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EFFECT OF GEOMETRICAL PARAMETERS ON HEAT TRANSFER A ND
PRESSURE DROP CHARACTERISTICS OF PLATE FIN AND TUBE HEAT
EXCHANGERS

ABSTRACT

In this study, the influences of the changes ingi@ometry on heat transfer and
pressure drop of a plate fin and tube heat excheargeinvestigated, numerically. A
comparison betweeexperimental results (Herchang Ay, JiinYuh Jang dadNan
Yeh, 2002) and numerical ones for temperatureidigion and local convective heat
transfer coefficients over a plate-fin surface diesthe plate finned and three row
tubes heat exchangers are performed. In additiate fin and one row tube heat
exchanger is analyzed numerically for different rgetrical parameters. A
computational fluid dynamics (CFD) program calldddnt is used in all analysis. In
numerical study for plate fin and one row tube h@athanger, the effects of the
distance between two fins, tube center locatiam hiight, tube thickness, and tube
ellipticity on heat transfer and pressure drop s&rdhe heat exchanger are
investigated. The distance between fins is foundhdwe a considerable effect on
pressure drop. It is observed that placing thetdlbe at downstream region affects
heat transfer positively. Another important resoitthe study is that increasing
ellipticity of the fin tube increases the heat &f@n while it, also, results in an

important reduction in pressure drop.

Keywords: Plate fin; Heat exchanger; Numerical modeling; tHesnsfer; Pressure
drop.



DUZ KANAT BORU T iPi ISI DEGISTIRGECLERININ GEOMETRIK
PARAMETRELER INiN ISI TRANSFERI VE BASINC DUSUMU
KARAKTER iSTIKLER iNE ETKiSi

0z

Bu calsmada, diz kanat-boru tipi 1sI ggiricisinde kanat geometrisi
degisimlerinin isi transferi ve basing gdimuine etkileri sayisal olarak incelentiri 3
sirall duz kanat-boru tipi 1si gatirgeci igindeki sicaklik dalimlar ve kanat
Uzerindeki yerel 1s1 tanim katsayilari icin elde edilen sayisal sonuganeysel
sonugclarla (Herchang Ay, JiinYuh Jang and Jer-Nah,Y¥2002) kanlastiriimistir.
Buna ek olarak, diz kanat ve tek sira borulu igiistiegeci, farkli geometrik
parametreler icin sayisal olarak analiz editmi Tim analizlerde, FLUENT adli,
hesaplamali akkanlar dinamgi (HAD) programi kullanilmgtir. Dz kanat ve tek
sira borulu Is1 dastirgeci icin sayisal analizlerde, iki kanat arasesafe, boru
merkezin yeri, kanat yiksegli boru kalinlgl ve boru eliptikiginin 1sI deistirgeci
boyunca, isi transferi ve basingsdintine etkileri incelenngiir. Kanatlar arasi
mesafenin basing giimu Uzerine dnemli bir etkisi olgu bulunmytur. Borunun
akis boyunca ileride vyerkgiriimesinin 1sI transferine olumlu etkisi olgu
gozlenmgtir. Bu calsmanin bir dger énemli sonucu, boru kesitindeki eliptiih

artmasiyla 1s1 transferinin artmasi, basingiditiniin ise dnemli miktarda azalmadir.

Anahtar Kelimeler: DUz kanat, Isi d@stiricisi, Sayisal modelleme, Isi transferi,

Basin¢ dgimu



CONTENTS

Page
M.SC. THESIS EXAMINATION RESULT FORM .......cmiieieeeeee e e i
ACKNOWLEDMENTS ..ottt eesetie e et e e e e e e et eee e e s s snnaneeens il
ABSTRACT ittt et mreee e e e s st e e e e e e s bt et e e e e e e e e nbe e e e en et e eeeeeaannes iv
(@ )T v
CHAPTER ONE— INTRODUCTION ..ottt eaa e 1
CHAPTER TWO- CLASSIFICATION OF HEAT EXCHANGERS.... .............. 5
2.1 Recuperation and RegeNeration................eeiiiiiieeeeeeeeeeeeeeeeeeiiieiiaaas 6
2.2 TranSTer PrOCESSES .....ccvviiiiiiiiiiimmmmmmmn e ettt e e e e e e e e e e eeeeaaaeeees 7
2.3 Geometry Of CONSIIUCTION .....ceviiiiiiiiieeeiiiiiieee e e e enneees 8
2.3.1 Tubular Heat EXChangers.............uueeememmiiiiiiiiiiiiiieeee e eeeeeeieivieeend 8
2.3.1.1 Double-Pipe Heat EXChangers .......cccoo i 9
2.3.1.2 Shell and Tube Heat EXChangers .......ccccceeieiiiiiiiiiiiiiiiiceeee e 9
2.3.1.3 Spiral-Tube Heat EXChangers ....... e eeeeeeiiiiiininnneeeeeeieeeeeeeennnn 11
2.3.2 Plate Heat EXCRANQEIS ............... oo e e eeeeeeeeeeeennnnnnnnnnnnesaeaaaeeanses 11
2.3.2.1 Gasketed-Plate Heat EXcChangers ....cccccccceoo oo, 11
2.3.2.2 Spiral Plate Heat EXChaNQErS ......cuueemmmeeeeeeeeeeeiieeieiiiiiiiiiinae e 12
2.3.2.3 Lamella Heat EXChangQer ...........coeeeeiiiiiiiiiieeeies e 4.1
2.3.3 Extended Surface Heat EXChanQers ... o« oeeeiieeeeeeeeeeeeeeeeiinsnnnnnnn. 15
2.3.3.1 Plate-Fin Heat EXChanQErS. ... eeeeeeeeeeiiiiiiiiiiieneeeeeeaeeaees 51
2.3.3.2 Tubular-Fin Heat EXChangersS........ccccceeiiiiiiieeeeeeeeeeeeeeen 17
P e (o 1V O N g =Y o =T 0 0= o | S 18

CHAPTER THREE- COMPUTATIONAL FLUID DYNAMICS AND

FLUENT PROGRADM ...ttt e e e e e e e e e e e e e e mnnnes 19
3.1 Computational Fluid DYNAMICS .......ccceeeeeeeeiiiiiiiiiiieeee e e e e eeeeeeeeeeeeenenens 19,
3.2 GAMBIT and FLUENT ProgramsS........... ...« eeeeeeeeeeeesreemmemmmmmmmnnn 20

Vi



3.2.1 GAMBIT Program .......cooeeeuiiieiieieeee e e e e 20,

3.2.2  FLUENT Program.........cooiiiiiiiiiceemmm et 21
3.2.2.1 Control-Volume Formulation and Discreti@ati...............cc.cceeee.... 23
3.2.2.2 QUICK SCNEME ...ttt 30.

CHAPTER FOUR- CFD SIMULATION AND VALIDATION W ITH

EXPERIMENTAL DATA oottt ettt ettt e e e e et a e e e e nees 35
4.1 Experimental Equipment and ProCedure.....ccovvveviieeiiciiiiiieeeeeeeeeeeeee, 35
4.1.1  Experimental APParatus.............. cowewmeennnnaneeeeeeeeeeeeeeeeeeensnennnnnn 35
4.1.2 TeStMOAEl ....cooiiiii e 36
4.1.3 Experimental ProCeadure ...........oooioiiiiieiiiiiiieeee e 38
4.2 NUMENCAl ANAIYSIS .....uiiiiiii ettt e e eeeee e 40
4.3 ReSUlts and DISCUSSION........iiiiiiiiieeeeeees et 45
CHAPTER FIVE= NUMERICAL STUDY ...ttt 48
5.3 MoOdel DESCHPLION.......uutueiiiiie e ettt e e e e e eeeeeee e 49
S0 I A €T To] 1 1= 1 PRI 49
5.1.2  MESH .. e 51
5.1.2.1 Mesh RefiNemMeNt.........ccooiiii i e 53
5.2 Governing EQUALIONS...........cooiiiiiiiceemmmeaee et 53
5.3 Boundary COoNAItIONS ..........uuuuiiiiiieereeeieieiiiiiiiiie s e e e e e e e e e e e eeeeeeeereeenns 54
5.5 ReSUItS and DISCUSSION........uuuiiiiiiieeeeeeseiieiiseiiiiiiirerie e reee e e e e e e eneeeees 57
CHAPTER SIX— CONCLUSION ...coiiiiiiiiiiiieee e imme s siieeee e siieere e sniaeeeee e 78
REFERENGCES ...ttt st e ettt e e e e e e st ee e e e s smneeessannnees 83

Vii



CHAPTER ONE

INTRODUCTION

Plate fin and tube heat exchangers are widely eyppglan such commercial
applications as air conditioning system, heater radiation.There are various fin
patterns such as plate, louver, convex-louver,vaany. Among these patterns, plate
fin configuration is the most popular fin pattemnm heat exchanger applications,
owing to its simplicity, rigidity, and economicainpact. Typical tube geometries

used in heat exchangers are circular and elliptical

Plate fin and tube heat exchangers have been igatsi by many researchers
due to their widespread usage. A survey of publisheat transfer information
related to such heat exchanger devices revealeédhthanost extensive set of results
is concerned with circular tube geometry. For dacuube heat exchangers with
plate fins, the results reported by Shepherd (1,95&poya (1974), Sparraw, (1976)
and Rosman et al (1984), constitute the most camphdormation available in the

literature. Several heat exchanger configuratioitis @ircular tubes were analyzed.

In Shepherd (1956) a pioneering study of arrangésneith one row of circular
tubes was reported. Global heat transfer coeffisiass a function of the Reynolds
number were determined assuming isothermal fimsefficiency equal to 1). Saboya
(1974) using the naphthalene sublimation technape the heat and mass transfer
analogy, experimentally obtained local and globaath and mass transfer
coefficients, for one- and two-row circular tubedaplate fin heat exchangers.
Saboya and Sparrow (1976) extended the study feettow heat exchangers. The
results show low mass transfer coefficients belthetubes, as compared with the
fin average. Rosman (1984) experimentally deterchlneal and global heat transfer
coefficients, using the heat and mass transferoggdior one — two —row circular
tube and plate fin heat exchangers, followed by emical computations of the fin
temperature distribution and fin efficiency, anddrsteam bulk temperature along
the fin. The results show that the two —row confagion is more efficient that



the one —row configuration. Jang et al. (1996kstigated the effects of different
geometrical parameters on the average heat tracsééiicient and pressure drop for
plate fin and tube heat exchangers, numerically expgerimentally. Jang et al.
(1998) studied fluid flow and heat transfer chagastics over circular fin and tube
heat exchangers with staggered arrangement. Abu &aal. (1998) tested 28 heat
exchanger samples in an open circuit thermal wimuhel for different geometries,
He examined the effect of geometrical variationdlatf and corrugated fins and the
results are correlated in terms of Colburn andiéncfactors.

The elliptic tube geometry has a better aerodynahape than the circular one;
therefore, it is reasonable to expect a reductioiotal drag force and an increase in
heat transfer when comparing the former to thedatioth submitted to a cross-flow
free stream. According to Webb (1980) the perforceaadvantage of the elliptical
tubes results from their lower pressure drop dubecsmaller wake region on the fin
behind the tube. Brauer (1964) reported experinherggults comparing the
performance of staggered banks of finned elliptid &ircular tubes. The elliptic
tubes gave 15% more heat transfer and 18% lessupeesirop than the circular
tubes. In these experiments, the flow was turbulgith the Reynolds number
ranging from 4 x 1000 to 100000.

