Heat Exchangers

A heat exchanger is a device that is used to teatisérmal energy (enthalpy) between two or marie$l, between
a solid surface and a fluid, or between solid pakites and a fluid, at different temperatures enthermal
contact. In heat exchangers, there are usuallktesral heat and work interactions. Typical apgiaas involve
heating or cooling of a fluid stream of concern amdporation or condensation of single- or multipoment fluid
streams. In other applications, the objective maydorecover or reject heat. In a few heat exchandiee fluids
exchanging heat are in direct contact. In most bBrelhangers, heat transfer between fluids take= gtaough a
separating wall or into and out of a wall in a si@mt manner. In many heat exchangers, the fluglseparated by
a heat transfer surface, and ideally they do ngtanieak. Such exchangers are referred to astdiatsfer type,
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A heat exchanger consists or

heat transfer elements such as a core or matriaicng the heat transfer surface, and fluid disttion elements
such as headers, manifolds, tanks, inlet and autletles or pipes, or seals. Usually, there ammoaing parts in
a heat exchanger; however, there are exceptiook,asia rotary regenerative exchanger (in whichrtagix is

mechanically driven to rotate at some design speed)scraped surface heat exchanger.



The heat transfer surface is a surface of the exygracore that is in direct contact with fluids ahcbugh which
heat is transferred by conduction. That portionthef surface that is in direct contact with both lo¢ and cold
fluids and transfers heat between them is referess the primary or direct surface. To increasehiat transfer
area, appendages may be intimately connected t@rtheary surface to provide an extended, secondary,
indirect surface. These extended surface elemeateferred to as fins. Thus, heat is conductealutyin the fin
and convected (and/or radiated) from the fin (thfothe surface area) to the surrounding fluid, ioe wersa,
depending on whether the fin is being cooled otdwaAs a result, the addition of fins to the priynaurface
reduces the thermal resistance on that side amdbyéncreases the total heat transfer from th&aserfor the
same temperature difference. Fins may form flovepgss for the individual fluids but do not sepathéstwo (or
more) fluids of the exchanger. These secondaryasesfor fins may also be introduced primarily fiouctural
strength purposes or to provide thorough mixing bfghly viscous liquid.

Not only are heat exchangers often used in thegssygpower, air-conditioning, refrigeration, cryoige heat
recovery, alternative fuel, and manufacturing indas, they also serve as key components of madhysinial
products available in the marketplace. These exggvarcan be classified in many different ways. Wileclassify
them according to transfer processes, number ddsfluand heat transfer mechanisms. Conventional hea
exchangers are further classified according to tcocison type and flow arrangements. Another aalojtr
classification can be made, based on the heaféresgface area/volume ratio, into compact anccoopact heat
exchangers. This classification is made becausetyghe of equipment, fields of applications, and igies
techniques generally differ. All these classifioas are summarized in previous figure and disculss#uer. Heat
exchangers can also be classified according tprilweess function, as outlined in next figure.
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(a) Classification according to process functiob) (lassification of condensers; (c) classificatiof
liquid-to-vapor phase-change exchangers.

Additional ways to classify heat exchangers ardllig type (gas-gas, gas-liquid, liquid-liquid, gago-phase,
liquid two-phase, etc.), industry, and so on.

CLASSIFICATION ACCORDING TO TRANSFER PROCESSES
Heat exchangers are classified according to trapséeesses into indirect- and direct-contact types



Indirect-Contact Heat Exchangers

In an indirect-contact heat exchanger, the fluidasis remain separate and the heat transfers gously through
an impervious dividing wall or into and out of allva a transient manner. Thus, ideally, thereasdirect contact
between thermally interacting fluids. This typeheft exchanger, also referred to as a surfaceekehanger, can
be further classified into direct-transfer type atarage type.

Direct-Transfer Type Exchangers. In this type, heat transfers continuously from Hot fluid to the cold fluid
through a dividing wall. Although a simultaneouslof two (or more) fluids is required in the exolar, there is
no direct mixing of the two (or more) fluids becawesach fluid flows in separate fluid passages elmegal, there
are no moving parts in most such heat exchangéiis.type of exchanger is designated as a recuperhéat
exchanger or simply as a recuperator. Some exangflafirect-transfer type heat exchangers are tupula
plate-type, and extended surface exchangers. Rextopeare further subclassified as prime surfachangers
and extended-surface exchangers. Prime surfaceegels do not employ fins or extended surfacesgrilaid
side. Plain tubular exchangers, shell-and-tube axgérs with plain tubes, and plate exchangers aca g
examples of prime surface exchangers. Recuperadosgtitute a vast majority of all heat exchangers.

