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ABSTRACT

The Fan Coil Unit (FCU) is an integral part of heating, ventilation ancbaiditioning systems

used in residential and commercial buildings. One main component of this device is-a multi
tube and fin heat exchanger. Improvement of thermal performance in such heat exchangers is
vital for improved performance of FCU. Performamno@rovements in the FCUs are mainly
limited by available technology, manufacturing capabilities and overall cost effectiveness of
the design. Better thermal performance usually comes at a cost of higher pressure drop or more

expensive materials and maaafuring costs.

In this thesis, a global framework for design and optimisation was developed taking into
account overall costs of design, manufacturing and operation. Full 3D CFD models of multi
tube and fins heat exchanger were developed to investigaeoand noruniform flow on

water and air sides of the device. The CFD models were developed to enable local heat transfer

analysis within the FCU.

Experimental setup to evaluate performance of the heat exchanger has been designed and built.
Different configurations of heat exchanger were tested experimentally and numerically,
including the baseline configuration, so called plain fins. More efficient design of louvre fins
and and fins with vortex generating mechanism (perforation in the fin surfacesplsere

investigated. Best thermal performance was found to be for the perforated louvre fins.

CFD model was validated against experimental results and obtained data was used to create a
novel semianalytical prediction model for Fanning friction factor &f)d Colburn factor (j).
Appropriate costs calculation model was also developed and employed for total costs

estimation of the FCU over the period of 15 years.

The framework proposed in this thesis for optimised design and development strategy of heat
exchangers resulted in development of a novel design which offers significant improvements

in comparison to the current design.

This new optimised design of the heat exchanger (with perforation in louvre fins) increased

thermal performance by additional 10% lgtthe total costs increased by only 6%.
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B '\ TRODUCTION

SUMMARY: A Fan Coil Unit (FCU) is a part of Heating, Ventilation and Air

Conditioning HVAC) systemusedin residential, commercial, and industrial buildings. These
devices consist of a heating or cooling coil arfdn This chaptebriefly introduces the FCU
and its main componentshe enhancement techniques to improve the heat trarssfebéen
discussedFurthermore, this chapter provides the main research aims of thisrelaigyl to
optimisation of heat transfer performance



1.1 Introduction

Heating, ventilation, an air conditioning (HVAC) system design is a sutscipline
of mechanical engineering. These systems designed based on the principles of
thermodynamicdjuid mechanis, andheat transfefThese days HVAC plays amportant
role while developing amedium to large industrial and office buildings suclslascrapers,
where safe andhealthy buildingconditions are regulatethrough management of comfort

indicators such agmperature and humiditgductionof fresh airfrom outside if necessary

A fan coil unit (FCU) is a part of anHVAC systemusedin residential, commercial, and
industrial buildings. These devices consist of a heating or coolingrad fan Typically, a

fan coil unit is nd connected tdhe ductwak, and is used to control the temperature in the
space where it is installed, or serve multigdaces. It is controlled eitheranualy usingon/off
switch or using a thermostat.

Due to their simplicity, fan coil units are more economical to install thasted or central
heating systems withir handling units. However, they can be noisy because the fan is within
the same spacdhere can be in several unit configuratiomsluding horizontal (ceiling

mounted) or vertical (floor mounted).

1.2 Operating principle

The basic Fan Coil Unit (FCU) is manufactured using galvarsssel,which consists of a

back panel, side panels, spigot panel, fan deck assembly, heat exchanger, drain tray assembly,
filter, electrics assembly and access panke general, any FCPrimary inputs are the flow

rate of air, air temperature, the flow rate of liquid and its temperature, whereas heat transfer

rate, pressure drop and noise level are the primary outputs that need to be analysed.

The basic operation of FCU usescieculated air which is air pulled into the FCU using the
fan deck assemblylhe heat exchanger has either cold or hot water circulating thtbegh
tubesdepending on whas required The air which is drawn across the heat exchanger is then
cooled or heated arekpelled through variouducts,which are attached to the spigot panel
into the room below which is seenkigurel.l. Various sensors and contrgigstemsare used

with the FCU to control the temperature in the room.



Spigot panel I I Ducts

Olse N

Drain Tray Filter
1 Fan Deck Heat Exchanger

Figurel.1 Operation of a Fan Coil Unfi]

Ducts

A centrifugal fan draws the air across the heat exchanger which will have either cold or hot
water through the copper tubes; this is then expelled into the room as Segurei.2.

Coidwatar in

FIN& TUBE HX

Conftraflow

Figurel.2 Fan operatioii2]

1.3 Heat Exchangers

As described in the previous section, heat exchanger represents the main part of the FCU. It

can be defined a& device thais used to transfer thermal energy (enthalpy) between two or
PRUH AXLGVY EHWZHHQ D VROLG Y¥olidpdtiEHatesQ GGDDAKXXKGG RDYV
different temperatures and in thermal contact. In heat exchangers, there are usxadynab

heatand work interactions7/\SLFDO DSSOLFDWLRQV LQYROYH KHDWLQJ
DQG HYDSRUDWLRQ RU FRQGHQVDWLRQ RI VLQJOH RU PXC
HIFKDQJHUV WKH AXLGV H[FKDQJLQJ KHDW Bbgdnd, He@ GLUHF
WUDQVIHU EHWZHHQ AXLGYV WDNHV SODFH WKURXJK D VHS
WUDQVLHQW PDQQHU ,Q PDQ\ KHDW H[FKDQJHUV WKH AXL
andideally, they do not mix or leak. They are used innpapplications, such as in heating,
ventilation and air conditioning systems (HVAC), power generadod manufacturing
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system The term heat exchanger is generally used to describe a varieégabtransfer
equipment such as condensers, evaporators, economisers and raldétaied information
about the heat exchanger analymslerdifferent operating conditionsill be discussed in the
next chapter.

1.4 Fan Motors

In order to circulate the gaired aiy afan motor is installed within the FCU. These motors can
be either AC or electronically commutated DC (ECDC) motor. Both the motors are capable of
rotating with variablespeed. HoweveAC motors need an additional multi tap transformer to
vary its speed. The new ERP (energy rated product) directive has forcedcamapgnies to
design new ECDC fan motors which are gdiant with the ERP directive andan produce
huge savings on energy bills but coma &igher priceThe new ECDC fan motorseup to
57% more efficient thn the AC fan motor, the AC farses 118watts of power input compared
to only 75watts on the ECDC fan and has 0.78pefific fan power compared to only 0.31 on
the ECDC. They run cooler due to a loweergy inputhavea rediced maintenance and lower
lifetime costs.Table 1-1 Comparisons between AC and Di@n motor [1] shows the
comparison between AC and DC motors.

Tablel-1 Comparisons between AC and B motor[1]

Specific
Fan Consumption
Input Power 12h per day
Airflow  [Volts Power (WYW/(I/s)) [(KWh)

AC Speed 6 (180 210 118 0.66 14186
DC Speed 6 |180 230 71 0.4 0.852 140% Improvement |
AC Speed 3 (135 170 78 0.58 0.936
DC Speed 3 |135 230 35 0.26 0.42 55% Improvement |
AC Speed 1 |55 50 45 0.82 0.54
DC Speed 1 |55 230 10 0.18 0.12 /3% Improvement |

1.5 Insulation

Provding adequate cooling & heating and low noise levels are the two most important

parameters that consumers expect from any H®E.noise levels can lbeduced by pplying



an acoustic insulation to certain areas of the F@tilvever this will increasahetotal costof
the FCU[3].

1.6 Heat Transfer Enhancement Techniques

In recent years, development of energy efficient leeahangers has become a concern for
many researchers and experts as the cost of energy and material has increased siffjificantly

[5].

Enhanced surfasdransfemmore heat than a standard surface, a reduction in weight of the heat
exchanger for a given heditity and pressure drop and a decrease in the pumping power for a
given size and heat duty are the main benefits of enhancement device. In general, enhancement
or augmentation techniques are classified into active and passive techniques. In addition, a
combnation of both activeand passive techniquesay be used for the aim of additional
improvement in the thermloydraulic performance of a heat exchanger. The following sections

include more details about these techniques.

1.9.1 Active Techniques

These techniquesequire external power to cause the expected flow improvement and
modification in the rate of heat transfer. Using external fasaoek agnechanical aidslectric

field, surfaceor fluid vibration and electrohydrodynamic fields are examples of these

techiques.

1.9.2 PassiveTechniques

Generally, these techniques use surface or geometrical modifications to the flow channel by
employing inserts or additional devices. The main result of that is a higher heat transfer
coefficients, and it also may lead to increas the pressure drdp]. Thepassive techniques
require no direct application of external power. These techniques include extended or rough
surfaces (where the effective heat transfer ereecreased)fluid or gasadditives swirl flow

devices, surface tensiaevices, et¢2],[7]

1.7 Motivation

In many engineering applicatignprocess of transferring heat between tmediumsat
different temperatures in a direct contact or separated by a solid wall occurs in ecdbette
heat exchangefhis function of exchangindné heat can also be found inariety ofrelevant
equipment such as contkers, evaporators, economisers, F&d radiatorsThey are all
commonly knowras heat exchangefBhermal performance of the heat exchanger depends on
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a variety of factorsncluding materials, used medium like water or air, device configuration,
ZDWHU IORZ DQG DLU IORZ HWF« ,QFUHDVH RI WKHUPDO S
savings during both manufacturing and operation of the device. Optimisation of the heat
exchangerdself as well as costaving,and faster design and development processes are often
referred to as heat transfer augmentation, enhancement or intensification. Main gains in thermal
performance are usually achieved by increase in convective heat transéelubgd thermal
resistance. However, better thermal performance usually is coming at a cost of increased
pressure drop across the heat exchanger and therefore increased energy requirement during
operation. This could be partially compensated for by smdisigns and overall device
miniaturisation of the heat exchanger unit. Therefore, design and development of new type of
heat exchangers is often an act of balancing competing requirements and different objectives
at different stages of the design procddgere in-depthanalysis is required to access in a
unified manner fluid side flow, airside flow performance, materials, manufacturing costs,

operational and maintenance costs and energy efficiency.

In the processof designing or predicting the perfornanof a heat exchangernscessaryo

link the total heat transfer rate to variopicess variablesThesevariablesinclude; heat
exchangergeometry flow arrangements, materials and desogmfigurationssuch as tube
sizes, fins geometry, operatingnditions and cost of operatioRurthermore, the experimental
and numerical analysis of the heat exchanger under steady condition cannot be agpked on
transient condition; hence, it is vital to conduct separate studies to ettedyperformance
characeristics ofthe heat exchangender this condition

An optimum design for a heat exchangas toprovide maximum heat transfer rate at low
pressure dropAs with high pressure drop in the heat exchangdsrge pump size is required
to overcome the flowesistanceausedy this pressure drop which may lead to an increase in

the costof the system.

The total duty of a heat exchanger dependthedifferencebetween the inlet and outlet fluid
temperatures and the mass flow ratee total duty for FCU tht is 1.43 m long can vary from
2 KW to 5 KW [1] depending on the mass flow rate for the santet and outlet fluid

temperaturedifference.

The primary focus of this study is to analyse the current heat exchanger and [@@pese
design modificationsn order to optimise the FCU desigm such way that it will take into
account whole life cycle of the device including development, manufacturing, and operation.
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Therefore, emphasis will be given not otdythethermal performance but also thecost of

manufacturingand operation.

1.8 Researth Aims

The main aim of this thesis is to improve thermal performamceminimise the costs the
fan coil unit (FCU)and the specific aims formulated for this research study are described
below.Detailed research objectivhave been placed the nextsectionin order to make them

easy to findThree specificesearch aimsan be formulatedsfollows: -

¥ Development of novelapproach tanaly® the thermal performance & multi-tube
and fin heat exchanger used in the current FCU unit experimentallp@merically
under steady state operating condition

¥ Development of more efficiemtesign for multitube and fin heat exchanger geometry
to improve FCU thermal performance

¥, To develop a novel performance optimisation model and to apply it to devel@p mor
efficient design of fins configuration for the muitibe heat exchanger used in the

current FCU based on muttbjective optimisation and total cost analysis

1.9 Research objectives
Based on the research aim presented in the presexi®n and after coducting a detailed
literature reviewwhich will be carried out in chapter, the following objectives have been

allocated to aid the research aims:

Al. Development o& novel approach tanalyse théhermal performance of a muttibe and
fin heat exchnger used in the current FCU unit experimentally and numerically under steady

state operating condition:

1.1 To carry out a qualitative and quantitative analyses of the results achieved
experimentally and numerically using a novel 3D CFD model for thelibas

model,

1.2 To use CFD to predict heat transfer coefficients and local fin efficiency for

multi tube and fin heat exchanger,



1.3 To determine the effect of longitudinal pitttansversegitch and fin spacing

on the thermal performance of multi tutzesl fins heat exchanger,

1.4 To develop a sereimpirical prediction model for the Colburn (j) factor and

Fanning friction factor (f) for the multube and fin heat exchanger with plain fins.

A2. Development of more efficient design for multbe and firheat exchanger geometry to

improve FCU thermal performance:

2.1 To present a novel fin configuration (perforated plain fin) and compare its

thermal performance with plain and louvre fins configurations

2.2 To carry out a comparative numerical study otilgde performance of multi
tube and fin heat exchanger under steady state operating conditions having plain,

louvre and perforated louvre fins,

2.3 To develop a combined seempirical prediction model for Colburn (j) factor
and Fanning friction factdff) which can be used for different fin configurations

2.4 To formulate the effect of hole diameter and hole spacing of the perforations

on the thermal performance of the mitiltbe and fin heat exchanger.

A3. Development of novel performance optimisatiomdel and its application to develop more
efficient design of fins configuration for the meuitibe heat exchanger used in the current FCU

based on muHhobjective optimisation and total cost analysis:

3.1 To propose a time efficient optimisation stratetpych take into consideration
limited experimental inputs, CFD modelling and optimisation,

3.2 To employ the new optimisation strategy to evaluate the thermal performance
of the heat exchanger used in the FCU with combination of plain, perforated and

louvre fins arrangements,

3.3 To derive an optimised model for the FCU design based on the heat exchanger
performance with the following inputs: fins geometry, fins arrangements and total

cost,



3.4 To assess the effectiveness of the proposed optimisati@ggtogtprototyping

and validating the new optimised design.

1.10 Organisation of Thesis

This thesis is organised int@venmain chaptersChapter 1 presents an introduction to the

fan coil unit (FCU), its main components and operating conditions principlem Eris
introduction, the motivation for carrying out this research has been defined, which identifies

the main areas to be reviewed in Chapter 2.

Chapter 2 starts with a background about the analgdithe heat exchanger under different
operating conditins. The next part of this chapfmesents an overview of current published
literature onmulti-tubes and fins heat exchangers. This chapter includes a review about the
research that has been carried out in the analysis of the thermal performancaulfithée

and fin heat exchanger used in the current FCU unit experimentally and numerically under
steady state operating condition. Moreover, a review of available literature for the design
modifications to improve the thermal performancerafiti-tubeand fin heat exchanger has

also been included. The last part of this chapter contains the literature review being carried out
on the optimisation techniques fiowlti-tubeand fin heat exchanger. Details of the scope of

research have been provided in therfaf specific research aims and objectives.

Chapter 3 has been divided into two parts; the first pactudes in detail a description of each
component that has been used in the experimental facility. The experimental setup has been
developed to validatéhe numerical model fomulti-tubes and fins heat exchanger and to
evaluate the effect of enhanced heat transfer for the optimum modified model on the thermal
performance of the heat exchanger. Additionally, an estimation of the uncertainty of
experimenth results has been includedhe second parprovides the fundamentals of
Computational Fluid Dynamics (CFD). The CFD modelling for the modetufi-tubes and

fins heat exchanger has been included. It covers in detail the implemented meshing technique
for the flow domain. Furthermore, this chapter specifies the suitable boundary conditions and

solver settings.

In Chapter 4, in order to understand the complex flow structurenmiti-tube and fin heat
exchanger, a detailed qualitative and quantitative arsabf the results achieved numerically
and experimentally has been carried out. Furthermore, the effect of various geometric and flow

related parameters on heat transfer and pressure drop characteristics orderaaid water



side for the heat exchger has been investigated. The regression analysis and the
corresponding equatisrior heat transfer and pressure drop characteristics as functions of all

relevant parameters have been presented.

Chapter 5 deals with the design modifications to improve thermal performance ahulti-
tubeand fin heat exchanger. This chapter includes an exteasperimental and numerical

studesto compare these design modifications with the baseline model of the heat exchanger.

Chapter 6 presents an optimisation moder imulti-tubeand fin heat exchanger. Moreover,
the cost estimation of FCU integrated withlti-tubeand fin heat exchangbkas been included.
This study includes aomparisorbetween baseline and modified models in order to evaluate

the effectiveness dhe modifications.