Later, Schulemberg (1966) analyzed the potentiathef application of elliptic
tubes in industrial heat exchangers. He conclubat] for a given heat transfer duty,
a heat exchanger built from finned elliptical tulbequires less heat transfer surface
and consumes less power for driving the fans thmex@hanger built from finned
circular tubes. Rocha et al. (1997) presented nigalecomputations of the fin
temperature distribution and fin efficiency in o&d two-row elliptic tube and plate
fin heat exchangers. In their studies, the fincedficy results were compared with
those of Rosman (1984) for plate fin and circuldret heat exchangers and a relative
fin efficiency gain of up to 18% was observed witie elliptical arrangement.
Bordalo and Saboya (1995) reported pressure dr@gsumements comparing the two

configurations, with one-, two-, and three-row agements. The conclusion of those



studies based on experimental evidence is thatethptic tube configuration

performs better than the circular one.

Recently, Bordalo and Saboya (1999) reported presswiop measurements
comparing elliptic and circular tube and plateHgat exchanger configurations, with
one-, two- and three-row arrangements. Reductidnsipoto 30% of the loss
coefficient (pressure drop coefficient per unit rdwe only to the presence of the
tubes) were observed, in favor of the elliptic ¢garfation. Bordalo and Saboya
(1999) shown that elliptical arrangements havepittential for a considerably better
overall performance than conventional circular rgements. Ximenes (1981)
reported experimental results for mass transfefficants in one- and two-row
elliptical tube and plate fin heat exchangers. Ha elliptic configuration, it was
observed that the mass transfer coefficients desp tramatically behind the tubes

than in the circular configuration.

In most applications, continuous fin sheets piedogdegular arrays of tubes are
used. The latter arrangement is not only simple ecwhomic, but also increases
overall rigidity of the structure. The augmentatmrheat transfer is associated with
the increased volume, weight, and cost of the éeeltanger because of the addition
of fins. However, tube spacing and fin thickness ba selected optimally so that
maximum heat can be transferred for a given finun@. Zabronsky (1955)
determined the temperature distribution and efficjeof square fins around circular
tubes in heat exchanger application. However, srahialysis, the adiabatic boundary
condition at the fin edge has been satisfied exaathereas, the isothermal condition
at the fin base has been satisfied only approximatghah (1985) described an
approximate method, referred to as "Sector Methfod, determining the efficiency
of plate fins. In this method, the fin is dividadto a large number of small sectors.
The approximate efficiency of each sector is deteeoh from the efficiency curves
already available for annular fins. Finally, the igided average of the sector
efficiencies gives the fin efficiency. Kuan et €1984) numerically determined the
efficiency of a variety of polygonal fins circumsgiing tubes of different regular

geometry. They found that for most combined tube fam geometry; the efficiency



can be calculated analytically, replacing the ddinaby an equivalent annular fin of
the same surface area. Romero- Mendez et al. (20083tigated the effects of fin
pitches on a single-row fin and tube heat exchang&ang et al. (1996 — 2001)
studied the effects of number of tube rows, tulaengdier, fin pitch, and fin thickness
on heat transfer and pressure drop characterfstichfferent fin surfaces. Figure 1.1

shows a typical plate fin and tube heat exchanfyarheater used in the analyses.

Flue gas exit

................................

Flue gas inlet

Figure.1l.1 View of an analyzed plate fin and tubattexchanger.

In this study, a comparison betweexperimental result (Herchang Ay, JiinYuh
Jang and Jer-Nan Yeh, 2002) and numerical resulCeD code (FLUENT)
programs for temperature distribution dodal convective heat transfer coefficients
over a plate-fin surface inside the plate finndoketineat exchangers are performed,
In addition, the plate fin and one row tube heathaxger analyzed for different
geometrical parameters, numerically. The effectsubie ellipticity, fin pitch, fin
thickness, tube diameter and tube center locatioheat transfer and pressure drop

of plate fin and tube heat exchangers have beerdunted.



CHAPTER TWO
CLASSIFICATION OF HEAT EXCHANGERS

Heat exchangers are devices that provide the flotnevmal energy between two
or more fluid at different temperatures. Heat exgjes are used in various
applications. In space heating, power productiongdustrial processes, air-
conditioning and refrigeration, heat exchangersugesl extensively. In Figure 2.1, a
classification of heat exchangers according to 3nnwaiteria is shown (Kakag,
1998):

Recuperators and regenerators
Transfer processes: direct contact and indirectacbn
Geometry of construction: tubes, plates, and exeérsdirfaces

Heat transfer mechanisms
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Flow arrangements: parallel, counter, and crosgslo
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Figure 2.1 Classification of heat exchangers

In this study, the type of heat exchangers is & dhategory of extended surface

heat exchangers according to construction features.



2.1 Recuperation and Regeneration

Recuperators are direct -transfer heat exchangewghich heat transfer occurs
between two fluid streams at different temperatevels in a space that is separated
by a thin solid wall (a parting sheet or tube walgat is transferred by convection
from the hot (hotter) fluid to the wall surface ahg convection from the wall
surface To the cold (cooler) fluid. The recuperasaa surface heat exchanger. Some

of the recuperative-type exchangers are showngargi2.2.

yE 2

188
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ii.
Hax q Hot Hat r]
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(a) parallar flow (b) counter flow
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(¢ s
]

p Ot

(c) One-shell pass and two-tube passes

Figure 2.2 Indirect contact types of heat exchasmg@), (b) Double-pipe
type, (c) shell and tube type

In regenerators (storage-type heat exchangers), sime flow passage is
alternately occupied by one of the two fluids. That fluids stores the thermal

energy in the passage during the cold fluid flowotigh the same passage later,



energy stored will be extracted from the passaperdfore, thermal energy is not
transferred through the wall as in a direct trandfgpe of heat exchanger.

Regenerators can be classified as:

1. Rotary regenerator
(a) Disk-type
(b) Drum-type

2. Fixed-matrix regenerator

Rotary regenerators are used in preheating aiangel coal-fired steam power
plants, gas turbines, and fixed matrix air premgpfor blast furnace stoves, steel
furnaces, open-hearth steel melting furnaces, &s$ durnaces. Rotary regenerators

can be classified as:

The disk-type and drum-type regenerators are showagure 2.3, schematically.
The heat transfer surface is in a disk form andd$lulow axially in disk-type
regenerators. In drum-type regenerators, the marin a hollow drum form and

fluids flow radially.

AXIAL FLOW AT
| S—
B2 - ——
Ll cOLD FLUID S R _,j,

i
;‘ [

P2 HOT FLUID )
Dot eises SRR

=

{a} (b}

Figure 2.3 Rotary regenerators. (a) Disk type Di)m type

2.2 Transfer Processes

Heat exchangers are classified as direct contge &nd indirect contact type

(transmural heat transfer) according to transfecesses (Kakag, 1998).



In direct contact heat exchangers, heat is traregfdyy partial or complete mixing
of the hot and cold fluid streams. As shown in IFég@.1c, since there is no wall
between hot and cold streams. The heat transfersdtierough the interface of two
streams. The streams are two immiscible liquidgasliquid pair, or a solid particle-
fluid combination in direct contact type heat exufpers. Cooling towers, spray and

tray condensers are good examples of such heahiegels.

In indirect contact type heat exchangers, heatissferred through a heat transfer
surface between the cold and hot fluids, as showfigure 2.1d. The fluids are not
mixed. This type of heat exchanger examples arensiio Figure 2.2.

Indirect contact and direct contact type heat emghes are also called
recuperators. Tubular (double-pipe, shell and tupl@te, and extended surface heat

exchangers; cooling towers; and tray condensersxamples of recuperators.

2.3 Geometry of Construction

Indirect contact type heat exchangers are oftercribesl in terms of their
construction features. Tubular, plate and exterglethce heat exchangers are the

major construction types (Kakag, 1998).

2.3.1 Tubular Heat Exchangers

Circular tubes are used in these heat exchangeesfl@id flows inside the tubes
and the other fluid flows outside of the tubes. &ultameter, number of tubes, tube
length, tube pitch, and tube arrangement are thstagaction parameters; there is a
considerable flexibility in tubular heat exchangksign. Tubular heat exchangers

can be classified as:

1. Double-pipe
2. Shell and tube
3. Spiral-tube



2.3.1.1 Double-Pipe Heat Exchangers

A typical double-pipe heat exchanger consists @& pipe placed concentrically
inside another of larger diameter with approprfategs to direct the flow from one
section to the next, as shown in Figure 2.4. Dopippe heat exchangers can be
arranged in various series and parallel arrangesrtenneet pressure drop and mean
temperature difference requirements. In sensib&img or cooling of process fluids
where the small heat transfer areas (to 50 m2)rageiired, double-pipe heat
exchangers are used extensively. Double-pipe heelbaegers can be built in

modular concept (i.e., in the form of hairpins).

Cross sectior: view of

Y fintube inside snell

TYPE 40 BOUBLE PIPE HAIRPIN
HEAT EXCHANGER

Return bend housing and 500 psig pressure shelf (o 500 psig prossure shell to
cover plate {500 gsig) tube closure and tubeside tube closure and
JoEnt high-pressure tubeside
jont

Figure 2.4 Double-pipe hairpin heat exchanger

2.3.1.2 Shell and Tube Heat Exchangers

Shell and tube heat exchangers are built of rourzes mounted in large
cylindrical shells with the tube axis parallel tat of the shell. They are used as oill
coolers, power condensers, preheaters in powetsplateam generators in nuclear
power plants, and in process and chemical indusplications, extensively. A
horizontal shell and tube condenser is shown inifei@.5. One fluid flows through

the tubes while the other flows on the shell s@eoss or along the tubes. The
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baffles are used to promote a better heat tragskefficient on the shell side and to
support the tubes. In a baffled shell and tube le@ahanger, the shell side fluid
flows across between pairs or baffles and thendlparallel to the tubes as it flows
from one baffle compartment to the next. There raeny different shell and tube
heat exchangers depending on the application. Towt nepresentative tube bundle
types are used in shell and tube heat exchangershamwn in Figure 2.6 and 2.7.
Since only one tube sheet is used, the U-tubeeisethst expensive construction. But

the tube side cannot be mechanically cleaned beaduke sharp U-bend.

Impingement  Vapcr =
Gas
Plate Inlet Baffia Outlet Cfrﬁle'itnt

af
Shell e aods

Verlicall
Coolant Y
Outlet Cut Condensale

Segmenlal Outlet
Baffles

Figure 2.5 Shell and tube heat exchanger as asitlelcondenser

—f y |

Fixed Tube Sheet Heat Exchanger

Figure 2.6 Two-pass tube, baffled single-pass ssledlll and tube heat exchanger

U-Tube Exchanger

Figure 2.7 U-tube, baffled single-pass shell, shetl tube heat exchanger
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2.3.1.3 Spiral-Tube Heat Exchangers

Spiral-tube heat exchangers are spirally woundsqaéced in a shell, or coaxial
condensers and coaxial evaporators used in redtigarsystems. The heat transfer
coefficient is higher than straight tubes. They sugable for thermal expansion and
clean fluids, because it is almost impossible éagla spiral-tube heat exchanger.