Storage Type Exchangers. In a storage type exchanger, both fluids flowrak¢ively through the same flow
passages, and hence heat transfer is intermiftbatheat transfer surface (or flow passages) isrgdin cellular
in structure and is referred to as a matrix, @ & permeable (porous) solid material, referredsta packed bed.
When hot gas flows over the heat transfer surfdeegh flow passages), the thermal energy fromhtiteyas is
stored in the matrix wall, and thus the hot gaseisig cooled during the matrix heating period. Aklgas flows
through the same passages later (i.e., during #tgxcooling period), the matrix wall gives up th®l energy,
which is absorbed by the cold fluid. Thus, heamnat transferred continuously through the wall asain
direct-transfer type exchanger (recuperator), bet ¢orresponding thermal energy is alternatelyestand
released by the matrix wall. This storage type bgahanger is also referred to as a regeneratafegtxehanger, or
simply as a regenerator. To operate continuoudllyveithin a desired temperature range, the gaseslens, or
matrices are switched periodically (i.e., rotatesd)that the same passage is occupied periodlmalpt and cold
gases. The actual time that hot gas takes to twaugh a cold regenerator matrix is called thepestod or hot
blow, and the time that cold gas flows throughttberegenerator matrix is called the cold periodaid blow. For
successful operation, it is not necessary to hatednd cold-gas flow periods of equal durationefehis some
unavoidable carryover of a small fraction of theidltrapped in the passage to the other fluid sirpsst after
switching of the fluids; this is referred to asrgarver leakage. In addition, if the hot and colddk are at different
pressures, there will be leakage from the highqunesfluid to the low-pressure fluid past the ridsaripheral,
and axial seals, or across the valves. This leakageferred to as pressure leakage. Since thedes lare
unavoidable, regenerators are used exclusivehagtg-gas heat (and mass) transfer applicatiorts seihsible
heat transfer; in some applications, regeneratanstnansfer moisture from humid air to dry air opabout 5%.

Direct-Contact Heat Exchangers

In a direct-contact exchanger, two fluid streamseadnto direct contact, exchange heat, and thewmaee not
separated. Common applications of a direct-comachanger involve mass transfer in addition to heetsfer,
such as in evaporative and cooling applicationslirimg only sensible heat transfer are rare. Thhapy of
phase change in such an exchanger generally repsessignificant portion of the total energy tf@nsThe phase
change generally enhances the heat transfer ratap&red to indirect-contact recuperators and regéors, in
direct-contact heat exchangers, (1) very high haasfer rates are achievable, (2) the exchangesttion is
relatively inexpensive, and (3) the fouling problengenerally nonexistent, due to the absencehefad transfer
surface (wall) between the two fluids. However,dpglications are limited to those cases whereegtdcontact of
two fluid streams is permissible. The design thdoryheseexchangers is beyond the scope of this book amatis
covered. These exchangers may be further classifiddllows.

Immiscible Fluid Exchangers. In this type, two immiscible fluid streams are bght into direct contact. These
fluids may be single-phase fluids, or they may Imgaondensation or vaporization.

Gas-Liquid Exchangers. In this type, one fluid is a gas (more commoaly) and the other a low-pressure liquid
(more commonly, water) and are readily separalter #ie energy exchange. In either cooling of tigi@ooling
towers) or cooling of gas (scrubbers) applicatidigsiid partially evaporates and the vapor is erraway with
the gas. In these exchangers, more than 90% oérikegy transfer is by virtue of mass transfer (thu¢he
evaporation of the liquid), and convective heatsfar is a minor mechanism. A "wet" (water) cooliagrer with
forced- or natural-draft airflow is the most comnapplication. Other applications are the air-cdndihg spray
chamber, spray drier, flue gas scruber and spragl.po

Liquid-Vapor Exchangers. In this type, typically stem is cooled by injetteater, steam is partially or fully
condensed using cooling water, or water is heati#ld waste steam through direct contact in the exgba
Noncondensables and residual steam and hot wadharutlet streams. Common examples are sprdgrepo
desuperheaters and open feedwater heaters (alsmlasdeaeraters) in power plants.



CLASSIFICATION ACCORDING TO CONSTRUCTION FEATURES

Heat exchangers are frequently characterized bgtagstion features. Four major construction typestabular,
plate-type, extended surface, and regenerativeaggehs.

Tubular Heat Exchangers

These exchangers are generally built of circulbes$, although elliptical, rectangular, or round/flaisted tubes
have also been used in some applications. Themnisderable flexibility in the design becausedbee geometry
can be varied easily by changing the tube diamietegth, and arrangement. Tubular exchangers caesigned
for high pressures relative to the environment &igh-pressure differences between the fluids. Taibul
exchangers are used primarily for liquid-to-liq@idd liquid-to-phase change (condensing or evapayatieat
transfer applications. They are used for gas-toidigand gas-to-gas heat transfer applications pilynahen the
operating temperature and/ or pressure is very dridbuling is a severe problem on at least oniel fsiide and no
other types of exchangers would work. These exaangiay be classified as shell-and-tube, double;m@pd
spiral tube exchangers. They are all prime surtaadhangers except for exchangers having fins afieglde
tubes.

Shell-and-Tube Exchangers.

