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ABSTRACT

A numerical procedure for the calculation of laminar fully-develged crossflow and het transfer in
tube-bank heat exchanges is preserted. Bandary condtions are irtroduced h a form similar to the
treatment at conventional inlets and autlets. Calculations are performed for in-line square, rotated square
and equilateral triangle geometries, with pitch-to-diameter ratio 1.25-2, Reynolds mumber 10™-1C°, and
Prandtl number 1-100,under both constant heat flux and constant wall temperature boundary condiions.
Overall presaure dop and het transfer factors are compared to previous rumerical work, empirical
corrdations, and experimental data. Overall presaure drop calculations correate with experimental data,
while at low Reynolds mmber, heat transfer calculations are shownto dgpendupon the choice of refererce
bulk temperature in the rate eqation. Graphs of Iccal presaure, dag, and heat transfer codficierts are
providedand discussed in désil.

RESUME

Une approche numérique pour le calcul de I’ écoulement laminaire transversale complétement développé
et du transfert de chaleur dans les échangeurs afaisceaux tubuaires est présentée Les condtions aux
limites sont introduites de fagon conventionnell e pour I’ entréeet la sortie du danaine. Les calculs sont faits
pour les configurations gémnétriques ; en ligne, ujnconce a dgposition carrée et ginconce a dgposition
trianges équilatéraux. Le rapport hauteur des rangées - diamétre des tubes varie entre 1.25 - 2, le nombre
deReynolds etre 10" - 10, le nombre de Pranctl entrel & 100, ces derniers paramétres ot éés considérés
pour les deux cas de condiions aux limites aux parois pour le transfert de chaleur, température et flux de
chaleurs constantes. Les fractions chute depresson moyenne etransfert de chaleur sont comparées a de
précédens travaux numeériques, corrélations enpiriques et donnéespérimertales. Lesrésultats de calculs
pour la chute depresson moyennesont enbon accord avec les donnéesxpérimertales, alors qu’a defaible
nombre deReynolds, lescalculs dutransfert de chaleur dépendent duchoix de latempérature deréférerce
du milieu dans Iéquation dutransfert dechaleur. Les dstributions gaphiques donant la presson locale,
latraine,lescodficierts detransfert dechaleur sont présertées etnalysées en déils.
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INTRODUCTION

Tube banks are commonly-employed in hat exchanges. The two basic patterns are referredto as in-
line and staggered, and are characterised by tube diameter, d, crosswise (transverse) pitch, sr, and stream-
wise (longitudinal) pitch, s.. Three corfigurations characterised by a single pitch, s, are in-line square
(s =sr = s0), rotated square (s= s /+/2 =+/2s,), and equil ateral triangle (s=s; = 2s, /+/3).

Numerous pubications have appeared onthe subject of tube banks; the majority of these are concerned
with theresults of experimerts, and the gengation of enpirical correlations based onthese results. Among
the exliest recorded experimerts weae the masurement of oveall pressure dop in a four-row in-line bank
(sr/dxs./d = 1.5x2.6),and a 7row equil ateral triange bank (3.5x1.04)by Wallis and Whie[1]. Pioneging
heat transfer measuremerts were made by Lohrisch, and Thoma; these results may be found inthe book by
Jacab [2].

Two groups who worked extersively on tube-banks were the goup located in Kaunas Lithuania, and
researcha's at the Univesity of Delaware, inthe US. The monogaphs by Z ukauskas et. al. discuss uid
flow [3] and heit transfer [4] in tube banks in déail, while the erlier Russan-languagetext of Z ukauskas
et. al. [5] contains aiginal data from the wak of the Lithuanian group, in tables ofresults. The Delaware
data are daumerted intwo reports by Bergelin etal. [6,7]. Delaware heat transfer data were gathered
under condtions approximating constant wall temperature, t,, while thase of the Lithuanian group wee
apparertly obtained under condiions approaching constant wall flux, q.. The Engineging Sciences Data
Unit (ESDU) have also correlated data for presaure dop [8] and het transfer [9] from various sources,
togeher wih a goodvibliography of experimertal data.

Some useful review articles by the Lithuanian group include; Z ukauskas and Ulinskas in the Heat
Exchanger Design Handoook (HEDH) [10], whee empirical correlations for presaure drop and heat
transfer are provided, and the review article by Z ukauskas [11] on heat transfer in tube banks. More
corrdations are given in the HEDH [10Q] article by Gnidinski et al. The Lithuanian group also pulished
numerous ppers. For example, Z ukauskas and Ulinskas [12] on average heat transfer and presaure drop
for inline and staggaed banks and Zukauskas €. al. [13], on lacal velocity distribution, frecuercy,
turbulence intersity, and heit transfer. Z ukauskas et. al. [14] discuss he effects of freestream turbulence
in the transition regime, while Poskas and Survila [15] consider turbulence distribution in tube banks.
Papers on the experimertal work of the Delaware goup include the measuremerts of Omohundro €. al.
[16] and Bergelin &. al. [17], on 10-row banks for the three main corfigurations, with s/d = 1.25,in the
Reynolds mmber, Re range 1-1 000.Bergdin et. al. [18] provide correlations for the same configurations
withs/d= 1.25and 1.5, Re< 10’. Theresults are later extendedto Reof 10%in Bergdin et al. [19].