2.3.2 Plate Heat Exchangers

Plate heat exchangers are made of thin plates figrihdw channels. The fluid
streams are separated by flat plates that arerestheoth or between which are
sandwiched corrugated fins. They are used for tneasfer between any gas, liquid,
and two-phase stream combinations. Plate heat egehmare classified as:

1. Gasketed-plate
2. Spiral plate

3. Lamella

2.3.2.1 Gasketed-Plate Heat Exchangers

A typical gasketed-plate heat exchanger and the flaths are shown in Figure
2.8 and 2.9. A gasketed plate consists of a sefiesrrugated or wavy thin plates
that separates the fluids. Gaskets are used temirélhe leakage to the outside and
direct the fluids in the plates. The countercurridowv pattern is generally selected
for the fluids. Because of the small flow passagé®ng eddying gives high heat
transfer coefficients, high-pressure drops, andh higcal shear that minimizes
fouling. Gasketed-plate heat exchangers provicatively compact and lightweight
heat transfer surface. They are typically usedhtmat exchange between two liquid
streams. Because of easy cleaning and sterilizati@y are extensively used in the

food processing industry.
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Figure 2.8 Gasketed-plate heat

exchanger and flow paths

Plates sappartsd by an
e gulide bar are beld
umﬁam'whichix

Tightening: balt.

Special gaskets on end plates
prevent fluids from contacting
the frames.

The kower rectangular guide bar
olute &mm:
kL

assures abs,
mounted o each preventing lateral movemsnl

A paskat
plate seals the channel
betwean it and the next

Figure 2.9 Gasketed-plate heat exchanger

2.3.2.2 Spiral Plate Heat Exchangers

As shown in Figure 2.10, spiral heat exchangerdaraed by rolling two long,
parallel plates into a spiral using a mandrel amttlimg the edges of adjacent plates
to form channels. The distance between the metédas in both spiral channels is
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maintained by means of distance pins welded tarib&al sheet. The length of the
distance pins may vary between 5 and 20 mm. Iltossiple to choose between
different channels spacing according to the flote r@nd ideal flow conditions and

smallest possible heating surfaces can be obtained.

Two spiral paths introduce a secondary flow, insieg the heat transfer and
reducting fouling deposits. These heat exchangees qaite compact, but are
relatively expensive due to their specialized fedtion. Sizes range from 0.5 to

500m2 heat transfer surface in one single spirdy/bo

The spiral heat exchanger is particularly effectinehandling sludges, viscous
liquids, and liquids with solids in suspension udihg slurries. A cross flow type

spiral heat exchanger is shown in Figure 2.11.

Figure 2.10 Counter-flow spiral heat exchanger
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Figure 2.11 Cross-flow spiral heat exchanger

2.3.2.3 Lamella Heat Exchanger

As shown in Figure 2.12, the lamella (Ramen) typatlexchangers consists of a
set of parallel, welded, thin plate channels ordiae (flat tubes or rectangular
channels) placed longitudinally in a shell. It ismadification of the floating-head
type of shell and tube heat exchanger. These filadt¢ubes (lamellas) are made up
of two strips of plates, profiled and spot or seamided together in a continuous
operation. The lamellas are welded together at katts by joining the ends with
steel bars in between, depending on the spacereegbetween lamellas. Both ends
of the lamella bundle are joined by peripheral weiol the channel cover, which at
the outer ends is welded to the inlet and outletzieo The lamella side is thus
completely sealed in by welds. Lamella heat exceengan be arranged for true
countercurrent flow, since there are no shell balfles. Because of high turbulence,
uniform flow distribution, and smooth surfaces, thmellas do not foul easily. They
can be used up to 35 bar, 200°C for Teflon gaskets 500°C for asbestos gaskets.
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Figure 2.12 Lamella heat exchanger.

2.3.3 Extended Surface Heat Exchangers

Extended surface heat exchangers have fins or dpges on the primary heat
transfer surface (tubular or plate) to increasd raasfer area. Since gas side heat
transfer coefficient is much lower than liquid sideined surfaces are used to
increase the heat transfer area. Fins are extéysised in gas-to-gas and gas-liquid
heat exchangers. The most common types of the dedlesurface heat exchangers
are

1. Plate-fin
2. Tube-fin

2.3.3.1 Plate-Fin Heat Exchangers

Plate-fin type heat exchangers are primarily usedas-to-gas applications and
tube-fin type heat exchangers are used in liquidagplications. Since mass and
volume reduction is important in most of the apgiiens, compact heat exchangers
are widely used in air-conditioning, refrigerati@nd process industries. Basic
construction of a plate-fin heat exchanger is shawirigure 2.13. The fluids are
separated by flat plates between which are sanédicorrugated fins. Figure 2.13
shows the arrangement for parallel flow or coufite and cross flow between the
streams.
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Flat Plate

Sealing Bar

Figure 2.13 Basic construction of a plate-

fin heat exchanger

The corrugated sheets that are sandwiched betweepldtes serve both to give

extra heat transfer area and to give structurapaipgo the flat plates. The most

common types of corrugated sheets are shown inmé-d4.

A

Plain fin
Plain-perforated fin
Serrated (interrupted, louver) fin

Herringbone or wavy fin

P T
i
f‘-ﬂfﬂ p r’,—”'ﬁ B
ﬁﬁ}ﬁ;ﬂ‘ﬂ 07004
a4y s ;‘ |

Erilng rirdl rﬁjﬂ J

A

(o)

Figure 2.14 Fin types in plate-fin heat exchang@sPlain, (b)

perforated, (c) serrated, (d) herringbone
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2.3.3.2 Tubular-Fin Heat Exchangers

Tubular-fin heat exchangers are used as gas-taligeat exchangers. Since the
gas side heat transfer coefficients are generallghmiower than the liquid side, fins
are required. As shown in Figures 2.15 and 2.16ubalar-fin heat exchanger
consists of an array of tubes with fins fixed oa tutside. The fins may be normal
on individual tubes, transverse or helical, or itudjnal (Figure 2.16). Longitudinal
fins are commonly used in double-pipe or shell &gk heat exchangers with no
baffles. As can be seen from Figure 2.15, contisydate-fin sheets may be fixed on
the array of round, rectangular, or elliptical tsbBlate fin and tube heat exchangers

are commonly used in air-conditioning and refrig@gsystems.

lieuid fiow

() W]

Figure 2.15 Tube-fin heat exchangers (a) Flattenbd-fin,
(b) round tube-fin.

BROWN FINTUBE "CROSS-WELD"' FINTUBE
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e

Figure 2.16 Fin-tube air heater
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2.4 Flow Arrangement

Heat exchangers may be classified according tdlting-flow path through the
heat exchanger (Kakac, 1998). Three basic flowngements are

1. Parallel flow

2. Counter flow

3. Cross flow

As shown in Figure 2.17a, in parallel flow heat lexagers, the two fluid streams
enter together at one end, flow through the samextibn, and leave together at the
other end. In counter flow heat exchangers, twadflstreams flow in opposite
direction (Figure 2.17b). In single-cross flow heatchangers, one fluid flows
through the heat exchanger surface at right ariglése flow path of the other fluid.
Cross flow arrangements with both fluids unmixedd ane fluid mixed and the

other fluid unmixed are shown in Figures 2.17c aridd, respectively.

Cold Cold
out in

! |

Hot W Hot Hot q Hot
in | i out in | :
—_— )]

oL
—- ) —= —= [ — - — - ) —-

u — [ u -— |

Cold Cold
in out
(a) (b)
1 . P_\ ____________ ~
L |
—_—] ! ] —_—
Cross-flow |44+ (5 Q C'russ—t'l:)w—:-
(nnmixec) (mixed)
O y %
M i
Tube flow Tube flow
(unmixed) (unmixed)
(©) (d)

Figure 2.17 Heat exchanger classifications accgrdion flow arrangement. (a)
Parallel-flow, (b) counter flow, (c) cross flow-thofluids unmixed, (d) cross flow-

fluid 1 mixed, fluid 2 unmixed.



CHAPTER THREE

COMPUTATIONAL FLUID DYNAMICS AND FLUENT PROGRAM

3.1 Computational Fluid Dynamics

Computational fluid dynamics (CFD) is one of tharmhes of fluid mechanics
that uses numerical methods and algorithms to saha analyze problems that
involve fluid flows. Computers are used to perfothe millions of calculations
required to simulate the interaction of fluids agakes with the complex surfaces
used in engineering. In this thesispmputational fluid dynamics code called

FLUENT used to solve governing equations.

The ultimate goal of the field of computational iludynamics (CFD) is to
understand the physical events that occur in tbe ®f fluids around and within
designated objectdModern engineers apply both experimental &tD analyses,
and two complement each oth&xperimental data are often used to validate CFD
solutions by matching the computationally and expentally determined global
guantities. CFD is then employed to shorten thegdesycle through carefully
controlled parametric studies, thereby reducingrégeiired amount of experimental

testing.

» Steps to Solve Flow Problem by CFD
The basic procedural steps to solve CFD problemslawn below.

Define the modeling goals.
Create the model geometry and grid.
Set up the solver and physical models.

Compute and monitor the solution.

a bk 0N e

Examine and save the results.
6. Consider revisions to the numerical or physical elogarameters, if

necessary.

19
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The Step 2 of the solution process requires a geggnmaodeler and grid
generator. We use GAMBIT for geometry modeling andl generation. We can

also use TGrid to generate volume grids from serfgads imported from GAMBIT.

3.2 GAMBIT and FLUENT Programs
3.2.1 GAMBIT Program

GAMBIT is a software package designed to help atalgnd designers build and
mesh models for computational fluid dynamics (CFBnd other scientific
applications. GAMBIT receives user input by meahsto graphical user interface
(GUI). The GAMBIT GUI makes the basic steps of tinf, meshing, and assigning
zone types to a model simple and intuitive, yet itersatile enough to accommodate
a wide range of modeling applicatiolSAMBIT allows constructing and meshing

models by means of its graphical user interfacel{GU

*  GUI Components

The GAMBIT GUI consists of eight components, eatlwbich serves a separate
purpose with respect to the creating and meshirg mbdel. The GUI components

are as follows:

Graphics window

Main menu bar
Operation tool pad
Form field

Global Control tool pad
Description window

Transcript window

© N o g s~ w D PE

Command text box
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3.2.2 FLUENT Program

FLUENT is a computational fluid dynamics (CFD) sadte package to simulate
fluid flow problems. FLUENT is a state-of-the-adroputer program for modeling
fluid flow and heat transfer in complex geometriEfUENT provides complete
mesh flexibility, including the ability to solve yo flow problems using unstructured
meshes that can be generated about complex geesetith relative ease. It uses
the finite-volume method to solve the governingatans for a fluid. It provides the
capability to use different physical models suchrea®mpressible or compressible,
inviscid or viscous, laminar or turbulent, ellLUENT allows working in any unit
system, including inconsistent unitSeometry and grid generation is done using
GAMBIT which is the preprocessor bundled with FLUENA solution can be

obtained by following these seven steps:

. Create Geometry in GAMBIT

. Mesh Geometry in GAMBIT

. Set Boundary Types in GAMBIT
. Set Up Problem in FLUENT

. Solve

. Analyze Results

. Refine Mesh

~N o o B~ W0ON P

Fluent uses a control-volume-based technique tuerb@a general scalar transport
equation to an algebraic equation that can be dohlwemerically. This control
volume technique consists of integrating the transpquation about each control
volume, yielding a discrete equation that expretisegonservation law on a control-

volume basis.

