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HEAT EXCHANGERS



TYPES OF HEAT EXCHANGERS
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Compact heat exchanger: It has a large heat L
transfer surface area per unit volume (e.g., car 4
radiator, human lung). A heat exchanger with the Crosetlow
area density > 700 m?/m? is classified as being (unmixed) O Q
O
O

compact.

Cross-flow: In compact heat exchangers, the two fluids H Q\
usually move perpendicular to each other. The cross- Tube flow
flow is further classified as unmixed and mixed flow. (nmeed)

(a) Both fluids unmixed

Tube flow
(nmixed)

(H) One fluid mixed, one fluid unmixed

FIGURE 11-2 FIGURE 11-3

- =l Different flow configurations in

A gas-to-liquid compact heat S - -

= : g ; : cross-flow heat exchangers.
exchanger for a residential air-

conditioning system. 3



Shell-and-tube heat exchanger: The most common type of heat
exchanger in industrial applications.

They contain a large number of tubes (sometimes several hundred)
packed in a shell with their axes parallel to that of the shell. Heat
transfer takes place as one fluid flows inside the tubes while the other
fluid flows outside the tubes through the shell.

Shell-and-tube heat exchangers are further classified according to the
number of shell and tube passes involved.

Tube Shell
outlet inlet Baffles

Front-end
header

Rear-end

header er1T
Tubes Shell
Shell Tube
outlet inlet
FIGURE 11-4

The schematic of a shell-and-tube heat exchanger (one-shell pass and one-tube pass).



Regenerative heat exchanger:
Involves the alternate passage of the
hot and cold fluid streams through the
same flow area.

Dynamic-type regenerator: Involves a
rotating drum and continuous flow of
the hot and cold fluid through different
portions of the drum so that any
portion of the drum passes periodically
through the hot stream, storing heat,
and then through the cold stream,
rejecting this stored heat.

Condenser: One of the fluids is cooled
and condenses as it flows through the
heat exchanger.

Boiler: One of the fluids absorbs heat
and vaporizes.

Shell-side fluid
In
Tube-side
fluid
G I o—» Out

D [

Out
(a) One-shell pass and two-tube passes

Shell-side fluid
In

G | D> Out
Tube-
l ) side
@ | fluid
D < In
Out
(b) Two-shell passes and four-tube passes

FIGURE 11-5
Multipass flow arrangements in
shell-and-tube heat exchangers.



Plate and frame (or just plate) heat exchanger: Consists of a series of plates
with corrugated flat flow passages. The hot and cold fluids flow in alternate
passages, and thus each cold fluid stream is surrounded by two hot fluid streams,
resulting in very effective heat transfer. Well suited for liquid-to-liquid applications.

A plate-and-frame B
- . . . k(¢ - “ﬁ_m"h
liquid-to-liquid heat R~
exchanger. - AVA
ea "d < Ll ]
e A— e
Nozzles auched _, ’ ‘ é‘ mu
to end frames allow = / 4 e ¥ | il
for entrance and exit _— Z i iz ¥ | ~} :. UL
of fluids. 7 i iz ¥ B i
Plates supported by

an upper guide bar are
held in a frame which
is bolted together.

Portholes and gaskets
allow fluids to flow
in alternate channels. ¢

O(

Special gaskets on end
plates prevent fluids from are arranged The lower rectangular guide bar
« <
contacting the frames. A gasket mounted on alternately assures absolute plate alignment
beach pla}e se(zllls; the chanlnel preventing lateral movement.
etween it and the next plate.

A and B plates
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THE OVERALL HEAT TRANSFER COEFFICIENT

* A heat exchanger typically involves two
flowing fluids separated by a solid wall.

* Heat is first transferred from the hot fluid to
the wall by convection, through the wall by Cold__
conduction, and from the wall to the cold fluid
fluid again by convection.

* Any radiation effects are usually included in Hot
. . . fluid
the convection heat transfer coefficients.

Heat

transfer

B In (D,/D,)

R .=
wall D2kl
Cold
R— R PR - +R L In (D,/D;) L fluid
- Trowl T Twall TR oA 2wkl kA, g~ Wall . T,
i h,
A, =mDLand A, = 7D L T, .—»# ,,,,,,,,,,,, o T
: _ 1 R 1
Thermal resistance network Ri=pa Tva Ro=j A

associated with heat transfer in
a double-pipe heat exchanger.



Heat
transfer

Outer tube

Outer [~ Inner tube

fluid Inn.er
fluid -A,=nD,L

J‘:lr' = IDIL

FIGURE 11-8
The two heat transfer surface areas
associated with a double-pipe heat

exchanger (for thin tubes, D, = D, and

thus A; = A,).

O AT

U the overall heat transfer

coefficient, W/m2.°C

y — I ¥
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UA, =UA, but U # U,unless A, = A,

When R

wall

xU AE':""A“::A

&

T —_ T
U = Uf-w {;0

The overall heat transfer coefficient U is dominated by the smaller convection

coefficient. When one of the convection coefficients is much smaller than the other

) = 5 = UAAT = U.A AT = U A AT

h,

A,

(say, h; << h,), we have 1/h, >> 1/h, and thus U = h,. This situation arises frequently
when one of the fluids is a gas and the other is a liquid. In such cases, fins are

commonly used on the gas side to enhance the product UA and thus the heat
transfer on that side.



The overall heat transfer coefficient
ranges from about 10 W/m?2-°C for
gas-to-gas heat exchangers to about
10,000 W/m?2-°C for heat exchangers
that involve phase changes.

When the tube is finned on one
side to enhance heat transfer, the
total heat transfer surface area on

the finned side is

An = ‘4[1-5[;[] =A fin + Aum'mn{ml

TABLE 11-1 For short fins of high
Representative values of the overall heat transfer coefficients in heat thermal COﬂdUCtIVIty, we
exchangers can use this total area in
Type of heat exchanger U, W/m2-K"* the convection
Water-to-water 850-1700 resistance relation
Water-to-oil 100-350 Rconv = j|_/hAS
Water-to-gasoline or kerosene 300-1000
Feedwater heaters 1000-8500
Steam-to-light fuel oil 200-400 A = Aunfinned T MfinAfin
Steam-to-heavy fuel oil 50-200 ) o
Steam condenser 1000-6000 To account for fin eﬁ|C|ency
Freon condenser (water cooled) 300-1000
Ammonia condenser (water cooled) £00-1400
Alcohol condensers (water cooled) 250-700
Gas-to-gas 10-40
Water-to-air in finned tubes (water in tubes) 30-60f

400-8501
Steam-to-air in finned tubes (steam in tubes) 30-300f 9

400-4000%



Fouling Factor

The performance of heat exchangers usually deteriorates with time as a result of
accumulation of deposits on heat transfer surfaces. The layer of deposits represents
additional resistance to heat transfer. This is represented by a fouling factor R..

1 1 1 1 R W/ K.
UA - UA UA K= a™a ""2mr T4 Tha

The fouling factor increases with the operating temperature and the length of
service and decreases with the velocity of the fluids.

