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s e THE COOPERATIVE RESEARCH PROGHAM r of th
on ballled shell and tube heat exchangers at the Uni- ;. . «Blren
versity of Delawnre carried out experimental and 3 ﬁ rwee
# analytical studies on the shell-side phenomena in heat £ strou
exchangers over a course of o dozen years. " e chiel g shell,
result of this pgogram was the nccumulation of n : | sl
large amount of carefully obtained experimental datp ¥ ' the A
whose finnl inforprotition s perhapg yel years dway -E. LY
due to the sheer bulk of information obtained and. i chun
- the complexity of the shell-side prablem. From time E these
10 time various workers on the project have suggested t thiany
how these datn could be applied (o fmprove the de- ' antly
sign and design methods of exchangers, Surveying j albtail
these worious design contributions, the auther has ous 1
: selected o few picces und assembled them in o co- { CrEL
e DL KEMMNETH J. BELL herent form which appeors reasonable for the desion | chang
= 2;‘“"_‘“* Fratanier. of of exchangers at this time, This is the frst fime that ' Th
= emical Engineering s h | 5
Cass Insritute of Technoiogy the Dielaware project has suppgested a design pro- : ob th
Claveland, Chic cedure encompassing all of the usually encountered E in il
L b shell-side feutures of an exchanger, . | dime
) This proccdure is derived from generally accepled | fer m
= models of the various Muid flow and heat transfer y dimes
i mechanisms on the shell-side supported by data oh- { fluiel
' tained o specifically  iuminate each  mechanism ]l; sidde.
| individually, At almost every step, it is possthle to aille
J) suggest o more rigorous (hence presumably more ! spaeil
/¥ ) sccurate) treatment than that employed here; the - to-lil
Ii : author's ehoices of where 1o drow the ling are cer- F sidiere
r . Ira-" minly challengeahle and the engineer is encouraged { LHETAN
! v to chonse and modify as the problem demands. i JifTie
- ’ Dr, Kenneth 1. Gell ; dpten
f §
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hased on the Delaware research program

FLOW PATTERNS and temperature profiles on the shell
side of ballled shell and tube heat exchangers lave long
been recognized as extremely complex, and the thermal-
hydraulic design of such exchangers is more o matter of
expericnce and inluition than science.

To permit the mechanical assembly and dispssembly of
such o heal exchanger requires 118 there be small elear-
ances between the tubes’ und the alfles and between the
palfles omd the shell, For some exchanger designs there.
5 alsa 4 subsianni dnce erwasn (e Snierntott &
and the inside of the shell. Since there are pressure drops
acfoss these various allernule Mow paths, there s o sub-
stantial flow through these paths inoaddition o the pre-
scrjhed ideal Now through the tube bundle and throuagh the

e turparound {(window) from one crossflow section
—aatlic next. The presence of these alternate sireams ad-
versely influences the local velocities in the exchanger wml
therefore decrenses the local heat transfer coellicients amd
the local pressure pradient. Additionally, these allernate
streams wJdversely distort the ideal temperture putmrrr in
the eachnnger. " -

Fig. 1* shows the cumnh.x Mow prablem on the *.hl:[J side
of the exchanger. Stream 5 ois tae desire,  rossflow-stream,
Stream A s the leakape stream through the clearance be-
tween the tubes and the batfle, Stream E is the leakoge
stream through the clearunce between the balles and the
shetl, and Stream C is the bypass flow stream along the out-
side of the tube bundle between the outermuost tubes and
the shell,

A rigorous approach lo the design of st'u.ll and tube ex-
changers would reguire thut the relative resistances of oll of
these streams be Lnown and thut the interuction and ex-
change of fuid be Lnown. Such information i not pres-
entfy available, although a start has been made toward
abitainiag it, and a desipn procedure hased an such o rigor-
ous analysis would probably be too complex ol limge-
consuming to be of interest in the vast majority of ex-

ranger design caleulutions,

There are two different approaches to a practical handling
ol the exchanger design problem that are well established
in the litcrature and in practice. The first is by means of

il e
B il th s

~dimensional analysis. The pressure drop and the heat irans-

fer rate may be empirically related to a small number of

" dimensionless groups embodying the characteristics of the

!
1
I
|
|

fluid in question and the peometrical features of the shell
side. If all of the important peometrical features of the shell
side |fl . tube diameter, arrangement, and pitch; baflle
spacing and cutdown; shell diameter; tube-to-haflle, shell-

sto=ballle; and bundle-to-shell clearances) were. to be con-

sidered,/a complete dimensional analysis would require o
vast amount of data which is simply not availuble and o
difficiit computation problem in reducing these data 1o
Jetermine the empirical constunts. Dimensional analysis
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in any case lends no great confidence to designs in which
it is necessary to extrapolate the orfginal analysis. The sec.
and approach atlempts to establish the nature of the physi-
eal mechanisms existing in the exchanger, to evaluite the |
cllect of these mechunisms on pressure drop and heat trans-
fer, and o suon the individunl mechanisms into o toty)
exchonger effect, -

The second approach hos two impartant advantages over
the dimensional analysis approach. Tt requires less data,
LT [ . 05 PO N LS SRR L TE 1% (T PRSI 10 1 PCL - 05 LT TS TS B T R TR
anmd wntested destgns, O the afber baed, the mechonism
approsch presupposes o clear picture of the controlling
processes and how they may be combined into o fina

Canatysis, Olten the best method is o combine hoth methods,

wsirng the mechanism approach to suepeest the proper form
of the dimensionless correlations, The Americon Society
of Meehanical Fogineers — Uaiversity ofe Delawire Co-
epraive Nesearch Progrant on Hewt Eacloogers wis eabib-
lished to explore at length the mechonism approach to the
desien of heat exchangers and fo use the best of both meth-
ods in she development of a design procedure, i

The philosophy for this study was 1o regard the balfled
shell and heat wube exchanger as a0 series of ideal wbe
bunks connected by fow turnaround {window) regions
with short-circuiting of the flow by the three alternate lenk-
age Mow puths deseribed shove, Siven this approuch to the
prolilem, it follows that one studics lrst pressurg dreop aml
hent transfer in ideal whe banks, then the phenomena oc-
curring during {low through the buflle window or turn-
around, and finally the individua! leakape phenomenn. The
study ot Delaware covered & period of o dozen years of
active experimental work and a continuing period of analy-
sis of the data ohtoined, The “final interpretation™ of the
Belnware data, i indeed there is to be any such thing, has
nob yet heen mide. But @t i now possihle 1o present o pice
ture B e processes oectirrmmg on Lhe slwel! side amd o pre-
liminary design method hased vpon that picture,

Flaw across banks of tubes

First tusk of the Delaware project was to examine the
state of knowledpe concerning llow normal to rectangular
banks of tubes. In the turbulent Now regime many rood
studies have been published in the literaure and correla-
tions proposed for these dutie The diuta o eorrelation of
Pierson, Huge and Grimison™®* were particularly com-
plete for Reynolds numbers between 4000 and 40,000, and
Grimison's correlation had much 10 reconunend it

In. the Taminae and transition Pow regimes,® however,

#The following arbitrary division of flow regimes is used
(hroughout this pm'..r
e D, Gt p< 100

