Heat Transter and Pressure
Drop in Heat Exchangers

DANIEL A. DONOHUE
The Lummus Company, New York 11, N, Y.

A correlation of the coefficient of heat transfer in un-
baffled shells has been developed from the published ex-
perimental data which differs considerably from that pres-
ently used. For any particular baffled shell the coef-
ficient of heat transfer is expressed by the relation

hD DG‘ 0.8 c# 0,83 # 0,14
w = (T) (x) (I)

in which G, is the geometric mean of the mass velocities
across the tube bundle and through the bafile opening.
While G, takes account of variations in baffle spacing and
size of baffle opening, C accounts for all other shell-side

LTHOUGH shell-and-tube heat exchangers in their present
form have been used in this country for approximately 30
years, published information about heat transfer coeflicient and
pressure drop on the shell side is conflicting and until recently has
been scarce. The purpose of this paper is to study the available
experimental data of the different investigators and to present
the underlying pattern which is revealed. Factors influencing
heat transfer coefficient and pressure drop, in unbaffled and baf-
fled shells, are identified and evaluated. In many of the ex-
perimental tests referred to in this paper, the technique employed
was to vary only one condition while all others remained constant,
thus permitting the effect of that variable to be observed.

SHELL-AND-TUBE HEAT EXCHANGER

A view of a commonly used heat exchanger is shown in Figure
1. This exchanger has a single-pass shell and two-pass tubes and
is of the floating-head, removable-tube-bundle-type of construc-
tion. The fluid flowing outside the tubes enters the unit through
the shell inlet nozzle and after being directed back and forth
across the tubes by means of segmental baffles leaves through the
shell outlet nozzle. The other fluid enters the unit through the
channel inlet nozzle and flows through the first tube pass into the

STATIONARY TUBE SHEET

structural characteristics—namely, arrangement of tubes
within the shell and leakage areas. C hasnumerical values
which, from the experimental data available, appear to be
fairly constant for a given type of exchanger. Pressure
drop tests show that only partial flow penetration of the
tube bundle occurs.  The effect of this partial flow pene-
tration on coefficient of heat transfer and on friction factor
is considered. Interdependency of the coefficient of heat
transfer and friction factor is noted. Higher coefficients
of heat transfer were obtained with disk-and-doughnut
baffles than with segmental baffles for equal values of
fluid flow rate and pressure drop in all units tested.

floating-head cover, where after reversing its direction, it flows
through the second tube pass into the channel which it leaves
through the channel outlet nozzle. To withdraw the tube bundle

" for cleaning, it is pulled through the channel end of the shell after

both the floating-head cover and the backing ring have been un-
bolted and removed from the floating tube sheet. The principal
path of flow around the baffling is shown in Figure 2 by the line
labeled as main stream. Figure 2 also indicates that part of the
flow leaks through clearance areas B-S, located between the pe-
riphery of the baffle and the inside circumference of the shell; and
T-B, between tube and tube hole in the baffle. A view of the
fluid flowing across the tube bundle in Figure 3 shows that not all
of the flow penetrates (P,) the tube bundle; some by-passes
(B), flowing into the dead area between the tube bundle and the
inside circumference of the shell. If there were no leakage or
by-passing areas, an idealized flow path in a segmentally baffled
shell could be represented as shown in Figures 44 and B by the
broken lines. Segmental baffles are formed by cutting out thin,
circular, metal plates to an outside diameter slightly less
than the inside diameter of the shell. A segment is cut out of the
baffle along a horizontal chord as shown in Figure 5 to form a seg-
mental opening the size of which may vary from approximately
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15 to 459% of the shell area.
Holes in the baffle through
which the tubes pass are
drilled slightly larger than
the tube diameter. Clear-
ance areas B-8 and 7-B
are usually kept to a mini-
mum consistent with manu-
facturing practice.

In unbaffled shells fluid
enters the unit through the
shell inlet nozzle and leaves
through the outlet nozzle
after flowing parallel to the
tube length located between
nozzles.

Another form of baffling
is the disk-and-doughnut
type. The disk baffle has
an annular flow area be-
: tween the periphery of the
baffle and the inside circumference of the shell; and the doughnut
baffle has a circular opening for flow at the center of the baffle.
The disk and the doughnut baffles are placed alternately on equal
spacing, and fluid flows from the center of a doughnut baffle in a
radial direction to the periphery of the next disk baffle, thence
back radially to the center of the next doughnut baffle.

It would be desir-
able to fill the enclos-
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Figure 3. Flow across Tube.
Bundle of Heat Exchanger
with Segmental Baffles

P, flow paths penetrating tube
bundle; B, flow paths by-passing
tube bundle; A4, buﬁ;.e cutt
A'A4', baffle cut of successive baffle

ing, heat-exchanger e LN

shell with tubes uni- ! D
formly spaced; how- ) s,

ever, in industrial heat N |
exchangers structural 26y ----- -

requirements prevent 4 =

it. There are two

linds ‘of dvens which Figure 4. Effect of Size of Bafile

must be left unoccu- Opening
pied by tubes; (a) the
annular area between the inside circumference of the shell and the
outer most tubes, in Figure 1 the size of this area is governed by
the width of the gasket at the bolted joint of the floating-head
cover, and (b) lanes in the tube layout which are necessary to
leave room for partition plates in the channel or floating head,
It is seen, therefore, that there are several open paths in the ex-
changer among which the fluid will simultaneously distribute it-
self in accordance with the principle that the pressure drops
through all paths will be equal. Fluid flow is sensitive to seem-
ingly small variations in shell-side structure which affect these
paths.
COEFFICIENT OF HEAT TRANSFER

The relation involving heat transfer coefficient for turbulent

Aowis WD DG 0.3 0,18
"o feu\® u ™

Feas) (B () ®
in which n equals 0.8 when the flow takes place inside a tube and
0.6 when outside the tube., For flow inside circular cross sections
the value of G, mass velocity, is simply equal to the flow rate, 1w,
divided by the cross-sectional area. However, for flow outside
tubes, the structural nature of the passage presents several dif-
ferent areas for simultaneous flow among which the fluid dis-
tributes itself, The evaluation of this complex flow pattern pre-
sents difficulties. Practical and simple methods of evaluating G
will be developed presently.

The first step in obtaining the shell-side coefficient of heat
transfer from the experimental test data was to calculate the
over-all coefficient of heat transfer for the unit which equals the
rate of heat transfer, B.t.u. per hour, divided by the product of
the external tube surface, square feet, and the logarithmic mean
temperature difference, ° F.  Since, from the familiar coneept of
component coeflicients, this over-all coefficient of heat transfer is
composed of the five individual coefficients of shell fluid, fouling
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outside tubes, tube metal, fouling inside tube, and tube fluid it be-
comes necessary to evaluate the sum of the above items, the
second through the fifth, and subtract the reciproeal of this value
from the reciprocal of the over-all coefficient of heat transfer
which vields the reciproeal of the shell-side coefficient of heat
transfer,

For the majority of the experimental data (6, 7, 13, 14) the re-
ciprocal of the combined coefficient of heat transfer of items two
through five was evaluated by the well-known method of Wilson
(18). In this method the reciprocal of the 0.6 power of the rate of
shell fluid flow is plotted as abscissa, and the reciprocal of over-ali
coeflicient of heat transfer, as ordinate. For a series of tests on a
unit in which rate of flow of shell fluid is the only variable, a
straight line results which, when extrapolated to zero rate of flow,
intercepts the ordinate at a value which is taken as equal to the
reciprocal of the sum of the coefficients of heat transfer for items
two through five. For the remainder of the experimental data
(8, 17), which involved viscous oils, items two, three, and four
were considered to be negligible and item five, coefficient of heat
transfer inside the tube, was calculated from the relation of
Sieder and Tate (16).

UNBAFFLED SHELLS

In an unbaffled shell fluid flows parallel to the tube length., In
the absence of any experimental evidence it has been felt that the
unbaffled shell could be likened to a tube. For turbulent flow
inside tubes the equation of Sieder and Tate (16) is

P =00 (BE) () ()" @

where D; = inside tube diameter, {ft. G, = mass velocity inside
tube = total flow (Ib./hr.)/eross-sectional area of tube, sq. ft.
Substitution of D, for D; and G for G in Equation 2 does not
vield a relation valid for the experimental data on unbaffled
shells where D, = equivalent diameter of cross-sectional area, ft.
and G, = mass velocity parallel to tubes = total flow (lb./hr.})/
(cross-sectional area of shell — cross-sectional area of tubes).