Many aher papers onthe subject of tube banks have appeared, for example; Pierson [20] and Huge
[21] obtained both fluid flow and heit transfer data, which were later correlated by Grimison [22]. Results
were aso reported by Jonesand Mornroe[23] and Gram €. al. [24]. Neal and Hitchcock [25] obtainedlocal
heat transfer coefficients at Re = 14x10 in a shggered (2x1.4) tank. Niggeschmidt [26] cortains heat
transfer and drag data for inline (2x1.25, 2x1.5) and siaggered (1.5x3, 3x2) banks
3x10° < Re< 8x10°. Hammeke ¢ al. [27] studied in-line and staggered (2x1.4) up ¢ Re = 1.5x10.
Acherbach [28] extendsthe lacal flow field to Re of 10 and [29] provides het transfer data for
5x10" < Re< 7x10° for a shggered (2x1.4)configuration. In the interestsof brevity a discusson of the
avail able experimertal work has been ket brief; for amore ectersive bibliography see[3,4].

Substantially fewer dta have appearedas aresult of calculations performed oncomputers by means of
computational fluid dymamics and rumerical heat transfer technigues. Computational fluid dynamics
calculations were conducted by Thom and Apelt [30] for laminar crossflow through al.7x2.5 séggered
bank at Re = 50. Le Feuvre [31] stulied laminar and turbulent flow and heat transfer in in-line tube
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banks, with constant wall temperature, t,, and used a stream function/vorticity-based finite-diff ererce
schame. Ishara and Bell [32] obtained friction codficients of tube banks at low Re Massy [33] and
Launder and Mas<y [34] considered staggaed tube banks, with a constant wall flux, q,. Antongooulos
[35,36,37,38] studied crossflow, longtudina and dilique flow using a finite-volume method wih
orthogoral body-fitted co-ordinate gids. Fujii et. al. [39] solvedthe stream function-vorticity equations for
an in-line tube bank. Peric [40] and Demiridzic et. al. [41] considered turbulent flow in staggered banks
with nonorthogoral curvilinear grids. Additional finite-element studies have been publi shed by Dhaubhadd
. al. [42], Chang 4. a. [43], Chen &. a. [44], Wong &. al. [45], and Faghri and Rao [46]. Beale and
Spalding [47,48] consideredtransient periodic crossflow in tube banks. Thearticles by Bedle [49] contains
guidelinesfor the oveall design process for crossflow tube-bank het exchanges, in regard to both fluid
flow and heit transfer.

Reference Par ameters

Theflow Reynolds mmber, Re is ddinedas,

u.d
V )

Re= 1)

wherev is thefluid kinematic viscosity andd is the cylinder dameter. In this paper therefererce veaocity is
taken to be the buk interstitial velocity in the minimum inter-tube cross-®ction, un,, consistent with the
Bergdin et a. [6,7], Zukauskas etal. [3,4, 5] and ESDU [9] definitions. A mean superficial velocity has
also beenadopted by some eg., ESDU [8], as refererce velaity and the so-called hyd-aulic diameter [50]
is accasionally found as a ength-scale in Eq. (1).
Overall pressuelossis expressed in terms of an Euler Number,
__Ap

= $pul’ @
where Ap is thepresaure dop across arow. The Delaware goup [6,7] use afriction factor f = 4Eu. Other
definitions for friction factor, f, may be found [50]. Thee has beenlittle dfort to-date, to standardise the
nomerclature intube bank heat exchanges. Local heat transfer is expressed interms of arate eguation;

q=h(t, —t). (3)
Similarly overall heat transfer may be writtenas,

g=rt [t -
_hﬁlt t, (4)

where a is the angle from the front leading-edge of the cylinder. The overall heat t_ransfer coefficient, h,
may be nondimensionalised in terms of aNussdt number, Nu, or Stanton rumber, S,

— hd
Nu=—, 5
i=" (5)

St=_ N (6)
pC,U,,

Local Nu=hd/k and St=h/pc,u,, are smilarly defined. Nusst number correlations are often
expresed in the form Nu=cRe", or similar, Zukauskas et al. [4,5], ESDU [9]. The reader will nate
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that there are dscortinuitiesin the Z ukauskas et al. correation [4,5] due to inconsistencies in values of m
and ¢, across different Reynolds number ranges. In an attempt to eliminate Pranctl number and wall
viscosity efects, modified heit transfer factors such as,

P
j’z(ui) S, @)
P
=L | Napr, ©)
Pr,

are introduced, wth p/p,, = Pr/Pr , theratio of bulk-to-wall (film) viscosity. Heat transfer correlations, in
the form of Eq. (7)-(8) often lump the resuts from constant t,, constant q, experimerts and various s/d,
togeher irto asingle correlation curve. The Lithuanian group [4] favour values ofm= 0.36 and p = 0.25
in Eq. (8). These are based on @ta for tube banks, as are the valuessuggestedby ESDU [9]. The Delaware
group [6,7] suggest theuse of Eq. (7) with m =2/3,i.e. j’ is just the Colburn heat transfer factor modified
according to the Seider-Tate[2] relation for longtudinal flow in atube with p = 0.14.