Laminar
100 D Gy e 4000

T rnstrion
Turhulent AN DG A
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Mo,  Arrangemicnt Rows OD,in. Ratio
| « Triangular o 1.25
2 Square, in line 10 % 1.25
3 Square, stapgercd 14 Ya 1.25
4 Triangular - 0 % 1.50
5 Square, in line 10 iy 1.50
6 Syuare, in line 10 ¥ L.25
Square, staggered 14 B 25
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FIG. 2. f and j factors for seven i’ ;al tube bunks in laminar,
transitivd, and early turbulent regimes, :

o

there were very few published data, and those were not very
== consistent, Therefore, using scven tube banks, the Dela-
 ware project studied friction factors and j-factors in the
>~ Reynolds number region from 1 to 10,000, Later studies

““extended the curves to even lower Reynolds numbers 2md

showed that they could be safely extrapolated in that
direction.
The Delaware duial? are summarized in Fig. 2, which
friction factor and j-factor versus the Reynolds num-
k. defined on the basis of the wbe divmeter and the veloc-
ity through minimum crossflpw area in the tube bunk.
Several features of the curves should be noticed. At low
Reynolds numbers the slope of the friction factor curve is
—1 and the slope of the j-factor curve is —% as required
by theory. Lience one may confidently exirapolate these
“lines to arbitrarily low Reynolds numbers as required, In
the transition flow regime the staggered tube bunks show a
smooth, always-decreasing curve with increasing Reynolds
numbers, whereas the inline tube banks show a marked
dip in both friction factor and heat transfer. Visunl experi-
ments here/indicated that, for the staggered tube banks,
werbulence ‘begins at the downstream tube row and slowly
builds up through the bank with increasing Reynolds num-
bers until the entire tube bank is in turbulent flow. The
inline tube banks, however, behave mory; like rouph-willed
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conduits, and the transition from laminar to terbulent flow
is much more definite and corresponds to the region of

-positive slope of £ and §.

1t is possible to predict curves of [ and j as & function

.of Reynolds numbers for tube banks of geometries differ-
ant from those tested. First, the rules of geometric and -

hydrodynamic similarity hald; e, the curves of | and j
versus e for all equilaternl triangular tube banks of 10
rows with o 1.25 pitch ratio are identical.,* 1o the turbulent
regime Grimisen's correlation involves the use of geometri-
cul configuration factors covering the entire range of inter-
est of longitudinal and transverse pitch ratios. In the lami-
nar regime the friction factor curve can be predicted by o

new method,? though no corresponding method has been -

developed for predicting the j-fictor curve. Tergelin, Col-
burm, and Hull? sugaest for the laminar regime

’ DG, N
i=14 (D—‘EL) + 20% for seven tube
" D.G
bunks tested, - < 100
. It
4h]

In the transition region one may fair in the curve between

the predicted laminar and fully wrbulent curves, making
wse of the difference in hehavior observed hetween inline
and stagpered arrongements,

The correction for non-isothermal effects on £ oand |
hos heen studied, and for most cases it is found that the
factor (u/pu, )™ id quite satisfectory over the entire Reyn-
olds number range, Hull' does recommend the use of

e
rections on [ in the laminar regime, but for mom purposes
the ndditional refinement seems to be unnecessary,

There are datn from several sources (e.p®7) that indi-
cute that ¢ (in the transition and turbulent regimes) and
j (!l flow regimes) arc dependent upon the number of tube
rows in the direction of flow. In the laminar regime,
j ~ M, where by limited data, n = 0,18; this is attributed
to the building of an adverse temperature gradient which
is not completely dissipated hy expansion-contriaction in-
duced mixing. This effect is important in the design of
bafMled units, In the turbulent regime, s shown in Table 2,
f and j vary markedly with N, for the first few rows and
become essentially identical to asymptotic wvalues for
M. == 6; the mean [ and j for banks of 7 or more rows

are within 10% of the asymptotic value, The probuble

explanntion of this effect is that it requires a few rows for
fully developed trbulenee to be established, Since the ballle
wraarounds are very effective in inducing and maintaining
wrbulence, buflled exchangers operate at essentinlly the
asympiotic values of [ and j. In general, it is not necessary
to consider the effect of number of tube rows on [, How-
ewer, the elfeet on i very important in the Taminar regime
andl warth sonsidering in the turbulent regime,

The results in Fig. 2 apply only to tube banks in which
the tubes extend to or are imbedded into the side walls.
If there is any spacing between the outer tubes and the
wall, a disproportionate fraction of the flow will proceed

through this bypass arca and significantly reduce the clfec-

live heat transfer rate and the pressure drop, The bypass
effect is especially scrious in the laminar regime. Table 1
gives some of the results found.” A simple empirical rela-

=Sirictly speaking, the tube length to dinmeter ratio should
also be consint; this effect is very small and may e neg-
lected if ¥ :L_'E is greater than 3, which is almost always the
case in praciice. Results for Models 6 and 7 verify this.
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(J‘;,) where m = 1.57 Re®28 for non-isothermal cor-
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I.{ 1. Effect «f Dypassing on Heat Transfer and Pressure

minar Regime. e _
g Percentope of izothermal pressure drop

for iden) bundle, Model 4.' 100 (:"—_‘:'nr)

Po
Geomelry
Ideal bundle ... e it AT 100
21% hypass OrER . 42
1% hyposs area ..., W et
21% bypass urca, one seal strip .. it

Percentape of shell-side coeflicient for

Finge
]1.|:|

ideal bundle, Model 4, mu(

Geomelry Heating * Cooling
Ideal bundle ..o s 100 100
1% hypass Ared ... . 79 T6
I0Th DYDPASE OFER .ooviiiiiionniinen RPN . il
219 bypass aren, one seal sirip.......... 94 a9

Turbulent Regime.
Pereeptage of isothermal pressure drop

" At
for ideal bundle 100 ( s )

Geometry hdondel Model 4
Jdeal bondle oo i 1] 100
219 bypass Qrel ..o 55 43
NS hypasa arsd o) 38 3
214, hypass aren, one seal sirip 71 L7
3050 fhypass areq, one seal Sirp............. 03
219 bypass area, two seal SRS a . 81 5

i Percentage of shell-side coeflicient for
hae
ideal bundle, 100 (—-“—‘)
- n
- Wadel | . Maodel 4°

Geometry Healing Cooling  Hewting Cooling
Tdeal BundIe ot 100 100 106 100
2195 bypass area . vee. 78 78 £ 77 .
109 bypass nrea u} . 87 - 73 69
21% bypass aren, 2

one: el 3P Ui 87 04 .RD
3070 - bypass area, e e

one senl Strip-. ..., oiiiieemns i o s He BS
218s L pass area,

twe el SRS .oniiniene, 47 23 &

TARLE 2. Variation of %— with ™, in Turbulent Flow for

j .Stngg:rurj Tube Arrays.

Mo 1 2 13 P 6 T ]
-t':— 0.63 076 093 098 099 1.0 L0 - 1D

“*%':x. 0.63 070 077 0.83 086 088 0.90 .09
[ I 13 15 1% 2% 35 72
& /;W g Lo to 10 100 L6 L0 CL0

_I“!E'l::zx. 092 043 094 095 D86 097 0898 099

; TAHLEE_Djmtm.Euns of Cylindrical Test Exchangers.

