement';

HTX TPrim Measurement=HTX TPrim Measurement';

Measurement Grid Size=size (HTX VPrim Measurement);

StepY=ycells/Measurement Grid Size(1,1);

StepZ=zcells/Measurement Grid Size(1,2);

for j measured=1:1:Measurement Grid Size(1,1)

for k measured=1:1:Measurement Grid Size(1,2)

for j=(1+(j measured−1)*StepY):1:(j measured*StepY)

for k=(zcells−(k measured−1)*StepZ):−1:(1+zcells−(k measured)*StepZ)

HTX VPrim(:,j,k)=HTX VPrim Measurement(j measured,k measured);

HTX TPrimIN(:,j,k)=HTX TPrim Measurement(j measured,k measured);

endfor

endfor

endfor

endfor

HTX DenPrim(:,:,:)= AmbientPressure./(R.*HTX TPrimIN(:,:,:));

HTX MdotPrim(:,:,:)=HTX DenPrim(:,:,:).*HTX VPrim(:,:,:)*dy*dz;

%Mdot distribution according to passes

HTX MdotAux(:,:,1:zcells Pass5)= AuxMdot/((xcells)*(zcells Pass5));

HTX MdotAux(:,:,zcells Pass5+1:(zcells Pass5+zcells Pass4))= AuxMdot/((xcells)*(zcells Pass4));

HTX MdotAux(:,:,(zcells Pass5+zcells Pass4+1):(zcells Pass5+zcells Pass4+zcells Pass3))= AuxMdot/((xcells)*(zcells Pass3));

HTX MdotAux(:,:,(zcells Pass5+zcells Pass4+zcells Pass3+1):

(zcells Pass5+zcells Pass4+zcells Pass3+zcells Pass2))=

= AuxMdot/((xcells)*(zcells Pass2));

HTX MdotAux(:,:,(zcells Pass5+zcells Pass4+zcells Pass3+zcells Pass2+1):

:(zcells))

= AuxMdot/((xcells)*(zcells Pass1));

% | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
% | | | | | | | | | | | | | | | | | | | | | | | | | | QTables − Measurement | | | | | | | | | | | | | | | | | | | | | | | | |
% | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

%QTable Gas phase

QAreaPrim GasPhase=145*70/1000000;

QAreaAux GasPhase=xcells*dx*145/1000;

QVolume GasPhase=QAreaPrim GasPhase*xcells*dx;

QPrimInletT GasPhase=24.42+273.15;

QPrimCp GasPhase=1005.743;

QAuxInletT GasPhase=40.645+273.15;

QAuxCp GasPhase=AuxCp GasPhase;

Q GasPhase=[247.382];

QAuxMdot GasPhase=[0.018093];

QPrimMdot GasPhase=[0.01404557];

QCmin GasPhase=min (QAuxMdot GasPhase*QAuxCp GasPhase,QPrimMdot GasPhase*QPrimCp GasPhase);

XI
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QCmax GasPhase=max (QAuxMdot GasPhase*QAuxCp GasPhase,QPrimMdot GasPhase*QPrimCp GasPhase);

Qeq GasPhase=Q GasPhase./(QCmin GasPhase*(QAuxInletT GasPhase−QPrimInletT GasPhase));

QCr GasPhase=QCmin GasPhase./QCmax GasPhase;

%Limmmiting Effectiveness

for i=1:1:(length(QPrimMdot GasPhase))

for j =1:1:(length(QAuxMdot GasPhase))

if (Qeq GasPhase(i,j)>1)

Qeq GasPhase(i,j)=0.999;

disp("Effectiveness Limited in Gas Phase!")

endif

endfor

endfor

%Newton−Raphson

NTU GasPhase=Q GasPhase./Q GasPhase./100; %initialization

Converged=0;

do

fx= 1 − exp((−1 ./ QCr GasPhase) .* (NTU GasPhase .ˆ 0.22) .* (1 − e .ˆ (−QCr GasPhase .* NTU GasPhase .ˆ 0.78)))

−Qeq GasPhase;

fxderivated = (0.78 *e.ˆ (((−1.+exp(−(QCr GasPhase.* NTU GasPhase.ˆ0.78))).* NTU GasPhase.ˆ0.22)

./ QCr GasPhase.−QCr GasPhase.*NTU GasPhase.ˆ0.78).* (−0.282051+0.282051.*
exp(QCr GasPhase.*NTU GasPhase.ˆ0.78).+QCr GasPhase.* NTU GasPhase.ˆ0.78))./(QCr GasPhase.*NTU GasPhase.ˆ 0.78);

NTUnext GasPhase = NTU GasPhase − fx ./ fxderivated;

if (abs(NTUnext GasPhase − NTU GasPhase) < 1e−3 )

Converged = 1;

else

Converged = 0;

endif

NTU GasPhase = NTUnext GasPhase;

%disp ("Iterating Newton−Rhapson for Gass Phase of Q−Table")

until (Converged==1)

%QTable Liquid phase

QAreaPrim LiquidPhase=31*60/1000000;

QAreaAux LiquidPhase=xcells*dx*145/1000;

QVolume LiquidPhase=QAreaPrim LiquidPhase*xcells*dx;

QPrimInletT LiquidPhase=25.692+273.15;

QPrimCp LiquidPhase=1005.7426;

QAuxInletT LiquidPhase=27.626+273.15;

QAuxCp LiquidPhase=148.4*1000;

Q LiquidPhase=[1];

QAuxMdot LiquidPhase=[0.018093];

QPrimMdot LiquidPhase=[0.003603415];

QCmin LiquidPhase=min (QAuxMdot LiquidPhase*QAuxCp LiquidPhase,QPrimMdot LiquidPhase*QPrimCp LiquidPhase);

QCmax LiquidPhase=max (QAuxMdot LiquidPhase*QAuxCp LiquidPhase,QPrimMdot LiquidPhase*QPrimCp LiquidPhase);

Qeq LiquidPhase=Q LiquidPhase./(QCmin LiquidPhase*(QAuxInletT LiquidPhase−QPrimInletT LiquidPhase));

QCr LiquidPhase=QCmin LiquidPhase./QCmax LiquidPhase;

%Limmmiting Effectiveness

for i=1:1:(length(QPrimMdot LiquidPhase))

for j =1:1:(length(QAuxMdot LiquidPhase))

if (Qeq LiquidPhase(i,j)>1)

Qeq LiquidPhase(i,j)=0.999;

disp("Effectiveness Limited in Liquid Phase!")

endif

endfor

endfor

%Newton−Raphson

NTU LiquidPhase=Q LiquidPhase./Q LiquidPhase./100; %initialization

Converged=0;

fx=0;

do

fx= 1 − exp((−1 ./ QCr LiquidPhase) .*
(NTU LiquidPhase .ˆ 0.22).*
(1 − e .ˆ (−QCr LiquidPhase .* NTU LiquidPhase .ˆ 0.78)))

−Qeq LiquidPhase;

fxderivated = (0.78 * e.ˆ (((−1.+

exp(−(QCr LiquidPhase.* NTU LiquidPhase.ˆ 0.78))).*
NTU LiquidPhase.ˆ 0.22)./ QCr LiquidPhase.− QCr LiquidPhase.*
NTU LiquidPhase.ˆ 0.78).* (−0.282051 + 0.282051.*
exp(QCr LiquidPhase.* NTU LiquidPhase.ˆ 0.78).+

QCr LiquidPhase.* NTU LiquidPhase.ˆ 0.78)).

/ (QCr LiquidPhase.* NTU LiquidPhase .ˆ 0.78);

NTUnext LiquidPhase = NTU LiquidPhase − fx ./ fxderivated;
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if (abs(NTUnext LiquidPhase − NTU LiquidPhase) < 1e−5 )

Converged = 1;

else

Converged = 0;

endif

NTU LiquidPhase = NTUnext LiquidPhase;

%disp ("Iterating Newton−Rhapson for Liquid Phase of Q−Table")

until (Converged==1)

%QTable Dual phase

QAreaPrim DualPhase=0.15999;

QAreaAux DualPhase=xcells*dx*145/1000;

QVolume DualPhase=QAreaPrim DualPhase*xcells*dx;

QPrimInletT DualPhase=25.6915+273.15;

QPrimCp DualPhase=1005.7426;

QAuxInletT DualPhase=Tsaturated;

QAuxInletH DualPhase=413.9081*1000;

QPrimInletH DualPhase=25.81996*1000;

QAuxOutletH DualPhase=238.6617*1000;

QAuxSpecificLatentHeat=AuxSpecificLatentHeat;

QAuxMdot DualPhase=[0.018093];

Q DualPhase = [3175.714];

QPrimMdot DualPhase=[0.315570055];

QCmin DualPhase=min (QAuxMdot DualPhase

(QPrimMdot DualPhase*QPrimCp GasPhase)/((QAuxInletH DualPhase

QPrimInletH DualPhase)/(QAuxInletT DualPhase

QPrimInletT DualPhase)));

QCmax DualPhase=max (QAuxMdot DualPhase

(QPrimMdot DualPhase*QPrimCp GasPhase)/((QAuxInletH DualPhase

QPrimInletH DualPhase)/(QAuxInletT DualPhase

QPrimInletT DualPhase)));

QCr DualPhase=0;

Qeq DualPhase=Q DualPhase./(QCmin DualPhase.*(QAuxInletH DualPhase

QPrimInletH DualPhase));

%Limmmiting Effectiveness

for i=1:1:(length(QPrimMdot DualPhase))

for j =1:1:(length(QAuxMdot DualPhase))

if (Qeq DualPhase(i,j)>1)

Qeq DualPhase(i,j)=0.999;

disp("Effectiveness Limited in Dual Phase!")

endif

endfor

endfor

%Cmax=infinity −> Cr=0

NTU DualPhase = −log(1−Qeq DualPhase);

% | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
% | | | | | | | | | | | | | | | | | | | | | | | | | | NTU operating point and local | | | | | | | | | | | | | | | | | | | | | | | | |
% | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

%Gas Phase

HTX MdotPrimNTU GasPhase=HTX MdotPrim.*(QAreaPrim GasPhase/(dy.*dz));

HTX MdotAuxNTU GasPhase=HTX MdotAux.*(QAreaAux GasPhase/(dx.*dz));

%Max/Min Interpolation bounds

for k =1:1:zcells

for i=1:1:xcells

for j =1:1:ycells

if ((HTX MdotPrimNTU GasPhase(i,j,k))<(min (QPrimMdot GasPhase)))

HTX MdotPrimNTU GasPhase(i,j,k)=min (QPrimMdot GasPhase);

%disp ("Min data used for Primary Inlet Gas Phase");

endif

if ((HTX MdotPrimNTU GasPhase(i,j,k))>(max (QPrimMdot GasPhase)))

HTX MdotPrimNTU GasPhase(i,j,k)=max (QPrimMdot GasPhase);

%disp ("Max data used for Primary Inlet Gas Phase");

endif

endfor

endfor

endfor

for k =1:1:zcells

for i=1:1:xcells

for j =1:1:ycells

if ((HTX MdotAuxNTU GasPhase(i,j,k))<(min (QAuxMdot GasPhase)))

