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Thermal analysis of shell-and-tube heat exchangers is being investiga{:ed

through geometric modsling of the unit configuration in addition to considering . " ‘
the heat transfer processes taking place within the tube bundle. The governing ' ‘
- equations that characterize the heat transfer from the shell side fluid to the )
tube side fluid across the heat transfer tuﬁewa.lis are indicated. The equations .
.account for the heat transfer due to mo.liecula.:: conduction, turbulent thermal

diffusion, and forced fluid mixing among various sheli gide fluid channels. The
analysis, thoug;n general in principle, is being applied to the Clinch River Breeder
Reaétoxj Plant - Intermediate Heat Bxchanger, which utilizes Ilow baffles appropriately
de'sig;ed for induced forced fluid m:u.ng in the tu'be-buz:.ldle. The results of the o
ax;a.iysig are presented in terms of the fluid and tube Ml temperature distributions
of a x}un-bafﬂgd and baffled tube dundle geometxy. | The fo.mer‘ca.se yieldé axial
" flow in the main bundle regio.ﬁ while the latter ’is<as-s‘ociated with axial/ cross‘
flow in the bundie. The radial components of the axial [ cross flow yield the
necessary i:lui@ pixing that results in reducing the thermal u.nﬁa.lance ‘among the
.heat transfer to the allowable limits. The effect of flow maldis;tribution, pre.senf

on the tube or shell sides of the heat exchangers, in altering the temperature field

of tube bundles is also noted.
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INTRODUCTION

Detailed knowledge of‘the fJ.uid and thermal fields o;f ‘large siz;e' heat
exchahgers, such as 'those used in nuclear appiications, is of ‘paramount -importance
in the thermal/}wdraullc and the themal/structura.l unit des:l.gn analyses [1] This
is becomng essential for. the purpose of ensu.rmg that these units achieve the:.r ‘ -
performance ratmg reqm.rements with a mgh degree of reliability within thelr
-design lives. For the flow fields in nuclea.r hea.t exchangers, this has been deter-
mined by flow development testing of the prototy'pe and model con.f1gura.t10ns[2] a.nd
by detailed and overall flow distribution analys:.s{B—S]. Thermal tes’tmg of large
size heat exchangers, on the other hand, has been hindered by the lack of availability
" of 1erge capacity.testing facilities, and, therefore, testipg has. been 1im.ited,to
a single tube or a cluster of heat transfer tubes’.' Although, these tests provide .
*"aiuable information on tube perfomance, they do not establish the detalled temper-
. wre field w:i.thm -the unit, because this depends on the tube bundle configuration
‘ ax:d on the flow distribution within the bundle._ Themal computerized analyeis of
“heat tra.‘nsfer in ‘tube bundles, coupied with its compa.rlsor with experimental data on
opera.tmg ‘heat exchangers, would prov1de the necessa.ry tools to conf:.rm the des:.gn |

analysls of such units. ~

The present paper deals with the thermal performance characteristics of shell-

and - tube heat exchangers currently in use in nuclear applications. Eniphasis is on

investig-atj:ng, in detail, ‘the heat_ transfer processes taking place within the tube
bundles, rather than employj.ag the Lumped Type Formulation commonly used in heat
exchanger designr Of special irlterest in the present a.na.lysis is the eXa.mination -
of the effects of the follow:.ng geometric and physma.l pa.rameters o the heat ex~-

changer themal/lwdraullc design:

1. The overall conﬁgura.tlon of the tu‘be 'bundle mcluding the influence of the

’ entrance and exit regions in esta‘blishing the temperature fleld. )

- - - -
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2. The role of the flow baffles (somet:.mes denoted as support pla.tes) ‘in altering

-~ the flow dlstrl‘m..ta.on in. the fube bundle, and consequently the ’femperatv.re f:!.eld‘
and the heat em-@ger thermal performance. : .. '

3. The influence of the phys:.cal heat tra.nsfer processes of molecular hea.t con=

ductlon, of turbulent thermal dli‘fusa.on, and of forced fluid m:u.ng in equal-

izing the latera.l tempera.ture distribution on the shell side, a.nd accordlngly

in mm.umz:.ng the temperature unbalance a.mong the heat transfer tu.'bes.

