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Calculation of Heat-Exchanger Size

Example 7-1 from Known Temperatures

Water at the rate of 68 kg/min is heated from 35 to 75°C by an oil having a specific heat of
1.9 kT /kg - °C. The fluids are used in a counterflow double-pipe heat exchanger. and the oil enters
the exchanger at 110°C and leaves at 73°C_ The overall heat-transfer coefficient 1s 320 '\i'-i-r,*'m2 e G
Calculate the heat-exchanger area.

B Solution
The total heat transfer 1s determined from the energy absorbed by the water:

g =thucw ATy = (68)(4180)(75 — 35) = 11.37 MI/min [a]
—189.5kW  [6.47 x 10° Btu/h]

Since all th~ #eed snmemnnsrag gre known, the LMTD can be calculated by using the temperamre
scheme in Figure 7-8b
(110 —75) — (75 —35)

AT, = —37.44°C [b]
In[(110— 75)/(75 — 33)]

Then. since g=UA ATy,

1.895 x 107 ) )
_me T IS 170 f&
(320)(37.44) ™ !
4
L
T
Iz.'l
Coy Ty,
d’ ;4 .|
Dy
Icz
> A
1 2
(&)

HEAT TRANSFER 196



Dr. Tadahmun Ahmed Yassen Oy deal et o

Shell-and-Tube Heat Exchanger Example 7-2

Instead of the double-pipe heat exchanger of Example 10-4, it is desired to use a shell-and-tube
exchanger with the water making one shell pass and the 1be passes. Calculate
the area required for this exchanger, assuming that the ove zoefficient remains at
320 Wym?2 - °C.

H Solution

To solwve this problem_ we determine a correction factor from Figure 10-8 to be used with the LMTD
calculated on the basis of a counterflow exchanger. The parameters according to the nomenclature
of Figure 10-8 are

71 —35°C T —75°C t1 —110°C ta = 75°C

Example 7-1

3 — 11 75— 110
g == =0.467
T —n 35— 110

Figure 7-9 o Xx-dp 33 =13
e 5 | 75 —110

=1.143

so the correction factor is
F=0.81

and the heat transfer is
g=UAF AT,

so that
1.895 = 10°

= : —=19.53 m?2 [210 2]
(320)(0.81)(37.44)

Design of Shell-and-Tube Heat Exchanger Example 7-3

Water at the rate of 30,000 1b,,/h [3.783 kg/s] is heated from 100 to 130°F [37.78 to 54.44°C] 1n
a shell-and-tube heat exchanger. On the shell side one pass 1s used with water as the heating fluid,
15.000 1b,,/h [1.892 kg/s]. entening the exchanger at 200°F [93.33°C]. The overall heat-transfer
coefficient 1s 250 Btu/h - ft2 . °F [1419 ‘W.’m2 -2C]. and the average water velocity in the :31—1'_11
[1.905-cm] diameter tubes 15 1.2 ft/s [0.366 m/s]. Because of space limitations, the tube length
must not be longer than 8 fi [2 438 m] Calculate the number of tube passes. the number of tubes
per pass. and the length of the tubes. consistent with this restriction.

M Solution
We first assume one tube pass and check to see 1if 1t satisfies the conditions of this problem. The
exit temperature of the hot water 1s calculated from

g=mgc. AT.=nmyc;, ATy

(30,000)(1)(130 — 100) -~
ATi— — 60°F =33.33°C
h (15.000(1) la]

AT, = MeCATe _ (3.783)(54.44-37.78) _ 3333 °C

MpCh (1.892)
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SO
Th exit = 2333 —33.33 = 60°C

The total required heat transfer is obtained from Equation (a) for the cold fiuaid:
g=(3.783)(4182)(54.44 — 37.78) =263.6 kW [B.08 10° Btu/h]

For a connterflow exchanger, with the required temperature

(93.33 — 54.44) — (60 — 37.78)

LMTID = AT, — —20.78°C
" = In[(93.33 — 54.44) /(60 — 37.78)]
g=UA ATy,
2.636 = 10>
- 6.238 m2  [67.1 fi2] [5]

~ (1419)(29.78)
Using the average water velocity in the tubes and the flow rate. we calculate the total flow area with

.= pAu
3.783

=
A—-— "% 001034 m>
(1000)(0.366) m [<]

Thias area is the product of the number of tubes and the flow area per tube:

wd?

0.01034 =n

_ {0.01034{{41} 363
m{0.01905)~

or n = 36 tubes. The surface area per tube per meter of length 1s

md = m({0.01905) =0.0598 mzftube - m

We recall that the total surface area required for a one-tube-pass exchanger was calculated 1n
Equation (5) as 6.238 m?. We may thus compute the length of tube for this type of exchanger from

nnd L =6.238
6.238

. . M
(36)(0.0598) "

This length 15 greater than the allowable 2 438 m. so we must use more than one tube pass. When
we increase the number of passes, we correspondingly increase the total surface area required
because of the reduction in LMTD caused by the correction factor F. We next try two tube passes.
From Figure 7-9 F=0.88, and thus

g _  2.636x10°
UFAT, (1419)(0.88)(29.78)

Agota] = =7.089 m?