Discretization of the governing equations can Hbastfated most easily by

considering the unsteady conservation equatiorirémsport of a scalar quantity
This is demonstrated by the following equation tent in integral form for an

arbitrary control volumelV as follows:
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0pp N _ , ,
_[de+ j dlv(pgw).dv_j diyT", gardy). d\ﬁj S dv (3)
Av Av Av Av
Where
L : Density
v : Velocity vector(=uT+V] in 2D)

[, : Diffusion coefficient forg

gradg: Gradient otaz(a—wjﬁ(a—wjj in 2D
0x oy
S(ﬂ : Source ofp per unit volume
Equation (3.1) is applied to each control volumecell, in the computational

domain. The two-dimensional, triangular cell shawirigure (3.1) is an example of
such a control volume. Discretization of Equati8rij on a given cell yields

N
ap¢ faces faces
o V"‘Z,Ofo(”fAf qu;grad(”f A+ SV 3.0)
Where
Niaces . Number of faces enclosing cell
@ : Value ofg convected through facd

o,V;.A : Mass flux through the face
A : Area of facd H =‘A(T+A§]‘ in 2D

g : Gradient ofpat face f

V : cell volume

The equations solved ByLUENT take the same general form as the one given
above and apply readily to multi-dimensional, umstiuired meshes composed of

arbitrary polyhedra.
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Figure 3.1 Control Volume Used to lllustrate Digzation of a

Scalar Transport Equation

Face valuesp; are required for the convection terms in Equat®@)(and must

be interpolated from the cell center values. Thimécomplished using an upwind

scheme.

Upwinding means that the face valyg is derived from quantities in the cell

upstream, or "upwind,” relative to the directidritee normal velocity yin Equation
(3.2). FLUENT allows choosing from several upwind schemes:-érder upwind,
second-order upwind, power law, and QUICK. In thiisdy using QUICK scheme.
The diffusion terms in Equation (3.2) are centriffiedenced and are always second-

order accurate
3.2.2.1 Control-Volume Formulation and Discretization

Discretization equations of a computational domeam be derived from the

governing equations in many ways,

* Finite difference,
* Finite element,
*  Spectral methods,

*  Finite volume ¢ontrol volumé method,

As an outline, the basis of the solver methods goerfthe following steps

(Versteeg and Malalasekera, 1995),
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o Approximation of the unknown flow variables by meawf simple
functions,

o Discretization by substitution of the approximatanto the governing flow
equations and subsequent mathematical manipulations

o0 Solution of the algebraic equations.

A. Control-Volume Formulation

The finite volume method is a method for represgni@nd evaluating partial
differential equations as algebraic equations. it€irvolume" refers to the small
volume surrounding each node point on a mesh.dritiite volume method, volume
integrals in a partial differential equation thabntain a divergence term are
converted to surface integrals, using the divergegheorem. These terms are then

evaluated as fluxes at the surfaces of each fioiteme.

Finite-volume methods have become popular in CFB @sult, primarily, of two
advantages. First, they ensure that the discrilizas conservative, i.e., mass,
momentum, and energy are conserved in a discretes&Vhile this property can
usually be obtained using a finite-difference folation, it is obtained naturally
from a finite-volume formulation. Second, finiteelume methods do not require a
coordinate transformation in order to be appliediregular meshes. As a result,
they can be applied on unstructured meshes cargsistiarbitrary polyhedra in three
dimensions or arbitrary polygons in two dimensiortsis increased flexibility can be

used to great advantage in generating grids alwbiitaay geometries.

In this method the calculation domain is dividetbia number of non-overlapping
control volumes (Figure 3.2) such that there is coarol volume surrounding each
grid point. The differential equation is integrateder each control volume.
Piecewise profiles expressing the variationgobetween the grid points are used to
evaluate the required integrals. The result isdiseretization equation containing

the values ofg for a group of grid points. The discretization atjon obtained in

this manner expresses the conservation principleféor the finite control volume,
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just as the differential equation expresses it dorinfinitesimal control volume.
(Patankar 1980)

Rate of change of Net flux @@ du Net flux@f due
@ in the control volume =| to convection inta to diffasiinto
with respect time the control volume| the control

Net rate of creation o
+| @ inside the control

volume
! ot
s i A
_,-Ip"’ | |I '.I 4 LW
o BT g
j=47 o '.I VY
- [ e
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Figure 3.2 (a) Grid layout for a computation domg@ja two dimensional domain

and quadrilateral cell, and)(a three-dimensional domain and hexahedral cell
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|. Discretization for one Dimensional Control Volume

Control volume approach and discretization of gowey equation can be
explained via an illustrative example. Becausdassimplicity, discretizing a steady
and one —dimensional convection and diffusion eqnais selected. Governing

equation of the problem is, well-known convectiowl aiffusion equation,

2= {r%)ss (39

Where, @ is diffusion propertye.g. temperaturer is the diffusion coefficient,

e.g.thermal conductivityand S is the source terne.g.the rate of heat generation

per unit volume

The first step in the finite volume method is twide the domain into discrete
control volumes. Discretization equation can bewveer for the grid-point cluster,
shown in Figure 3.3. Here the central point of¢batrol volume is indicated with P,
and the nodes to the west and east, are idenbfie/ and E respectively. The west
side face of the control volume is referred to ty*and the east side control volume
face by “e”. The distances between the nodes WRarahd between nodes P and E
are identified bydxwp and 6xpe respectively. Similarly the distances between the
nodes w and P, and between nodes P and e are déyabe,r andoxpe respectively

(Versteeg and Malalasekera, 1995).

OXyp OXpe
OX,p O X

Pg

e E

== N

Control volume
Control volume boundaries

Nodel point

Figure 3.3 Control volume and grid nodes for onaetisional domain
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The key step of the finite volume is the integrnataf the governing equation (or

equations) over a control volume to yield a diszest equation at its nodal poilft
(Versteeg and Malalasekera, 1995). Integratiomefiquation (3.3) over the control

volume, as above-mentioned, can be written asvislio

j%(puqo).dv= ji(rg—wj.dwj S dv (34

AV AV ax X AV

Here, linear interpolation functions are used betwe¢he grid points, hence,

derivativesdg/dx can be written from the piecewise-linear profile,

(), (o), |7 22 -(r 428 |-"mv=c (3

In uniform grid linearly interpolated values By, andI’c are given by

M= rW—;’rP ( 3.8)
re :% ( 31)
In Equation (3.5), the diffuse flux terms are eahdd as,

[rAg—(fl = re&[%j ( 3a)
[I’Ag—(fjw = rw%[%j )

The source ternS may be a function of the dependent variable, shaases, the

finite volume method approximates the source teyrmbans of a linear form;
SAV= S+ S¢. (3.8

Equations (3.7a) to (3.8) can be arranged in Equ48.5),



28

(puw)e-(puko)w{reA{("}fj-rm{‘*gxw%ﬂ-( %+ 9=0 (39

here, r is used to represent the value [ofpertaining to the particular control

face, e.g.r . refers to interfacee If the diffusion coefficientr is a function ofx,

then the value of must be known at the grid poinfs and P and so on (Erek,
1999).

OX,

OX _ )

Figure 3.4 Distances for interfaee

The interpolation factorf,_ is a ratio defined in terms of the distances guFe 3.4,

f,=—= (3.1

If the interfacee is the midway between the grid points, would be 0.5, and
. would be arithmetic mean of, andT . .Heat flux equations for interface can

be obtained as,

q=r e L (3.9
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and another flux equation can be written, if thatoa volume that surround the grid

point P is filled with a material of uniform diffusion cifgient r,, and the one
around E with a material of diffusion coefficient _, so the steady heat flux for the
composite slab between the poifitsand E leads to,

— To—Te
= 3.1
% Ox_ /T o +dx, /T ¢ (313

Equations (3.11) and (3.12) can be arranged tcesgghe desired, ,

-1
ro=[tes e (3.13
- r
As a particular grid structure, if the interfaeeis placed midway betweel and
E, then interpolation factor becomes, =0.5. So the Equation (3.13) can be re-

arranged as follows,

rizog Lal)| orr,=2ele ( 33
rP E r P + r E
Thus, I, is gained as a harmonic meanrqf andr ., rather than the arithmetic

mean, for uniform grid. (Patankar 1980).

To obtain discretised equations for convectiondifbn problem, approximate the
terms in equation (3.5).it is convenient to defime variables F and D to represent
the convective mass flux per unit area and diffugionductance at cell faces

r

F = D=— A
pu  and = (3.2F

The cell face values of the variablesnd D written as



30

Fo=(pou), Fe=(pu), (3.1
r r

D,=—Y% , D, =—=¢ 3.1

" Oxwp ° Oxpe (319

Assuming thatA,=A=A, and employ the central differencing approach to
represent the contribution of the diffusion ternihe integrated convection —

diffusion equations (3.5) written as
Feto=F oD 9= 9 9 —D @ 5@ }+S + S@ p (3.19

To solve equation (3.18) we calculate the tranggopropertyg at thee andw
faces. In this thesis used QUICK Scheme by FLUEKdgmams to calculatey at

thee andw faces.

3.2.2.2 QUICK Scheme

The QUICK Scheme uses a three point upstream wesiginiadratic interpolation

for cell face values. The face value ¢f is obtained from a quadratic function

passing through two bracketing nodes (on eachdidee face) and a node on the

upstream side, shown in Figure 3.5 (Versteeg anidibtekera, 1995).

bzE

EE

Figure 3.5 quadratic profiles used in the QUICKestk

Whenu,>0 andus>0 a quadratic fit throughVW,WandP is used to evaluatg),
and a further quadratic fit through',P and E to calculate@. for u, <O andue <0

values ofp at W,P andE are used forg, and values a,E andEE for @.for a
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uniform grid the value ofp at the cell face between two bracketing nodasdi-1
,and upstream node? is given by the following formula :

6 3 1
(Dface:g(pn—l"'_(ol _éﬂ—z ( -39)

8

When u,>0, the bracketing nodes for the west fdo& are W and P, the
upstream node /W Figure 3.5).

6 3 1
== g S 3.20
Ay 8¢W+8¢P 8¢\NW ( )

Whenug>0, the bracketing nodes for the east fagk areP andE, the upstream
node isW,so

6 3 1
= 2t —— 3.2
®= g Pt 5P R (3.23

Equations (3.20) and (3.21) use for the convedives and central differencing
for the diffusion terms , the discretised form bé&tone- dimensional convection

diffusion transport equation with absence of sosi(@18) written as

6 3 1 6 3 1
{Fe(gcoﬁéqoe—émj—F{§¢w+§¢p——8¢w@}=D (p o D (@ro W

(3.29)

When arranged equation (3.22) to give

3 6 6 1 3
|:DW_§FW+DE+§F6:|¢P:|:DW+_8FW+_8F(;|¢W+|:D e__SF —JL(” E_;F @ ww

(323

The coefficients ofg, andg. , in Equation (3.23) can be definedags and a,
and the coefficient ofy, asa, , hence the general form of the discretized eqgnatio

can be written as
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Bt = A+ At Bl (3}
With
ay, ac A a,
DW+SFW+%FG De—gFe —:—;FW ay+ac+ay+(F-F)

For F,.<0 andFe<0 the flux across the west and east boundarigs/én by the
expressions

6 3 1
_— = -= 3.2%
G g P * 5 B~ 5P (3.2%)
6 3 1
¢e:§¢E +§¢P__8¢EE ( 3.26)

Substitution of these two formulas for the conwextierms in the discretised
convection diffusion equation (3.18) together witkntral differencing for the

diffusion terms leads, and re-arrangement as alto\the following coefficients.