HTX MdotAuxNTU GasPhase(i,j,k)=min (QAuxMdot GasPhase);

%disp ("Min data used for Axuliary Inlet Gas Phase");

endif

if ((HTX MdotAuxNTU GasPhase(i,j,k))>(max (QAuxMdot GasPhase)))
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HTX MdotAuxNTU GasPhase(i,j,k)=max (QAuxMdot GasPhase);

%disp ("Max data used for Auxiliary Inlet Gas Phase");

endif

endfor

endfor

endfor

NTUg GasPhase=NTU GasPhase;

%griddata(QAuxMdot GasPhase,QPrimMdot GasPhase,

NTU GasPhase,HTX MdotAuxNTU GasPhase,HTX MdotPrimNTU GasPhase);

%Linear Interpolation

Cming GasPhase=min (HTX MdotAuxNTU GasPhase*QAuxCp GasPhase

HTX MdotPrimNTU GasPhase*QPrimCp GasPhase);

Cmaxg GasPhase=max (HTX MdotAuxNTU GasPhase*QAuxCp GasPhase,

HTX MdotPrimNTU GasPhase*QPrimCp GasPhase);

Crg GasPhase=Cming GasPhase./Cmaxg GasPhase;

eg GasPhase=1−exp(−((NTUg GasPhase.ˆ0.22)./Crg GasPhase)

.*(1−e.ˆ(−Crg GasPhase.*(NTUg GasPhase.ˆ0.78))));

HTX Cmin GasPhase=min(HTX MdotAux.*AuxCp GasPhase,HTX MdotPrim.*HTX CpPrim);

HTX Cmax GasPhase=max(HTX MdotAux.*AuxCp GasPhase,HTX MdotPrim.*HTX CpPrim);

HTX Cr GasPhase=HTX Cmin GasPhase./HTX Cmax GasPhase;

HTX NTU GasPhase=NTUg GasPhase.*((dx.*dy.*dz.*Cming GasPhase)./(HTX Cmin GasPhase.*QVolume GasPhase));

HTX e GasPhase=1−exp(−((HTX NTU GasPhase.ˆ0.22)./HTX Cr GasPhase).*(1−e.ˆ(−HTX Cr GasPhase.*(HTX NTU GasPhase.ˆ0.78))));

%Liquid Phase

HTX MdotPrimNTU LiquidPhase=HTX MdotPrim.*(QAreaPrim LiquidPhase/(dy.*dz));

HTX MdotAuxNTU LiquidPhase=HTX MdotAux.*(QAreaAux LiquidPhase/(dx.*dz));

%Max/Min Interpolation bounds

for k =1:1:zcells

for i=1:1:xcells

for j =1:1:ycells

if ((HTX MdotPrimNTU LiquidPhase(i,j,k))<(min (QPrimMdot LiquidPhase)))

HTX MdotPrimNTU LiquidPhase(i,j,k)=min (QPrimMdot LiquidPhase);

%disp ("Min data used for Primary Inlet Gas Phase");

endif

if ((HTX MdotPrimNTU LiquidPhase(i,j,k))>(max (QPrimMdot LiquidPhase)))

HTX MdotPrimNTU LiquidPhase(i,j,k)=max (QPrimMdot LiquidPhase);

%disp ("Max data used for Primary Inlet Gas Phase");

endif

endfor

endfor

endfor

for k =1:1:zcells

for i=1:1:xcells

for j =1:1:ycells

if ((HTX MdotAuxNTU LiquidPhase(i,j,k))<(min (QAuxMdot LiquidPhase)))

HTX MdotAuxNTU LiquidPhase(i,j,k)=min (QAuxMdot LiquidPhase);

%disp ("Min data used for Axuliary Inlet Gas Phase");

endif

if ((HTX MdotAuxNTU LiquidPhase(i,j,k))>(max (QAuxMdot LiquidPhase)))

HTX MdotAuxNTU LiquidPhase(i,j,k)=max (QAuxMdot LiquidPhase);

%disp ("Max data used for Auxiliary Inlet Gas Phase");

endif

endfor

endfor

endfor

NTUg LiquidPhase=NTU LiquidPhase;

%griddata(QAuxMdot LiquidPhase,QPrimMdot LiquidPhase,

NTU LiquidPhase,HTX MdotAuxNTU LiquidPhase,

HTX MdotPrimNTU LiquidPhase); %Linear Interpolation

Cming LiquidPhase=min (HTX MdotAuxNTU LiquidPhase*QAuxCp LiquidPhase,HTX MdotPrimNTU LiquidPhase*QPrimCp LiquidPhase);

Cmaxg LiquidPhase=max (HTX MdotAuxNTU LiquidPhase*QAuxCp LiquidPhase,HTX MdotPrimNTU LiquidPhase*QPrimCp LiquidPhase);

Crg LiquidPhase=Cming LiquidPhase./Cmaxg LiquidPhase;

eg LiquidPhase=1−exp(−((NTUg LiquidPhase.ˆ0.22)./Crg LiquidPhase).*(1−e.ˆ(−Crg LiquidPhase.*(NTUg LiquidPhase.ˆ0.78))));

HTX Cmin LiquidPhase=min (HTX MdotAux.*AuxCp LiquidPhase,HTX MdotPrim.*HTX CpPrim);

HTX Cmax LiquidPhase=max (HTX MdotAux.*AuxCp LiquidPhase,HTX MdotPrim.*HTX CpPrim);

HTX Cr LiquidPhase=HTX Cmin LiquidPhase./HTX Cmax LiquidPhase;

HTX NTU LiquidPhase=NTUg LiquidPhase.*((dx.*dy.*dz.*Cming LiquidPhase)./(HTX Cmin LiquidPhase.*QVolume LiquidPhase));

HTX e LiquidPhase=1−exp(−((HTX NTU LiquidPhase.ˆ0.22).

/HTX Cr LiquidPhase).*(1−e.ˆ(−HTX Cr LiquidPhase.*(HTX NTU LiquidPhase.ˆ0.78))));

%Dual Phase

HTX MdotPrimNTU DualPhase=HTX MdotPrim.*(QAreaPrim DualPhase/(dy.*dz));

HTX MdotAuxNTU DualPhase=HTX MdotAux.*(QAreaAux DualPhase/(dx.*dz));

for k =1:1:zcells

for i=1:1:xcells

for j =1:1:ycells
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if ((HTX MdotPrimNTU DualPhase(i,j,k))<(min (QPrimMdot DualPhase)))

HTX MdotPrimNTU DualPhase(i,j,k)=min (QPrimMdot DualPhase);

%disp ("Min data used for Primary Inlet");

endif

if ((HTX MdotPrimNTU DualPhase(i,j,k))>(max (QPrimMdot DualPhase)))

HTX MdotPrimNTU DualPhase(i,j,k)=max (QPrimMdot DualPhase);

%disp ("Max data used for Primary Inlet");

endif

endfor

endfor

endfor

for k =1:1:zcells

for i=1:1:xcells

for j =1:1:ycells

if ((HTX MdotAuxNTU DualPhase(i,j,k))<(min (QAuxMdot LiquidPhase)))

HTX MdotAuxNTU DualPhase(i,j,k)=min (QAuxMdot LiquidPhase);

%disp ("Min data used for Axuliary Inlet Gas Phase");

endif

if ((HTX MdotAuxNTU DualPhase(i,j,k))>(max (QAuxMdot LiquidPhase)))

HTX MdotAuxNTU DualPhase(i,j,k)=max (QAuxMdot LiquidPhase);

%disp ("Max data used for Auxiliary Inlet Gas Phase");

endif

endfor

endfor

endfor

NTUg DualPhase=NTU DualPhase;

%griddata(QAuxMdot DualPhase,QPrimMdot DualPhase,

NTU DualPhase,HTX MdotAuxNTU DualPhase,

HTX MdotPrimNTU DualPhase); %Linear Interpolation

Cming DualPhase=min (HTX MdotAuxNTU DualPhase,(HTX MdotPrimNTU DualPhase*QPrimCp DualPhase)

/((QAuxInletH DualPhase−QPrimInletH DualPhase)/(QAuxInletT DualPhase−QPrimInletT DualPhase)));

HTX Cmin DualPhase=min (HTX MdotAux,(HTX MdotPrim.*HTX CpPrim)./

(((−(HTX TPrimIN*1005).+QAuxInletH DualPhase))./(−HTX TPrimIN.+QAuxInletT DualPhase)));

eg DualPhase=1−exp(−NTUg DualPhase);

HTX NTU DualPhase=NTUg DualPhase.*((dx.*dy.*dz.*Cming DualPhase)./(HTX Cmin DualPhase.*QVolume DualPhase));

HTX e DualPhase=1−exp(−HTX NTU DualPhase);

% | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
% | | | | | | | | | | | | | | | | | | | | | | | | | | Solver | | | | | | | | | | | | | | | | | | | | | | | | |
% | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

%Solver Setup

BisectionInterval=1000;

BisectionUpperLimit=Tsaturated+BisectionInterval;

BisectionLowerLimit=Tsaturated;

AuxInletT=(Tsaturated+BisectionUpperLimit)/2;

ConTarg=1; %Accuracy/Error

%Initialization

QdualReal=0;

HTX TPrimOUT(:,:,:)=HTX TPrimIN(:,:,:);

HTX DenAux(:,:,:)=AuxDensity GasPhase;

HTX CpAux(:,:,:)=AuxCp GasPhase;

HTX TAuxIN(:,:,:)= AuxInletT;

HTX TAuxOUT(:,:,:)= AuxInletT;

HTX hAuxIN(:,:,:)= QAuxInletH DualPhase;

HTX hAuxOUT(:,:,:)= QAuxInletH DualPhase;

TAuxIN=mean(mean (HTX TAuxIN(:,:,:)));

TAuxOUT=mean(mean (HTX TAuxOUT(:,:,:)));

TPrimIN=mean(mean (HTX TPrimIN(:,:,:)));

TPrimOUT=mean(mean (HTX TPrimOUT(:,:,:)));

iteration=0;

do

Converged = 0;

HTX Cmin=HTX Cmin GasPhase;

HTX Cmax=HTX Cmax GasPhase;

HTX Cr=HTX Cr GasPhase;

HTX NTU=HTX NTU GasPhase;

HTX e=HTX e GasPhase;

QdualReal=0;

HTX Phase Pass1=1;

HTX Phase Pass2=1;

HTX Phase Pass3=1;

HTX Phase Pass4=1;

HTX qDualPhaseSum Pass1=0;
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HTX qDualPhaseSum Pass2=0;

HTX qDualPhaseSum Pass3=0;

HTX qDualPhaseSum Pass4=0;

HTX qDualPhaseSum=zeros (xcells,ycells,zcells);

PhaseChangeStart j=zeros (xcells,zcells);

TAuxOUT Pass1=0;

TAuxOUT Pass2=0;

TAuxOUT Pass3=0;

