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DESIGN OF FINNED TUBE
HEATERS AND COOLERS

Finned tube shell and tube heat exchangers are used in a wide
variety of applications in the petroleum industry. Typical uses are lube
0il coolers, compressor interstage coolers, pre-heaters, bottoms coolers,
stabilized gasoline coolers, and other applications. External finned
tubes can be used to advantage if the shell side heat transfer resistance
is apprebiably greater than the tube side heat transfer resistance. The
purpose of this article is to present a method of designing finned tube
shell and tubeAheat~exchangers based on the work of D. L. Katz and as-

(1-3)

sociates at the University of Michigan and to compare the economics
involved with bare tube exchangers.

The low finned tubes under consideration have plain ends that
can be rolled into standard tube sheets in the usual manner., The dia-
meter over the fins is sligﬁtly smaller than the diameter of the plain ends.
Heat exchangers currently in use can often be retubed to advantage by re-
tubing with a low finned tubing.

Figure 1 illustrates a finned tube shell and tube unit current-
ly in use. Table 1 of Part I(h) presents typical dimensions of selected

19-Tins-per-inch tubes used in commercial exchangers.

Six tube bundles were studies in a finned tube heat transfer

(1,2)

investigation by Katz and associates ¥ Three of the bundles were



tubed with 1/2, 5/8, and 3/4 inch 19-fins-per-inch tubes whereas the

three remaining bundles were tubed with 1/2, 5/8, and 3/4 inch bare tubes.
The 1/2 inch and 3/L inch plain and finned tube units were studied in an
eight inch shell and the two 5/8 inch units were housed in six inch shells.
A1l bundles were L4 feet long. In all cases the shell circle design des-
cribed by Tinker was used(6). The tube sheet layouts are indicated in
Figs. 3, 4, and 5 of Reference 1. Heat transfer measurements were made
for water, lubricating oil and glycerine on the shell side. Figure 2 pre~
sents a comparison of the heat transferred by 3/4 inch finned and 3/ inch
plain tube bundles with hot oil on the shell side. The water flow rate on
the tube side in both cases was 50,000 pounds per hour. An examination of
Fig. 2 indicafes that the finned tube unit transferred 50% more heat with
an oil rate of 20,000 pounds per hour and 75% more heat with an oil rate of
45,000 pounds per hour.

The shell side pressure drops were also reported. Figure 3 pre-
sents the shell side pressure drop data for the 3/4 inch finned tube units
reported in Fig. 2. An examination of Fig. 3 indicates that the shell
side pressure drop of the plain tube unit with oil flowing at 20,000 pounds
per hour was 64% greater than for the corresponding finned tube unit. With
an oil flow rate of 45,000 pounds per hour the plain tube unit shell side

pressure drop was also 64% greater than the corresponding plain tube bundle.

Design Relationships

The shell side heat transfer coefficients can be determined by

(1)

use of the following relationships:

-Da



For unbored

héDe

k

shells:

e 0+6 Co 1/3 . 0.1k
0.155 \ — —_— — (1)
M k Moy

For bored shells:

héDe

Il

k

where:

De =

Dea \0+6 Cop 1/3 . 0.1k
0.175 { — (__ <__> (2)
Y k My,

actual fin-side coefficient

the diameter of a bare tube having the same I.D.
and volume of metal per foot length as the low
finned tube, ft.

De = D.+ (D, - Dy) Ny (3)

where:

where:

cf

Equations 1

root diameter, ft.
diameter over fins, ft.
number of fins per inch

fin thickness, inches

¢ =/ Gpy * Ger (L)

mass flow rate through the baffle window,
1b./sq. ft. - hr.

mass flow rate on shell side pass the row of tubes
nearest the centerline of the exchanger, 1b./sq.

ft. - hr.

or 2 can be used with Eq. 15 and Eq. 2 of refer-

ence 4 to obtain the overall coefficient Up. The two alternate methods

(L)

are illustrated in Part I of this series .