This exchanger is generally built of a bundle afnd tubes mounted in a cylindrical shell with thed axis
parallel to that of the shell. One fluid flows idsithe tubes, the other flows across and alontties. The major
components of this exchanger are tubes (or tubelleynshell, front-end head, rear-end head, baffesl
tubesheets, and are described briefly later inghisection.
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(a) Shell-and-tube exchanger (BEM) with one shaipand one tube pass; (b) shell-and-tube exch@Bger)
with one shell pass and two tube passes.

A variety of different internal constructions arged in shell-and-tube exchangers, depending odebieed heat
transfer and pressure drop performance and theoaettmployed to reduce thermal stresses, to préaadages,

to provide for ease of cleaning, to contain opetatpressures and temperatures, to control corros@mn
accommodate highly asymmetric flows, and so onll@imel-tube exchangers are classified and constduict
accordance with the widely used TEMA (Tubular Exuer Manufacturers Association) standards (TEMA,
1999), DIN and other standards in Europe and elsesyland ASME (American Society of Mechanical Eegits)
boiler and pressure vessel codes. TEMA has dewelapeiotation system to designate major types of
shell-and-tube exchangers. In this system, eachasger is designated by a three-letter combinattos first
letter indicating the front-end head type, the selcthe shell type, and the third the rear-end hgael These are
identified in next figure. Some common shell-andewxchangers are AES, BEM, AEP, CFU, AKT, and AJW.
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Standard shell types and front- and rear-end hgsabt

The three most common types of shell-and-tube exgdva are (1) fixed tubesheet design, (2) U-tulsigde and

(3) floating-head type. In all three types, thenfrend head is stationary while the rear-end headbe either
stationary or floating (see Fig.), depending on thermal stresses in the shell, tube, or tubeshhet, to
temperature differences as a result of heat transfe

Tubes. Round tubes in various shapes are used in shedttdbe exchangers. Most common are the tube bsindle
with straight and U-tubes used in process and pamgkrstry exchangers. However, sine-wave bendapesh
L-shape or hockey sticks, and inverted hockey stanle used in advanced nuclear exchangers to acodaen
large thermal expansion of the tubes.

Some of the enhanced tube geometries used inatitube exchangers are shown in figure. Serpertaieal,

and bayonet are other tube shapes that are usbelirand-tube exchangers.
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Shells. The shell is a container for the shell fluid. U$yadt is cylindrical in shape with a circular e section,
although shells of different shapes are used igip@pplications and in nuclear heat exchangersonform to
the tube bundle shape. The shell is made froncaleir pipe if the shell diameter is less than alfoin (2 ft) and
is made from a metal plate rolled and welded lamtirtally for shell diameters greater than 0.6m)(2ft

Nozzles. The entrance and exit ports for the shell and fllids, referred to as nozzles, are pipes of tammi€ross
section welded to the shell and channels. Theysed to distribute or collect the fluid uniformlg the shell and
tube sides. Note that they differ from the nozaedias a fluid metering device or in jet engindsiciv has a
variable flow area along the flow length.

Front- and Rear-End Heads. These are used for entrance and exit of the flultk in many rear-end heads, a
provision has been made to take care of tube tHeempansion. The front-end head is stationary, evitile
rear-end head could be either stationary (alloviimgno tube thermal expansion) or floating, depagdin the
thermal stresses between the tubes and shell. Hjer mriteria for selection of the front-end heaé a&ost,
maintenance and inspection, hazard due to mixirghell and tube fluids, and leakage to ambientaratating
pressures. The major criteria for selection ofra-end head are the allowance for thermal sseag@ovision to
remove the tube bundle for cleaning the shell si
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and doughnut baffles/ support plates are used pitinia
nuclear heat exchangers. These baffles for nucl
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Plate-Type Heat Exchangers

Plate-type heat exchangers are usually built of plates (all prime surface). The plates are eghavoth or have
some form of corrugation, and they are eitherdlaivound in an exchanger. Generally, these exchiaraganot
accommodate very high pressures, temperaturesessyre and temperature differences. Plate hebbrgers
(PHESs) can be classified as gasketed, welded (ormth fluid passages), or brazed, depending orighle

tightness required. Other plate-type exchangersspiml plate, lamella, and platecoil exchangersese are
described next.

Gasketed Plate Heat Exchangers
Basic Construction. The plate-and-frame or gasketed plate heat exengRiHE) consists of a number of thin



rectangular metal plates sealed around the edggadiets and held together in a frame as showgunef,

QOutlet
manifold
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The frame usually has a fixed end cover (headpiéittel with connecting ports and a movable endecov
(pressure plate, follower, or tailpiece). In thanfre, the plates are suspended from an upper ogrbgn and
guided by a bottom carrying bar to ensure propggnaient. For this purpose, each plate is notchéaeatenter of
its top and bottom edges. The plate pack with fixed movable end covers is clamped together byboltg, thus
compressing the gaskets and forming a seal. Thgicgibars are longer than the compressed stadkasavhen
the movable end cover is removed, plates may Heaking the support bars for inspection and cleanin

Each plate is made by stamping or embossing agated (or wavy) surface pattern on sheet metabr@rside of
each plate, special grooves are provided alongéniphery of the plate and around the ports foaskgt, as
indicated by the dark lines in next figure.