Tests on unbaffled shells have been reported by Short (14} who
tested six units in which water was cooled, and by Heinrich and
Stiickle (8) who tested one unit in which oil was cooled. The re-
sults of these investigators are plotted in Figure 6 which reveals a
series of parallel lines, one for each unit. The lines of Figure 6
represent an equation of the general form

hD DG \%E [ ou\ 038
_k'_o(.u) (r’?) @
where ¢ = numerical constant varying with each unit
D = outside tube diameter

-3.0925"—
THIRTY 5/8" OUTSIDE CIA. TUBES
SPAGED ON 7/a" EQUILATERAL
TRIANGULAR PITCH
¢
Figure 5. Various Sizes of Bafifle Cutout,

Unit 9.8



November 1949

INDUSTRIAL AND ENGINEERING CHEMISTRY

2501

Tasre I.
Correlated by equs,r-mn °x
* Experimenter Short ‘SBhort
Unit 1-8 2-8
Shell, inside diameter, in. 6.06 6.06
Tube, outside diameter, in. 3/8 a/8
Tube piteh (equilateral triangle), in. 1/2 11/16
Number tubes 98 52
Flow area, s . 0.1212 0.156
Equivalent %iameter of ecross-sectional
area, in. 0.52 1.12
Bhell-side fluid Water Water
Viscosity at 150° F., centipoises 0.43 0.432
Heated or cooled o] C

Range of Reynolds number in Equation 3
Value of € in Equation 3

% 8ix pass shell divided into equal sectors.

1,310-9,160 951-6,640
0.102 0.12

U NBAFFLED SHELLS

.8 [
= 0.128 (D)o (DGu) (cu)
Short Short Short Short Heinrich and
Stiickle
3-8 5-8 7-8 9-8 Heinrich and
Stiekle
6.08 6.06 .06 6.06 10,822
1/2 1/2 1/2 5/8 0,449
19/32 25/32 13/32 B
66 40 20 30 94
0.1062 0.142 0.149 0.1326 0.0528
0.5 1.0 1,04 0.98 0.355
Water Water Water Water 0il
0.432 0.432 0.432 0.432 10.6
(o] c c o C
- 1,680-12,500 868-10,200 940-8,750 1,420-13,270 232-1,072
0.095 0.144 0.16 N, 138 0.073

The effect of viscosity gradient on the coefficient of heat transfer
could not be evaluated because all tests were cooling operations in
which the ratio of u to uw varied only slightly. Two important
facts may be noted from Equation 3: First, the exponent of the
Reynolds number is 0.6 and not 0.8 as in Equation 2, and sec-
ond, the value of C for the topmost line of Figure 7 is 2.25 times
that for the lowest line.

In seeking an explanation of the variation of values of C in
Equation 3 it was found that for this case of simple flow the only
pertinent variable was the arrangement of the tubes within the
shell, When values of C for each unit were plotted against the
equivalent diameter they were found to vary with the 0.6 power
of the equivalent diameter conforming to the relation

C = 0.128(D;)%¢ (44)

C, as defined in Equation 4A, was substituted in Equation 3 to
yield the relation

2 oy (29)” (3)”

All test points were correlated in Figure 7 with an average devia-
tion of =129 from Equation 5 which is represented by the solid
line. Table I lists the range of variables encountered in the tests
to which this correlation applies. It appears that the variation
of heat transfer coefficient with equivalent diameter is a result of
the effect of tube arrangement in controlling the pattern of flow.
The two areas open to fluid flow are the annular area surrounding
the tube bundle which is bounded by the inside shell circumference
and by the outermost tubes, and the free area inside the tube
bundle itself, These two flow areas present two parallel areas to
flow and since the pressure drop through each area must be the
same, the fraction of fluid flowing through each area must adjust

(8)
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Figure 6.

itself to produce this condition. Increasing the tube pitch while
maintaining essentially the same annular area reduces the frie-
tional resistance of the tube bundle, thereby permitting a higher
fraction of the flow to penetrate the tube bundle and producing
higher heat transfer coefficient.

SEGMENTAL BAFFLES

There are four structural factors which influence @ and conse-
quently & in segmentally baffled shells. These are: baffle spac-
ing, size of baffle opening, leakage areas, and tube arrangement,
The effect of each of these factors was explored by varying only
the factor under consideration while all other conditions were
maintained constant.

BarrLe SpaciNg. The experimental values obtained by Short
(14) with his unit 9-S using 19, 15, 11, 7, and 3 baffles are plotted
in Figure 8 which reveals a series of parallel lines expressed by an

D@,

equation of the form
@ _ 0.8 %)0.38
F =0T

Values of G., crossflow mass velocity, were taken along the shell
diameter perpendicular to flow. The parallel lines of Figure 8
show that the value of C increases with increase in baffle spacing
at constant crossflow mass velocity—for example, the line for the
3-baffle unit has a value.of C 1.8 times that of the line for the 19-
baffle unit. The experimental test figures of Bowman (1) for an
8-inch diameter, industrial exchanger are plotted in Figure 9 using
crossflow mass velocity along the shell diameter perpendicular to
flow. Figure 9 shows a series of parallel lines of the form ex-
pressed by Equation 6. In like manner these lines have C values
which increase with baffle spacing; the line for 4-inch baffle spac-

(6)
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SR (e TR 8 73 2 F R N 11731 F i st o 21 Equation 9. The value of C in Equation 9 for the solid line of
100:. 2 Figure 11 is 0.2,

z = The magnitude of the effect which baffle spacing can exert on
£ 3 the value of C in Equation 9 may be found by substituting values

- ‘1 of the ratio of the crossflow area to the baffle-opening area for the '
oo & ) units listed in Tables II, ITT, and IV in this equation. The ratio
| - ) | of crossflow area to bafle-opening area which ranges from 0.337 to

10— = 9 will cause C to range from relative values of 1 to 2,68,

- 2 3 81z oF BarrLe Openmva. In order to observe the effect of
| - TR variation of size of baftle opening, Short (13) tested unit 9-8 which
e O 15 BAFFLES | had the inside of its shell bored to a uniform diameter. A cross-
L » o i :ii;':ii _' sectional view of this unit is shown in Figure 5 with different
i —_ + 3 BAFFLES sizes of baffle cutout located 2.5 inches, 2 inches, 1.21 inches, and
): R T e B T R R e 0 inch above the horizontal shell diameter, Other units in which
= e EIOR) =00 the only variable was size of baffle cutout were units 9-T and
Figure 8. Various Segmental Baffle 10-T of Tinker (1?) which are deseribed in Table IV. The data of

Spacings, Unit 9-5

ing has a € value 1.72 times that of the line for */y-inch baffle
spacing at the same value of crossflow mass velocity.

Figures 8 and 9, each of which applies to a given unit wherein
the only variable is baffle spacing, demonstrate that the use of
G, in Equation 6 does not satis-
factorily correlate the data, in-

stead coefficients of heat trans- ISLAL LA ) B o

fer increase with increase in | 2
bafile spacing. The reason for o (& / <O
this will become apparent from Fa &
the following analysis: IE /i/‘g@ﬂ

Figures 104 and B represent o6
an analysis of the path for fluid 2|_8,a | Tt oy

flow in a segmentally baffled
unit. The baffle spacing in
Figure 108 is three times that in
Figure 104 but all other dimen-
sions, size of baflle opening,
number and diameter of tubes,
and tube spacing are the same,
When three times as much fluid B.P.:
flows through Figure 10B as

through Figure 104 the cross-

flow velocity, G, will be the same in each unit. However, since
the baffle openings in each exchanger are equal the wvelocity
through the baffle opening of Figure 10B, designated as 3G, is
three times the vel%en‘:ity through the baffle opening of Figure
104, Gy. With equal crossflow mass veloeities in each exchanger
and a veloeity through the baffle opening three times as great in
Figure 10B as in Figure 104 it would seem that the exchanger of
Figure 10B should have a higher heat transfer coefficient than
the exchanger shown in Figure 104 when the correlation is based
on (7, This has been the evidence of Figures 8 and 9. :

Figure 9. Various Seg-
mental Baflle Spacings,
Unit 8-
¥ = 20/32-inch B.P.y O =
1.36-inch B.P.; O = 113/16~
inch B.P.; A = 241/64-inch

=+ = 4-inch B.P.