The shell side pressure drop consists of the pressure drop
through the baffle windows plus the pressure drop in cross flow in the
exchanger or:

APy = 4@ + &P o (5)

where:

I

AP total pressure drop

t
APbW = pressure drop in baffle windows
APCf = pressure drop in cross flow
: . . (12)
The baffle window pressure drop can be predicted by Donohue's equation
AP = 0.01392 V.2 (Sp. Gr.) n (6)
where:
A 1bs./sq. in.
v,° = velocity in baffle window, ft./sec.
n = number of baffle windows

The shell side pressure drop for 19-fin-per-inch tubes can be predicted

from Fig. 4. The equation is:

N Gep? £
AP = 0.1L (7)
f )
c (9.35 x 10%) p g ‘—*—)
Moy
where:
APcf = lbs. per sq. inch pressuré drop
N = total number of rows of tubes crossed by shell
side fluid (from baffle window centroid to baffle
window centroid)
Gop = see Eq. L
f = friction factor from Fig. 4
p = fluid density, 1lbs./cu. ft.
g, = 2.2



Liquid~Liquid Cooler Design Problem

A shell-and-tube heat exchanger is required to cool 20,200
gal./hr, of S.A.E.-4O lube o0il from 200°F to 140°F. Treated cooling
tower water is available at 90°F, and the maximum outlet temperature
is limited to 110°F. The sizes of a low finned tube unit and a plain

tube unit using 3/4 inch Admiralty tubing are required for comparison

purposes.
A. TFinned Tube Characteristics (see Table 1 of Part 1”)

No. fins/in. = 19
dg = 0.737 in.
d. = 0,640 in,
di = 0.510 in.
Root wall thickness = 0,065 in.
Mean fin thickness,y = 0.016 in.
Fin height = 0.0485 in,
A, = 0.438 sq. ft./ft.
Ao 3.39
Ay
A = 0.001418 ft.2/tube

CcS
Dg (for fluid flow) 0.0559 ft. (by Eq. 3)
B. Plain Tube Characteristics

3/4 in. 0.D. - 16 BWG Admiralty

0.D. = 0.750 in.
I.D. = 0.620 in.

Wall thickness = 0.065 in.

A, = 0.1963 sq. ft./ft.
Aj

Acg = 0.0021 sq. ft./tube



Finned Tube Cooler

Preliminary Design

Assume a 23-inch-I.D. shell containing one pass on the shell

side and two passes on the tube side. The unit is to contain 420(7) tubes

on a 15/16-in, triangular pitch.

mined.

A. Physical Properties of SAE LO Oil(l>

The length of the unit is to be deter-

Temperature, °F
140 180 220

100

Density,

Gm/cc | 0.89
Viscosity, E

Centipoise 5 160

) !

Thermal ;

Conductivity,

Btu/hr °F ft 0.082
Specific

Heat,

Btu/lo °F ; 0.46

0.88 0.86 0.85

48 21 12

0.081 0.081 0.080

0.48 0.50 0.52

B. Calculation of Average Shell Fluid Temperature(B)

Density of oil at 60°F ,=_ .9
A.P.I. of 0il = 24,85(9)
Temperature range of oil in shell

.

05

*C factor = 0.3%6

At = 140-90 = 50

c
Aty

200-110 = 90

Oty /Aty = 50/90 = .555

S F factor = 0.42

J.Average shell side temperature

-6

200-140 = 60°F

H

= 140 + .k2 (200-140)
= 165.3°F
or 165°F will be used for design.



"C. Heat Duty

Co 0.49, sp. Gr. = 0.86

(20,200)(8.33)(0.86) (0.49) (60)

WCAL

1l

4,260,000 Btu/hr.

It

D. Tewperature Difference

(200-110) -(140-90)

ATIM = _ 68°F
In 29
50
Correction to AEIM(S)
110-90
P = - 0.182
200-90
200-140
R = = 3.0
20
F = 0.95
(AEIM)corrected (68)(0.95) = 6L.6°F.

E. Flow Areas
1. Baffle Flow Area

Assune a baffle spacing of 12 inches and a baffle cut of
30% on the diameter.

(10)

Total window area = (0.19817)(23)% = 104.8 sq. in.

Shell cross-sectional area = ﬂi@%li = U415 sq. in.

Number of tubes in baffle window = 124'8(h20) = 106 tubes.

Projected area of tubes = QQLZEZlEE -1506 = h5.1 in.2

Free flow area in baffle window = 104.8 - 45.1 = 59.7 sq.in.
= 0.415 sq. ft.