Equation (4) requiresthat a refererce bulk fluid temperature, t.« be presaibed. At low Re the choice
of t,¢ is important: One possble refererce tenperature is thelocal bulk tenperature, ty, in the stream-wise
x-direction;

j utdy
(0=, ©

J.ﬂuid Udy

where u is the Cartesian velocity component in the x-direction, and y is the crosswise drection. The lower
bound is the cylinder wall, or symmetry lineat y = 0 for the freestream, whil e the upper boundisy = si/2.
Thelocal bulk tenmperature is sddomusedin dather experimertal or numerical work, because of difficulties
associated wih integation across the flow. Also the ndion of a local bulk temperature has limited
meaning, in re-circulation zones. Patankar et. al. [62] proposed aremedy that the absolute value |u| be usd
to compute t, in EQ. (9), but this implies changes int, may be dfected by flow alone, eg. in an adiabatic
region. Difficulties in the definition of t, also ocaur in compact staggered banks, due to ovelapping heat
transfer sufaces.

Many authors use abulk temperature at some fixed lacation within arow, for example Z ukauskas
[5,12] usethe freestream bulk tenperature upstream of arow, i.e. mdway betweencurrent and previous
rows, dended hee by t;. Otha's have usedthe bulk temperature at a = 9C°, at the ninimum crosssection’,
and dented hee by t,, in place of t; . For reasons dscussed below, this practice is notrecommended.In
staggered banks, t; is not @sy to compute, due to the meh geomdry. In this paper it is approximated by
t, = (t, +1t)/2, wheet. is the exit value of t, andt; the inlet value.

Another posshility [6,7,9,10] is to base Nu on a logmean temperature difererce,
Bty =(t, —t,)/log,((t —t,)/(t. ~t,)). This practice was used by Bergelin et al. [6,7] and is corsistent
with the use of alocal bulk tenperature, EQ. (9), under constant t,, boundary conditions, provided stream-

wise diffusion is regligible. This has the advantage that Nu may be calculated based on knowledge of inlet
and «it condtions alone,

! For compact staggered banks uy, ocairs at o = +45°. Here, as dsevhere howevae, t,, is computed ata = £90°.
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Nu = Re[Pr Z(ST/T?_l)Iog(:W::i j (10)

For constant ¢,, Nu cannotreadily be dtainedfrom a het balance, both t,,(x) and t,(x) are required.

Theresults of rumerical work have dten beenbased onmixed definitions: Le Feuvre [31] bases Nu
on At v, but the local heat transfer codficient is based ont, (upstream values, for o >90° and
dowrstream for o < 90°). Massy [33] usd the upsteam value of t., for all a. Antongpoulos [35] used
Massys ddinition to compute &, and Le Feuvres ddinition to compute local Nu, but normalised the
latter with respect to tf. The choice of t; for in-line, and t{ as an approximation to t; , is sdected as a
reasonable compromise, so thatlocal Nu may be comparedfor both in-line and staggered banks underboth
constant g, and constant t,, boundary condtions. The logmean temperature isalso used, for consistercy, in

comparisons ofNu and St with previous constant t,, work.

Context of Present Work

For a typical tube bank, the quantities si/d, s./d, Rg Pr, thermal condiions (constant g, tw), W, /M,

number of rows of tubes etc., all affect mechanical and/or theemal performance. Experimental data are
expersive and time-consuming to dotain; andthere are at presentinsufficient data over the rangeof-interest
of al the above parameters. Empirical correlations, used for design purposes, are frequertly based on the
extrapolation of data beyondthe range-of-applicability. Moreover, there are unresolved diff erences between
the widely-used Lithuanian and Delaware goups data, in certain cases. Many oveal heat transfer
correlations neglet the irfluerce of pitch-to-diameter ratio, themal boundary condition, and bank type,
and this may or may not be justified. The majority of experimertal data are for average pressure dop and
heat transfer; local data ae seldom avail able.

Computer-based calculations allow for dedailed insight of the physics within the passages of a tube
bank to be dtained, in atimely and cost-effective manne, enlancing the knowledge provided by
experimertal work. Theimpact of the choice of boundary conditions and dher refererce quantities may be
observed with ease, nonrintrusively. Some such calculations rave been performed in the past, however
these have typically been limited to specific configurations and boundary condtions. The goal here was to
develop acalculation procedure, and conduct calculations decribing the deailed flow and heat transfer
within the passages oftube banks. Thethreemain tube-bank configurations; in-line square, rotated square
and egqyil ateral triangle wih pitch-to-diameter ratio 1.25, 1.5, 2 were to be considered for Reynoldsnumber
range 10-10°, Pranctl number of 1-100, with both constant wall temperature and constant heat flux. A
variety of mesh types (H-type, I-type dc.), sizes, and locations wih respect to boundaries (cylinders at
mesh cornes, sides, €c.) were to be investigated in ader to assss the degee of grid independerce
attained. A complete set of results, in the form of local drag, presaure, and heat transfer codficients over
the rangeof condiions described above was to be geneated. Turbulence was notconsidered as apart of
this study.

DESCRIPTION OF METHODOLOGY

Computational fluid dyrnamics is how a widelyacoepted tool for the analysis of transport phenanera.
Many methodsare based onthe SIMPLE algorithm of Patankar and Spalding [51,52,53,54]. The geneal
procedure used is based on amodified veasion of this algorithm, and employed the computer program
PHOENICS [5556].