L. '.'I.‘he degree to wluch a.ny flow maldistribution present on’ the tube or the shell
side alters the tempera.ture i‘:.eld of heat excha.ng;ers. . ‘

Conaideration of these para.meters in heat exchanger design would prov:.de
ccomplete maps of the temperature fields of both the workmg fluids a.nd of the heat
transfer tubes. Knowledge of the temperature distributions of both the shell and

' the tube side fluids will ensure that the uni? satisfies its thermal performance

requirements. .On the other ha'nd, values of the material temperatures of the heat

* transfer tubes are required in the thermal/structnzrel ana.lysm of heat. exchangers.
.Th:l.s is to ensure that none of the tubes is excess:.vely loaded due to a.ny therma.l

. unba.lance in the tube 'bundle, a s:.tuation which has to be avo:.dea in the g'eneral

: deslgn of heat exchangers partioularly for those employmg stra:.ght heat transfer

V' tubes .as the CRBRP-IEX[1]. A ” | '

This pa.per presents the equa.tions vhich goverh the heat tra.nsfer -from the
shell side fluld to the tube s:.de flu.ld across the heat transfer tnbe wa.lls. On
the shell side, the tube bundle is d:.v:.ded into several flu.d channels, where .
thema.l J.ntera.ctlon between various cha.nnels is a.ccounted for thrcugh the J.nclus-

l ion of mclecula.r conductlon, tu.rbulent thermal da.ffusmn a.;i forced :t‘lu:.d mixing.

. ,The present heat transfer analysis of ‘l:nbe bundles follows,’ to a la:r:ge extent, the
techn:tques esta.bllshed 1n dea.ling w:.th the thermal/hydraulics of rod vundles of
nuclear reactors [6-8] with mod:.f* catlons for the.presence of the tube sme flow

replacmg the =pec1f1ed fuel rod hea.t fluxes. The thermal analys:.s is a_ppl:.ed to



the CRBRP-IHX tube bundle geonmetry shoﬁn in Fig. j, where the flow field resulting -
from the presence of 'the baffle plates in the tube bundle is taken ‘fre_m a previous
publication by the authors[h] Representatite results for the.temperature.distri-
butlon in the tube bundle are given here, with a comparlson between the results '
of a baffled and non-baffled tube bundle geometry. |
ANALYSTS AND THERMAL MODELLING L

"~ A mathematical model for'the analysis of heat trausfer in tube bundles of
heat exchangers would haYe to include tﬁe heat exchange from the shell.sidleluid
to_the tube side fluid across the tube wall tbickhessee, in addition to accounting
for the energy interchange among varidus‘regioas of the shell side flow. Such a.
model would have to simulate both the geometric configuration of the unit “and the
thermal processes. within the bundle, and the results should be applicable to the
unit design. .Figure 2 shows the thermal simulation model of the CRBRP-IHX where
'the shell side fluid enters the unit through the primary inlet nozzle.into the in-
let plenum. It then moves upwards in the inlet plenum, and enters the tube bundle.
In the entrance reglon,the shell side flow moves inwards towards the inner shroud
whlle it is belng d1v1ded into 12 fluid streams moving downwards in the tube bundle.
The placement of perforated ovenlapplng flow baffles in the direction of motlon of
the downward flow, causes the shell 51de flow to move in an axlal/cross flow comblnp
ation dictated ty the des;gn of the baffles [h}. The tube side fluid moves through .
' the ﬁowhcomer towaras_the tube side plenum.where it is dividedAamong the heat trans-
fei tubes. In theApresent modeling analysis, the number of tubes located within
each of the 12 channel boundaries (as sﬁown in Flg. 3) are lumped intolan equivalentt
.tube side channel with its boﬁndary heat exchange eu;race area identical to that of
the tubes. ﬁith the shell side fluid streams transferring their conveetive heat te
the tube gide fluld in the tube bundle, they subsequently merge ‘into a single stream

L

that leaves the exlt region. of the tube bundle. . T

- -
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5.

" Governing Eguations

Under steady—s*‘ate conditions, the‘ equations which characterize. the heat
H
.. exchange withm the ‘shell and +ube side fluid chammels and across the-heat transfer

- -

tubewalls are wntten in f1n1te difference forms as,

Shell Side Fluid Nodes ' o

-

1 Vg5 ClTg iy = Ty 5)y ¢ “ijcs(Ts,j-1 - T§,i)3 ?

(o) (T, - )L b3t 51 J+1(Sy K, + “1303)“ -5 )
) . - . .
where . o ' -
. . - o, ' .‘,/ SRR . o »
Wi = 0.0038 S_4l_ Ftei?(‘-c;-)*o‘l*l . P A h o B . . (2)
P 3 . | - -
[(1/ho)+2Kde - LT S ‘ o o - (3)

The subscripts j and i refer to the cha.nn.el'uumber and to the uode num'oer within