2. Cross Flow Area

Shell area on centerline = (23)(12) = 276 sq. in.

No. of tubes on centerline = 23

Projected area of tubes = (23)(0.67)(12) = 185 sq. in.

Free flow area on centerline = 276-185 = 91 sqg. in. =
0.632 sq. ft.

3. Geometric Mean Area

Agy = A/ (0.632)(0.415) = 0.512 sq. Tt.

Water Flow Rate

4,260,000
W, = ———— = 213,000 lb/hr.
20
: 420
Cross-sectional area for water flow/pass = — (0.001418) =
2 0.296 ft.
b, = 62 1lbs. per cu. ft.
v, = 213,000 = 3.22 ft./sec.
t (62)(3600) (0.298)
Resistances to Heat Transfer
L
From Eq. 20 of Part I( ):
oL fo fo %o
= + Ty +re o+ Ty + r. o+
Uy hg Ay Ay Ashy
1 Inside Coefficient(ll)
0.8
vy
h; = 150(1 + 0.011 t) 5.0
(a;)
at the average water temperature,
150(2.1)(2.54)
h., = = 915 Btu/hr-°F-ftZ (inside area).
i
(0.87k)
A, 3.39 hr-°F-ft2 (outside area)
= —— = 0.003%7
Aihi 915 Btu

-8-



2.

Inside Fouling(S)

hr-°F-ft2 (inside area)

ry = 0.001 .
Btu
A, hr-°F-ft2 (outside area)
ri — = 0.00%9
A, Btu

1

Outside Fouling(S)

hr-°F-ft2 (outside area)

ré = 0.001
Btu

Fin Resistance

Ta is obtained from Table 2 of Part I of this series(h).
T = 0.00011
f

This value is valid over a wide range of coefficients as

indicated in Part I.

Metal Resistance

AO XAO
r — = —
w
Ap Khp
D,.-D, 0.64 - 0.51
1
X = = — = 0.0054 ft.
2 (12)(2)
A, = 0.4%8 sq. ft./ft.
K = 65 Btu/hr-"F-rt 1)
(Dy - Dy)
Ay = n—F— = 0.15sq. ft./ft.
In T
Dy
A, hr-°F-ft2 (outside area)
r.— = 0.0002k
Am Btu



Liquid Film Resistance

The outside ligquid film resistance will be calculated by
Equation 1 with a constant of 0.155 for unbored shells.

/55D DG - \\O.lh
e
\ = 0.155 K /) ( —
X,
\\ 1{. 17 AN “WT )
Rewriting Bq. 20 of Part I, (Reference 4):
11 | A, A, 1 Ay
—_— - — = T} 4 T 4 T et T o o — —
o) f W 1
UO hé Am Ai hi Ai

substituting:

1 1
— - — = 0.001 + 0.00011 + 0.0002k + 0.003%9 + 0.00037 =
U, B 0.0084L

From the physical properties of the oil at 165°F:

c, = 0.49 Btu/1b.

L = 29 centipoise

Xk = 0.081 Btu/hr °F ft
o = 0.865 grams/cc.

(Cp“ \\1/5 ((0.49)(29”2_)_'_2)-31/5
= _ | .
N/ L 0.081 J 7

(20,200)(8.33)(.865)

[}
i
I

284,000
0.512

De Gm
Re =
M

(0.67)(28k4,000)

(12)(29)(2.k2)

= 226

-10-



Reo'6 = 25 .7

Substituting into Eq. 1:
0.1k

<hiDe) (0.155>(25.7>(7.5)<E;>

il

0.1k
I_L N
29.8<__
"
(29.8)(0.081)(3_2)C )o.lu

0.67 —u;
0.1k

1L
uz.s(——)
p'W

The value of u,, is a function of the temperature drop

across the outside film. The temperature drop in turn is a
function of the outside film resistance. Therefore a trial

and error procedure is required to satisfy the above equation.

ty = ftoil - (Mt)riig
Uo
(At)film - (ATIM)corrected
hy
First Trial: assume h! = 38
1 1
— = — + 0.00844
Us hy
1 1
. — = — 4+ 0.0084k = 0.0347L
u_ 38
U, = 28.8
Ug /28.8
Dt ps = — § (ar = 64.4) = L49.0°F
ri1n <h5/< Weore, = () @) - 10
Sty = 165° - 49° = 116°F
.k = 91 centipoises

-11~



& |
N
f

o. o \O.lh

—_ = 0.85k
N 91/

(43.3)(0.854)

57

ht
o)

Btu

hr-°F-ft2 (outside aree

which checks closely the assumed value of 38.