Chapter 7 draws the overall conclusions of the thesis and provides several recommendations

for possible future work.
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B HEAT EXCHANGERS  ANALYSIS
AND LITERATURE REVIEW

SUMMARY: In the introductionchapter,detailed information regardinthe parameter
affecting the design ofulti-tubeand fin heat exchanger has been identifiltis chapter
providesdetailed information about analysing the heat exchanger under different operating
conditionsfollowed by an intensivéiterature review to ighlight the knowledge gaps in the
existing literatureThe literature revievhas been divied into three main part) analysisof
performance oé heat exchanger used in therrent FCU unit experimentally and numerically
under steady statgeratingcordition, 1) design modification to enhance thermal performance
of the heat exchanger atit multi-objective optimisation of the new design and cost analysis.
Based onthis analysis research objectivealigned with specific research airhave been

formulated.
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2.1 Heat Exchangers Analysis

In order to analyse the heat exchanger and to determine the amount of heat that will be

transferred from one fluid to another, some fundamental assumptions are made ag8pllows

X Heat exchangers are stedthyw or unsteadyflow devices.

x Thermal propertiesf all fluid s arealmostconstant

x Constant overall heat transfer coefficient.

x No heat exchange between the heat exchanger and the surroundings (Adiabatic).

x The fluids are gaining the heat through the solid surfaces.

There are three primary flow arrangements in heat exchangers: ethowtgraralletflow, and
crossflow. In the counteflow exchanger, the fluids enter the exchanger from opposite sides.
Thisis the most efficient design because it transfers the greatest amount of heat. In the parallel
flow version, both the fluids enter from the same end and move parallel to each other as they
flow to the other side. For very long systems, the output temperatiboth fluids becomes

the same. The cro$®w heat exchanger moves the fluids in a perpendicular fashkigare

2.1 depicts the temperature profiles and schematics of the dpigaeheat exchanger for

paralletflow and couter-flow.
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Figure2.1the counter flow arrangements: (a) Schematic for codlmerchannels and (b) the
temperature distribution. The paralfdw arrangements: (c) Schematic farplleHlow channels
and (d) the temperature distributif$)

From the previous assumptions, the first law of thermodynamics can be written as.
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oL § (2.1)

where the heat transfer rate for hotdlis ©and the heat transfer rate for cold fluid

respectively.
OL*6 "5: 54F 5m (2.2)

QL8 "6 6mF 6g (2.3)

where ¢ §and ¢ garethe mass flow rate for hot and cold fluid, regpegy, and ’sand '

are the specific heats for the hot and cold fluid, respectively.

The overall heat transfer coefficient, heat exchanger effectiveness and the pressure drop within
the heat exchanger are the most important parameters in tlysisudlthe heat exchanger.

Therefore, the overall heat transfer coefficient, the heat exchanger effectiveness, basic methods
to calculate the thermal effectiveness and the heat exchanger pressure drop will be discussed

in the next sections.
2.1.1 Overall Heat Transfer Coefficient

To find an equation for the overall heat trangfeefficient,a thermal circuit across the wall

between the hot and cold fluid can be constructed as shadwigure2.2.

S N * T

Cold fluid T,

N hy 4, % 1/(hydy)

Ry
A
.

l F:
hot fluid Li(hi4))
Tl o
~ N N T
q

Figure2.2 Thermal Resistance and Thermal Circuit for a Heat Exchdager

Theresistance network around the wall can be expressed in three terms,

x Convective resistance through the hot fluid
x Conductive resistance through the wall

x Convective resistance through the cold fluid
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The UA value (the overall conductance) is definefBas

L— (2.4)

>V >——

A

WhereU is the overall heat transfer coefficier;and S are the heat transfer coefficients for
hot and cold fluids, respectivelysand gare the hat transfer surface areas for hot and could
fluids, respectively, and , is the wall thermal resistance. For flat wall, this resistance equals

to:

u L imr;;m (2.5)
where A, is the wall thicknesss , is the thermal conductivity of the wall material angd is

the heat transfer area of the wall.

2.1.2 Colburn (j) factor and Fanning friction factor (f)

In order to analyse the thermal performance of the heat exchangemjtortant to compute

heat transfer and pressure drop characteristics accurately by usidgnmensional parameters.

In the experiments, it is more common to present the heat transfer characteristics using Colburn
(j) factor and the pressure drop claeaistics using Fanning friction factor (f) as a function of

Reynolds number R[7]. Definitions forthesefactors have been presented|[3y as follows,

Fanning friction factor is the ratio between wall shear stress and the Kioetic energy per

unit volume.

Colburn factor a modified Stanton number to take into consideration the moderate variations

in the Prandtl number (Pfor arangefrom 0.5 to 10.0 in turbulent flow.

The Colburn j factor and the friction factor f can memputed from Eq.s2(6) and 2.7),

respectively.

fw 7
& iwZwewnGw P *9
Lol gilE: ESFPFt@ FSAE:SFPF iC (2.7)

Be i- Ky i i.
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The Eq. (1.7) has been proposed by Kays and Lofitljrand the coefficients yand .are
the abrupt contraction pressdoss coeffieent and the abrupt expansion presdoss

coefficient, respectively. These coefficients are adapted Figore2.3 [12].

Loss coefficient, K

01

0. ! | |
3 0.4 0.5 0.6

Contraction ratio, o

OO

Figure2.3 Entrance and Exit Pressure Drop Coefficients for FrieHeat Exchangdil 2]

Acis the flow cross sectional area arfftepresents the ratio of the minimum flow area to the

frontal area.Q&Q = J @ are the density of air inlet, air outlet and mean density, respectively.

2.2 Classification of Heat Exchangers

Heat exchangers classification will be discussed in this section. In general, heat exchangers can
EH FODVVL¢{¢]HG DFFRUGLQJ WR WUDQVIHU SURFHVVHV D QX

VXUIDFH FRPSDFWQHVV dRa@anyétdents Vendrment hidisar XaecHanisms
[13.

Generdly, heat exchangers can be classified into two groups:

A. According to its construction features
¥ Doublepipe
¥ SheltandTube
% Plate heat exchanger (PHE)
% FinnedTube Heat Exchangers

¥, PlateFin Heat Exchangers

15



B. According to the fluid used.
¥ GasLiquid
% Liquid-Liquid
Y2 GasGas

2.2.1 The Heat Exchanger Effectiveness

The heat exchanger effectiveness defined as the ratio between the actual heat transfer rates

to the maximum possible heat transfer rate, therefoem be written as:

2.
Ljé:Wn ( 8)
The maximum posslie heat transfer rate will occur when the difference in inlet temperature
and outlet temperature is the maximum value. Hence, for paitalieheat exchangetqg. 2.8

can bewritten as followq 9]

X ?Xe
BL Sy (2.9)

2.2.2 Basic Methods to Calculate Thermal Effectiveness

There are four basic design methods to calculate the thermal effectiveness of heat exchangers
[14]:

ONTU method
. LMTD method
. P-NTUt method
%P method

BN P

The fundamentals of the first two methods are discussed next because of their importance in

the analysis.
[. ONTU method

This method has been proposed[1§]. The method expresses the total heat transfer rate from

the hot fluid to the cold fluid in the heat exchanger as:
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L Bkgl: 5gF 69' (210)

where, Giin denotes to the product of mass and specific heat of the fluid which has a lower

thermal capacity rate.

In this method, the effectiveness of the heat exgbiais a function of the number of transfer

units (NTU), the heat capacity rate rati@") and(U) the overall heat transfer coefficient

Number of transfer unitdNTU): is a ratio between the overall conductance and the smaller
heat capacity rate.

LYE 5,

G _d Gb_dlE f (2.11)

Where(U) is the overall heat transfer coefficiefw/m? K).

Heat capacity rate ratiC") is the ratio between the smaller and larger heat capacity rate for
the two fluid stream so that C”

L :kGr:C d

0 L G d
Gwn kGncwn

(2.12)

where,(Cmaxy) denotes to the product of mass and specific heat of the fluid which has a higher
thermal capacity rate.

From equation2.10 and 2.12

G Xn ?Xngs Gy: Xy &? Xy ;

BL Gb_d:x'\_?XYi G:_d5XA_?XY;_

(2.13)

In general, as the effectiveness of the heat exchanger increases as the NTU increases. However,
thereare exceptions such that after reaching a maximum value, the effectiveness decreases with

increasing NTU.
II. LMTD method
Another way to express the heat transfer raf@3g
L ¢ ik (2.14)
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where U is th@verallheat transfer coefficient, A is higeansfer area, and . is the log mean

temperature differenceefinedas

& ik %@é’; (2.15)

where
isbk o sgF efAnd ¢ gL s5nF  gpfor paallel flow Z.16)
isb s5gF endAnd ¢ 6L smF ggfor counter flow 2(17)

F is the correction factor which depends on the flow arrangements. At the install design stages,
the value for the correction fexx can be assumed asTiable2-1[16].

Table2-1 Estimated Values for the Correction Fadtbs)

Heat exchanger type Correction Factor
True counter flow 1.0
Doublepipe heat exchanger in counter flow arrangement 1.0
Shell type of shell and tube heat exchanger 1.0
Cross flow heat exchanger 0.7
TEMA E shell with single pass on both shell side and tube si 0.7

,Q *HQHUDO IRU WKH GHVLJQ RI-NRm&bhdaws usét DMcort{ast< D Q J H L
for the design of shell and tube heat exchangers, the LMTD method igléked

2.2.3 Heat Exchanger Pressure Drop

Pressure drop in a heat exchanger is an important factor; it is vital to consider duringgime desi
process. This factor will determine the pumping power or fan work input necessary to keep the
continuous of the flow through the heat exchanger. Hence poor design can result in additional
cost. Pressure drop calculations are required for both fluicastse and in most cases flow
consists of either two internal streams or an internal and external stream. Pressure drop is
affected by a number of factors, namely the type of flow (laminar or turbulent) and the passage

geometry.

18



In general , calculating thgressure drop ia heat exchanger is necessary for many applications

for at least two reasof$4]:

1- The pumping power @pis the power required toin the working fluids and this power
is related to the heat exchanger pressure drop. EquzatiBrdescribes the relationship
between the pumping power and the heat exchanger pressure drop for moving devices
such as pumps, fans, and blowers.

KT

S L (2.18)

2- At large pressure drop, the heat transfer rate is considerably affected by the saturation
temperature change for a condensing/evaporating fluid.

2.3 Transient Behaviour of a Heat Exchanger

Under practical conditions, steady testing is not feasible or practical because the inputs of the
heat exchanger are time dependent. Hence, it is very important to analysis the heat exchanger
under transient conditions where the inputs andthputs are dependent on tifile]. Heat

exchangers with two working fluids are operating at different states,

x Steady state where the inlet and outlet temperatures of both fluids are constant ov
time.

X Transient state where oneboth fluidsis / arehaving a change in its inlet temperature.

According to[17] the transient inputs can be:

X Step input; where the inlet temperature or flaterchanged suddenly to a new value.
X Frequency input; where the inlet temperature or flow rate changed periodically.

X Impulse input; where the inlet temperature or flow rate changed by an infinite

amplitude.

Figure2.4 illustratesa diagram for these inputs.
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Figure2.4 Transient Input$l17]
A mathematical model is propes by many researchghg],[19],[20],[7] and[21] to express
the convective heat transfer between the wall of a heat exchanger and fluid streams at constant
velocities. The radel consists of three linear partial differential equations. The schematic

description of cross flow heat exchanger is showFiguire2.5.

y=oNIU y, 45X

2 wmp ‘:ff :::::H::::::::::::::: :%Y
L

1 x=NIU

Figure2.5 Schematic Dscription of Cross Flow Heat Exchangzd

In order to develop a mathematical solution for cross flow heat exchanger model some

simplifying assumptions are made. The assumptions are as$§id]:

Single phase for both fluids and they are unmixed;

X

X

Adiabatic setup;

Neglecting the axial conduction in both fluid and walls;

x

Constant fluid velocity in each flow gat

x
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X Both fluids are finitevelocity liquids or gases;
X The independence of the heat transfer characteristics and physical properties from

temperature, position and time.

Based on the previous simplifying assumptions and by applying the energy equatiotis on bo

fluids, three simultaneous partial differential equations can be wf&@nvhich are shown

below:
o St sF i FiS s W F 6 (2.19)
u Tm ay -9 45- 5 ur» F -9 6 u 6 .
ax 5ax =
*s 1 4BT EC—CL:S 5t 5F (2.20)
5 X 52X L& L .
L T 4B;T E? ar' CL :S 16+ U F 61 (221)
where,

Mw andCpy are the mass and specific heat of the wall of heat exchanger, respectively.

In experimentsthe single blow transient testing has been used toiroltkee heat transfer
characterises of the heat exchan@sd]. The test is based on changing the state of the fluid
from steady to a transient condition in a short time by changing the inlets conditio

2.4 Literature Review

Multi-tubeand in type heat exchangers have numerous application areas in the field of thermal
engineering. There are several §hapessuch asplain, louwe, convexlouvre, and wavy.
Among these designs, piein configuration ishe most common fin design in heat exchanger
applications, due to its simplicity and rigidity. Circular type tubes are the typical geometries

used in heat exchangers.

Many studies have been carried out to improve the performance of heat exchangersato meet
certain duty. These studies involve many techniques can be classified as two major

technique$?2],

X Active technique, use external forces, such as electric field, surface vibration.
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x Passive technique, use special auef geometries or fluid additives

2.5 Analysis of Performance of a Heat Exchanger Used in theCurrent
FCU Unit Experimentally and Numerically under Steady State Condition

2.5.1 Experimental Studies

Wilson [24] experimentdly developed a method to evaluate the convection coefficients in a
variety of convective heat transfer processes. Thhadeativided the overall thermal resistance
into three major resistanceke internal convection, the tube wall and the external convection.
The result of this method is represented graphicalligure 2.6, where the wateside heat

transfer coefficient is a function of water velocity

Intarcapt=C,

fy
Figure2.6 Original Wilson Plo{25]
Modifications of Wilson method weparried out bysiederTate[26], Colburn[27] and Dittus
Boelter[28]. These modificationsorrelateNusselt number with the Reynolds and Prandtl
numbers in conformity with Equatior2.Ql). In those correlationghe authorsassumedhe

exponents of the Reynoldsimber (nA) and Pratichumber (mA) for Eq. (22).
L ¢ #F "fF (222

where, A is denoted for fluid, C is constant, m igsnexponenof Prandtl numbeand n isan

exponent oReynoldsnumber.

Wang et al.[29] provided an experimental data, by studying 15 samples with different
geonetriesanda rangdor Reynolds numbeirom 300 to 75000ntheplain fin and tube heat
exchanger having 3/8(9.52 mm)tube diameter. Furthermore, the effect of fin spadihg,
number of tube rows and fin thickness on the heat transfer and fricticactdréstics are also
studied. The results of this study are sh@kigure2.7) in terms of friction factor and Colburn

j-factor against Reynolds number. The study statvat there is no effedf the fin thickness
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on the heat trasfer or friction characterists. The number of tube rows haegligible effect
on the friction factor. Alsofor the range of Reynoldsumber usedh this study, it has found
thatthe fin spacing has no effect on the heat trardfaracteristis Howeve, the study does
not take in account changing the diameter of the tubes.

0

10

10°}

Figure2.7 Friction Factor and ColburnRactor for the Tested Sample§]

Abu Madiet al.[30] examned thethermalcharacteristics of the round tube and plate finned

heat exchanger&ased on consideration of the heat transfer and fluid flow relations for the

heat exchanger surfaceAbu Madi et al. developed aovel approach for deriving the
geometricratios in the correlation equation&uthors state that the fin type affects tresat

transfer and friction factor, whilst the numbers of tube rows hawuasignificanteffect on the

friction factor. The number of tube rows effect was found to be infeeby the fin and tube
JHRPHWULHY DV ZHOO DV WKH 5H\QROGY QXPEHU +RZHYHL

of fin used, as well as the experiments are only limited to four rows of tubes.

Wanget al.[31] studied the airside performance of fin and tube heat exchangers with plain fin
configuratons. A sum of 18 samples wiested to study theffect of the number of tube rows,

fin spacingand tube diameter on the thermal hydraulic characterigtes author concluded

that the fin pitch has a strong effect on the heat trankfaacteristicéor a range of Reynolds
numberfrom 300 to 3000 adh for one and two number of tube rowdoreover, a very small
effectof the number of rows on the friction performames been foundnd the effect of tube
diameter on heat transfer performance are linked to fin pitch.
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+ D 0 O F d32Hiveddigate the influence of the number of tube rows on heat, mass and
momentum transfer experimentally for flglate finnedtube heat exchangewsder both wet

and dry surface conditions and forrange of Rynolds number between 3@hd 2000. Heat
exchangers used in this stutilynsist of Aluminium fins and Copper tubes. The number of rows
was increased from (1 to 4) for the same geometry eplde finnedtube heat exchangeis.

has been found in thisugty that, the Colburn and friction factase higher for wet surfaces

comparing withdry surfaces.