Let the transport of someintrinsic property, ¢, be desaibed by,
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(a) Continuity/pressure

Mass flux computed from P-p V fixed
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B IS TV
\ ' Ld
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grid point P @, Uy

'Halo' cells & &=n;

T - Values @mputed by solver

°

Figure 1. Implementation of periodic boundary conditions with ‘halo’ cdls.

a(po)
ot

whee @=1 (cortinuity), @=i (erthalpy), and ¢@=U,U, (momertum). A body-fitted &-n grid is

constructed, Figure 1; and it is postulatedthat for steady 2-D flow, the nodl value of @ atP is reated to its
neighbours by a linear algebraic equation,

a,(@y— @) +ac(0: — 9. ) +ay(@s — 9, ) +a, (@, —9,)+S=0, (12)

whae W, E, S N, refer to the west, east, south and nath neiglbours of P in the &-n system. The linking
codficients in EqQ.(12) are evaluated by consideration of the combined irfluerce of convection and
diffusion by means of a hiprid scheme [57]. Thesourceterm, S is linearised in the form,

S=C(V-9,), (13)

whee C is a surce-term coeffici ent and V is asource-term value. A staggeed scheme, Harlow and Welch
[59], is employed with the local projections of the velocity vector in the local curvilinear directions, or
tangential resolutes, Ugy), Uyw), Selected as dependent wariables in the momertum equation: In a non-
orthogoral curvilinear system, these do notequal the tangential components, Ug, Uy [59]. Equation (12)
is solved asauming a giessd presaure fidd. If the presaure field is notcorrect, the velocity fied will not
satisfy the equation of cortinuity. Pressure and velaity correction factors are then computed, and the
process isre-iterated until the residual errors are reduced to negligibly small values.

+ 0 ptig) = O [Qri(p) +S, (11)
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Boundary Conditions

It is not narmally possble to construct a mesh large enoagh to describe the goss mation of the fluid
within the etire het exchange, and fine enaigh to capture the boundary-layer detail around individual
tubes, Spalding [60,61]. A single typical tube istheefore considered, wih the flow taken as being fully-
develped-periodic deep wthin the bank; so that for the inline casé,

U(x,y) =U(x+s.,Y). (14)
The presaurefidd is composed of a daibly-periodic and astream-wise-linear term,
p(x,y) = p(x +s.,y) +Ap, (15)
and Ap isjust therow presaure dop. Thetenperature, t, is given by,
t(xy)=ct(x+s,y)+c,, (16)
where,
t,(x) -t
—n w__ - consentt,,
Cl: tb(X+S_) _tw (17)
1 conséentgq,,
t,(1-c), congantt,,
2 = t (18)
,(X+s)-t,(x), constantq,.

Patankar . d. [62] used a‘reduced’ pressure p=p-Apx/s to ddtain true periodic boundary
condiions. For constant q,, a rediced temperature may be similarly defined, though for constant t,, the
situation is more complex. While this method ismeritorious, the authars' prefer to work directly with the
primitive variables for the following reasons: (a) There is noreason to introduce new state variables: (b)
Reynolds mmber can be stipulated; (¢) Constant t,, boundary condiions may readily be prescribed; (d)
Flow symmetry may be exploited for both in-line and staggered tube cases, halving the recuired rumber of
grid cdls.

In computational fluid dynamics, the boundary-value problem wheeby inlet mass momertum and
temperature, and adtlet presaure is frequertly found. A modified form of this isimplemerted hee, in the
form of a substitution scheme, by means of a line of halo’ or ‘ghacst’ cells [Figure 1]: Downstream values

are usedto compute the veocity-resolutes, namal to the&-directions, Us ey

Ug () = Fu, ot GU, 1 » (29)
whee F and G are geometric factors. The inlet masssource term is dotained as,
u
S, = u—OpAuE(m), (20)
b

whee theratio of desired to actual bulk velocity U, /U, preveris Refrom wandeing. At the dowstream
halo cdls, in-cdl presaure values, Vp, arefixed as,

Ve =a(p-p)+(1-a)V, ™, (21)

2 The treatment for staggered banks is the same, other than hat certain locations and signs require to be reversed.
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103 O Bergelin et al. [6,7] s/d = 1.25 experiments

g < Bergelin et al. [6,7] s/d = 1.5 experiments
[ O ?ukauskas et al. [5] s/d = 1.3 experiments
102 L 1o ® 7ukauskas etal. [5] s/d =2 experiments
? e ESDU 74040 [8] correlation
£ ‘Q\ ——— Zukauskas and Ulinskas HEDH [10] correlation
Eu 1w - =
10° =
107 E
r sid=2
10° 10' 102 108 104 10° 108
Re

Figure 2. Eu vs. Re compared to experimental data and empirical correlations, in-line square bank.
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Figure 3. Eu vs. Re compared to experimental data and empirical correlations, rotated square bank.
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Figure 4. Eu vs. Re compared to experimental data and empirical correlations,
equilateral triangle bank.
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Figure 9. ¢, vs Q, rotated square bank, s/d=1.5 Figure 10. ¢, vs 0, equilateral triangle bank, s/d=1.5
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where V,* is the previous in-cdl value, p the upstream in-cell pressure, and P the mean upsteam value

(the mean dowrstream value is presumed to be zero), and a is a lirear relaxation factor. In the transport
equations, dowrstream values are substituted upstream, as isshown inFigure 1: Because of the curvilinear
geametry, velaity values are modified for curvature and divegerce, Bele [63], and temperatures are
scaled according to EQ. (16). The rationale was initially tested on aproblem with a Cartesian mesh [64].
Potertial flow studies were also conducted. These were compared to an exact solution, Besle [65,66], to
validate the methodology.