" each of the channels. The first and second terns on the left s-ideof equa.tion_("!)
represent the-convecti.vehea.t to~the s}rell side fluid node from the axial and >f‘rom
the Tadial direction, respectively. On the right side of equation (1), the first
term ‘represents ‘t}-1e heat transfer from the shell side coolant to the tube side.
coolant across the tube wall thlckness, vhile the second term corresponds to the

_ heat transfer by molecular conduction and turbulent thermal d1ffus1on among the -
shell side fluid nodes in the radial direct:.on. Heat transfer by axial conduct:.on
émong the nodes has been n_eglected. The functional dependence of the turbulent
diffusion croes flow on kluid veloci*y and tube drrengement was taken from the:

exper:.menta.l data correla.tlon of reference [8] and is bemg adjusted to account for

the difference in the va.lues of momentum_and thermal chffusmn by the turbulence

-
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_difi‘usivify factor § given in reference {9]

> Tube Side Fluid Nodes =~ R |
Wy, 55106(T,5 — Ty, 54105 = (TA)(Ty, - Tt)!i.,j o A ¢ )
. where» :
(1/h)+“h o O

-
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' Equation (})) gives 1';he energy balance on the tuﬁe-éide fluid nodes, vhere the
inc:i:ease in the convective heat of the node is_' due to the thermai energy transferred
“from the htube wall to the tube side coolant. In both éq_ua'.tiong (1) ana (ﬁ), the.
‘di'ff.‘erence in the r.;onvective heat at the entrance and exit iocationS of a specifié'
nods is being related to the tempera;ture difference bétgreen.this noﬁe and thé upstreanm
‘node with the flow rate taken as the upstream flow. o |

Tubewail Material Nodes P

1

" Neglecting axial conduction along the walls of the heat t'_:éansi‘er tubes, the
ené:rgy conservation equ_a.tion for the tube wall nodes under steady-state _condit\ions'

is,
(UA) (T )i j‘= ~(UA)t(Tw‘ Tt)i,;] o _ o . _k : T :,(6)
vhere Ug and 1y are given in _equatibr;s' (3) and (5). Ag'and A4 are the nodal surface -
areas of the tubes based on tube oﬁter and iner dlameters, z‘esﬁectively. Values
of the heat transfer coefficients on the tube and shell s.ldes are taken Trom re~ -
ference[?]for the case of sodium coolant fluids.
METHOD OF SOLUTION . A T

«Eqnat:.ons (1), (L) and (6) constitute a set of linear equatlons for the fluld



‘and material nodal temperatures. A thermal resistance circuit approach was used
to solve these equatlons 'by use of t‘xe Cinda computer code [10} In this code,

}
the conductances connecting each node to 1ts ne:.ghbormg nodes could ‘ue included

RS ) “

either expllcltly or evaluated by subroutines furnished by the user, and incorpor- -

ated wa.th.m the code. The code offers the advantage. of .using one or two-way ‘con-

ductance. Referrmg to Fig. 2, node "0" on. the shell side is mﬂuenced by one-v{ay L

conductances due to forced con.rectlon from its- nelghbormg nodes nlv and "h" Two
‘way. conductances 1nf1uence node "0O" through molecula.r .onductlon and turbulent dif-

fusion from nodes "3" and "L} and through heat tra.nsrer to the tube wall of node "2". In

present ena.lysis, the two-way conductanced due to turbulent ddffusion and heat trans-
fer to and from the tube walls, as given by eqﬁations‘l(Q), (3) and (5), were evaluated
by subroutines tailored specifically t the JHX geometry. In both the entrance and.
exit regions of the tube bundle, pure cross flot;r"'lwas used for the shell side nodes
‘with no conduction or turbulent dil‘fusion included. As the' flow leaves"the entrance
region, it is taken as uniformally .distributed'amonkgbthe tubes. .Depending on the
presence or absence of the flow ba;ffles; the flow continues to move downvards in an
axial or.'aa.tie.l/ cross flow pattern accordingly;.- The effect of incorporating perforated
ﬂow baffles within the tube bu.ndle is to crea.te ra.d.xal mixing tha.t result from
altematmg the axial components of the flow from the maximum va.lues at the bai‘fle ‘
m.ndowa to the:r.r minimum values through the baffles. Table 1 '11sts the overa.ll
themal/}wdraulzc paraneters of the CRBRP-IEJ{ that are being used in the thermal
'analyms progra.m. The dJ.stn‘nutJ.on of the tubes among va.nous channels a.nd the .

total flow rates per channel are shown in Table II, for both cases of a.xJ.al and a.x.la.l/
cross flow arrangemen’s. The mfluence of flow maldlstnbutlon on the thermal fleld |
o of heat exchangers is ‘bemg mvestlgated through an a.ssumed linear flow ma.ldlstnbutlon -.
on boj:h the tubs and shell s:.des which ha.s the effect of ma.:u.mlzmg the thennal un-

’-/

balance among the tubes. Linear flow ma.ldlstnbutlons, c.haractenzed by flow

- -

vavriation of -5% and +5% of the mean flow in the tube and shell s1de outer channels,

s
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respectitely, were used in the present analysis. The flow variation in various
other chanmels undei- Yhis linee.r flow maldistribution study.is g'iveh in Table II.
* . v * .