Determination of Outside Area

Q

Total length

length/tube

UOAOZXPI_M

(4,260,000)
= 2290 sq. ft.,

(28.8)(64.6)
of tubing required

2290 sq.f%t.

0.438 sq.ft./ft.

509
= 12.4 ft.
420

1]

Using a 1lh-ft. unit, the excess area will be:
1) J

excess area = 12.9%.

Pressure Drop on Tube Side

Reference is made o the friction factor plot on page 836 of Kern.

1. Friction Pressure Drop

Re =

L]
1l

1l

DG (0.51)(3.22)(62)
L (12069 (6.2 10"
0.00023

f G2 1IN

5.22:107°D sp G

(0.00023)(7.15-102)2(14) (2) (12)

(0.51)(5.22-101Y)
1.48 psi.

_12-

5220 ft.

(7

18,300



2. Header Losses(7)

L V& L2 (62.4)
APy, = = — = 0.56
28 1k g,

3. Total Pressure Drop-Tube-Side

AP

T (—-APf) + ("APh)

1.8 + 0.56 = 2.04 psi.

1

Pressure Drop on Shell Side

The shell-side pressure drop for the baffle window losses
for the finned-tube unit will be computed from Donohue's correlation,
Equation lEA(lE).

1. Baffle Window Losses

AP = 0.01392 VZ (Sp Gr)N
Sp Gr = 0.86
n = 1% baffle windows

A, = 0.415 sq. Tt.

145,500
Ve, = = 1.81 ft./sec.
(0.86)(62)(3600)(0.415)
v, = 3.28
AP = 0.01392 (3.28)(0.865)(13)

0.512 psi.
2. Cross Flow
Reference is made to the friction factor plot of Fig. L,
From the definition of the friction factor,
N G.°f

(&Pg) = 0.1k

9.55-10% o g, (%)

Determination of number of rows of tubes cross from the centroid

of one baffle window to the centroid of the adjacent baffle.

~13-



The distance from the center of the shell to the centroid
of the baffle window segment(13):

2/3 r sin® ¢

rad. ¢ - ¢cos ¢ sin ¢

where ¢ is the one half the included angle of the segment.

11.5 - (0.%0)(23.0) L.6
cos ¢ = = = 0.40
11.5 11.5
sinc = 0.916; sin® ¢ = 0.769 and rad ¢ = 1.16.
Substituting:
2/% (11.5)(0.769)
X, = = 7.4% inches
1.16 - 0.366
Therefore centroid to centroid distance = 2X; = 14,86 inches
14.86
rows per cross flow = = 18.3
(15/16)(.866)
N = 18.3 (14) = 256 rows of tubes.
145,000
Gop = = 2.30-10°
0.632
(2.30+10°)(0.67)
Re = = 183.0
(12)(29) (2.k2)
P 15/16
- = = 1.25
D 3/k
f = 0.290
o = (0.865)(62.4) = 54 lbs. per cu. ft.
g, = %2.2
0.14
0.854

TN
flF

=1k~



, (256)(0.290) (2.30.10°)2
"APcf =

(9.35-10°)(0.865) (62.4) (32.2) (0.854)

I

2.84 psi

3. Total Pressure Drop

Mg = (MPup) + ()

2.84 + 0.512 = 3,35 psi.

Plain Tube Design

Preliminary Layout
Assume a 31-inch-ID shell containing one pass on the shell side and
six passes on the tube side. The unit is to contain 722 tubes(7)on a
l5/16-in. triangulér pitch., The length of the unit is to be determined.
A. Average Shell Side Temperature = 165°F.