It was found that experimental test figures for any heat ex-
changer in which the only variable was baffle spacing could be
correlated by use of a weighted velocity which took into account
velocities at two separate locations—across the tube bank and
through the baffle hole. The area on which the weighted velocity
is based is the geometric mean of the crossflow and the baffle-hole
areas.

S, = weighted flow area = /crossflow area X bafile-hole ﬂre%
7

The weighted mass velocity is
Ga = 'wj’S, = (GﬂGﬂ}u.‘ (8)
Variations in baffle spacing may be correlated by use of the fol-
lowing relation
hD D_G_.' 0.6 ﬂi’") 0,88
& = ( r ) (k )

The data for unit 9-8 which were shown in Figure 8 plotted
against Equation 6 are now shown in Figure 11 plotted against

Short for unit 9-8 are plotted by use of Equation 6 in Figures 12
and 13 and those of Tinker for units 9-T and 10-T by the same
method in Figure 14. These figures show that the smaller the
baffle opening the higher will be the value of €' in Equation 6 for
similar values of Reynolds number based on velocity across the
tube bundle. This will be readily understood by reference to
Figures 44 and B which show two units similar in every respect
execept that Figure 4B has a baffle opening twice that of Figure
4A. As shown, the rate of flow, pounds per hour, is the same in
each unit. TUnder this condition the crossflow mass velocity, G,
in each unit is equal, but the mass velocity through the baffle
opening in Figure 44 designated as 2G,, is twice that in Figure
4B, G,. Therefore, with equal crossflow velocities and a velocity
through the baffle opening in Figure 44 twice that in Figure 4B,
it would be expected that a higher heat transfer coefficient (or C
value) would be obtained with Figure 44 than with Figure 4B.
Table V has been compiled to determine whether or not Equa-
tion 9, employing the geometrie mean mass velocity Gy, can be
used to correlate satisfactorily the data for a unit in which the
only variable is the size of baffle opening. For the purpose of
effecting a comparison, values of heat transfer coefficient were
calculated for the units listed in Table V and these values were
compared with those obtained experimentally which were plotted
in Figures 12 to 14. Reference to the last line of Table V shows that
this method is adequate

except for unit 9-5 (1a).

. r-";—::::: This unit had its baffle
| ! cutout located 2.5 inches
| s.[ « | above the horizontal
b | ' : diameter, and examina-
G R ‘ tion of Figure 5 reveals
T B that observed wvalues of

A B L
: heat transfer coefficient
Figure 10. Effect of Baffle were low because the bafile

Spaci
PASIIE cutout was not long

enough to direct the flow
across the entire width of the tube bundle, thereby rendering some
of the tubes ineffective for heat transfer. Therefore, it appears
that the smallest size baffle cutout should be approximately 159%
while the largest size, as dictated by structural considerations, is
459, of the shell

cross-sectional

| T T T I.Il T

[

T
area. 60— Qﬁm =1
The effect which E kD ﬂﬁﬁ." -
variations in size F 73—‘./ e -
. b [—-——I 3 > -
of baffle opening Lk g A
can exert on wﬁl svisoL "o e
values of C in L L2 g1 8
Equation 9 is not | / DGe » Lo
nearly so great as | i e * ! 13 <
that possible with 1355 0000 500

variation of baffle
spacing, for the

Figure1ll. Various Segmental Baflle
Spacings, Unit 9-8
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TasiE II, SeeMENTAL BarrFLes, SHORT's (14) UNBORED SHELLS
[N
Correlated by equation »'a—g = 0,19 (D, )ne (E;(i') : (%‘)M’

Unit 1-8 2.8 3-8 4-8 5-8
Bhell, inside diameter,
in. .06 6.06 6.08 6.06 6.08
Tube, outside diameter,
in, 3/8 a/8 1/2 1/2 1/2
Tube piteh (equilateral
triangle), in. 1/2 11/18 19/32 11/16 25/32
Number tubes 98 52 66 48 40
Diameter of baffle hole-
tube diameter, in. 1/64 1/64 1/64 1/64 1/64
Inside shell diameter- ) .
baffle diameter, in. Unbored Unbored TUnbored Unhbored Unbored
shell shell shell - shell shell
Crossflow area, sq. ft. 13- 0.0495- 0.0253- 0.0333- 0.0415-
0.287 0.456 0.233 0,285 0,382
Baffle cutout area, sq.
. 0.0417 0,052 0.0386 0.0461 0.0468
Equivalent diameter of
cross-sectional area,
in. 0.52 1.12 0.5 0.8 1.0
Bhell-side fluid Water Water Water Water Water
Viseosity at 150° F., )
centipoises 0.432 0.432 0.432 0.432 0,432
Heated or cooled o] (o] C C
Range of Reynolds num-
ber in Equation 8 496~ 328- 490- 465- 434-
30,800 22,800 40,200 41,300 31,300
Value of €in Equation 9 33 0.191 0.133 0.184 0.191
Effective 9% h = 100
C/0.33 40.3 57.9 40.3 55.8 58
Effective % Ape = 100 f
(observed)/f (calou-
lated for full Aow pen-
etration) 11.3 81 20 22.5 49

6-8 7-8 8-8 H-8 10-8
6.06 6.06 6.06 6.06 6.08
1/2 1/2 5/8 5/8 5/8
1 13/32 3/4 7/8 11/16
30 20 40 30 20
1/64 1/64 1/64 1/64 1/64
Unbored Unbored Unbored Unbored Unbored
shell shell shell she shell
0.0495~ 0.0574- 0.0273- 0.0374~ 0.0474-
0.4358 0.5 0,252 0.345 0.437
0,0507 0.0562 0.0387 0.0437 0.0528
1.35 1.94 0.66 0.98 1.52
Water Water Water Water Oil B Water Oil A OQil B
0,432 0.432 0.432 0.432 18.6 0.482 7.7 18.6
c C C
413~ - 737~ 57.8- 50,3-
30,700 26,600 50,700 41,700 39,300
15 242 .163 0.2 0.237
65.2 73.3 49.4 60.6 71.9
81 100 26 85 100

simple reason that size of baffle opening can range only from
15 to 459, of the cross-sectional area of the shell which corre-
sponds to a relative range of C' from 1 to 1.39.

LuarAGE ArEas. Experiments with shells bored to a uniform
diameter wherein the clearance between baffles and shell was the
only variable were reported by Short (13) and also by Tinker (17);
the variables of these tests are listed in Table IV. In order to
show the effect of variation of leakage area on heat transfer coeffi-
cient, the experimental data of Short (138) for those of his units
which had the minimum size baffle opening with various baffle

spacings and various clearances were plotted by use of Equation 9
in Figure 15, and the magnitude of decrease in heat-transfer
coefficient with increase in leakage area is shown, In Figure 16
Short’s (18) data for all other baffle openings with various baffle
spacings and various clearances are plotted and it is seen that de-
spite numerous structural variations in baffle spacing, clear-
ances, and size of baffle opening in these units the maximum de-
viations from the correlating line are approximately =15%, -
Two units tested by Tinker (17), 2-T and 3-T, in which the
only difference was the clearance area show a decrease of 199