The number of tubes per pass 1s still 36 because of the velocity requirement. For the two-tube-pass
exchanger the total surface area 1s now related to the length by
Atotal =2nmd L

50 that

7.089

= DGe 0.0  otem [PAR]

This length 15 within the 2 438-m requurement, so the final design choice 15

Number of tubes per pass = 36
Number of passes =2
Length of tube perpass = 1.646m  [5.4 fi]
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Cross-Flow Exchanger with One Fluid Mixed FExample 7-4

A heat exchanger like that shown below i used to heat an o1l in the tubes
{(c=1.9 KJ/kg - °C) from 15°C to §5°C. Blowing across the outside of the tubes is steam that
enters at 130°C and leaves at 110°C with a mass flow of 5.2 kg/sec. The overall heat-transfer
coefficient 1s 275 ‘W,-"n:t2 - °C and ¢ for steam is 1.86 kI /kg - “C. Calculate the surface area of the
heat exchanger

B Solution
The total heat transfer may be obtamed from an energy balance on the steam

g=rtiges AT, =(5.2)(1.86)(130 — 110) = 193 kW

We can solve for the area from Equation (10-13). The value of A Ty, 1s calculated as if the exchanger
were counterflow double pipe (1.e.. as shown 1n Figure Example 10-7). Thus,

130 —85) — (110 — 15
Alm = ! )—( ) =66.9°C

( 130 — 85
Iy
110 — 15 )
_ (Th1=Tc1)—(Tho—Tcz)
ATm - (Th1=Te1)
(Tha—Tc2)
T3=130 T5=1100 =15 #=85°C

and we calculate

_lo-wo ., _8-15
= ESEETL T 130—-15
Consulting. Figure 7-11 we find
F=097
so the area is calculated from
g 193,000 il

A= ==
UF AT (275)(0.97)(66.9)

130 Figure 7-11

L ] Srfa_ru

L 110
-
. '[..]'H'
25 o Gas flow
L
X

7-6 Effectiveness-NTU Method

The LMTD approach to heat-exchanger analysis is useful when the inlet and outlet

temperatures are known or are easily determined. The LMTD is then easily
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calculated, and the heat flow, surface area, or overall heat-transfer coefficient may be
determined. When the inlet or exit temperatures are to be evaluated for a given heat
exchanger, the analysis frequently involves an iterative procedure because of the
logarithmic function in the LMTD. In these cases the analysis is performed more
easily by utilizing a method based on the effectiveness of the heat exchanger in
transferring a given amount of heat. The effectiveness method also offers many
advantages for analysis of problems in which a comparison between various types of
heat exchangers must be made for purposes of selecting the type best suited to

accomplish a particular heat-transfer objective.

We define the heat-exchanger effectiveness as

actual heat transfer

Effectiveness —e = . . -
maximum possible heat transtfer

The actual heat transfer may be computed by calculating either the energy lost by the

hot fluid or the energy gained by the cold fluid. Consider the parallel-flow and

counterflow heat exchangers shown in Figure 7-8.

(.
= ey

T, F dg = Udd (Ty— 1)
}:‘j"”“!d

A -4

(@) (2)

For the parallel-flow exchanger
q = Mpcp(Thy — Thz) = Mecc(Tez — Tey) 7-14
For the counterflow exchanger

q= mhch(Thl - Thz) = mccc(Tcl - TCZ) 7-15
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Maximum possible heat transfer is expressed as

Amax = (mc)min(Thinlet - TCinlet) 7-16

The minimum fluid may be either the hot or cold fluid, depending on the mass-flow
rates and specific heats.

For the parallel-flow exchanger

_ "MaCh(Th1=Th2) _ (Th1=Th2) 717
Mpcn(Th1—Te1) (Th1—Tc1)

€n

MeCc(Tez—Te1) _ (Tez=Tc1)
Mecc(Th1=Tec1) (Th1=Tc1)

7-18

€Ec =

The subscripts on the effectiveness symbols designate the fluid that has the minimum
value ofmec.

For the counterflow exchanger:

MpCh(Th1—Th2) _ (Thi—Th2)
= = 7-19
h T e (Th-Te) | (Tha-Tez)
€ = MeCc(Ter—Te2) _ (Te1—Tc2) 720

MeCc(Th1—Tez)  (Thi—Tc2)

In a general way the effectiveness is expressed as

e — AT (minimum fluid) 721

" Maximum temperature dif ference in heat exchanger

The minimum fluid is always the one experiencing the larger temperature difference
in the heat exchanger, and the maximum temperature difference in the heat exchanger

is always the difference in inlet temperatures of the hot and cold fluids.