Ay ag A ap

1 1
Fow De—5Fe5Fw éFe aW+aE+aEE+(Fe_ Fw)

The QUICK scheme for one- dimensional convectionffusion can be
summarized as follows

3t = 8y + APet ApPunit 8 P e (32

With central coefficient

8, =3y + 8+ Ayt Acet( o F) (33
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And neighbor coefficients

aW aE aNW aEE
DW+§aWFW+ De—§ae|:e—§(1—ae)
8 8 8 1 1
L 3 N —éaWFW g(1—cre) Fe
gaeFe+§(1—aW) Fo Fe —g(l—aw) Fu
Where

a, =1forF,>0anda,= 1foF.,> 0
a,, =0forF,<0anda,= 0 foF.< C

The QUICK differencing scheme has greater formaueacy than the central
differencing or hybrid schemes and it retains tipgvind weighted characteristics.
Figure (3.6) shows a comparison between upwind @UICK for the two
dimensional test, the QUICK scheme matches the tegalution much more

accurately than the upwind scheme on a 50x50 ¢fetsteeg and Malalasekera,
1995).

o | [ 1 | |
1 Exact solution B
80 - QUICK 50 x 50 o

¢
\ UPWIND 50 x 50
20} \ \,/ o
\

0 e \.—-\ =

] | | | | i | |

0 0.2 04 06 0.8 1.0 1.2 1.4
Distance along diagonal X - X

Figure 3.6 comparisons of QUICK and Upwind solusidor the 2D test
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Thus, set of algebraic equations can be obtainedhésns of discretizing the

governing equations related to the boundary cambtito obtain thep distribution

of the solution domain, as in Figure 3.2. The baupdide coefficient is set to zero
and the flux crossing the boundary is introducedhsa source term which is

appended to any existing, and S, terms. This process results a system of linear

algebraic equations which needs to be solved. dhaptexity and size of the set of
equations depends on the dimensionality of the lpnopthe number of grid nodes

and the discretization practice (Versteeg and Makltera, 1995).

To solve the algebraic equations, there exist sé\emputer algorithms which

are divided into two main groups of solution tecjuds;

» Direct methodqrequiring no iteration)

 Indirect methodgor iterative methods).

For linear problems, which require the solutioratgfebraic equations only once,

that arise N equations withN unknowns, direct methods may be appropriate.
Besides, for two- or three- dimensional problen@yisg the algebraic equations
becomes more complicated and requires rather Emgmunts of computer memory
and time. Common used examples of direct methodsCaamer’s rule matrix
inversion and Gaussian elimination(Patankar 1980; Versteeg and Malalasekera,
1995)

On the other hand, iterative methods are based®nepeated application of a
relatively simple algorithm leading to eventual eergence after a —sometimes
large— number of repetitions. Well-known examples e Jacobi and Gauss—
Seideliterative methods. In simple computer programs thethod can be useful,
however, they can be slow to converge when theesystf equations is large.
Thomas (1949) developed a technique for rapidlyisgltri-diagonal systems that is
called Thomas algorithm drri-Diagonal Matrix Algorithm(TDMA). In addition to
this, there are several methods that have beeraogpeerecently, such aStrongly
Implicit procedure(SIP) by Stone (1968 onjugate Gradient Metho(CGM) by
Hestenes and Steifel (1952), aGdrongly Implicit Solver(SIS) by Lee (1989).



CHAPTER FOUR
CFD SIMULATION AND VALIDATION WITH EXPERIMENTAL DAT A

Experimental investigation is a time-consuming agbensive process, while
numerical modeling is relatively fast and inexpgasHowever, numerical modeling
usually requires experimental validation in ordebé considered a viable alternative
to measurements. Therefore, comparison betweemnimeal result (Herchang Ay,
JiinYuh Jang, and Jer-Nan Yeh, 2002) and numerieslilt for the temperature
distribution and averaged convective heat transfeefficients over a plate-fin
surface are performed. In experimental study usedn&ared thermovision to
monitor temperature distribution over a plate-furface inside the plate finned-tube
heat exchangers .In addition, the local convedtieat transfer coefficients over the
fin are determined by means of a control volumesfdaite difference formulation
after the temperature value identified over theéetksurface. Computational Fluid
Dynamics (CFD) software, Fluent is used in numérgtady for model the same
experiment. Numerical and experimental data are pewed to understand the

discrepancies between them.

4.1 Experimental Equipment and Procedure
4.1.1 Experimental Apparatus

The experimental setup, as schematically illustraite Figure 4.1, used to
investigate the local heat transfer performance @iate consisted of a three-row
plate-fin and tube heat exchanger situated in amub blowdown open-circuit wind
tunnel. The wind tunnel consisted of an axial flaiffusers, a settling chamber,
construction sections, test section, and provigesmproach velocity that is flat to
within one percent, with a turbulent intensity lékan one percent. The airflow is
driving by the 5.6 kW (7.5 h.p.) axial flow fan Wwien inverter to adjust the output
power. Eight type-K thermocouples are mounted atdbrners of the center test
core; four each on the inlet and outlet sectioheftested model. The data signals

are individually recorded and then averaged.

35
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I: corner
2: settling chamber
: contraction section (contraction area ratio: 10.17:1)

. contraction section

3

4

3: test section
6: comer

T diffuser

8: heater, removable rack
9: C/R transition section
10: fan, power section
11: corner

12: diffuser

13: corner

Figure 4.1 Schematic diagram of the experimentaipse

412 Test Model

The test section, shown schematically in Figuréad,ds constructed of stainless
steel for large scale testing of a bank of tubewezh continuous plate-fins. Figure
4.2(b) and (c) are the description of coordinatsteays and nomenclature for the
tested fins. Their detailed geometrical parameseestabulated in Table 4.1. Each
tube is locally heated by means of joulean disgpah a wire inserted in the central
region of a cylinder installed in the tube. In arde measure the temperature
distribution on the surface of plate-fin insidettesre by an infrared camera, a
transparent sheet, Figure 4.2(a), replaces thelaip-fin of the test core. A portion
of the thermal electromagnetic radiation emittedhsytest fin will absorb and reflect

on the transparent sheet.
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Figure 4.2 the experimental test models: (a) sctiern&the wind tunnel test

section, and sketch illustrating nomenclature Brig-line tube arrangements,

and (c) staggered tube arrangements.

Table 4.1 Geometrical data

Test section Tube arrangement
(In-line) (staggered

Width of the test section (W) 240 mm 240 mm
Length of the test section (L) 196 mm 196 mm
Fin spacing (H) 20 mm 20 mm
Outside diameter of the tubedD | 25.4 mm 25.4 mm
Row number 3 3
Tube number (N) 9 9
Transverse pitch (X 60.7 mm 60.7 mm
Longitudinal pitch (X) 60.7 mm 52.6 mm
Thickness of the fin {for(5) 0.5 mm 0.5 mm
Thickness of the tubejt 2 mm 2mm
Reynolds numbersRe=UH /v) | 543 - 1096 543 - 1096
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The experimental apparatus for infrared temperatmeasurements used in
AGEMA Themovision 550 (THV550). The sensing systemTHV550 is a focal
plane array (FPA) detector made of a matrix witB 82) x 240 (V) PtSi elements.
The electromagnetic energy radiated in the infreggelctral band by an object will
convert into an electronic signal from all the sesand acquire simultaneously in

the whole field of view.

4.1.3 Experimental Procedure

For testing, the fan was started. The frontal aloeity, U, was measured by a hot
wire with + 2.0% accuracy. Nine power supplies wamnmed on and adjusted to
bring the outside wall temperature of nine tube8Q8C, respectively. When steady
state values had been established, the tempema@peof the plate-fin surface was
recorded. The imaging size of the map was a plaaixmarray with 220 pixels x
220 pixels for in-lined and 194 pixels x 246 pixéts staggered arrangements.
Following the temperature value identified at epotel by the infrared thermovision
system, the local convective heat transfer coeifits over the fin were determined
by means of a control volume based finite diffeeerformulation. For steady
conduction we consider the energy-balance equdtora small control volume

illustrated in Figure 4.3, stated as

gy + L dy) e )
s

dx

(qx %dx)(chﬁ &)
&x

gy(dx '5% ﬂ h(Ty-Ta)

Figure 4.3 Differential control volume for threestknsional

conduction with heat dissipation by convection iectangular

coordinates
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Lo _9%qy
5 dxdy S dxay (4.)

2h(T, - T.) dxdy= -

Whered is the thickness of the fin and,Ts the bulk mean temperature of the
stream. A uniform temperature on the plate alorg zkdirection is assumed in

Equation (4.1) due to the Biot number based @stimated about 10 In terms of
Fourier’s law,

The substitution of Equation (4.2) into EquatioriLjdyields

h=

ko (T, T
2(T,-T)\ o% Jy

(4

The control volume approach was used to discretizederivatives in Equation
(4.3) given by

(4)

h= ko Tx+1,y_2Tx,y+T>e1,y+ Txyl_ 27T y* T y1
2(T,-T.) AR Ay

If we assume a square meAk =Ay =/ Equation (4.4) simplifies to

h ko (Tx+1,y +Tx—1,y+Tx,yrl+ Txy1_4T><, yj (4_5)

C2(T,-T) &

Here, ¢ is the length of the imaging element (pixel) estied as 0.77 mm in the
thermograms. Using Equation (4.5), a conservatjvahd estimated uncertainty of
+7.0% for the buck mean temperature of fluid,, &nd the uncertainty estimation

method of (Kline and McClintock,1953), the maximumcertainty of the calculated
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the local convective heat transfer coefficient &526. The averaged heat transfer

coefficient,h, then can be obtained by
h=t [ hdA ((4F
Ala '

Where dA is the control surface element of theafid defined aslx* dyin Figure

4.3. The uncertainty in the averaged heat trandefficient is +7.6% estimated by
the similar method (S.J. Kline and F.A. McClintod953). Note that the highest

uncertainties are associated with lower Reynoldsbear.