ool— |
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g =] 10— ]
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Figure 12, Various Sizes of Figure 13. Various Sizes of Segmental Figure 14. Various Sizes of
Segmental Baffle Cutout Baffles Cutout Segmental Baffle Cutout
Short’s tests; 11 baffles each unit Short’s tests; 19 baflles each unit Tinker’s tests
Tapre III. SeGMENTAL BAFFLEs, Bowmax’s (I) UNBORED SHELLS
. \ [ .
Correlated by equation "2 = 0,22 (DG‘)" ¢ (“i‘) = (-’i)' =
& I3 k (]
Unit 6-B : &-B 10-B 12-B 16-B 24-B
Bhell, inside diameter, in. 10 12 15174 231/
Tube, outside diameter, in. 5/8 5/8 5/8 5/8 5/8 1
Tube pitch (equilateral triangle), in, 23/22 13/18 13/16 13/16 13/16 1-3/16
Number tubes 28 44 78 122 199 25((
Inner shell diameter~bafle diameter, in. Unbored shell Unbored shell Unbored shell Unbored shell Unbored shell Unbored shell
Crossflow area, sq. ft. 0.014 0.0208-0,002 0.0535 0.146 0.404 0.1827-0,252
file cutout area, 8q.ft. 2 0,0169 0.01308 0.0811 0.0697 0.1438 0.216
Equivalent diameter of cross-sectional ares, in, 0.95 1.13 1.23 1.09 1.11 1.07
Shell-side fuid 0il 0il 0il 0il 0il Qils
Viscosity at 150° F., centipoises 18.2 12.4 31.4 18.2 32.6 12.4, 61.2
Heated or cooled C C o] : ¢] C
Range of Reynolds number in Equation 6 103-396 57-1,140 161-272 38-102 38-77 78-1,583
Value of € in Equation 11A 0.31 0.21 .23 0.26 0.20 0.20
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TaprLe IV. ScgeMeENTAL
Correlated by equation k—kD =

Experimenter Short Short Short Short Short Short Short Short Short Short

Unit 9-8(1a) 9-B(1h) 9-8(1e} 9-8(1d) 9-8(2a) 9-8(2¢) 9-8(3a) 0-8(4a) 9-3(4e) 9-8(4d)

Shell, inside diameter, in, 6.185 6.185 6.185 6,185 6.185 6,185 6.185 6,185 6.185 6.185

Tube, outside diameter, in. 5/8 5/8 5/8 5/8 5/8 5/8 5/8 5/8 5/8 5/8

Tube piteh (equilateral tri-

_angle}, in, 7/8 7/8 7/8 7/8 7/8 7/8 7/8 7/8 7/8 7/8
Number tubes 30 30 30 30 30 30 30 30 30 30
o o 0.005 0.005 0.005 0

tube diameter, in. 005 i ! - 0.005 0.005 0.005 0.0 . 5
[nside shell diameter-bafe e Nl 0.008
digmeter, in. 0.06 0.06 0.06 0.08 0.125 0.125 0.185 0.255 0.255 0.255
Crossflow area, sq. {t. 0.0394- 0.0394- 0.0394- 0.0304- 0.0394- 0, 0394 0.0394~ 0.0394- 0.0394 0.0394
0.362 0.0718 0.362 0.0718 0.0718 0.0718 0.0718 0.0718
Bafile cutout area, aq. ft. 0.01013% 0.0207 0,0403 0.0726 0.01013% 0.0403 0.01013¢ 0,010132 0.0408 0.0726
Equivalent diameter of
__cross-sectional area, in. 0.08 0,98 0.08 0,98 0.08 0.08 0.98 0.98 0.88 .98
Zhell-side fluid Water Water Water Water Water Water Water Water Water Water
e S e 0.432 0.432 0.432 0.432 0.43
poises a z i F . .432 0,432 0.432 0.4 f
Heated or cooled C C : C C C C C o8 UC'H2
Range of Reynolds number 2,440- 3,100~ 2,250- ,180- 4,460 900~ 4,200~ 3,020~ 3,260- 3,330
in Equation 12 44 500 35,100 28,500 21,100 37,900 31,800 43,000 49,800 23,400 19,200
Value of C in Equation 12 0.18 0.215 0.235 0.235 0.17 .232 165 .147 0.21 0.21
Effective % h = 100 C/ )
0.33 65.2 71.8 71.8 70.3 3.6 63.6
Efiective % Ape = 100 f .
;obsarvccf)ff (calculated
or full low penetration)
% fow penetration from ei-
fective 7 A 49 56.9 36.9 55.5 47.1 47.1

% flow penetration from ef-
fective % Ape AT
Toh/ e Ape .

¢ Baffie cutout not long enough to direct fow across entire width of tube bundle,

in heat transfer coefficient as a consequence of the increase in
leakage area.

TuBe ARRANGEMENT. It has been noted in the analysis of
unbaffled shells, in which flow was parallel to the tubes, that the
flow pattern and consequently the heat transfer coeflicient were
influenced by the arrangement of the tubes within the shell.
Similar effects were observed with the units tested by Short (14)
listed in Table II. The experimental data for these units were
correlated by use of Equation 9 in which the value of C differed for
each unit, When C was plotted against D, for each unit the rela-
tion,

¢ = 0.19(D;)"* (4B)
was found to hold. Combination of Equations 9 and 4B pro-
duced the relation

o = 0,19(D, )% (D_G,)u.s (Eg)o.sa
ke p 2

Figure 17 shows the 462 experimental test figures of Short (14) for
10 different units each having from three to five different baffle
spacings, plotted against the solid line representing Equation 10.
Two broken, boundary lines are shown to indicate points within
=259, of this line; most of the points fall within these limits, the
average deviation of the test points from Equation 10 being =99,

While the units listed in Table IT exhibited considerable varia-
tion in values of C' in Equation 9, those industrial heat ex-

(10)
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Segmental Baffles, Variation in
Leakage Area
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Figure 15.

chungers tested by Bowman (1) which are listed in Table 111, and
by Tinker (17) which are listed in Table IV gave evidence of more
constant values for C. The experimental tests of Bowman (1)
which are plotted in Figure 18 were correlated by the equation

@ — _an 0.6 cu\ 088 £y 014
ko 0'22( o ) (k) (#w)

In Figure 19 the data for the exchangers tested by Tinker (17) are
correlated by the equation

E o 0.25 (—QG_‘)D.O (%.)D.'a ('ﬂ')u.li
k " k s

The comparative constancy in values of € for the industrial units
appears to result from the comparative constancy of tube arrange-
ment within all shells which tended to stabilize the amount of
flow penetrating the tube bundles. For these industrial units, use
of the equivalent diameter, employed in Equation 10 to cor-
relate Short's data, was unnecessary.

(11A)

(11B)

Viscosity Gradient. The most extensive data for heating and
cooling operations in the same exchanger using oils of widely
different viscosities are those of Gardner and Siller (6, 7). Their
experimental data for 990 Oil when correlated by use of Equation
9 showed heat transfer coefficients approximately 809, higher for
heating than for cooling. These and all other data were corre-
lated by use of the viscosity-gradient term (u/pw)%!* which when
incorporated into Equation 9 yields Equation 11.

