14.

15,

16.

17.

18.

19.

20.

In Problem 11.13, if the height of the plate is 1 m, calculate the following:

(i) heat transfer rate to the plate,

(i) maximum velocity of condensate at the trailing edge, and
(iii} also, draw the variation of & with distance from top.
Dry, saturated steam at atmospheric pressure condenses on a horizontal tube of diameter = 3 cm and height L =
1 m; surface of the tube is maintained at 80°C. Estimate the heat transfer rate and the mass of steam condensed
per hour. Assume laminar film condensation.

{b) If the tube is vertical, what is the condensation rate?
[ Hint: Use Eq. 11.62a].
Dry, saturated steam at atmospheric pressure condenses on a vertical tube of diameter = 5 cm and length L = 1.5
m; surface of the tube is maintained at 60°C. Determine the heat transfer rate and the mass of steam condensed
per hour.
A steam condenser consists of a square array of 625 horizontal tubes, each 6 mm in diameter. The tubes are
exposed to exhaust steam arriving from the turbine at a pressure of (.15 bar. If the tube surface temperature is
maintained at a temperature of 25°C by circulating cold water through the tubes, determine the heat transfer
coefficient and the rate at which the steam is condensed per unit length of tubes for the entire array. Assume
laminar film condensation and that there are no condensable gases mixed with steam.
A steam condenser consists of an array of horizontal tubes, each 2.0 cm in diameter and 1.5 m long, The tubes
are arranged in such a manner that each vertical tier has 10 tubes; tubes are exposed to saturated steam at 100°C.
If the tube surface temperature is maintained at a temperature of 80°C, determine the total number of tubes
required to get a condensation rate of (.4 kg/s. Assume laminar film condensation and that there are no conden-
sable gases mixed with steam. .
Ammonia at 40°C is condensing inside a horizontal tube of 25 mm ID. Mass velocity of ammonia vapour at inlet
is 10 kg/(m%). Surface of the tube is maintained at a constant temperature of 20°C by circulating cold water.
Calculate the fraction of vapour that will condense if the tube is 0.5 m long,
In Problem 19, if ammonia is condensing on the outside surface of the tubes, what will be the heat transfer rate?
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CHAPTER

Heat Exchangers

12.1 Introduction

‘Heat exchanger’ is one of the most commonly used process equipments in industry and research. Function of a
heat exchanger is to transfer energy; this transfer of energy may occur to a single fluid (as in the case of a boiler
where heat is transferred to water) or between two fluids that are at different temperatures (as in the case of an
automobile radiator where heat is transferred from hot water to air). In some cases, there are more than two
streams of fluid exchanging heat in a heat exchanger. Heat exchangers of several designs in a variety of sizes
varying from ‘miniature’ to "huge’ (with heat transfer areas of the order of 5000 to 10,000 sq. metres) have been
developed over the years.
Some typical examples of heat exchanger applications are:
(i) Thermal power planis (boilers, superheaters, steam condensers, eic.)
(ii) Refrigeration and air-conditioning (evaporators, condensers, coolers) _
{iii) Automobile industry (radiators, all engine cooling and fuel cooling arrangements)
{iv) Chemical process industry (variety of heat exchangers between different types of fluids, in cumbustors
and reactors)
(v} Cryogenic industry {condenser-reboilers used in distillation columns, evaporators to produce gas from
cryogenic liquids, etc.)
(vi) Research {‘regenerators’ used in Stirling engines, special ceramic heat exchangers used in ulira-low tem-
perature devices, superconducting magnet systems, etc.).

12.2 Types of Heat Exchangers

Heat exchangers may be classified in several ways:
(i) according to heat exchange process

(ii) according to relative direction of flow of hot and cold fluids

(ili) according to constructional features, compactness, etc.

(iv) according to the state of the fluid in the heat exchanger.
(i) Classification according to heat exchange process Heat exchangers may be of ‘direct contact type’ or of
‘indirect contact type’. In direct contact type, two immiscible fluids come in direct contact with each other and
exchange heat, e.g. air and water exchanging heat in a cooling tower. Indirect contact type can be further classi-
fied as ‘recuperators’ and ‘regenerators’. Recuperators are most commonly used; here, the hot and cold fluids are
separated from each other by a solid wall and heat is transferred from one fluid to the other across this wall. In
regenerators, also called ‘periodic flow heat exchangers’, hot and cold streams alternately flow through a solid
matrix (made of solid particles or wire mesh screens); during the ‘hot blow’, the matrix stores the heat given up
by the hot stream and during ‘cold blow’, the stored heat is given up by the solid matrix to the cold stream.
Sometimes, the solid matrix is made to rotate across fluid passages arranged side by side, so that the heat ex-
change process is ‘continuous’.
(ii) Classification according to relative direction of hot and cold fluids  If the hot and cold fluids flow parallel to
each other, it is known as ‘parallel flow’ heat exchanger; if the two fluids flow opposite to each other, it is of
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‘counter-flow’ type. If the fluids flow perpendicular to each other, then, we have ‘cross flow’ type of heat ex-
changer. These three types of heat exchangers are shown schematically in Fig. 12.1.

Further, when a fluid is constrained to flow within a chanmel (such as a tube), the fluid is said to be ‘un-
mixed’; otherwise, it is ‘mixed’. In Fig. 12.1 {c), hot fluid is unmixed since it flows constrained within the tubes,
whereas the cold fluid is perfectly mixed as it flows through the heat exchanger. In Fig. 12.1 (d), both the cold
and hot fluids are constrained to flow within the tubes and therefore, both the fluids are unmixed.

{iii) Classification according to constructional features Basically, there are three types: (a) concentric fubes type
{b) shell and tube type, and {(c} compact heat exchangers.

In concentric tubes type of heat exchanger, one tube is located inside another; one fluid flows through the
inside tube and the other fluid flows in the annular space between the tubes. Fluids may flow parallel to each
other as shown in Fig, 12.1 (a), or they may flow in opposite directions, as shown in Fig. 12.1 (b).

Shell and tube type of heat exchanger is very popular in industry because of its reliability and high heat
transfer effectiveness. Here, one of the fluids flows within a bundle of tubes placed within a shell. And, the other
fluid flows through the shell over the surfaces of the tubes. Suitable baffles are provided within the shell to make
the shell fluid change directions and provide good turbulence, so that heat transfer coefficient is increased.

Fig. 12.2 shows a schematic diagram of a typical shell and tube heat exchanger.

Fig. 12.2 is an example of two tube pass and one shell pass heat exchanger, i.e. flow passes through the tubes
twice in oppusite directions, and shell fluid passes through the shell once. Other flow arrangements are also
used, such as: one shell pass + two, four or six tube passes; two shell passes and four, eight, twelve, etc. tube
passes.

Compact heat exchangers are special purpose heat exchangers which provide very high surface area per
cubic metre of volume, known as ‘area density’. According to usually accepted norms, a ‘compact heat ex-
changer’ has an area density of 700 m2/m? or more. These are generally used for gases, since usually gas side
heat transfer coefficient is small and therefore, it is needed to provide larger areas. Compact heat exchangers are
of plate-fin type or tube-fin type. A typical example of a plate-fin type of compact heat exchanger is shown in Fig.
12.3.
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Fluid 2 (iv) Classification according to state of the fluid In all
the types of heat exchangers discussed above, both the
fluids changed their temperature along the length of
heat exchanger. But, this need not be the case always. A
heat exchanger may be used to condense a fluid in
which case the condensing fluid will be at a constant
temperature throughout the length of the heat ex-
changer, while the other (cold) fluid will increase in
temperature as it passes through the heat exchanger,
absorbing the latent heat of condensation released by
” the condensing fluid. Such a heat exchanger is called a
‘Condenser’. If, on the other hand, one of the fluids

a Parting Sheet evaporates in a heat exchanger, tempera-ture of this
fluid will remain constant throughout the length of

x heat exchanger, whereas the temperature of the other
Matrix 1 fluid, which supplies the latent heat of evaporation to

the evaporating fluid, goes on decreasing along the

. . length of the heat exchanger, Such a heat exchanger is
FIGURE 12.3 3Section of a plate-fin called an ‘Evaporator’.

heat exchanger

Matrix 2

Fluid 1

51 1

It is interesting to compare the surface area-to-vol-
ume ratios of different types of heat exchangers. See
Table 12.1:

FUNDAMENTALS OF HEAT AND MASS TRANSFER




TABLE 12.1 Svurface area-to-volume ratfios of different heot exchangers

Plain tube, shell-and-tube T 46t} T80 ~ 600
Plate heat exchangers 20 to 10 180 - 350
Strip fin and louvred fin

heat exchangers 1010 0.5 350 - 7100
Autornotive radiators 5to 25 710 — 1500
Cryogenic-heat exchangers 71017 1000 — 2500
Gas turbine rotary regenerators 1.2t0 05 3000 — 7100
Matrix types, wire screen, sphere 25t 0.2 1500 — 18000
bed, corrugated sheets

Human lungs 0.2to 015 18000 - 25000

In Table 12.1, hydraulic diameter of the flow passage is also given; note that smaller the hydraulic diameter,
larger is the ratio of surface area-to-volume. Note that the human lungs have the largest of all surface area-to-
volume ratios.