Fluid 1 Fluid 2
Fluid 2 inlet exit

Three leakage grooves shown
in the gasket between two
fluids

Fluid 1 leakage path

Gasket

Fluid 1 Fluid 2
exit inlet

(a) (&)

Typical plate geometries (corrugated patterns)shoavn in next figure, and over 60 different patsenave been
developed worldwide. Alternate plates are assem&leth that the corrugations on successive plateacoor
cross each other to provide mechanical suppoti@égtate pack through a large number of contaattpoihe
resulting flow passages are narrow, highly intetedp and tortuous, and enhance the heat transferaral
decrease fouling resistance by increasing the stiezss, producing secondary flow, and increadiededvel of
turbulence. The corrugations also improve the itigidf the plates and form the desired plate spadiiates are
designated as hard or soft, depending on whetkgrgbnerate a high or low intensity of turbulence.
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{a) it {e) (
Plate patterns: (a) washboard; (b) zigzag; (c) whewr herringbone; (d) protrusions and depressi¢es
washboard with secondary corrugations; (f) obligashboard

Sealing between the two fluids is accomplished lbgtemeric molded gaskets (typically, 5 mm thidkattare
fitted in peripheral grooves mentioned earlier. Keés are designed such that they compress about 5%
thickness in a bolted plate exchanger to proviteaktight joint without distorting the thin platds.the past, the
gaskets were cemented in the grooves, but now-enaaskets, which do not require cementing, arencon.
Some manufacturers offer special interlocking tyijpgzrevent gasket blowout at high pressure diffees. Use of
a double seal around the port sections preveritsifitermixing in the rare event of gasket failufée interspace
between the seals is also vented to the atmospbefacilitate visual indication of leakage. Typiogsket
materials are butyl and nitrile rubber. PTFE (petsafluoroethylene) is not used because of itsoekstic
properties.

Each plate has four corner ports. In pairs, theyide access to the flow passages on either sideeqflate. When
the plates are assembled, the corner ports line €grm distribution headers for the two fluidslethand outlet
nozzles for the fluids, provided in the end covéng up with the ports in the plates (distributioeaders) and are
connected to external piping carrying the two ffuid fluid enters at a corner of one end of the passed stack
of plates through the inlet nozzle. It passes thhoaiternate channels in either series or parpdlssages. In one
set of channels, the gasket does not surroundhlgepiort between two plates; fluid enters throtigdt port, flows
between plates, and exits through a port at therahd. On the same side of the plates, the otepbrts are
blocked by a gasket with a double seal, so thabther fluid cannot enter the plate on that sidea IL pass-1 pass
two-fluid counterflow PHE, the next channel haskgas covering the ports just opposite the precegiate.
Incidentally, each plate has gaskets on only othe, $ind they sit in grooves on the back side ofithghboring
plate. Each fluid makes a single pass throughxhbanger because of alternate gasketed and ungdgketts in
each corner opening. The most conventional flowregement is 1 pass-1 pass counterflow, with aditiahd
outlet connections on the fixed end cover. By biogKlow through some ports with proper gasketigither one
or both fluids could have more than one pass. Alsare than one exchanger can be accommodatedinmgla s
frame. In cases with more than two simple 1-papssls heat exchangers, it is necessary to inserbron®re
intermediate headers or connector plates in thte plack at appropriate places.

Any metal that can be cold-worked is suitable fAiEPapplications. The most common plate materiastainless
steel (AISI 304 or 316) and titanium. Plates madenfincoloy 825, Inconel 625, and Hastelloy C-276 also
available. Nickel, cupro-nickel, and monel are kaused. Carbon steel is not used, due to low siwroresistance
for thin plates. Graphite and polymer plates aedusith corrosive fluids. The heat transfer surfagea per unit
volume for plate exchangers ranges from 120 to 666

Advantages and Limitations. Some advantages of plate heat exchangers aoiass. They can easily be taken
apart into their individual components for cleanimgspection, and maintenance. The heat transfésiciarea
can readily be changed or rearranged for a diffeteesk or for anticipated changing loads, throughftexibility of
plate size, corrugation patterns, and pass arraggeirHigh shear rates and shear stresses, segdiaggrhigh
turbulence, and mixing due to plate corrugationtguas reduce fouling to about 10 to 25% of thataof
shell-and-tube exchanger, and enhance heat trav&gr high heat transfer coefficients are achiegiad to the
breakup and reattachment of boundary layers, swwbrtex flow generation, and small hydraulic deer flow
passages. Because of high heat transfer coefficisgduced fouling, the absence of bypass and deadtaeams,
and pure counterflow arrangements, the surfaceratpared for a plate exchanger is one-half to thiret that of
a shell-and-tube exchanger for a given heat ditys teducing the cost, overall volume, and spagpéirement for
the exchanger. Also, the gross weight of a plathamnger is about one-sixth that of an equivaleell-sind-tube
exchanger. Leakage from one fluid to the other oaitake place unless a plate develops a hole. $ieogasket is
between the plates, any leakage from the gaskétstie outside of the exchanger. The residence (time to
travel from the inlet to the outlet of the exchander different fluid particles or flow paths ongiven side is