)9" TABLE 11-2
v Representative fouling factors
o (thermal resistance due to folling for
.' ’ } a unit surface area)
19 Fluid Ry, m2-K/W
; ’ B Distilled water,
A~ f : sea-water, river water,
f,' 3 boiler feedwater:
§ iis Below 50°C 0.0001
g Above 50°C 0.0002
Fuel oil 0.0009
L Steam (oil-free) 0.0001
Refrigerants (liquid) 0.0002
FIGURE 11-9 Refrigerants (vapor) 0.0004
Precipitation fouling of ash particles Alcohol vapors 0.0001

on superheater tubes. Alr 0.0004 1



EXAMPLE 13-1 Overall Heat Transfer Coefficient of a
Heat Exchanger

g Hot oil is to be cooled in a double-tube counter-flow heat exchanger. The copper
m inner tubes have a diameter of 2 cm and negligible thickness. The inner diame-
®m ter of the outer tube (the shell) is 3 cm. Water flows through the tube at a rate of
® 0.5 kg/s, and the oil through the shell at a rate of 0.8 kg/s. Taking the average
® temperatures of the water and the oil to be 45°C and 80°C, respectively, deter-
| . . .

u Mine the overall heat transfer coefficient of this heat exchanger.

Hot ol
0.8 L;gfs;l
Cold h
water
— ] !l cm Jcm N
0.5 kg/s

2
J.

FIGURE 13-10

Schematic for Example 13-1. 11




~ SOLUTION Hot oil is cooled by water in a double-tube counter-flow heat
exchanger. The overall heat transfer coefficient is to be determined.
Assumptions 1 The thermal resistance of the inner tube is negligible since
the tube material is highly conductive and its thickness is negligible. 2 Both
the oil and water flow are fully developed. 3 Properties of the oil and water are

constant.
Properties The properties of water at 45°C are (Table A-9)
p = 990 kg/m’ Pr = 3.91]
k= 0.637W/m - °C v = wp = 0.602 % 107 m¥/s
Hot oil ; ; o
08 k’?"sl The properties of oil at 80°C are (Table A-16).
Cold p = 852 kg/m’ Pr = 490
water | W k=0.138W/m -°C v=37.5 % 10" ms
—={] ¥Zcm Jcm L ) ) - ) )
0.5 kefs | Analysis The schematic of the heat exchanger is given in Figure 13-10. The
overall heat transfer coefficient U can be determined from Eq. 13-5:
l 1 1 I
Uk + h,

where h, and h, are the convection heat transfer coefficients inside and outside
the tube, respectively, which are to be determined using the forced convection
relations.

The hydraulic diameter for a circular tube is the diameter of the tube itself,
D, = D= 0.02 m. The mean velocity of water in the tube and the Reynolds
number are

m m 0.5 kg/s

Vm=oa = p(LwD?) (990 ke/m)[L(0.02 m]

= 1.61 m/s

and

YDy _ (161 /s)(0.02 m)
i 0.602 > 1075 m¥s

Re = — 53.490

which is greater than 4000. Therefore, the flow of water is turbulent. Assuming |
the flow to be fully developed, the Nusselt number can be determined from




hD
Nu = T'h = 0.023 Re"*Pr® = 0.023(53.490)"%(3.91)** = 240.6

Then,

k 0.637 Wim - °C 7
— = — 3 — P =
h D, Nu = 00 m (240.6) = 7663 W/m- - °C

Mow we repeat the analysis above for oil. The properties of oil at 80°C are

p = 852 kg/m’ v =37.5 %X 107° m¥%s
k=0138Wm-°C Pr=49%

The hydrauli{: diameter for the annular space is
D, =D, — D;=0.03 — 0.02 = 0.0l m
The mean "JE|DCit]p’ and the HE}’HDMS number in this case are

Vo=t o 08 ke's =239 m/s
pA:  plym(DZ — DH] (852 kg/m?)[3w(0.037 — 0.02%)] m?

and

VuDy (239 m/s)0.01 m)
v 37.5 x 10 mis

Re = = 637
which is less than 4000. Therefore, the flow of oil is laminar. Assuming fully
developed flow, the Nusselt number on the tube side of the annular space
MNu; corresponding to Dy/D, = 0.02/0.03 = 0.667 can be determined from
Table 13-3 bv interpolation to be
and

k _ 0138 W/m - °

C
— — o 2.0
h, = D, Nu = 0.01 (5.45) = 752 Wim* - °C

Then the overall heat transfer coefficient for this heat exchanger becomes

1 1
1 n I
7663 Wim* - °C 752 Wim? . °C

U = 74.5 Wim?*- °C

B h,

13



: EXAMPLE 13-2 Effect of Fouling on the Overall Heat
u Transfer Coefficient

: A double-pipe (shell-and-tube) heat exchanger is constructed of a stainless steel
m (k= 15.1 W/m - °C) inner tube of inner diameter D, = 1.5 cm and outer diam-
m efer D, = 1.9 cm and an outer shell of inner diameter 3.2 cm. The convection
B heat transfer coefficient is given to be i, = 800 W/m? - °C on the inner surface

n::uf the tube and h, = 1200 W/m? - *C on the outer surface. For a fouling factor

n::uf R ; = 0.0004 mE °C/W on the tube side and Ry , = 0.0001 m? - °C/W on

the shell side, determine (a) the thermal resistance of the heat exchanger per
m Unit length and (&) the overall heat transfer coefficients, U, and U, based on the
m inner and outer surface areas of the tube, respectively.

— Cold flud

- Duter layer of fouling

=1 Tube wall
Hot Inner layer of fouling

fluid Cold fluid

Hot r:‘

uid [T =

—={T o A T

SR |
D. =15cm
h; =800 Wim-oC
R . =0.0004 m2-2C/W
D, =19cm .

FIGURE 13-11 h, = 1200 W/m*°C
Schematic for Example 13-2. R, =0.0001 m*°CIW
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® SOLUTION The heat transfer coefficients and the fouling factors on the tube
and shell sides of a heat exchanger are given. The thermal resistance and the
overall heat transfer coefficients based on the inner and outer areas are to be
determined.
Assumptions The heat transfer coefficients and the fouling factors are constant
and uniform.
Analysis (&) The schematic of the heat exchanger is given in Figure 13-11.
The thermal resistance for an unfinned shell-and-tube heat exchanger with foul-
ing on both heat transfer surfaces is given by Eq. 13-8 as

! l 1 1 R In(D,/D) Reo

R=TUA."UA"UA " mATA T 2mk T A "haA

where

A, = wD,L = w(0.015 m)(1 m) = 0.0471 m?
A, = wD,L = w(0.019 m)(1 m) = 0.0597 m?

Substituting, the total thermal resistance is determined to be

R — 1 _I_D.D{I'l}d m? - °C/'W
(R00 W/m?* - *C)(0.0471 m*) 0.0471 m?

. In (0.019/0.015)
21(15.1 Wim - “C)(1 m)
0.0001 m? - °C/W |
0.0597 m? (1200 W/m? - °C}0.0597 m?)
= (0.02654 + 0.00849 + 0.0025 + 0.00168 + 0.01396)°C/W
= 0.0532°C/'W

15



Mote that about 19 percent of the total thermal resistance in this case is due to
fouling and about 5 percent of it is due to the steel tube separating the two flu-
ids. The rest (76 percent) is due to the convection resistances on the two sides

of the inner tube.

(b) Knowing the total thermal resistance and the heat transfer surface areas,
the overall heat transfer coefficient based on the inner and outer surfaces of the

tube are determined again from Eq. 13-8 to be

] | L
= — = 309 W/m? -
Ui = RA. = (0.0532 "C/W)(0.0471 m2) LR

and

I | o
U =—— — _ — 315 W/m? - °C
° T RA, (00532°C/W)0.0597m3)

16



ANALYSIS OF HEAT EXCHANGERS

An engineer often finds himself or herself in a position

1. to select a heat exchanger that will achieve a specified temperature
change in a fluid stream of known mass flow rate - the log mean

temperature difference (or LMTD) method.