Maodel 9 Model 10
_ Inside shell diameter, in. - ] £.378
 * Mumber of tubes 20 470
Length between tube 16,125 16.126
sheets, 1n.

BafMe thickness, in. 0.0425 0,0625
Tube arrangement Stapgered Square  Trinngular
Tube pitch'ratio 1.25 1.33
Tubes [ 7", 18 BWG 4", 1R DWG
Taotal hest transfer area, A, 9,50 39,40

8q. fi., approx.
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Li-mshii:r that fairly closely representt the results of Table |

* and condenses to the praper limiting cases is

L

fap = ﬁ.ﬂnrl

Apn , 32N,
o M [ TRARNEE [‘" 'rr]
= b .
Fnrﬂ.iﬁ—‘:

where Fype is the fraction of the wotal minimum crossllow
areq that is im the bypass stream and o is a constant taken
from the following table:

lnntinerr "tirbulent
CLITS . 4.5 1.8
Apy ' ) o
lipgp .
Bl 1,25 )* 125 V"
hy

Bafled cylindrical heat exchongers b
with no bhaffle lealcage

Following the ideal tube bank studies the next step in
the Delaware project waos to study the problem of baffled
eylindrical exchangers in which the leaknpe streams -were
eliminated by experimental technique and design, Shell-lo-
bafMe and baMe-to-tiube leakame wis eliminated in the test
exchanger by coating the hatlles with a thin layer of neo-
prene and then avercutting the neoprene on the shell side
and vndercutting an the tube holes. The resulting neoprene
flaps cifectively gasketed the clearances, The byposs stream
was minimized by the use of tube fayours that matched
quite closely the shell curvature withow distaiting the unit
cell geometry of the tube bank, Rallle spacers were placed
in the more open bypass areas. Loter data sugpests that the
Fractional bypass aren, Fyp, of about D05, does introduce
sienifieant errors which must be considered i the inter-

pretation of the data, Important geomoerriz features of the
eylindrical test exchungers are given in Table 3.

Mechanism propased by the Deloware workers regarded
the baifled cylindrical exchanger as a series of ideal tube
banks, whose behavior is presumably well understood, con-
nected by turnaround areas (windows) whose influence
cun be studied as a function of ballle spacing and cutdown,
To verify this assumption and to gbtain the pressure drop
distribution, dummy pressure tap tubes were inscrted in
the test exchanpers so that the pressure drops across o
single crossllow section and across a single window secfion
could be measured, Later in the work internal tempera-
ture profiles were pbiained by o similar techpique,

The results of Brown® using Model ¥ for nine combina-
tions of ballle spacing and cutdown over a Reynolds num-
er range from GO0 to 14,000 and of Tompking® in the
Reynolds number range from 2 to 200 for the pressure
drop across o single crossflow seetion nre shown in Fig, 3,
The solid line in Fig. 3 is the curve for the ideal sectangular
tube bank having the same tube luyout as the cylindrical
cxchanger. The ballled exchanger results have been exam-
ined hefore plotting for bypass stream effects, Using Equa-
tion 2 with Fyp = 0.05, one finds for the laminar regime

AP agg o080

'&” i Al

and for the turbulent regime
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oTherefore, for comparison with the jdeal“tube bunk Te-
sults, the single bulile section pressure drops have -heen
divided by the above £'s and plotted in T, 3, The twirbu-

lent Pow resulls vnryi-ig-'}ﬁ and the laminar results

+30 g bout the line for the ideal tube bank.

—50 2,

. A later study by Leighton using Model 10, an exchanger
* with more than twice as many rows of tubes between the
hallle cuts as Model 9, pave results within +10% of the
corresponding ideal tube bank results, sugpesting that the
" concept of using ideul tube banks results works better when
_~ there is a large number of rows of tubes in the crossilow

section. To correct for non-isothermal eifects on the fric-
.14

¥ L

tion factor the use of ’—~)

m e be some dupcndﬂucu of the exponent on Reynolds
.mber for very low Reynolds numbers, but the elfect
appears not to be significant for most cascs of practica!
interest. :
. Pressure drop through a single window section Wis meis-
ured on these same exchangers for a varicty of bafile spae-
ings and cutdowns, again both in the laminar and wrbulent
regimes. 1f the window pressure drop is plotted versus the

is recommended. There does -

window velocity alone, the pressure drops in the windows
vary by a lactor © to 1 or more. The highest pressure
drops are found for combrnations of close baffle spacing and
;E[ge__t"_:l._“r!l! cutdown, indicating that a high crossfow velocity
I leads to g high pressure drop in the bafMe window. When the
i window pressure drops are Elulie;l versus the peometric
inean window velogity V, = 3/ Vi Y. the results fall within
about =509 of a straight line, suggesting the use of the

S —..

p iy

C-30 a

" tube 1o tube,

8 it & o

1eqq'lmtr‘|c mean window veloeity ns the prime corrclating
variable. i

“Tohurn'® suggested that the pressure drop in the win-
dow could be separated into o contribution due lo the ri-
versal of flow from oie crossflow section to the next and

a contribution due o the flow of the fuid across a charoe-

* peristic number of whe rows in the window, The pressure

e

-l

loss due to reversal of flow is taken to he 2 (ﬂ-!-) far

hoth the lominar and twrbulent regimes. Colburn consid-
ared the laminar and turbulent regimes sepurately in his
evatuntion of the frictional losses due to flow across the
tubes in the window, As a measure of frictional losses
in laminar flow he defined a viscosity-veloeity unit,
v — .

E  \which is analogous to the velocity head so often used
i turbulent Tow ealeulations. .

This particular choice of variables is suggested by the
Faet thit the wall shear stress in luminir Mo s equal 1o
lu duyy ' . :
£ (.':_.) where (-—-) is the velogity gradient normal
B Ay dy .
tor the solid surface. In irregular genmetrics such as tube

dudy ) ‘
banks, (1—9) is of the same order of mugnitude as the
L . :
maximum velocity divided by the minimum spacing from

..1'%_ For the tube bank peometry used in

Mode! 9 the pressure loss per restriction in the laminar

- regime i3 equal to 23 e Es-'-‘-'- . Applying this to the ense of
£

a4 bafMe window, the velocity used in the viscosity-velocity
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[t is the geometric mear velocity V., and the number of re-
Jrictions M,, is taken to be the average number of restric-

* tians crossed by the flow through the window. N, is approxi-

mately the number of tube rows between the haflle cut and
the shell, but Jdue allowance must be taken hers for the
presence of relatively small number of tubes in the outer
rows. Any tube row that has fewer than half the tubes of

. {he central row is not counted.