TAuxOUT Pass4=0;

hAuxOUT Pass1=0;

hAuxOUT Pass2=0;

hAuxOUT Pass3=0;

hAuxOUT Pass4=0;

HTX Phase(:,:,:)=1; % 1 = Gass ; 2 = Dual ; 3 = Liquid

HTX q(:,:,:)=0;

%1st Pass

for j =1:1:ycells

y(1,j)=j;

for i=1:1:xcells

x(i,1)=i;

for k =zcells:−1:(zcells Pass5+zcells Pass4+zcells Pass3+zcells Pass2+1)

z(1,k)=k;

if (j==1)

if (i==1)

if (HTX Phase(i,j,k)==1)

HTX Cmin=HTX Cmin GasPhase;

HTX Cmax=HTX Cmax GasPhase;

HTX Cr=HTX Cr GasPhase;

HTX NTU=HTX NTU GasPhase;

HTX e=HTX e GasPhase;

HTX CpAux(i,j,k)=AuxCp GasPhase;

HTX TAuxIN(i,j,k)=AuxInletT;

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)=−HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

if (HTX TAuxOUT(i,j,k) <= Tsaturated)

HTX Phase(i,j:ycells,k)=2;

PhaseChangeStart j(i,k)=j;

endif

endif

if(HTX Phase(i,j,k)==2)

HTX Cmin=HTX Cmin DualPhase;

HTX NTU=HTX NTU DualPhase;

HTX e=HTX e DualPhase;

HTX TAuxIN(i,j,k)=AuxInletT;

HTX hAuxIN(i,j,k)=QAuxInletH DualPhase;

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX hAuxIN(i,j,k)−(HTX TPrimIN(i,j,k)*1.005));

HTX qDualPhaseSum(i,j,k)=sum (sum (sum((HTX q(i,PhaseChangeStart j(i,k):j,k)))));

HTX TAuxOUT(i,j,k)= HTX TAuxIN(i,j,k);

HTX hAuxOUT(i,j,k)= HTX hAuxIN(i,j,k)−HTX q(i,j,k)/HTX MdotAux(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

if (((HTX qDualPhaseSum(i,j,k))/HTX MdotAux(i,j,k)) >= (latentQDualPhase))

HTX Phase(i,j:ycells,k)=3;

QdualReal=QdualReal+HTX qDualPhaseSum(i,j,k);

endif

endif

if(HTX Phase(i,j,k)==3)

HTX Cmin=HTX Cmin LiquidPhase;

HTX Cmax=HTX Cmax LiquidPhase;

HTX Cr=HTX Cr LiquidPhase;

HTX NTU=HTX NTU LiquidPhase;

HTX e=HTX e LiquidPhase;

HTX CpAux(i,j,k)=AuxCp LiquidPhase;

HTX TAuxIN(i,j,k)=AuxInletT;

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

endif

else
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if (HTX Phase(i,j,k)==1)

HTX Cmin=HTX Cmin GasPhase;

HTX Cmax=HTX Cmax GasPhase;

HTX Cr=HTX Cr GasPhase;

HTX NTU=HTX NTU GasPhase;

HTX e=HTX e GasPhase;

HTX CpAux(i,j,k)=AuxCp GasPhase;

HTX TAuxIN(i,j,k)=AuxInletT;

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

if (HTX TAuxOUT(i,j,k) <= Tsaturated)

HTX Phase(i,j:ycells,k)=2;

PhaseChangeStart j(i,k)=j;

endif

endif

if(HTX Phase(i,j,k)==2)

HTX Cmin=HTX Cmin DualPhase;

HTX NTU=HTX NTU DualPhase;

HTX e=HTX e DualPhase;

HTX TAuxIN(i,j,k)=AuxInletT;

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX hAuxIN(i,j,k)=QAuxInletH DualPhase;

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX hAuxIN(i,j,k)−(HTX TPrimIN(i,j,k)*1.005));

HTX qDualPhaseSum(i,j,k)= sum (sum (sum((HTX q(i,PhaseChangeStart j(i,k):j,k)))));

HTX TAuxOUT(i,j,k)=HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

HTX hAuxOUT(i,j,k)= HTX hAuxIN(i,j,k)−HTX q(i,j,k)/HTX MdotAux(i,j,k);

if (((HTX qDualPhaseSum(i,j,k))/HTX MdotAux(i,j,k)) >= (latentQDualPhase))

HTX Phase(i,j:ycells,k)=3;

QdualReal=QdualReal+HTX qDualPhaseSum(i,j,k);

endif

endif

if(HTX Phase(i,j,k)==3)

HTX Cmin=HTX Cmin LiquidPhase;

HTX Cmax=HTX Cmax LiquidPhase;

HTX Cr=HTX Cr LiquidPhase;

HTX NTU=HTX NTU LiquidPhase;

HTX e=HTX e LiquidPhase;

HTX CpAux(i,j,k)=AuxCp LiquidPhase;

HTX TAuxIN(i,j,k)=AuxInletT;

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

endif

endif

endif

if (j>1)

if (i==1)

if (HTX Phase(i,j,k)==1)

HTX Cmin=HTX Cmin GasPhase;

HTX Cmax=HTX Cmax GasPhase;

HTX Cr=HTX Cr GasPhase;

HTX NTU=HTX NTU GasPhase;

HTX e=HTX e GasPhase;

HTX CpAux(i,j,k)=AuxCp GasPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j−1,k);

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j−1,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

if (HTX TAuxOUT(i,j,k) <= Tsaturated)

HTX Phase(i,j:ycells,k)=2;

PhaseChangeStart j(i,k)=j;

endif

endif

if(HTX Phase(i,j,k)==2)
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HTX Cmin=HTX Cmin DualPhase;

HTX NTU=HTX NTU DualPhase;

HTX e=HTX e DualPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j−1,k);

HTX hAuxIN(i,j,k)=HTX hAuxOUT(i,j−1,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX hAuxIN(i,j,k)−(HTX TPrimIN(i,j,k)*1.005));

HTX TAuxOUT(i,j,k)= HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

HTX hAuxOUT(i,j,k)= HTX hAuxIN(i,j,k)−HTX q(i,j,k)/HTX MdotAux(i,j,k);

HTX qDualPhaseSum(i,j,k)= sum (sum (sum((HTX q(i,PhaseChangeStart j(i,k):j,k)))));

if (((HTX qDualPhaseSum(i,j,k))/HTX MdotAux(i,j,k)) >= (latentQDualPhase))

HTX Phase(i,j:ycells,k)=3;

QdualReal=QdualReal+HTX qDualPhaseSum(i,j,k);

endif

endif

if(HTX Phase(i,j,k)==3)

HTX Cmin=HTX Cmin LiquidPhase;

HTX Cmax=HTX Cmax LiquidPhase;

HTX Cr=HTX Cr LiquidPhase;

HTX NTU=HTX NTU LiquidPhase;

HTX e=HTX e LiquidPhase;

HTX CpAux(i,j,k)=AuxCp LiquidPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j−1,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

endif

else

if (HTX Phase(i,j,k)==1)

HTX Cmin=HTX Cmin GasPhase;

HTX Cmax=HTX Cmax GasPhase;

HTX Cr=HTX Cr GasPhase;

HTX NTU=HTX NTU GasPhase;

HTX e=HTX e GasPhase;

HTX CpAux(i,j,k)=AuxCp GasPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j−1,k);

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

if (HTX TAuxOUT(i,j,k) <= Tsaturated)

HTX Phase(i,j:ycells,k)=2;

PhaseChangeStart j(i,k)=j;

endif

endif

if(HTX Phase(i,j,k)==2)

HTX Cmin=HTX Cmin DualPhase;

HTX NTU=HTX NTU DualPhase;

HTX e=HTX e DualPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j−1,k);

HTX hAuxIN(i,j,k)=HTX hAuxOUT(i,j−1,k);

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX hAuxIN(i,j,k)−(HTX TPrimIN(i,j,k)*1.005));

HTX qDualPhaseSum(i,j,k)= sum (sum (sum((HTX q(i,PhaseChangeStart j(i,k):j,k)))));

HTX TAuxOUT(i,j,k)= HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

HTX hAuxOUT(i,j,k)= HTX hAuxIN(i,j,k)−HTX q(i,j,k)/HTX MdotAux(i,j,k);

if (((HTX qDualPhaseSum(i,j,k))/HTX MdotAux(i,j,k)) >= (latentQDualPhase))

HTX Phase(i,j:ycells,k)=3;

QdualReal=QdualReal+HTX qDualPhaseSum(i,j,k);

endif

endif

if(HTX Phase(i,j,k)==3)

HTX Cmin=HTX Cmin LiquidPhase;

HTX Cmax=HTX Cmax LiquidPhase;

HTX Cr=HTX Cr LiquidPhase;

HTX NTU=HTX NTU LiquidPhase;
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HTX e=HTX e LiquidPhase;

HTX CpAux(i,j,k)=AuxCp LiquidPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j−1,k);

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

endif

endif

endif

endfor

endfor

endfor

%Tank Mixinng

HTX Phase Pass1=mean (mean (mean(HTX Phase(:,ycells,(zcells Pass5+zcells Pass4+zcells Pass3+zcells Pass2+1):(zcells)))));

if (HTX Phase Pass1 <= 1.1)

HTX Phase(:,:,(zcells Pass5+zcells Pass4+zcells Pass3+zcells Pass2):−1:(zcells Pass5+zcells Pass4+zcells Pass3+1))

=1;TAuxOUT Pass1=mean (mean (mean(HTX TAuxOUT

(:,ycells,(zcells Pass5+zcells Pass4+zcells Pass3+zcells Pass2+1):(zcells)))));

hAuxOUT Pass1=mean (mean (mean(HTX hAuxOUT

(:,ycells,(zcells Pass5+zcells Pass4+zcells Pass3+zcells Pass2+1):(zcells)))));

HTX qDualPhaseSum Pass1=0;

endif

if HTX Phase Pass1 > 1.1

if HTX Phase Pass1 < 2.9

HTX Phase(:,:,(zcells Pass5+zcells Pass4+zcells Pass3+zcells Pass2):

:−1:(zcells Pass5+zcells Pass4+zcells Pass3+1))=2;

TAuxOUT Pass1=Tsaturated;

hAuxOUT Pass1=mean (mean (mean(HTX hAuxOUT(:,ycells,(zcells Pass5+zcells Pass4+

+zcells Pass3+zcells Pass2+1):(zcells)))));

HTX qDualPhaseSum Pass1=(sum (sum (sum(HTX qDualPhaseSum(:,ycells,

(zcells Pass5+zcells Pass4+zcells Pass3+zcells Pass2+1):(zcells))))))/(xcells*zcells Pass2);

QdualReal=0;

endif

endif

if HTX Phase Pass1 >= 2.9

HTX Phase(:,:,(zcells Pass5+zcells Pass4+zcells Pass3+zcells Pass2):−1:(zcells Pass5+zcells Pass4+zcells Pass3+1))=3;