B. Heat Duty

1l

Q = WCpAt (20,200)(8.33)(0.86)(60)(0.49)

1

4,260,000 Btu/hr

C. Temperature Difference

The log mean temperature difference is the same as the finned
tube unit.
AT = 64.6°F
D. Flow Areas

1. Baffle Flow Area

Assume a baffle spacing of 12 in. and a baffle cut of 30% on
the shell diameter.
(10)

Total window area (0,19817)(31)2 = 191 sq. in,

~15-



n(31)2

Shell cross-sectional area = = 755 sq. in.
191
No. of tubes in baffle window = — (722) = 183
755
Projected area of tubes in baffle window = % (0.75)2(183)
= 80.8 sq. in.
Free flow area in baffle window = 191-80.8 = 110.2 sq. in.
= 0.765 sq. ft.
2. Cross Flow Area
Tubes on centerline = 32
Projected area of tubes = (0.75)(32)(12) = 288 sq. in.
Shell free flow area on centerline = 372 sq. in.
Free flow area = 372-288 = 84 sq. in. = 0.584 sq. ft.
5. Geometric Mean Area
Ay = V (0.584)(0.765) = 0.67 sq. ft.
E.. Water Flow Rate
4,260,000
Mass rate = —————— = 213,000 1b./hr.
20
. 722
Cross-sectional area for water flow/pass = (0.0021) =z
= 0.255% sq. ft.
215,000
vV, = = 3.79 ft./sec.
(3600) (62) (0.253)

F. Resistances to Heat Transfer

— = T 4T+ Ty + g o+

Us hy Ay Ajhy

~16-



1. Inside Coefficient (11)

150(1 + 0.011t,,) Vto'8
by = 0.2
(di) )
At the average water temperature
Ag 1.21 hr-°F-ft (outside)
= = 0.00120
Ashy 1008 Btu
2. Inside Fouling(8)
I‘i = 0,001
Ao
— r; = 0.00121
Ay
3. Outside Fouling(B)
r, = 0,001
L, Metal Resistance
X'AO
I‘W = —
KAII]
X = 0.065/12 ft.
Al = 0.1963 ft2/ft.
K = 65 Btu/hr-°F-rt,(11)
Ay = 0.1792 ft.2/ft.
(0.065)(0.1963)
r, = = 0.000083
(12)(65)(0.1792)
5. Liquid Film Resistance
1 1 Ao Ag
T T T = To+ Tyt Ty o4
Uo hg Ay Ashy

-17-

0.001 + 0.00008% + 0.00121 + 0.0012

0.00349



The outside coefficient will be determined by Equation
(4b) of the Katz-Williams reference(l) using a constant of

0.22 for unbored shells,

hoD, /Doy 0.6 < Cop 1/3 " \\O.lh
= 0.22 K {.___ (/__ }
Nk A VR Nk \ Hw /
As calculated earlier:
Cpp 1/5
L) R
k
(20,200) (8.33)(0.865)
G, = = 217,000
0.67
(217,000)(0.75)
Re = = 193
(12)(29)(2.42)
Reo‘6 = 23.5
0.1k 0.14
hoDo H % °
( ) - (0.22)(23.5)(T.5) — ) - 58.8(-—\,
k \ My 7 “w/
38.8(0.081)(12) , . O+1¥ u Ok
Johoo o=

(0.75) <;;> = 50.55’\:; )

Trial and error on h

(1) Assume hy = L3
1 1
(2) — = _ + .0035 = 0.0267
Uy 43
(3) U, = 37.b
37.4
(&) Mbpiiy = <——-—> (64.4) = 56.2°F
43
(5) ty, = (165°F - 56.2) = 109°F
(6) w, = 105 centipoises

-18-



" 0.1k 29 \ 0.1k
CONY S T <_> _ 0.8
\ My / 100

(8) . hy

(50.3)(0.84) = L2.3 (which checks
the assumed value of 43).

G. Determination of Required Area

Q

UOAOATLM
4,260,000

A = = 1765 ft.2
(37.4)(64.6)

Length of tubing required

1765
L = = 8990 ft,
0.1963
8990
Length/tube = —— = 12.k
722

Using a 1h-ft,-long unit, the excess area will be the same as for
the finned tube unit,
excess area = 12.9%
H. Pressure Drop on Tube-Side
Reference is made to the friction factor plot on page 836 of Kern.<7)

1. Friction Pressure Drop

DG (0.62)(3.79)(62)
Re = — = . = 26,200
" (12)(0.69)(6.72+1077)
f = 0.00021
f G2 IN

5,02.1010 D.5p Gr

(0.00021)(8.45+10°)2(1L) (6)(12)

(5.22.1010)(0.62)
= L.,67 psi.