RESULTS

.Fig;l.;.re L shoers the shell side Fluid tempera.tufe distribution across the tube |
bundle at three alfferent a.nal locations: the entrance region, mddle of the
bundle, and the exit reglon. As noted in the flgure, the shell s:.de fluid. temper-
ature d.rops as the flow crosses the tubes in the entrance region and moves inwa.rds
towards the inner shroud. With the shell side fIuid temperature d:.stributlon -
established in the ehtrahce region a.moné‘ ta:r:ious chahnels, the flow moves dm.;m-
wa:r:ds‘ in the main bundle, exchanging heet with its neighboring channels while ‘
iransferring its convected heat to the tube side fluic:i. In the exit regi;m-, the

| coolan$t streams, after mixing with the sghell side tream of the'outer channel,’ herge ‘
into one where'it eventually leaves t_he.tube bundle. Fig'u.re L shows alsc the effect

.of molecule.r conduction and turbulent diffusion among various channels on the shell
side fluid temperature-, This effect is shown to be of 51g:11f1cence only in the
reg.ions where large temperature d:.fferences occur such as near the inner and outer
ehrouds. On the other hand, the effect of forced fluid me.ng (ax:.a.l/croes flow) is
to alter the temperatu:ce d:.strlbutlon in the main bundle. Figures 5 and 6 show

' wthe effect of flow maldistribution on the temperatu::e of the shell side and tube gide
ﬂuld coolants. For the case of axial flow in Fig. 5, the effect of tube side
f‘loﬁ maldistribut:.on, which is associated with low flow rates in the outer channels
and hz.gh flow rates in the inner cha.nnels is to increa.se the ther;lal nonum.fomlty
of both the tube and shell s1de ‘coolants. This situation is bemg further agg-revated‘
by an additionel flow maldistribution on the shell side where high flow rates are
agsumed to take pla.ce' in the outer shell side fluid channels and iow flow rates
in .th'e' inner channels. The results~of Fig. 6 for the case of axiel/corss flow on

" the shell side, show how forced mlxlng influences the temperature dn.strlbutlon of

the coolants with the effect of the tube s:.de flow ma;dn.stubutmn bemg mz.rumzed.



X ) - i
In both Figs. 5 and 6, the tube side nodal temperatures seem to follow the corres-
popding shell side‘témpefaturee,as large values of the.heat.transfef coefficients
ha.ve been used. Fié- T shows the effect of i‘orc’ed fluid mnx\ug onA t.he _tubewall
mean temperature distribution within the bundle, and as noted maximum temperature

-differentials of + 6% from the mean temperature of the tubes have been achieved

with. a.:ual/cross flow arrangement in the tube bundle.

DISCUSSION AND CONCLUSION

‘The results of the present a.na.lysz.e J.ndicene the gignificant effect of tube
bundle conflguratlon on the thermal field of hea.t exchangers. Wlth the ghell eide
fluid temperature being egtablished in the entra.nce region of the tube bundle, the'

; 'nonunii‘om temperature distrlbution of the shell side flow continues to persist in 4

'

the main bundle region, causing a severe thermal unbalanre among the heat transfer .
-tubes. The effect of molecular conduction and turbulent thermal dlffus:l.on a.mong |
.varlous fluid channels on the temperature distribution was found to be slight, and
only of significance near the edges of the tube bundle. Flow maldistfibution on
.the tube or the shell sides tends to agg'revate further the therma.l unbalance among |
~ the hea.t transfer tubes'. PForced fluld mixing, on the other ha.nd, was found to be an
effective meqham'.sm. in reducing “this thermaJ. unbalance among the tu'bes. A case that
. uses this forced fluid mixing is the CRIéRP—I.FD{ where a:tial/croes flow is being

created in its bundle through the design of its flow baffles.

-
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NOMENCLATURE . S .