Previous authors restrictedthe demain to boundaries correspondingto regions wih nore-circulation so
that: (i) Stream-wise difusion may be negleted and upstream codficients are the convection-fluxes
C=S§,: (i) No dowrstream values ecept presaire, are required. The present authors removedthis

restriction; upstream codficients are set with a hyorid scheme [57], and dowrstream values dotained from
values at thefirst cel as indicated in Figure 1(b,c).

RESULTS AND DISCUSSION

Fluid Flow

A brief verbal description of the doserved flow-fields intube banks is considered appropriate (space
constraints preventthe irclusion of the results of flow visualisation studies [63]). Flow in a tube bank
resemblesthat past a single cylinder, though with significant differerces. At low Re a ymmetric streaming
flow pattern is doserved. AsReincreases, separation ocaurs, and a vatex pair devel@s inthe wake. Only
onevortex (pair) was observedin the weke, the size ofthe vatices gows wih Re For inline banks, each
cylinder is shaded by the precedirg member, and re-attachment acurs away from the certreline. For the
staggeed configurations the flow dividesat a = 0°. At low Re the veocity profile is developed, i.e,
parabolic-shaped wih amaximum in thefreestream. At higherRea channe-like profile occurs, due to the
periodic interruptions of the flow by the cylinders, and the velocity maximum develgs away from the
symmetry line, and the vatices.

Comparison of presaure contours and data with the potertial flow solution [65,66] revesls a aialitative
similarity. For in-line viscous flow, the pressure minimum occurs somewhat dowrstream of o = 90°, the
maximum occurs ner to the attachment point. Staggeed banks ehibit a local maximum at the front
stagnation point. Bath bank types ehibit a secondary local maximum in the freestream at the minimum
crosssection. The lateral ‘checker-board’ presaure distribution may give rise to flow instabilities.
Inspection of temperature contours revealed that variation in thetemperature ditribution is small compared
to the overall temperature change, atlow Re In-line and rotated square banks ehibit symmetry across the
lateral and diagorel lines, respectively. For Re= 300, variations between the cylinder wall and the free
stream tenperaturesincrease. AsPr is inaeased, the initially uniform temperature gradients become very
large (sevea hundredtimesthe oveall change)and concertrated ner the wall.

Figure 2 to Figure 4 show the authars' results in terms of oveall presaure dop, compared to the
isothermal experimental data-sets from the Delaware [6,7], Lithuanian [5], and Wallis and White [1]
experimerts, in addition to the enpirical correlations of ESDU [8], and Z ukauskas and Ulinskas in HEDH
[10]. Inspection of Figure 2to Figure 4 revells Eu decreases as Re and s/d increase, and is roughly the
same magnitude for the three dff erent configurations, for a givens/d atlow Re At higherRe,Eu is a
maximum for the rotated square configuration and a minimum for in-line square banks, which dfer the
lead resistance to flow. For in-line banks, the resuts ae close to, though alittle lower than the Delaware
[6,7] data. Agreament with ESDU [8] and Z ukauskas and Ulinskas HEDH [10] correlations ispoarer; the
authors' predictions are lowe. For rotated square banks, the witers' s/d = 1.25resuts agree well with
Ddaware, but are somewhat lower in magnitude than ESDU. For equilateral triangular banks,
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the auhors’ s/d = 1.25, 1.5data are close to, butlower than Delaware. The Delaware experiments were
conducted on10 and 14-row tube banks, and the dita as shown, wee notcorrected for any eriry-eff ects:
Whenthis is doneusing, say, HEDH-recommended gidelines[10], the eperimertal data agree vey well
with theauthors’ numerical calculations. There are some dsparitiesbetweenthetwo enpirical correations
and the Delaware data, upon which they are, in-part based: Z ukauskas [67] attributes these discrepancies
to differercesin; the deermination of fluid properties, the measurement of small values of Ap atlow Re
thenumber of rows in abank, and temperature-viscosity variations across the bank. Agreanent wih aher
numerical data [31,33,35] (not shown) was in geneal superior to that obtained with the experimertal data,
and revealed the authors' data to be dlightly lower than Le Feuvre and Artongpoulos [31, 35] (in-line),
significantly higherthan Massy [33] (rotated square) but lower than Antongooulos [35] (rotated square,
equil ateral triangular).
Figure 5to Figure 7show a laal presaure codficient, c,, around thetube wall,

c, :1_%, (22)