12.3 Overall Heat Transfer Coefficient
‘Overall heat transfer coefficient’, was first introduced in Chapter 4. So, the reader may please refer back to
Chapter 4 to refresh memory.

In most of the practical cases of heat exchangers, temperature of the hot fluid (T,) and that of the cold fluid

(T,) are known; then we would like to have the heat transfer given by a simple relation of the form

] Q=UA(T,-T,) = UAAT .(4.21)
where, @ is the heat transfer rate (W), A is the area of heat transfer perpendicular to the direction of heat transfer,
and (T, - T,) = AT is the overall temperature difference between the temperature of hot fluid (T,} and that of the
cold fluid (T,). .

In a normally used recuperative type of heat exchanger, the hot and cold fluids are separated by a solid wall.
This may be a flat type of wall (as in the case of plate-fin type of heat exchangers), or, more often, a cylindrical
wall (as in the case of a tube-in-tube type of heat exchangers). See Fig. 12.4.

Recall from Chapter 4 that, in general, the overall heat transfer coefficient is related to the total thermal
resistance of the system, as follows:

1
A-ZRy,

Therefore, the task of finding the overall heat transfer coefficient reduces to finding out the total thermal
resistance of the system.

For plane wall:

Remember that for a plane wall, thermal resistance is L/{k.A), and convective resistance is 1/(k.A), and since
the resistances are in series, we get:

Y

k
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(a) Piane wall (b} Cylindrical wall
FIGURE 124 Heot exchanger walls

U= W /{(m?C). ..(4.23)
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_ 1

u= 1 L 1
Al ——+ -2y
[h,-~A kA ho-A]

1

. _ 2
ie. u-= T T 1 W/ (m"C). (12.1}
h k h
Now, if the thermal resistance of the wall is negligible compared to other resistances, we get:
= 1—1T W/ (m?C). -(12.2)
ki

For cylindrical wall:
Remember that for a cylindrical wall, thermal resistance is:

m{’i
"
2-7k-L
and, convective resistance is 1/(/1.A) and the resistances are in series. However, the area to be considered has to

be specified since the inner surface area and the outer surface area of the cylinder are different. Now, we have,
the general relation for U:

1

U= W/ {m*C). (423
Awry /@O (4.23)
ie. U-A= 1
ZRy
We can also write:
U;A; = Lo-Ao = L -{12.3}

%Ry,

Therefore, referred to outer surface area, I becomes:

lio-Ao = 1 ..(12.4}

In|
1 ¥ 1
+

+
hiA; 2mkL A,

Now, for a cylindrical system, we have:

A =2-mrL
and, A, =2-mr, L
Then, u,= L
A ln[r—"J ;
o fi
+ A, + -A
koA 2mkL° kA

..(12.5)

ie. u,= 1 1
Yo s T
2+ 2 b Ing B+ =
hi [ h J ( k J [I‘,‘ ] ha
Similarly, referred to inner surface area, U becomes:
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U-A = ...{12.6}
Inf o
1 L] 1
+ +
hi-A; 2mkL hy A,
and,
U,- = 1
In|
—+ L A+ ! -A
, 2.mk L ! h,- A, !
. 1
ie. - u, = -(12.7)

RN EATRE A RN R
hi+[kjln(’]}+ho(ro]

Again, if the thermal resistance of the wall is negligible compared to other resistances, (i.e. high value of
thermal conductivity, k), or, wall thickness of the tube is very small (i.e. (r;/7,) = 1), we get:

U= W/ {(m?C) (12.8)

1 + 1
hi ho
Note that Eq. 12.8 is the same as Eq. 12.2. For many practical situations, this simple equation gives a quick
estimate of overall heat transfer coefficient, L. Observe from Eq. 12.2 or 12.8 that the value of U is controlled by
the smaller of the two heat transfer coefficients, i; and h,. Therefore, aim of the designer should be to focus on the
smaller of the two heat transfer coefficients and improve it, if possible. For example, in a gas-to-liquid heat
exchanger, heat transfer coefficient is generally smaller on the gas side, and, therefore, the gas side heat transfer
coefficient controls the final value of overall heat transfer coefficient. So, one tries to improve the heat transfer
coefficient on the gas side by providing fins on the gas side surface. If fins are provided on a particular surface,
then the total heat transfer area on that surface is:
Asoral = Ain + Aunfinned (12.9)
where, Ay, is the surface area of the fins and A g, 0¢ is the area of the un-finned portion of the tube.

For short fins of a material of high thermal conductivity, since there is practically no temperature drop along
the length we can use the value of total area as given by Eq. 12.9 to calculate the convection resistance on the
finned surface. However, for long fins where there is a temperature drop along the length of fin, we should use
the total or effective area, given by:

Apotal = Aunfinned + Tein' Afin -(12.10)
where, 7, is the ‘fin efficiency’. Sometimes, an overall surface efficiency” #,is used. 1, is defined as:
Mo Aiotal = Aunfinned + Tin Afin
i.e. 7, tells us how much of the total surface area is really effective in transferring heat.

Then, since the effective surface area is also equal to the unfinned area plus the effective area of fin, we can

get an expression for overall surface efficiency as follows:

Uo'Atotal = (Atotal - Aﬁn) + n{'m'Afm

ie. 7 =1- Dfin_ Tfin “ Afin

Aotal  Arotal
A
ie. m=1-~ 01— 7). (12.11)
total

Then, while determining LI, we should use 7,.A,,, for the finned surface, whether it is inner surface area,
outer surface area or both.

For example, if the outer surface of the tube is finned {which is usually the case), with a fin efficiency of g,
we write, neglecting the thermal resistance of tube material:
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U-A = U4, = 1 = 1 (12.12)
IRy, 1 1

+ N
i A; ho"(Aun.fiJmed + Tifin - Afin )outer_surfacé-'

Instead, if the total (i.e. unfinned + finned) surface area and the overall surface efficiency (1,) is given for the
outer surface, Eq. 12.12 can be written as:
1 1
Uy A =LA, = = (1213}
IRy, 1 + 1
hi-Ai g (05 Arotal )Duter_surface

Typical values of overall heat transfer coefficients are given in Table 12.2:

TABLE 12.2 Typicol values of overall heat transfer coefficients

Water-to-water 850 - 1700
Water-to-oil 100 - 350
Water-to-gasoline or kerosene 300 - 1000
Feed water heaters 1000 - 8500
Steam-to-light fuel oil 200 - 400
Steam-to-heavy fuel oil 50 — 200
Steam condenser 1000 — 6000
Freon condenser (water cooled) 300 - 1000
Ammonia condenser (water cooled) 800 — 1400
Alcohol condenser (water cooled) 250 — 700
Gas-to-gas 10 - 40
Water-to-air in finned tubes 30 — 60 (based on
{water in iubes}) water side surface area)
Steam-to-air in finned tubes 400 - 4000 (based on
(steam in tubes) steam side surface area)

Fouling factors Note that above analysis was for clean heat transfer surfaces. However, with passage of time,
the surfaces become ‘dirty” because of scaling, deposits, corrosion, etc. This results in a reduction in heat transfer
coefficient since the scale offers a thermal resistance to heat transfer. Fouling may be categorized as follows:
(i) due to scaling or precipitation
(i) due to deposits of finely divided particulates
(iii) due to chemical reaction
(iv) due to corrosion
(v) due to attachments of algae or other biological materials
(vi} due to crystallization on the surface by subcooling.
Effect of fouling is accounted for by a term called, ‘Pouling factor’, {or, ‘dirt factor’), defined as:

1 1

= mZK /W ..(12.14)
Udirty Udean

Ry

Ry is zero for a new heat exchanger. R, for a fouled heat exchanger cannot be ‘calculated’ theoretically, but
has to be determined experimentally by finding out the heat transfer coefficients for a “clean’ heat exchanger and
a ‘dirty” heat exchanger of identical design, operating under identical conditions.