-

-

s

in principle, the hypass effect must be taken into account
by multiplying by £,,, which is 0.798 for the casc tested,

Culburn also opplies the viscosity-velocity unit concept to .

the case of flow parallel to the tubes, again using for the
velocily term the geometrical meoan velocity V,, but now
using as the characteristic dimension the valumetric eeuivil-
lent diameter D, of the window region. As a mensure of
the length of purallel flow path, he uses the ratio off the
haffle spacing to the volumetric equivalent dinmeter, Ly/D,.
Available data for langitudinal laminar flow suggest 26 veloc-

g . ' ; i
ity-viscosity units per unit -ij’i. No allowance for bypass-

i
ing is made, since it is much less important in longitudinul
flow (where most of the flow occurs in the central open
regions of the unit cell of the tube array), and since the
value of Dy, refleets any change in the clearance between
bundle and shell. Summing th o terms gives

W v 1
o [#YE 26 (L2 (F-
APy = 23 £ap, (&5 ) N;_'_ 26 (Elnv) (DVJ
Y
(24!.)‘ G IR g

For ealeulation of the pressure drop due to [low across
the tubes in the window in the turbulent regime, Colburn

' less, Then the total window pms.':!ml'c drop in turbulent Mo

Pt R pod = R
! = R

can be estimated hy: L
i 2 5
Apgi= 2+ 06N S,

(4

+ i

Colburn's method predicts the window pressure drop for
the test confisurations within =207 in the laminar regime
and from =30 to 4+20% in the wrhulent regime. |

Celenlation of pressure drop across the entire exchian-
per by summing individual pressure drops presupposes that
all crossflow and window sections hehave in essentially the
same fashion, Leighten! measured all of the imdividual pres-
sure raps in his exchonger and found that there was no
more than 2£13% wvariation in the no-leakage exchanpger
about the mean value for the window pressure draps and
somewhat less variation for the crossflow prussure drops,
Brown and Tempkins, who measured pressure drops [or
only ane crossflow section and one window section, found
ratios of the measured overall pressure drops 1o the sum-

mation of the measured individual section pressure drops

to vary from 0.97 to 1.33, The pgreatest deviations were
for the cases of wide baille spacing and large baflle cut-
down which lead to a low resistance heat exchanger, sug-
gesting that at least some of the remaining effects were due
o nozzle losses which could not he accurately caleulared
but which, were estimated o be of the right order of magni-
tude 1o account for the difference, Using the method of
Colburn to caleulite individua!l pressure drops, and then
summing these caleulated values, it was found that the
enleulated overall pressure drop- for the various configura-
tions varied from 0.93 to 1.27 times the measured overall
pressure drop, apain the greatest devintions correaponding
o the case of low exchanger resistance and significant noz-
ale effects. 11 is thus congluded thal the method of summing

A
sflggcsr d that 0.6 of 1':“]“"? h‘cud l-"E.Ic.'st Lo “,E lpesldie- ; individunt pressure drops is satisfactpry for the ealeulu-
tion crossed by the entire flow in the window. The use of tion of the overall exchanger pressure drop in the non-leak-
0.6 corresponds to a friction factor of 0,13, which s larger age exchunger. :
than that found for tube banks at Reynolds numbers ahove Heat tronsfer results for nine combinations of baflle
ghout 10,000, In view of the cther*assumptions und up- spacing and cutdown in both the laminar und furbutent
proxiiaations in the argument, further refinement is point- ‘regimes in a non-leakage exchanger have heen reported.®
; o ;
- g 3 had
FI1G. 4. Plot of  vs r at (—ﬂ- e
- Sw ’r
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“fiminary attempt at currelation of these duta is pre- ©
© ol in the same paper. BDrown®* hus suggested’ a better
sans of correlition not previously published in the gen-

Jal technical literajure and which will be considered at™.

some length here. For an exchanger with more than three

' or four baflles we may write with small error

hNLA = ]Inﬁn + h“ﬁ-“.

Defining r = -'l-?f-. this equation may be rewritten

TREC T (g T ST SN SRR . 3

For ideal wbe banks in the turbulent regime, it is found?#
that
ByachoMans | o mogim i 3R )

where b is o constunt depending on tube bunk peometry
and fluid properties.
In order 1o write a similar equation for h,, it is necessary

- to define an appropriate velocity. Based on plausibility argu-

ments we may assume that by, is similarly related to the
geometric mean velocity V.. Then we may write

Mo BN o e s ue sder o s 0T
and from Eguation 5 :
hu=bVo o (l- ) 478V . . . . - (8

We may now make o serivs of substitutions:

r V!n,u — vwn.avlnn.u ,
5 i
08— LN T M LG
' . WL ( S*.)
Hemce .

FIG. 5. Correlation of j = (—h-"f'-"m—-)(%)““(

‘}""‘_-EILCGHI-

Wt =y e ( )ﬂ..t
b

and from Equation 8
r S n.a
t hygr, = bV, n0 [l:l _ )+ Fﬂ {'gf) ] . (92}
ur

by =¢bVy't=g¢hy . . . . . . . (9b)

where

] LE
b=+ 2 e

In the turbulent regime the points clearly Fall into groups
depending upon the baffle cutdown, The smaller the bafle
eut, the greater the overall heat transfer coellicient (for a
given crossflow velocity), Let T be the value of hygy, when
V,, = | ft per sec for cach of the nine baflle configurations
studied hy Brown, Then fram equations Y and %¢

4
l=bg=0b{l=r) +1f7 (—S"—')u

S
: I—ba—n
= (_2_)_"" e e e

For ench configuration r and 8, /8, ure known, and [ can
be read from Drown's experimental dota lines, and @ may
then be calculuted and correlated versus r and 5, /5. Brown

findls for his exchanger,
T

SHI:

= 108 (E—)hm: SR )

1 = Matlis Spacing, Balfla Cia,
Sep b in A ul Damsrar
H - 1,400 1.4
o] IL.4TH | 8.5
£ LU 1T 1HA
L] [} 3
n 1578 Jib
& nam di.u
9 173 4.7
+ 1800 a7
X AT 43,7
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© , ard the value of b is found to be 2052 Suhstituting these
resulis into equation Pa we have

SF‘H\ o483 e
hHL = EﬂSV,ﬂ“-‘ ‘71 =T = 0.524 ro-22 (‘—' ]

: S/
ar
l‘i-‘- = hy, (12a)
where
i L5, |
d=1l-r+ 0.524 ro4= (-‘;—) L _UZTJ}
4 iy

Since ¢ is found to be so weak a function of S, /5., the
term (5./5, )% is taken to be 1 for all cases of reasonahle
interest and & 15 given os a function of r in Fig. 4, Before
correlating the baflled exchanger turbulent flow results
against those for the ideal tube tank, the problem of by-
passing and number of rows must be considered. Estimat-
g & from equativn 2 for Fpp = 0.05 indicates that by-
passing resulted in perhaps a 6% decrease in h,, compared
to the no-uypass case. On the other Lund, if it 15 assumed
that the fi.w in the baMed exchanger over the range of

ured overall coefficient should twe increased 5 or 6% com-
pared to that for the 14 tube rows of Medel 3. In short, we
expeet that the bypassing effect and the number of tuhe
s rows cifect should essentinlly cancel out for Brown’s data,
but they should both be considered and evaluated, for each
,individual ease. Therefore, the correlating proup Lo be used
in comparing baMed exchangers with bypass but no buflle

* leakage to ideal tube bank results is M
iy

Al e e -t i hen ] e i e D e s 4 )