approximately the same. This parity is desirabtaifaformity of heat treatment in applications sashsterilizing,
pasteurizing, and cooking. There are no signifidaott or cold spots in the exchanger that could feathe
deterioration of heat-sensitive fluids. The voluwfefluid held up in the exchanger is small; thistfgre is
important with expensive fluids, for faster tramgieesponse, and for better process control. Finhigjh thermal
performance can be achieved in plate exchangess.high degree of counterflow in PHEs makes tempezat
approaches of up to 18C possible. The high themffaktiveness (up to about 93%) facilitates ecomaini
low-grade heat recovery. The flow-induced vibrasiomoise, thermal stresses, and entry impingenmebtgms of
shell-and-tube exchangers do not exist for plags Brchangers.

Some inherent limitations of the plate heat excleam@re caused by plates and gaskets as folloves pikte
exchanger is capable of handling up to a maximuesgure of about 3 MPa gauge but is usually ope takxv
1.0 MPa gauge. The gasket materials (except fdPiiteE-coated type) restrict the use of PHES inliigbrrosive
applications; they also limit the maximum operati@gperature to 260°C but are usually operatedib2t®°C to
avoid the use of expensive gasket materials. Géifkét sometimes limited. Frequent gasket repiaeet may be
needed in some applications. Pinhole leaks are toadétect. For equivalent flow velocities, pressdrop in a
plate exchanger is very high compared to that shell-and-tube exchanger. However, the flow veiesitire
usually low and plate lengths are "short," so thsulting pressure drops are generally acceptaiie.nbrmal
symmetry of PHEs may make phase-change applicatimre difficult, due to large differences in volume
flows. For some cases, heat exchanger duties witblyvdifferent fluid flowrates and depending o thllowed
pressure drops of the two fluids, an arrangemeatdifferent number of passes for the two fluidymeake a PHE
advantageous. However, care must be exercisedkm ftdl advantage of available pressure drop while
multi-passing one or both fluids.

Because of the long gasket periphery, PHEs arsuit&d for high-vacuum applications. PHESs are oaéble for
erosive duties or for fluids containing fibrous evéls. In certain cases, suspensions can be lthrimleto avoid
clogging, the largest suspended particle shouldtlmost one-third the size of the average charmel giscous
fluids can be handled, but extremely viscous fluédsl to flow maldistribution problems, especially cooling.
Plate exchangers should not be used for toxic Sluildie to potential gasket leakage. Some of thigaliions of
gasketed PHEs have been addressed by the newsle§igREs.

Extended Surface Heat Exchangers

The tubular and plate-type exchangers describedqudy are all prime surface heat exchangers, pxite a
shell-and-tube exchanger with low finned tubingeifineat exchanger effectiveness is usually 60%etow, and
the heat transfer surface area density is usuesly than 700ffm>. In some applications, much higher exchanger
effectiveness is essential, and the box volume raads are limited so that a much more compact uitac
mandated. Also, in a heat exchanger with gasesme $iquids, the heat transfer coefficient is qlot® on one or
both fluid sides. This results in a large heatsfansurface area requirement. One of the most acommrethods to
increase the surface area and exchanger compaetnessid the extended surface (fins) and usenitisthe fin
density (fin frequency or fins/m) as high as padssibn one or both fluid sides, depending on theigtes
requirement. Addition of fins can increase the atefarea by 5 to 12 times the primary surface iarganeral,
depending on the design. The resulting exchangefésred to as an extended surface exchanger. &lew is
increased by the use of thin-gauge material aridgsthe core properly. The heat transfer coeffic@nextended
surfaces may be higher or lower than that on uefinsurfaces. For example, interrupted (strip, louete.) fins
provide both an increased area and increased taesfdér coefficient, while internal fins in a tulrerease the
tube-side surface area but may result in a slighuction in the heat transfer coefficient, depegain the fin
spacing. Generally, increasing the fin density oeduthe heat transfer coefficient associated vifth. fFlow
interruptions (as in offset strip fins, louvereddj etc.) may increase the heat transfer coeffitvemto four times
that for the corresponding plain (uncut) fin suefaPlate-fin and tube-fin geometries are the twethcommon
types of extended surface heat exchangers.