2. to predict the outlet temperatures of the hot and cold fluid streams in
a specified heat exchanger - the effectiveness—NTU method.

The rate of heat transfer in heat

exchanger (HE is insulated): Two fluid
O = i, c, l;r u T ) streams that
have the same
Y — - - capacity rates
Q = I frh{Th. in Th.mu} experience the
.. n, = mass flow rates same
s — amanrifie i temperature

Cpes Cpy = specific heats :
I change in a well-
T. outs Th o = Outlet temperatures insulated heat
T, i T} 4 = inlet temperatures exchanger.

Cy = nmycy, and C. = myc,

heat capacity rate
Q o ( , out — 1. i) ) - Ch{Tf

o, 1n¢ e

- Tf.‘. mli}

1,10

T i

— Hot fluid

\
Cold fluid
Ct' = sz

AT = AT, = AT, = constanlt

s

Inlet

- X
Outlet

17



m 1S the rate of evaporation or condensation of the fluid Q = ff”’f__.e_g
hy, Is the enthalpy of vaporization of the fluid at the specified temperature or pressure.

The heat capacity rate of a fluid during a phase-change process must approach
infinity since the temperature change is practically zero.

T4 |
L Condensing fluid | T4

o

'

= Cold fluid

e Hot fluid

|
+.

~~ Boiling fluid

I

I

|

' Variation of

| fluid

i temperatures
| In a heat

| exchanger
| when one of
Inlet outlet  the fluids

condenses or
(@) Condenser (C;, — =) () Boiler (C — =) boils.

|

Inlet Outlet

Q — UA AT AT, an appropriate mean (average)
' 7 m temperature difference between the two fluids
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THE LOG MEAN TEMPERATURE DIFFERENCE

METHOD

80 = —my,c,, dT, SQ = n.c

50

”?Fr'i:nh

{ITH - —

dT, — dT, = d(T, — T,) = —56Q (

5Q = U(T, — T,) dA,

AT, — T
= = —UdA, (}

o UAS (

log mean

I, —T.

T}r. out Tc'. ot
n
Th. in T

c, 1n

l

Q - {LL &T]m

AT,

© My,

temperature

Im = ]
In (AT/ATY) gitterence

T i
A — :
f, in \ EQ: L'F{T.r; _ j:,} dA_s
Tﬁ r —ldTh
: : . | Th,om
AT, AT Biso AL]
I'I |~ c.out
s+ | I |
I
/ T: [ ] &Tl = Th.in - Tv.in
1 I, _
1:'_111 T : : ATQ - Th.ulut ~ Yo out
: I _..1: :r-—dAs 2 ;is
I
| : : Tc'_ out
I
Hot | |1 dA,
flund —- H( Th_oul
Th.in 1 | |
J Variation of the fluid

Cold flmd

Tc. in

temperatures in a

parallel-flow double-pipe

heat exchanger.
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T Tc',u-ut

Hot AT,
fluid |

—»>
—>7) — i)
T.ﬂr in u — | T
fout
_w&'r Cold fluid
TL'.in ﬂ"Tl = -T.Fi',jn - Tv.in
ﬂ‘TE = T.I’i',nut - Tv,um

(a) Parallel-flow heat exchangers

Cold
fluid

t]ﬂi

Hot Al
fluid |

-
—») — L)—>
Th in € | Th,-ﬁm
|
Tt‘,uut ﬂ"Tl = T.l’i'. in— Tc.mll
ﬂ"Tl = T.Fi'. out Tc,jn

(b) Counter-flow heat exchangers

The arithmetic mean temperature difference
AT AT, + AT,)

The logarithmic mean temperature
difference AT, is an exact representation
of the average temperature difference
between the hot and cold fluids.

un T

Note that AT, is always less than AT,
Therefore, using AT, in calculations
instead of AT,,, will overestimate the rate of
heat transfer in a heat exchanger between
the two fluids.

When AT, differs from AT, by no more than
40 percent, the error in using the arithmetic
mean temperature difference is less than 1
percent. But the error increases to
undesirable levels when AT, differs from
AT, by greater amounts.

FIGURE 11-15
The AT, and AT, expressions in

parallel-flow and counter-flow heat 20

exchangers.



T A

Thin | Counter-Flow Heat Exchangers

I
Hot fluid | In the limiting case, the cold fluid will be

T o | heated to the inlet temperature of the hot
| fluid.
| However, the outlet temperature of the cold
i fluid can never exceed the inlet
lﬂz.um temperature of the hot fluid.
T.. L
| o For specified inlet and outlet temperatures,
| AT, a counter-flow heat exchanger is
L > always greater than that for a parallel-flow

T.. Cold heat exchanger.

fluid Thatis, AT, ¢ > AT}, s, and thus a

Hot q smaller surface area (and thus a smaller

fluid | - , heat exchanger) is needed to achieve a

};'1 — B specified heat transfer rate in a counter-

u " flow heat exchanger.
¥ Teon When the heat capacity rates

FIGURE 11-16 of the two fluids are equal

The variation of the fluid temperatures _ _ _

o " I f AT, = AT, = AT,

in a counter-flow double-pipe heat 21

exchanger.



Multipass and Cross-Flow Heat Exchangers:

Cold l Tein
fluid
Hot |'C AT,
fluid Cross-flow or multipass
E:FE shell-and-tube heat exchanger :‘?;!"—r
! h,out

o0t

U
A

Heat transfer rate:
Q = UAFAT, cF

ﬂ-.Tl — ﬂtTg
where Alimcr = m}
ATy =Thin—Teon
ﬂ\Tj = T.I’i'. out — Tr.‘. in

FIGURE 11-17

The determination of the heat transfer
rate for cross-flow and multipass
shell-and-tube heat exchangers using
the correction factor.

Use of a Correction Factor

AT] :FiTlm.{‘F

m

F correction factor depends on the
geometry of the heat exchanger and the
inlet and outlet temperatures of the hot
and cold fluid streams.

F for common cross-flow and shell-and-
tube heat exchanger configurations is
given in the figure versus two
temperature ratios P and R defined as

— IE B rl R T[ - Tj {”‘”‘p}luhc side
I —1 ot — I N {H}{‘P}

shell side

1 and 2 inlet and outlet
T and t shell- and tube-side temperatures

F =1 for acondenser or boiler
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1.0

0.9

0.8

0.7

Correction factor F

0.6

0.5

1.0

0.9

0.8

0.7

Correction factor F

0.6

0.5

ANNNSSSNan| Iy
ARNNANG RN , * ot
\\ \ N '\.\ \\ \\ \ i | ; - 1
R=40\3.0120 15 1'()\()8\% \(‘14 \fiz h
NN TY NIV NT Y \ Correction factor
1 \ \ \ F charts for
T,-T, L\ | common shell-
L HA \ \ \ and-tube heat
L \ _\ t,—t, exchangers.
0 01 02 03 04 05 06 07 08 09 10 P=7—
1 1
(a) One-shell pass and 2, 4, 6, ete. (any multiple of 2), tube passes
NL N NN J
INEA WA NARNAY "
. \ . SIAVAWAY o
R=4030] 20 |15 1.0 08 0.6 0402 |C— —1,
D \ L\ l
grsteasEania I
_T,-T,
R= 1 2
— rlz_r] \ \
L =1
0 01 02 03 04 05 06 07 08 09 10 P:,IE r]
1 1

(b) Two-shell passes and 4, 8, 12, etc. (any multiple of 4), tube passes
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0.5 | 1 | . I f ot
0 01 02 03 04 05 06 07 08 09 10 P=7—
11 24

(d) Single-pass cross-flow with one fluid mixed and the other unmixed



The LMTD method is very suitable for determining the size of a heat
exchanger to realize prescribed outlet temperatures when the
mass flow rates and the inlet and outlet temperatures of the hot
and cold fluids are specified.