100 g

Brown's tests is in fully devel, sed turbulence, the mens--

In Fig. 5 Brown's results correlated on the basis of j= 2

( huixe ) e

(ﬂ*_) il
BEC Gm) k (';T

' fall within —10 to +20% of the curve for Model
3, the ideal twbe bank, The limited turbulent data of
Krowles? eonfirm the validity of "rown’s method of analy-
sis in the turbulent flow regime. :

In the laminar Mow regime the experimental resulis on
Maodel 9.due to Tompkinsg are maore scattered and do nol
show the well-defined varistion with baffe configuratiiia
that the turbulent regime resulis do. For the snke of con-
sistency- Tompking' results have been correlated on the
same Lasis ns the twrbuleat Now results in Fig. 3. They are
found to be in pood agreement for #e > 100 but f5l1 0 to
504 below the results of the corresponding ideal tube bank
{Model 3) at lower Reynolds numbers. In view of the
previously mentioned dependence of j on the number of
tubs rows in the lnminar regime, it is appropriate to exam-
ine this further, Define the tolal éffective number of cross-
flow tubes in scries in the exchonger to be:

N’r = .{N" + 1} Nr_— + ':N‘Ir + :]N" [13]

From the ideal tube hank resulls quoted above, j ~ N.™8,
assume for the present that this relation holds for the baffled
exchanger. Hence, to compare resulls for Maodel 3
(N, = 13) and the baffled exchanger, the usoal j factar .
for the lutter must be multiplicd by

x N*ﬁ\lll__'l.la
. L

for the numbier of rows effect and divided by &, (defined |
by equation 2) for the bypass. elTect, Iﬁjvisiﬂn by o as de-

o (14)

FIG, 6. Carrelation of j vs Re valid
at low Reynolds numbers, Model 9,

s
Hallly Spacing Haifl Cur, L% Ay
i LA AT [ TR ) ' v

1908 44t Lad .16k

[FR | {4 S 1 3 N0 1
e 18 A4 W) fh 1t
10 1.4 WD nEsD 434
[IKHFTY LE Y 1,433 [T
L15EH) » 0 0,224 1458
172 47 LR 0618
I i £ 1.558 0724
0, 7TH2

I8

PETRO/CHEM ENGINEER, October, 1960 -

C-33



LY
000081
[{EEERL
{LDOGRY |
O2ed -
100550

St
N

0,

Go2ie
[HEvRS L]

0.0l

FIG. T7a. Effcct of tube-to-ballle and shell-to-baffle clearances
on overall shell-side heat transfer coellicient in Model 9,
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FIG! 7b. Effect of tube-to-bafMle wnd shell-to-ballle clear-
ances on overall shell-side pressure drop in Model 9,
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fined by equation 12b is retained even thoush its applica-
tion without modification is questionahle,

¥n Fip. 6, Tompkins' datn are replotted, on the basis of
: PR | 14
j= (¢. ;:‘E%:)(i;i) _ (-’-’-'!J . Results for the baflled
exchanger now fall within £13% of the ideal tube bank
curve al Reynolds numbers below 13, sugpesting that the
above nrgument has some merit. At higher Reynolds num-
bers the points scatter more and fall above the ideal curve.
This behavior indicates that at higher Reynolds numbers,
the adwverse femperature structore is ab least partially de-
stroyed by mixing in the turnarownds, It would not be dif-
ficult to abtain an empirical equation for a curve which
would foll through the points and give the proper Hmiting
coses ot very low and hiph Reynolds numbers. To do so
would sugpeest uncdue reverence 0 a frankly tentative and
possilily fartuitous argument, Rather, in the intermaediate
ringe, it is beiter to calenlate the limiting values and eval-
uitte the consaquences hefore interpolating.

On the hasis of the available data the design of pon-
leaknge exchangers in the turbulent flow regime can be
entered into with some confidence by the method proposed
here. The situxtion in the luminar Now regime s not os
satisfactory and will require extensive additional experi-
meninl work to firm up the correlation.

The effect of bafMe leakage

The next siep in the Delaware project was 1o éxaming
the effect of clearnnees between the ballle and the shell and
between the twbes and the ballle, Pressure drops exist ncross
these clearnnees, and consequent!y there s flow from one
bafle section to the next, In effect, part of the shell-side
ow is short-cireuited, decreasing local velocities and con-
sequently decrehsing pressure drops and hent transfer co-
efficienis compared o the corresponding hallle non-leakage
exchanger. Also, the leakage sireams have o temperalure
corresponding 1o conditions vpstream of the batlle across
which they ek and consvquently distort lemperalure pro-
files in the stream into which they are leaking. Tt is neces-
sary 1o distinguish between the effects of the lube-to-b.lle
leaknpe streams and that of the shellsto-ballle  leakoge
streams,

The tube- lu—['ral‘ﬂr_. Ie.llmpe streams Mow plong the tube
in the immedinte vicinity of the bafMe at a [airly high
velocity and hence involve a heat transfer process of sig-
nificant magnitude on the outside of the wbe, The orifice-
hafMle heat exchanger makes use of this mechunism, In
effeet, this type of exchanger is nothing but o sequence of
hinfMes with leaknge arens around the tubes, The shell-to-
batNe leakage stream on the other band does not eome in
contnet with heat transfer surface in its path and conse-
quently represents a significant loss to the efliciency of the
heat tronsfer process.,

Much of the Delownre data reluting to the effects of
bulle leakage streams is reported in Reference'?, in which
it is concluded thue baffle leakage has o far greater effect
upon pressure drop than it does upon heat tacafer, 1t iy
also concluded that lenkage area between the haflle and
the shell has a greater ¢/Tect upon the heat transfer coeMicient
and upon pressure drop than does & corresponding amount
of leaksge aren sround the wbes, In one particulur case it
was even noted that increasing the lealage ares by increas-
ing the tube-to-haMe clearunce while leaving the shell-to-
baMe clearance constant resulted in an inereased overall
heat trunsfer coelficient and the expected decrease in pres-
sure drop. This is understandable when one considers that

Cthe tube-to-huflle Teakape stream, which was enhaneed in

the second experiment compared to the first, has a signi-
ficant heat transfer efficiency which more thin overcame
{in this particular ease) the elfect of an incrense in tatal
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leskage, In that poper it was faund that [or ressonable
clenrinees the pressure drop may be reduced o 25% amd
the heat transfer coeflicient may be reduced 1o 0% of
the non-leakage values. T .