4.2 Numerical Analysis

In order to compare with experimental study perfedmby (Herchang Ay,
JiinYuh Jang, and Jer-Nan Yeh, 2002), the tempegalistribution and convective
heat transfer coefficients over a plate-fin sugfagside the plate finned-tube heat
exchangers is determined by computational fluid adyies (CFD) software,
FLUENT. The model geometry is described in detaiFigure 4.2 and in Table 4.1.
The creating and meshing of the model and boundanditions given to this
meshed model is performed by GAMBIT program. Mestinement is investigated
and explained clearly in Chapter 5. Vertexes, edfge®es, and volumes are created

and meshed, respectively (Figure 4.4) and (Figusg 4
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>( GAMBIT  Solver: FLUENT 5/ ID: tf-0.5 hoca
File Edit Solver Help Operation

CREIRAN

Geometry

Global Control

| Active B | 8| b5 | B | Al

| tf-0.5 hoca.trn V Troneee! E Description ] ﬁl@@
: — B I

Command:E

Figure 4.4 Model geometry

¢ GAMBIT Solwer: FLUENT 5% ID: t1-0.5 hoca

File Edit Solver Help Operation

& 5] iti]

Geometry

Global Control

| actve FH|FR| |G| AN
Transcript £ Description 1 Vi =
Command> window modify visible mesh ﬁ GRAPHICS WINDOW- UPPER glil&l
I —
T - - LEFT QUADRANT | | n=g| O\l

Command:[

Figure 4.5 Volume mesh

Mass inlet boundary condition is defined for leftface, since air enters from that
cross section. The air exits from the right sidetltd model. So, the outflow

boundary condition is given to this surface. Wallibdary conditions are given to

the top and bottom surfaces of the model as ismtblle(a—T :O,a—T

=0).
Y|, Oy

y=w
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Also, wall boundary conditions are given to theesiffont and back surfaces of the
model, since convection heat transfer occurs fioesé surfaces. Tube inner surfaces
are defined as wall (constant temperatur€®D Solid and fluid volumes must be
defined in order to obtain proper heat transfenltesshown in Figure 4.6.

OO O
ir ir W
m,T) volume O O O volume >

inlet Fin d
volume

() () O

X | |inlet L Ioutlet
(20mm) (10mm
Top Bottom
x=0- L+ Iinlet + Ioutlet P Xx=0- L+ Iinlet + Ioutlet aT
y= W a— =0 y= 0 a— =0
z=0 - H+2t, y z=0 - H+2t, Y
Front Back
X=0 - L+ e x=0- L+ Iinlet + Ioullet
aT = O — W —= T—
y=0-W ==nT-1) Y 5 - 1= 1)
z=0 z z=H+2t

Figure 4.6 Boundary condition surfaces

3D version of the Fluent is selected in order talye heat transfer. The flow is
assumed to be steady, incompressible and lammarlfecause of the low Reynolds

number of the flow. Steel is selected for fin, dnde. Air is selected as fluid. Inlet
air temperature is 298 K.
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Mass flow rate is 5.68x10m/sec for U=1 m/s and H=20 mm, for other frontal
velocity U, mass flow rate changes while the otmrditions remain the same. After
solution total heat transfer rate is calculatedmfrélux reports and calculated

temperature from surface integrals reports.

Some of the results are calculated manually usireg RLUENT results and

theoretical equations:

Logarithmic Mean Temperature Difference (LMTD) maths used in this study.

Air-side heat transfer coefficient is calculatedinfr Equation (4.7) (Incropera, 2002),

_ Q J

h=| — 4,
(ATIm * Aotal ( 7

h : The averaged convective heat transfer coeffiQddtim?k)

Q : Heat transfer capacity (W), taken from the Rtuesults

ATim :log-mean temperature difference

Awa : Total air-side surface heat transfer ared (m

Log-mean temperature difference is calculated fibguation (4.8) (Incropera,
2002),

L-T)-(T-T
o o (E-D)-(1-T) (8
T-T
Ln
Ts _To
Ts . air-side surface temperature
Ti . Air inlet temperature (28C)
To . Air outlet temperature, taken from the Fluenuits

Air-side surface temperature is calculated fromdiqu (4.9) (Incropera, 2002),



_TFA+T A

T

Aotal
Tt . Air side fin surface temperature taken, from Rhgent results
Ty : tube surface temperature (D)

At : the surface area of the fin (f)m

A, :the surface area of the tube (Aym

The surface area of the fin and tube are calculaited Equation (4.10), (4.11),

(4.12) and (4.13) (Incropera, 2002),

7T* D2

A((in—line) =2W* L- N 4

)

* D? 7 D2
Af(staggered = 2(VV* L_( N_z)( 4 )_4( 8 ))

Ain-ingg = N* 1* D H

Ay = (N=2)* 77 DI H+4((722)+ D H)
W : Width of the test section (240 mm)

L : Length of the test section (196 mm)

N : Number of tube (9)

Do : Outside diameter of the tube (mm)

H : Fin spacing (mm)

Total air-side heat transfer area is are calcul&tma Equation (4.14) (Incropera,

2002),

Aotal = Al + A

(9

(4.14)
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4.3 Results and Discussion

The temperature distribution on the plate-fin steféor fin spacing H=10 mm and
frontal velocity U =1.0 m/s inside the plate finredbe heat exchangers is present
experimentally and numerically, in Figures 4.7 @8l respectivelyA 20-step color
palette for thermograms1.1°C per step) map is used in Figure 4.7.

T(C) 282930313233 35 36 37 3839 40 41 42 43 44 46 47 48 49 50

X(pixel)

Figure 4.7 experimentally temperature distributtonthe

plate-fin surface for H=10 mm, and U =1.0 m/s.

Figure 4.8 numerically temperature distributiontbae plate-
fin surface for H=10 mm, and U =1.0 m/s.
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At the leading edge of the plate-fin, the resuftdicgate lower temperature, as
shown in Figures 4.7 and 4.8ecause the velocity boundary layer is initially
developed in the z-directioithe temperature gradient on the fin surface isp&rar
near the front and sides of the first two row tuldes to the repeated growth and
destruction of the boundary layer by tube®wever, at the rear of the tube, the
temperature gradient is gentler because the airffowwept downstream into the
wake. A different characteristic occurs after thied row due to an additional exit
effect.

To investigate the accuracy of the numerical modetbe plate finned-tube heat
exchangers, A comparison between experimental amdencal result of the
averaged convective heat transfer coefficiertty 6n a fin at various Reynolds

numbers ranging from 543 to 1096, under U = 1 mésk =20 mmare presented.

40
35
30
25
20

———— e |
10

—&—numerical (h)
——experimental (h

h w/ne.k

543 652 869 978 1096
Re

Figure 4.9 A comparison of the averaged convedieat transfer coefficientsf_l()
on a fin at various Reynolds numbers ranging utfler 1 m/s and H =20 mm for

in-line array
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Figure 4.10 A comparison of the averaged convedieat transfer coefficientdjl()

on a fin at various Reynolds numbers ranging uttler 1 m/s and H =20 mm for

staggered array

a7

The results of the comparison are shown in Figdt8sand 4.10, show that the

comparison between them gives error about 14% rdne array and 2% for

staggered array because of few information aboopeties of metal and detail of

geometrical parameter are used in experimentalTastefore, the numerical model,

a reasonably good agreement is obtained in congmangith the experimental

models for the temperature distribution and therayed convective heat transfer

coefficients on the plate-fin surface inside tha@lfinned-tube heat exchangers.



CHAPTER FIVE
NUMERICAL STUDY

In this study, a plate fin type heat exchanger witle row tube configuration is
analyzed for different geometrical parameters bygisa nhumerical computation
technique. Numerical optimization of a finned tugas to liquid heat exchanger will
be realized. In order to find the optimum geomatridimensions, several fin
geometries investigated. The main purpose is t@mce heat transfer rate from the
flue gas, which is the combustion products, to wateich flows through the tube of
the heat exchanger. The other significant poind isiinimum flue gas pressure drop
while flue gas passing through the gap between fifike effects of the distance
between two fins, tube center location, fin heighbe thickness, and tube ellipticity
on heat transfer and pressure drop across theekelanger are investigated for 10
different models, numerically. Figure 5.1 showsypidal plate fin and tube heat

exchanger of a heater used in the analyses.

- Heating water outlet
i Flue gas exit

Heating water inlet

Flue gas inlet

Figure.5.1 View of an analyzed plate fin and tubattexchanger.

Computational Fluid Dynamics (CFD) software (FLUENWwill be used to
evaluate different fins. FLUENTS a computer program written in the C computer

language for modeling fluid flow and heat transfecomplex geometries.

48
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5.3 Model Description
5.1.1 Geometry

The studied model consists of two fins with hali thickness, fin tube, tube
cover, and flue gas between the fins. Due to thensgtry, only one-tenth segment of
the fin is modeled Symmetrical conditions and geticed view of the model is
shown in Figure 5.2, Figure 5.3 shows the dimerssi@ken into consideration as
geometrical parameters. The model is created anshedeby using GAMBIT

software, which is the modeling program used wiluént” software.

Y

v % , Flow
‘\X/ direction

tubecover

two fins with ‘
half fin thickness et

Figure 5.2 Original fin and the segment used inntfeeleling
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15 mm Flow gas(outlet volume)

l— total I— 4

20 mm Flow gas(inlet volume)

Y
r_

\W

Figure 5.3 Schematic view of fin dimensions

Dimensions of the models, which are taken from cenmimally available products,
are given in Table 5.1. Distance between the A6 mm, except for the Model (b)
which has a 2.7 mm gap. The width of the fin iSSImm. Creating geometry is the
first step of the modeling. Vertexes, edges, facs] volumes are created,

respectively (Figure 5.4).

Table 5.1 Dimensions of the models

'\{';)S:' L (mm) | L1 (mm) (niﬁn C | tm | Do b(mm) | EVPtcity bla
A 35 155 | 08 0.4 9.2 6.7574 0.7345
B 35 155 | 08 03 9.2 6.7574 0.7345
C 35 185 | 08 0.4 9.2 6.7574 0.7345
d 35 125 | 08 0.4 9.2 6.7574 0.7345
E 38 185 | 08 0.4 9.2 6.7574 0.7345
F 38 155 | 08 0.4 9.2 6.757 0.7345
G 35 155 | 06 0.4 9.2 6.7574 0.7345
H 35 155 | 1.2 0.4 9.2 6.7574 0.7345
| 35 185 | 08 0.4 9.2 3.7388 0.4064
j 35 151 | 08 0.4 9.2 9.2 1
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¢ GAMBIT  Solver: FLUENT 5f6 ID: mod-a

File Edit Solver Help Operation

& & @it
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Global Control
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Command: [ ] = ~

Figure 5.4 Model geometry

The volume representing the flue gas which is pasirough the gap between
two fins is extended in y directions at both inkemd exit sides, since this

configuration enables more accurate boundary comd#pplication.

5.1.2 Mesh

Meshing the geometry is the second step of the hmgdeEdges, faces, and
volumes are meshed, respectively. Tube thicknesseshed for interval size of 0.2.
Tube side face and Fin side face are meshed fervaltsize of 0.2. Computational
faces are meshed for interval size of 1 (Figurg.3bur hexahedral finite volume
elements along the thickness of the half fin andnty of the same elements along

the distance between two fins are used (Figure 5.6)
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Figure 5.5 Face mesh
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Figure 5.6 volume mesh
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Then, the created model in GAMBIT software is exgdrto the FLUENT

software in which boundary conditions and mategralperties are defined.
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5.1.2.1Mesh Refinement

Mesh refinement has significant effect on accum@ayesults in numerical studies.
Therefore, the effect of mesh size on heat trarisfemodel (A) taken as an example
to explain this effect. Number of mesh ranging fré&150 to 1,051,680 cell, shown
in Figure (5.7).