T T T1 T T T TIT7Im,

EQUATION OF SOLID LINE Ty

08 I,
fepy
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—_— ==
" Uzzzl» O 7

y { DB
ol N A i
[Fesela) K000 120,000
Figure 16. Segmental Baffles, Variation in
Leakage Area
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BarrLEs, BORED SHELLS
DG. el cl 008 I S 14
e G 60
I k Bw
Gardner and Biller Tinker Tinker Tinker Tinker Tinker Tinker Tinker Tinker  Tinker Tinker
G-8 1-T 2-T 3-T 4-T 5-T 6-T 7-T 8-T 9-T,10-T  11-T
5.04 8.0 £.219 8.031 8.070 10.23 3,527 5.981 8.007  7.959 8.02
3/8 3/8 3/8 3/8 3/8 3/8 3/8 3/8 5/8 3/8 5/8
0.531 0.531 0.531 0.531 0.531 0.458 0.453 3/4 0.453 3/4
51‘6’2 92 170 170 170 262 40 124 68 243 68
0.01 0.02 0,02 0.02 0.02 0.02 0.01 0.01 0.015  0.011 0.013
. 0.094 .25 0.062 0.101 0.07 0.017 0.023 0.067  0.087 0.044
3 g?fssz- 0.0417 0.0189  0.0186  0.0188  0.0882  0.00635  0.0188  0.0213 0.0507 0.043
0%22;9 0.041 0,043 0.04 0.041 0.0833  0.00653  0.0236  0.0362 %”%?9 gnd 0.0446
0.688 0.57 0.81 0.57 0.57 0.63 0.37 0.37 0.74 0.3 0.74
Water Velocite S 969 Oil  9900il  Water 0il 0Oil 0Oil 0Oil 0Oil 0il 0il 0il 0il
. 25.2 25.2 25.2 25.2 25.2 25.2 25.2 25.2 25.2
s B Heg 7 e o) C C [¢] c ol [¢) C H&C
17.2- 2,360~ 84.3- 12.4- 4.33- 28,8~ 10.7~ 16~ 215- 208- 4,19~
14,000 10,400 537 523 303 182 199 554 556 990 2,08 0
0.25 0.28 0.187 0.23 0.25 0.3 0.3 0.25 0.28 0.25 .25
75.8 78.7 56.7 9.7 75.8 g1 91 75.8 84,9 75.8 75.8
41 e 20 35.6 54.7 79.5 53 58.8 100 42,2
63 67.1 38.8 55 63 81 86 63 76 63 63
44.7 50.7 78.9 89.1 72.7 76.5 100 65
0.085 1.23 1.05 1.10 0.97 0.866 0.993  0.63 0.97
R P R B I 8 Y B 20 S T Ry P Wk o BB and by tube arrangement which are expressed by the
= ' - = term C should remain relatively constant since the
| QUATION OF SOLID LNE A ratio of tube sI]l)acmg to tube diameter is maintained
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Figure 17.

Short’s experiments

209" (1) ()"

This was the same type of effect which had been noted for
fluids inside tubes (10, 16). The data of Gardner and
Siller (7) are plotted in Figure 20 whose solid line has
value for C of 0.25 for Equation 11. '

Summary and Discussion. For any given exchanger
variations in baffle spacing and /or size of baffle cutout can
be correlated by Equation 9. The effect produced by in-
creasing leakage area has been noted to cause a decrease
of approximately 209 in the coefficient of heat transfer.
However, it should be noted that the clearances in experi-
mental units 9-3(3a), 9-8(4a), 9-S(4e), 9-8(4d}, and 2-T
congiderably exceeded industrial manufacturing tolerances
and that leakage in these units was greater than would
ordinarily be ected,

In aline of industrial heat exchangers of a certain style of
construction—for example, the floating-head, removable
tube-bundle—type shown in Figure 1—there will be consid-
erable change in crossflow area and in baffle-cutout area
over the entire rangfe of sizes but these are taken care of by
use of Equation 9. The effects produced by leakage areas

(11

1
50000

Heat Transfer Coefficient, Segmental Baffles

constant, usually 1.25. Therefore, for industrial units
Equation 11A 1s proposed for unbored shells, an
Equation 11B for bored shells.

DISK-AND-DOUGHNUT BAFFLES

The structural factors influeneing G which have been
studied are baffle spacing, size of baffle opening, and
tube arrangement.

BarFLE SpaciNGg. The experimental test figures of
Short (14) for unit 7-8 are plotted in Figure 21 based
on Equation 6 which employs G.. (The crossflow area
was taken as the minimum net free area based upon
a circle equidistant from alternate baffle openings.)
In exactly the same manner as was observed for seg-
mental baffles, it was found that the heat transfer
coefficient could not be correlated by use of a crossflow

20

ERE | | Tl
|
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Figure 18. Segmental Baffles

Bowman’s tests
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CoMPARISON OF CALCULATED AND OBSERVED VALUES oOF A

(Variation in size of segmental bafie cutout)

TaBLE V.

Experimenter Short Short Short
Unit . 9-3 (la)@ g-8 (1b) 9-5 (1e)
Crossflow area, sq. ft. 0.0304 0.0394 0.0364
Bafie cutout area, sq. ft. 0.01013 0.0207 0.0403
Se, 8q. It 0.02 0,0286 0.0398
Relative G 2.88 1.87 1.34
Relative ()%t 1.81 1.46 1:2
Refer to Figure 12 12 12
Relative & from figure 1.35 1.27 1.2
Caled. h/obsvd., h = relative

({e)?%/relative & from figure 1.34 1.15 1

Short

Short Bhort Short Short Tinker Tinker
9-8 (1d) 9-8 (1la)e 9-58 (1b) 9-8 (1o) 9-8 {1d) e-T 10.T
0.0394 0.0718 0.0718 0.0718 0.0718 0.0507 0.0507
0.0726 0,01013 0.0207 0.0403 0.0726 0.047 0.085
0.0535 0.026% 0,386 0.0338 0.0724 0.0488 0. 0694
1 2.68 1,87 1.34 ® 1.43 1
1 1.81 1.48 1.2 1 1,23 1
12 13 13 13 13 14 14
1 1,38 1.25 1.15 1 1.18 1

1.31 1.17 1.04 1 1.04 1

@ Baffle cutout not long enough to direct flow across entire width of tube bundle.

120 T T TTFIM T T T T T T

EQUATION OF SOLID LINE
D DG, | 08 cy] -_;at‘ 1014
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Ll

.'..I;l_l.l-_l_ t

mass velocity or by a mass velocity at any other single section in
the exchanger. In Figure 21 the value of C for 3 baffles is 2.1
times that for 19 baffles. Equation 9, which employs an averaged
mass velocity based on the geometric mean of the velocities past
the crossflow area and through the baffle opening, was used to
correlate these same test points with the result shown in Figure 22,
Size or BarrLe OreNiNGg., Examination of experimental test
figures for segmental baffles revealed that baffle openings of widely
different sizes can be correlated by using the geometric mean
velocity of Equation 9. Short (74) in his experiments with disk-
and-doughnut baffles ran tests on unit 5-S in which the only vari-
able was the size of baffle opening; the other factors, such as tube
size, tube piteh, number of tubes, baffle spacing, and tube-fluid
velocity were constant. The results are shown in Figure 23 for
the 19-, 11-, and 3-baffled units, respectively., The fluid flow,
pounds per hour of water, is shown versus shell-side rate. Table
VI lists for comparison the relative values of calculated and ob-
served heat transfer coefficients in these units. The crossflow
area has been assumed constant for all size openings leaving the
weighted mass velocity, G, dependent solely upon the
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= o B 3
= o2
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port velocity. Since coefficient of heat transfer is
| proportional to (G,)"%, relative values will be the
same as those shown in Table VI in the column
headed relative (G,)*® These relative caleulated
values of heat transfer coefficient are seen to agree
closely with the relative values obtained experimen-
tally which are shown in the last column of Table VI.
Tuse ArranceMENT. The equation of the line of
Figure 22 correlating the experimental test points for
unit 7-8 is

2 -com (25)" (2)'"

C values for the other units were caleulated and are
listed in Table VIT. These values were plotted on log-
log paper and a straight line drawn through them
which is described by the equation

(94)

! ;I_J WEREN

¢ = 0.23(D})¢ (4C)

RO T T T T T TR

e -

? EQUATION OF L'NE . 0t _|

nD (DG ®* [E1Y & b

=03 —-E] = A .

E " { N - . 4

| H/ |

L. wD ; 2

e . |

Eojont & unIT 75 :
F = © 19 BAFFLES,OL G
F el A 13 BAFFLES,OL B

t‘ ,@‘ﬁ O 19 BAFFLES, L A 7|
Zoha < 19 BAFFLES,WATER

5 > B, + Ul BAFFLES,WATER 3
! H ® 3 BAFFLES,WATER
Qs—i—l-‘—-—" - e ! P BT RSt ST

1 |‘I° ! e [ O It“ T &5

Heat Transfer Coefficient, Disk=-
and-Doughnut Baffles

Figure 22.