With the LMTD method, the task is to select a heat exchanger that
will meet the prescribed heat transfer requirements. The
procedure to be followed by the selection process is:

1. Select the type of heat exchanger suitable for the application.

2. Determine any unknown inlet or outlet temperature and the heat
transfer rate using an energy balance.

3. Calculate the log mean temperature difference AT, and the
correction factor F, if necessary.

4. Obtain (select or calculate) the value of the overall heat transfer
coefficient U.

5. Calculate the heat transfer surface area A, .

The task is completed by selecting a heat exchanger that has a
heat transfer surface area equal to or larger than A..

25



: EXAMPLE 13-3 The Condensation of Steam In a Condenser

: Steam in the condenser of a power plant is to be condensad at a temperature of
a S0°C with cooling water from a nearby lake, which enters the tubes of the con-
@ denser at 14°C and leaves at 22°C. The surface area of the tubes is 45 m?, and
m the overall heat transfer coefficient is 2100 W/m? - °C. Determine the mass flow
™ rate of the cooling water needed and the rate of condensation of the steam in
® the condenser.

Steam
30°C

f
Cooling
water
@ s
)
« -
229C
* 30°C
FIGURE 13-19

Schematic for Example 13-3.
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= SOLUTION Steam is condensed by cooling water in the condenser of a power
plant. The mass flow rate of the cooling water and the rate of condensation are
to be determined.
Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well
insulated so that heat loss to the surroundings is negligible and thus heat trans-
fer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes
in the Kinetic and potential energies of fluid streams are negligible. 4 There is
no fouling. 5 Fluid properties are constant.
Properties The heat of vaporization of water at 30°C is fip = 2431 klkg
and the specific heat of cold water at the average temperature of 18°C is
C, = 4184 Vkg - °C (Table A-9).
Analysis The schematic of the condenser is given in Figure 13-19. The con-
denser can be treated as a counter-flow heat exchanger since the temperature
of one of the fluids (the steam) remains constant.

The temperature difference betwean the steam and the cooling water at the
two ends of the condenser is

AT) = Ty iy — T o = (30 — 22)°C = 8°C
AT, = Ty ot — Teiq = (30 — 14)°C = 16°C

That is, the temperature difference between the two fluids varies from 8°C at
one end to 16°C at the other. The proper average temperature difference be-
tween the two fluids is the fggarithmic mean femperature difference (not the
arithmetic), which is determined from

AT, — AT 8- 16

AT, = =
'™ n (AT/AT:)  In(8/16)

= 11.5°C

This is a little less than the arithmetic mean femperature difference of
%{B + 16) = 12°C. Then the heat transfer rate in the condenser is determined
from

27



0 = UA, AT, = (2100 W/m? - °C)(45 m2)(11.5°C) = 1.087 x 106 W = 1087 kW

Therefore, the steam will lose heat at a rate of 1,087 kW as it flows through the

condenser, and the cooling water will gain practically all of it, since the con-
denser is well insulated.

The mass flow rate of the cooling ?uater and the rate of the {:nndgens.atinn of the

steam are determined from Q@ = [MCp(Towt — Tinllcocling water = (M Aggdsteam 10 DE

fhc'l:-:liﬂ = -
& waler CPETDHI _ ]"'m:]
1,087 kl/s
T (4.184 klkg - “C)22 — 14)°C

= 32.5 ke/s
and

0 1087 Kkl/s

= ) —_ = — ='I1 : - ..
Mocam = = 23T kil 0 oS

Therefore, we need to circulate about 72 kg of cooling water for each 1 kg of
steam condensing to remove the heat released during the condensation process.
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EXAMPLE 134 Heating Water in a Counter-Flow Heat Exchanger

A counter-flow double-pipe heat exchanger is to heat water from 20°C to 80°C
al a rate of 1.2 kg/s. The heating is to De accomplished by geothermal water
available at 160°C at a mass flow rate of 2 kg/s. The inner tube is thin-walled
and has a diameter of 1.5 cm. If the overall heat transfer coefficient of the heat
exchanger is 640 W/m? - °C, determine the length of the heat exchanger re-
quired to achieve the desired heating.

Hot
peothermal
water *.]E"DT
2kels S
Cold
waler
—={) [ L
2000 \ ROC
l-“*E’ETI “D=1.5cm
FIGURE 13-20

Schematic for Example 13-4,
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m SOLUTION Water is heated in a counter-flow double-pipe heat exchanger by
geothermal water. The required length of the heat exchanger is to be defermined.
Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well
insulated so that heat loss to the surroundings is negligible and thus heat trans-
fer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes
in the Kinetic and potential energies of fluid streams are negligible. 4 There is
no fouling. 3 Fluid properties are constant.

Properties We take the specific heats of water and geothermal fluid to be 4.18
and 4.31 kJ/kg - °C, respectively.

Analysis The schematic of the heat exchanger is given in Figure 13-20. The
rate of heat transfer in the heat exchanger can be determined from

Q = [MCy(Tyy — TipVluaer = (1.2 kg/s)(4.18 kl/kg - °C)(80 — 20)°C = 301 kW

Moting that all of this heat is supplied by the geothermal water, the outlet
tfemperature of the geothermal water is determined fo be

¢

Q - ImCF{T_'ﬂ o TEﬂJt}I_gEEﬂETmEI E— th = Tin e
mC,

301 kW
(2 kg/s)(4.31 K/kg -°C)

= 160°C —
= 125°C

Knowing the inlet and outlet temperatures of both fluids, the logarithmic mean
temperature difference for this counter-flow heat exchanger becomes

AT, =Tyin — To o = (160 — 8B0)°C = 80°C
AT = Th ot — Tein = (125 — 20)°C = 105°C

and

AT, — AT, 80— 105

AT, = =
'™ In (ATYAT:)  In (R0/105)

= G2.0°C
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Then the surface area of the heat exchanger is determined to be

) 301,000 W

— =511 m?
UAT, (640 W/m® - °C){92.0°C) "

Q=UAAT, — A, =

To provide this much heat transfer surface area, the length of the tube must be

A, sm
7D~ w(0.015 m)

A;=mDL —— L= = 108 m
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= EXAMPLE 13-5  Heating of Glycerin in a
o Multipass Heat Exchanger

: A Z-shell passes and 4-tube passes heat exchanger is used to heat glycerin from
m Z0°C to 50°C by hot water, which enters the thin-walled 2-cm-diameter fubes
®m at 80°C and leaves at 40°C (Fig. 13-21). The total length of the tubes in the
™ heat exchanger is 60 m. The convection heat transfer coefficient is 25 W/im? -
® °C on the glycerin (shell) side and 160 W/m? - °C on the water (tube) side. De-
N o Lermine the rate of heat transfer in the heat exchanger (a) before any fouling oc-
— curs and (b) after fouling with a fouling factor of 0.0006 m? - °C/W occurs on
m The outer surfaces of the tubes.