TAuxOUT Pass1=mean (mean (mean(HTX TAuxOUT

(:,ycells,(zcells Pass5+zcells Pass4+zcells Pass3+zcells Pass2+1):(zcells)))));

HTX qDualPhaseSum Pass1=0;

endif

%Inlet Temparature OPT

TAuxIN=mean (mean (HTX TAuxIN(:,1,(zcells Pass5+zcells Pass4+zcells Pass3+zcells Pass2+1):(zcells))));

%2nd Pass

for j =ycells:−1:1

y(1,j)=j;

for i=1:1:xcells

x(i,1)=i;

for k =(zcells Pass5+zcells Pass4+zcells Pass3+zcells Pass2):−1:(zcells Pass5+zcells Pass4+zcells Pass3+1)

z(1,k)=k;

if (j==ycells)

if (i==1)

if (HTX Phase(i,j,k)==1)

HTX Cmin=HTX Cmin GasPhase;

HTX Cmax=HTX Cmax GasPhase;

HTX Cr=HTX Cr GasPhase;

HTX NTU=HTX NTU GasPhase;

HTX e=HTX e GasPhase;

HTX CpAux(i,j,k)=AuxCp GasPhase;

HTX TAuxIN(i,j,k)=TAuxOUT Pass1;

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)=−HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

if (HTX TAuxOUT(i,j,k) <= Tsaturated)

HTX Phase(i,j:−1:1,k)=2;

PhaseChangeStart j(i,k)=j;

endif

endif

if(HTX Phase(i,j,k)==2)

HTX Cmin=HTX Cmin DualPhase;

HTX NTU=HTX NTU DualPhase;

HTX e=HTX e DualPhase;

HTX TAuxIN(i,j,k)=TAuxOUT Pass1;
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HTX hAuxIN(i,j,k)=hAuxOUT Pass1;

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX hAuxIN(i,j,k)−(HTX TPrimIN(i,j,k)*1.005));

HTX TAuxOUT(i,j,k)= HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

HTX hAuxOUT(i,j,k)= HTX hAuxIN(i,j,k)−HTX q(i,j,k)/HTX MdotAux(i,j,k);

if (PhaseChangeStart j(i,k)==0)

PhaseChangeStart j(i,k)=j;

endif

HTX qDualPhaseSum(i,j,k)= (sum (sum (sum((HTX q(i,j:PhaseChangeStart j(i,k),k))))));

if (((HTX qDualPhaseSum(i,j,k)+HTX qDualPhaseSum Pass1)/HTX MdotAux(i,j,k)) >= (latentQDualPhase))

HTX Phase(i,j:−1:1,k)=3;

QdualReal=QdualReal+HTX qDualPhaseSum(i,j,k);

endif

endif

if(HTX Phase(i,j,k)==3)

HTX Cmin=HTX Cmin LiquidPhase;

HTX Cmax=HTX Cmax LiquidPhase;

HTX Cr=HTX Cr LiquidPhase;

HTX NTU=HTX NTU LiquidPhase;

HTX e=HTX e LiquidPhase;

HTX CpAux(i,j,k)=AuxCp LiquidPhase;

HTX TAuxIN(i,j,k)=TAuxOUT Pass1;

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

endif

else

if (HTX Phase(i,j,k)==1)

HTX Cmin=HTX Cmin GasPhase;

HTX Cmax=HTX Cmax GasPhase;

HTX Cr=HTX Cr GasPhase;

HTX NTU=HTX NTU GasPhase;

HTX e=HTX e GasPhase;

HTX CpAux(i,j,k)=AuxCp GasPhase;

HTX TAuxIN(i,j,k)=TAuxOUT Pass1;

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

if (HTX TAuxOUT(i,j,k) <= Tsaturated)

HTX Phase(i,j:−1:1,k)=2;

PhaseChangeStart j(i,k)=j;

endif

endif

if(HTX Phase(i,j,k)==2)

HTX Cmin=HTX Cmin DualPhase;

HTX NTU=HTX NTU DualPhase;

HTX e=HTX e DualPhase;

HTX TAuxIN(i,j,k)=TAuxOUT Pass1;

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX hAuxIN(i,j,k)=hAuxOUT Pass1;

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX hAuxIN(i,j,k)−(HTX TPrimIN(i,j,k)*1.005));

HTX TAuxOUT(i,j,k)=HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

HTX hAuxOUT(i,j,k)= HTX hAuxIN(i,j,k)−HTX q(i,j,k)/HTX MdotAux(i,j,k);

if (PhaseChangeStart j(i,k) ==0)

PhaseChangeStart j(i,k)=j;

endif

HTX qDualPhaseSum(i,j,k)= (sum (sum (sum((HTX q(i,j:PhaseChangeStart j(i,k),k))))));

if (((HTX qDualPhaseSum(i,j,k)+HTX qDualPhaseSum Pass1)/HTX MdotAux(i,j,k)) >= (latentQDualPhase))

HTX Phase(i,j:−1:1,k)=3;

QdualReal=QdualReal+HTX qDualPhaseSum(i,j,k);

endif
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endif

if(HTX Phase(i,j,k)==3)

HTX Cmin=HTX Cmin LiquidPhase;

HTX Cmax=HTX Cmax LiquidPhase;

HTX Cr=HTX Cr LiquidPhase;

HTX NTU=HTX NTU LiquidPhase;

HTX e=HTX e LiquidPhase;

HTX CpAux(i,j,k)=AuxCp LiquidPhase;

HTX TAuxIN(i,j,k)=TAuxOUT Pass1;

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

endif

endif

endif

if (j<ycells)

if (i==1)

if (HTX Phase(i,j,k)==1)

HTX Cmin=HTX Cmin GasPhase;

HTX Cmax=HTX Cmax GasPhase;

HTX Cr=HTX Cr GasPhase;

HTX NTU=HTX NTU GasPhase;

HTX e=HTX e GasPhase;

HTX CpAux(i,j,k)=AuxCp GasPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j+1,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

if (HTX TAuxOUT(i,j,k) <= Tsaturated)

HTX Phase(i,j:−1:1,k)=2;

PhaseChangeStart j(i,k)=j;

endif

endif

if(HTX Phase(i,j,k)==2)

HTX Cmin=HTX Cmin DualPhase;

HTX NTU=HTX NTU DualPhase;

HTX e=HTX e DualPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j+1,k);

HTX hAuxIN(i,j,k)=HTX hAuxOUT(i,j+1,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX hAuxIN(i,j,k)−(HTX TPrimIN(i,j,k)*1.005));

if (PhaseChangeStart j(i,k) ==0)

PhaseChangeStart j(i,k)=j;

endif

HTX qDualPhaseSum(i,j,k)=(sum (sum (sum((HTX q(i,j:PhaseChangeStart j(i,k),k))))));

HTX TAuxOUT(i,j,k)= HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

HTX hAuxOUT(i,j,k)= HTX hAuxIN(i,j,k)−HTX q(i,j,k)/HTX MdotAux(i,j,k);

if (((HTX qDualPhaseSum(i,j,k)+HTX qDualPhaseSum Pass1)/HTX MdotAux(i,j,k)) >= (latentQDualPhase))

HTX Phase(i,j:−1:1,k)=3;

QdualReal=QdualReal+HTX qDualPhaseSum(i,j,k);

endif

endif

if(HTX Phase(i,j,k)==3)

HTX Cmin=HTX Cmin LiquidPhase;

HTX Cmax=HTX Cmax LiquidPhase;

HTX Cr=HTX Cr LiquidPhase;

HTX NTU=HTX NTU LiquidPhase;

HTX e=HTX e LiquidPhase;

HTX CpAux(i,j,k)=AuxCp LiquidPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j+1,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

endif

else

if (HTX Phase(i,j,k)==1)

HTX Cmin=HTX Cmin GasPhase;

HTX Cmax=HTX Cmax GasPhase;
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HTX Cr=HTX Cr GasPhase;

HTX NTU=HTX NTU GasPhase;

HTX e=HTX e GasPhase;

HTX CpAux(i,j,k)=AuxCp GasPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j+1,k);

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

if (HTX TAuxOUT(i,j,k) <= Tsaturated)

HTX Phase(i,j:−1:1,k)=2;

PhaseChangeStart j(i,k)=j;

endif

endif

if(HTX Phase(i,j+1,k)==2)

HTX Cmin=HTX Cmin DualPhase;

HTX NTU=HTX NTU DualPhase;

HTX e=HTX e DualPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j+1,k);

HTX hAuxIN(i,j,k)=HTX hAuxOUT(i,j+1,k);

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX hAuxIN(i,j,k)−(HTX TPrimIN(i,j,k)*1.005));

if (PhaseChangeStart j(i,k) ==0)

PhaseChangeStart j(i,k)=j;

endif

HTX qDualPhaseSum(i,j,k)= (sum (sum (sum((HTX q(i,j:PhaseChangeStart j(i,k),k))))));

HTX TAuxOUT(i,j,k)= HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

HTX hAuxOUT(i,j,k)= HTX hAuxIN(i,j,k)−HTX q(i,j,k)/HTX MdotAux(i,j,k);

if (((HTX qDualPhaseSum(i,j,k)+HTX qDualPhaseSum Pass1)/HTX MdotAux(i,j,k)) >= (latentQDualPhase))

HTX Phase(i,j:−1:1,k)=3;

QdualReal=QdualReal+HTX qDualPhaseSum(i,j,k);

endif

endif

if(HTX Phase(i,j,k)==3)

HTX Cmin=HTX Cmin LiquidPhase;

HTX Cmax=HTX Cmax LiquidPhase;

HTX Cr=HTX Cr LiquidPhase;

HTX NTU=HTX NTU LiquidPhase;

HTX e=HTX e LiquidPhase;

HTX CpAux(i,j,k)=AuxCp LiquidPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j+1,k);

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

endif

endif

endif

endfor

endfor

endfor

%Tank Mixinng

HTX Phase Pass2=mean (mean (mean(HTX Phase(:,1,(zcells Pass5+zcells Pass4+zcells Pass3+zcells Pass2)

:−1:(zcells Pass5+zcells Pass4+zcells Pass3+1)))));

if HTX Phase Pass2 <=1.1

HTX Phase(:,:,(zcells Pass5+zcells Pass4+zcells Pass3):−1:(zcells Pass5+zcells Pass4+1))=1;

TAuxOUT Pass2=mean (mean (mean(HTX TAuxOUT(:,1,(zcells Pass5+zcells Pass4+zcells Pass3+zcells Pass2)

:−1:(zcells Pass5+zcells Pass4+zcells Pass3+1)))));

hAuxOUT Pass2=mean (mean (mean(HTX hAuxOUT(:,1,(zcells Pass5+zcells Pass4+zcells Pass3+zcells Pass2)

:−1:(zcells Pass5+zcells Pass4+zcells Pass3+1)))));

HTX qDualPhaseSum Pass2=0;

endif

if HTX Phase Pass2 > 1.1

if HTX Phase Pass2 < 2.9

HTX Phase(:,:,(zcells Pass5+zcells Pass4+zcells Pass3):−1:(zcells Pass5+zcells Pass4+1))=2;