November 1949

INDUSTRIAL AND ENGINEERING CHEMISTRY 2507
1800~ T T T T 717171 T T
Tasry VI. ComparisoN oF CALCULATED AND OBSERVED VALUES oF A
(Variation in size of disk-and-doughnut baffle opening)
Cross-
Number Hole Aow Hole
o ze, Area, Area, Se, Relative Relative
Baffles  In, Sq.In. Bq In. Sq. In. G, (G0 Relative h from Figure
19 2.6 11.19 4.28 8.9 1.47 1.28 1.33, Figure 23 (to:
3.5 11.19 7.46 9.15 1.11 1,06 1.13, Figure 23 tol:};)}
4 11.1% 8.28 10.18 i 1 1 1, Figure 23 (top)
11 2.5 20.4 4.26 9.34 1.47 1.28 1.4, Figure 23 (cente
3.5 20.4 7.46 12 .35 1.11 1.08 1.1, Figure23 (cm’.‘cteg
N i 4 20.4 9.28 13.72 1 1 1, Figure 23 (center)
| L1 L1l | | 3 2.5 103 4.26 21 1.47 1.26 1.38, Figure 23 Ebn‘ttom)
0o 3.5 103 7.46 27.7 1.11 1.06 1.13, Figure 23 (bottom)
1800 T T 1771 T T 4 103 9.28 30.9 1 L 1, Figure 23 (bottom)
00—
. T T L) L |
» : 180 EQUATION OF LINE et
i E hD 1106 { DGg1%*] sl
_5 E __‘.ozamu“{j'r' tcT” 2 104 i
}—ﬁ Figure 23. Effeet of i ]
é Size of Baflle Open- i
— ing on Rate, Disk- o 2 -
and-Doughnut E o E
WATER FLOW THROUGH SHELL, LB, Baffles FLv F |
; |
oo S —— — (Above) O = 19 bafiles, ¥ ]
T S i R I T T 4-inch hole, 5-5; X = N 4 25
19 baffles, 3.5-inch hole, o lgie
000 5-8; [J = 19 baffles, 2.5« x 7-5
o io-§

inch hole, 5-S
{Center) O = 11 baflles,
4~inch hole, 5-8; X =
11 baffles, 3.5-inch hole,
5-5; [0 = 11 baffles, 2.5-

inch hole, 5-8
(Below) Q = 38 baffles,
4-inch hole, 5-8; X =
3 baffles, 3.5-inch hole,
5-8; O = 3 bafilesa, 2.5~

inch hole, 3-8

[T

30,000

The relationship already devised for correlating variations of
baffle spacing and size of baffle opening in the same tube layout
was Equation 8. Combination of Equations 9 and 4C yielded the
general relationship for disk-and-doughnut baffles

}i]? = 0.23(D! )08 (_%;f)n.u (%)u.u

This equation was used to correlate all experimental test points of
Short (14) in Figure 24 with an average deviation of =11%,

(L0A)

PRESSURE DROP

The pressure drop on the shell side of a shell-and-tube ex-
changer is composed of losses resulting from: (a) enlargement and
contraction in flowing through the nozzles, (b) flow parallel to the
tubes, (¢) flow through the baffle opening, and (d) flow across the
tube bundle. Items ¢ and d, of course, do not occur in unbaffled
shells.

Unbaffled Shells. For the units studied the total pressure
loss values were small and did not lend themselves to analysis be-

ri rr||'|'

Eosanld

o
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G ) 1060 6,650

Figure 24, Heat Transfer Coefficient, Disk~
and-Doughnut Baffles

per bafle. Each unit tested
had tubes passing through
the baffle opening and the
ares for flow upon which G,
is based was taken as the
area of the baffle cutout less
the area of the tubes which
passed through it. These
areas are given on line 9 of
Table II.

In connection with the
points of Figure 25 and
other pressure-drop values,
it may be noted that the
values do not aligh them-
selves as closely to the
straight-line relationship as
do the values of heat trans-
fer coefficient; they are
more widely scattered, most
points falling within =50%,.
of the straight-line relation
of Figure 25 expressed by
the equation

cocz
Ix10%
Figure 25. Pressure Loss
through Opening in
Segmental Baffle

cause frictional losses could not be separated from nozzle losses. , 29 G

In comparison with those pressure losses which occur in baffled Ap = 0% sp.gr., (12)
shells (the additional losses across the tube bundle, and through

the baffle opening), pressure losses in unbaffled shells are negli- Apy = 0.01392 V2 sp, gr. (124)

gible.

Segmental Bafles. Pressure Drop THROUGH BAFFLE OPEN-
iNng. Using the experimental test figures of Short (14) it was
found possible to isolate the first component of pressure drop,
that resulting from flow through the baffle opening, by using those
tests wherein baffle spacing was so great that the magnitude of
pressure drop across the tube bundle was negligible compared to
that through the baffle opening—namely, all tube layouts using
three baffles. These data are shown in Figure 25 where mass
velocity through the baffle opening is plotted versus pressure loss

The average deviation of the points from the line is =367,
Values of pressure drop exhibit wider fluctuations than do values
of heat transfer coefficient because pressure drop is proportional
to the square of the velocity whereas the heat transfer coefficient
is proportional to the 0.6 power of the mass velocity. In connee-
tion with Figure 25 it should be pointed out that the tests were all
run with water in turbulent flow; for streamline flow the friction
factor was found to be higher than in turbulent flow with tests on
orifice baffles.
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Tasre VII. Disk-anp-DoveHNUT BAFrFLEs, SHORT's (14) TesTs
[N 088
[Correlatc’d by equation %) = 0.23(D; ) (I-){‘-i-') (EE) ]
Unit 2-8 5.8 5-8 5-8 73 10-8
8hell, inside diameter, in. 6.06 6.06 6.08 6,06 .06 6.08
Tube, outside diameter, in. 3/8 1/2 1/2 1/2 1/2 5/8
Tube piteh {(equilateral triangle), in. 11/16 25/32 25/32 25/32 13/32 11/16
Number tubes 52 40 40 40 20 0
Diameter of baffle hole-tube diameter, in. 1/64 1/64 1/64 1/84 1/64 1/64
Inside shell diameter—-bafile diameter, in, Unbored shell Unbored shell Unbored shell Unbored shell Unbored shell Unbored shell
Crossflow area, sq. ft. 0.1013-0.031 0.0776-0.715 0.0776-0.715 0.0766-0.715 0.1346-1,24 0.0992-0.91
Baffle cutout area, sq. ft. 0.0705 0.0296 0.0518 0.0643 0.0753 0.0676
Equivalent diameters of cross-sectional }
areg, in. 1,12 1.0 1.0 1.0 1.94 i 1.52
Shell-side fluid Water Water Water Water Water Oil A Qil B Qil C Water Qil B
Viscosity at 150° F., centipoises 0‘682 0.4032 0.%32 0‘4032 0.432 7.7 18.6 33 0.432 18.6
Range of Reynolds number in Equation9 77-10,280 193-15,130 140-13,700 365-16,500 70,810,400 3.12-15,900
Value of ¢ in Equation 9 0.26 0.24 0.24 0.24 0.31 0.29
—- RO~ T T ] e
IRRRE Ilr [T 11T I 1T TTTHT | [ and Pierson (12) who measured the
i ol pressure drop for air flow across tube
=t [sYmBOL|  FLUID | REFERENCE o % rigss
= L e — s_E_l_Ei_iz:ﬁ_E_T"s::ET_T"_il__SII = banks whlch.mcluded a wide variety
TS | KEROSENE _ | SEIDER & SCOTT (18| — of tube spacings and arrangements,
o GHT FUEL OIL | SEIDER & SCOTT 1 5] — P
___ e oL TSeoer s SeoTr 11| and by Omohundro, Bergelin, and
|__ —YURGME oL_ | omwﬁﬁj'ﬂhgﬂ | Colburn (11) who carefully tested an
= b TS - oil in viscous flow. In Figure 26
— their isothermal experimental data
for tube arrangements in which tube
— — spacing was 1.25 times tube diameter
— — are plotted by use of Equation 14.
[ — The equation of the line for the vis-
fsss = cous flow region is
B s Eﬁ?‘: . ; .
. DG ' f= DG, (154)
J i i . —
N A O T O O I S M R D s .
' 10 100 1000 10000 30000

Figure 26.
P/D = 1.25

The pressure drop of a fluid flowing through the segment cut-
out of a baffle may be considered as an orifice with a discharge co-
efficient of 0.7 (5). This may be transposed for comparison with
Equation 12A as follows:

V = 0.7 v/2eF
Ap! = 0.00022 oV = 0.013 72 V2 sp. gr.