with 0°< a < 18 for in-line square, rotated square and equil ateral triange tube banks s/d= 15, and Re
range, 10< Re<1000. Variation in ¢, is most significant at low Re For inline banks, pressure
distribution is relatively constant at the front of the cylinder, whee there is lowflow due to the shading
effect, increases slightly towards the attachment point, then decreases © a minimum around 90° to 12¢° at
low Re and remains fairly constant at therear of the cylinder. As Reincreases, the pressure minimum is
displaced upstream. In contrast to potertial flow [65,66], there is aimost no dowrstream recovey. For
rotated square cornfigurations, at low Re pressue decreases from 0° to aminimum at 18C°. At intermediate
Re ¢, is constant over the latter half of the cylinder while at high Re it risesto a maximum at around 35°,
decreases to a minimum at 90°, with some recovery further dowrstream. Equilateral triangle banks exhibit
similar features 1 rotated square banks atintermediate Re overthe etire Re range, but terd to exhibit
proportionally larger changes inc,. For s/d = 1.25 and 2, results are qualitatively similar; the magnitude of
the ariations is invesely proportional to s/d

Figure 8to Figure 10 show a Ia&al friction codficiert, ¢, as afunction of a,

c, = (23)

~spup
where t,, = pou, /on is thewall shear stess.Values of ¢ = 0, indicate separation or attachment. For in-line

banks, ¢; is mostly positive, and reaches apeak near the minimum-section at 90°. For s/d = 125 and 2, ¢
profiles are similar, with larger extrema, for small s/d For rotated square banks s/d=1.5 [Figure 9]; two
distinct maxima are observed at 40° and 135°,at Re= 10. At Re= 100,ony a snde maximum of 0.6
around 45° is doserved. For s/d= 2 (not shown)at Re= 10, e skin frictionincreases  a singe maximum
of 2.2 at around o = 43°, and thereafter dereasesmonatonically to zero. As Reincreases, the magnitude of
the maximum decreases, and the Iacation moves dowstream to around a = 60° for Re= 300. For Re= 1
000, te extremum moves back upsteam in location. For sid = 1.25, onthe dher rand, up to Re= 300,
two equal sized peaks are doservedat around a = 45°and 135°,with alocal minimum around o = 85-90°,
due to the occurrence of the minimum cross-section across the diagoral. Equilateral triangle ¢ profiles for
s/d=1.5 [Fgure 10] disday a snde global maximum, at 80° © 90°, and two local maxima at 25° and 155°
atlow Re[Figure 10]. The profile for s/d=2 (not shown) was in goodagreamnent wth previously reported
numerical work [35].
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Heat Transfer

Figure 11 shows the oveall heat transfer factor, j’, defined in Eq. (7) as afunction of Reynolds
number, for rotated square and equilateral triangle banks wih s/d = 1.25, 15, 2,and Pr = 1, constant t,.
Thereis broad agreement ith the Delaware data and Z ukauskas and Ulinskas' empirical correlation. Both
the numerical results and the Delaware data suggest that bank configuration (equilateral triangle vs. rotated
square) does not affect oveall heat transfer unduly. The authors calculations suggest that thermal
boundary condtions also have some impact on this performance measure: Constant t,, Nu were ustally
less than constant g, Nu, with the most differerce being doserved for compact banks at low Re The
numerical results also suggest a dgpendere on pitch-to-diameter ratio, with more effective heat transfer
ocaurring as s/d — 0. Theempirical correlations are based on a sriety of data from both constant ¢, and
tw experimerts, various refererce temperatures, and aher assumptions wih regard to the Pr and wall
viscosity dgoendetee. At higherRe calculations ofj’ valuesconvageto the experimertal data, indegpendent
of s/d

Figure 12 showsj’ vs. Refor an in-line bank, s/d = 15, Pr = 1, based on \arious t. It can be seen
that there are significant veriations inj’ (i.e. &) due erirely to the choice oft,¢ atlow Re,where changein
local buk temperature, ty(X), is large comparedto the periodic temperature variation. Above Re= 300, all
values conwverge. The slope is most stegp for t¢ = ty,, and least stego for t¢ = t;, with valuesbased m At
somewhee in between:If t. is defined upstream of the cylinder, h, will in general be lower than if it is
based ont,, ata = 90°. The dscrepancies widenas s/d - 0, and for constant g, as toth t, andt,, change
so that at sifficient Re

A =— DI pg (24)

pumcp(sl' - d)
between the attachment and separation points. Even though t, is close to the mean-bulk tenperature,
Eq. (9); h based ont, —t_ differs from onebased ont, —t,(x). Indeed, atvery low Re it is actually
possble to doserve negtive values of St due to changes insign of t, —t . Low Re disparities in Nu are

larger than in St due to the positive Sopein Nu vs. Re At low Re it appears that there is no reference
tenperature wtich is both representative and easy to compute or mesure. AboveRe= 1 000,however, any
reasonable t« can be used with corfiderce. Previous rumerical workers who claimed good lav Re
agreament wih the \arious experimertal results wee ether ucky or shrewd in their choice of refererce
tenperature.

Figure 13 shows Nu based on At,,, vs. aPeclet rumber, Pe= Re[Pr, compared to the calculations of

Le Feuvre [31], whosuggested Nu, to be indgendent ofPe. The authors’ results siggest a $ight increase
in Nu, though less than predicted by empirical correations. Average Nussdt numbers calculated from the
wall flux were found to be in close agreament wih thase based on an overall enegy balance® (except for
compact banks at very low Ré. Further comparisons wih Massy [33] and Antongpoulos [35], who nated
good agreement wih the Delaware dta [6,7], may be found in Bale
[63].