We may derive an expression for the effectiveness in parallel flow double-pipe as

follows. Rewriting Equation (7-10), we have

lnM=—UA(.1 41 ) 7-10

Th1—Tc1 MuCh meCe

1nM=—UA(,1 - )=f”A(1+Tf‘CCC) 7-22
Th1—Tec1 MpCh mceCe MmeCe MuCh

Or
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Th2=Te2 _ exp [TUA (1 + M)] 7-23

MpCh
If the cold fluid is the minimum fluid,

_ (Te2=Tc1)
(Thl _Tcl)

mhch(Thl - Thz) = mccc(Tcz - Tcl)

mcCc

ThZ - Thl (Tcl C2)

Rewriting the temperature ratio in Equation in the left side (7-23) gives

T +( )T —To)=Teo+(Te1—T,
Tho=Teo h1 mpcy, (c1 cz) c2 (cl cl)

= 7-24

Th1—Tc1 Th1—Tc1

Equation (7-24) may now be rewritten

(Th1— c1)+(mccc)(Tc1 Te)+(Te~Te2) 1 _( r‘nccc) .

(Thl _Tcl) B MpCh

Inserting this relation back in Equation (7-23) gives for the effectiveness

UA Mmece
__ el (tie) 2

(e
MuCh

It may be shown that the same expression results for the effectiveness when the hot
fluid is the minimum fluid, except that m.c. and ™My are interchanged. As a

consequence, the effectiveness is usually written

1—exp[c ua (1+ Cmm)]

€ = mlgmm Cmax parallel flow 7-26
1+Cmax
Where

C = mc is define as the capacity rate.
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A similar analysis may be applied to the counterflow case, and the following relation

for effectiveness results:

-UA Cyi
1-ex [—(1-M)]
P Cmin\~ Cmax

€= 1_(Cmin)exp[—UA (1 Cmin)]

Cmax Cmin\~ Cmax

counter flow 7-27

The grouping of terms is called the number of transfer units (NTU) since it is

min

indicative of the size of the heat exchanger.

Effectiveness and Heat-Transfer Rates

We must caution the reader about misinterpreting the physical meaning of heat-
exchanger effectiveness. Just because a heat exchanger has a high effectiveness at a
certain flow condition does not mean that it will have a higher heat-transfer rate than
at some low effectiveness condition. High values of & correspond to small temperature
differences between the hot and cold fluid, while higher heat-transfer rates result from
larger temperature differences (i.e., a greater driving potential). In a thermodynamic
sense, higher effectiveness values correspond to reduced values of thermodynamic
irreversibility and smaller entropy generation. To achieve both high heat transfer and
high effectiveness one must increase the value of the UA product, either by increasing
the size (and cost) of the exchanger or by forcing the fluid(s) through the heat
exchanger at higher velocities to produce increased convection coefficients. Or, one
may employ so-called heat-transfer augmentation techniques to increase the value of

UA.
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Figure 7-13 Effectiveness for parallel-flow exchanger performance.
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Figure 7-14 Effectiveness for counter flow exchanger performance.
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Figure 7-15 Effectiveness for cross-flow exchanger with one fluid mixed.
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Figure 7-16 Effectiveness for cross-flow exchanger with fluids unmixed.
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Figure 7-17 Effectiveness for 1-2 parallel counterflow exchanger performance.
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Figure 7-18 Effectiveness for 2-4 multi-pass counter-flow exchanger performance.
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Table 7-1 Heat-exchanger effectiveness relations.

N=NTU=—£A ¢ = Cmin

min - Cmax

Flow geometry

Relation

Double pipe:

Parallel flow
Counterflow

Counterflow, C =1
Cross flow:

Both fluids vnmixed

Both fluids mixed

Cmax mixed, Cpgn unmixed
Cmax nnmixed, Cpyip mixed
Shell and tube:

One shell pass, 2, 4. 6.
tube passes

Multiple shell passes. 2n. 4n. 6n tube passes
(ep = effectiveness of each shell pass,
n —number of shell passes)

Special case for C =1
All exchangers with C =0
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1 —exp|—N(1+ )]
= 1+C
1 —exp|-N(1-0C)]
ST 1_Cexpl-N1—0O)
N
N+1

€=

e=1—exp

exp{—NCn)—1
Cn

where n = N—0-22

_ 1 € o =
°= [l—expi—h’n = 1 —exp(—NC) _Fi|
e=(1/O)1 —exp[—C1 —e~™)])
e=1—exp[—(1/C)1 —exp(—NC)]}

e=2{1+C+[1—.—CE‘Jl";2

Ltexpl—N(1 + iy }—1
1 — exp[—N(1 4+ €212
. iil —Epfh‘fﬂ_l— E_pjlﬂ —1
“ A —epO/d—epli—C

. nep
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