To be useful for designing purposes Lhese resulis must
e interpretable quantitatively. Sullivan®! ohlained an
analytical solution of the elfect of leakape upan prossure
drop using an idealized single baflle exchanger (Model )
1o verify his mathematical model. His analysis wus also
extended to the case of a multi-buflle exchinger. The re-
sults of his analysis apply to the pressure drog; s jros-
much s they are rather complex theyaare not especially

useful for the usual purposes of the design engineer. How-

pver, o consequence of Sullivan's ‘work was to show thal
the forim of n correlating variable for leakage eflects is
Bl g, 7 (.ﬁf?_')”’ .
i —“1111

where S, i3 the leakane area per bulle, Cp, is » weighted
arifice coefficient for the leakage paths, fp is the mean
pressure dilference across biaflle, nnil So0 F, N, and Apy
have their usut] definitions, This group is readily interpret-
alsle in physical terms: the product 5,0, (3p) Y4 s i mcis-
ure of the rate of Now through the lenkage areas, and the

0.7

Jenkage on overall shell-

side pressure deop.
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nank between the hallles,

The Sullivin group was employed in a correlation pm—
posed in Reference', The correlation is tedious o use.
Warse, though it dues properly indicate the effect of Reyn-
olds number on leakage, it daes not reflaet the diference
tetween shell-to-hallle and tube-to-baflle leakage on heat
transfer. The definition of Cy, could be chanaed to at least
partially correct this, but it appears more rewarding at the
present Lo pursue a simpler approach,

Some studies® were m: ulr: on the effects of each leakage
path clone on h and Ap, Besults are shown in Fig. Ta and
Th. The abeissa is the ratio of tolal leakage ared per baflle
to minimum crossflow aren per ballle section. As indicated
above the tube-to-baiMe feakape affects h ond Ap less than
does the shell-bafMe leaknge for the same relative leakase
arca, and h is less affected by leakage than is Ap. Very

ﬂvr) far

1 (I = h") an (I
Sin" hyy, Ay,

tube-to-bulfle leakoze are about half the values of shell-ta-

bafMle leakage, Hence, a single curve of 1 — (—-‘-—) vs S/

Hled w

aup is a measure of flow across the tuhe

%

roughly, nt given

- l'ii) forshell-to-bafMe

ML : b
1-— —’)
( hh‘r

¢
for tube-to-baflle lcakane a- e divided by 1. For the case
of exchangers having both Im!. ize paths, assume that ‘the
“Tacts of tle leakages are additive if each leakage is
shted by its carresponding areq, i.c.,

(,_ = (1-p), [Smkasm)
hufﬁ.x:hm..-ur h o L Sy, J

(15)

5, is obtained if the values of (

leakage only are divided by 2 and the values of

where 8, = 8. + Sgp. The same result s found for the

pressure drop:

(1 . sm.,) ' :( *_gn_:T_) :_~'.'-.'.'+E"sa..‘]
APaL/ Excanger Apyrta [ S, 4
4 O = A e TR

All of the exchanger Icuknbe results of the Delaware proj-
ect ¢re plotted on this buasis in Fig, 8a and 8b. The agree-
ment is no better than might be expected, but the method
has the virtue of simp!fcitjr. It shouid be noted that it is not
possible to show all of the points used in Fig. 7a, 7b, #a,
and 8b. Extreme points for ench 5, /S, show the total range
of experimenial points.

Uesicn pracedure
For purposes of shellside design caleulations, the fore-
ng d|5Lussrun may be systemiatized into the following
4. It is assumed ps a prerequisite that complete infor-
mation of the shell-side geometry and the shellside Muid
properties ave availuble, Tt is also assumed (hat f and j curves
are available for the ideal tebe bank geometry correspomd-
‘ing to the shell-side tube layout:
il. Calculate Re = DG,
i I
2 Find j from j vs Re curve for ideal tube hank,
3 Calculate the minimum Fyp for the crossflow sections,
JCalculate &, from Equ.srwn x
,.fs ' Fin. & from Fig 4
{ 6 1f Re <100 calculate N, from Equation 13,
7. Find7y, (Re > 2000} or
yillRe < 100) from Table
3 or Bquation 14, respectively. For 100 < Re <2000,
use y = 1.

C-356

8. Calculate hyy from j. If Re <100, cnleulate using

¥ = | ond using ¥, then use appropriate limiting
case or inferpefation as judgment suppests,

Spn + 2 S}
9. Calculate Sqp, Syp, and -.-J‘ . it
L

i e :
Find (I — T—T'--) from Fig. Ha, aind Equation 15.

Ty

10,

I1.

12,

hy, \ Bxehinnger
Calculate by, from ( : )
S

Caleulnle £,y (Re>> 100) or £, (Re< 100) fram

Equation 2,

13, PFind T from f vs Re curve for ideal 1ube bunk und
caleulnte Apgyy.

14. Calculate V,.

15. If Re <100, caloculate D,

A from Equation 3,

(from definition) and

I'o. IF Re =100, calculate Ap,  from Equation 4.

= F 2N,
7. Caleulite Apy,. = (N[. + |+ 'N:"_f

j.]'||||_i -+ N]‘q fa
18, Find (f - Al ) from Fig. 8h, am! Equation 16,

5 !'-J-.'-PNL Exchanqar
. &
19, Caleulate App, frem | 1 — —&) :
Oy Exchnnpger

Genora! design rules

The forepoing design pml:e:jtlr{: is suited to the problem
of r '!Iﬂ“ exchanpers, 111 1 ik, -.":?‘n:rimnmr' the suitability nf
a given' exchanger to curry out a given job. The general
procedure for exchanger rating is ta start with the smallest
or least expensive exchuanger whiuh it is thousht may susceed
in carrying out the required heat transfer and to determine
whether in fact it will do so. The rating pricedurs is con-
tinued for other sizes of exchanpgers until an exchanger is
found which is calculated to do the job at the least cosL

A problem of equal interest and importance is 1o design
in part, or in teto, an cxchanger specilically te Jo a piven
Jjob. This latter problem woulit most likely arise in the case
of a large required service in which the podssible savings in
apparatus cost would more than compensate Tor the added
timz involved in design and specinl machining and con-
struction of the exchanger. For this purpose the procedure
suguested above is not cspecially satislictory: nor are other
present methods of exchanger desipn particularly svited to
this problem. Tdzally, what wouold be desired here would e
an analytical statement of exchanper performance as a
function of ull of the independent desipn variables of the
exchanger and (luid properties. The eptimum design —
that which solves the required heat transfer problem at the
fowest annual cost of exchanger and associated apparatus—
would then be found by solution of the analytical perform-
ance egquations to give the minimum cost. Such a procedure
is at this time impossible becouse of lack of knowledpe of
the analytical expressions required to completely define
exchanper performance and the difficulty of solving these
equations for the aptimum configuration even if the equa-
tions were availuble, It is, however, possible to make certain
statements regarding certain desion variahles which will m
least somewhat limit the manifold of possibilities of ex-
changer designs 1o meet a given service,

1. It may he stated that on the basis of heat transfer
coellicient obtained for a given amount of pumping power

expended per square fool of heat transfer service that stap-

gered tube arrays with smoll pitch ratio are jn general
slightly more eflicient than staggered arrays with large pitch
ratio or inline arrnys. The inline urrays are particufarly in-
clTicient in the transition Reynolds number regime,

2. On the basis of heat tansfer coefficient abtained for
o given pumping power expended per unit aren, it is fouwnd
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4t all baflle configurations and all leakapge and bypass.
sonditions are inferior to that of the ideal tube bank. From
this it follows that, insefar as possible, and within certoin
limitations 1o he discussed below, leakage and bypass flow
should be minimized and the exchanger configuration ap-
proach as closely as possible 12 the ideal tube bank. Rigor-
gus application of this princiy.e would lead to eRCesiive
pumping power losses in the haffle ternarounds. In the light
of available evidence, the eplimum cuse seems 1o be that
in which the velocity through the window i ahout equal
i the maximum velocity through the (uhe hiank.