Wang[33] tested 3@lain fin and tube heat exchangevgh a different number of tube rows
to examine the heat and mass analogy under dehumidifying probessudy has been carried

out for a rangdor Reynold number betweeB50 and 7500. Wang stated that the ratio of
S‘“’XSJ, na IS in the rangdetween0.6and1.1 and it is unaffectebly anyvariationsof fin
an Na

spacing at low Reynolds number, as it can be seenRigune2.8. where (R,o) is the sensible

heat transfer coefficient, {B) is the mass transfer coefficient ang {ds the heat capacity.
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Taler [34] presentedwo methods for determing the airside heat transfer coefficient for a
model of twepass radiator consists of two inline rows of oval tubes with smooith fota.
Talerdeveloped a correlation for the heat transfer coefficient on tred&irbased on tHest

method which isbased on thexperimental data. Furthermore, bencluded that the heat

transfer coefficients based on the air temperature difference across the heat exchanger obtained

from the second method, CFD simulation, are larger because the CFD simulation does not

account for the thermal contact conductance between tubes and fins.

24



Chaudhariet al [35] studied theeffect of finned heat exchanger over a without finned tube
heat exchanger on the overall heat transfer coefficient. The study was done experimentally for

an automobile radiator. The authors concluded with:

X Experiment setup ia useful tooto analyse a fined tube heat exchanger.

X The overall heat transfer rate for a Homed tube heat exchanger is less than the finned

type.

Taleret al [36] proposed two modifié methods, the first one is poedicate the mean value of
thermal contact resistance in plate fin and tube heat exchanger. The second is to find the
average heat transfer coefficient the air flow. Those methods were established based on
experimental and CFD simulations data. Taelal recommended pigetting the value of
thermal contact resistance between the tube and the fin of the CFD model on the source of the

experimental data

Wang et a[.37] carried out an experimentabmparative study of the airside perf@amce of

fin and tubeheat exchanger having plain, loexand semidimple vortex generator (VG) far
different number of tubes row and different$pacing. The results of tlsistudy indicated that

the effect ofa number of tubes row on the heat transfer coefficients is small for both louvre
andsemidimple vortex generator fin geometry. Furthermore, the heat transfer coefficients for
louvre fin geometry, foa number of tubesow equal to 2 and 4 rows, is aboul2% higher

than those ofemidimple vortex generator fin geometry.

Song et al[38] experimentallyinvestigatedhe effect of fin pitch, tube pitch and two sizes of
curved delta winglet vortex generators wdliferent base length on the heat transfer and
pressure drop performance of circular tfilme compact heat exchangefhe study used
Colburn factor (j) and friction factor (f) to evaluate the heat transfer and pressure drop
characteristics of the heat exctyer, respectively. The results of this study reveal that at low
Reynolds number, heat transfer enhancement has been achieved for the smaller vortex
generator which locates close to the tube. Furthermore, changing the fin pitch has a strong

effect on thdriction factor and therefore on the cost of the heat exchanger.

2.5.2 Numerical Studies
A predictionof the heat transfer and fluid flow pemrimanceof the heat exchanger iisainly
carried outby some extensive experimental studiéswever, thecapability of he numerical

studies hascreasedvhich allowed CFDsimulations tdoe used more frequently.
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Singh et al[39] introduced two segment by segment models, resistance model and conduction
model, that account for fin conduction fberefrigerant to air heat transfer in fin and tube heat
exchanger. The results of this study showed a good agreement with some experiments.
However, this study was based on refrigerant to air heat transfer in fin and tube heat exchanger.

Borrajo-Pelaezet al [40] presented -® numerical simulations, ugy CFD, to compare both

an airside and an air/wateide moded. The effect of Reynolds number, fin pitch, tube
diameter, fin lagth and thicknessndahe mechanical and thermal efficiencies was studied. The
authos evaluatedhe model performance by using two nahmensional parameters; the air
side Nusselt number and a friction factor. It was found that the effect of the fiveqiara
over the mechanical and thermal efficiencies can be well reported using thedimeasional

coefficients.

Dongetal. [41] presented anx@erimental and numericatvestigation of friction factor and
heat transfer performance fafully developed turbulent region of air flow in a wavy fin. The
investigation was dwe experimentally and numerically. The results of this investigation
indicated that there is megligible effecton the different wavy fin profiles Triangular,
Sinusoidal and Triangular round cornen) friction factor and heat transfer performance.
addition, the standar8- Omodé (SST) is the most appropriate mode to simulate the air flow

and heat transfer of wavy fin, for a range (1G&8500) of Reynolds number.

Lu et al[42] carried out a numerical studly establish the effeaf fin spacing tube pitch, fin
thickness, and tube diameter on thermal performance of-eotwéin and tube heat exchanger.
The performance of the heat exchasgeevaluatedn terms otthe ratio between heat transfer
rate and pressure drop (V\c{ ) andthe coefficient of performancéCOP). The results of this

study indicate thads the longitudinal tube pitch and of transverse tube pitch increases, the ratio

( V\C{ ) increasessteadily. However, the ratio (V\é ) diminishesas thetube diameter and fin

thickness geshigher.Additionally, an optimum value for the ratio (V\cl’ ) has been achieved

at6 8 fin per inch.

y D Udt ®I[B3] used CFD tanalyses the fluid flowf the ar side of a multirow fin and tube
heat exchanger with flgplain) and louvred finsn a range of Reynolds numbéased on fin
spaing and air frontalelocities, between 70 and 350he study reported that Reynolds
number equal to 350, an increase in heat trapsidormance of 58% was obtainkx louvre
fins comparing withflat fins. Furthermoreas the loure length increases an almost linear

26



improvement in heat transfer performance cambiced for a constant Reynolds numlzes,

can be seen iRigure2.9.
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Figure2.9 Linear Relations between Louver Length and Heat Trasfgormancg43]

Altwieb et al.[44] carried out arexperimental and numerical investigatiomtheresponse of

a multi tube and fin heat exchanger under steady state operating conditions. In these
investigations, aevel 3D numerical modekith the full geometry of the heat exchanges

been implemented tdevelopa set of desigequations which can be used to predict the heat

transfer rate and the pressure drop across the airside.

2.5.3 Summary of Literature Regarding the Analysis the performance of the heat
exchanger used in the current FCU unit experimentally and numerically under Steady
State Condition

In order toidentify the knowledge gaps in the areaamfalysng the performance of the heat
exchanger used in the cent FCU unit experimentally and numerically under steady state
condition, the literaturereview has been carried out. Consequetitlgan be noticed that the
published literature haa limited range of investigation parameters. Furthermore, the literature

presented lack certain aspects, such as:

1. Most of the CFD based studies use a computational domain whichk itatke
consideration only part of the fin

2. A majority of these studies lack local flow field analysis, sucloaal fin efficiency,
local heattansfer coefficienandtemperaturealistribution of the working fluicand on
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fins. Theidentification ofthe improvement oftheselocal flow features may improve
the performance of the heat exchanger

3. A majority of the literatureseems to be omiktg the pofiles of the air flow with
different velocities in centre and at the edges of the test section. As well as influence of

the temperature profile along the water tube.

2.6 Development of more efficient design for multi-tube and fin heat

exchanger geometry tomprove the FCU thermal performance

In recent yearananystudieshave beewarried outo improve the performance afmulti-tubeand

fin heat exchanger and therefacemprove the thermal performance of the EQlle main task
behind these studies isénhance the thermal performance of the heat exchanger with less pressure
drop and a reduction in both material weight and cost.

Wanget al.[45] carried out an experimental study on the airside performance of compact slit
fin and tube heat exchangefaithorsprovided a comparison between the compact sliafha
louvre and plain fin surfaceising differem comparison methods; comparison using Colburn
and friction factors, comparison of heat transfer as a function of fluid pavegrerformance

comparison with a reference surfaté@e results of this study showed that:

x A small effect for the number of tulbew on the frictional performance for the present
compact slit fin geometry.

X The slit breadth represents a major function to improve the heat transfer performance.
In contrast, the slit height represents a minor function to improve the heat transfer
perfomance.

x Based on theomparisorof the airside performance betweenompact slitlouwe and

plain fins. It is found that theompact sliand louve fin are similarin the results

According to Webb et 446] andWang et a[47] extending the fin surface come to be one of
the mat important means to enhance the heat transfer performance. Moreover, the plain fin is
common use because of it is easy to manufacture, simply to assemble and result a lower

pressure drop.

Torii et al.[4] presented a novel strategy, delta windygte vortex generators, to enhance the
heat transfer charactees of fin and tube heat exchanger waiticular tubesat low Reynolds

number.The thermal performance of this novel fin has been evaluated experimenkely.
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configuration of winglet type vortex generator on the fin sudad® is depicted inFigure
2.10.

Vortex Generators
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Figure2.10 Configuration of Winglet Type Vortex Generator on the Fin Surfadee[4]

The results of this study revealed that for a staggered tube banks, the heat transfer was improved
by 10% to 30% this was accompanied by a deeret34% to 55% in the pressurdrop, for

the Reynolds number rangifigm 350 to 2100Joardaret al.[5] applied the same technique

on a compact plain fin and tube heat exchanger.stidy was carriedut by comparing the

overall heat transfer and pressure drop performahttee modified desigs) one withasingle

row and the other with thre®w winglet vortex generators, withlmseline modelith no

winglet vortex generatoyf&igure2.11illustrates thetireefins configurationspver a Reynolds

number range of 220Re « 960.
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Figure2.11Winglet Vortex Generators Fins Configuratidbé
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The results of this study showed that vortex generator technique can significduathce the
performance of firtube heat exchangers where, for the shngie winglet configuration, the
air-side heat transfer coefficient increased from 16.5% to 44% and the pressunasiggme
higherby 12%. For the threeow vortex generatozonfiguration, the heat transfer coefficient
increases with Reynolds number from 29.9% to 68.8% avithe ofthepressure dropy 26%
atReynolds number 960 to 87.5% aReynolds number 220.

Erek et al.[48 numerically investigated the impacts on heat transfer and pressure drop by
changing the fin geometry of a plate fin and tube heat exchanger. Thegatiestiobserved

that placing the fin tube at downstream region affects heat transfer positively. Another
important resulof this investigation is that larger heat transfer and pressure drop values are

obtained as the fin height is increased, due to ttreased heat transfer surface area.

Banerjee et al. [23] numerically studied the effect of having perforations on plain annular fins
on the heat transfer and pressure drop characteristicgamitius locationsf the perforations.

The numerical study hdseen carried out for a range of frontal air velocity from 1 m/sec to 5
m/sec and a corresponding range of Reynolds number was between 4000 and 24,008y The stu
takes io consideration also the effect of the aamiform fin spacing on the pressure drop.

The results of this study indicate that the location of the perforation on fin surfaces significantly
affect the performance of this fin and it has recommended having the perforation on the back
side of the fin. In addition, it is reported that the presdoop for noruniform fin spacing is

lower than the uniform fin spacing design

Liu et al.[49] carried out a numerical investigatitm study the effect of the perforation size
and number on the aside(j) factor and heat transfer rates of finftatle heat exchangers for
different fin spacing. The results of themerical simulations dhe perforated fins have been
compared with plain finwith the aim to evaluate the heat exchanger performance. It has been
found that, by increasing the @iide Reynolds number from 750 to 2350 and for a constant fin
spacing, the aiside (j) factor hadncreased by % and 8.1%, respectively. Moreover,
perforated fins heat exchanger has a higheside (j) factor comparing with plain fins heat

exchanger.
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2.6.1 Summary of Literature Regarding the Development ofmore efficient design for
multi -tube and fin heatexchanger geometry to improve FCU thermal performance

In the previous section,lidéeraturereviewregarding the development of new designniorti-
tubeand fin heat exchanger geometry to impré&J thermal performanckas been carried

out. It has notied that thditeraturepresented abovack certain aspects, such as:

1. Thescopeof workthat is published is vetimited on the perforations of plain or louvre
fins which represest a passive enhancemetdchnique to improve the thermal
performance of theeat exchangeil he influence of perforations on local flow features
as well as global performance indicators is a major research gap that needs to be
bridged.

2. Majority of equationsvhich have beemnlevelopedor the design purposésve limited
applicaility andthese do nanclude all the geometric parameters corresponding to the
fins.

3. Most of these studies lack in investigation of parameters such as hole diameter and hole
spacing of the perforations. These parameters significantly affect the thermal

performance omulti-tubeand fin heat exchangarhich need to be investigated.

2.7 Multi -objective optimisation of the more efficient design and cost
analysis

As discussed in Chapter 1, the heat exchanger is the most important part in the FCU. Therefore,
the following section provides a detailed review of the available literature in the field of

optimise the design ahulti-tubeand fin heat exchanger

Fax et al[50] has presented the firsystematic heat exchanger optimisation methodoiogy
1957. Themethodologyappliesthe Largrangian multipliers method in the optimisation of

platefin gas tubine heat exchanger based on analytical solutions.

Queipo et al[51] has combined numerical simulations and @enetic Algorithm technique

(GA) to optimise of electronics cooling. This work is regarded as the first work to use numerical
solver in heat exchanger optimisatiém.addition,Guessougt al [52] devolved a simplified
framework for shape optimisation @ngine cooling systenfradiator) The framework
combine the GAMBIT® and FLUENT® software with an4house codeMoreover,Suram

et al.[53] optimised the fin shape of the heat exchanger using numerical simulations coupled
with graph based evolutionagygorithm
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Mishraet al[54] and Xie, Sunden et #b5] used the Genetic Algorithm technique (GA) to
design and optimise a compact heatreangers (CHE). The technique was sufficient to exploit
the problem and deal with numerous variables within different constraints. Xie, Sunden et al.
carried out aheoretical optingation desigrby taking into consideratiothe minimum total
volume or/ad total annual cost of the CHE as objective functions in ther€pectivelyThe
authors concluded th#te optimised CHE providesreduction in both total volume and total
costwith or without pressure drop constraintsurthermorethe presentednethal can be
transferred for use in optimisation design of different types of heat exchangers with different
fins configurationssuch asperforated, slotted and louvered fidishraet al. developed a
genetic algorithm based optimisation technique for cross fplatefin heat exchangers using
offsetstrip fins. The aim of the study was to minimise the number of entropy generation units
for a specified heat duty under given space restrictions.

Rao et a[56] caried out a thermodynamic optimisation of a cross flow pliateheat
exchanger using the particle swarm optimization (PSO) algorithm technique. The authors
considered the minimisation of entropy generation units and minimum total volume and/or
minimum totalcost as objective functions. In their conclusion, the authors mentioned that the
PSO technique is simple in concept, has few parameters and easy to put into practice comparing

with Genetic Algorithm technique (GA).

Juan et al[57] optimised aplate fin and tube heat exchanger using the Genetic Algorithm
technique (GA). The fin pitch, the transverse and longitudinal tube pitches and the tube
diameter were considered as optimization parameters within reasonable constraints, the total
rate of heatransfer and the total pressure drop of the air side are considered as two differing
objective functions. Results show, in the range of Re = #2800, an increase of the total

heat transfer rate of the optimized heat exchanger by abot.2% comparig with the

original one, the heat transfer coefficient increased by abott8.2% and the total pressure

drop decreased by about 4846.

Myhrenet al.[58] optimisedthe heat output of a ventilatioradiator byproposing asimplified
fin configuration model. The model has bemsedto optimisethe spacing between convection
fins. The results of this study showed tHarmal performance of theentilation radiatocan
be enhancelly decreasing the dance betweenonvection fins inside the radiatpanels in
order to enlarge tharea of heatransfer surfacesrhis change in the internal geometould

meana considerable increase the pressuralrop.
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Yun et al.[59] carried out an experimental study to analysis the effechgiifth angle of slit
patern,slit lengthandslit heighton the thermal performance @heat exchanger with slit fins.
The authors used a now#iimensionless factor to determine the optimisendition ofeach
parameter from thaforementionegarametes. The factor is named JF factor and it is the

largerthe-better. The JF factor can be expressed as,

L rw’“ (2.23)
%AW
where, j is Colburn factor whickymbolisedthe heat transfer characteristics dnsl Fanning

friction factor whichsymbolisedhe pressure drop characteristics of the heat exchanged j
fr are the values of j and f for tiheference heat exchanger used in the experimental results.

The work presented byun et al.[59] has been followed YIS Kim et al.[60] and Jonghyeok
et al[61] to carry out a multbbjective optimisation and use the JF factor as a swigective
function for the optimisation of a heat exchanger with ofé¢ep fins and a channel with
aligned dimples and protrusigrrespectivelyHowever the abovementonedresearch works
have been mainlyocused on the optimisation based on geometriparametersand the
objective of minimum total cost is not consideesdan optimisation objective

Song et al. [57] employed ANSYS Workbench software, and Fluent tg stacheat transfer

and pressure drop characteristics of offset strip fins. The authors developed new correlations
for jis Colburn factor f is Fanning friction factor for Aluminium pldie heat exchanger NB/T
470062009. In this study, it has been sthtbat the traditional empirical formula is not able

to cover the general specifications of domestic offset strip fins. Therefore, it is vital to develop
more precision correlation using a numerical technique in order to optimise the design of the

heat exbanger.