Tube-Fin Heat Exchangers

These exchangers may be classified as conventamdhlspecialized tube-fin exchangers. In a conveatio
tube-fin exchanger, heat transfer between the v takes place by conduction through the tublé Wawever,
in a heat pipe exchanger (a specialized type @-fiubexchanger), tubes with both ends closed siet separating
wall, and heat transfer between the two fluids $akéace through this “separating wall” (heat pipey
conduction, and evaporation and condensation ohéa pipe fluid. Let us first describe conventiotde-fin
exchangers and then heat pipe exchangers.

Conventional Tube-Fin Exchangers. In a gas-to-liquid exchanger, the heat transfefficient on the liquid side
is generally one order of magnitude higher thahdhahe gas side. Hence, to have balanced theonductances
(approximately the same hA) on both sides for aiiim-size heat exchanger, fins are used on thesigasto
increase surface area A. This is similar to the cds condensing or evaporating fluid stream ansdde and gas
on the other. In addition, if the pressure is Highone fluid, it is generally economical to employpes.

In a tube-fin exchanger, round and rectangulargane most common, although elliptical tubes ase ased. Fins



are generally used on the outside, but they maysbd on the inside of the tubes in some applicatibhey are
attached to the tubes by a tight mechanical fitsiten winding, adhesive bonding, soldering, brazmgiding, or
extrusion.

Depending on the fin type, tube-fin exchangers @tegorized as follows: (1) an individually finnéabe
exchanger or simply a finned tube exchanger, asisho following figures, having normal fins on indiual
tubes; (2) a tube-fin exchanger having flat (camims) fins, the fins can be plain, wavy, or intptad, and the
array of tubes can have tubes of circular, ovataregular, or other shapes; and (3) longitudime 6n individual
tubes.

(a) (b)

(a) Individually finned tubes; (b) flat (continugus on an array of tubes. The flat fins are sh@s plain fins,
but they can be wavy, louvered, or interrupted.
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A tube-fin exchanger with flat fins has been reddrto variously as a plate-fin and tube, platedihtube, and tube
in-plate fin exchanger in the literature.

A tube-fin exchanger of the aforementioned categpoti and 2 is referred to as a coil in the air-@¢mrdng and
refrigeration industries and has air outside anefrigerant inside the tube. Individually finnedas are probably
more rugged and practical in large tube-fin excleasigrhe exchanger with flat fins is usually legsemnsive on a
unit heat transfer surface area basis becausg sifiple and mass-production construction featlweasgitudinal



fins are generally used in condensing applicatanr for viscous fluids in double-pipe heat exchasge
Tube-fin exchangers can withstand ultrahigh presson the tube side. The highest temperature is fgated
by the type of bonding, materials employed, andenmtthickness. Tube-fin exchangers usually ass mmpact
than plate-fin units. Tube-fin exchangers with ezeadensity of about 3300%m?® are available commercially. On
the fin side, the surface area desired can be\ahigarough the proper fin density and fin geomefmypical fin
densities for flat fins vary from 250 to 800 fins/fim thicknesses vary from 0.08 to 0.25 mm, andléw lengths
varynf%rorg 25 to 250 mm. A tube-fin exchanger haviiagfins with 400 fins/m has a surface area dgradi about
720nf/m”,

Tube-fin exchangers are employed when one flugbsiris at a higher pressure and/ or has a signijchigher
heat transfer coefficient than that of the othaidflstream. As a result, these exchangers areaxgedsively as
condensers and evaporators in air-conditioning refiigeration applications, as condensers in a@egower
plants, as oil coolers in propulsive power plarged as air-cooled exchangers (also referred ton-éesfi
exchangers) in process and power industries.

(a} (B} (e) (el
Longitudinal fins on individual tubes: (a) contirusoplain; (b) cut and twisted; (c) perforated; ifdtgrnal and
external longitudinal fins.

An air-cooled exchanger is a tube-fin exchangevhich hot process fluids (usually liquids or consieg fluids)
flow inside the tubes, and atmospheric air is d¢amd outside by forced or induced draft over tRtemded
surface. If used in a cooling tower with the pracélsid as water, it is referred to as a dry capliower.
Characteristics of this type of exchanger are shallbe bundles (short airflow length) and largeefarea, due to
the design constraint on the fan power.

Regenerators

The regenerator is a storage-type heat exchangelescribed earlier. The heat transfer surfacdeonents are
usually referred to as a matrix in the regenerafar.have continuous operation, the matrix must loved
periodically into and out of the fixed streams akgs, as in a rotary regenerator.
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Heat wheel or a rotary regenerator made from agstdy film.

Thus, in a rotary regenerator, the matrix (diskator) rotates continuously with a constant fractid the core in
the hot-fluid stream and the remaining fractiorthia cold-fluid stream; the outlet fluid temperagixary across
the flow area and are independent of time. The fiwiols generally flow in the opposite directionsdaare
separated by some form of ductwork and rubbingsseathe matrix.

For a rotary regenerator, the design of sealsewgnt leakages of hot to cold fluids, and vice agtecomes a
difficult task, especially if the two fluids are atgnificantly different pressures. Rotating drivedso pose a
challenging mechanical design problem.