3. By far the most serious loss of efficiency in the opera-
tion of a typical exchanger is bypass around the tube bundle
between the bundle and shell. In any case thiz hypnas stream
must be minimized by designing the clearance hetween the
whe bundic and the shell to be s small as possihle. For
exchanper designs such as the pull-through floating head
type, which require a significant clearance, seal-strips should
pe inserted between the shell and the oulermost row ol
wihes at two or three or even more points along the flow path
in cach crossflow section. To be most effective, these sirips
must hlock the entire bypass chunnel.

4. The next most serious loss of efficiency is due lo
leakage hetneen the balfle and the shell, The shell and bafMe
system should be carefully desizeed and manufactured so
a5 1o keep this clearnnee to the alwolute minimum reguired
for insertion and removal of the tube bundle, Some manu-
facturcrs go so far as to hore the inside of the shell or ex-
pand it over a mandrel to bring the shell as close to a frue
scireular cylinder as possihle and therchy minimize, the shell-

o-ballle clearance. ;
v 5. The least serious of the lealiige and bypass streams
is the tube-to-bafle leakage stream. In penernl this stresm
dhould be minimized, but not if by serdoing the shell-to-
Faflie leakage stream is substantially enhanced. In general,
the leakage- area between the tubes and haifle should be
greater than that between the bulMle and the shell.

6. Since the entire flow passes acrpss essentially the
sntire tube bundle in the two end crossflow seclions in con-
irast 1o the internal crossflow sections. the end sections
should have a substantially larger balil spucing-than the
internal ones.

4
Ulgstrotive exampie

This example is nat a complete design problem, but i
intended to display the mithod of design proposed in this
paper and to clarify definitions. It also seemed desirable
for purposes of comparison to work with an exchanger
whose performance wias known. The design procedure will
be applied to a later test exchanger confipuration of the
Delaware project designated as 10-TL3, whose dimensions
are given in "Table 4, There arc no scal strips. The shell-side
fuid is Culf 596, 23,600 1k per hroat 140.0 F inand 1590 ©
out. The tohe side was wiler in at 175.5 F and 1737 F.
The tests on this configuration were not employed 1o
develop the correlations presented here and hence rep-
resent a semi-independent check on the method.

1. Viscosity of Gulf 826 at 149.5 F is 4.50 Ib per ft hr.
The tube Tows immediately above and helow the cen-
terline have 24 tubes each. Therefore

ip G -
= 18.502 24(0.2493] “.'.EE — 0.0460 fi2
| - 144
v and

Re = --ﬁ:"_?__} {23‘@.}._. . = 7340
(12) (0.0460) (4,50)
I and 4,

= e h:\‘j--l_x‘_l ) (Flu_):..'.'l- (ﬂ)ﬂ.ll
F=00k70= (.,l. £cGu/ \ K u '
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TABLE 4. Exchanger 10-TL3: Exchanger Dimensions.

Tuhe, array ) ) Equilateral trian gle
Tube-baflle elearances, on dinmeter, im0 0.013 r
Shell-baMe clearunces, on dinmeter, i, e DLOED

O baffles, N ) A422

10y shell, im .. B.502

Bafle gdpe, I e e e i, 50

Maffe cut-down, % ... 17.56

Palle hole diameter, in......... 02623
FiTle SIS, I et e 2640

BTl e b meRE] THL s v e s v msneb e e cand nin2s
ok of boflen i k)

aop puhey in epeh window. i At

Mo, tubes plos spacers in window...
Mo, whes in Crosallow. .

O bBeEs, Mo e 2403
Cfective fube lenpth, ino... : . 16,125
Distanee between tube centers, 1 034373
LT AR RO can Lidd
Disiance hetween tWBES, iMoo (L0044

3. Evuluate Fyp at the 24-tube rows: The :Jinmut.ml
clearance hetween the outer tubes and the shell s
502 =23 (1.33) (0.249) = 0.249 =104 in.
L 0.64(2.643) .
Then Fyp = I-M_l_ﬁhi_'l-ﬂm = (1,255

From Equation 2

= o125 {02880 = (0,728

5. To an excellent approximation, r is the ratio of the

number of tubes in both upper and lower windows

i (92 divided by the taal number of tubes (4700, le.,
r = 0,196, From Fig. 4, ¢ = 1,11.

4, Skip, since Re > 100,
7. There are 18 rows in each crossflow section; the j

factor plot (Fig. 2) is based on® 10 rows. From

0.96
Table 2, = F}-—j-r = 1.03.

8. For Gulf 96 at 149.5 F, ¢ = 0.526 D per Ib F and
: —_— ;
e\ ;
( ! J "= 955, el

14
Also estimate (E.'. = 0,97 in principle, this quan-
in

tity must be found by trinl-and-error. Then -
U.{}I}E{I.lI__H_l].?f!ﬁ}r'_i'l.SE_f_-H!l,_{tﬂﬂ}
.03 (0.0460) (9,55 (6.97)
= 189 Biu/(hr)ifi)(F) A
9. Caleulate Sy ohserving that each hafMe has (378 4
4h) = 424 tubes.

T =

A
Then Syp = f—;: (—}) (0,2623° — 0,.2493%) =

0.0 54 T2, i
Caleulate Suy assuming thut the hafle i concenlric Lo
the shell. The angle suhtended by the baflle cut is

. f.a600
1L = O,
2 Sin AT 2
Then
fil1-8 B.S02% — K420
San = (}'i'r.n_q ) s (” ''''' ja4 ) bl

Si,= Syn T Spn= [’II.UEUH
S+ 2Ban _ | 26

S

5,  0.0208

e = (1453
s, 00460 :

C-40a
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b .: lin cuch end crossflow section iy

hy )
) =030
harn /o .
und from Eguution 13 (1 = ')

- h\'l’. Forv hiitar
= 0.30(1.26) = 0.378

* From Fig. 8a, (l -

-

11, Then ..o 0.622 amd lnally
hxp,

Gitu

h, = 0.622(3KY) = 242 Fre

- ' ' thre ity (F)

13,

From Equution 2

B, T LIy S

11380

L=

(3. From Fig 2 by interpolation,

o s | T 2PN £p ( -;-'-j e
4 'Elp.lbm'r Jis

or
o [_LI_T_I’_:I-}tﬂ-]HUJ{Z}.hﬂll}“{13]{(!.9?}
n T3 (32.2) (3600)2 (U.0460)% (49.0)
or
g — 29| 11T
Bt = =2t e
5 1 '
p for Gulf 896 at 149.5F =44.0 ﬂ_’) <+
L | L]
14, “Che window flow area S, may be culculuted as
L nim g (BN (S8) (02 G
St o (J'ﬁu ( 2 ) (1)1 144)
L - ]
. = 4240 | o -
A ( Z V] s DRy e
9(4)(”4) IHHJ%:
23,600 ] .
Vo= 3,84 A 05T per see