Singh et al[62] carried out a systematic numerical study on thealvaerformance and weight
reduction of a crosiow type fin and tube heat exchanger design for a waste heat recovery
application. The study aimed to improve the thermal performandeeduce the total cost

the heat exchanger by proposimgew georetric designbased on changing a dimensionless
design variable named aspect ratit) from UL r& (triangular profile of the fin) to
1(trapezoidal profile of the fin). However, the numerical model for the heat exchanger used in

this studyhasconsidered only onbalf of the fin.
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2.7.1 Summary of Literature Regarding Multi -Objective Optimisation of the more

efficient Designand Cost Analysis

In the previous section, thigdrature review about theptimisation of the heat exchanger has

been presented R WKH EHVW RI DXWKRUTV NQfRatl@dbeehdarrdtiottUH LV C

on theoptimisation process of the heat exchangach as:

1. The existing studies do not explain in detail the optimum design procedure of the heat
exchanger. Therefore, the development of a reasomefdeence frameworkor the
optimum design of the heat exchangeraquired.

2. Majority of thepresentedtudies regardinthe optimisation of the heat exchantgak
thetotal costs optimisation

3. The lack ofoptimum design proceduf@ptimisation strategyof the heat exchanger
which take into consideratianaximum heatransfer, low pressure drop and least total

cost.

For successful completion of the project and achieving alpteeiousmentioned aims and
objectives, a combination of experimental and numerical investigations have been carried out.
The following chaptewill provide a detailed explanation of tlexperimental setup and the

numerical method thatalvebeenemployedn this study.
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B EXPERIMENTAL  SETUP  AND
NUMERICAL MODEL

SUMMARY: Basedon theresearch objectives that have bpessentedn the chapteitwo,

this chaptedevelops various tools for numerical and experimental research which are called
collectively frameworkused in this studyThe first part of thischapter provides a detailed
description of the experimental setwpich has been designed andltbat the University of
Huddersfieldwith the cooperation of TEV Ltd, BrighoudéK. The descriptionincludesthe
equipment usedgonfigurationof the setuptest procedurandthe method of estimating the
uncertainties in the experimenthe second partedls withthe methodology of the CFD
modellingfor multi-tubes and fins heat exchanger which is used in this stutyniethodology
includesthe governing equationsyodelgeometrymodelmesling, and justification of applied
boundary conditions.
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3.1 Introduction

An experimental setup has been designedbarit at the University of Huddersfieldith the
cooperation of TEV Ltd, BrighouseK to perform the experiments of thaulti-tubes and fins
heat exchanger modeétigure 3.1 showsa schematic diagram of the experimental setup. The

main objectives of the experimental work are:

x To validate the numerically predicated resultsrafiti-tubes and fins heat exchanger
modek with the results obtained from experimental tests.

X To evaluate erdmced heat transfer and pressure drop for the optimum new model on the
thermal performance ofulti-tubes and fins heat exchanger modslcompared to the

baseline model that has been mentioned in previous chapter.

e

1- Water Tank S- Fan Coil Testing Unit
2- Flow Circulator Pump and Heater 6_- Pressure Transducers
3- Central Heating Pump 7- Thermocouple Data Logger TC-08
4- Water Flow Meter 8- RTD sensors Data Logger PT-104

9- Computer

=

<l e j

Figure3.1 Schematic of the Experiment Setup

3.2 Test Rig Components

The setups mainly composed of aater tank heater, pump, flow meter, fan coil testing unit,
pressure transducgthermocoupledata loggerRTD sensors data logger and a compute
the following individual elements of this setup have been explained.
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3.2.1 Water Tank
" 3LSH ZDV XVHG WR VWRUH WKH ZDWHU UHTXLUHG WR EH
has 5 L volume capacity. In order to minimise the heat loss, the tanle@awiappedusing
reflector foil which educes heat loss frothe water tanky reflecting heat back inti, as
shown inFigure3.2.

Figure3.2Water Tank

3.2.2 Flow Circulator Pump and Heater
The heatershown inFigure3.3, wasused to heat the watepto 60 (C) and 75(C) [37], [459]

using a controller shown iRigure3.4. The heater has a power rating of W at 230 V.

Figure3.3Water Heater

Moreover, this heater has the capabilitptonp watethrough the flow loop at low flow rates
which can be used to analyse the flow through the system in laminar region.
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Figure3.4 +HDWHUfV &RQWUROOHU

3.2.3 Central Heating Pump
This standard higlefficiency pumpwasused to pump water through the flow loop at high flow
rates. This pump, showm Figure3.5, has a LED display for setting the set point and displaying

current consumptiofrange between 4 to 40Wllhe pump has a 6 marimum delivery head.

Figure3.5Water Pump
3.2.4 Water Flow Meter

To measure water flow rate,Fdlowmax 44iwas usedshown inFigure3.6. This water flow
meter is able to calculate tkelume flow of liquids based on the ultrasonic technology. The
measuring range for this flow meter is 0.3 to 21 (L/min). The flow meter redi8res30 V

DC power supplywhile the wirrent outputis 4-20 mA, a current to voltage converter has been
used o connect the flow meter with DAQ. In addition, the flow meter is abdboevtheactual

flow and volume countesn a background lighted display.
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Figure3.6Water Flow Meter

3.2.5 Fan Caoll Testing Unit
Figure3.7 showsa schematic diagram tife fan coil testing unit. The ungmainlycomposed
of test sectiorthousing) centrifugal fan, heat exchanger and some measuring components. The

details of thesendividual elements will be disssed in following sections.

l. Test SectiofHousing)
The testing section was made up from galvanised stesdtwith 2 mm thicknessiveted
together to form théest sectiorwhich holds the heat exchanger and fan assenilblg test

section is 650 mm lay) 165 mm wide and 175 mm high.

Air Flgw|D

- H
Air Outlet Section Air Kilot Section
Water Outlet Water Inlet
A- Test Section E- TFI Cobra Probe Station
B-Centrifugal Fan F- Air Inlet Thermocouples Station
C- Heat Exchanger G- Air Outlet Thermocouples Station
D- Honeycomb H- Pressure Drop across Airside Measuring Points

Figure3.7 Schematic of the Fan Coil Testing Unit

Il. SingleSided Centrifugal Fan with Integratétlectronically Commutated (E@Jotor
In this study, a singlsided centrifugal fia with integratedelectronically commutated (EC)
motor has been sourced for the purpose of tsearchThe EC motor has been controlled
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using a potentiometer, to control voltage in order vary the speed of motor allowing changing
the various air flow ras to pass througkest sectionThe technicabpecificatiors of this fan

areshown inTable3-1.

Table3-1 Singlessided Centrifugal Fan Technical Specificatj683]

Description Value
Voltage 1~ 230 VAC
Voltage Range 1~ 200277 VAC
Frequency 50/60 Hz
Power 119 W
Rated current 09A
Speed 2150 rpm
Airflow 610.0 ni/ hr
Operating temperature rang -25...+30°C
Direction of rotation Clockwise viewed from the rotor facing
Engine type M3GO074CF
Engine Model Energysaving EC motor with integrated electron
Motor protection / Protection] Built-in antilock.
Protection class P44
Motor insulation class B
Bearings Ball bearing
Material The rotor galvanized, electronics encased in
Aluminum castings.
Impeller Made from galvanised sheet steel
Mounting positon Free
Electrical connection Cable 450 mm.
Weight 2.4 kg
1. HeatExchanger

Themodel ofmulti-tubeand fin type leat exchangewasused in this studigasplain finsshown
in Figure3.8. Theheat exchangeronsists of two rows dfibesof 9.52 mm diameter, each row
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contains 5 tubes, the over length of each tube is 130 mm andrtjeined together witl25
mm bend.

ol -»oonmm’ / up

o :ﬁ-uh‘»»h»nuum
ﬂTm»»»ummm L-
VERBIBRA ML LR ALt B

§
Ll S I TN PIY Y ITY

A _@‘t-{, B

Figure3. 8 Multl -tubeand Fin Heat Exchanger with Plaln anealme Model)

Tubes are made up from Copper with 0.26 mm thickness. The heat exchandesthggered
configurationfins made up fromAluminium with 0.12 mm thickness. Fins are 44 mm wide
and 125 mm high and they are placed 4.23mm apart from each{@®fives per inch)fins are
attached to the Tubes by a tight mechanical (press)He. detailed dimension of theeat
exchangers shown inFigure3.9.
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Figure3.9 Heat Exchangebimensions

Flow Straightener (Honeycomb)

In order to suppress the incoming free turbulence flow honeyemmsbplaced at the outlet of

the centrifugal fan.

V.

TFI Cobra Probe Station

In this studythe mbraprobewasused to measure the air velocity atitilet of the test sectign

as shown irFigure 3.10. The cobraprobe is a multhole pressure probe able to resolve 3

components of velocity and local static pressure in real Moesover, theASHRAE standard

41.2 was adapted tmeasure the air velocity at 25 points in the inlet sedt8th 64]. The

details of this process are described in Appendix B.
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VI. Air Inlet and OutletTemperature MasuringSations
The air inlet and outlet temperatures upstream and downstream the testing unit were measured
by two measuring stations; each measuring station is composed of séyea dxposed
welded tip thermocoupsgCopper / Constantaif}7, 64]. Using sevethermocoupleor each
side has two advantages; The first is to improve the accuracy by having large signal, and the
second is automatic averaging of the air tempeeadistribution on both inlet and outlet

measuring station3 he specifications of thermocouple afeown inTable3-2.

Table3-2 T-type Thermocouples Specificatiofh)

Description Value

Thermocouple Type T-type exposed welded tip
Operating range -75°C to +250°C

Cable Length 2000 mm

Standards Met ANSI

Typical accuracy 0.5°C

The data from these thermocouples were recorded then averaged. During testing, these
thermocouples were repeatedly checked and calibrated using a standard therngameter.

AppendixA.
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VIL. Micro-Manometer
The pressure drop across #isside of the heat exchanger was detected by using DPM TT550
micro-manometerFigure3.11. The micremanometecanmeasure the static pressure in range
+ 0.4 to 5000 Pascal.

Figure3.1i DPM TT550 MicreManometer

3.2.6 RTD Sensors

Water inlet and outlet temperatures were measured by Pico technology temperature probes
(RTD-PT100) [37]. Table 3-3 provides the technical specification of these sensors.
Furthermore, dring testingthesesensoravere repeatedly checked and calibrated usjpen

surface water bath which has a thermometer indic&as AppendiA.

Table3-3 RTD Sensors Specificatiop§6]

Description Value

Sensors Type PT100

Temperature Measurement Range | -75 to +250°C

Accuracy +0.15°C at 0°C
Probe Legth 120 mm

Probe Diameter 3.3 mm

Cable 2mPVC

3.2.7 Pressure Transduces
The pressure drop across the waterside of the heat exchanger was detected twousing

pressure transducefi®/P - Industrial Pressure Transmitfeone in the water inlet section and
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the other is in the outleTable 3-4 provides the technical specification of thgmessure
transducers Moreover, both sensors have been connected with U8BGHS series data
acquisition which is able to record the voltage regdicoming from both sensors and then
these voltage readings are converted to a corresponding pressure using a calibration equation.

Table3-4 Pressure Transducers Specificatif6ig

Description Value

Sensordype IMP - Industrial Pressure Transmitter
Pressure Datum Gauge

Pressure Bnge Oto4 Bar

Outpu 0-10V/ 3wire

Process Connection G 1/4" male DIN 3852

Operating Temperaturg -20° to +80°C

Supply Voltage 13-32vDC

3.2.8 Data Loggers

All the data coming through the thermocouples were recorded ugioghifermocouple data
logger TG0O8 andPicolog data logger softwar@he data logger has eight channels and two of
these data loggers have been used in this test setup. The specificationdatd tbggerare

summarised il able3-5.

Table3-5 Pico Thermocouple Data Logger Specificatipdd

Description Value

No. of channels 8 miniature thermocouple input
Accuracy +0.2% of reading- 0.5°C
Overload protection >+30V

Voltage input range +70mV

Maximum sampling rate 10 readings per second (100mg
Resolution 20 bits

Output connectors USB.1 *connector cable supplie
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Thermocouple types support BEJKNRST

Dimensions

85 x 145 x 25mm

Power requirements

Powered from USB port

In addition, aPT-104 Platinumresistancelataloggerwas used to convert the ltage coming

through the RTD sensors into corresponding temperatities.log data logger softwamgas

used to record these temperatufiegble3-6 summarised thepecificationsof the PF104 data

logger.

Table3-6 PT-104 Platinum Resistance Data Logger specificati68s

Description

Value

Sensor

PT100, PT1000

Range

200 to +800C

Accuracy (at 23 +2C)

0.01% of reading 0.015°C

Number of inputs

4

Converter resolution

24 bits

Conversion time

720 ms per channel

Input connectors

4-pin mini-DIN

Input impealance

I 0

Output connectors

USB and Ethernet

3.2.9 Computer

A PC has been used to record all the data coming fat@ acquisitionwater flow meter,

pressurdransducesensors cobra probe andata logges.

3.3 Tests Procedure

In the present studyests were perfoned by drawing an air flow over the fins side of the heat

exchanger, while circulating hot water through the tubes of the heat exchhngatifferent

types of tests have been carried out; steady stategargientests. The steps below describe

how toprepare the experimental setup for testing:

x Fill the tank with water

x Turn on the heater by setting water temperature in the heater controlléCto 60

X Turn on the water pump and adjust it at a certain water flow rate
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X Wait some time until the water tempenat reach60'C. In the meantimegonnect
thermocouples, RTD sensors and pressure transducers with data loggers and data
acquisition and connect them with the computer

x After the water temperature reach’®0turn on the centrifugal fan at a certain air
velocity by using thgotentiometer

x Prepare the data logger software

X The water temperature will drop due to the effect of the air blown from fan. Therefore,
make sure that the water temperature is in rafg#0 +1 'C (steady state condition)
before startingecording the readings

X Start testing

3.4 Estimating Uncertainty

The error in measurement is defined as the difference between its true and measured values.
However, this definition is not helpful because it is not easy to know which is the true quantity
of these values. Thereforét is necessaryo compute the uncertainty when presenting an
experimental result§70]. Generally, the uncertaintgf measuremenis describedas the

amount of errors aloubtsin taking measuremeft1]. Theseerras ordoubts are mainly due

to measuring instrument, measuring procéssnan error(operator skills) and operating

condition.

For any set of data, tretandard uncertaint{sU) can becalculated using the equation (3.1)
[72],[73]:

IWH
7)

(3.1)

where,ESDis theestimated standard deviation and n is the number of measurements in this

set.

The estimated standard deviatioBSD) for (n) number of measurements can be expressed

mathematically as

Ad :wzoz-

1?25 (3.2)

Where,SV is the result of thé" measurement (sample value) and the arithmetianeansof

(n) number of measurements which can be calculated using theoedoetow:
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L~ Al (3.3)

Based on the calculation procedure shown above using the equations Eg. (3.1), (3.2) and (3.3)
and the set of data for steady state test 1 (plain tims)results for calculating the standard
uncertainty are shown ifable3-7 for thethermocouples inlet and outlet measuring stations

2 RTD sensors 2 pressure transdueeswater flow ratevhich were used in the experiments.

Table3-7 Standard Uncertainty Results

Description Standard
Uncertainty Value
= TC-1 0.003
i~ TC-2 0.001
2 =

25 TC-3 0.002
% IS TC-4 0.001
= 0 TC-5 0.001
= TC-6 0.001
TC-7 0.001
o TC-1 0.015
5 TC-2 0.012
S TC-3 0.012
> TC-4 0.009
ol TC-5 0.007
5 TC-6 0.007
O TC-7 0.003
RTD Sensors  WaterIN 0.0052
WaterOUT 0.0053

Pressure WaterIN 0.0002
Transducers| WaterOUT 0.0002
Water Flow | Water Flow 0.0003

Rate Rate

After a detailed description of the experimental setupshgwingthe egqiipment usediest
procedureandthe method of estimating the uncertainties in the experiniéet next part of
this chapter includethe methodology of the CFD modellirigr multi-tubes and fns heat

exchanger.

3.5 Introduction to CFD
The Computational Fluid Dynamics (CFD) software FLUENT® is used in this study to carry

out the simulation to analyse the pressure drop and heat transfer charactemstiltstirbes

and fins heat exchanger. Computeodelling, such as those carried out by CFD software
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FLUENT®, has received a lot of attention in recent years and became increasingly popular as
an alternative approach to address the problems in the real world. Computer modelling can
provide detailed irdrmation on fluid flow, heat and mass transfer mechanism. Moreover,
numerical methods are much more flexible and less expensive compared to experimental
analysis, as it gives an opportunity to test new methods and flexibility to make any

modifications befee they are executed through experiments.