TAuxOUT Pass2=Tsaturated;
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hAuxOUT Pass2=mean (mean (mean(HTX hAuxOUT(:,1,(zcells Pass5+zcells Pass4+zcells Pass3+zcells Pass2)

:−1:(zcells Pass5+zcells Pass4+zcells Pass3+1)))));

HTX qDualPhaseSum Pass2=(sum (sum (sum(HTX qDualPhaseSum(:,1,(zcells Pass5+zcells Pass4+zcells Pass3+zcells Pass2)

:−1:(zcells Pass5+zcells Pass4+zcells Pass3+1))))))/(xcells*zcells Pass3);

QdualReal=0;

endif

endif

if HTX Phase Pass2 >= 2.9

HTX Phase(:,:,(zcells Pass5+zcells Pass4+zcells Pass3):−1:(zcells Pass5+zcells Pass4+1))=3;

TAuxOUT Pass2=mean (mean (mean(HTX TAuxOUT(:,1,(zcells Pass5+zcells Pass4+zcells Pass3+zcells Pass2)

:−1:(zcells Pass5+zcells Pass4+zcells Pass3+1)))));

HTX qDualPhaseSum Pass2=0;

endif

%3nd Pass

for j =1:1:ycells

y(1,j)=j;

for i=1:1:xcells

x(i,1)=i;

for k =(zcells Pass5+zcells Pass4+zcells Pass3):−1:(zcells Pass5+zcells Pass4+1)

z(1,k)=k;

if (j==1)

if (i==1)

if (HTX Phase(i,j,k)==1)

HTX Cmin=HTX Cmin GasPhase;

HTX Cmax=HTX Cmax GasPhase;

HTX Cr=HTX Cr GasPhase;

HTX NTU=HTX NTU GasPhase;

HTX e=HTX e GasPhase;

HTX CpAux(i,j,k)=AuxCp GasPhase;

HTX TAuxIN(i,j,k)=TAuxOUT Pass2;

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)=−HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

if (HTX TAuxOUT(i,j,k) <= Tsaturated)

HTX Phase(i,j:ycells,k)=2;

PhaseChangeStart j(i,k)=j;

endif

endif

if(HTX Phase(i,j,k)==2)

HTX Cmin=HTX Cmin DualPhase;

HTX NTU=HTX NTU DualPhase;

HTX e=HTX e DualPhase;

HTX TAuxIN(i,j,k)=TAuxOUT Pass2;

HTX hAuxIN(i,j,k)=hAuxOUT Pass2;

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX hAuxIN(i,j,k)−(HTX TPrimIN(i,j,k)*1.005));

HTX TAuxOUT(i,j,k)= HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

HTX hAuxOUT(i,j,k)= HTX hAuxIN(i,j,k)−HTX q(i,j,k)/HTX MdotAux(i,j,k);

if (PhaseChangeStart j(i,k) ==0)

PhaseChangeStart j(i,k)=j;

endif

HTX qDualPhaseSum(i,j,k)= (sum (sum (sum((HTX q(i,PhaseChangeStart j(i,k):j,k))))));

if (((HTX qDualPhaseSum(i,j,k)+HTX qDualPhaseSum Pass2)/HTX MdotAux(i,j,k)) >= (latentQDualPhase))

HTX Phase(i,j:ycells,k)=3;

QdualReal=QdualReal+HTX qDualPhaseSum(i,j,k);

endif

endif

if(HTX Phase(i,j,k)==3)

HTX Cmin=HTX Cmin LiquidPhase;

HTX Cmax=HTX Cmax LiquidPhase;

HTX Cr=HTX Cr LiquidPhase;

HTX NTU=HTX NTU LiquidPhase;

HTX e=HTX e LiquidPhase;

HTX CpAux(i,j,k)=AuxCp LiquidPhase;

HTX TAuxIN(i,j,k)=TAuxOUT Pass2;

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

endif

else
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if (HTX Phase(i,j,k)==1)

HTX Cmin=HTX Cmin GasPhase;

HTX Cmax=HTX Cmax GasPhase;

HTX Cr=HTX Cr GasPhase;

HTX NTU=HTX NTU GasPhase;

HTX e=HTX e GasPhase;

HTX TAuxIN(i,j,k)=TAuxOUT Pass2;

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

if (HTX TAuxOUT(i,j,k) <= Tsaturated)

HTX Phase(i,j:ycells,k)=2;

PhaseChangeStart j(i,k)=j;

endif

endif

if(HTX Phase(i,j,k)==2)

HTX Cmin=HTX Cmin DualPhase;

HTX NTU=HTX NTU DualPhase;

HTX e=HTX e DualPhase;

HTX TAuxIN(i,j,k)=TAuxOUT Pass2;

HTX hAuxIN(i,j,k)=hAuxOUT Pass2;

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX hAuxIN(i,j,k)−(HTX TPrimIN(i,j,k)*1.005));

HTX TAuxOUT(i,j,k)=HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)=HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

HTX hAuxOUT(i,j,k)=HTX hAuxIN(i,j,k)−HTX q(i,j,k)/HTX MdotAux(i,j,k);

if (PhaseChangeStart j(i,k) ==0)

PhaseChangeStart j(i,k)=j;

endif

HTX qDualPhaseSum(i,j,k)= (sum (sum (sum((HTX q(i,PhaseChangeStart j(i,k):j,k))))));

if (((HTX qDualPhaseSum(i,j,k)+HTX qDualPhaseSum Pass2)/HTX MdotAux(i,j,k)) >= (latentQDualPhase))

HTX Phase(i,j:ycells,k)=3;

QdualReal=QdualReal+HTX qDualPhaseSum(i,j,k);

endif

endif

if(HTX Phase(i,j,k)==3)

HTX Cmin=HTX Cmin LiquidPhase;

HTX Cmax=HTX Cmax LiquidPhase;

HTX Cr=HTX Cr LiquidPhase;

HTX NTU=HTX NTU LiquidPhase;

HTX e=HTX e LiquidPhase;

HTX CpAux(i,j,k)=AuxCp LiquidPhase;

HTX TAuxIN(i,j,k)=TAuxOUT Pass2;

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

endif

endif

endif

if (j>1)

if (i==1)

if (HTX Phase(i,j,k)==1)

HTX Cmin=HTX Cmin GasPhase;

HTX Cmax=HTX Cmax GasPhase;

HTX Cr=HTX Cr GasPhase;

HTX NTU=HTX NTU GasPhase;

HTX e=HTX e GasPhase;

HTX CpAux(i,j,k)=AuxCp GasPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j−1,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

if (HTX TAuxOUT(i,j,k) <= Tsaturated)

HTX Phase(i,j:ycells,k)=2;

PhaseChangeStart j(i,k)=j;

endif
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endif

if(HTX Phase(i,j,k)==2)

HTX Cmin=HTX Cmin DualPhase;

HTX NTU=HTX NTU DualPhase;

HTX e=HTX e DualPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j−1,k);

HTX hAuxIN(i,j,k)=HTX hAuxOUT(i,j−1,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX hAuxIN(i,j,k)−(HTX TPrimIN(i,j,k)*1.005));

HTX TAuxOUT(i,j,k)= HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

HTX hAuxOUT(i,j,k)= HTX hAuxIN(i,j,k)−HTX q(i,j,k)/HTX MdotAux(i,j,k);

if (PhaseChangeStart j(i,k) ==0)

PhaseChangeStart j(i,k)=j;

endif

HTX qDualPhaseSum(i,j,k)= (sum (sum (sum((HTX q(i,PhaseChangeStart j(i,k):j,k))))));

if (((HTX qDualPhaseSum(i,j,k)+HTX qDualPhaseSum Pass2)/HTX MdotAux(i,j,k)) >= (latentQDualPhase))

HTX Phase(i,j:ycells,k)=3;

QdualReal=QdualReal+HTX qDualPhaseSum(i,j,k);

endif

endif

if(HTX Phase(i,j,k)==3)

HTX Cmin=HTX Cmin LiquidPhase;

HTX Cmax=HTX Cmax LiquidPhase;

HTX Cr=HTX Cr LiquidPhase;

HTX NTU=HTX NTU LiquidPhase;

HTX e=HTX e LiquidPhase;

HTX CpAux(i,j,k)=AuxCp LiquidPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j−1,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

endif

else

if (HTX Phase(i,j,k)==1)

HTX Cmin=HTX Cmin GasPhase;

HTX Cmax=HTX Cmax GasPhase;

HTX Cr=HTX Cr GasPhase;

HTX NTU=HTX NTU GasPhase;

HTX e=HTX e GasPhase;

HTX CpAux(i,j,k)=AuxCp GasPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j−1,k);

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

if (HTX TAuxOUT(i,j,k) <= Tsaturated)

HTX Phase(i,j:ycells,k)=2;

PhaseChangeStart j(i,k)=j;

endif

endif

if(HTX Phase(i,j,k)==2)

HTX Cmin=HTX Cmin DualPhase;

HTX NTU=HTX NTU DualPhase;

HTX e=HTX e DualPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j−1,k);

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX hAuxIN(i,j,k)=HTX hAuxOUT(i,j−1,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*( HTX hAuxIN(i,j,k)−(HTX TPrimIN(i,j,k)*1.005));

HTX TAuxOUT(i,j,k)= HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

HTX hAuxOUT(i,j,k)= HTX hAuxIN(i,j,k)−HTX q(i,j,k)/HTX MdotAux(i,j,k);

if (PhaseChangeStart j(i,k) ==0)

PhaseChangeStart j(i,k)=j;

endif

HTX qDualPhaseSum(i,j,k)= (sum (sum (sum((HTX q(i,PhaseChangeStart j(i,k):j,k))))));

if (((HTX qDualPhaseSum(i,j,k)+HTX qDualPhaseSum Pass2)/HTX MdotAux(i,j,k)) >= (latentQDualPhase))
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HTX Phase(i,j:ycells,k)=3;

QdualReal=QdualReal+HTX qDualPhaseSum(i,j,k);

endif

endif

if(HTX Phase(i,j,k)==3)

HTX Cmin=HTX Cmin LiquidPhase;

HTX Cmax=HTX Cmax LiquidPhase;

HTX Cr=HTX Cr LiquidPhase;

HTX NTU=HTX NTU LiquidPhase;

HTX e=HTX e LiquidPhase;

HTX CpAux(i,j,k)=AuxCp LiquidPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j−1,k);

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

endif

endif

endif

endfor

endfor

endfor

%Tank Mixinng

HTX Phase Pass3=mean (mean (mean(HTX Phase(:,ycells,(zcells Pass5+zcells Pass4+zcells Pass3):−1:

(zcells Pass5+zcells Pass4+1)))));

if HTX Phase Pass3 <= 1.1

HTX Phase(:,:,(zcells Pass5+zcells Pass4):−1:(zcells Pass5+1))=1;