00289 (49.0) (360m
23,600

= e —mm—————d T L' + 'n"-_l
V= 460 (49.0) (3600) 1 PETREE
s V.= 1/4.65 (1.91) = J.68 fuper sec

15. Skip, since Re >100.

<I6. From u tube lnyout, it is found that there are five
. pribee prawn Dlwesn e balle cul el e alacll, hw
outer two, however, huve less than bulf the tubes of the
centerline rows (4 and 11 respectively) so M, =3,
From Eguation 4

i, 3 ' (44) (3.68)*
e = |2 6 Strtdl . Pyl S
e F'Ir,t I + ﬂ Ea}] 1'32‘2] Il
Ihf
= 353 - .
32 e

. 17. Beesuse the two end sections will have substantially
higher pressure drops than the internal sections and
there are only five baffles, it is desiruble 1o modity

N ~ the lust three steps. Treut the two end crossflow see-

, tions as non-leaknge sections. Then the pressure drop
(| +

!ur, L167 (29.1) =340 Ihi/M2 The l;nn-luukuuu
pressure drop for the remainder of the eachanger i

/ Ha(29.0) +5(39.2) = 3124 oi/frs
{8 - From' FF':;:. 8b utl 5,5, = N.453,

|
! o : Apy, s
L e
C-40b ¥ i

M,
N_) APp .

il Lo

i e

and

i et = B = 0L.643
' . ( 1 ﬁPNL) Fxzchnnuer B { II"r'ﬁ} ﬁ_‘.
19. Then the pressure drop for the entire éxchanger. AP,
g 2(34.0) + 0.357(212.4) = 176 hi/I* or APL =
1.22 1bf/in® ,
Experimental results gave hy, = 264 Bru/Che) (F1¥) ()
compared to the caleuluted 242, an error of 8,39, and

apg = 1.30 -&l:i compared ta the ealeulated 1.22, an
error of 6,25,
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tomuencloiure
The units shown ure consistents any vlher cansistent sel
will do us well.

A = Total shell-side area for heat transfer, 15
Ay = Shell-side heat trunsfer area aof tubes o one
crossflow sectioh, 12
A, v Sholl-side heat transfer areu af tubes in o
winduw seetion, (1%
ly = Coelicient in Equation i, (Bta) (sec” Wy Che)
(eay LF).
" e Specitie heat of shellside thid. - 2
¢ o= spuegilic heat of sneil-swue Hund, - Ibm F
D, = Tube diumeter, f1.
0, = Volumetric cquivalent diameter of the winduow,
.
. 48,.Ly
L] h“

Fyp- = Fraction of tota] minimum crosstlow arca thal
is in the bypass channel hetween bundle wnd
shell, dimensionless.

f = Crossflow friction factor for jdea tube Ik

Jdefined by
r=2duten/ s

014
; Jdimensionless,
'1'G'I|1H': FL:)
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A slightly different definition involving bypass
correction is used and indigated in the correlu-
tion. B
= Mass velocity based on 5,/ Ib per sec fi,

g. = Gravitalional conversion constant,
ad g ol

Hf hr®

h = Heat transfer cocfficient, Btu per hr ft2 F; hy,,
cocflicient for crossflow section or ideal tube
bank, no bypass or leakage; hyp, cosflicient for
crussflow scetion or overall cocflicient for the
exchanger, after bypass correction, no leakage.
by, overall coefficient for the exchanger with
bypass and leakape; h,, mean coeflicient for
tube bank of finite number of rows; hyy, over-
all cocfficient for the exchanger with no bypass
or leakage; h,, coefficient for a window sec-
tion, no Lypass or leakage; h,, coefficient for
an ideal tube bunk with an infinite number of
tube rows, turbulent flow,

1 = Vulue of hy at ¥V, = 1 ft per sec,

Btu
thriiit*) (F)
i = Colburn heat truns.er factor defined by

. -( h-“ )( c!‘ )EIS(“‘)H.Ii
b= cq,, k it
for ideal tube hank
dimensionless.

Sligltly different definitions involving exchan<
rer peonielry corrcctions are used and indicated
in the correlutions. &

k = Thermal conductivity of shell-side fuid,

Ny~ -
Cheyiie=y by’

Ly = Ballle spacing, fL. -

m = Empirical eiponent, dimensionless.

n = Empirical exponent, dimensionless
My = Number of balles, i
M, = Number of major consirictions encountered

during flow through one crossllow section. M,
is the number of tube rows between hallle tips
in inline square or eqguilateral triangle arrays
i e less thun the number of tube rows bey
tween Lillle tips in staggered square arrays.

M’ = Total effective number of major constrictions
cneountered during flow through the entire shell
sicle of 0 baflled exchanger.

N, = Number of sealing strips encountered during
flow across one crossflow section. y ;

N, = Elfective number of restrictions for crossflow
in window. N is approximately the number of
tube rows between the balfle tip and the shetl.

P = Tube pitch, the minimum distance between cen-

ters of adjacent tubes, ft.

Ap = Pressure drop, IbE/It5, Apy, pressure drop for

crossflow section or ideal tube bank, no bypnss

or leakage; Apyp, pressure drop for crossilow
section or entire cxchunger, after bypass cor-
rection, no leakage; Apy, overall pressure drop
for the exchanzer with bypass aml leakane;

Apyp, overall pressure drop for the exchanger

with no bypass or leaknge; Ap,, pressure drop

for a window section, no bypass or leakage,

Rutio of shell-side heat transfer area in the

P rc=
¥ » windows to total heat transfer area r = AL/ A,
dimensionless.
DtGIII
¥ Re = Reynolds number for crossflow, Re = - ———~
i "

Jimensionless.

PETRO/CHEM EMGIMNEER, October, 1740

- 5 = Minimum spacing belween adjacent fubes, s :.
P-D, it “

= Minimum nrea for crossflow near centerline of

exchinger, 12 :

Aren for Mow through bafMe eutdown, 2.

Crossilow velogity bosed on S, It per sec,

Window velocity based on 5, ft per see.

Geometric mean velocity, V, = /V. V.. it

Per sec. :

« = Empirical constant in Tguation 2,

Coefllicient in Eguation 7, (IMu) (see) /{hr)

4]
g2

o < o
H E R
mn

o
0

1l

(ft=2} (F), ;
£ = Correction for bypuss llow effects, dimension-
3 By
less; £, = — ' | correction for heat transfer
N
mow .!'.n e -
coeflicient; £&,,,= ----Y., correction for
Afsie
crossflow pressure drop in turbulent regime:
FLyLINT ; '
Lap1 = '~ correction for crossflow pris-
Alwnp

sure drop in laminar regime,

p = Absolute viscusity, Ibm per ft sec,

jte = Absolute viscosity ot heat transfer surfuce, Thm
per b sec.,

p = Density of shell-side Nuid, bm per fi3,

v = Correction factor on idenl erossilow heat trans-
fer cocflicient for window elfects, dimension-
less, i ; !

¥ = Correction factor on ideal erosMNow heat trans-
fer coeflicient tor number of tube rows, dimen-
sionless. 3, — correction fuctor for turbulent
regime from Table- 7; X correction  factor
Fomr weery loow Roypaolily peshaers T Veprnting
T P
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