While taking into account the effect of fouling, the ‘fouling resistance’ (= Rs/area) should be added to the
other thermatl resistances. For example, for a tube, we can write:

Ur A= Uy A, = 1 = 1 -(12.15}
ZRw m(ro]
R . R
Lo R Am) 1 Re

kA, A 2mkL A, A
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where, R; and R, are the fouling factors for the inside and outside surfaces, respectively, and L is the length of
tube. From Eq. 12.15, U; or LI, can easily be calculated.
Fouling factor depends on flow velocity and operating temperature; fouting increases with decreasing veloc-
ity and increasing temperature.
Based on experience, Tubular Exchanger Manufacturers’ Association (TEMA) have given suggested values
of fouling factors. Some of these values are given in Table 12.3:

TABLE 12.3 Fouling factors for industrial fluids (TEMA, 1988)

Fluid: . Ry (mPCAW)
LIQUIDS:

Fuel oil 0.00088
Quench oil 0.0007
Transtormer oil 0.00018
Hydraulic fluid 0.000238
Molten salts 0.600119
Industrial organic heat transfer media 0.000119
Refrigerant liquids 0.00018
Caustic solutions 0.000476
Vegetable oils . 0.000715
Gasoline, naptha, light distillates, kerosene 0.000238
Light gas oil 0.000476
Heavy gas oil 0.000715
GASES & VAPOURS:

Solvent vapours 0.000238
Acid gases 0.000238
Natural gas 0.000238
Air 0.000119 - 0.000238
Flue gases 0.000238 - 0.000715
Steamn (sat., oil free) 0.000119 - 0.000357
WATER:

River water, sea water, distilled water, boiler feed water:

Below 50 deg.C
Above 50 deg.C

0.001
0.0002

fxample 12,1, Water at a mean temperature of T,, = 90°C and a mean velocity of u,, = 0.10 m/s flows inside a 2.5 em 1D,
thin-walled copper tube. Outer surface of the tube dissipates heat to atmospheric air at T, = 20°C, by free convection.
Calculate the tube wall temperature, overall heat transfer coefficient and heat loss per metre length of tube. Use follow-
ing simplified expression for air to determine heat transfer coefficient by free convection:

0.25
B, = 1_32.(3’::3}
D

Solution.
Data:
T,=90C u,=01m/s D:=0025m T, :=20°C
Properties of water at mean temperature of 90°C:

p = 965.3 kg/m® k= 0.675 W/(mC)

H = 0315 x 107% kg/(ms)

Pr.=222

We need to calculate the heat transfer coefficients for the inner and outer surfaces:

For the water side (i.e. inner surface):
D- Uy, 2
H

We have: Re =

Re = 7.66 x 10° > 4000

(Reynolds number)
(therefore, turbulent)
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Using Ditus-Boelter equation to determine heat transfer coefficient for inside surface:
Nuy = 0.023-Re™®. P27

ie. Nu = 37.417 . {Nusselts number)
k
Therefore, h; = Ni 5

Le. h; = 1.01 x 10° W/(m*Q) (inside surface heat transfer coefficient)

For the air side (i.e. outer surface):
Approximate, value of film temperature for air:

_ 90+20
= 2
ie. Tf = 55°C

Properties of air at film temperature of 55°C:
pi=1076 kg/m®  k:=00283 W/(mC) =199 x10° kg/(ms)  Pr .= 0.708
Then, free convection heat transfer coefficient for outer surface is given by:

.25
h, =132 (I&.ﬁ]
1)

T 20 0.25
ie. By =132 =—
0.025
ie. h, = 3.32.(T, - 200°% la)

However, T, is not known,
Applying overall energy balance, with A; = A, for thin-walled tube:
h(T;-T) = (T, -T)
Substituting for k; and h,
1010-(30 - T,) = {3.32-(T, - 20)**°).(T, - 20)

ie. 1010-(90 - T,) = [3.32-(T, - 20+%]

This equation may now be solved for T, by trial and error.

But, with Mathcad, it is easily solved using solve block. Start with a guess value of T,, then, after typing ‘Given'’
write down the constraint, and then, typing ‘Find (T,)’ gives the value of T, immediately:

T, = 40°C {guess value)
Given
1010-(90 - T,) = [3.32-(T, - 20)"%}
Find (T,) := 89.342
ie. T, := 89.342°C (tube surface temperature)
Then, h, is calculated from Eq. a:

h, = 3.32.(T, - 20)*% ..(a)
ie h, = 9.58 W/(m*C) (outside surface heat transfer coefficient)
and, overall heat heat transfer coefficient, LI

1
U= _l_—l
Bk,
ie. U = 9.49 W(m*C) (overall heat transfer coefficient)

Note that overall heat transfer coefficient is nearly equal to &, As commented earlier, since #; >> A, overall heat
transfer coefficient is conrolled by k.

Heat loss per metre length of tube:

Q:= U-(#D-1)(T, - T,) W/m

i.e. (Q = 51.686 W/m.
Example 12.2. In Exaple 12.1, if we desire to increase the value of overall heat transfer coefficient U, the obvious choice
is to focus on the air-side, since the air side heat transfer coefficient is the lower of the inside and outside heat transfer
coefficients. Let us increase the area on the air side by providing 8 numbers of radial fins of rectangular cross section, 2
mm thick and 20 mm height. Material of fins is the same as that of the tube, i.e. copper (k = 380 W/ (mK)).

Then, determine the overall heat transfer coefficient and the rate of heat transfer.
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Solution.
Data:
T, = 90°C 1, =01 m/s D:=0025m T, = 20°C Ts = 89.342°C h; == 1010 W/(m°C)
h, =958 W/(m%C) L := 0.02 m (fin height) W := 1 m (fin width = length of cyl.)
t := 0.002 m (fin thickness) N := 8 (No. of fins) k := 380 W/(mK)
A =mD-1 m?/metre i.e. A = 0.079 m’/metre
Overall heat transfer coefficient Ui referred to the inside surface:
Neglecting the thermal resistance of-tube wall, we write:

1 1
U-A. = = (@
(kT ) R&‘ 1 . 1 ( )
B-Ai My (Agroed T Bins)

First term in the denominator in RHS is the thermal resistance due to film coefficient on the inside, and the second
term is the thermal resistance of the film coefficient on the outside.

Un-finned surface {or the base surface) on the outside is at the wall temperature and is fully effective for heat
transfer whereas the finned surface is not fully effective because of temperature drop along the length of fins; therefore,
effective area of fins is obtained by multiplying the total area of fins by the fin effectiveness, 74,

Therefore, we need to find out the fin efficiency.

Fin efficiency:

For a rectangular fin with adiabatic tip, the fin efficiency is given by:

tanh (m-L)
L — ()
h,-P
where, m= 1/m (fin parameter)
P=2(W+#t (perimeter, W = width of fin = 1 m)}
A =Wt (area of cross section of fin}
P 2{W+H) 2
Then, — == or t <<
en A Wit ot (f W
Therefore, m:= 2:h,
k-t
ie. m=50211/m
and, m-L =01
Then, from Eq. b, we get:
_ tank(m 1)
Nin == Y
ie Mg = 0.997 (fin efficiency)
Areas:
Aytomea = &-(D = N-D)-W
ie - Apiinned = 0.028 m? (unfinned or prime (base) area)
Agrs = N-(2-W-L) m* (finned area of N fins (both upper and lower side of fins considered)
ie. Agns = 032 m?
Now, A= mD-Wm? (inside surface area per metre length)
ie. A; = 0079 m?
Therefore, overall heat transfer coefficient LI, referred to the inside surface:
1 1
We have: U-A; = IR, = 3 T {a)
Bi-A: by (Aypponea T Apns)
ie. U-A; = 3192
3.192
and, i= T
ie. U, = 40.642 W/ (m’C) {overall heat transfer coefficient referred to inside area)
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Note: compare this to the earlier U value of 9.49 W/(m’C); there is great improvement in value of U by providing fins.

Heat loss per metre length of tube:

Q= Ui-(#D-)(T, - T,) W/m

ie. Q=22134 W/m.
Note: Compare this to the earlier Q value of 51.686 W/m; this substantial improvement in value of (Q is the result of
providing fins.

Also, note that in the above analysis, we assumed that the outside heat transfer coefficient /, is the same for the un-
finned surface as well as for the finned surfaces.
Example 12.3. A shell and tube counter-flow heat exchanger uses copper tubes (k = 380 W/(mC)), 20 mm ID and 23 mm
OD. Inside and outside film coefficients are 5000 and 1500 W/(m"C), respectively. Fouling factors on the inside and
outside may be taken as 0.0004 and 0.001 m°C/W respectively. Calculate the overall heat transfer coefficient based on: (i)
outside surface, and (ii) inside surface.
Solution,
Data:

D;=000m D,:=0028m L:i=1m k:=380W/mK) & :=5000 W/(m’C) k, = 1500 W/(m’C)

Ry := 0.0004 m’C/W (fouling factor on inside surface) Ry, = 0.001 m?C/W (fouting factor on outside surface)

Heat transfer areas:

1

A, = 7 D,-L m?/metre (inside surface area)
ie. A, = 0.07226 m?/ metre
and, A; = 7D} L m*/metre (inside surface area)
ie. A; = 0.06283 m?/metre
Overall heat transfer coefficient:
We have:
1 1
U-A=U,-A, = = .(12.15)
LR, In[ 57]
1 & D, 1 R,

+—+ +——
h-A A 2xkL hiA, A
In the denominator of RHS of Eq. 12.15 above, we have the various thermal resistances, as follows:
first term — convective film resistance on the inside surface = 3.1831 x 107 C/W
second term — fouling resistance on the inside surface = 6.3662 x 107 C/W
third term — conductive resistance of the tube wall = 5.854 x 10 C/W
fourth term — convective film resistance on the outside surface = 9.2264 x 107> C/W
fifth term — fouling resistance on the outside surface = 0.01384 C/W.
Note the relative magnitude of fouling resistances, as compared to other resistances. As expected, conductive resist-
ance of the tube wall {of copper, which is a good conductor) is the smallest of all.
Calculating the RHS, we get:

1

= 30.606
Dﬂ
Inf ==
1R [D, ] 1R
+—+ + + =i
hoA A 2xkL kA, A,
ie. U-A, = U, A, = 30606
Therefore, U = 30.606
A
ie. U, = 487.11 WHm™C) (Overall heat transfer based on inside surface.)
and, 1 .o 30606
. Aﬂ
ie. U, = 423574 WHm’C) (Overail keat transfer coefficient based on outside surface.)
Comments:

‘Fouling” affects the value of overall heat transfer coefficient and therefore, the size (or area} of the heat exchanger
adversely.