% Some have argued that the flux calculation is less acaurate than he energy balance becuse of the small
temperature differences at the wall: However, these same diff erences are prescribed in the finite-volume equations.
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Figure 11. Effect of s/d on calculated heat transfer factor, j’. Staggered banks, constant . Various
experimental data and empirical correlations are also shown.
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Figure 12. Effect of 7, on calculated heat transfer factor, j°. In-line square banks, constant #,. Various
experimental data and empirical correlations are also shown.
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Figure 13. Nu vs. Pe compared to numerical calculations. In-line square banks, constant z,.
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Figure 14. Nu /Nu vs. o for (a) constant z, (b) constant ¢,. In-line square bank, s/d= 1.5, Pr=1
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Figure 15. Nu / Nu vs. o for (a) constant ¢, (b) constant ¢,. Widely-spaced rotated square bank,
s/d=2,Pr=1
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Figure 16. Nu / Nu vs. o for (a) constant ¢, (b) constant ¢,. Equilateral triangle bank, s/d= 1.5, Pr=1
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Figure 17. Nu/Nu vs. a, constantt,. Compact  Figure 18. Nu/Nu vs. a, constant g,. In-line square
rotated square bank, s/d = 1.25, Pr = 1. bank, s/d=1.5,Re = 100 variows Pr.

Figure 14(a) shows nomalized values of the local heat transfer coefficient, Nu/m vs. o for an in-line
bank, sid = 1.5, for constant t,, at various Re.Nu is based on the refererce tenperature, t;, as shown inthe
figure. At Re= 10, the maximum Nu at 55° is just over twice the mean value. At Re= 30, te maximum
value moves dowstream to 70°, and dereasesto 1.8. As Reincreasesfurther thetendey reveses wih
the location of a Brger maximum moving slightly upstream. Figure 14(b) is asimilar plot for constant gy.
The distributions are qualitatively similar to those for constant t,, but the variations are substantially |ess
and the maximum occurs somewhet dowrstream. Figure 15 to Figure 17 show local Nusselt number
distributions, based onty, in various staggeed tube banks. Figure 15(a,b) shows Nu/m for a widdy-
spaced rotated square bank, constant t, and g,. At low Re Nu decreases monatonically, while at higherRe
one ormore etrema are doserved. A lacal maximum occurs dowrstream as convective heat transfer
increases dieto vartex gowth. Figure 16 shows Nu/Nu distributions for an equil ateral-triangle tube bank.

These are similar to those for rotated square banks. For staggaed gemnetries; variation in Nu/m for
constant t,,, comparedto constant q,, is less pronauncedthan for in-line geanetry. Figure 17 shows Nu/m
for acompact rotated square tube bank, constant t,,, Comparison of the results of this figure with those of
Figure 15(a) ill ustrate the influence of pitch-to-diameter ratio upon reat transfer. At low Realmost al heat
transfer acaurs at the front of the cylinder; at higher Re twin pesks are present in the het transfer
coefficient distribution, due to flow acceleration in the shear layer across the diagorels at 45°. Theincrease
in heat transfer at the rear of the cylinder with Re[Figure 14 1 Figure 17]is due to mixing by the vortices.

Figure 18 showsthe Pr dependence for in-line banks. The resuts supjort the hypothesis of Le Feuvre
[31] and Artongpoulos [35] that Nu/Nu is relatively insensitive to Pr, for 1 < Pr < 100, and compare
favourably to the eperimertal data of Zukauskas et. d. [5] at Pr = 528. Note that for Pr > 100, he
themal boundary-layer becomes highlyconcerntrated at the cylinder well, and gid-related considerations
may be acause for concern. For constant t,, the distribution Nu/Nu is independent oft.¢, due to the
définition of h, Zukauskas [11]. For constant o, t/ iS a goodapproximation for t; [Eq. (24)]. Thus, the
normali sed Nu/m forms are comparable, and Figure 14 to Figure 18 provide a goodicture of the Iccal
heat transfer for all geametries and thermal boundary condiions.
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Grid Independence and Numerical Considerations

Various orthogoral and nonorthogoral grid types wee considered in this study; H-grids, I-grids,
hybrid-grids similar to Antongpoulos [35], and block-structured gids [47,48]. O-grids wee notconsidered
due to therequirement that numerical diffusion be minimised, by the alignment ofthe gid n-lines with the
main flow direction. Tests confirmed that reasonable grid indgpendeice wes achieved inthis study [63]. A

6% change inEu and a2% change in Nu was observed in going from a 20x20 6 a 40x® in-line H-grid,
and achange of-2% in Euand 0.6%in Nu gaing from a 40x40 ¢ a 80x80mesh. Inspection of the Cp, Ci,
and Nu/m profiles revedled little improvementto be gained in gid refinement beyord 40x40 @l s.