-19-



(7)

Header lLosses

LNv2p 12V2 62.4
-/\P = = = 2.32 psi.
2g, go Lhk

Total Tube-side Pressure Drop

~MPn = 2.32 + L.AT = 6.99 psi.

Shell-Side Pressure Drop

The shell-side pressure drop is considered to be the sum of

the pressure drop of the fluid through the baffle window and the

pressure drop of the fluid in cross flow through the tube bundle.

1.

2.

Baffle Pressure Drop

From Donohue's correlation, Equation 12A,(12)

\ _ 2
-4p, = 0.01392 Vy (Sp Gr)N
Sp Gr = 0.86

n = 13 baffles

A, = 0.765 ft.2

(20,200)(8.33)(0.86)
v, = = 0.982 ft./sec.
(62.4)(0.86)(0.765) (3600)
V2 = 0.965
-AP = (0.86)(0.013%392)(0.965)13 = 0.151 psi.
Cross-flow Pressure Drop
Reference is made to the friction factor plot of Donohue(lz)
(Fig. 26).
N G2 f
-AP =
(9.35 108) o gc(u—w)
DG
Re =

o
-20-



Ayp = 0.584 sq. ft.
145,500

Gop = = 250,000 1b./hr.-ft.2
0.584
(0.75)(250,000)

Re = = 222

(12)(29) (2.42)
15/16

P/D == = 1.25
3/

From Donchuets Fig. 26:
f = 0.737

For N, the same method used for finned tubes applies,

31
WXy = 7.h5<_—> = 10
(10)(2)(16) (14)
‘N = = 299
(.866)(15)
(299) (250,000)%(0.37)
-AP =

(9.35)10°) (62.4) (0.86) (32.2) (0.8k)
= 5,1 psi.
Total Pressure Drop
r = (-8B + (LB

-APp = 0.151 + 5.10 = 5.25 psi.

5

-] -



Summary

Shell Side Finned Plain
ID, in. 23 31
No. of shell passes 1 1
Length, ft. 14 14
No. of baffles 15 13
Baffle spacing, in. 12 12
Baffle cut, % on diameter 30 30
Geometric mean area, sq. Tt. 0.512 0.670
Inlet oil temperature, °F 200 200
Outlet oil temperature, °F 140 140
Lb/hr, oil 145,000 145,000
Pressure drop, psi 3.35 5.25
Tube Side
No. of tubes 420 722
No. of tube passes 2 6
Water flow rate, 1b/hr 213,000 213,000
Water velocity, ft/sec 3,22 3.79
Water temperature in, °F 90 90
Water temperature out, °F 110 110
Tube pitch, in. 15/16 15/16
Tube arrangement 60° triangular 60° triangular
Pressure drop, psi 2.0k 6.99

Heat Transfer

Heat duty, Btu/hr 4,260,000 4,260,000
overall coefficient, Ug 28.8 37 .4
Log mean temperature difference 64 .6 64 .6
Shell side coefficient 38 Lo.3
Tube side coefficient 915 1008
Shell side fouling factor 0.001 0.001
Tube side fouling factor 0.001 0.001
External heat transfer area 2,580 v 1,990
% excess area 12.9 12.9
(U7)finned (28.8)(0.438)
— - = 1.72 = T2% greater for finned tube.
Cost: cost data for 16 foot long finned tube and 16 foot long bare
tube heat exchangers has appeared in the literature(lu):

Cost of 16 ft. hare tube unit of 1,990 sq. ft. = $11,500

Cost of 16 ft. finned tube unit of 2,580 sq. ft. = $9,400

.. Savings = $2,100.

sl
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Figure 1. Finned Tube Bundle in Process of Fabrication
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Figure 2. Comparison of Heat Transfer Rates for 3/& inch Finned
and Plain Tubes in 8 inch Shells.
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Comparison of Shell Side Pressure Drop for 3/4 inch
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