I the fouling resistances were not included, we should have obtained the following values for the overall heat
transfer coefficient:
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RHS of Eq. 12.15, deleting the fouling resistances, will become:

= B0.205
In Do
1 D; 1
+ +
h-A, 2mkL h-A,
ie. UpA; = U, A, = 80.205
Therefore, U, = 80.205
A
ie. U, = 1.277 x 10* W/(m*C) (overall heat transfer coefficient based on inside surface.)
80.205
And, . =
o Aa
ie. U, = 111 x 10° W/(m’C) {Overall heat fransfer coefficient based on outside surface.)

ie. U, and U, with no fouling are about 2.62 times the corresponding values when fouling resistances are included.
Therefore, it is advisable to include the effect of fouling, if practicable, at the design stage.

12.4 The LMTD Method for Heat Exchanger Analysis

Basically, a complete design of a heat exchanger is a huge topic which involves an analysis of:
{i) Thermal aspects (i.e. temperatures of fluids at inlet/exit, rate of heat transfer, etc., off-design perform-
ance, etc.)
{(ii} Hydrodynamic aspects (i.e. pressure drops in the flow channels)
(lii) Structural aspects (mechanical design and structural design).
However, here we shall consider only the thermal analysis aspects.

12.4.1 Parallel Flow Heat Exchanger

Consider a double pipe, parallel flow heat exchanger, in which a hot fluid and a cold fluid flow parallel to each
other, separated by a solid wall. Hot fluid enters at a temperature of Ty, and leaves the heat exchanger at a
temperature of Tyy; cold fluid enters the heat exchanger at a temperature of T, and leaves at a temperature of T,
This situation is shown in Fig, 12.5.

A
Cotd Temperat;l_re
fluid ‘f‘ da /dT,,
\. Thz ATZ
Hot AT
fluid 1 e
I T
\ - A/ dT,
Tc1
Length

FIGURE 12.5 Parcllel flow heat exchanger

We desire to get an expression for the rate of heat transfer in this heat exchanger in the following form:
Q=UAAT, .-(12.16)
where, LI = overall heat transfer coefficient
A = area for heat transfer (should be the same area on which U is based), and
AT, = a mean temperature difference between the fluids.
Now, we make the following assumptions: ‘
(i) U is considered as a constant throughout the length {or area) of the heat exchanger
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(ii) Properties of fluids (such as specific heat} are also considered to be constant with temperature

(iiiy Heat exchange takes place only between the two fluids and there is no loss of heat to the surroundings,
i.e. perfect insulation of heat exchanger is assumed

(iv) Changes in potential and kinetic energy are negligible

(v} Temperatures of both the fluids remain constant {equal to their bulk temperatures) over a given cross
section of the heat exchanger.

Area ‘A’ is constant for a given heat exchanger. However, we see from Fig. 12.5 that the temperature of the
two fluids vary along the length {or area) of the heat exchanger, i.e. the temperature difference between the hot
and cold fluids is not a constant along the length of the heat exchanger, but varies along the length. Our aim is to
find out the appropriate ‘mean temperature difference {AT,)’ between the hot and cold fluids, so that Eq. 12.16
can be applied. We proceed as follows:

Consider an elemental area dA of the heat exchanger. Then, by applying the First law, we can write:

Heat given up by the hot fluid = heat received by the cold fluid.

ie.

dQ = —my, CopdTy, = m-Cp T, (12.17)

Here, the temperature of hot fluid decreases as the length increases. So, a negative sign is put in front of
;. Cop, dT;, so0 that the heat transferred is a positive quantity.

Now, d(} for the elemental area dA, can also be expressed as:

dQ =U-(T, -T)-dA .(12.18)
Now, from Eq. 12,17, we have:

dT, = 40

my - Cpp

and, dT, = 40
m. - Cp

where, m, and m, are the mass flow rates, and Cyp and C,, are the specific heats of hot and cold fluids, respec-
tively.
Therefore,

AT, dT, = d(T, - T.) = mdQ-[m lc .- 1C ] (12.19)
b ph ¢ pe

Substituting for d(Q from Eq. 12.18, we get:

1 1
- = AT, — T.)-dA.
d(Ty - T) = LT, - T,)-dA [mh_cph varc ]

"~
ie. AL-T) b 1 s (12.20)
(T, -T) my,-Coy m,-Cp
Integrating Eq. 12.20 between the inlet and exit of the heat exchanger (i.e. between conditions 1 and 2):
T, —T. 1 1
In M] =-U.A + (12.21)
(Thl_Tﬂ mh'cph mc'cpt
Now, considering the total heat transfer rate for the entire heat exchanger, we have:
c ._Q
i P Th] - Thz
and,
Q
C. =
T, -1,
Substituting in Eq. 12.21:
T, -T -U-A
In| 22| =~ 2 (T, -Ty+T,-T,)
( T -T., J o) [ i 4% 2 1
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(Thz - Trz) - (Thl - :.1)

ie. Q=UA -(12.22)
In (Thz ~Ta }
Th[ - Tcl
Now, comparing Eq. 12.22 and Eq. 12.16, we observe that:
AT, = T 2 To) = (T 2 T,) (12.23)

ln[ Thz - Tcz
Th[ - Tc1
Since this mean temperature difference varies in a logarithmic manner, it is called ‘Logarithmic Mean Tem-

perature Difference’ or, simply LMTD.
50, we write:

(Thz _ Tcz)7 (TM - Tc])
m[ Ty =Ta J
Thl - TCI
Now, note that (T}, — T.,) is the temperature difference at the exit and (T, - T,y) is the temperature differ-

ence at the inlet of the heat exchanger. If we denote the temperature differences at the inlet and exit of the heat
exchanger by AT, and AT, respectively, we can write:

AT, AT, _ AT, - AT,

In AI?. In ATL
AT, AT,
We can state Eq. 12.25 in words as follows: LMTD is equal to the ratio of the difference between the greater
and lower of the temperature differences at the two ends to the natural logarithm of the ratio between those

temperature differences.
Equation for LMTD is easily remembered as follows:

_ GTD-LTD

LMTD = —————
In [ GID ]
LTD
where,

GTD = ‘greater (of the two) temperature difference’, and
LTD = ‘lower temperature difference’.

12.4.2 Counter-flow Heat Exchanger
Again, consider a double pipe, counter-flow heat exchanger, in which a hot fluid and a cold fluid flow in direc-
tions opposite to each other, separated by a solid wall. Hot fluid enters at a temperature of T, and leaves the heat
exchanger at a temperature of T,,; cold fluid enters the heat exchanger at a temperature of T,; and leaves at a
temperature of T,,. This situation is shown in Fig. 12.6.

We desire to get an expression for the rate of heat transfer in this heat exchanger in the following form:
Q= UAAT, ..(12.16)

LMTD = .(12.24)

LMTD = w(12.25)

(12.26)

where,
LI = overall heat transfer coefficient
A = area for heat transfer (should be the same area on which U is based), and
AT,, = a mean temperature difference between the fluids.

We see from Fig. 12.6 that the temperatures of the two fluids vary along the length (or area) of the heat
exchanger, i.e. the temperature difference between the hot and cold fluids is not a constant along the length of the
heat exchanger, but varies along the length. Our aim is to find out the appropriate ‘mean temperature difference
(AT,) between the hot and cold fluids, so that Eq. 12.16 can be applied. We proceed as follows, with the same
assumptions as made for the analysis of parallel flow heat exchanger:

Consider an elemental area dA of the heat exchanger. Then, by applying the First law, we can write:

Heat given up by the hot fluid = heat received by the cold fluid.
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Temperature t

Cold T

ﬂTd ] aqQ aT,

‘ I AT,

T o dT,
Hot — — E i €
fluid
Tez s Thz l
LGN AT,
@A T Tt
Length

FIGURE 12.6 Counter-flow heat exchanger
ie.

dQ = —my, CpedTy = ~m,-C,-dT, (12.27)
Here, the temperatures of both hot and cold fluids decrease as the length increases. So, negative sign is put

in front of m,.Cp,.dT) and m.C,.dT, so that the heat transferred is a positive quantity.
Now, d(Q for the elemental area dA, can also be expressed as:

dQ = U-(T, - T.)-dA

..(12.28)
Now, from Eq. 12.27, we have:
dT, = —4Q
iy 'Cph
and, T, = -9
. 1 -Cpe
where, m, and m_ are the mass flow rates, and Gy and C,, are the specific heats of hot and cold fluids, respec-
* tively.
Therefore,
1 1
AT, —dT, = d(T, - T.) = -dQ | ——— — .(12.29)
nty, ‘Cph m; - Cpe
Substituting for dQ from Eq. 12.28, we get:
1 1
d(T, = T)) = -U-(T, - T dA- -
my, 'Cph me 'Cpc
_T. 1
e al, -7y _ |1 _|.aa (12.30)
(Ty - T.) My-Cop M 'Cpc
Integrating Eq. 12.30 between the inlet and exit of the heat exchanger (i.e. between conditions 1 and 2):
T - T, 1 1
k{ k2 cl] - LA _ P .{12.31)
Ty -Ta mh‘cph ™y 'Cpc e
Now, considering the total heat transfer rate for the entire hé¥ ¢ exchanger, we have:
m k-cph = _.Q_
T = Tia
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and,