3.6 CFD Codes

CFD codes are structured around the numerical algorithms that can address the problems of
fluid flow. For the aimto provide easy access to their solving power, all commercial CFD
packages include soplisated user interfaces to input problem parameters and to study the

results. Thus, all codes contdour main element§74]. These are:

X Problem Identification
X Pre xProcessor
X Solver
X

Post +Processor
An overview of CFD modelling is shown Figure3.12.

Problem ldentification
1. Define goals
2. Identify domain

Pre-Processing
Geometry

Mesh

Physics

Solver Settings

9. Update Model

Post Processing

8. Examine results

Figure3.12 Overview of CFD Modelling75]
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3.7 Governing Equations of Fluid flow

The governing equatisrof fluid flow representmathematical statements of the conservation
laws of Physics:

X The mass of a fluid is conserved.
x The rate of change of momentum equals the sum of the forcesfluid particle.
IHZWRQYV VHFRQG ODZ
X The rate of change of energy is equal to the sum of the rate of heat addition to and the
rate of work done on a fluid particle. (First law of thermodynamics)

The fluid is regarded as a continuum. For the amalytiluid flows at macroscopic length
scales, the molecular structure of matter and molecular motions may be ignored. The behavior
of the fluid is described in terms of macroscopic properties such as velocity, pressure, density
and temperature etc. Theaee averages over suitably large numbers of molecules. A fluid
particle or point in a fluid is then the smallest possible element of fluid whose macroscopic

properties are not influenced by individual molecules.

3.7.1 Mass Conservation in 3D

For the fluid elemet, the mass balance equation can be written as follows:

(3.9

There is no any change rate of density for an incompressible fluid. Therefore, the mass conservation
equation is:

<~ Lt (3.5

TheEg. 3.5 describeshe net flow of mass out of the element across its boundaries. The above

equation in longhand notation can be written as:
CElE Ly (3.6

3.7.2 Momentum Equations in 3D
1HZWRQYV VHFRQG ODZ FDQ EH H[SUHVVHG DV IROORZV
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3.7

Surface forces and the body forces are the two types of flow forces on fluid particles; surface
forces include pressure, viscous and gravity forces while body forces include centrifugal and
electromagnetic forces. It is a common practice to highlight the contributions due to the surface
forces as separate terms in the momentum equations and to ithedueféects of body forces

as source terms.

The Fcomponent of the momentum equation is found by setting the rate of chanige of
momentum of the fluid particle equal to the total force in Thedirection on the element due
to surface stresses, plus the rate of increaseshomentum due to sotes. The equation is

as follows[76]:

as

a¢nn a“on at’pn ag
O E—"E—X E—2"L 0@ E

E"— E ™ A (3.9
w X

ay

Similarly, Uand Vcomponerg of momentum equation are given by:

#Cho — %o = 2Fpo at at ~2t at
OET g R0 g o) ogf B el Enela (3.9)
WEMEﬁpEﬁpLo@‘iE_‘aEENEETM&_‘JA (3.10)
®ETay 2w ax r ay aw ax '

3.7.3 Energy Equation in 3D

The energy equation is derived from the first law of thermodynaihican be written as follows,

(3.10

Conservation of energy of the fluid particle is ensured by equating the rate of change of energy
of the fluid particle to the sum of the net rate of work done on the fluid particle, the net rate of
heat addition to the fluid and the rate of increasenefgy due to sources. The energy equation
is[74)]:
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The energy equation for solid magds which is solved in FLUENT can be written[&3],
“ L Tadl G E (3.13)
Where the h is the enthalpy which can be expressed as,

SLi~

Lot (3.14)

¢ is the enthalpy sourceh& term> &l ;2UHSUHVHQWY WKH FRQBXEWLRQ
CFD models where k is the thermal conductivity of the solid materials in the models.

3.7.4 Equations of State

The motion of a fluid in three dimensions is described by a system of five pdifeatuiial
eguations i.e. mass conservation, x, y and z momentum equations and energy equation. Among
the unknowns are four thermodynamic variables i.e. density, pressure, temperature and internal
energy. Relationships between the thermodynamic varialslesbe obtained through the

assumption of thermodynamic equilibrium.

The fluid velocities may be large, but they are usually small enough that, even though
properties of a fluid particle change rapidly from place to place, the fluid can
thermodynamically gdst itself to new conditions so quickly that the changes are effectively
instantaneous. Thus, the fluid always remains in thermodynamic equilibrium. The only
exceptions are certain flows with strong shockwaves, but even some of those are often well
enoughapproximated by equilibrium assumptions. The state of a substance in thermodynamic
equilibrium can be described by means of just two state variables. Equations of state relates the
other variables to the two state variables i.e. density and tempdradurdhe equations of

state are:
'L':04 (3.15)

And;
«<L¢<O§ (3.16)

In case of perfect gas, the equations of state are written as follows,
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"L O (3.17)

And;
<L (T (3.18)

where ; denotes as thieeat capacity at constant volume.

Liquids and gases flowing at low speeds behave asmpressible fluids. Without density
variations, there is no linkage between the energy equation, mass conservation equation and
momentum equations. The flow field can often be solved by considering mass conservation
and momentum conservation equations oflllge energy equation only needs to be solved

alongside the others if the problem involves heat transfer.

3.7.5 Navier-Stokes equations
The shear stresses are proportional to shear strains rate for a Newtonipf6fluldavierStokes

equationdor incompressible flowsan be written as:

a

CETSE™EA (3.19)
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3.8 Pre- Processing
The preprocessing in CFD is subdded into two main categoriesreation of the geometry
and the meshing of the flow domain. This secpoovides details of the geometric modelling

and the meshing of thaulti-tubes and fins heat exchanger.

3.8.1 Geometry

In this section, aovel CFD model which include a full 3D geometry of the heat exchanger
with plain fin is presented.he geometry of the heakchanger has been created usihgYS
designmodeleras shown irFigure3.13. The heat exchangenodel hathe same geometry as

described irsection 3.2.5.
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Figure3.13 CFD Modelfor Multi-tubeand Fin Heat Exchanger with Plain Fins

The numerical model also consists @ffihs made up from Aluminiumirhe hickness of each
finis 0.12 mmThe fins are placed 4.23mm apart from each diéns per inch. The detalil

of theplainfins shapés shown inFigure3.14.

Plain Fin
Figure3.14 Plain Fins Shape

3.8.2 Meshing of the Flow Domain
In order to analyse the heat exchanger model in the FLUENT® solver, it iseck¢p create
a mesh structurg/8]. The hybrid meshingonceptwasincorporatedor the flow domainThe

concept based on usingore than one type of maag. The test section was mesheith
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tetrahedral elementnd it is divided into three sections to allow more mesh elements around
the heat exchangefhe sweepmethodwas used to mesh the tubegh quad elements in the

critical inflation layer regionThe mesh structure specifies the resolution at which FLUENT®
analyses the model. Therefore, a grid independence study was carried out to ensure the results

accuracythe results of this test are shown in chapi&igure3.15 shovs the model meshing.

200.00

) 4[":;‘01] {rmm)
.= C
1o.00 30000

Figure3.15 Model Meshing

3.8.3 (y+) Consideration

The parameter” is defined as a nedimensional distance from the wall. This term refers to the
size of the first cell height from theall. A higher y* value prevents to predict the flow
characteristics close to the wall in good accuracy. Therefore, a l6i8eeguired for better results.
Furthermorethe SST Gi fiturbulencemode| used in this studyloes not involve the complex
nonlinear functions required for th&i Ymodel the SST Gi fi turbulencemodelinvolves a
nearwall resolution ofl U < 0.2 which is not easy to reach industrial flows However the

Gi firequires a minimum gfU < 2). As thecurrent study dals withheat transfer predictions
the automatic wall treatmemt Gi i model permits for consistent refining of coarse mesh and

insensitive U. Hence,a mesh withU" aroundl is recommendefi79].

This section provides the detailed steps to calculate the first leigdrtin theviscoussublayer

of theboundary laye( Qy) based on the above recommendationtior

> LE (3.22)
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or: yL— U (3.23)
Yp

where denotes as th&inematic viscosity (fisec) and Ur denotes ashe frictional velocity
(m/sec)

« L @ (3.29)

where % is thewall shear stresand it can be calculated from,
RL 440° (3.25)

where gdenotes as thekin friction coefficient ! denotes athe fluid densityand U denotes

asthe freestream velocity

4can be estimated as a functiof Reynolds numbef¢Re) using the&empiricalequations as
follows [8(],

For internal flow,

gL ray{ $74®9 (3.26)
And for external flow,

gL rawzi?® (3.27)

Following the previoustepsthe estimatedly for the water side was equal to 0.047 mm and

for the air side was equal €8 mm

3.9 Boundary Conditions

The boundaryonditionstypes that have been spedifim this study are as follows

3.9.1 Water and Air Inlets
Theinlets of the test section and the twbere considered as velocity inlets.

3.9.2 Water and Air Outlets
Theoutletsof the test section and the tulveere considered as pressure outl€tse pressure of

the water outlet has been kept at atmospheric pressure, i.e. 0 Pascal gauge.
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3.9.3

Tubes and Fins Walls

In this study, the wall which forms the interface between the two regions, stioh iaterface

liquid / solid, FLUENT® enables the two sides of the wall to be combined, prompting the

solver to calculate heat transfer directly from the solution in the contiguous cells.

3.10

Solving Setting

The solver used in the present study is called BENO®, which is an integral part of CFD

package ANSY37.2 In this study, the following solver setting has been used:

X

X

X

Double Precisiosolverbecause it provides more precise req@is$,

PressureéBased solver as the flow is subsoaid incompressible flo{g],

The SSTk-& WXUEXOHQFH P R83|Hézalse iteicals d&prap@rties of the
k-& PRGHO QHDU WKH ZDOO DQG JUDGXDOO\PRKHDmL QMR
give more accurate resuf[i®3],

Underrelaxation fators for pressure, density, body force, momentum and energy are
0.3,1, 1, 0.7 and 1 respectiv¢Rg],

Second Order Upwind discrimination has been usdat@edicts more accurate
results[78],

Gravitational acceleration acting in the negativedifection was set as of 9.81 /s
Coupled interfaces weresed the interface between the two regions, such as the
interface liquid / solid, FLUENT® enables the two sides of the wall to be combined,
prompting the solver to calculate heat transfer directly from tietisn in the
contiguous cell$78],

Add the command (rpsetvar 'temperature/secongaagtient? #f), which turns off the
secondary gradient and helps to converge in case of bad quality 78Esh

The heat transfers by conductibmough the wall; where thehermal conductivity of

the Copper (tubeshas been set 887.6W/m K, whereaghethermal conductity of

the Aluminium (fins)has been set @02.4W/m K,

Water and Air properties are shownTiable3-8.
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Table3-8 Water and Air properties

Property Water Air
Density (kg/n3) 998.2 incompressible ideal g458]
Viscosity kg/msec) 0.000471 0.00001789
Specific Heat (kg K) 4179 1005.684
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B PERFORMANCE CHARACTERISTICS
OF THE BASELINE MODEL

SUMMARY: In this chapterguantifitive and qualitative analysis dhe data from the
experiments and the numerical simulations are presented for the baselinermduleijbe

and fin heat exchanger with plain firlhe nmesh independence and time independence study

are carried out to valatea newly developed CFD modérhis analysiss important in order

to understand the forced convection and the complex flow structure happening within the heat
exchanger. Furthermore, effects of geometric parameters on the heat transfer and pressure
drop characteristics of the heat exchanger under steady state operating condition have been
numerically investigated. The data from this study has been used to develop a novel semi
empirical prediction model which takes into consideration effects of thesmedec

parameters.
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4.1 Experiments Results

The following sections show the results obtained experimentally for the baseline matel;
tubeand fin heat exchanger having plain fins. The geometry of this heat exchanger has been
described in section 3.2.%ests were carried out at different operating conditions; steady state

and transient operating conditions.

4.1.1 Steady State Tests Results

Steadystatetests represent the simplest tests to perform and evaluate because the flow is
independent of time. In gerady steady state condition is used in the process of designing a
heat exchangeBoundary conditions for steadtase tests that have been carried outhen
baseline model of the heat exchangrer shown imable4-1. The data foeach test have been
recordedonceevery second and then averaged. The air velocity used in this study is in the
range of 0.7 to 5 m/sec which representsvitlecity arithmetic mean(velocity average) of
thegross crossectional area for airflow (faceem)which is computed using tiesSHRAE
standard 41.284] and it was reported bj85], [16]. The method fomeasuring air flow
velocity in the experiments is described in detail in APPENDIV®reover, the range for
water flow rate is from 2 L/min to 6 L/min which makeetflow inside the tubetully

turbulent

4.1.2 Data Analysis

In this study, the temperatures of both hot water and air at inlets and outlets were measured
together with the pressure drop across water and air sides. Based@iTtemethod, the
number of heatransfer units (NTU) can be written as:

YE
d

L (4.2

where, 4 denotes to the product of mass and specific heat of thevfhich has lower

thermal capacity rat@ir side)
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Table4-1 Boundary Conditions of Steady State Tests for Plain Fins Heat Exchanger

Water Side Air Side
I\-lraerflte Water FIlow rate Wi (e Air Velocity Air Inlet
(L/min) Temperature {C) (m/sec) Temperature {C)
Test 1 0.705
Test2 1.546
Test 3 2+0.03 60x1 2.183 24+ 1
Test 4 3.177
Test 5 3.991
Test 1 0.705
Test2 1.546
Test 3 3+£0.03 60+1 2.183 24+ 1
Teg 4 3.177
Test 5 3.991
Test 1 0.705
Test2 1.546
Test 3 4+0.03 601 2.183 24+ 1
Test 4 3.177
Test 5 3.991
Test 1 0.705
Test2 1.546
Test 3 5+£0.03 60x1 2.183 24+ 1
Test 4 3.177
Test 5 3.991
Test 1 0.705
Test2 1.546
Test 3 6+0.03 60 £1 2.183 24+ 1
Test 4 3.177
Test 5 3.991

The heat transfer rate for water side and air side can be calculated from,

D ugF um (4.2)
6Le6 " F (4.3)

In order b minimise the dropoff in Colburn j factor the datsshould be educed based dhe

average heat transfer raiegte;[7], hence,: Qte; can be calculated as follows,

6, L=t (4.4




The heat exchanger effectiven¢s¥) is defined as the ratio between the actual heat transfer

rates to the maximum possible heat transfer thgeefore Ycan be written as:

G

BL———
G d:Xm ?Xwi

(4.9

The maximun possible heat transfer rate owhenthe difference in inletemperatureand

outlet temperature imaximumvalue.

The UA value(the overall conductantés defined a$9],

L— > (4.6)

—>V W
cerWEW  MWER =

where §, and é_are the heat transfer coefficients featerandair, respectively, , and
are the heat transfer surface areasviaterandair, respectively, and , j;is the wall thermal
resistance. For flat wall, thigsistance equals to:
. L "meb 4
Y- wEmwbb (4.7

wherg A, jjis the wall thicknessy, ;jis the thermal conductivity of the wall materaaid

U] jis the heat transfer area oéttvall.

The water gle heat transfer coefficie, ;can be evaluated usi@nielinski semiempirical
correlation[86],

y L KV, ?544aT, @A

§ L @A — (4.8)

" ssse dwaT Y25

where,
- - . _ 76
gL s&vZk t, oF udzg (4.9

The surface efficiency ¢) is defined as theatio between the actual heat transfer for the fin
and base and the heat transfer for the fin and base when the fin is at the same base temperature

(Tv). Equation (5.10) expresses the surface efficiency as a function of fin efficiBpcy (
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DL sF d\Nm:sFD,; (4.10)

where, A=As+Ap
Ao ,Af and A are the total surface area, fin and base areas, respectively.

The Colburn j factor and the friction factor f can be calculated ttops(4.11) and(4.12),
respectively.

fw 7
& iwwewnGw P (419
LD BES R ESFPFt@ FSAESFPF (i lC (412
e |- Y I r

The equation (4.12) has been proposed by Kays and Lofidpmand the coefficients yand
care the abrupt contraction presslogs coefficient and the abriugxpansion pressutess
coefficient respectively. These coefficients are adapted frogure4.1[12).

Loss coefticient, K

! | |
3 0.4 0.5 0.6

o

Contraction ratio, o

Figure4.1Entrance and Exit Pressure Drop Coefficients for FHfateHeat Exchangdi 2]

Ac is the flow cross sectional area aritepresents the ratio of the minimum flow area to the

frontal area. ,;a@ =J @ are the density of air inlet, air outlet and mean density
respectively.