Mesh Refinement

243,8

243,4

243

242,6  —
, /

Heat Transfer Rate per fin (W)

242,2 e
241,8
——o—Heat Transfer Rate per
241,4 fin for model A (W)
241

48150 123480 601930 882000 1051680

Number of Mesh

Figure 5.7 Mesh Refinement for model (A)

Figure 5.7, shows the effect of number of mesh eat lransfer rate for model
(A). From the result, it can be seen that the hemtsfer rate has no significant
change after 882000 mesh number, therefore, al@2@®0® meshes taken in all

models.

5.2 Governing Equations

The following assumptions have been taken; stetatg;s Newtonian fluid,
incompressible flow, no internal heat generaticanihar flow and negligible
radiation. In the conservative form, the balangeagions for continuity, momentum,

energy become (Versteeg and Malalasekera, 1995).
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o _0u_ov_ ow -0
Continuity equation ax  dy 62

X-momentum equation

p[div(ufl)] = div ¢ grand L))—%
y-momentum equation

p| div(v) | = diz grand y) -
z-momentum equation

p[div(W] div( ¢ grand W) - a—p

Energy equation
pc, ua—T + va—T W—aT -ii ka Tj i ka T i£ ka—-g
ox  ody dz) 0 ox) 0 dy) 0 0

In this study, the governing equations have bedagmted by using Fluent
program which makes use of the Finite Volume MetHldte continuity, momentum,
and energy equations have been discretized by usiagQuick Scheme. The
SIMPLE model was employed in the pressure-velocitypling, in which the
pressure profile is calculated via the continuitgngervation equation. The
convergence criterion for all balance equations setsat 10" RMS, the exception

being the energy equation for which the convergeniterion was set at To0RMS.
5.3 Boundary Conditions

Boundary conditions are given to the meshed mddeks flow inlet boundary
condition is defined for bottom surface, whichllastrated as red surface in Figure
5.8, since flue gas enters from that cross secliba.flue gas is exhausted from the
top side of the heat exchanger. So, the outflonndaty condition is given to this
surface, shown in Figure 5.8. Symmetrical boundarnyditions have been applied to
the side, front and back surfaces of the modelwshas yellow surfaces in Figure
5.8, due to the symmetry. Tube inner surface isnddfas wall, since convection
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heat transfer occurs from this surface, shown agevdurface in Figure 5.8. Solid

and fluid volumes must be defined in order to abfaoper heat transfer results.

Symmetry

Tube wall
(convection)
Air A i Outlet
volume
Half-fin Half-fin
volume

volume i

Outlet Zone
Air

Symmetry

Heat Exchanger Zone
Air & Fin

Figure 5.8 Boundary condition surfaces

5.4  Thermal Analysis

3D version of the Fluent is selected in order talyre heat transfer and pressure
drop. The flow is assumed to be laminar becauskeofow Reynolds number of the

flow. The Reynolds number is calculated from Equat.1), (Kakag, 1998).

GD,
Re=——" ,
5 (9
where
m
G= IOUmax = 5.2
Anin ( )

Syt
D, =4— (5.3
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Gmax . Mass velocity in minimum area (kg/m2s)

Dn :Hydraulic diameter (m)
p : Air density (kg/m)
M : Air dynamic viscosity(kg/m.s)

Umax : Air velocity in minimum flow area (m/s)

Amin  : Minimum flow cross sectional area (m?)

The material of fin and tube is assumed to be copfdee physical properties of
copper are taken as constant. Whereas the fluprgpsrties are taken as a function
of temperature. The values used for the simulatines given below, this values
taken from (Erek, 2005).

* Flue gas
k =6.409*10° *T + 5.774*10°
U =-6.534*10" *T?+ 4.267*10° 5.054*1C7

C, = -3.97*10° *T*+ 2.932*10" *T++977.7

» Copper
k =387.6W /m.K)

p=897¢kg /nt)

c, =381( j /kg K)

Boundary conditions; The mass flow rate used irofthe models is 1.904xF0
kg/s. Temperature value of the flue gas at the isl@500 K. These values are taken
from the application results. The convection cagtfits between the water flowing
inside the tubes and the inner wall are calculatedsing the Gnielinski correlation
shown in equation (5.4) for fully developed turmiléorced convection through a
duct (S. Kakac and Y. Yener, 1995).
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) %)(Re— 100Q Pr
_1+12.7(f/2)%( PFi- )[

wherg f=(1.58InRe- 3.28§

Nu

Free stream temperature is defined as boundaryitmmébr the inner wall of fin
tube. The middle section of fin is taken into coesation and free stream

temperature is assumed as 343 K.

After solution is converged, temperature and pressontours, velocity vectors
can be displayed for visual consideration of theults. Total heat transfer rate is

calculated from flux reports. Pressure drop iswdaled from surface integrals.

5.5 Results and Discussion

Fluent software is run for each model after detamg boundary conditions and
material properties. The heat transferred fromflhe gas passing through the gap
between fins to the water flowing through the fihe, the static and total pressure
drop values of flue gas across the heat exchamgeaiso, obtained from the solution
of the models and tabulated in Table 5.2 and smokigures 5.9 and 5.10. Since the
transferred heat is corresponding to one-tenth sagof the fin, actual heat transfer

from one fin, also, is indicated as heat transérfim.



Table 5.2 Comparison of the models
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) Normalized .
Q (per . . Static . Total Normalized
Model Q (per fin) Normalized static
segment) pressure pressure | total pressure
type (W) Q (%) pressure
(W) drop (Pa) drop (Pa) drop (%)
drop (%)
A 24.2824 242.824 100 2.2545 100 1.937 100
B 24.06319 240.6319 99.09725 2.045 90.70747 1.734| 9.51888
c 24.454 244.54 100.93 2.2857 101.3839 193 98538
D 24.21351 242.1351 99.7163 2.26388 100.4161 1716 101.7894
E 24.5558 245.558 101.1259 2.3504 104.2537 2.0394 05.2965
F 24.54039 245.4139 101.0625 2.3445 103.992 2.05 5.9388
G 24.30155 243.0155 100.0789 2.2662 100.519 1.9586 101.1151
H 24.20979 242.0979 99.70098 2.31085] 102.4994 2.001| 103.3247
| 24.37493 243.7493 100.3811 1.8578 82.40408 15668 80.8921
i 23.85057 238.5057 98.22163 2.96 131.293 2.556 .9586
Heat Transfer Rate (w)
247
245
S 243
£ 241
g
O 239 -
237
235 -
A B C D E F G H I j
model type

Figure 5.9 Heat transfer rate per fin for all madel
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Static and Total pressure drop(pascal)
3,00
2,90
2,80
2,70
2,60
2,50
2,40
2,30
2,20 ~
2,10 ~
2,00 +
1,90 +
1,80 -
1,70 -
1,60 -
1,50 -

pressure drop (pas)

A B C D E F G H I i

model type H Static pressure drop(pascall)
H Total pressure drop(pascal)

Figure 5.10 Static and Total pressure drop fomaltiels

Normalized heat transfer, static and total presduop values, given in Table 5.2
and show in Figures 5.11 and 5.12, are calculayetdling the values of the Model
(A) as 100%. These normalized values make the cosgpeof the models easier.

Normalized heat transfer rate(%)

101,50
101,00
100,50
100,00
99,50
99,00
98,50
98,00
97,50
97,00

Normalized Q(%)

A B C D E F G H I i

model type

Figure 5.11 Normalized heat transfer rate for albels
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Normalized static and total pressure drop(%)
135

130
125
120
115
110
105
100 -
95
90 -
85
80 -
75 -

Normalized pressure drop(%o)

A B Cc D E F G H I i

model type ® normalized static pressure drop(P6)

mnormalized total pressure drop(%)

Figure 5.12 Normalized static and total pressuop dor all models

In Table 5.2 and Figures 5.9 and 5.11, the effé¢h® distance between fins on
the heat transfer rate can be clearly seen in m@&Jgthe heat transfer rate is higher
for a small distance between fins than for a lafgedistance.

The distance between fins has significant effecthenpressure drop, as in model
(B) has the smallest static and total pressure sdrmce flue gas velocity is
decreased, the lower pressure drop value is olotagm®wn in Table 5.2 and Figures
5.10 and 5.12.

The effects of the distance between fins on tentpexaontours, velocity vectors,
and pressure contours are shown in Figure 5.131&) Eespectively.
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(A)

Flow direction

4
4
4
4
4
4
4
4
4

Contours of Static Temperature (k) Jun 12, 2008
FLUENT 6.2 (3d, segregated, lam)

Figure 5.13 Temperature distributions on the serfaithe fin for model (A)

Flow direction

Contours of Static Temperature (k) Jun 12, 2008
FLUENT 6.2 (3d, segregated, lam)

Figure 5.14 Temperature distributions on the sarfaithe fin for model (B)

In Figures 5.13 and 5.14, it can be seen the teatyoerdistribution on the surface
of fin in model (B) better than the model (A), theat transfer rate less than the
model (A) due to smallest fin thickness in the mo@. Also, the temperature
distribution on the surface of fin is highest ae tleading edge due to the thin
boundary layer and at the front of the tube whéoraeshoe vortex system is present

there.
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Figure 5.15-low velocity distributions at middle plane insithe gap domain for model (A)
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Figure 5.16Flow velocity distributions at middle plane insithe gap domain for model (B)

Figures 5.15 and 5.16, shows the flue gas veldmtyeen fins in the model (A),
greater than the model (B) because of small distéetween fins in the model (A).
Therefore, the pressure drops in the model (A)tgrehan the model (Bdhis can be

clearly seen in Figures 5.17 and 5.18.



63

3.60e-01
9.63e-02
-1.67e-01

-4.31e-01 .
6.046-01 Flow direction

-9.58e-01

-1.22e+00
-1.48e+00
-1.75e+00
-2.01e+00
-2.27e+00
-2.54e+00
-2.80e+00
-3.07e+00
-3.33e+00
-3.58e+00
-3.86e+00
-4.12e+00
-4.38e+00
-4.65e+00
-4.91e+00

Velocity Vectors Colored By Static Pressure (pascal) Sep 04, 2008
FLUENT 6.3 (3d, pbns, lam)

Figure 5.17 pressure contours at middle plane éntsid gap domain for model (A)

4.69e-01
2.20e-01
-2.84e-02
-2.77e-01
-5.26e-01 Flow direction
-7.74e-01
-1.02e+00
-1.27e+00
-1.52e+00
-1.77e+00
-2.02e+00
-2.27e+00
-2.51e+00
-2.76e+00
-3.01e+00
-3.26e+00
-3.51e+00
-3.76e+00
-4.01e+00
-4.26e+00
-4.50e+00

Velocity Vectors Colored By Static Pressure (pascal) Sep 04, 2008
FLUENT 6.3 (3d, pbns, lam)

Figure 5.18 pressure contours at middle plane éntsid gap domain for model (B)

In Table 5.2 and Figures 5.9 and 5.11, shows tleetedf tube center location on
heat transfer rate between flue gas and waten &del (C). Placement of the tube
in downstream region, increases heat transfer bateveen flue gas and water
because of horseshoe vortex effétcthe fin tube is placed in the upstream region,

heat transfer augmentation caused by horseshoexveduld not be noticed at
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sufficient level. But, if it is placed in the dowtrsam region which has lower Nusselt
number, horseshoe vortex can be noticed strongladtdition to this, recirculating
vortices formed behind the tube attenuate negaifext on heat transfer when the
fin tube is placed at the downstream region. THececan be seen for the results of
Models (E) and (F), as well.