Equations 12A and 13A show good agreement indicating that the
segmental baffle behaves as an orifice with a discharge coefficient
of 0.7. The circular holes in disk-and-doughnut baffles also con-
form to this same relation.

Pressure Drop across Tuss Bunpue,  After having
isolated the effect of and developed an expression for pres-
sure drop through the baflle opening as deseribed above,
the value so determined was subtracted from the over-all
value of pressure drop and the difference was considered
to be aseribable to frictional flow perpendicular to the
tube bundle. The residual values of pressure drop so
obtained were compared with those values which would
be expected from the known relations for flow across

(13)
(134)

Isothermal Friction Factor, Flow across Staggered Tube Banks

and the equation of the line for tur-
bulent flow is
0.99

DG’a)"-"

n
These two straight lines merge gradually at the transition from
viscous to turbulent region. For any ratio of tube spacing to tube
diameter in the turbulent region Chilton and Genereaux (2) pre-
sented the general relation

f (16A)

0.75

S

Foleh (18)

e

i

I e B it ety
RN !
UNIT | SHELL FLUIG | PROCESS |

WATER HEATING |
__WATER | GOOLING |
HEATING | ~

STM5OL

Jeosine

HEATING | 4

- _9900IL | COOLING | !
969 QIL - HEATING

oL jcooime | |

tube banks. = iy, 'g;m; B s 4

The friction factor for flow across tube banks will be PRIEN I " e :p__"““_c‘,“‘-mh_____ |

defined by the equation sl et 5T e G0 TP,

i " (- o *

= qp ;_‘\pcd? — " - a:oso i

I= v e = u |

1 | e,

| (R (i () 2 | 1] ]

throughout the entire range of Reynolds number. Tests ) = Ll l,(lm | —L- '||0|00 ' :| {xlx)o YT
of flow across tube banks have been reported by Sieder Figure 27. Friction Factor for Flow across Tube Bundle in

and Scott (15) who experimented with petroleum oils of
a wide range of viscosity and with water, by Huge (9)

Segmentally Baffled Units
PID = 1.33
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listed for Short’s units in Table II are plotted against
D,’ in Figure 30 and the equation of the line is

f (observed) /f (calculated for full flow penetration =
0.57 (D/)* (17)

This relation applies only to the units of Table IT and
does not apply to those of Table IV. Egquations 12,
14, 16, and 17 were used to calculate values of pres-
sure drop for the 413 tests run by Short (14) and the
values so obtained were compared with observed
values, The average deviation of caleulated from ob-
served values was approximately =25%,.

The available experimental data do not permit an
- evaluation of the numerical exponent to be used with
(/) for the purpose of correlating heating and cool-

Corl
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Figure 28. Friction Factor for Flow across Tube Bundle in
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Figure 29, Friction Factor for Flow across Tube Bundle

in Segmentally Baffled Units
P/D = 1.44

In the region of viscous flow Rieder and Scott (15) tested a tube
bank in which the P/D ratio was 1.582 and the equation was

f = (15B)

DG:
B

Following the method of Colburn (3) = general relation for other
P/D ratios in the viscous region was estimated from Equations
15A and 15B to be

(15)

Figures 27 to 29 show the experimental results obtained in
many of the heat exchangers listed in Tables IT and IV. In these
Figures the solid lines represent the reference values of f for flow
across a tube bank as obtained from Equations 15 and 16. The
values of f obtained from experimental data have been caleulated
on the assumption that the entire quantity of flow penetrated the
tube bank but it is evident, since most of the experimental values
are below the reference line, that the flow did not completely pene-
trate the tube bank. In Figure 27 the P/D ratio is 1.83, in Figure
28it is 1.2, and in Figure 29 it is 1.44.

Values of the ratio of the observed value of f as obtained from
Equation 14 to the anticipated value of f for complete flow pene-
tration as obtained from either Equations 15 or 16 are shown in
Tables IT and IV as effective % Ap,. These values which are

ing operations. For want of more definite knowledge
the exponent 0.14 has been used.

Disk-and-Doughnut Baffles. Pressure Dror
THROUGH BaFFLE OpeENING. The openings in disk-
and-doughnut baffles, based on Short's (14) data,
behave as orifices having a discharge coefficient of 0.7
and conform to Equation 12.

INTERDEPENDENCY OF COEFFICIENT OF HEAT TRANSFER AND
FRICTION FACTOR

Wide variations in values of friction factor have been noted in
Figures 27 to 29 and the variation has been aseribed to only part
of the flow penetrating the tube bundle. The effects which frac-
tional flow penetration will exert on friction factor and heat trans-
fer coefficient may be readily computed when it is recalled that
frietion factor is a function of G2 and heat transfer coefficient is a
function of G*¢, For example, if only half the total flow pene-
trates the tube bank the friction factor will be reduced to one
quarter of the value for full penetration while the heat transfer co-
efficient will be reduced to two thirds the value for full penetra-
tion. The effect of varying amounts of flow penetration on co-
efficient of heat transfer and on frietion factor is illustrated in
Figure 31. A

In order to apply this method of analysis to the heat exchangers
on which tests had been reported it was mecessary to set up
reference relations, or optimum performance values, with which
the observed values could be compared. For coefficient of heat
transfer the relation of Colburn (4) for turbulent flow across tube

banks 0,8 0.33
8D _ ous (995) ' (‘_*‘) : (18)
E I k
“E T TTTIP
b P e v o T fo— | -
§ i L4 7
100—= o— e ]
— 20— / e ||
8 7 - /|
] ] [ r
- -l # 10 [ —_—
K _ ¢ | &
& g | =
L - w5 [ —
1 I T
°a| 3 ! —
1oL P11 ||I 1 | | |
Figure 30. Relation of
h and f to D, in Seg- -
mentally Baffled Units ! EC R

(] EL
%FLOW PENETRATING TUBE. BUNDLE

Figure 31. Effect of Flow
Penetration on h and f

+ = h, over-all heat transfer

coefficient
O = f, friction factor imn
crossflow
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has been con-
firmed for awide
variety of tuhe
arrangements
by the experi-
ments of Huge
(9} and Pierson
(12). If the
value of Gy ap-
proximates that
of G, in a baffled
exchanger the

2
4 Ps,

INCHES ©F / BTu.

MERCURY & (hosa PR

TTITT]

1
= ——100

/ value of C in
B Equation 9 is

! g here assumed to
e 1 be 0.33 for full
1 flow penetra-

v/ | tion. While
/ there is evidence
to indicate that
the value of C is
greater at small
Reynolds num-
bers than the
value of 0.33
which has been
established for
large Reynolds
numbers, how
much greater is
not known, and for the present 0.33 will be used over the entire
range of Reynolds number. The observed value of 100 (C'/0.33)
for an exchanger represents the effective per cent of coefficient of
heat transfer and is listed in Tables IT and IV. Equations 14 to
16 define the relations for friction factor for full flow penetration
of the tube bundle. The ratio

100 ( f (observed)
flealeulated for full flow penetration)

O h 19 DISK AND DOUGHNUT BAFFLES Yo
O h |1 SEGMENTAL BAFFLES —

o
1
|
i

® 4py 19 DISK AND DOUGHNUT BAFFLES
B Apg () SEGMENTAL BAFFLES zck

L | i 5
g i R 9 1 O W 0
000 spoa 10,000

~¥EgcG S6,806

I

WATER FLOW THROUGH SHELL, LB./ kR,

Figure 32, Comparison of Segmental
with Disk-and-Doughnut Baffes,
Unit 7-

represents the effective per cent of erossflow pressure drop and is
shown in Tables IT and IV,

The values from the last two lines of Table 11 have been plotted
in Figure 30. The & line has a slope of 0.6 and the f line has a
slope of 2 conforming to the pattern of Figure 31. Figure 31 has
been employed to determine the per cent of flow penetration
corresponding to the values of the effective per cents of coefficient
of heat transfer and crossflow pressure drop of Table IV, and the
values so determined are listed therein.