Results ofsteady state testsrried out for plain fins heat exchandeve been prested in
the formof surface characteristidsiction factor (f) and Colburn factor (j) againReynolds
number Figure4.2 depics the variations of Colbur(j) factor and Fanning friction factgf)
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with Reynolds numbefor plainfins model.The calculated values of (j) and (f) are depending

on the variations of the inputs. i.e. water and air inlet temperatures, water flow rate and air
velocity as it has been shown in the analysis method in section #teRforeanerrorbars

have been set on the values of (j) and (f) fagioted in Figure 4.20 show the variability

of these factors.

0.03 - —

S T Plainfins
S 0.025 e
E ) i 5.3% I I
E 0,
2 0.02 3.1% 4.3% I {
= 6.7% 4.8%
O
% 0.015 -
S
S 0.01 -
5 3.6% L
2 6%
3 0.005 - 6.1% 5.2% . :
T 070 4.7%

0 T T T T T 1

5,000 10,000 15,000 20,000 25,000 30,000 35,000

Reynolds NumberReD
f 1) YError Bars

Figure42 9ODULDWLRQV RI &ROEXUQ M )DFWRU DQG jddRaQIin€®J JULFWL
Model

Figure4.3 represents theariations ofefficiency index (j/f) of the plain fins heat exchanger
with Reynoldsnumber (Re). In Figure4.3and in order teshow the variability of tis factor,
anerror bars have beeset on the values of (j/f) factofhe calculated valuef (j/f) factor
depends on the values @f and (f)which are depending on the variations of the inputs. i.e.
water and air inlet temperatures, water flow rate and air velasityhas been showmn the

analysis method in section 4.1.2
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Figure4.3 Variation of the Efficiency Index (j/f) for B&ne Model

As shown irFigure4.2, bothColburn(j) factor and Fanning frictiofactor(f) tend to decrease
with increasing Reynolds numbandthey are almost parallel to each otHdoreover, it can
be noiced that at the sanfReynolds number, friction factor ireetimes more than Colburn
factor. Furthermore, the efficiency ing€j/f) has the same trend asth Colburn (j) factor
and Fanning friction factor (fvhich show that thpercentage decreases in the friction factor is

more than the percentage decrease in the Colburn factor

The relationship between heat exchanger theeffiectiveness with air velocity at different
water flow rates, in a range from 2 L/min to 6 L/nfor, plain fins heat exchanger is depicted

in Figure 4.4. For all cases of different water flow rates, it can be realised thdieie
exchanger thermal effectiveness decreases with increasing air velocity. In general, the
effectiveness of the plain fins heat exchanger varies from as low as 10% to as high as 25%.
Moreover, as the water flow rate increases the heat exchanger effiessvincreases. For
example, at 0.7 m/sec air velocity the heat exchanger thermal effectiveness at 2 L/min water
flow rate is 22% whereas the effectiveness is increased by 10% at 6 L/min water flow rate. In
addition, at low air velocity, theaséine modé is showing high thermal effectiveness where

the amount of energy transferred would be high.
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Figure4.4 Variations of Heat Exchanger Thermal Effectiveness with Air Velocity at Different Water
Flow Rates foPlain Fins Heat Exchanger

4.1.3 Transient Tests Results

Under practical conditions, steady testing is not feasible or pralsécalise the inputs of the

heat exchanger are timely dependdrence, it is very important to analysis the heat
exchanger under traient conditions where the inputs and the outputs are dependent on time
[17]. Transient tests can be used to investigate the response of the heat exchanger during some
operating conditions such amnsient behaviour between two steady conditions, step input
test, or transient behaviour during start up and shutdown condif¢thsugh most of the
analysis of the heat exchanger has been carried out for steady state operating condition.
However, thissection includes transient tests for validation purpose and to prove that the
presented CFD is reliable and it can be used to predict heat transfer and pressure drop
characteristics for multiubeand fin heat exchangeith plain finsunderdifferent opeating
conditiors. In this section,wo different transient tests were carried out; starting up test and

step input test.

l. Starting up Test
This test wagarried outo establish the operating characteristicheheat exchanger while
starting up. In thisest, thesingleblow transient testing technigu&here the experiment uses
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transient variation only on one fluid stredi®7], was used to obtain the heat transfer
charaterises of the heat exchanger.
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Start Heating Point

Figure4.5 Staring Up Test Diagram

As shown inFigure4.5, the water temperature was increased frdfQ@to 60 ° C, during
this test water flow raté3 L/min) and air velocity(2.183m/sec)were kept constar{single
blow transient testing techniqué&igure4.6 illustrates variations of water inlet, water outlet,

air inlet and aioutlet temperatures withperatingime for starting up test in experimeis
thebasdéine model
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Figure4.6Variations of Water Inlet, Water Outlet, Air Inlet and Air Outlet Temperatures with
Operating Tine for Starting Up Test

It can be seen froMigure4.6 that after 300 seconds the water started heating and it took 1900

seconds to read0 ° Cwhere the heat exchanger star@eratingat steady state condition.

I. Step Input T&t

The step input test represents the characteristics in the heat exchanger due to a dynamic
change in its inputs. This test was performed by suddenly changing the water inlet temperature
from 25 °C to 60 °Cata constant water flow ra{@ L/min) and contant air velocity(2.183

m/sec) Figure4.7 describes the test procedure.
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Figure4.7 Step Input Test Diagram

Figure4.8 depicts variations of water inletvater outlet, air inlet and air outlet temperatures

with operatingtime for step input test in experimerids the basline model
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Figure4.8 Variations of Water Inlet, Water Outlet, Air Inlet and Air @utfTemperatures with
Operating Time for Step Input Test

FromFigure4.8 it can be seen clearly that the water inlet temperatursutiaenlyincreased
from 25 °C to 60 °C and the heat exchanger took about 20 seconds to resteladlyestate
again.
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4.2 Numerical Results

In this sectionthe numerically predicted results using the novel CFD model which include a
full 3D geometry of the heat exchanger with plain bagéine model) are presented in order

to validate them with the redslfor thebaséine model computed experimentally.

4.2.1 Grid Independence

The mesh independence test is essential in order to demonstrate the improvement of results
by using successively smaller cell sizes for the calculation with less computationgi8me

As discussed in chapter, &ree different meshes 4, 8 and 12 million mesh elements were
chosen for this test for plain fins model, where a model with [Homimesh elements is a

coarse mesh and it has been gradually refined to reach a fineFudhklermore, the air outlet
temperature has been chosen as a parameter for comparing the test results because it
represents the main output of the CFD maatel indicates the performance of the system

The results of this test are shownTiable4-2.

Table4-2 Mesh Independence Test Results

Mesh Size Air Outlet Computation| Percentage| Time Saving
(million) Temperature | Time (Hours)| Difference (Hours)
CFD (&) (%)
4 31387 4.50
8 32.920 8.61 49 411
12 33.105 1174 0.6 3.13

The resultsof the mesh independence test reveal thdt9% difference in the air outlet
temperatue betweerd million mesh elements modahd 8 million mesh elements model,
whereas0.6% difference betweer8 million mesh elements modeind 12million mesh
elements modelt can therefore be concluded tBanillion mesh elements modisican give

a goodaccuracy to the work with a valuable time saving in computational time and hence it
has been chosen for further numerical analysis of the heat exchamfyeplain fins

Moreover, he mesh for other cases has been determined by using the similar megirodolo

4.2.2 Temporal Discretisation

In transient tests, it is essential to carry out a time step independence test. Otherwise, it can
lead to inaccurate results of CFD. Therefore, {8tep independence test has been carried out
with three different time step8.p, 1, and2 secondgfor test3 and water flow rate equal to 3

L/min as presented ifrable 4-1. Table 4-3 summarises the result of the temporal

discretisation.
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Table4-3 Temporal Discretisation Results

Time Step (send) Air Outlet Temperature Percentage Difference (%)
CFD (®)
2 30.745
1 31.313 1.84
0.5 31.451 0.45

The temporal discretisatiomesults depicted inTable 4-3 showed that the percentage
difference imair outlet temperature less thari.85 % between the threéme stepgonsidered
in this testHence, it can be concluded that the time step wsdtinds capable of predicting
the flow features accuratedydtherefore Isecondtime step has been chosendarrying out

the simulations of the bdae model.

4.3 Benchmark Tests

In order to ensure theliability of the numerical CFD model b&nchmark test has to be carried
out. The process of comparing the numariesults against experimental findings is known as
Benchmarking. In this sectionthe numericallypredictedresultsusingthe novel CFD model
which include a full 3D geometry of the heat exchanger with plaihdie been validated
against experimentalathin terms of water and air outlet temperatures and pressure drop
obtained in both water and air sice®l at different operating conditionEhese variables are

the main outputs of the numerical model. Therefore, these variables were plotted aghinst ea
other at a constant water flow rate (3 L/min) aodstant air velocity (2.183 m/seajth the

same boundary conditions as previously shownhaible4-1.

4.3.1 Steady State Tests Results Validation
Figure 4.9 depicts a comparison betwedhe numerically predictedesults and the

experimental data for water outlet temperatoreplain fins heat exchanger
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Figure4.9 Comparison of Numerical and ExperimentabRles for Water Outlet Temperature Plain
Fins Heat Exchanger

A comparison betweethe numerically predictedesultsand the experimental data for air

outlet temperaturer plain fins heat exchangerdepicted inFigure4.10.
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Figure4.10 Comparison of Numerical and Experimental Results for Air Outlet Temperature Plain
Fins Heat Exchanger

Based on the results plottedkigure4.8 and 4.9 it canbe clealy seen that the differences
between tha&umerically predictedesultsand the experimental data for water outlet and air

outlet temperatures are very small andrtbmerical results agree well with the experimental
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resultsfor thebasdéine model.The perentage differences betwetreses result®r the water

outlet and the air outlet temperatures were observed to be le€than

Figure 4.11 depicts acomparison betweenhe numerically predictedesults and the

experimental dator waterside pressure drop for heat exchanger with plain fins.
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Figure4.11Comparison of Numerical and Experimental Results for Witk Pressure Drop Plain
Fins Heat Exchanger

FromFigure4.11, a good agreement has been reached between numerically predicted results
with the experiments fowvaterside pressure drop, where the percentage differefarethe
heat exchangers with plain fimgereless tharl5%.

A comparison betweetine numerically predictecesultsand the experimental data fair-
side pressure drop for the heat exchanger with plain fins is depidteglire4.12.
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Figure4.12Comparison oNumerical and Experimental Results for Aide Pressure Drop Plain
Fins Heat Exchanger

The results plotted irFigure 4.12 reveal thatthe percentage differencelsetween the
numerically predictedesultsand the experimental dédtar air-side pressure dragreobserved
to be less thah5%.

4.3.2 Transient Tests Results Validation

l. Starting Up Test

In order to simulate the starting up test in CFD, a-deéined function (UDF) has been
adopted teexpresghe inputs (water inlet temperatuand air inlet temperature) of the CFD
simulation as a function of time [80]. The C language progoased on the data of the
experimentor water inlet temperature and air inlet temperature useefinethese inputs
has been attached in the APPENDIX.C

Figure 4.13 depicts the variations for air det and water ouket temperatures in both

experiments and CFD resufty starting uptest
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Figure4.13Vvalidation of the CFD resudtwith respect to the experimental results for Air Outlet and
Water Outlet Temperatures at Starting up Test

The graphs depicted Figure4.13 are showra good agreement in both water outlet and air
out temperaturegor the resuls computed numerically using CFD with respect to the
experimental results. The maximum difference between the CFD and experimentsigesult
observedor both water outletemperaturevas less than 2%ndfor air out temperaturevas

to be less thaf %.

I. Step Input Test

The same inputis the experimentsvater inlet and air inlet temperatures, have been used as
inputs to simulate the CFD model for step input test. A-dséned function (UDF) has been
adopted to define both water inlet and air inlet terapures as a timely dependent function
using C language program based on the data of the experiment. The UDF for step input test
has beempresentedn the APPENDIX C2.

Figure 4.14 depicts the variations for air det and water atlet temperatures in both

experiments and CFD resufty step inputtest
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Figure4.14 Validation of the CFD Results with Respect to Experimental Results for Air Outlet and
Water Outlet Temperatures aeftinput Test

A very good agreemehias beemchieved in both water datand air ouet temperatures for
the results computed using Crth resgect to the experimental results for step input test
The percentage differenéer water outlet temperatumasless tharli% while the percentage

difference for air outlet temperature was less than 5%.

Based on th&enchmarkestscarried out irsections 4.3.1 and 4.3.i2 can be concluded that

the presentedovel CFD model which include a full 3D geometryloé heat exchanger with

plain fin is reliable and hence it can be used to predict heat transfer and pressure drop
characteristics fomulti-tubeand fin heat exchangeith plain finsunderdifferentoperating

conditiors with good accuracy.
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4.4  Flow Field Analysis

The numerical analysis carried out imilti-tubeand fin heat exchangerhich has plain fins
under steadgtate operatingonditionhelps to understand the forcembnvection phenomena
happened inside this system by knowitng distribution of temperate and velocity of
working fluids within the system In the next section, the analysis the thermal performance of
the plain fins heat exchanger has been carried out f@idsr watesside and flow in tube

bends.

4.4.1 Air-Side Flow Field Analysis

In order toanalysis the flow field in the agide the temperature contoursnatl-section (%
axis) andmid-section (¥axis)have been chosen. Thgdaneswere chosen because the flow
in more streamlined at those sections and they are shdvigiure4.15. CFDsimulatiorswere
carriedout atconstant watevelocity of 1 m/secandfive differentair velocities; 12, 3, 4and

5 m/seg respectively

Mid- Section (X-axis)

R

“
Moy

Mid-Section (Y-Axis)

Figure4.15 Locations of Analysed Planestime Test Section

Figure4.16 depicts the contours of the temperature variation inesiesectiorat mid-section
(X-Axis) and mid-section (¥axis) under steadystate operating condition The contours

describe the behaviour of th@-side due to a change in the air velocity and at constant water
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velocity. It is clear from the figure as the air velocity increases the temperature of the air at the
outlet section tends to decreas®r example, the difference between air inlet antiebu
temperatures @T2) at 1 m/sec air velocity is equal 807 C andthis difference decreaséxy

about 40% to reach.23 C at 4m/sec This can beexplained as, at low air velocity there is a
large amount of heat transferred from the hot flwdter) to the cold fluidgir) and as the air
velocity increase thair fluid particleshave less chance to pick up mdhermal energy.
Moreover,the backflow phenomenoran be seen for the airflow at low velocity due to a
negativepressurelifference in the backide of the heatxchanger. Thiphenomenobecomes

less effective at high air velocity and the flow in more streamlined.
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Figure4.16 Contours of Teperature Variation at misiection (xaxis) and miesection (Y-axis) of
the Heat Exchanger Due to Change in Air Velocity under Steady State Operating Condition

In order to understand the behaviour of the local flbaracteristicsvelocity magnitude, st
pressure and static temperature of the air inside the test s@wasing) the local flow
characteristichave been computed at differembsssectionsalong the test secticemd for 5
different points; middl€M), right (R), left (L), top (T) andbottom(B) in eachcrosssection
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The locations of these points in each crssstion is shown ifrigure4.17. In addition, the
points have been selected away from the test section walls to avoid the effediairidary

layer.
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I |
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Figure4.17 Locations of the Analysed Points in Each Cr8sgtionalong the Test Section

Figure 4.18 depicts the variations of the velocity magnitude ratio between middle paint a
right, left, top and bottom, respectively for the analysed points ina@ashksectionalong the

test section.
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Figure4.18 Variations of the Velocity Magnitude Ratio for the Analysed Points in eacksGextion
Along the Test Section

The velocity ratio variations depicted Fgure 4.18 showed a uniform distribution for the
velocity magnitude along the test section for the selected points middle and right, top and
bottom. Howeer, ronuniform flow distributions observed at the left points where the velocity

is always higher thathe velocity magnitude at the middle poiftis ronruniform flow
distribution of the velocity magnitude is affecting the thermal performance of ithitoa

coming out of the test section by creatimgh velocity regions

The variations of the static pressure ratio between middle point and right, left, top and bottom,
respectively for the analysed points in e&adtifferent crossectionsalong the tet section is

shown inFigure4.19.
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Figure4.19 Variations of the Static Pressure Ratio for the Analysed Points in eachS&cEsn
Along the Test Section

Due tobackflow phenoranonoccurredn the test section at low air velocity, the static pressure

has a negative value for the points in bottom side, this can be seen clearly as for the points after
the heat exchangers. Furthermorandorm static pressurdistributionhas beer observedor

the other pointsThe backflow phenomenomay affectthe overall performance of the heat

exchanger by increasing the amount of power required to run the fan.