H-grids with the cylinder(s) located at the sides orcorners generated essentially identical results, which
demonstratesthe \alidity of the methodologyfor boundaries wih re-circulation at theinlet/outlet. Valuesof
Cy, G, and Nu/m obtainedwith H-grids and I-grids wee in goodagreementfor in-line and rotated square

geanetries. Some variations wee, howeve, dbserved for an equilateral triangle bank: All grid patterns
have one ormore singular point(s) where the mesh changes diection abruptly [see Figure 1]. Presaure-
distortion is doserved to a geater or lesser degreeat singular points: For in-line H and I-grids, these are
located inthe wake and at thefront of thecylinder, whee velaity is small. For widely-spaced staggeed |-
grids, the points are located inthefreestream, whee velaity is large, and presaure destortion more sevee.
The main impact is onpresaurei.e., Eu, velocity and tenperature field are less sevedy affected; the df ect
is also more ndiceable for widely-spaced banks at lower Re with fully-developed velocity profiles. The
phenanenm was observed with the use of fine-embedded ‘hybrid’ grids. Peric [40] independetly
ercountered this problem when aco-location scheme [68] was used in place of the staggeedvelocity
scheme [58] employed hee. Nonrorthogoral staggeed H-grids wee thus used for widely spaced
geandries; despite the inherent superiority in terms of dfective cell concertration around the ettire
cylinder exhibited by I-grids (and O-grids). I-grids wee used for some specific compact staggeed
corfigurations. Mesh geneation should be considered as part of the oveall solution procedure, notas a
subject distinct from the flow solver. The use of nonrorthogoral grids allowed for a measure of mesh-
control to be established, for staggeed gemetry; but if the gid were too highly-concerntrated near a
singular point by means of a érge ‘ control function’, Thompson et al. [69], the effect, paradoxically, is to
increase not decrease presaure dstortion. For in-line banks, due to the lacation of the separation and re-
attachment points, tere is no nead to concentrate grid cdls at a = 0° and 180°, and orthogoral L aplace-
type H-grids were therefore used. Conveagerce was for the most part achieved wihout difficulty. Some
initially -encountered stability problems were eiminated by the prescription of the presaure boundary-
condition codficient, as discussed in[64].

CONCLUSIONS AND RECOMM ENDATIONS

A substitution process was develped whtch allowed for calculations of primitive variables to be
performed, for periodically fully-develged fluid flow and het transfer, in a manner analogous to the
solution of a convertional non-periodic boundary value problem ercountered in computational fluid
dynamics. The use of ‘halo’ cells was adopted for pragmatic reasons, there being no dificulty in
implemerting Egs. (14) to (16) directly, by modifying the neighour codficients and values along the
inlet/exit cdls in the linear algebraic equations, Eq. (12), and in the presaure correction equation, within the
source-code.

A wide range of results were ddtained, for inline square, rotated square, and eqiilateral triangle
corfigurations wih pitch-to-diameter ratio 1.25-2, Reynolds mmber 10"~10 , constant g, and constant t,,
boundary condtions, and with Pranctl number in the range 1-100. Overall pressue drop compared
favourably to experimertal data and anpirical correlations. Some cuantitative diff ererces inthe Euler
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number, may be attributed to ertry-lengh effects associated wih finite rumber of rows used in
experimertal rigs. Overall heat transfer results were consistent with previous numerical work, with some
differerces wih cbserved experimertal data. The numerical results suggested some dependerte of Nu on
§/d, and thermal boundary conditions. Because a local stream-wise bulk temperature is sedom available, a
module-average refererce is dten used to prescribe the rate of het transfer. At low Re the choice of
refererce buk temperature in the rate eguation, Eq. (4), can seriously affect values ofthe het transfer
factor. Local heat transfer distributions are qualitatively similar for constant g, and t,, for the three
geametries considered, and variations in Nu/m profiles are substantially greater for constant t,, than for

constant q,,. There are substantial differences in loal Nu profilesfor thethree geomgiesconsideredin this
study.

Theresults described above are represertative of the mechanisms of low Reynolds mmber crossflow
and heit transfer, deep wihin a tube bank. Deviations from idealised condiions are known to occur in
actual heat exchanges for a \ariety of reasons [49]. These include; enry-lengh dfects, bypassng,
leakage, angle of attack, variable fluid properties, thermal boundary conditions, surface roughness fouling,
and so forth. The ongoing needor reliable experimertal data is readily apparert. These should be
complimented with computational fluid dynamics-based calculations, which can provide additional detail ed
qualitative and quantitative information, in a fraction of the set-up time and cost required to develop
experiment facilities. The literature abound with variations in the choice of reference veocities,
tenmperatures, lengh-scales, and presaure loss codficierts. An dfort is required to rationalise tube-bank
nomenclature, and to resolve the disparities between empirical corrdations, which have been widdly quoted
in engineeng handbooks and are sometimesbased on dita etrapolated beyondthe irtendel rangeof-use,
and design parameters simplified in aderto lump parameters. Although only bBminar flow was considered
here, themethodologymay easily be modified to include aturbulence model. Most numerical work, to-date,
has addressed ether lowRelaminar or highReturbulent flow in tube banks. Tube-bank heat exchange's
generally operate in an intermediate transitional Rerange, wheeby the boundary layer is etirely laminar,
but the freestream is turbulent, due to the convettive interactions of the streams. Future wak should
address the issue of moddling this important regime, which has to-date, received little attention.
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