A = Surfa%e'- area of the heat transf.er tubes per node, (A:p d.ox.Nj)
c - =  Minimm spaéi}:g between the heat transfer tubes, (c=p - a,)
C = Specific heat |

4, = Quter tube diameter

Inner tube diameter

Mean tube diameter

Equivalent .diameter of shell side flow

.Tube side heat transfer coefficient

Shell side heat transfer coefficient

‘N ot F o el

Thermal conductivity

‘ Nj : =  Number of tubes per channel
P | = Tive pitch in shell side triangular arrangement
Re = Reynolds number based on mean axial fiow per node, (Re = ﬁ_ée_ )
_ ] = Radial free area betwaen shell side fluid channels per node -
t . = Wa.ll thlclcness of heat transfer tubes ) e
T = Tempera.tu.re
T =  Thermal conductance per wmit ares given by equa;tions: (3) and (6),
¥ - = " Mean axial shell side velocity ‘ | o
%3 = Radial mass flow rate
“;.,j " = - Turbulent diffusion cross flow given by equa.t:.on (2)
W = Ax:.al mass flow rate
ax ii = Length of each node in the ‘axial direqtién .
Ajrj = Centroid _radia.l distance bej;ween two adjacent nodesv
-0 = . Kinematic viscosity | |
% e = Mean value of the turbulent diffusivi..ty ratio .

O am



Subseript ) ,

i

J

= Node number within each lcha.nnel
= Channel number

= Shell side ¢oolant

Tube side coolant

= Tubewall T

- -
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- Table I. Design Parameters of CRERP-IHX
Used in the Thermal Modeling Analysis

B : - | . o .
Shell Side Fioﬁ; ~Kg/s . : _ . S ' 1;1’-11-3
Tube Side Flow, Ks/s o . 1610.2
Shell Side Inlet Temp., °C - R ) . . 53%.0
Tube Side Inlet Temp., °C _ | . 343.9
Total Number of Heat Transfer Tubes B i 2850
Tube Outside Diameter, mm ‘ . T a2 .
ube Wall Thickness, mm SRR | ‘ 1,143 +T55%

: ﬁbe Arrangement : ' i - ‘ ' Triangular Pattern
Pitch to Outside Diameter Ratio ) ;i - 18 |
Fumber of Baffle Plates . ‘ : ' 18 :

 bxial Length of Etrence Region, m - " 0.5

". Axial Length of Exit Region, m _ . - 0.539

Axial Spacing Betveen Two Baffles, m © 0319
Centroid Radial Digstance Between Two Adjacent Chan;1els;,' m .'. 0.05h

L 3 -
T -



Table TI.

.

Distribution of the Heat Transfer Tubes -

i'x, _end Flow Rates Among Various Chennels
*-Pa_ra;mete;‘_ - Chaxmel Nuinber nJ ". ", .
| 1. 2 3 Y s .6 7 8 9 0. . 1 12’
Ny b2y | 22,77 | 31,787 | 3.8 | 37.8k | 40.86 | L3t | u6.LL | K99k | 52.97 | 56.00 | 27.53
W,, Kg/s 2.40 | 15.69 | 17.95 19.67 | 21.38 | 23.08 | 24,53 | 26.2 | 28.22 | 29.92 | 31.61 | 15.55
v (For Axial Flow), Kg/e 2.59 | 16.97 | 19.42 | 21.27 | 23.12 | 2u.97 | 26.53 | 28.37°| 30.51 | 32.36 | 3u.21 | 16.82
Vig(For Axial/Cross Flow): - ‘ )
1. A% Outer Barfle | 10.98 | 21.88 | 27.37 | 33.35 | 37.82 | 14,.88-| 17.78 | 20.46 | 23.28 | 25.78 | 27.33 | 16.23
Locetion, Kg/s - g . - .
2. At Tnner Baffle 3.23 | 18.48 | 16.6L | 17.73 | 18.42 | 18.29 | 17.66 | 17.19 | 16.46 | L9.17 | L8.57 | 38.3L
Location, Kg/s T o ' K :
- Kw(/Cross Flow Rate),’ 7.75 1419 2h.92  L0.5L  59.9h 56.53 56.65 59.92 66.7h U335 22.11
. £/ ) . N . . ‘ ) . ) ’ - . A
Tube Side Flow 5.8 | Lol | 3.7 ] 2.96 | 222 18] 07| 0 | -1.28 | -2.5 | -3.75 | 5.0
Deviation, % _ . o
Shell Bide Flow 2818 | bkl | 3.7 | -2.96 | —2.22 | <148 | -0.7h | O 1.25 | 2.5 | 3.75 | 5.0
~ Deviation, % : ' R 4 '

¥Based on one .degree radien ple-section .

ofrt .
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