Figure4.20 illustrates the variations of the static teemgture ratio between middle point and
right, left, top and bottom, respectively for the analysed points ina@asksectionalong the

test section.
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Figure4.20 Variations of the Static Temperature Rdbothe Analysed Points in each Cressction
Along the Test Section

The static temperatureasationsdepicted inFigure 4.20 reveal that as the air flow passed
through the heat exchanger, the static temperature of the aireased for all the points.
Furthermore, the points on the right and bottom of the test section have a relatively high
temperature because they are in the hot water feedingvtaleover, the static temperature
variationswere mostly smallln general,non-uniform flow distribution badly affects the
thermal performancef the heat exchangand also could produce higkelocity regions. Thus,

to obtain maximum thermal performance, the flow should be uniform across the entire frontal
area of the core. Howevethe flow may not be uniform due twonuniform fin spacing
deformationof the fin shap@and noruniform flow coming out from the far{74]

4.4.2 Water-Side Flow Field Analysis

Figure4.21illustrates the contours of the temperatuagation in the heat exchangarwater
inlet section and water outlet section under stesiatgoperating conditionCFD simulatiors
were carriecbut atconstant watevelocity of 1 m/secandfive differentair velocities; 12, 3,

4 and5 m/sec respeavely.
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Heat Exchanger Due to Change in Air Velocity under Steady State Operating Condition
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The temperature contours depictedrigure4.21 describe the behavioof the waterside due

to a change in the air velocity and at constant water velocity. It is evident from the figure the
temperature of the water inside tubes, in both inlet and outlet sections of the water, is decreasing
due to an increase in the heat sfen rate which is a consequence of increasing the air flow
velocity. For example, as the air velocity increases from 1 m/sec to 5 m/sec, the difference
between the inlet and outlet temperature of the waiBg)(has increased from85 Cto02.11

C. In addition, the water inlet section is less heated than the outlet section because it is facing
the airflow.

4.4.3 Tube Bends Flow Field Analysis

A bend in a tube represents a means to enhance the heat transfer compared with a straight tube
due to creation of secdaD U\ IORZV DQG FXUYDWXUH DIIHFWV WKH IOR
two effects not only affecting the pressure drop, but also the heat transfer characdiggstics

[89]. However,separationof flow after the bad cause a significant increase in the water
pressure drop. This increase is duedth friction and momentum exchanges resulting from a

change in the direction of flow.

Figure4.22depicts variations of water velocity magnitumbmtours at 6 different crosections
(P1 to P6) through a tube bend in the waide of the heat exchanger when the inlet water
velocity is 1 m/sec and water inlet temperature is equal 16.60
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Figure4.22 Variations of Water Velocity Magnitude Contours at 6 Different G®sstions Through

a Tube Bend in the ¥lerSide of the Heat Exchanger

The variations of watestatic pressureontours at 6 different crosections (P1 to P6) through

a tube bend in the watsrde of the heat exchanger when the inlet water velocity is 1 m/sec is

illustrated inFigure4.23.
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Figure4.23 Variations of Water StaticrBssure Contours at 6 Different Cre&&sctions Through a
Tube Bend in the WateBide of the Heat Exchanger

Figure4.24 depicts variations of watstatictemperature contours at 6 different cresstions
(P1 to P6) through a tebbend in the wateside of the heat exchanger when the inlet water

velocity is 1 m/sec and water inlet temperature is equal t6.60

From the contours depicted Fgure 4.22, 423 and 424, the water velocity varies from a
maxmum at the centre of the tube to zero at the tube walls due to the effect of the boundary
layer (P1 and P2). As the water flapproachea tube bend (P3), the water velocity decreases

from the inside to outside of the bend in order to keepdfa presureconstant through the

tube (P4). However, the static pressure of the water increases with the radius of the bend which
enhances the heat transfer through the bend. This increase has to balance the centrifugal force
caused by passing of the water in bemd. In addition, the flow is generally unstable in both
crosssections (P5 and P6) due to the small length of the tube after the tead.found that

the process described above keeps repeating till the flow retiehestlet In general, the

tempeature variations were identical to the static pressure variations for the different cross
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sections (P1 to P6) and it is noticed a high temperature distribution at the outer surface of the

bend due to high static pressure in this area.
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Figure4.24 Variations of Water Static Temperature Contours at 6 Different €ess8onsThrough a
Tube Bend in the WateBide of the Heat Exchanger

In order to achieve @eepanalysis of the flow through a bend, a local velocity magnitude, static
pressure and static temperature ratiosiegs plottecht the6 different crossections throulg

atube bengdescribed in the previous section. These ratios represent the ratio between the local
flow characteristicsvelocity magnitude, static pressure and static temperature at a point in the
top of the tube divided by the local flovharacteristis at a point in the bottom of the tube.

And another ratio which take into consideration the local floeracteristicat a point in the

right of the tube divided by the local flowmaracteristicat a point in the left of the tubEigure

4.25 shows the locations of these points in the csesgion of the tubén addition, the points

have been selected away from the tube walls to avoid the effectlmfuhdary layer
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Figure4.25 Locations of the Analysed Points in the Cr&@&sction of the Tube

Figure4.26 depicts the variations of theslocity magnitudeatio for the analysed points @t

different crosssections throughtube bend
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Figure4.26 Variations of theVelocity MagnitudeRatio for the Analysed Points at 6 Different Cross
Sections Through a Tube Bend

FromFigure4.26it can be seen that the velocity magnitude for thktrpoints (the inner side
of the bend) are higher than those is the left side. This agrees with the idea presented previously
where it has been detected a high velocity region at the inner side of the bend. However, the

no any notable change in the vetganagnitude between the right and left points.

The variations of thetatic pressureatio for the analysed points @tdifferent crossections

throughatube bends shown inFigure4.27.
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Figure4.27 Variations of theStaticPressure Ratio for the Analysed Points at 6 Different €ross
Sections Through a Tube Bend

As it has been described before, the static pressure was higher at the outer side of the bend.
Therefore, the statipressure at the top point in section 4 was higher than the bottom point.
Furthermore, it can be observed that the water pressure decreases in general thctiontie

forces.

Figure4.28illustrates the variations of tretaic temperatureatio for the analysed points @it

different crosssections throughtube bend
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Figure4.28 Variations of theStaticTemperaturdratio for the Analysed Points at 6 Different Cross
Sections Tfirough a Tube Bend
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Based on the data plottedkigure4.28, the variations in the statiemperature fo6 different
crosssections through a tube beade small. Moreover, points on the right of tube (inner side

of the bend) ar&aving higher temperature comparing with the left points. This is happened
because of the left side of the tube is facing the air flow. The situation has changed as the water
reached section 5. Tamebehaviour can be observed for the points in topkantbm of the

tube.

4.5 Incorporating the novel CFD model to Predict Heat Transfer
Coefficients and Local Fin Efficiency for Multi -tube and Fin Heat

Exchanger

The main purpose of using fins is to increase the surface area and therefore to enhance the total
heat transfer rate. The heat transfers through fins in two methods; conduction through fins and
convection from their surface area to the air. Hence, an accurate model is reqpneidb

the heat transfesharacteristicof the heat exchangess the finefficiency is one of the main

parameters adicting heat transfer on the-aide[90].

In the next section, the novel CFBodel, presnted in chapter 3, was incorporatedtedict
heat transfer coefficientad local fin efficiencyor thebaséine model;multi-tubeand finheat

exchangewith plain fins.

The fin efficiency (f) can be described #se ratio of the actual heat transétthrough the
fin to ideal case wherthewholefin would be at the base temperatfk6]. Schmidtempirical
method 91] is used to determine fins efficiency of tinelti-tubeand fin heat exchanger having

plain fins. Based on this method, the fin efficiency can be calculated &L 6]:

1f:k pp®;
DL = (413
where m is defined as,
e L §EW (4.14)
iwg )

where, his the airside heat transfer coefficient for the fin (Wd? K) which can be predicted

from the novel CFD model
Kais the thermal conductivity of the fin mater{®V/m K)

ftis the fin thickness (m)
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lo is theouterradius of the tube (m)

L:%Fs;(sEréijwi-Wé;g (4.15)

Based on this method, R is the radius of a circular fin which has the same efficiency as the
rectangular fin (m). The ratio (RJrfor staggered fin configuratiomé¢xagonal tube arrayas

shown inFigure4.29, can be calculated from,

%’J L sdy W>F ra (4.16)

Q P
here, WL—=and >L— 41
where puan 3 4.17)

Figure4.29 Geometrical Details of Staggered Fin Configurafib®|
4.5.1 Sample Calculation ofLocal fin efficiency ( )
As described in the previous sectistgps to calculate thim efficiencyaresummarisedbelow,

1. &8DOFXODWH % DQG
For M=0.0125 m,4=0.00476 m, and L= 0.@5 m, then from Eq(4.17),

rarstw

— txtx
rarvyx
rastw .

— L s&
rastw

2. Calculate the rad (R/ro) from Eq.(4.16)

— L sdy Ut&txU¥sd F ra

a
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— Lta{
a
3. Calculate ¥from Eq.(4.15)
L:tdyFs;>SEraiwZtygy;?
Ltauu
4. Calculate m from Eq4.14), whereKa (Aluminum) = 202.4 W/m.K92], f; =0.00012
m and the value dia is computed frorFLUENT and after condering the following
reference values:
™ Area=1 m? (per unit arep
™ Density= 1.184 Kg/m3 (Air density aty L25°C) [92]
™ Length= 0043 m (fin width)
™ Temperature ¢ d- me—f% [93] and[94]

u_jjiS the areaveighted average temperature of the fin (computed from
FLUENT).  _jjfor thefin 1 of thebasdine modelfor test 3and water flav
rate 3 L/min with the boundary condition showrTable 41 is equal t63.85 "

C

pod = =39.42°C

™ Air Velocity= 3 m/sec
™ Viscosity= 1.8364€5 Kg/m.sec (Air Dynamic Viscosity aty L257°C)[97]
™ Ratio ofair specificheat= 1.4
5. The air side heat transfer coefficigims) for fin 1 in the heat exchangesed in this
studyis equal t®8.116W /m?.K

t O{z&sx
trta UOrdrrst

e Lz{&zw
6. The last step is to calculate the fin efficiency from Eq.(4.2)
—feS{@zwrarvyxUtauu
z{@zwrarvyxt&uu

Oys; L
Qys; Lrgvz

The same steps were repeated in order to calculate the local fin efficieaach fin in the

heat exchanger under study based on computing the local heat transfer coefficient using the
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novel CFD model. The results of this calculations are showhRigare 4.30 and 431,
respectively.

o

4

Average Surface Heat
Transfercoefficient(w/mz2-
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Figure4.30 Local Heat Transfer Coefficient for Every Fin in the Heat Exchanger Computed from
CFD- FLUENT

Thevertical bars presented in bdigure4.30 and 431 indicate that the local values fbeat
transfer coefficient anfin efficiency are not identical for all fins. A difference is observed and

it can be clearly seen that in fin 1 and fin 21. As a result of this difference, values for the local
heat transfer coefficient for both fin 1 and 8t were higher than the average value of other
fins with 3.02 % and 2.2 %, respectiveiccordingly, the local values of fin efficiency for fin

1 and fin 21 were lower than the average value of other fins with 0.7 % and 0.5 %, respectively.

{f (fin efficiency)

Fin-2
Fin-3
Fin-4
Fin-5
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Fin-8
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Fin-15
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Fin-20
Fin-21

Figure4.31 Local Fin Efficiency for Every Fin in the Heat Exchanger Computed from-CFD
FLUENT

Figure4.32 depicts the static temperature contours for the heat exchanger together with local

values of air heat transfer coefficient and the local fin efficiency of fins 1, 5, 9, 13, 17 and 21.
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Figure4.32 Static Temperature Contour for Some Fins in The Heat Exchanger

Table4-4 illustrates in detail static temperature contours for fins 1, 5, 9, 13, 17 and 21 in both

front and back sides.
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Table4-4 Static Temperature Contours for Fins 1, 5, 9, 13, 17 And 21 in both&rdrBack Sides

Fin 1 5 9 13 17 21 Legend

no. Corfours of Stafle Temperatre ()

| 4 (4 P (4 [ 4 %

31

3

@ 3

% 3

o il

o 0

L (1

319

Kl

35

4

P 3

K1l

308

3 (1]

2 5

S 0

o 301

300

2%

From bothFigure4.32 andTable4-4, it can be seen that static temperature distribution on the
fins is not alike. However, an identical temperature distribution is observed for both sides of
the same fin. Moreover, local values of heat transfer coefficient and the fin efficiency for fins

number 5, 9, 13, and 17 are in the same range.

By using this methodbtcalculate the local fin efficiency of some fins in Hasdine model of

the heat exchanger it can tencludethat, due to theissimilarityof thermal behaviour of the

fins of the heat exchangeo theconditionin one fincannot be applietb the otha one hence

it is vital to analysis thevhole heat exchanger under this conditidinis idea agreed with the
idea presented if@5], where it has been reported that the heat transfer coefficient is not
constant throughout its flow length and it is varying with location, the entrance length effect
(due to theboundary layer development), surface temperature, maldistribution, fouling,

manufacturing imperfections, fluid physical properties, etc.
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4.6 Effect of Geometrical Parameterson the Thermal Performance of the
Basdine Model

The main objective of this studgljective2.2) is to understand the hydrodynamics of the flow,
the heat transfer and pressure drop characterises as a fufigemmetrical parameters of the
heat exchangerThe multi-tube and fin heat exchangewhich has plain finshas been
numerically investigatedfor the effects offin spacing (), longitudinal pitchegL,) and
transverse pitcheélp) on the heat transfer and pressure droparacteristis of the heat
exchanger under steady state operating condition. In this parametric study,fterestdiases
have been considered for specific geometric parametgils; &d T,. These cases considered
in this parametric study are tabulated'able4-5where case |l represents the geometry of the
baseline model. The effectof the geometrical parameters previously mentioned were
investigated usingFanning friction factor ) which symbolised the pressure drop
characteristics, Colburn factgp (vhich symbolisedthe heat transfer characteristics and the
ratio between Colburfactor () andFanningfriction factor ) them which is #iciency index
(/). In addition,Fanningfriction factor ) and Colburn factorj were computed using the

method previously described in section 4.1.2.

Table4-5 Cases Considered in the Parametric Study

Parameter Case | Case I Case llI
Fin Spacing () mm 3.7 4.2 4.7
Longitudinal Tube Pitch () mm 20 22 24
Transverse Tube Pitch Tmm 23.5 25 26.5

The boundary conditions of the present stateshownin Table4-6. For each geometrical
parameter, CFD simulations were carried out for steady state operating condition. The air
velocity was varying from 1 to 5 m/sec, whereas the water velocity was varying from 0.3 to

15 m/sec.
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Table4-6 Boundary Conditions of Steady State Tests for Parametric Study

Water Side Air Side
Test Name WaterVelocity Water Inlet . . Air Inlet
(m/seq Temperature &) Al EllpEiny ([miE2e) Temperdaure (&)

Test 1 1

Test2 2

Test 3 1 60 3 25
Test 4 4

Test 5 5

Test 1 0.3

Test 2 0.6

Test 3 0.9 60 3 25
Test 4 1.2

Testb 1.5

4.6.1 Effect of Fin Spacing

This section is focusing on the impact of the spacing between thenfite heat transfer and

pressure drop characteristics of the heat exchanger. This effect controls the number of fins

which can be installed in a given space along the tubes. The effects of three different fin

spacings; 3.7 mm, 4.2 mm and 4.7 mm have beastigated.

Figure4.33 depicts thevariations ofColburn factor ) of heat exchangerssed in the present

study withReynoldsnumber Rep) computed based on tindraulicdiameter of the tube and

for threedifferent fin spamgs (Fp); 3.7mm, 4.2mm and 4./nm, respectively.

0.012 -
0.011 -

0.01 -
0.009 +
0.008 -
0.007 -

Colburn factor (j)
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4.7
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Reynolds Number (Rg
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Figure4.33 Effect of the Variation of Different Fin Spacing on Colburn Factor (j)

FromFigure4.33, Colburn factor (j) of heaxchangers used in the present study decreases as

the Reynolds number goes highearthermore, at a constd®¢ynolds numbezqual to 18,000
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and when the fin spacin@,) is decreasing from 4.7 mm to 4.2 mm and from 4.2 mm to 3.7
mm, theColburn factor j) increase 3.53%nd 6.7%, respectivelfherefore, ahigher heat
transfer is observed fdhe heat exchanger model with 3.7 mm fin spacing, i.e. at low fin
spacing.This behaviourof the heat exchanger can be explained as the fin spacgipds (F
decreasig, the flow becomes morturbulent and it cannterrupt the developmentof the

boundary layer

Variations ofFanningfriction factor §) with Reynoldsnumber (Re) for three different fin
spacinggFp); 3.7mm, 4.2mm and 4./mm, respectivelys illustraed inFigure4.34.