Q

moCp= —=
T TCZ_TC]

Substituting in Eq. 12.31:

Th» - T, -U-A
ln[ h2 “J = (T = Tya = Top + T,)

Ty - Toa Q
ie. Q=UA Tz = Ter) = (Thy = Tea) (12.32)
inf T2 —Ic;]

_ T —Tea

Now, comparing Eq. 12.32 and Eq.12.16, we observe that:
AT, = (Tho —Te0) — (T — Te2) .(1233)

ll"l( Thz — TCIJ
Tn-To

Note that this mean temperature difference varies in a logarithmic manner; so, it is called ‘Logarithmic Mean
Temperature Difference’ or, simply LMTD.
So, we write:

vt = Tz = Te1) = Ty = Tea) ~(12.34)
IH[MJ
Tyt~ Tea N

Now, note that (T}, - T,;) is the temperature difference at the exit and (T, — T.,} is the temperature diffet-
ence at the inlet of the heat exchanger. If we denote the temperature differences at the inlet and exit of the heat
exchanger by AT; and AT,, respectively, we can write:

AT, -ATy AT - AT,
In ATy In AT
Note that the LMTD expressions for the parallel flow and the counter-flow heat exchangers (i.e. Egs. 12.25

and 12.35) are the same.
Again, equation for LMTD is easily remembered as follows:

GTD- LTD
IH(QIP_}
LTD

GTD = ‘greater (of the two) temperature difference’, and

LTD = "lower temperature difference’
Comments:
(i} When AT, = AT, This is a special case, which can occur sometimes in the case of a counter-flow heat ex-
changer. Then, Eq. 12.35 reduces to a form 0/0, which is indeterminate. However, from physical considerations,
AT, = AT, means that the temperature difference between the hot and cold fluids is equal throughotit the heat
exchanger. Therefore, obviously, the mean temperature difference between the two fluids is ATy = AT,. (This can
be proved mathematically also, by applying L."Hospital’s rule).

(ii) LMTD for a counterflow heat exchanger is always greater than that for a parallel flow heat exchanger.
This means that to transfer the same amount of heat, counterflow unit will require a smaller heat transfer surface
as compared to a parallel flow unit. This is the reason why a counter-flow heat exchanger is usually preferred.

(iii) LMTD can easily be calculated when all the end temperatures of the fluids are known. Then, immedi-
ately, the heat transfer rate is determined from the Eq. 1216, ie. Q = LLA.(LMTD). Therefore, calculation of

LMID = .{12.35)

LMTD = ..{12.35a)

where
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1.000 LMTD is an important step in the design of a heat ex-

5 0.900 changer. To facilitate quick calculation of LMTD, when
5 both the end termnperatures are known, following graph
& 0.800 (Fig. 12.7) is provided. Here, (LMTD/GTD) is plotted
E 0.700 against the ratio (LTD/GTD), where GTD = greater of the
< 0.600 two end temperature differences, and LTD = lower of the
2 0.500 two end temperature differences. First, calculate the ratio
e = (LTD/GTD), and then, read (either from the graph or
o 0.400 Table 12.4) the value of LMTD/GTD. Next, multiply this

9 300 value by GTD to get LMTD.
g 0.200 In the same graph, the value of (AMTD/GTD) is also
E ' plotted, for comparison. Here, AMTD is the arithmetic
= 0.100 mean temperature difference; AMTD = (AT, + AT;)/2. It
0.000 may be noted that for values beyond about AT, /AT, = (.7,
9 01020304 0506070808 1 AN}/I'D and IMTD are almost {he same, i.e. ifvhe; AT,/
LTD/GTD AT, > 0.7, it would suffice to use AMTD (which is easier to
[ == LMTDIGTD —-AMTE!IGTDI calculate) instead of LMTD. However, for lower values of

AT,/AT,, LMTD has to be used.
FIGURE 12.7 LMTD and AMTD for parallel and Graph for LMTD shown above is also represented in
counter-flow HX tabular form (for better accuracy) in Table 12.4,

(iv) One term occurring in the derivation of LMTD shown above, is the product of mass flow rate and the
specific heat of a fluid, i.e. C = m.C,. Here, C is known as ‘heat capacity rate’ or, simply ‘capacity rate’ of that
particular fluid. Thus, the capacity rates for hot and cold fluids are:

Cp=my-C, W/C ((12.36)...capacity rate for hot fluid)

Co=mC,W/C ((12.37)...capacity rate for cold fluid)
Then, the heat transfer rate is given by:

Q=Cp (T — T} W ((12.38)...for hot fluid)

Q=CA(T,-T)W ((12.38).. for cold fluid)

ie. to transfer a given amount of heat, higher the heat capacity rate of a fluid, lower will be the temperature rise
(or fall) of that particular fluid.

If the heat capacity rates of both the hot and cold fluids are equal, then, the total temperature drop of the hot
fluid will be equal to the total temperature rise of the cold fluid. See Fig. 12.8 (a).

(v) When a fluid is condensing or boiling, its temperature is essentially constant, i.e. T,, = T}, for a condens-
ing fluid and T, = T, for a boiling liquid. In other words, AT for the condensing or boiling fluid is zero. But,
since a finite amount of heat is transferred, (= m.k 1, ). we say that capacity rate of a condensing or boiling fluid
tends to infinity. Temperature profiles for fluids in a heat exchanger when one of the fluids is condensing or
boiling are shown in Fig. 12.8 (b} and (c), respectively. LMTD for both these cases is determined by the same
procedure as for the parallel or counter-flow heat exchangers, i.e.

AT, —ATy AT -AT,
In AT, In ATy
ATy AT,
Example 12.4. Furnace oil, flowing at a rate of 4000 kg/h, is heated from 10 to 20°C by hot water flowing at 75°C, with
a velocity of 0.8 m/s, through a copper pipe 2.15 cm OD, 1.88 cm ID. Oil flows through annulus between copper and

steel pipe of 3.35 cm OD and 3 cm ID. Find the length of counter-flow heat exchan§er. Fluid properties are given.
Use Dittus-Boelter equation Nu = 0.023.Re%8 P24,

LMTD = . {12.35)

Solution.

Data: ", = 4000
3600

ie, m, = 1111 kg/s

Tai=10°C  T,=20°C Th:=75C V:i=08m/s k, = 385 W/(mK)
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TABLE 12.4 LMTD/GTD for parollel flow and counter-flow HX
LMTD = Log mean temperature difference

GID = Greater of two end temperature differences
LTD = Lower of two end temperature differences

0.847

0.72 0.852
0.73 0.858
0.74 0.863
0.75 0.869
0.76 0.875
0.77 0.880
0.78 0.885
0.79 0.891
08 - 0.896
0.81 0.902
0.82 0.907
0.83 0.912
0.84 0.918
0.85 0.923
0.86 0.928
0.87 0.933
0.88 0.939
0.89 0.944
0.9 0.949
0.91 0.954
0.92 0.959
2.93 0.965
0.94 0.970
0.95 0.975
0.96 0.980
0.97 0.985
0.08 0.980
0.99 0.895
1 1.000

Temperature 1

) Condensing fluid l
i C Th

; AT.
{fo :
AT, p/- T
AT, / :
Cold fluid

L
0 L Length

Cold fluid
Ce=Cy

Y
o

FIGURE 12.8 {a} Both fluids have FIGURE 12.8 (b) One of the fluids condensing (C}, = =}
same copacity rates
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Temperature 74=75C ¢

Water, C,,

Hot fluid T

|y AT T, = 52.07°C
AT, Q h2
T

TM

- . il, C o
Boiling fluid, T, e T, =10°C
0 L Length : 0 L
Figure 12.8 (c) One of the fluids FIGURE Example 12.4 Counter-flow
boiling (C, = =<} heat exchanger
Fluid properties:

C, (kJkgK) 4187 1.884

k (W/mK) 0.657 0.138

v {m%s) 4187 x 1077 7.43 % 1078

p (kg/m?) 982 854
Dh;:= 1.88 x 1072 m (inside diameter of fube for hot fluid flow)
Dh,=215x 107 m (outside diameter of tube for hot fluid flow)
Do =3%x102m  (inside diameter of tube for cold fluid flow)
D, =335 x 107 m (outside diameter of tube for cold fluid flow)

Cpp = 4187 J/(kgK) K, := 0657 W/(mK) v, :=418x 107 m%/s  p,:=982kg/m’  c, := 1884 J/(kgK)
k. :=0138 W/(mK) v :=743x10°m?/s p. =854 kg/m’

Con (Vi Cpe (Ve
Pry = e Pro=2616  Pr,om VP L b gee26
kh kf

Total heat transferred: :

Qi=mcp(Tey — Tey) W

te. Q=2093x10'w
Inside heat transfer coefficient:

2
= % m? (cross-sectional area of inside tube)
Le. A= 2776 x 107 m? {cross-sectional area of inside tube)
and, My = A Vopy
ie. my, = 0.218 kg/s (mass flow rate of hot fluid)
Therefore,
my
Gy = —
h 2,
ie. G, = 785.6 kg/(smz) (mass velocity of hot fluid)
G, - Dh;
and, Re, = il Mt (Remember: p=P- )
Pr
Le. Re, = 3.598 x 10° (Reynolds number of hot fluid)
We have:
Nu, = 0.023-Re,*® pr,0* (Dittus—Boelter equation)
ie. Nu, = 149.154 (Nusselts number)
Nu,, -k,
d, hy = ——
an b O

t
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ie. h, = 5.212 x 10° W/(m?C)
Qutside heat transfer coefficient:

(heat transfer coefficient for hot (inside) fluid)

Equivalent diameter of annulus: D, = 4 x (area of cross section/wetted perimeter)

Dc} - Dh?
Acannulus = K'T
ie. Al s = 3438 x 107 m?
and, P = xm(Dc, + Dh)
ie. P=0162m
Therefore,
4-Ac
D = annulus
eq P
D,=85%x10"m
Also, G, = e
Acannulus
ie. G, = 3.232 x 10° kg/(sm%)
G.-D
and, Re, := it
Ve e
ie. Re, = 4.329 x 10°

From Dittus—Boelter’s equation
Nu,:= 0.023-Re 28 pr4

ie. Nu, = 111.152
Therefore,
D,
ie. k. = 1.805 x 10° W/(m’C)

Overall heat transfer coefficient U:

(eross-sectional are of annulus)

(wetted perimeter of annulus)

(equivalent diameter of annulus)

(mass velocity of cold fluid)

(Reynolds number of cold fluid)

{(Nusselts number for cold fluid flow)

(heat transfer coefficient for cold (outside) fluid)

We have: LI-A = 1/(Total thermal resistance)
_ 1 . 1
*7 By-lm-Dhi1) b -{x-Dh,-1)
ie R, = 0012 K/W
Therefore, -
we L
RI"Al
1
ie. uy=——————m——
e “T Rz DR
ie. U, = 1471 x 10* W/(m'K)
1
d, o= ——
an *= Rz Dh1
ie. Uo = 1.287 x 10° W/(m’K)
Now, calculate LMTD:
Exit temnperature of hot fluid:
Thy := Th, -
My Cpp
ie. Th, = 52.074°C
Therefore,
AT, :=Th; - Tc,
or, AT, = 55°C
and, AT, 1= Th, - Tc,
ie. AT, = 42.074°C

1 Dh,
+ Jnj ==
27 kel | Dh

(Total thermal resistance)

{per metre length)

{(heat transfer coefficient referred to inside surface area)

(heat transfer coefficient referred to outside surface areq)

(exit temperature of hot fluid)

.

(temperature difference between hot and cold streams at inlet of HX)

(temperature difference between hot and cold streams at exit of HX)
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Therefore,

LMTD := Ah At
AT,
In} —2
AT,
ie. LMTD = 48.249°C {Log Mean Temperature Difference).

Alternatively:
We can calculate LMTD quickly by using graph of Fig. 12.7 or from Table 12.4: We have: AT,/AT, = 42.074/55 = 0.765.
From the table, we read against AT,/AT, = 0.765, a value of LMTD/AT; = 0.8775. Then, LMTD = 0.8775 x 55 = 48.262°C.
Length of HX required:
Heat exchange area required:

Area = _Q
U, LMTD
ie. Area = (.295 m® (heat exchange area required)
Therefore,
7 Area
7 Dhy
ie. L=4993 m (length of HX, mefres.}
Condensind fluid Example 312.5. In a shell-and-tube heat exchanger, tubes are 4 m
Temperature 4 otk long, 3.1 cm OD, 2.7 cm ID. Water is heated from 22°C to 45°C by
h condensing steam at 100°C on the outside of tubes. Water flow
4 rate through the tubes is 10 kg/s. Heat transfer coefficient on
50 e steam side is 5500 W/(m?K) and on waterside, 850 W/{m*K).
) AT =55°C Neglecting all other resistances, find the number of tubes.
AT, =78°C ¥

— Soletion.
| o5 Tetwe ow
i Tep = 22°C Ty :=45°C Ty = 100°C

Ty=22°C Cold fluid n N b= 850 W/(m’K) = 5500 W/(m’K)
L d:=0027m d,:=003m L:i=4m
m =10 kg/s Cp = 4170 J/(kgK)

Length

FIGURE Example 12.5 Heat exchanger with Overall heat transfer coefficient:
one of the fluids condensing (Ch = =} We have: U,-A, = 1
IR,
. 1 1
L Updy = — T~ 1 1
+ +
h-A, hA  hemd-L heomd-L
Since Aj=ndL and A,=rx-d, L
1
ie. U =——
(1, 4
[ Ve
h, hi-d
ie. U, = 671.588 W/(m’K) (overall heat transfer cocfficient referred to outside area)
To calculate LMTD:
Now, AT, =T, -Tc,
ie. AT, = 78°C (temperature difference at inlet)
and, AT, =T,-Te,
ie. AT, = 55°C (temperature difference at exit)
Also, IMTD = 2T =47,
AT,
Inj —*
AT,
ie. LMTD = 65.832°C (Log Mean Temperature Difference.)
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Alternatively:

We can calculate LMTD quickly by using graph of Fig. 12.7 or from Table 12.4. We have: AT,/AT, = 55/78 = 0.705. From
the table, we read against AT,/AT, = 0.705, value of LMTD/AT, = 0.844. Then, LMTD = 0.844 x 78 = 65.832°C....same

value as obtained above by calculation.
Heat transfer:
Qotal = M (Te, - Te)) W
Qo = 9591 < 10° W
A=md, L; A=0377
Number of tubes required:

Q
Atntal = u‘J . Imhf]1| D
i.e Aot = 21.693
Therefore, N = %
ie. N = 57543

i.e. Number of tubes required is, say, 58.

Example 12.6. In a double pipe counter-flow heat exchanger,
10,000 kg/h of oil (C, = 2.095 kJ/kgK) is cooled from 80°C to
50°C by 8000 kg/h of water entering at 25°C. Determine the area
of heat exchanger for an overall U = 300 W/ (m?K). Take C, for
water as 4.18 k] /kgK.

(M.U. 1997)
Solution.
Data:
m, = —— ie.my, = 2778 kg/s
" g0 O &/
8000
G 1= 2095 ] /KgK M= 2600
ie. m, =2222 kg/s C, = 4180 J/kgK
U:=300 W/(m?K) T, :=80°C
Typ:=50°C  T,4:=25°C
my - Cpy (T = T,
Therefore: Tp:= Tey + (T~ Ty)
m, - Cp
Le. T, = 43.795°C

Total heat transfer:
Q= my G (Tyy ~ T

ie. 0=1746x 10° W
To calculate LMTD:
We have:

ATy =Ty - Ty
ie. AT, = 36.205°C
and, ATy =T - Ty
ie. AT, = 25°C

Therefore,
LMTD := MZ_
AT
In| —%
AT,
ie. LMTD = 30.258°C
Alternatively:

(outside area of each tube, m?)

(Total heat transfer area required nt’)

(Total heat transfer area required m®)

(No. of tubes required)

A
Ty = 80°C
Iy Cil, C,
/ ~
AT, T,, = 50°C
3
Y AT,
T,=43795°C| 7 oI
Water, C, T. .= 25°C
0 Lt

FIGURE Exomple 12.6 Counter-flow
heat exchanger

(from heat balance)

(exit temperature of cold fluid (water))

(total heat transfer)

(temperature difference at the inlet of HX)

(temperature difference at the exit of HX)

{Log Mean Temperature Difference.)

We can caleulate LMTD quickly by using graph of Fig, 12.7 or from Table 12.4. We have: AT,/AT, = 25/36.205 = 0.691.
From the table, we read against AT,/AT; = 0.69, a value of LMTD/AT; = 0.835. Then, LMTD = 0.835 x 36.200 =

30.231°C....almost the same value as obtained above by calculation.
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Area required:

= 9
U LMTD
A=19233 m®

Le. (area required.}

12.5 Correction Factors for Multi-pass and Cross-flow Heat Exchangers

LMTD relations derived above are applicable to parallel flow and counter-flow heat exchangers only. But, in
practice, cross-flow heat exchangers (e.g. automobile radiators) and shell-and-tube heat exchangers, with more
than one pass in shell side and/or tube side, are also used. In such cases, the flow situation is complex and the
analytic relations for mean temperature difference are very complicated. Then, first, LMTD is calculated as if for
a counter-flow heat exchanger with the inlet and exit temperatures for the two fluids as per the actual data, and
next, a ‘correction factor (F)' is applied to the calculated LMTD to get the mean temperature difference between
the fluids. Now, heat transfer rate is calculated as:

Q=UAFLMID)W -(12.39)
where, A is the area of heat transfer, U is the overall heat transfer coefficient referred to that area, and F is the
correction factor. Note again that LMTD is calculated as if for a counter-flow heat exchanger, taking the inlet
and exit temperatures of the two fluids the same as for the actual heat exchanger.