TAuxOUT Pass3=mean (mean (mean(HTX TAuxOUT

(:,ycells,(zcells Pass5+zcells Pass4+zcells Pass3):−1:(zcells Pass5+zcells Pass4+1)))));

hAuxOUT Pass3=mean (mean (mean(HTX hAuxOUT

(:,ycells,(zcells Pass5+zcells Pass4+zcells Pass3):−1:(zcells Pass5+zcells Pass4+1)))));

HTX qDualPhaseSum Pass3=0;

endif

if HTX Phase Pass3 > 1.1

if HTX Phase Pass3 < 2.9

HTX Phase(:,:,(zcells Pass5+zcells Pass4):−1:(zcells Pass5+1))=2;

TAuxOUT Pass3=Tsaturated;

hAuxOUT Pass3=mean (mean (mean(HTX hAuxOUT

(:,ycells,(zcells Pass5+zcells Pass4+zcells Pass3):−1:(zcells Pass5+zcells Pass4+1)))));

HTX qDualPhaseSum Pass3=(sum (sum (sum(HTX qDualPhaseSum(:,ycells,

(zcells Pass5+zcells Pass4+zcells Pass3):−1:(zcells Pass5+zcells Pass4+1))))))/(xcells*zcells Pass4);

QdualReal=0;

endif

endif

if HTX Phase Pass3 >= 2.9

HTX Phase(:,:,(zcells Pass5+zcells Pass4):−1:(zcells Pass5+1))=3;

TAuxOUT Pass3=mean (mean (mean(HTX TAuxOUT

(:,ycells,(zcells Pass5+zcells Pass4+zcells Pass3):−1:(zcells Pass5+zcells Pass4+1)))));

HTX qDualPhaseSum Pass3=0;

endif

%4nd Pass

for j =ycells:−1:1

y(1,j)=j;

for i=1:1:xcells

x(i,1)=i;

for k =(zcells Pass5+zcells Pass4):−1:(zcells Pass5+1)

z(1,k)=k;

if (j==ycells)

if (i==1)

if (HTX Phase(i,j,k)==1)

HTX Cmin=HTX Cmin GasPhase;

HTX Cmax=HTX Cmax GasPhase;

HTX Cr=HTX Cr GasPhase;

HTX NTU=HTX NTU GasPhase;

HTX e=HTX e GasPhase;

HTX CpAux(i,j,k)=AuxCp GasPhase;

HTX TAuxIN(i,j,k)=TAuxOUT Pass3;

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)=−HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

if (HTX TAuxOUT(i,j,k) <= Tsaturated)

HTX Phase(i,j:−1:1,k)=2;
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PhaseChangeStart j(i,k)=j;

endif

endif

if(HTX Phase(i,j,k)==2)

HTX Cmin=HTX Cmin DualPhase;

HTX NTU=HTX NTU DualPhase;

HTX e=HTX e DualPhase;

HTX TAuxIN(i,j,k)=TAuxOUT Pass3;

HTX hAuxIN(i,j,k)=hAuxOUT Pass3;

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX hAuxIN(i,j,k)−(HTX TPrimIN(i,j,k)*1.005));

HTX TAuxOUT(i,j,k)= HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

HTX hAuxOUT(i,j,k)= HTX hAuxIN(i,j,k)−HTX q(i,j,k)/HTX MdotAux(i,j,k);

if (PhaseChangeStart j(i,k) ==0)

PhaseChangeStart j(i,k)=j;

endif

HTX qDualPhaseSum(i,j,k)= (sum (sum (sum((HTX q(i,j:PhaseChangeStart j(i,k),k))))));

if (((HTX qDualPhaseSum(i,j,k)+HTX qDualPhaseSum Pass3)/HTX MdotAux(i,j,k)) >= (latentQDualPhase))

HTX Phase(i,j:−1:1,k)=3;

QdualReal=QdualReal+HTX qDualPhaseSum(i,j,k);

endif

endif

if(HTX Phase(i,j,k)==3)

HTX Cmin=HTX Cmin LiquidPhase;

HTX Cmax=HTX Cmax LiquidPhase;

HTX Cr=HTX Cr LiquidPhase;

HTX NTU=HTX NTU LiquidPhase;

HTX e=HTX e LiquidPhase;

HTX CpAux(i,j,k)=AuxCp LiquidPhase;

HTX TAuxIN(i,j,k)=TAuxOUT Pass3;

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

endif

else

if (HTX Phase(i,j,k)==1)

HTX Cmin=HTX Cmin GasPhase;

HTX Cmax=HTX Cmax GasPhase;

HTX Cr=HTX Cr GasPhase;

HTX NTU=HTX NTU GasPhase;

HTX e=HTX e GasPhase;

HTX CpAux(i,j,k)=AuxCp GasPhase;

HTX TAuxIN(i,j,k)=TAuxOUT Pass3;

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

if (HTX TAuxOUT(i,j,k) <= Tsaturated)

HTX Phase(i,j:−1:1,k)=2;

PhaseChangeStart j(i,k)=j;

endif

endif

if(HTX Phase(i,j,k)==2)

HTX Cmin=HTX Cmin DualPhase;

HTX NTU=HTX NTU DualPhase;

HTX e=HTX e DualPhase;

HTX TAuxIN(i,j,k)=TAuxOUT Pass3;

HTX hAuxIN(i,j,k)=hAuxOUT Pass3;

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX hAuxIN(i,j,k)−(HTX TPrimIN(i,j,k)*1.005));

HTX TAuxOUT(i,j,k)=HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

HTX hAuxOUT(i,j,k)= HTX hAuxIN(i,j,k)−HTX q(i,j,k)/HTX MdotAux(i,j,k);

if (PhaseChangeStart j(i,k) ==0)

PhaseChangeStart j(i,k)=j;

endif
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HTX qDualPhaseSum(i,j,k)= (sum (sum (sum((HTX q(i,j:PhaseChangeStart j(i,k),k))))));

if (((HTX qDualPhaseSum(i,j,k)+HTX qDualPhaseSum Pass3)/HTX MdotAux(i,j,k)) >= (latentQDualPhase))

HTX Phase(i,j:−1:1,k)=3;

QdualReal=QdualReal+HTX qDualPhaseSum(i,j,k);

endif

endif

if(HTX Phase(i,j,k)==3)

HTX Cmin=HTX Cmin LiquidPhase;

HTX Cmax=HTX Cmax LiquidPhase;

HTX Cr=HTX Cr LiquidPhase;

HTX NTU=HTX NTU LiquidPhase;

HTX e=HTX e LiquidPhase;

HTX CpAux(i,j,k)=AuxCp LiquidPhase;

HTX TAuxIN(i,j,k)=TAuxOUT Pass1;

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

endif

endif

endif

if (j<ycells)

if (i==1)

if (HTX Phase(i,j,k)==1)

HTX Cmin=HTX Cmin GasPhase;

HTX Cmax=HTX Cmax GasPhase;

HTX Cr=HTX Cr GasPhase;

HTX NTU=HTX NTU GasPhase;

HTX e=HTX e GasPhase;

HTX CpAux(i,j,k)=AuxCp GasPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j+1,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

if (HTX TAuxOUT(i,j,k) <= Tsaturated)

HTX Phase(i,j:−1:1,k)=2;

PhaseChangeStart j(i,k)=j;

endif

endif

if(HTX Phase(i,j,k)==2)

HTX Cmin=HTX Cmin DualPhase;

HTX NTU=HTX NTU DualPhase;

HTX e=HTX e DualPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j+1,k);

HTX hAuxIN(i,j,k)=HTX hAuxOUT(i,j+1,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX hAuxIN(i,j,k)−(HTX TPrimIN(i,j,k)*1.005));

HTX TAuxOUT(i,j,k)= HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

HTX hAuxOUT(i,j,k)= HTX hAuxIN(i,j,k)−HTX q(i,j,k)/HTX MdotAux(i,j,k);

if (PhaseChangeStart j(i,k) ==0)

PhaseChangeStart j(i,k)=j;

endif

HTX qDualPhaseSum(i,j,k)= (sum (sum (sum((HTX q(i,j:PhaseChangeStart j(i,k),k))))));

if (((HTX qDualPhaseSum(i,j,k)+HTX qDualPhaseSum Pass3)/HTX MdotAux(i,j,k)) >= (latentQDualPhase))

HTX Phase(i,j:−1:1,k)=3;

QdualReal=QdualReal+HTX qDualPhaseSum(i,j,k);

endif

endif

if(HTX Phase(i,j,k)==3)

HTX Cmin=HTX Cmin LiquidPhase;

HTX Cmax=HTX Cmax LiquidPhase;

HTX Cr=HTX Cr LiquidPhase;

HTX NTU=HTX NTU LiquidPhase;

HTX e=HTX e LiquidPhase;

HTX CpAux(i,j,k)=AuxCp LiquidPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j+1,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));
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HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

endif

else

if (HTX Phase(i,j,k)==1)

HTX Cmin=HTX Cmin GasPhase;

HTX Cmax=HTX Cmax GasPhase;

HTX Cr=HTX Cr GasPhase;

HTX NTU=HTX NTU GasPhase;

HTX e=HTX e GasPhase;

HTX CpAux(i,j,k)=AuxCp GasPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j+1,k);

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

if (HTX TAuxOUT(i,j,k) <= Tsaturated)

HTX Phase(i,j:−1:1,k)=2;

PhaseChangeStart j(i,k)=j;

endif

endif

if(HTX Phase(i,j,k)==2)

HTX Cmin=HTX Cmin DualPhase;

HTX NTU=HTX NTU DualPhase;

HTX e=HTX e DualPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j+1,k);

HTX hAuxIN(i,j,k)=HTX hAuxOUT(i,j+1,k);

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX hAuxIN(i,j,k)−(HTX TPrimIN(i,j,k)*1.005));

HTX TAuxOUT(i,j,k)= HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

HTX hAuxOUT(i,j,k)= HTX hAuxIN(i,j,k)−HTX q(i,j,k)/HTX MdotAux(i,j,k);

if (PhaseChangeStart j(i,k) ==0)

PhaseChangeStart j(i,k)=j;

endif

HTX qDualPhaseSum(i,j,k)= (sum (sum (sum((HTX q(i,j:PhaseChangeStart j(i,k),k))))));

if (((HTX qDualPhaseSum(i,j,k)+HTX qDualPhaseSum Pass3)/HTX MdotAux(i,j,k)) >= (latentQDualPhase))

HTX Phase(i,j:−1:1,k)=3;

QdualReal=QdualReal+HTX qDualPhaseSum(i,j,k);

endif

endif

if(HTX Phase(i,j,k)==3)

HTX Cmin=HTX Cmin LiquidPhase;

HTX Cmax=HTX Cmax LiquidPhase;

HTX Cr=HTX Cr LiquidPhase;

HTX NTU=HTX NTU LiquidPhase;

HTX e=HTX e LiquidPhase;

HTX CpAux(i,j,k)=AuxCp LiquidPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j+1,k);