Cold
glycenn
20°C

0
|
o — =,

waler
=)
H[]“C |
:vDC‘
FIGURE 13-21

Schematic for Example 13-3.
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SOLUTION Glycerin is heated in a 2-shell passes and 4-tube passes heat
exchanger by hot water. The rate of heat transfer for the cases of fouling and no
fouling are to be determined.

Assumpiions 1 Steady operating conditions exist. 2 The heat exchanger is well
insulated so that heat loss to the surroundings is negligible and thus heat trans-
fer from the hot fluid is equal to heat transfer to the cold fluid. 3 Changes in the
kinetic and potential energies of fluid streams are negligible. 4 Heat transfer co-
efficients and fouling factors are constant and uniform. 3 The thermal resis-
tance of the inner tube is negligible since the tube is thin-walled and highly
conductive.

Analysis The tubes are said to be thin-walled, and thus it is reasonable to
assume the inner and outer surface areas of the tubes to be equal. Then the
heat transfer surface area becomes

A, = wDL = 7w(0.02 m){60 m) = 3.77 m?
The rate of heat transfer in this heat exchanger can be determined from
Q = UA; F AT\, oy

where F is the correction factor and ATy, cr is the log mean temperature differ-

ence for the counter-flow arrangement. These two quantities are determined
from

AT, = Ty in — Te o = (80 — 50)°C = 30°C
AT, = Ty oq — T:iq = (40 — 20)°C = 20°C
AT, — AT, 30—-20

Ala.cr =g (ATJAT,)  In(30/20) AT
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and

3

F=IE_II =='1-'|:|'—E'|:|'=
-4 20-—80

0.67
+ F =091 (Fig. 13-185)
Lh—-T, 20-50

R=4 =1 ~30=80

=0.75

J

(a) In the case of no fouling, the overall heat transfer coefficient U is deter-
mined from

u : I : I = 21.6 W/m? - °C

—
160 Wim?- °C 25 Wim® - °C

T,

Then the rate of heat transfer becomes
Q = UAFAT, -r=1(21.6 Wi/m? - *°C)(3.77m?)(0.91)(24.7°C) = 1830 W

(0) When there is fouling on one of the surfaces, the overall heat transfer coef-
ficient U is
_ I

I I 3
+R + = + 0.0006 m- - "C/'W
T 160 Wim? - °C 25 Wim? - °C m

= 21.3W/m* - °C

The rate of heat transfer in this case becomes

O = UA,F AT, or = (21.3 Wim? - °C)(3.77 m2)(0.91)(24.7°C) = 1805 W
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: EXAMPLE 13-6 Cooling of an Automotive Radiator

: A test Is conducted to determine the overall heat transfer coefficient in an au-
g tomotive radiator that is a compact cross-flow water-to-air heat exchanger with
m both fluids (air and water) unmixed (Fig. 13-22). The radiator has 40 tubes of
m internal diameter 0.5 cm and length 65 cm in a closely spaced plate-finned
® matrix. Hot water enters the tubes at S0°C at a rate of 0.6 kg/s and leaves at
® 55°C. Air flows across the radiator through the interfin spaces and is heated
® from 20°C to 40°C. Determine the overall heat transfer coefficient U, of this ra-
: diator based on the inner surface area of the tubes.

o0~C
N N\

Air flow
{unmixed)
200C

—= 40

00
x.
1200

["w,

Water flow FIGURE 13-22
(unmixed) Schematic for Example 13-6.
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SOLUTION During an experiment involving an automotive radiator, the inlet
and exit temperatures of water and air and the mass flow rate of water are mea-
sured. The overall heat transfer coefficient based on the inner surface area is to
be determined.

Assumptions 1 Steady operating conditions exist. 2 Changes in the kinetic
and potential energies of fluid streams are negligible. 3 Fluid properties are
constant.

Propeities The specific heat of water at the average temperature of (90 + &65)/
2=775°Cis4.195 kJ/kg - °C.

Analysis The rate of heat transfer in this radiator from the hot water to the air
is determinad from an energy balance on water flow,

O = [MCy (T — Toug) e = (0.6 k/s)(4.195 kJ/kg - °C)90 — 65)°C = 62.93 kW

The tube-side heat transfer area is the total surface area of the tubes, and is
determined from

A; = nuD; L = (40)w(0.005 m)0.65 m) = 0.408 m*

Knowing the rate of heat transfer and the surface area, the overall heat transfer
coefficient can be determined from

0

Q=UAFATlygcr — U= A F AT o

where F is the correction factor and AT, -ris the log mean temperature differ-
ence for the counter-flow arrangement. These two quantities are found to be

ATy = Ty in — T om = (90 — 40)°C = 50°C
AT: = Thoat — Tein = (65 — 20)°C = 45°C
AT, — AT, 50— 45

In(AT/AT,) _In(505)  +€C

-“1T|m. CF =
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and
3

P=r2_r]=155—';lﬂ

hi—f 20—90)

R_T]_TI_ED_d_D_GED F =097 (Fig. 13—18¢)
T h—f  65—-90

= 0.36

s
Substituting, the overall heat transfer coefficient U, is determined to be

- Qo 3 62,930 W
" A FAT o (0408 m?)(0.97)(47.6°C)

= 3341 Wim? - °C

Note that the overall heat transfer coefficient on the air side will be much lower
because of the large surface area involved on that side.
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THE EFFECTIVENESS-NTU METHOD

A second kind of problem encountered in heat exchanger analysis is the
determination of the heat transfer rate and the outlet temperatures of the hot and
cold fluids for prescribed fluid mass flow rates and inlet temperatures when the

type and size of the heat exchanger are specified. 20°C Cord
25 kgfs i water
_ 4.18 Kl/kg-K
Heat transfer effectiveness Hot | W
. ) m—lr- Big
¢ Actual heat transfer rate 130°C |
£ =— = : : : 40 kgfs
O, Maximum possible heat transfer rate 2.3 ki/kg K
Ce = thgepe = 104.5 kKW/K
Q C ( wout  fo in) T CfI(TfI, in Th, Dut) Cpy = mCpp = 92 KW/K
C.= m.,. and C, = mc Cmin =92 KWIK
¢ € pe h ph ann}. = Th,jn - Tz‘,in =110°C
/ — . Qmax = Ciin AT pax = 10,120 kW
&Tmax o Tﬁ. in T¢ in
FIGURE 11-23
- The determination of the maximum
:-)[11;3.\ mm{ Th in I in] rate of heat transfer in a heat
the maximum possible heat transfer rate exchanger.

C..in IS the smaller of C, and C,
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= EXAMPLE 13-7  Upper Limit for Heat Transfer in a

- Heat Exchanger

|
g Cold water enters a counter-flow heat exchanger at 10°C at a rate of 8 kg/s,

m Where it is heated by a hot water stream that enters the heat exchanger at 7/0°C
®m al a rate of 2 kg/s. Assuming the specific heat of water to remain constant at

W ;= 4.18 kJ/kg - °C, determine the maximum heat transfer rate and the outlet

: temperatures of the cold and the hot water streams for this limiting case.

10°C Cold
8 kg/s J. water

Hot
water |

—] -

70°C I
2 ky/s

FIGURE 13-24
Schematic for Example 13-7.
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SOLUTION Cold and hot water streams enter a heat exchanger at specified
temperatures and flow rates. The maximum rate of heat transfer in the heat ex-
changer is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well
insulated so that heat loss to the surroundings is negligible and thus heat trans-
fer from the hot fluid is equal to heat transfer to the cold fluid. 3 Changes in the
kinetic and potential energies of fluid streams are negligible. 4 Heat transfer co-
efficients and fouling factors are constant and uniform. 3 The thermal resis-
tance of the inner tube is negligible since the tube is thin-walled and highly
conductive.