Values of correction factor (F) for a few selected heat exchangers are given in graphical representation in Fig.
12.9. F varies from 0 to 1. In these graphs, correction factor F is plotted as function of two parameters, i.e. P and
R, defined as:

10 NN NNy
w 09 \ \\ hoh \\\
. VAN NARNMNAN
8 os \ Y
= R=4.0 3\0 20 15 1.({33 0.6 0.4\1 0.
g o7 | T
(§ 065_NL-T: \ \ \ t, -t
. .—R—= tz*tq \ \ \ \ P=';:t1
051 1 | A U T
0 01 02 03 04 05 06 07 08 09 10
FIGURE 12.9(a) One shell poss and 2,4,6, efc. (any multiple of 2), fube passes
1.0 \ \\.\\\er—-ﬂ\ b
0.9 \ \ N \ \\\\ \\ I,
« REANAUENARNAN
g os SR UENAY UMY
= R=4p 30 20 15 1.0.08 0.6 oy p
8 !
8 07 \\ \ \\ |
E
5 L T,-T,
© 0.6£= fl—: l IR
! | | L] p=t=ty
s ; RN A
“0 01 02 03 04 05 06 07 08 09 10

FIGURE 12.9(b) Two shell passes and 4,8,12, etc. (any multiple of 4), tube passes
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FIGURE 12.9(d) Single pass cross-flow with one fluid mixed and the other un-mixed

t, —1
p--2 1 (12,40
1—h

Ni

T, -7, Cubesid
Ro ity fwbesde ..(12.41)
t, — I Canell_side

where, C is the capacity rate = m.CP.

Also, for a shell-and-tube heat exchanger, T and f represent the temperatures of fiuids flowing through the
sheli and tube sides, respectively. And, subscripts 1 and 2 refer to the inlet and exit, respectively. It makes no
difference whether hot or cold fluid flows through the shell or the tube. Values of P vary from O to 1 and it is
equal to the ratio of the temperature change of the tube side fluid to the maximum temperature difference be-
tween the two fluids; thus, P represents the thermal effectiveness of the tube side fluid; values of R vary from 0
to . When R = 0, it means that the fluid on the shell side is undergoing a phase change (i.e. boiling or conden-
sation, which occurs at a practically constant temperature, T, ), and when R = oo, the tube side fluid is undergo-
ing a phase change. Observe from the graphs that, when R = 0 or e, the correction factor F is equal to 1.
Therefore, for a condenser or boiler, F = 1, irrespective of the configuration of the heat exchanger.

Note: To apply the correction factor F from these graphs, it is necessary that the end temperatures of both the
fluids must be known.

Example 12.7. A one shell pass, two tube pass heat exchanger, with flow arrangement similar to that shown in Fig. 12.9
(a), has water flowing through the tubes and engine oil flowing on the shell side. Water flow rate is 1.2 kg/s and its
temperatutes at inlet and exit are 25°C and 75°C, respectively. Engine oil enters at 110°C and leaves at 75°C. Overall U
= 300 W/(m*K). Take C,, for water as 4.18 k] /{kgK) and calculate the heat transfer area required.
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4 Salution.
Data: :
moi=12kg/s  Cp = 4180 }/kgK
T, =110°C il © U:=300 W/(m’K) T, := 110°C (hot fluid, infet)
3 S T, := 75°C (hot fluid, exit)
AT, Ta t = 25°C (cold fluid, inlet)
2 T =75°C t; := 75°C (cold fluid, exit)
Therefore, total heat load:
T,=75°C
o2 / ATz Q = mccpc(fzg tl) w
i.e. Q2 =2508 x 10° W
Water, G, ™3 Y — 950 Since this is a multi-pass HX, LMTD must be calculated
T = _5 c as for a counter-flow HX, and, then a correction factor ap-
0 L " plied from Fig. 12.9 (a):
To calculate LMTD:
FIGURE Example 12.7 Counier-flow T
h h AT =T - &
eat exchanger ie. AT, = 35°C
and, AT, =T, - K
ie. AT, = 50°C
Therefore,
LMID = AL -4T,
AT,
In| —-
AT,
ie. LMTD = 42.055°C {Log Mean Temperature Difference)
Correction factor, F:
We have:
_ kb
B L-4
ie. P = 0.588
and, R=D"h
[
ie. R=07
Then, from Fig. 12.9 (a):
F=08 (correction factor)

And, the corrected temperature difference becomes:
AT := 0.8-LMTD
ie. AT = 33.644°C (actual mean temperature)
Therefore, heat transfer area:

A=_2_
U-AT
ie. A= 24848 m? (heat transfer area required.)

Example 12.8. In a shell and tube HX, 50 kg/min of furnace oil is heated from 10 to 90°C. Steam at 120°C flows through
the shell and oil flows inside the tube. Tube size: 1.65 cm ID and 1.9 cm OD. Heat transfer coefficient on oil and steam
sides are: 85 and 7420 W/(m’K), respectively. Find the number of passes and number of tubes in each pass if the length
of each tube is limited to 2.85 m. Velocity of oil is limited to 5 cm/s. Density and specific heat of oil are 900 kg/m? and
1970 ]/ (kg.X), respectively. (M. 1994)
Solutioa.
Data:
Ta=1WC To=9C T,:=120°C  4;:=00165m 4,=0019m L:=28m h =8 W/(mK)
hyeam = 7420 W/(m’K)  V:=005m/s gy =900 kg/m®  Cpyy = 1970 J/(kgK)

m e my = 0.833 kg/s

L= 20
il &0
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Total heat transferred: Temperature 4 Condensing fiuid
Q 1= ey Cpor (Tea = To3) " Tp=120°C
le. Q=1313x10°W (total heat transferred)
Number of tubes required: @ ; AT, =30°C
Total cross-sectional area for flow: Q T,=90°C
" AT, = 110°C
A= e e A= 0.019 m? o2l
V-pu
Cross-sectional area of each tube: Cold fluid
2 - o
A=n% 422138 x104¢m? Ter=10°C .
¢ one 0 L o
Therefore, Length
No= A5 N 86606 (number of tubes, FIGURE Exc:mplef 12.8 Heq_f exchanger with
A one of the fluids condensing {C, = =}

say 87 from velocity consideration)

ie. N = 87
Overall U, based on outer surface area:
Total thermal resistance:

1 1
f = +
hg-modo 1 hyean mdg-1
ie. R, = 0229 K/W
Now, A, = mdo-1
ie. A, = 006 m” (outside surface area of fube/metre length)
Then,
u, = 1
Au 'Rr
ie U, = 73.089 W/{m’K) (overall heat transfer coefficient referred to outside area of fube)
and, LMTD = AT, -AT, _ 110-30

AT, 110]
In| =21 In (—
“[ATJ 30
ie. LMTD = 61.572°C (Log Mean Temperature Difference)
Therefore, heat transfer area required:

=y -L?VITD
ie. Ap = 29184 m’ (total heat transfer area required)
Now, Appe = mdo-1 )
ie. Apbe = 0.06 m* (heat transfer area per metre length)
Therefore,
An
Length := N-AL
Length = 562 m (length of tube required)

But, length is limited to 2.85 m. So, use 2 tube passes.

Then, it becomes a shell-and-tube HX with two tube passes. So, it appears at first sight that correction factor (F) has
to be obtained from Fig. 12.9; but, observe that one of the fluids is condensing. So, F = 1, irrespective of HX configura-
tion.

Le. Fe=1
Therefore, A, remains same.
Then, 7 -
Length = _ A
2-N-Appe
ie. Length = 281 m (this is less than 2.85 m, Se, OK.)
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12.6 The Effectiveness-NTU Method for Heat Exchanger Analysis

LMTD can readily be determined when all the four end temperatures are either given, or can easily be calculated.
Then, the area required, A (i.e. the size of the HX) is easily found out by applying the equation: J = ULA.(LMTD).
In other words, LMTD method is very convenient to use for sizing problems, when all the end temperatures are
known. However, there are certain problems where only the inlet temperatures of both the fluids are specified,
along with the flow rates and the overall heat transfer coefficients, and the heat transfer rate and the exit tem-
peratures of the fluids are to be calculated. Solution of such rating problems by the LMTD method would require
tedious iterations. However, the Effectiveness-NTU method, developed by Kays and London in 1955, overcomes
this problem and makes the sotution straight forward. Effectiveness-NTU method is also useful in solving heat
exchanger problems, where off-design conditions exist; i.e. for example, the heat exchanger might have been
designed for some particular flow rates of fluids; now, to find out what happens to the performance if flow rate
of one of the fluids is reduced to, say, 75 % of the design flow rate, and so on.

The effectiveness-NTU method is not an altogether new method; fundamental equations are the same as
used in the LMTD method, but the different variables are arranged rather differently.