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

endif

endif

endif

endfor

endfor

endfor

%Tank Mixinng

HTX Phase Pass4=mean (mean (mean(HTX Phase(:,1,(zcells Pass5+zcells Pass4):−1:(zcells Pass5+1)))));

if HTX Phase Pass4 <= 1.1

HTX Phase(:,:,(zcells Pass5):−1:1)=1;

TAuxOUT Pass4=mean (mean (mean(HTX TAuxOUT(:,1,(zcells Pass5+zcells Pass4):−1:(zcells Pass5+1)))));

hAuxOUT Pass4=mean (mean (mean(HTX hAuxOUT(:,1,(zcells Pass5+zcells Pass4):−1:(zcells Pass5+1)))));

HTX qDualPhaseSum Pass4=0;

endif

if HTX Phase Pass4 > 1.1

if HTX Phase Pass4 < 2.9

HTX Phase(:,:,(zcells Pass5):−1:1)=2;
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TAuxOUT Pass4=Tsaturated;

hAuxOUT Pass4=mean (mean (mean(HTX hAuxOUT(:,1,(zcells Pass5+zcells Pass4):−1:(zcells Pass5+1)))));

HTX qDualPhaseSum Pass4=

(sum (sum (sum(HTX qDualPhaseSum(:,1,(zcells Pass5+zcells Pass4):−1:(zcells Pass5+1))))))/(xcells*zcells Pass5);

QdualReal=0;

endif

endif

if HTX Phase Pass4 >=2.9

HTX Phase(:,:,(zcells Pass5):−1:1)=3;

TAuxOUT Pass4=mean (mean (mean(HTX TAuxOUT(:,1,(zcells Pass5+zcells Pass4):−1:(zcells Pass5+1)))));

HTX qDualPhaseSum Pass4=0;

endif

%5nd Pass

for j =1:1:ycells

y(1,j)=j;

for i=1:1:xcells

x(i,1)=i;

for k =(zcells Pass5):−1:1

z(1,k)=k;

if (j==1)

if (i==1)

if (HTX Phase(i,j,k)==1)

HTX Cmin=HTX Cmin GasPhase;

HTX Cmax=HTX Cmax GasPhase;

HTX Cr=HTX Cr GasPhase;

HTX NTU=HTX NTU GasPhase;

HTX e=HTX e GasPhase;

HTX CpAux(i,j,k)=AuxCp GasPhase;

HTX TAuxIN(i,j,k)=TAuxOUT Pass4;

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)=−HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

if (HTX TAuxOUT(i,j,k) <= Tsaturated)

HTX Phase(i,j:ycells,k)=2;

PhaseChangeStart j(i,k)=j;

endif

endif

if(HTX Phase(i,j,k)==2)

HTX Cmin=HTX Cmin DualPhase;

HTX NTU=HTX NTU DualPhase;

HTX e=HTX e DualPhase;

HTX TAuxIN(i,j,k)=TAuxOUT Pass4;

HTX hAuxIN(i,j,k)=hAuxOUT Pass4;

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX hAuxIN(i,j,k)−(HTX TPrimIN(i,j,k)*1.005));

HTX TAuxOUT(i,j,k)= HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

HTX hAuxOUT(i,j,k)= HTX hAuxIN(i,j,k)−HTX q(i,j,k)/HTX MdotAux(i,j,k);

if (PhaseChangeStart j(i,k) ==0)

PhaseChangeStart j(i,k)=j;

endif

HTX qDualPhaseSum(i,j,k)= (sum (sum (sum((HTX q(i,PhaseChangeStart j(i,k):j,k))))));

if (((HTX qDualPhaseSum(i,j,k)+HTX qDualPhaseSum Pass4)/HTX MdotAux(i,j,k)) >= (latentQDualPhase))

HTX Phase(i,j:ycells,k)=3;

QdualReal=QdualReal+HTX qDualPhaseSum(i,j,k);

endif

endif

if(HTX Phase(i,j,k)==3)

HTX Cmin=HTX Cmin LiquidPhase;

HTX Cmax=HTX Cmax LiquidPhase;

HTX Cr=HTX Cr LiquidPhase;

HTX NTU=HTX NTU LiquidPhase;

HTX e=HTX e LiquidPhase;

HTX CpAux(i,j,k)=AuxCp LiquidPhase;

HTX TAuxIN(i,j,k)=TAuxOUT Pass4;

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

endif

else
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if (HTX Phase(i,j,k)==1)

HTX Cmin=HTX Cmin GasPhase;

HTX Cmax=HTX Cmax GasPhase;

HTX Cr=HTX Cr GasPhase;

HTX NTU=HTX NTU GasPhase;

HTX e=HTX e GasPhase;

HTX CpAux(i,j,k)=AuxCp GasPhase;

HTX TAuxIN(i,j,k)=TAuxOUT Pass4;

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

if (HTX TAuxOUT(i,j,k) <= Tsaturated)

HTX Phase(i,j:ycells,k)=2;

PhaseChangeStart j(i,k)=j;

endif

endif

if(HTX Phase(i,j,k)==2)

HTX Cmin=HTX Cmin DualPhase;

HTX NTU=HTX NTU DualPhase;

HTX e=HTX e DualPhase;

HTX TAuxIN(i,j,k)=TAuxOUT Pass4;

HTX hAuxIN(i,j,k)=hAuxOUT Pass4;

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX hAuxIN(i,j,k)−(HTX TPrimIN(i,j,k)*1.005));

HTX TAuxOUT(i,j,k)=HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

HTX hAuxOUT(i,j,k)= HTX hAuxIN(i,j,k)−HTX q(i,j,k)/HTX MdotAux(i,j,k);

if (PhaseChangeStart j(i,k) ==0)

PhaseChangeStart j(i,k)=j;

endif

HTX qDualPhaseSum(i,j,k)= (sum (sum (sum((HTX q(i,PhaseChangeStart j(i,k):j,k))))));

if (((HTX qDualPhaseSum(i,j,k)+HTX qDualPhaseSum Pass4)/HTX MdotAux(i,j,k)) >= (latentQDualPhase))

HTX Phase(i,j:ycells,k)=3;

QdualReal=QdualReal+HTX qDualPhaseSum(i,j,k);

endif

endif

if(HTX Phase(i,j,k)==3)

HTX Cmin=HTX Cmin LiquidPhase;

HTX Cmax=HTX Cmax LiquidPhase;

HTX Cr=HTX Cr LiquidPhase;

HTX NTU=HTX NTU LiquidPhase;

HTX e=HTX e LiquidPhase;

HTX CpAux(i,j,k)=AuxCp LiquidPhase;

HTX TAuxIN(i,j,k)=TAuxOUT Pass4;

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

endif

endif

endif

if (j>1)

if (i==1)

if (HTX Phase(i,j,k)==1)

HTX Cmin=HTX Cmin GasPhase;

HTX Cmax=HTX Cmax GasPhase;

HTX Cr=HTX Cr GasPhase;

HTX NTU=HTX NTU GasPhase;

HTX e=HTX e GasPhase;

HTX CpAux(i,j,k)=AuxCp GasPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j−1,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

if (HTX TAuxOUT(i,j,k) <= Tsaturated)

HTX Phase(i,j:ycells,k)=2;

PhaseChangeStart j(i,k)=j;
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endif

endif

if(HTX Phase(i,j,k)==2)

HTX Cmin=HTX Cmin DualPhase;

HTX NTU=HTX NTU DualPhase;

HTX e=HTX e DualPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j−1,k);

HTX hAuxIN(i,j,k)=HTX hAuxOUT(i,j−1,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX hAuxIN(i,j,k)−(HTX TPrimIN(i,j,k)*1.005));

HTX TAuxOUT(i,j,k)= HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

HTX hAuxOUT(i,j,k)= HTX hAuxIN(i,j,k)−HTX q(i,j,k)/HTX MdotAux(i,j,k);

if (PhaseChangeStart j(i,k) ==0)

PhaseChangeStart j(i,k)=j;

endif

HTX qDualPhaseSum(i,j,k)= (sum (sum (sum((HTX q(i,PhaseChangeStart j(i,k):j,k))))));

if (((HTX qDualPhaseSum(i,j,k)+HTX qDualPhaseSum Pass4)/HTX MdotAux(i,j,k)) >= (latentQDualPhase))

HTX Phase(i,j:ycells,k)=3;

QdualReal=QdualReal+HTX qDualPhaseSum(i,j,k);

endif

endif

if(HTX Phase(i,j,k)==3)

HTX Cmin=HTX Cmin LiquidPhase;

HTX Cmax=HTX Cmax LiquidPhase;

HTX Cr=HTX Cr LiquidPhase;

HTX NTU=HTX NTU LiquidPhase;

HTX e=HTX e LiquidPhase;

HTX CpAux(i,j,k)=AuxCp LiquidPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j−1,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

endif

else

if (HTX Phase(i,j,k)==1)

HTX Cmin=HTX Cmin GasPhase;

HTX Cmax=HTX Cmax GasPhase;

HTX Cr=HTX Cr GasPhase;

HTX NTU=HTX NTU GasPhase;

HTX e=HTX e GasPhase;

HTX CpAux(i,j,k)=AuxCp GasPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j−1,k);

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

if (HTX TAuxOUT(i,j,k) <= Tsaturated)

HTX Phase(i,j:ycells,k)=2;

PhaseChangeStart j(i,k)=j;

endif

endif

if(HTX Phase(i,j,k)==2)

HTX Cmin=HTX Cmin DualPhase;

HTX NTU=HTX NTU DualPhase;

HTX e=HTX e DualPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j−1,k);

HTX hAuxIN(i,j,k)=HTX hAuxOUT(i,j−1,k);

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX hAuxIN(i,j,k)−(HTX TPrimIN(i,j,k)*1.005));

HTX TAuxOUT(i,j,k)= HTX TAuxIN(i,j,k);

HTX hAuxOUT(i,j,k)= HTX hAuxIN(i,j,k)−HTX q(i,j,k)/HTX MdotAux(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

if (PhaseChangeStart j(i,k) ==0)

PhaseChangeStart j(i,k)=j;

endif

HTX qDualPhaseSum(i,j,k)= (sum (sum (sum((HTX q(i,PhaseChangeStart j(i,k):j,k))))));
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if (((HTX qDualPhaseSum(i,j,k)+HTX qDualPhaseSum Pass4)/HTX MdotAux(i,j,k)) >= (latentQDualPhase))

HTX Phase(i,j:ycells,k)=3;

QdualReal=QdualReal+HTX qDualPhaseSum(i,j,k);

endif

endif

if(HTX Phase(i,j,k)==3)

HTX Cmin=HTX Cmin LiquidPhase;

HTX Cmax=HTX Cmax LiquidPhase;

HTX Cr=HTX Cr LiquidPhase;

HTX NTU=HTX NTU LiquidPhase;

HTX e=HTX e LiquidPhase;

HTX CpAux(i,j,k)=AuxCp LiquidPhase;

HTX TAuxIN(i,j,k)=HTX TAuxOUT(i,j−1,k);

HTX TPrimIN(i,j,k)=HTX TPrimOUT(i−1,j,k);