Major advantages of the regenerators are the follgwA much more compact surface may be employax ith a
recuperator, thus providing a reduced exchangemelfor given exchanger effectiveness and prestopand
thereby making a regenerator economical compareqh ®quivalent recuperator. The major reason feingaa
much more compact surface for a regenerator isthiealhot and cold gas streams are separated @} smdils or
valves, unlike in a recuperator, where the primsuyface is used to separate the fluid streams.cblse of
manufacturing such a compact regenerator surfacenieof heat transfer area is usually substdwgtiaiver than
that for the equivalent recuperator. Similarly, engtl cost could be lower in a regenerator thaa recuperator.
Hence, a compact regenerator usually has a smalleme and is lower in weight than an equivalecuperator.
However, the leakproof core required in a recuper&é not essential in a regenerator, due to theemuaf
operation. Another important advantage of a cofiot@rregenerator over a counterflow recuperataha the
design of inlet and outlet headers used to digigibot and cold gases in the matrix is simple. Thizcause both
fluids flow in different sections (separated byiehdeals) of a rotary regenerator. In contrast,itbader design to
separate two fluids at the inlet and outlet in argerflow recuperator is complex and costly. Alspa rotary
regenerator, the flow sectors for the hot and gakks can be designed to optimize the pressuredriye hot and
cold gases; and the critical pressure drop (usualthe hot side) in a rotary regenerator is lothan that in a
comparable recuperator. The matrix surface hascteEdhing characteristics, resulting in low gasedimuling and
associated corrosion, if any, because the hot alddyases flow alternately in opposite directianthie same fluid
passage. Hence, regenerators are used with patédablen gases that promote surface fouling ecaperator.
Compact surface area density and the counterfloangement make the regenerator ideally suiteddsrtg-gas
heat exchanger applications requiring high exchartfectiveness, generally exceeding 85%. Regeneraire
used exclusively for gas-to-gas heat and/or entemsfer applications, primarily for combustion pieheat in
pulverized coal fired boilers and for waste heabwery applications.

A major disadvantage of a rotary regenerator i$ dmaunavoidable carryover of a small fraction aédluid
stream trapped in the flow passages under thelrseid is pushed out by the other fluid stream afsdr the
periodic flow switching. Other disadvantages astelil separately in the following part.

In rotary regenerators, any of the plain platesfimface geometries could be used in the matrix n@def thin
metal sheets. Interrupted passage surfaces (swthipins, louver fins) are not used becausaasverse (to the
main flow direction) flow leakage is present if ttveo fluids are at different pressures. This leake® the two
fluids (contaminates the lower pressure fluid) aeduces the exchanger effectiveness. Hence, thaxmat
generally has continuous (uninterrupted) flow pgssaFlat or wavy spacers are used to stack the""(see
figure). The fluid is unmixed at any cross sectionthese surfaces. Two examples of rotary regeéoesarfaces



are shown following figure.
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Continuous-passage matrices for a rotary regerreajonotched plate; (b) triangular passage.

The herringbone or skewed passage matrix doe®quire spacers for stacking the “fins”. The desReynolds
number range with these types of surfaces is 10006.

The matrix in the regenerator is rotated by a huddftsor a peripheral ring gear drive. Every ma#ligment is
passed periodically from the hot to the cold streachback again. The time required for a complatition of the
matrix is equivalent to the total period of a fixethtrix regenerator. In a rotary regenerator, taéaary radial
seal locations control the desired frontal areagéeh fluid and also serve to minimize the prinrlankage from
the high-pressure fluid to the low-pressure fluid.

Radial and axial seals are used in rotary regemaraisee following figure.

Radial Sealing
Plate

Rotor Rotation

Rotary regenerators have been designed for suaf@zedensities of up to about 6608/md. They can employ
thinner stock material, resulting in the lowest amtoof material for a given effectiveness and pressirop of any
heat exchanger known today. Metal rotary regenesa@ave been designed for continuous operating inle
temperatures up to about 790°C. Seal leakage dhuceethe regenerator effectiveness significantigtaRy
regenerators also require a power input to roteeodre from one fluid to the other at the rotatispeed desired.
Ljungstrom air preheaters for thermal power plamtd regenerators for the vehicular gas turbine ppleats are
typical examples of metal rotary regenerators fehpating inlet air. Typical power plant regenersittave a rotor
diameter up to 16 m and rotational speeds in thga®.5 to 3 rpm (rev per min).