0.031 - i i
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0.029 - 3.7
0.027 - 4.2
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0.023 -
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Friction factor (f)
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O . 015 T T T T T 1
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Reynolds Number (Rg

Figure4.34 Effect of the Variation of Different Fin Spacings on Fanning Friction Fator (

It can be clearlyseenfrom Figure 4.34 that, a significant effect of fin spacing dmanning
friction factor ) hasobservedMoreover,by decreasing the fin spacirthe tube surface area
is reducel which affects the pressure drperformanceln other words, a highgressure drop
hasdeteced at 3.7mm fin spacing which representliaadvantagef high heat transfer rate
reached in the previous figure. The friction fact)rricreases 8.44% and 8.78% when the fin
spacing is changed from 4.7 mm to 4.2 mm &2dmmto 3.7 mm andt a constariReynolds
numberof 18,000.

Figure4.35 represents theariations ofefficiency index (j/f) of heat exchangengsed in the
presenstudy withReynoldsnumber (Re) for different fin spacing(Fp); 3.7mm, 4.2mm and
4.7mm, respectily.
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Figure4.35 Effect of the Variation of Different Fin Spacings on Efficiency Index (j/f)

The data plotted iigure4.35reveals that the efficiency ind€if) decreases dhe Reynolds
number is increased. Moreover, a higher efficiency index is observed at high fin spacing, i.e.

at 4.7 mm finspacing

The reason for an increase in heat transfer with low value of fin spacing can be generally
explained by the fact that, astfin spacing decreased the boundary layer thickihessased
which result an enhancement in the heat transfer characteristics of the heat exchanger.

However, his enhancement has a disadvantage of higher pressure drop.
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4.6.2 Effect of Longitudinal Pitches

Theeffect oflongitudinal pitchegLp) on the heat transfer and pressure drop characteristics of
the heat exchanger presented in this studysisussed in this sectioifihis effect isevaluated

by varying thdongitudinal pitchegLp) for three different viaes; 20 mm, 22 mm and 24 mm.

Variations ofColburn factor j) of heat exchangenssed in the presestudy withReynolds
number (Re) for three different longitudinal pitches(Lp); 20 mm, 22 mm and24 mm,

respectivelys illustrated inFigure4.36.

0.011 ~
0.01 Longitudinal Pitch (mm) 20 22 24
0.009 -
0.008 -

0.007 +

Colburn factor (j)

0.006 -

0.005 -

0.004 T T T T T 1
5000 10000 15000 20000 25000 30000 35000

Reynolds Number (Rg

Figure4.36 Effect of the Variation of Different Longitudinal Pitches on Colburn Factor (j)

It hasfound thatas the longitudinal pitch(Lp) increase Colburn factor (j) decrease. For
example, Colburn factor (feclinesby 10.22% and 3.71% when thkengitudinal pitch (L) is
varied from 20 mm to 22 mm arg2 mmto 24 mm, respectively faa constanReynolds
numberof 25,000. This response of the heat exchanger catabied by increasing of tube
surface area by an increasdangitudinal pitch(L,) which however resudta decrease in the
heat transfer rate. This response of the heat exchangéadicts withof the phenomenon

which statethat as the heat transfer area increasefdat transfer rate would increase.

Figure4.37 depicts thevariations ofFanningfriction factor ) of heat exchangerssed in the
presentstudy withReynoldsnumber (Re) for differentlongitudinal pitchegL); 20 mm, 22

mm and 24 mm, respectively.
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Figure4.37 Effect of the Variation of Different Longitudinal Pitches on Fanning Friction Faftor (

It can be seen clearly fromigure 4.37 that, friction factor ) has the same behaviour as
Colburn factor (j)i.e. as th&keynoldshumber (Re) increases theiction factor ) decreases.
Moreover, a higher friction factof)(is observed at the lowdsihgitudinal pitch(L,= 20 mm).

At a constanReynold numberof 25,000,friction factor ) decreaséy 10.1% and 4.23%

when thelongitudinal pitch (L) is changed from 20 mm to 22 mm a@d mmto 24 mm,
respectively

Figure 4.38 illustratesthe variations ofefficiency index (j/f) of heat exchangenssed in the

presentstudy withReynoldsnumber (Re) for differentlongitudinal pitchegLp); 20 mm, 22
mm and24 mm, respectively.
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Figure4.38 Effect of the Variation of Different Loriyidinal Pitches on Efficiency Index (j/f)

The data plotted ifrigure4.38 reveals that, thefigciency index (j/f) decreases a@ieynolds
number (Re) increases. In contrast to thehaviourof friction factor ) andColburn factor
(), the dficiencyindex (j/f)is observed to be slighthigherfor highlongitudinal pitchegLp).
This can be explained as the rate of increaggalurn factor (j)is lower than the friction

factor ).
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4.6.3 Effect of Transverse Pitches

In this ection, the effect of transverse pitches has been investigated. The numerical
investigation has been carried out for thdiféerenttransverse pitchgdp); 23.5mm, 25 mm
and26.5mm, respectively.

Figure4.39 depicts thevariaions of Colburn factor ) of heat exchangerssed in the present
study withReynoldsnumber (Re) for differenttransverse pitchgdp); 23.5mm, 25 mm and
26.5mm), respectively.
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Figure4.39 Effect of theVariation of Different Transverse Pitch on Colburn Factor (j)

It can be clearly seen frofigure4.39 that the value of transverse pitch is affecting Colburn
factor (j) and therefore affecting the heat transfer rate in theekelaanger. In general, Colburn

factor (j) of heat exchangers used in the present study decreases as the Reynolds number
increases. Furthermore, at a constant Reynolds number equal to 30,000 and waeswvibese

pitch (Tp) is decreasing from 26.5 mm t& Znm and 25 mm to 23.5 mm, t@elburn factor |

increase by 7.58% and 3.05%, respectivéherefore, anigher heat transfer is observed for

the heat exchanger model with 23.5 nmansverse pitchi.e. at lowtransverse pitchThis

behaviourof the heaexchanger isimilar to that of longitudinal pitch.

Variations ofFanningfriction factor ) of heat exchangerssed in the presemtudy with
Reynoldsnumber (Re) for differenttransverse pitchedp); 23.5mm, 25 mm and26.5mm,

respectivelyis illustrated inFigure4.40.
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Figure4.40 Effect of the Variation of Different Transverse Pitch on Fanning Friction F&gtor (

The results plotted iRigure4.40 depict thatasReynolds number (R increases théiction
factor ) tend to decrease for all the cases studied. A higher friction fdrisropserved aa
low transverse pitcf23.5 mm) Thisbehaviournf the heat exchanger can be explained tisat, a

the transverse pitch increased, the surface of tubes area is increased, which result an expanding
in flow area and hence lower pressure drop.

Figure4.41 represents theariations ofefficiency index (j/f) of heat exchangenssed in the
presenstudy withReynoldsnumber (Re) for threedifferenttransverse pitch€3p); 23.5mm,

25 mm and26.5 mm, respectivelylt can be seethat the efficiency index decreases as the
Reynolds number is increased. Moreover, a higher efficiendgx is observed at high
transverse pitchi.e. at26.5 mm transverse pitchwhich represesta difference for respective

cases comparing with the behaviadifriction factor ) andColburn factor (j).
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Figure4.41 Effect of the Variation of Different Transverse Pitch on Efficiency Index (j/f)
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4.7 Development of Novel SemEmpirical Prediction Model

The results whiclmave been obtained the previous studwhich hasquantifiedthe effect of
geometrical prametersfin spacing (F), longitudinal pitchegLp) andtransverse pitchg3 )

on the thermal performance wofulti-tubeand fin heat exchanger haviptain fins (basdine
model) have been implemented develop a novel semiempirical prediction modefor
Fanning friction factor (fandColburn factor (j) As it has been stated befoFanning friction
factor (fy)andColburn factor (j)are representing the pressure drop heat transfer characteristics,
respectively. Therefore, it istal to develop a pmdiction model to correlate them. In addition,
In the design of a plain fin heat exchanger, the geometric parametdns spacing (),
longitudinal pitcheqLy), transverse pitchefly), fin collar outside diameter @R fin width
(Fw), fin height () and Reynoldsnumbercomputed based on tlgdraulicdiameter Rep).
Thesegparameterare affecting the thermal performance of the heat exchahigerce the
dimensionless geometric parameters usetket@lop the prediction model aRep, Fy/De, Ly/
Fwand Tp/ F.

The correlation has been carried osing multiple variable regression analyditese novel

eguations are shown below.

) 24857 ?4& 5= ?5&845
E ravxz 171 "X p | ™ p | “pr (4.18)
a u
“Lrasywiy *®%9 "X p 1 "™ p | ™ p (4.19)
a u

where,

J is Colburn factor

fis Fanning friction factor

Rep is Reynoldshumbercomputed based on thgdraulicdiameter
Fp is fin spacing(m)

D. is fin collar outside diameter (m)

Lp is longitudinal pitch(m)

Tpis transverse pitckm)

Fu is fin width (m)
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Fu is fin height (m)

The limitations of using the equations above are:

X These equations are applicable onlynalti-tubeand fin heat exchangeiith plain fins
X These equations have been developed based on heating condition

X These equations are applicable only to forced convection heafdr analysis

The correlation coefficient values between calculated and predicted d&gqsi¢4.6) and(4.7)
are0.987 and 0.97#espectively. Based on the above information it caodpeludel that the
developedrediction modeshowsno significan difference to the availablgata and they have

the same trendl herefore, thigprediction model developed can be used during the design process

of multi-tubeand fin heat exchanger having plain fins.

4.7.1 The Accuracy of the Developed Equations for Predictingolburn factor (j) and
fanning friction factor (f)

This section illustratethe accuracy of the developed equations for predi@ioipurnfactor
() and Fanningfriction factor ). Figure 4.42 and 443 depict the relation beteen the

calculated values and the predicted values of Colfaator (j) andFanningfriction factor ),
respectively.

0.015
0.013
+10 % Error Bound ’
0.011
£o)
i)
o ,
g 0.009 . P
o g
= L7
v
0.007 gy e
4 -
2 _-
7z - i
A -
0.005 ' oss
/S <
27
/, '~
0.003
0.003 0.005 0.007 0.009 0.011 0.013 0.015

j (Calculated)

Figure4.42 Calculated Against Predicted Values of Colburn Factor (j)
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it can be see that percentage differerebetween the calculated and predicted values of
Colburn factor (j) and Fanning friction factdi @re in range of less than 10%. Therefore, it
can be concluded that, the developed equdpicediction modeljs well capable opredicting

Colburn factor (j) and Fanning friction factdj (vith a good accuracy.
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Figure4.43 Calculated Against Predicted Values of Fanning friction factor (f)
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4.8 Summary of the AnalysisCarried Out on the BaselineM odel

Detailed flow behaviour of working fluids within tmaulti-tubeand fin heat exchanger having

plain fins have been revealed in the following results:

X A novel CFD model fomulti-tubeand fin heat exchanger with a full geometry has
been pesented and verified against the experimental results at different operating
conditions. Therefore, the numerical model can be used for further investigation with
different design modifications.

x A flow field qualitative analysis has been carried out whielps to understand the
forced convection phenomena happened inside this system.

x CFD has been incorporated to compute heat transfer coefficients and local fin efficiency
for multi-tubeand fin heat exchangwith plain fins

X Fin spacing, longitudinal pih and transverse pitch have a significant impact on the
heat transfer and pressure drop characteristics of the heat exchanger under steady state
operating condition.

X Minimising the fin spacing would enhance the heat transfer characteristics of the heat
exchanger. However, it woulidcreaseahe pressure drop across the heat exchanger.

x Plain fins provide the lowest possible-gidepressure drop and lowest fan power.

x A Predictionmodel to estimate Fanning friction factor (f) and Colburn factor (j) has
beendeveloped by taking in consideration the effects of heat exchanger geometrical

parameters; fin spacing, longitudinal pitch and transverse pitch.

This chapter provides in detail information about the forced convection phenomena and
behaviour of working flids within themulti-tubeand fin heat exchangddesign modifications

will be considered in the next chapter in order to enhance the heat transfer and pressure drop
characteristics of the heat exchanger. This process will be carried out experimentally and

numerically.
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B EXPERIMENTAL AND NUMERICAL
INVESTIGATIONS OF DIFFERENT DESIGN
CONFIGURATIONS OF HEAT EXCHANGER

SUMMARY: In the previous chapter, validation and analysis of the baseline model for
multi-tubeand fin heat exchanger having plain funsderdifferentoperating conditions &re
carried outThis chapter focus on improving ttileermal performance dlfie heat exchanger by
employing different fin configurationg&\n experimental investigation has been carried out by
comparing théneat transfer angressure dropharacteristis of a novel fin design (perforate

plain fin) with plain and louvre findVloreover, acomparativenumericalstudy of the airside
thermalperformance of thenulti-tubeand fin heat exchanger havipgrforatel plain, louve
andperforated duvre fin has been carried out. The best thermal performance was found to be

for perforated louvre fins.
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5.1 Introduction

The basline model which has been analysed in the previous chapter has plaifh@mmal
performance of the plain fins cdoe enhancedy using passive techniqueshich does not
requireapplication ofany additionakxternal powerThis technique can be in form sdirface

or geometrical modificationsf fin surfacesThis chapter deals with performance improvement
of the heaexchanger used in the FCU by having different design configuratiotie 6hs.

This includes louvre and perforated fins.

The bbuvre fins have a surface area larger than plain fins and they are commonly used in auto
industry because of their mass produttmanufacturability and high j and f factors congahar

with plain fins. In additionproposed hergperforation in the fin surfaces enhance turbulence
around fins which cause an increase in the local heat transfer coefficient compared with plain
fins as wédl as a reduction in the total weigbt the heat exchanger.

In this chapter, when possible an experimental investigation has been carried out and in other
cases numerical investigation, in order to evaluate the thermal performance of new fin

arrangementslhese investigations include:

X An experimental study toomparehe thermal characteristics of mditibe and fin heat
exchanger with plain, louvre and perforated plain fins,

X A comparative numerical study of the airside performanaaufi-tube and fin hat
exchanger having perforated plain, louvre and perforated louvte fins

X A numerical investigatiorio determine effect®f the hole diameter () and hole
spacing () on the heat transfer and pressure drop characteristics of the air side of the

heat exchagerwhich has perforated louvre fins

The results of those investigationave beerused todevelopthe optimisation model which

will discussed in the next chapter.

5.2 A Comparison of Thermal Characteristics of Multi -tube and Fin Heat

Exchanger with Different Fin Arrangements

This study experimentally examines the thermal performancenofila-tube and fin heat
exchanger under steady state operating condition. The investihaisobeercarried out by
comparinga heat exchanger havipgrforatel plainfin, novel fin designyith plain and louvre

fins heat exchanger¥his study shows how the thermal performance of the baseline model can
be improved by having perforations on the plain fins or using louvre fins instead of plain fins.
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Moreover, this study aim® tcorrect the novel predictions model developed in section 4.7 that

can be applied on the perforated and louvre fins.

5.2.1 Heat Exchanger Model Description and Boundary Conditions

Thetest setupdescribed in chapter thrdeas beemsedin order to study thbeat transfer and
pressure drop characteristics of these heat exchafdgersnodel for heat exchanger having
perforatel plainfin was manufactured by punching 12 holes with 3 mm diameter in each plain
fin material. Figure 5.1 depcts the heat exchanger havipgrforatel plain fin and the

distribution of the perforated holes in fin geometry.

Figure51 3SHUIRUDWHG 30DLQ )LQ +HDW ([FKDQJHU D@gBmettyUIRUDWH

The air velocity used in this study is in the range of 0.7 to 4 m/sec which represeetstitg
arithmetic mean (velocity average) of tgeoss crossectional area for airflow (face area)
which is computed using th®SHRAE standard 41.p84] and it was reported 05|, [16].

The method for measuring air flow velocity in the experiments is described in detail in
APPENDIX B. Moreover, the range for water flow rate is from 2 L/min to 6 L/min which make
the flow inside the tubes fully turbulenthe detailed bouwtary conditions of this study are

presented iTable5-1.
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Table5-1 Boundary Conditions of Steady State Tests for the Comparative Experiential Study

Water Side Air Side
J:;L Water FIlow rate Wi (e Air Velocity A [
(L/min) Temperature {C) (m/sec) Temperature {C)
Test1 0.705
Test2 1.546
Test 3 2+0.03 60+1 2.183 24+ 1
Test 4 3.177
Test 5 3.991
Test 1 0.705
Test2 1.546
Test 3 3+0.03 60+1 2.183 24+ 1
Test4 3.177
Test5 3.991
Test1 0.705
Test2 1.546
Test 3 4+0.03 601 2.183 24+ 1
Test 4 3.177
Test 5 3.991
Test 1 0.705
Test2 1.546
Test 3 5+0.03 60+1 2.183 24+ 1
Test4 3.177
Test5 3.991
Test 1 0.705
Test2 1.546
Test 3 6+0.03 60+1 2.183 24+ 1
Test 4 3.177
Test5 3.991

5.2.2 Data Analysis

In this studythe temp