HTX q(i,j,k)=HTX e(i,j,k)*HTX Cmin(i,j,k)*(HTX TAuxIN(i,j,k)−HTX TPrimIN(i,j,k));

HTX TAuxOUT(i,j,k)= −HTX q(i,j,k)/(HTX CpAux(i,j,k)*HTX MdotAux(i,j,k))+HTX TAuxIN(i,j,k);

HTX TPrimOUT(i,j,k)= HTX q(i,j,k)/(HTX CpPrim(i,j,k)*HTX MdotPrim(i,j,k))+HTX TPrimIN(i,j,k);

endif

endif

endif

endfor

endfor

endfor

%Tank Mixinng

TAuxOUT=mean (mean (HTX TAuxOUT(:,ycells,(1:zcells Pass5))));

TPrimIN=mean(mean (HTX TPrimIN(1,:,:)));

TPrimOUT=mean(mean (HTX TPrimOUT(xcells,:,:)));

iteration=iteration+1;

q=sum (sum (sum(HTX q(:,:,:))));

if (abs(qIN − q) < ConTarg )

Converged = 1;

else

Converged = 0;

endif

if (q < qIN)

BisectionLowerLimit=TAuxIN;

AuxInletT=TAuxIN+(BisectionUpperLimit−TAuxIN)/2;

else

BisectionUpperLimit=TAuxIN;

AuxInletT=TAuxIN−(TAuxIN−BisectionLowerLimit)/2;

endif

%Print

disp ("****************** Iterating 3D HTX Solver ******************")

iteration

qIN

q

TAuxIN=TAuxIN−273.15

TAuxOUT=TAuxOUT−273.15

TPrimIN=TPrimIN−273.15

TPrimOUT=TPrimOUT−273.15

TPrimOUT MAX=max (max (max(HTX TPrimOUT(:,:,:))))−273.15

TPrimOUT Min=min (min (min(HTX TPrimOUT(:,:,:))))−273.15

QdualReal

until (Converged==1)

% | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
% | | | | | | | | | | | | | | | | | | | | | | | | | | Post Processing | | | | | | | | | | | | | | | | | | | | | | | | |
% | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

%Print CLI

disp("****************** Setup Summary ******************")

FrontalArea=dy*dz*(ycells)*(zcells)

PrimMdot=sum (sum (sum(HTX MdotPrim(1,:,:))))

AuxMdot

qIN

Tsaturated

latentQDualPhase

qDualPhaseTheoretical=latentQDualPhase*AuxMdot
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AmbientPressure

AuxCp GasPhase

AuxDensity GasPhase

AuxCp LiquidPhase

AuxDensity LiquidPhase

AuxSpecificLatentHeat

%UI

Umean=mean (mean (HTX VPrim(1,:,:)))

Tmean=mean (mean (HTX TPrimIN(1,:,:)))

UI1=0;

UIT1=0;

for j =1:1:ycells

y(1,j)=j;

for k =1:1:zcells

z(1,k)=k;

UI1=UI1+abs((HTX VPrim(1,j,k)−Umean))*dy*dz;

UIT1=UIT1+abs((HTX TPrimIN(1,j,k)−Tmean))*dy*dz;

endfor

endfor

PrimMdot=sum (sum (sum(HTX MdotPrim(1,:,:))));

UI=1−UI1/(2*abs(Umean)*(dy*ycells)*(dz*zcells))

UIT=1−UIT1/(2*abs(Tmean)*(dy*ycells)*(dz*zcells))

%Export data in measurment points

HTX TPrimOUT Verification=zeros(Measurement Grid Size(1,1),Measurement Grid Size(1,2));

for j measured=1:1:Measurement Grid Size(1,1)

HTX TPrimOUT Verification(j measured,1)=HTX TPrimOUT(xcells,j measured*StepY,28);

HTX TPrimOUT Verification(j measured,2)=HTX TPrimOUT(xcells,j measured*StepY,17);

HTX TPrimOUT Verification(j measured,3)=HTX TPrimOUT(xcells,j measured*StepY,9);

HTX TPrimOUT Verification(j measured,4)= HTX TPrimOUT(xcells,j measured*StepY,5);

HTX TPrimOUT Verification(j measured,5)=HTX TPrimOUT(xcells,j measured*StepY,2);

endfor

% Plot Graphs

HTX TPrimOUT Plot= zeros (ycells,zcells);

HTX TPrimOUT Plot(:,:)=HTX TPrimOUT(xcells,:,:)−273.15;

HTX TPrimOUT Plot=HTX TPrimOUT Plot';

HTX VPrim Plot= zeros (ycells,zcells);

HTX VPrim Plot(:,:)=HTX VPrim(1,:,:);

HTX VPrim Plot=HTX VPrim Plot';

HTX MdotAux Plot=zeros (ycells,zcells);

HTX MdotAux Plot(:,:)=HTX MdotAux(1,:,:);

HTX MdotAux Plot=HTX MdotAux Plot';

HTX MdotPrim Plot=zeros (ycells,zcells);

HTX MdotPrim Plot(:,:)=HTX MdotPrim(1,:,:);

HTX MdotPrim Plot=HTX MdotPrim Plot';

HTX TPrimIN Plot= zeros (ycells,zcells);

HTX TPrimIN Plot(:,:)=HTX TPrimIN(1,:,:)−273.15;

HTX TPrimIN Plot=HTX TPrimIN Plot';

HTX TAuxOUT Plot=zeros (ycells,zcells);

HTX TAuxOUT Plot(:,:)=HTX TAuxOUT(xcells,:,:)−273.15;

HTX TAuxOUT Plot=HTX TAuxOUT Plot';

HTX Phase Plot=zeros (ycells,zcells);

HTX Phase Plot(:,:)=HTX Phase(xcells,:,:);

HTX Phase Plot=HTX Phase Plot';

HTX Top Phase Plot=zeros (xcells,ycells);

HTX Top Phase Plot(:,:)=HTX Phase(:,:,zcells);

HTX Top Phase Plot=HTX Top Phase Plot';

HTX Top PrimT Plot=zeros (xcells,ycells);

HTX Top PrimT Plot(:,:)=HTX TPrimOUT(:,:,zcells);

HTX Top PrimT Plot=HTX Top PrimT Plot';

HTX Top AuxT Plot=zeros (xcells,ycells);

HTX Top AuxT Plot(:,:)=HTX TAuxOUT(:,:,zcells);

HTX Top AuxT Plot=HTX Top AuxT Plot';
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clf;

figure(1);

colormap ("hot");

contourf ((y*dy)−dy/2,(z*dz)−dz/2, HTX TPrimOUT Plot);

Tmax= max (max (HTX TPrimOUT Plot));

Tmin=min (min (HTX TPrimOUT Plot));

caxis ([Tmin Tmax]);

%set (gca (), "xdir", "reverse")

colorbar ("SouthOutside");

xlabel ("y (m)");

ylabel ("z (m)");

grid on;

title ("Air Outlet Temperature Profile (degC)");

figure(2);

colormap ("jet");

contourf ((y*dy)−dy/2,(z*dz)−dz/2, HTX VPrim Plot);

Vmax= max (max (HTX VPrim Plot));

Vmin=min (min (HTX VPrim Plot));

caxis ([Vmin Vmax]);

%set (gca (), "xdir", "reverse")

colorbar ("SouthOutside");

xlabel ("y (m)");

ylabel ("z (m)");

grid on;

title ("Air Inet Velocity (m/s)");

figure(3);

colormap ("hot");

contourf ((y*dy)−dy/2,(z*dz)−dz/2, HTX TPrimIN Plot);

Tmax= max (max (HTX TPrimIN Plot));

Tmin=min (min (HTX TPrimIN Plot));

caxis ([Tmin Tmax]);

%set (gca (), "xdir", "reverse")

colorbar ("SouthOutside");

xlabel ("y (m)");

ylabel ("z (m)");

grid on;

title ("Air Inlet Temperature Profile (degC)");

figure(6);

colormap ("hot");

contourf ((y*dy)−dy/2,(z*dz)−dz/2, HTX TAuxOUT Plot);

%set (gca (), "xdir", "reverse")

colorbar ("SouthOutside");

xlabel ("y (m)");

ylabel ("z (m)");

grid on;

title ("Refrigerant Temperature(degC)");

figure(10);

colormap ("gray");

contourf ((y*dy)−dy/2,(z*dz)−dz/2, HTX Phase Plot);

%set (gca (), "xdir", "reverse")

colorbar ("SouthOutside");

xlabel ("z (m)");

ylabel ("y (m)");

grid on;

title ("Refrigerant Phase (1)");

figure(11);

colormap ("hot");

mesh ((y*dy)−dy/2,(z*dz)−dz/2, HTX TAuxOUT Plot);

xlabel ("z (m)");

ylabel ("y (m)");

grid on;

zlabel ("Refrigerant Temperature(degC)");

figure(12);

colormap ("hot");

mesh ((y*dy)−dy/2,(z*dz)−dz/2, HTX TPrimOUT Plot);

xlabel ("z (m)");

ylabel ("y (m)");

grid on;

zlabel ("HTX TPrimOUT Plot");

figure(13);

colormap ("viridis");

contourf ((y*dy)−dy/2,(z*dz)−dz/2, HTX MdotAux Plot);
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%set (gca (), "xdir", "reverse")

colorbar ("SouthOutside");

xlabel ("z (m)");

ylabel ("y (m)");

grid on;

title ("Refrigerant Mass Flow Rate (kg/s)");

figure(14);

colormap ("gray");

contourf ((x*dx)−dx/2,(y*dy)−dy/2, HTX Top Phase Plot);

%set (gca (), "xdir", "reverse")

colorbar ("SouthOutside");

xlabel ("x (m)");

ylabel ("y (m)");

grid on;

title ("Refrigerant Phase (1)");

figure(15);

colormap ("hot");

contourf ((x*dx)−dx/2,(y*dy)−dy/2, HTX Top PrimT Plot);

%set (gca (), "xdir", "reverse")

colorbar ("SouthOutside");

xlabel ("x (m)");

ylabel ("y (m)");

grid on;

title ("Air Temparature (degC)");

figure(16);

colormap ("hot");

contourf ((x*dx)−dx/2,(y*dy)−dy/2, HTX Top AuxT Plot);

%set (gca (), "xdir", "reverse")

colorbar ("SouthOutside");

xlabel ("x (m)");

ylabel ("y (m)");

grid on;

title ("Refrigerant Temperature (degC)");
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E AppendixE

Appendix E contains the raw data from the conducted measurements, presented in the

form of graphs for the sake of clarity. The measurement locations can be referred to in

Figure 25. Multiple data sets correspond to multiple measurements.

Figure 50: Air inlet velocity Set A (m/s)

Figure 51: Air inlet temperature Set A (°C)
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Figure 52: Air outlet temperature Set A (°C)

Figure 53: Air inlet velocity Set B (m/s)
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Figure 54: Air inlet temperature Set B (°C)

Figure 55: Air outlet temperature Set B (°C)
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