COMPARISON OF SEGMENTAL BAFFLES WITH DISK-AND-
DOUGHNUT BAFFLES

It is interesting to compare disk-and-doughnut, baffles with scg-
mental baffles from the viewpoint of heat exchanger design for
which the rate of fluid flow, pounds per hour, and the allowable
pressure drop, pounds per square inch, are specified. These
limitations govern the selection of size of the flow areas within the
shell baflling. In Short’s (14) exchanger, unit 7-8, it was found
that when 19 disk-and-doughnut baffles were used the shell-side
pressure drop was the same as when 11 segmental baffles were
used, for a given rate of flow; however, the coefficient of heat
transfer obtained with disk-and-doughnut baffles was approxi-
mately 159, greater than that obtained with segmental baffles.
The experimental results are shown in Figure 32 where the rate of
water flowing through the shell, pounds per hour, is plotted as
abscissa and both heat-transfer coefficient %, and shell-side pres-
sure drop Ap,, are plotted as ordinates., Pressure-drop results for
both units fall on a single line; coefficients of heat transfer fall on
two separate lines, one for each unit. The broken lines show that
for a flow of 28,000 pounds per hour of water the shell-side pres-

Vol. 41, No. 11

sure drop in each unit is 2 inches of mereury and the cocfficient of
heat transfer for disk-and-doughnut baffles is 1,025 whereas for
segmental baffles it is only 890. For all units tested, 2-8, 5-8, 7-S,
and 10-8, disk-and-doughnut baffling showed higher coefficients of
heat transfer than did segmental baffling; the magnitude of this
superiority appeared to be 159 or better but was difficult to
evaluate exactly because most test data did not permit direct com-
parison as was possible with unit 7-8, above.

The lower values for coefficient of heat transfer obtained with
segmental baffling seem to indieate that some of the kinetic
energy of the fluid is dissipated in eddy motion oceurring in
pockets in the flow path.,

SUMMARY AND CONCLUSIONS

Heat transfer coefficients on the shell side of shell-and-tube
exchangers conform to a relation of the form

_'J"'T‘? =C (}:-ig)o.s (%)9_33 (i)o.lﬂ (IA)

In this equation values of C vary with the type of unit, and a masa
velocity, G, having a rational basis is used to correlate the test
data.

The published experimental data for unbaffled shells are corre-
lated by the equation:

AL = 0.128(Di 0 (—D;G")“ (%’")n'“ (5)

The coefficient of heat transfer for any baffled shell is expressed
by the relation:

202" (B () w

in which @, is the geometric mean of the mass velocities across the
tube bundle and through the baffle opening.

The available experimental data for industrial heat exchangers
having segmental baffles, reported by Bowman (1) and Tinker
(17), indicate approximate C values in Equation 11 of 0.22 for un-
bored shells and 0.25 for bored shells. Dimensions of these units
are listed in Tables IIT and IV,

The pressure loss of flow through baffle openings is defined by
Equation 12 which is the same as for an orifice with a discharge
coeflicient of 0.7.

Experimental pressure-drop values exhibit considerable varia-
tion for small differences in shell-side structure showing different
fractions of total flow penetrating the tube bundle. The effect of
partial flow penetration on % and f is shown in Figure 31,

Interdependency of & and f is shown in Figure 30 and in Tables
ITand IV,

Disk-and-doughnut baffles produced higher coefficients of heat
transfer than did segmental baffles, at equal values of fluid flow
rate and pressure drop, in all units tested. This difference may
result from eddy motion energy losses oceurring in dead pockets in
the flow path through segmental baffling.
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NOMENCLATURE

baffle spacing, inches

specific heat, B.t.u./(1b.)(° F.)

numerical values in heat transfer equation

outside tube diameter, ft.

equivalent diameter = 4 X (flow area/wetted per-

imeter), ft.

= equivalent diameter = 4 X (How area/wetted perime-
ter), inches

D; = inside tube diameter, ft.

J = friction factor

f (ealeulated for full low penetration) = friction factor defined

by Equations 15 and 16 in which @ equals total flow

divided by crossflow area

poat®
~
EERE

IS}
[
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f (observed) = {riction factor calculated from Equation 14 in which
G. equa]s total flow divided by crossflow area, and
p. is the observed value of crossflow pressure dl'op
height of fluid head, ft.
gravitational constant 32.17 fit./(see.)(sec.).
mass velocity, 1b./ (hr.}(sq.ft.).
mass velocity through baffle opening, based upon the area
of %ejtzger;l(ng i_ess the area of the tubes passing through
1t., 2q.1%
crossflow mass velomty, Ib./(hr.) (sq.ft.)
crossflow mass veloeity, 1b./(sec. )(aq ft.)
weEghted mass velocity = w/S, = (G.Gb)"5,
8
mass velocity inside tubes, lb./(hr.}(sq.ft).
mass velocity parallel to tubes = total flow/(cross-
sectional area of shell — cross-sectional area of tubes),
1b./(hr, )(S}l ft.)
h coefficient of heat transfer, B.t.u./ (hr.)gaq’.ft} (°F.)
k thermal conduetivity, B.t.u./(hr.)(sq.ft.)(° F.)/(ft.)
N number of rows of tubes crosse
P tube spacing, center to center, ft.
P — D = clearance between tubes, ft.
8, = weighted flow area =

V/ crossflow area X baffle-hole area, sq. ft.
?.gr.
w

w

QA ™

faR
(N

1b./(hr.)

G:
Gy

pnnn

= gpecific gravity referred to water at 60° F.
linear veloclti« ft./sec.
rate of flow, 1b./hr

Apy pressure drop through baffle opening, per baffle, lb./
Bq. in.

Ap; = pressure drop across tube bundle, 1b. /sq.ft.

Ap, = total shell-side pressure drop, inches of mereu

m = viscosity at average temperature, b,/ (hr.)(ft.

e = viscosity at tube wall temperature, 1b./(hr.)(ft.)

o = density, Ib./cu.ft.

-] =

0,14
wacosxty-gradlent. factor, ( )
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Synthetic Gasoline from
Natural Gas

COMPOSITION AND QUALITY

F. H. BRUNER
The Texas Company, Beacon, N. Y,

G asoline produced in this country by the fluidized iron-
catalyzed hydrogenation of carbon monoxide is of much
higher quality than that produced commercially in Europe
by the Fischer-Tropsch fixed-bed, cobalt-catalyzed proec-
ess. In contrast to the high boiling, paraffinic material
produced over cobalt, the hydrocarbons produced by the
American process are relatively low boiling and highly
olefinic. The olefins are characterized as straight chain or
monomethyl with the double bond in the l-position. This
permits the conversion of the gasoline to a high octane
fuel or blending stock by a simple catalytic treatment. A
7-pound Reid vapor pressure, 400° F. end point naphtha
has an A.S.T.M. D=357 motor octane of 82and an A.S.T.M.
D-908 research octane. The synthetic fuel blends nor-
mally in straight-run and cracked produects.

UCH publicity has been given lately to the American syn-

thetic gasoline process known as the Hydrocol process

which has reached the commercialization stage for the production
of gasoline from natural gas. Most of the information thus far
published has dealt with the process side of the synthesis and has
given only general information as to the composition and quality

. of the resulting synthetic fuel.

The purpose of this paper is to
present information on the hydrocarbon distribution in the
gasoline fraction and to describe briefly its further processing to
produce a satisfactory component for present-day motor fuels.

“Synthetic gasoline from natural gas” can have a number of
meanings, eince there are a variety of ways of converting the
hydrocarbons in natural gas into higher boiling material which
might fall under the broad classification of synthetic gasoline.
The term, however, as used here, is the more popular usage which
refers to the product from the catalytic hydrogenation of carbon
monoxide; this is by far the most practical definition. The
hydrogen and carbon monoxide in turn are produced by the non-
catalytic combustion of natural gas in substantially pure oxygen.
This reaction results in the production of 8 carbon monoxide—
hydrogen mixture of relatively high purity having an approximate
ratio of 2 volumes of hydrogen to 1 volume of carbon monoxide,
The specific gasoline discussed here was obtained in Texas Com-
pany pilot units in a manner similar to that which will be em-
ployed in commereial Hydrocol units,

However, as a 2 to 1 hydrogen to earbon monoxide mixture is
not unique to the combustion of natural gas and as the source of
the carbon monoxide and the hydrogen is not evident in the re-