CLASSIFICATION ACCORDING TO FLOW ARRANGEMENTS

The choice of a particular flow arrangement is aelesit on the required exchanger effectiveness)adlai
pressure drops, minimum and maximum velocitieswadlh fluid flow paths, packaging envelope, alloveabl
thermal stresses, temperature levels, piping anchigihg considerations, and other design criterit. us first
discuss the concept of multipassing, followed bysm®f the basic ideal flow arrangements for a tiutfheat
exchanger for single- and multipass heat exchangers

Multipassing. The concept of multipassing applies separatelyhto fluid and heat exchanger. A fluid is
considered to have made one pass if it flows thnaugection of the heat exchanger through itddulyth. After
flowing through one full length, if the flow diréoh is reversed and fluid flows through an equal- o
different-sized section, it is considered to haaea second pass of equal or different size. Adadanger is



considered as a single-pass unit if both fluids enake pass in the exchanger or if it representsadrtie
single-pass flow arrangements when the multipags $ide is unfolded (note that the folding is utedontrol the
envelope size). To illustrate the concept, consaer exchanger with two different designs of itleaders for
fluid 2 as shown in figure a and b; fluid 1 makesragle pass, and fluid 2 makes two passes indsathangers. If
the exchanger b with fluid 2 unmixed in the headersnfolded to the horizontal direction (the exoper length
for fluid 2 will be 2L,), as in figure d, the resulting geometry is a Efgass exchanger having the same inlet
temperatures as fluids 1 and 2 of figure b. Hetteexchanger of figure b is considered a singksgxchanger
from the exchanger analysis point of view. In castythe temperature of fluid 1 at the inlet tofilet and second
pass of fluid 2 is different in figure a. Hence,emht is unfolded vertically as in figure c, théeintemperature of
fluid 1 to each half of the exchanger will be diéfet, due to the presence of two passes, eactonéhhalf of the
original flow length L.. This does not correspond to a single-pass exenasfghe unfolded exchanger height.
Therefore, the exchanger of figure a is consida®d two-pass exchanger. An additional degreeeefim is
introduced by unfolding. This degree of freedomcdibgs how to lead a fluid between the passes ésge,the
case considered in figure c, fluid 1). Dependindhow the fluid is routed from the exit of one p&sshe inlet of
the following pass, several distinct flow arrangetsecan be identified.
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(a) Two-pass cross-counterflow exchanger; (b) sipglss crossflow exchanger; (c, d) unfolded exaotrangf (a)
and (b), respectively.

Single-Pass Exchangers

Counterflow Exchanger. In a counterflow or countercurrent exchanger s in following figure a, the
two fluids flow parallel to each other but in opfieslirections within the core.
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(e}

(a) Double-pipe heat exchanger with pure counterfil-f) plate-fin exchangers with counterflow caned
crossflow headers



The counterflow arrangement is thermodynamicalfyesior to any other flow arrangement. It is the tedBcient
flow arrangement, producing the highest temperathenge in each fluid compared to any other twafflow
arrangements for a given overall thermal condu@afiaid flow rates (actually, fluid heat capacistes), and
fluid inlet temperatures. Moreover, the maximum penature difference across the exchanger wall tais&
(between the wall surfaces exposed on the hot alddloid sides) either at the hot- or cold-fluidckis the lowest,
and produce minimum thermal stresses in the walkfoequivalent performance compared to any otlogr f
arrangements. However, with plate-fin heat exchasgefaces, there are manufacturing difficultiesoagated
with the true counterflow arrangement. This is lseait is necessary to separate the fluids at eadhand the
problem of inlet and outlet header design is compB®mme header arrangements were shown figurédlsd, the
overriding importance of other design factors causest commercial heat exchangers to be desigmeftbio
arrangements different from single-pass counterfldwextremely high exchanger effectiveness is not
required.discussion since they do not take anegtart in heat transfer between two fluids.

The temperature variation of the two fluids in pooeinterflow exchanger may be idealized as one-aineal, as
shown in figure.

X i L
Temperature distributions in a counterflow heathexger

Parallelflow Exchanger.

In a parallelflow (also referred to as cocurrentcocurrent parallel stream) exchanger, the fluidashs enter
together at one end, flow parallel to each othgahénsame direction, and leave together at ther @hé. Fluid
temperature variations, idealized as one-dimenkiana shown in following figure.
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This arrangement has the lowest exchanger effewssamong single-pass exchangers for given ovkeathal
conductance and fluid flow rates (actually, fluiglah capacity rates) and fluid inlet temperaturesydver, some
multipass exchangers may have an even lower eftawss, as discussed later. However, for low-affeicess
exchangers, the difference in parallelflow and ¢erffow exchanger effectiveness is small. In a elflow
exchanger, a large temperature difference betwdentemperatures of hot and cold fluids existhatinlet side,
which may induce high thermal stresses in the exgdiawall at the inlet.



Crossflow Exchanger. In this type of exchanger, as shown in figure, ttho fluids flow in directions normal

to each other.
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Typical fluid temperature variations are idealizgdtwo-dimensional and are shown in following fegfor the

inlet and outlet sections only.
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Thermodynamically, the effectiveness for the crlassfexchanger falls in between that for the coutder and
parallelflow arrangements. The largest structweaiferature difference exists at the "corner” ofahtering hot
and cold fluids, such as point a figure.