Properties The specific heat of water is given 1o be G, = 4.18 kl/kg - °C.

Analysis A schematic of the heat exchanger is given in Figure 13-24. The heat
capacity rates of the hot and cold fluids are determined from

Cp = rir,,Cp,, = (2 kp/s)4.18 kl/kg - °C) = 8.36 kW/°C
and
C.= rhECP,f = (8 kg/s)(4.18 kl/kg - “C) = 334 kKW/°C
Therefore
Coin = Cp = 8.36 KW/°C

which is the smaller of the two heat capacity rates. Then the maximum heat
transfer rate is determined from Eq. 13-32 1o be

me = Cmiﬂ{Tﬁ. in TL'. ir|:|
= (8.36 KW/"C) 70 — 10)°C
= 502 kW
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That is, the maximum possible heat transfer rate in this heat exchanger is
502 kW. This value would be approached in a counter-flow heat exchanger with
a very large heat transfer surface area.

The maximum temperature difference in this heat exchanger is AT ., =
Thin — Tz in = (70 — 10)°C = 60°C. Therefore, the hot water cannot be cooled
by more than 60°C (to 10°C) in this heat exchanger, and the cold water cannot
be heated by more than 60°C (to 70°C), no matter what we do. The outlet tem-
peratures of the cold and the hot streams in this limiting case are determined
to be

: o 502 kW o
: Q § 502 kW .
Q=CThio " Thow — Thow=Thim— Eﬁ = T0°C — 238 KW/IC 10°(
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e, ¢, | €04 Actual heat transfer rate

fluid :
Hot FC Q - Qm ax “min' Tﬁ in T{-.in}
fTuid
—) B o
; i Cc — Cmin:

”Ih ph %
Q B CL‘(T-:“.DHE T TL in Tc'm]t T Tr in

Qmax Cc'(THjﬂ Tc in T;!,'lﬂ o TL An

Q = th {Fﬂ‘ ATh

= mg ¢y AT,

. . . if Crfr — Cmin:
It My Cpe = My Cppy

Q B Ch(ﬂz,in T T}z,out) T:FJ_.cnut T T:Fz_.uut

then AT}, = AT, ° Qnm B Co(Thin — Tein) Thin = Tein
FIGURE 11-25

The temperature rise of the cold fluid

in a heat exchanger will be equal to

the temperature drop of the hot fluid

when the heat capacity rates of the hot

and cold fluids are identical. 42




The effectiveness of a
heat exchanger depends
on the geometry of the
heat exchanger as well
as the flow arrangement.

Therefore, different types
of heat exchangers have
different effectiveness
relations.

We illustrate the
development of the
effectiveness e relation
for the double-pipe
parallel-flow heat
exchanger.

Tfi. out TC“_ out _ L'I'As I 4 (-ﬂc
: ‘TF;'. in Tc.ju B Cc' ll{T.f;'

hi, out = Th. in lf_" {Tc. out Tc'_ 'm}
“f
I T.f:.]n - Tt'. in + Tc.ju - Ta'. out a{Tt'. oot Tv_ i.]'l} B L‘r‘ﬂl_.l- I N Ct.
: T.fr. in Tc. in B (-ﬂc (—-‘J:
In | 1 (' + C) oo~ lein] UAH(I + C")
n - = = — =
C i T.f:_]u _ Tr.'. in_ | Cc C i
Q Cf.'{ Tc. out Tc.]u ) Tv.nui _ Tt'.'m lCmm
£ = = == s =g
Qjmx lr-'min‘- T.fi'. in Tc. in/ ‘T}r. in ‘Tc. in lC-:‘
— cXp | — -
. ! Cc‘ C h
Eparallel flow — | + S Cmin
C,) C.
_ ("_L C Imin
| —exp | — C [ + C
- 1min “ ITLAX
o . = -
~parallel flow ( .
| + —
C

Miax 43



Effectiveness relations of the heat exchangers typically involve the
dimensionless group UA, /C_...
This quantity is called the number of transfer units NTU.

UA UA For specified values of U and C_.. ., the value
NTL] _ ¥ -4 L g . min
" C.. (mc).. OFNTUIs ameasure of the surface area A,.
"™ Thus, the larger the NTU, the larger the heat
C _ exchanger.
__ - min capacity

C — S )
Chax ratio

The effectiveness of a heat exchanger is a function of the
number of transfer units NTU and the capacity ratio c.

e = function (UA/C ;. Crin/Crax) = function (NTU, ¢)

44



TABLE 11-4

Effectiveness relations for heat exchangers: NTU = UA;/Cyin and ¢ = Crin/Crax =

|: m 'ij mi n'"r{ m ':p}max

Heat exchanger type  Effectiveness relation

1 Double pipe:
1 —exp [-NTU(1 + ¢)]

1+c¢
1 —exp[—=NTU(1 — ¢)]
1 — cexp [—NTU(1 — ¢)]

Parallel-flow g =

Counter-flow g =

-1

2 Shell-and-tube:

1 +exp[-NTUV1 + ¢2]

One-shell pass e=201+c+ V1 + 2 _
2, 4,...tube 1 —exp [-NTUV'1 + ¢?]
passes
3 Cross-flow
(single-pass) NTUO-22
Both fluids unmixed & =1 — exp { ——[exp (—c NTU®78) — 1]}
Crax Mixed, 1
C... unmixed e = EEl —exp {—c[l — exp (—NTU)]})
Cihin Mixed, 1
Cra UNMixed e=1—exp _E[l — exp (—c NTU)]
4 All heat exchangers & =1 — exp(—NTU)
withc= 0
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Effectiveness &g, %

Effectiveness g, %

80

30

100

(c) One-shell pass and 2, 4, 6, ...

tube passes

() Two-shell passes and 4, 8, 12,

o T T P = .
er At Effectiveness
A B ) A for heat
= E:'J" " .f"-r
= s X exchangers.
T 0s 2
A’ /:.-f""' 1.00 =
7 _.--—-—| 2
%r’” n | g Shell fluid |, |
¥
Tube [ =
fluid | — 1 M — ﬂ 1
—0 — I D> | — I D> |
A Shell fluid | o | + o
1 2 3 - 5 I 2 3 - 5
MNumber of transfer units NTU = A U/C Number of transfer units NTU = A U/C
(a) Parallel-flow i) Counter-flow
— 100 ——
|“¢1f-""'--".-d ¢ ,..;"'.-.,..-"'""__--
L:_.{\";!:I-": , . o ’-.____..--'-'
Lé/ﬂ:‘l_,.-“"""- BD U@ .1|:|f|fd'.____ [ S
/0% . /A’:/ o
mo0a3s o
)z ] W /P
/é .f""f % /éf/
7 ' 7
| Shell fluid _ Z 40 % Shell fluid _I'J'l
g
| ( == | g E f:! ! .
/ [ = = 20 ' D
[ < | ¢ C o
Tube fluid |¢ n ’ ““— Tube fluid IJ" 1
N I I N N I 0 A L
I 2 3 4 5 I 2 3 - 5
Number of transfer units NTU = A, U/C Number of transfer units NTU = A LVC 46
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Effectiveness £, %

100

100 —
— {025
—— _'\\' - == -1'_
80 — 30 S A — 197 |
— ' E
B .4{{‘: ===t ] 3
1 1
60 5 60 >
Cold fluid %
40 7R _ g 40 Mixed
aw = fluid
o VAV H
2{} // - :\ : ..': P | 2{} /
/ 3 — / Unmixed fluid 7
0 [ IR N RN N B 0 L1 1 | 1 |

1 2 3 4 5 1 2 3 4 3
Number of transfer units NTU = A,U/C,;, Number of transfer units NTU = A,U/C

(f) Cross-flow with one fluid mixed and the other unmixed

FIGURE 11-26
Effectiveness for heat exchangers.