As shown in Table 5.2 and Figures 5.10 and 5.12tube center location has no

significant effect on the pressure drop.

The effects of the tube center location on tempeeatontours, velocity vectors,

and pressure contours are shown in Figure 5.1Bt) Eespectively.

Flow direction

Figure 5.19 Temperature distributions on the serfaicthe fin for model (C)



65

Flow direction

Figure 5.20 Temperature distributions on the serfaicthe fin for model (D)

Flow direction

Figure 5.21 Temperature distributions on the serfafcthe fin for model (E)
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Flow direction

LIENT R 7 [

Figure 5.22 Temperature distributions on the serfaicthe fin for model (F)

In Figures 5.19 to 5.22, it can be seen that thepézature distribution on the
surface of fin in the model (C) is better than thedel (D) and the model (E) is
better than the model (F) due to the placemenhefttbe in downstream region.
Also, the temperature distribution on the surfatcBroin the model (E) is better than
the model (C) and the model (F) has better contitibhan the model (D) due to the
fin height in models (E), (F) more than the mod€&} (D).
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Figure 5.23low velocity distributions at middle plane insithe gap domain for model (C)
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Figure 5.25-low velocity distributions at middle plane insithe gap domain for model (E)

67



68

4.75e+00 ’ (=)
4.51e+00 |

4.27e+00

4.04e+00 Flow direction / Al
3.80e+00 / L
3.56e+00

3.32e+00

3.09e+00

2.85e+00

2.61e+00

2.37e+00

2.14e+00

1.90e+00

1.66e+00

1.43e+00

1.19e+00

9.50e-01

7.13e-01

4.75e-01

2.38e-01

5.96e-05

Al

Velocity Vectors Colored By Velocity Magnitude (m/s) Sep 04, 2008
FLUENT 8.3 (3d, pbns, lam)

Figure 5.26Flow velocity distributions at middle plane insithe gap domain for model (F)
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Figure 5.27 pressure contours at middle plane éntsid gap domain for model (C)
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Figure 5.28 pressure contours at middle plane énid gap domain for model (D)
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Figure 5.29 pressure contours at middle plane éntsid gap domain for model (E)
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Figure 5.30 pressure contours at middle plane énid gap domain for model (F)

In Figures 5.23 to 5.26, shows that the changarflte gas velocitiy for models
(©), (D) and models (E), (F) has no great sigaiie. Hence, the pressure drop in
these models have nearly same. But in models F)the pressure drop is greater
than the models (C), (D) because of the increasirim heights, as shown in Figures

5.27 to 5.30, respectively.

Figures 5.9, 5.11 and Table 5.2, shows that, gréa transfer rates are obtained
as the fin height increases, due to the increasedl thansfer area, as in model (E)
and model (F).

As shown in Figures 5.10, 5.12 and Table 5.2, tkegure drop increases with the
rise of fin height, as in model (E) and model (F).

The effects of the fin height on temperature corgppressure contours, and
velocity vectors are shown in Figures 5.13, 5.19155.22, 5.15, 5.23, 5.25, 5.26,
5.17, 5.27, 5.29 and 5.30, respectively.
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The effects of the tube thickness on the heat fiearad the pressure drop are
shown in Table 5.2 and Figures 5.9 to 5.12, respgt Heat transfer increases with
decreasing tube thicknesshereas pressure drop is decreased with decreagieg
thicknessbecause heat resistance between water and flus lgager for this case, as
in model (G).

The effects of the tube thickness on temperatunéocios, pressure contours, and

velocity vectors are shown in Figures 5.31 to 5r8gpectively.

(©)

Flow direction

Figure 5.31 Temperature distributions on the serfafcthe fin for model (G)
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Flow direction

Figure 5.32 Temperature distributions on the sarfafcthe fin for model (H)

In Figures 5.31 and 5.32, it can be seen thatehwpérature distribution on the
surface of fin in model (G) better than the mode) pecause of heat resistance
between water and flue gas is lower for model (@ntthe model (H) that's result

from decrease tube thickness in model (G).
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Figure 5.33low velocity distributions at middle plane insithe gap domain for model (G)
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Figure 5.34Flow velocity distributions at middle plane insithe gap domain for model (H)

Figures 5.33 and 5.34 shows that the flue gas iglatange in models (H)
higher than model (G), Therefore, the pressure dnomodel (H) higher than the
model (G);this can be clearly seen in Figures 5.35 and 5.36.
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Figure 5.35 pressure contours at middle plane éntsid gap domain for model (G)
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Figure 5.36 pressure contours at middle plane énsid gap domain for model (H)

The effects of the tube ellipticity on the heahsfer and pressure drop across the
heat exchanger are shown in Table 5.2 and Figu@$055.12, respectively. Heat
transfer increases with ellipticity increases itube also, the ellipticity affects the
pressure drop positively because when elliptigityreases, the cross section of flue
gas flow, also, increases, as in modelEl)iptical tube results small drag effect than
the circular tube, as in model (J); due to thepgtlitube geometry has a better

aerodynamic shape than the circular shape.

The effects of the tube ellipticity on temperataostours, pressure contours, and
velocity vectors are shown in Figures 5.19, 5.33855.23, 5.39, 5.40, 5.27, 5.41
and 5.42, respectively
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1

Flow direction

FLUENT

Flow direction

Figure 5.38 Temperature distributions on the serfafcthe fin for model (J)

Figures 5.37 and 5.38 shows that, the temperaistebdition on the surface of
fin in model (1) is better than the model (J). Besathe shape in model (1) has better

aerodynamic.
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Figure 5.40Flow velocity distributions at middle plane insithe gap domain for model (J)

In Figures 5.39 and 5.40, the flue gas velocityngjeain models (I) is smaller than

the model (J) due to the cross section of flueflyas increases when the ellipticity
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increases. Therefore, the pressure drop in the Infddes higher than the model (I);

this difference can be clearly seen in Figures a4d 5.42
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Figure 5.41 pressure contours at middle plane énid gap domain for model (1)
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Figure 5.42 pressure contours at middle plane éntsid gap domain for model (J)



CHAPTER SIX
CONCLUSION

In this study, a literature survey about the heandfer and pressure drop
characteristics of heat exchangers are performeeat Hexchanger types are
mentioned, briefly. A comparison between experiraeahd numerical result for the
temperature distribution and averaged convectiweg ransfer coefficients over a
plate-fin surface are performed. Computational dFIDiynamics (CFD) software,
Fluent is using to simulation of three-row plate-find tube heat exchanger and
validation with experimental data. At the leadirdge of the plate-fin, the results
indicate lower temperature because the velocityhbaty layer is initially developed
in the z-direction. At the rear of the tube, theperature gradient is gentler because
the airflow is swept downstream into the wake. fietlent characteristic occurs after

the third row due to an additional exit effect.

A comparison between experimental and numericalllref®r the averaged

convective heat transfer coefficienﬂ;)( show that the error about 14% for in-line
array and 2% for staggered array because of fearnrdtion about properties of
metal and detail of geometrical parameter are use@xperimental testThe
numerical results are a reasonably in good agreewidnexperimental results.

In numerical study, one row plate fin and tube h®athanger is analyzed for
different geometrical parameters by using Componadi Fluid Dynamics (CFD)
software (FLUENT). The effects of the distance le®w two fins, tube center
location, fin height, tube thickness, and tubepéliity on heat transfebetween flue
gas and water and pressure drop of flue gas adiwssheat exchanger are
investigated for 10 different models.

» The distance between fins has an important effectheat transfer and
pressure drop. Figures 5.9 and 5.11 show the reesfer rate is higher for a
small distance between fins than for a larger fgtashce, as in model (B). For
the models with ellipticity value of 0.7345, Mod@&) has the smallest static
and total pressure drops. Since flue gas velodtylecreased, the lower

pressure drop value is obtained.
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> Placement of the tube in downstream region, as aaé¥ (c), increases the
heat transfer between flue gas and water. The meafsthis augmentation can
be revealed as horseshoe vortex effect. If thetdime is placed in the
upstream region, heat transfer augmentation cabgetiorseshoe vortex
could not be noticed at sufficient level. But,tiig placed in the downstream
region which has lower Nusselt number, horseshatexaan be noticed
strongly. In addition to this, recirculating voes formed behind the tube
attenuate negative effect on heat transfer wherfithtibe is placed at the
downstream region. This effect can be seen forgkelts of Models (e) and
(f), as well. Figures 5.10 and 5.12 show the tubseter location has no

significant effect on the pressure drop.

» Greater heat transfer and pressure drop valuesbtaeed as the fin height is
increased, due to the increased heat transfercgeuaf@a, as in Model (E) and
model (F).

» As the tube thickness is decreased, heat trarssfiecrieased whereas pressure
drop is decreased. Because heat resistance betwaten and flue gas is

lower for this case, as in Model (G).

> As ellipticity increases in a tube, the heat trangfd across a heat exchanger
increases. The ellipticity, also, affects pressumap positively.This result
can be revealed that as ellipticity increases thescsection of flue gas flow,
also, increases, as in Model (). Elliptical tulesults in a lesser drag than the
circular tube, as in Model (J); due to its betteroalynamic shape. This shape
causes better heat transfer characteristics, ds wel



NOMENCLATURE
A : Area (nf)
A : Total air-side surface heat transfer ared (m
a : Bigger radius of elliptical tube (mm)
b : Smaller radius of elliptical tube (mm)
C, : specific heat at constant pressure (J Kg)
D, : outside diameter of the tube (mm)
f : Fanning friction factor
H : fin spacing (mm)
h : the local convective heat transfer coefficientifVi°C)
h : the averaged convective heat transfer coeffigddtm? °C)
k : thermal conductivity (W M K™)
L : Fin height (mm)
L : Fin tube center location (mm)
I . length of the imaging element (mm)
N : Number of tube
Nu : Average Nusselt number
N faces : number of faces enclosing cell
Pr : Prandtl number
Q : Heat transfer rate (W)
Re : Reynolds number
IS : source term
T : temperature’C)
T, : bulk mean temperature of the stred@)(
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T, : local wall temperature of the fin surfac€)

t, : Fin tube thickness (mm)

t; : Fin thickness (mm)

U : frontal velocity (m/s)

w - width of the fin(mm)

X : X-direction coordinate

X : imaging pixel in x coordinate
X, : transverse pitch (mm)

X, : longitudinal pitch (mm)

y : y-direction coordinate

Y : imaging pixel in y coordinate
z : z-direction coordinate

Greek symbols

o : thickness of fin (mm)

£ : emissivity

v : kKinematic viscosity (m2/s)

@ . diffusion property

r : diffusion coefficient

m : mass flow rate (kg9

H : dynamic viscosity (N s i)

P : density (kg riv)

U : velocity vector(= ui+vj in 2D)
S¢ : source ofp per unit volume
Subscripts

e : east interface of the control volume



- fin condition

: face condition

> inlet condition

:log mean condition
: outlet condition
:surface condition

: tube condition

: wall (surface) or west interface of the controlume

:free stream condition
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