(e) Cross-flow with both fluids unmixed
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TABLE 11-5

NTU relations for heat exchangers: NTU = UA./Cyir and ¢ = CGuin/Cirax =

'In-l--l| P . .'I |"|'-|' P
\[TI o Jenin! LT “o )max

Heat exchanger type

NTU relation

1 Double-pipe:

Parallel-flow

Counter-flow

2 Shell and tube:
One-shell pass
2, 4,...tube passes

3 Cross-flow (single-pass):
Cmax mixed,
Crrin Unmixed
C.min mixed,
Crax Unmixed

4 All heat exchangers
with c =0

In[1 — &(1 + ¢)]
l+c

1 g— 1
NTU_C— lln(:-:c—l)

NTU = —+| 20e —1—c— \-"';l ¥ 2
V14 c? 2le—1—c+ VI1+2
NTU = —In 1+M]
c
— :"' +
NTU = _inlelnd — &) + 1]

C
NTU = —In(1 — &)

When all the inlet and outlet temperatures are specified, the size of

the heat exchanger can easily be determined using the LMTD

method. Alternatively, it can be determined from the effectiveness—

NTU method by first evaluating the effectiveness from its definition

and then the NTU from the appropriate NTU relation. 48



Counter-flow

Cross-flow with
both fluids unmixed

Parallel-flow

(forc=1)

0

NTU = UA,/C\,i,

FIGURE 11-27

For a specified NTU and capacity ratio
¢, the counter-flow heat exchanger has
the highest effectiveness and the
parallel-flow the lowest.

(All heat exchangers
e 051 withc=10)

0 | | | |

0 1 2 3 4
NTU = UA,/C

FIGURE 11-28

The effectiveness relation reduces to
e =enx = | — exp(—NTU) for all
heat exchangers when the capacity
ratio ¢ = 0.
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Observations from the effectiveness relations and charts

« The value of the effectiveness ranges from 0 to 1. It increases
rapidly with NTU for small values (up to about NTU = 1.5) but
rather slowly for larger values. Therefore, the use of a heat
exchanger with a large NTU (usually larger than 3) and thus a
large size cannot be justified economically, since a large
increase in NTU in this case corresponds to a small increase in
effectiveness.

« Foragiven NTU and capacity ratio c = C_,;, /C,.,, the counter-
flow heat exchanger has the highest effectiveness, followed
closely by the cross-flow heat exchangers with both fluids
unmixed. The lowest effectiveness values are encountered in
parallel-flow heat exchangers.

« The effectiveness of a heat exchanger is independent of the
capacity ratio ¢ for NTU values of less than about 0.3.

* The value of the capacity ratio ¢ ranges between O and 1. For a
given NTU, the effectiveness becomes a maximum forc =0
(e.q., boiler, condenser) and a minimum for ¢ = 1 (when the heat
capacity rates of the two fluids are equal).



EXAMPLE 13-8 Using the Effectiveness—NTU Method

Repeat Example 13-4, which was solved with the LMTD method, using the
effectiveness-NTU method.

EXAMPLE 134 Heating Water in a Counter-Flow Heat Exchanger

A counter-flow double-pipe heat exchanger is to heat water from 20°C to 80°C
al a rate of 1.2 Kg/s. The heating is to be accomplished by geothermal water
available at 160°C at a mass flow rate of 2 kg/s. The inner tube is thin-walled
and has a diameter of 1.5 cm. If the overall heat transfer coefficient of the heat
exchanger is 640 W/m? - °C, determine the length of the heat exchanger re-
quired to achieve the desired heating.

Hot

geothermal | |60°C
brine l

Cold 2 kefs
water |

—=) 1y ije-
W | | 80°C

FIGURE 13-29
Schematic for Example 13-8.
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SOLUTION The schematic of the heat exchanger is redrawn in Figure 13-29,
and the same assumptions are utilized.
Analysis In the effectiveness—NTU method, we first determine the heat capac-
ity rates of the hot and cold fluids and identify the smaller one:
Cyp = MGy = (2 kgls)(4.31 kllkg - °C) = 8.62 kW/°C
C.=mC, = (1.2 kgls)(4.18 kl/kg - °C) = 5.02 kW/°C

Therefore,
Coin = C. = 5.02 kW/°C
and
£ = Cpin/Crx = 5.02/8.62 = 0.583

Then the maximum heat transfer rate is determined from Eq. 13-32 to be

Qmu = Cmiﬂ{Th. im Tc_ inj
= (5.02 KkW/"C)(160 — 20)"C

= TO2.8 kW
That is, the maximum possible heat transfer rate in this heat exchanger is

702.8 KW. The actual rate of heat transfer in the heat exchanger is
Q= [MCo{ Tow — Tin)lwater = (1.2 kgf/s)(4.18 kJ/kg - °C){80 — 20)°C= 301.0 kW
Thus, the effectiveness of the heat exchanger is

0 301.0KW
T 0. T028kW

= (1.428

Knowing the effectiveness, the NTU of this counter-flow heat exchanger can be
determined from Figure 13-260 or the appropriate relation from Table 13-5.
We choose the latter approach for greater accuracy:

1 [e—1 ! 0.428 — 1
NTU =273 '“(sc— |) =058 — 1 '“(0.423 % 0.583 — |) = 0631
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Then the heat transfer surface area becomes

NTU = CA: o _ NTU Gy _ (0651)(5020 WI°C) _
- G ST U 40W/MmE-°C

2

511 m

To provide this much heat transfer surface area, the length of the fube must be

Ay 5.11 m?

S > L=2D = 70015m)

= 108 m
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EXAMPLE 13-9 Cooling Hot OIl by Water in a Multipass
Heat Exchanger

Hot oil is to be cooled by water in a 1-shell-pass and 8-fube-passes heat
exchanger. The tubes are thin-walled and are made of copper with an internal
B diameter of 1.4 cm. The length of each tube pass in the heat exchanger is 5 m,
® and the overall heat transfer coefficient is 310 W/m? - *C. Water flows through
o the tubes at a rate of 0.2 Kg/s, and the oil through the shell at a rate of 0.3 kg/s.

The water and the oil enter at temperatures of 20°C and 150°C, respectively.

Determlne the rate of heat fransfer in the heat exchanger and the outlet tem-
m peratures of the water and the oil.

Ol

= M5
B0 | 03 ks

c——

Water

k]-,u 0.2 kgfs
FIGURE 13-30

Schematic for Example 13-9.
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= SOLUTION Hot oil is to be cooled by water in a heat exchanger. The mass flow
rates and the inlet temperatures are given. The rate of heat transfer and the out-
let temperatures are to be determined.
Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well
insulated so that heat loss to the surroundings is negligible and thus heat trans-
fer from the hot fluid is equal to the heat transfer to the cold fluid. 3 The thick-
ness of the tube is negligible since it is thin-walled. 4 Changes in the kinetic
and potential energies of fluid streams are negligible. 5 The overall heat trans-
fer coefficient is constant and uniform.
Analysis The schematic of the heat exchanger is given in Figure 13-30. The
outlet temperatures are not specified, and they cannot be determinad from an
energy balance. The use of the LMTD method in this case will involve tedious
iterations, and thus the e-NTU method is indicated. The first step in the e-NTU
method is to determine the heat capacity rates of the hot and cold fluids and
identify the smaller one:

Ch = myCpy = (0.3 keg/s)(2.13 kl/kg - °C) = 0.639 kW/°C
C, = m.C,. = (0.2 kg/s)(4.18 kl/kg - °C) = 0.836 kW/°C

Therefore,
Cyio = C, = 0.639 KW/°C
and
Coin 0630
C_ 0836 0764

Imax

Then the maximum heat transfer rate is determined from Eq. 13-32 to be

ey et L )
= (0,639 KkW/CH 150 — 20)°C = 83.1 kW

That is, the maximum possible heat transfer rate in this heat exchanger is 83.1
kW. The heat transfer surface area is
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KW. The heat transfer surface area is
A; = nlwDL) = 8w(0.014 m)(5 m) = 1.76 m?
Then the NTU of this heat exchanger becomes

UA, (310 Wim? - °C)(1.76 m?)

LS 639WIC

= (1.833

The effectiveness of this heat exchanger corresponding to ¢ = 0.764 and
NTU = 0.853 is determined from Figure 13-26c¢ to be

e =047

We could also determine the effectivenass from the third relation in Table 13-4
more accurately but with more labor. Then the actual rate of heat transfer
becomes

0 = £0,, = (0.47)(83.1 kW) = 39.1 kW

Finally, the outlet temperatures of the cold and the hot fluid streams are deter-
mined to be

: 0
Q = C-:":Tc.mt _ Tn:.iﬂ}l — TI:.I:FI.II: = Tc.in + F

. 01KW o
= 20°C + 0 R3E6 EWIC 668" C
. ~ . 0
Q=CiThin Thowd — Thou= Thin C,
e 390KW o
150°C 0630 K'W/'C — B8.8°C

Therefore, the temperature of the cooling water will rise from 20°C to 66.8°C as
it cools the hot oil from 150°C to 88.8°C in this heat exchanger.
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SELECTION OF HEAT EXCHANGERS

The uncertainty in the predicted value of U can exceed 30 percent. Thus, it is
natural to tend to overdesign the heat exchangers.

Heat transfer enhancement in heat exchangers is usually accompanied by
iIncreased pressure drop, and thus higher pumping power.

Therefore, any gain from the enhancement in heat transfer should be weighed
against the cost of the accompanying pressure drop.

Usually, the more viscous fluid is more suitable for the shell side (larger
passage area and thus lower pressure drop) and the fluid with the higher
pressure for the tube side.

The proper selection of

a heat exchanger depends

on several factors:

 Heat Transfer Rate ,

e Cost Q= ‘F’E‘T(.;?(-Tin o ]rl:ml:)I

«  Pumping Power

« Size and Weight

« Type

« Materials

The rate of heat transfer in the
prospective heat exchanger

The annual cost of electricity associated with
the operation of the pumps and fans
Operating cost = (Pumping power, kW) X (Hours of operation, h)

X (Unit cost of electricity, $/kWh) £



EXAMPLE 13-10  Installing a Heat Exchanger to Save Energy
and Money

In a dairy plant, milk is pasteurized by hot water supplied by a natural gas fur-
nace. The hot water is then discharged to an open floor drain at 80°C at a rate
of 15 kg/min. The plant operates 24 h a day and 365 days a year. The furnace
has an efficiency of 80 percent, and the cost of the natural gas is $0.40 per
: therm (1 therm = 105,500 kJ). The average temperature of the cold water en-
o Lering the furnace throughout the year is 15°C. The drained hot water cannot be
g returmed to the furnace and recirculated, because it is contaminated during the
m Process.

In order to save energy, installation of a water-to-water heat exchanger to pre-
heat the incoming cold water Dy the drained hot water is proposed. Assuming
that the heat exchanger will recover 75 percent of the available heat in the hot
water, determine the heat transfer rating of the heat exchanger that needs to be
purchased and suggest a suitable type. Also, determine the amount of money
this heat exchanger will save the company per year from natural gas savings.

Hot
H'TE water
| Cold
=" | —=Wwater
( = L . 15°C
| 58
l FIGURE 13-31

Schematic for Example 13-10.



SOLUTION A water-to-water heat exchanger is to be installed to transfer energy
from drained hot water to the incoming cold water to preheat it. The rate of heat
transfer in the heat exchanger and the amount of energy and money saved per
year are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The effectiveness of the
heat exchanger remains constant.

Properties We use the specific heat of water at room temperature, C, = 4.18 kJ/
kg - °C (Table A-9), and treat it as a constant.

Analysis A schematic of the prospective heat exchanger is given in Figure
13-31. The heat recovery from the hot water will be a maximum when it leaves
the heat exchanger at the inlet temperature of the cold water. Therefore,

Qmu = mhcp':Th. — — e
- (% kgfs)m. 18 kl/kg - °C)(80 — 15)°C

— 67.0 ks

That is, the existing hot water stream has the potential to supply heat at a rate
of 67.9 kJ/s to the incoming cold water. This value would be approached in a
counter-flow heat exchanger with a very farge heat transfer surface area. A heat
exchanger of reasonable size and cost can capture 75 percent of this heat

transfer potential. Thus, the heat transfer rating of the prospective heat ex-
changer must be

Q = &0, = (0.75)(67.9 kl/s) = 50.9 kl/s

That is, the heat exchanger should be able to deliver heat at a rate of 50.9 KJ/s
from the hot to the cold water. An ordinary plate or shell-and-tube heat exchanger
should be adequate for this purpose, since both sides of the heat exchanger in-
volve the same fluid at comparable flow rates and thus comparable heat transfer
coefficients. (Mote that if we were heating air with hot water, we would have to
specify a heat exchanger that has a large surface area on the air side.)

The heat exchanger will operate 24 h a day and 365 days a year. Therefore,
the annual operating hours are

Operating hours = (24 h/day){365 days/year) = 8760 h/year
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MNoting that this heat exchanger saves 50.9 kJ of energy per second, the energy
saved during an entire year will be

Energy saved = (Heat transfer rate){ Operation time)

— (50.9 kJ/s)(8760 hiyear)(3600 s/h)
= 1.605 * 10° kl/year

The furnace is said to be 80 percent efficient. That is, for each 80 units of heat
supplied by the furnace, natural gas with an enargy content of 100 units must

be supplied to the furnace. Therefore, the energy savings determined above re-
sult in fuel savings in the amount of

Fuel saved =

Furnace efficiency 0.80 105,500 kJ
= 19,020 therms/year

Energy saved ~ 1.605 X 10" kl/year ( | therm J

Noting that the price of natural gas is $0.40 per therm, the amount of money
saved becomes

Money saved = (Fuel saved) < (Price of fuel)
= (19,020 therms/year)( 30.4(/therm)
= 7607/ year

Therefore, the installation of the proposed heat exchanger will save the com-
pany $7607 a year, and the installation cost of the heat exchanger will proba-
bly be paid from the fuel savings in a short time.
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Types of Heat Exchangers

The Overall Heat Transfer Coefficient
v Fouling factor

Analysis of Heat Exchangers
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Method

v' Counter-Flow Heat Exchangers

v Multipass and Cross-Flow Heat Exchangers:

Use of a Correction Factor

The Effectiveness—NTU Method
Selection of Heat Exchangers
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