Before we develop the Effectiveness-NTU relations for different types of heat exchangers, let us define a few
quantities:

Effectiveness of a heat exchanger (¢}:

-0 (12,42
‘ Qmax ( )

where,
{J = actual heat transferred in the heat exhanger
Qimax = maximum possible heat transfer in the heat exchanger
Now, actual heat transfer rate in a heat exchanger is given by:
Q= myCp (Tyy — Tya) = G (Tjy — T)
and,
Q= mc'Cpc'(TcZ =Ty =CoiTn-Ty)
where, (, = capacity rate of the hot fluid, and
C. = capacity rate of the cold fluid
Now, C;, may be equal to C, or less than C, or greater than C..
If C <« C,, we designate C, as C,.;
Instead, if C;, > C,, we designate C, as C .
And, in each case, capacity rate of the other fluid is designated as C,,,.
Capacity Ratie (C):
Capacity ratio is defined as:

¢ = Camin ..(12.43)
Cmax .
Number of Transfer Units (NTU):
Number of Transfer Units (which is a dimensionless number), is defined as:

u-A

NTU = (12.49)
Cmin

where, U is the overall heat transfer coefficient and A is the corresponding heat transfer area. For given value of
A and flow conditions, NTU is a measure of the area (i.e. size) of the heat exchanger. Larger the NTU, larger the
size of the heat exchanger.

Maximum possible heat transfer in a heat exchanger (Q,.)
Now, consider a heat exchanger where the hot fluid is cooled from a temperature of T, to T,; and the cold fluid
heated from T to T;. 50, the maximum temperature differential in the heat exchanger is (T; — T,;). Now, if the
heat exchanger had an infinite area, the hot fluid will be cooled from T, to T, or the cold fluid may be heated
. from T to T);. However, which fluid will experience the maximum temperature differential (T,; - T,;) will

depend upon which fluid has the minimum capacity rate.

If hot fluid has the minimum capacity rate, we can write:
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Qmax = Ch'(Thl - cl)

Instead, if cold fluid has the minimum capacity rate, we write:
Qmax = Cr'(Th] - Tf1)

Or, more generally, we write:
Qmax = ij.n'(Thl - T(l)

These situations are represented graphically in Fig. 12.9:

(if Cy, is minimum capacity rate, C_.)

min')

(if C. is minimum capacity rate, C

..(12.45)

Temperature 4

Temperature 4

3

Hot fluid Hot fluid
Th1 = Tep - Cy Tt Ch = Coin
\A Tt:2

~ T S\_
Cold fluid he A T Ty

Cc = Crin T ggld fluid

0 L 0 L Length
FIGURE 12.9(a) Cold fluid has FIGURE 12.9b) Hot fluid has .
minimum capacity rate minimum capacity rate
Therefore, we can write for effectiveness:
ee 9 _ Cilln-Tw) Cer(Tp—T) (1246)

" Omax CoinTa—Te) Conn(Tia = To0)
Now, if hot fluid is the ‘minimum fluid’ {i.e. C, < C,), we get from Eq. 12.46:

_ ((7;11 - ’1;{12)) (for C, < C...(12.47a).)
_ h1 fe1
And, if cold fluid is the ‘minimum fluid’ (.e. C, < C;), we get from Eq. 12.46:
_Ta-Ty) {for C, < C..{1247b))
(T — T21) ‘

i.e. by suitably choosing the fluid, the effectiveness of a heat exchanger can be expressed as a ratio of tempera-
tures (or, as a temperature effectiveness).

If C, = C,, obviously, both the fluids will experience the maximum possible temperature differential, if the
heat exchanger had an infinite area.

Now, for any heat exchanger, effectiveness can be expressed as a function of the NTU and capacity ratio,

Crin/ Conans L.

min

e=f [N*I’UC‘“—“‘J (12.47¢)

Cmax

We shall derive below &NTU relation for a parallel flow HX.
12.6.1 Effectiveness—NTU Relation for a Parallel-flow Heat Exchanger

Consider the parallel-flow heat exchanger shown in Fig. 12.5. Assumptions for this derivation remain the same as
for the LMTD method.
Continuing from Eq. 12.21:

m(M]=_u.A. 1 L1
Ti—Ta iy Cpp e Cpe

Now, out of the two fluids, one is the ‘minimum’ fluid and the other is the ‘maximum’ fluid. Whichever
may be the minimum fluid, we can write Eq. 12.21 as:

«(12.21)
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To-T.)_ -UA(, G
In min ..(12.48
(Thl-TclJ Cmm 1+C ( )

max ,
ie. Tp=Ter _ exp|— [1+ CmmJ ..(12.49)
T -Ty C

Now, substituting for T, and T, from Eq. 12.46, we get:

T —

Cni Cuin
[Thl—E'%‘(Tm— cl)]—[ : E‘ '(Thl—Tcl)+T::1:l r .
h < = exp —NTU-[1+-—1“—

Tn—-Ta

1 1
(Thy — Te1) = €-Conin (T *Tn)'[ +) - 1

C, C .
ie. kel exp —NTU{1+Cﬂ
Tkl - Tr:l max / |
11 [ )
ie 1- £-Cmin-(—-+ —] = exp —NTU-[I + Canin
G G L max / |
Now, assuming C,, > C,, i.e. cold fluid as the ‘minimum fluid’, we have: C,;, = C, and C,,, = C,.
Therefore,
- e.[1+ Cm'“‘J = exp —NTU-(1+ Em]
Crmnax Crnax
Cmm
l—exp[—NTU [1+ ]:|
ie. £= o (12.50)
14 Cmin
Cmax
Eq. 12.50 is the desired expression for effectiveness of a parallel flow heat exchanger.
Note that the same result would be obtained, if we assume the hot fluid as the ‘minimum’ fluid.
Eq. 12.50 is concisely expressed as:
- 12exp-NA1+C) (12.51)
1+C
Cmin
where, N = NTU and, C =
Cmax

Special cases:
(i) For a condenser or boiler i.e. one of the fluids undergoes a phase change. Therefore, C,, — « i.e. Capacity
ratio, C = 0. Then effectiveness relation (for all heat exchangers} reduces to:

£=1-exp{- NTU) ..{12.52}
(i) When C = 1, i.e. Gy = Gy, This is the case of a typical, gas turbine regenerator. In this case,
_ 1-exp(~-2:NTWLj)

5 {for C = 1, parallel flow HX...(12.53)}

12.6.2 Effectiveness-NTU Relation for a Counter-flow Heat Exchanger

Again, consider the counter-flow heat exchanger shown in Fig. 12.6. Assumptions for this derivation remain the
same as for the LMTD method.
Continuing from Eq. 12.31:
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T - T, 1 1
ln( h2 CIJ =LA _ ..(12.31}
Typ -~ Toz - Cppy m-Cpe

h\[M] =—U-A'[—1-—i]
Thl — te2 Ch Cc

Assuming hot fluid as the ‘minimum’ fluid,
Cmi.n = Cfl and, Cmax = Cc

This can be written as:

we have:
m[T_L) . _U.A_(; L1 ]
Thl - Tc2 cmin Cmax
ie. To=Ta = exp _U.A.[_l__ 1 }
Thi —ie2 Cmin Cmax
ie. Tp T = exp "u'A.[l_CLin]
Thl - TCZ Cmin Cmax
ie. Te-Ta _o0p _NTU.[ _Cmﬂ] {12.54)
Thl “ic2 max
Now, substituting for T, and T, from Eq. 12.46, we get:
Cmin
Thl—f'c"(Thl* 1) =T c.
, ~ | . exp[—NTU{l———Cm’“ ” (12.55)
[Tm -€ 'Cnm T~ c1)—Tc1] e ‘
C

Now, put Cpin = Che € = Conin/ Crmae @and N = NTU, in Eq. 12.55:
(T = Ta)(1- &)

T —Taa-cg ooV
ie. 1-£ _ exp(=N-(1 - C))
1-C-¢
ie. 1—S-«exp(—NA(lﬂC))—C-E-exp(—N-(l—C))
ie. g(1-Cexp(-N--O))=1- exp-(-N-(1-C))
or, 1-exp(-N-(1-0))

£= A-Cexp(N-1-O)) ..(12.56}

Instead of assuming that the hot fluid is the minimum fluid, if we assume that the cold fluid is the ‘mini-
mum’ fluid, then also the same relation (namely, Eq. 12.56), will result.
Eq. 12.56 is the desired expression for the effectiveness of the counter-flow heat exchanger.
Special cases:
(i) For a condenser or bolier ie. one of the fluids undergoes a phase change. Therefore, Cr,, — = ie.
Capacity ratio, C = 0. Then effectiveness relation {for all heat exchangers) reduces to:
£=1-exp(-NTU) -(12.57}
{ii) When C=1,i.e. Cyin = Crnax This is the case of a typical, gas turbine regenerator. In this case, relation for
£ reduces to the indeterminate form, 0/0. Then, apply the [’Hospital’s rule to evaluate £ i.e. differentiate
the numerator and denominator w.r.t. C and taking the limit C — 1, we get:
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E' i —
1+ NTU
Effectiveness-NTU relations and the corresponding graphical representations for several types of heat ex-
changers are given by Kays and London.
Table 12.5 gives the Effectiveness relations for a few types of heat exchangers; and Table 12.6 gives the NTU
relations:

-for C = 1., counter-flow HX...(12.58))

TABLE 12.5 Effectiveness relations for heot exchangers
(N =NTU =UA/C ., C=Cir/Cromd

o= 1-exp(—-N-(1+C))

Double pipe: parallel-fl
pipe: pai ow 150

£= 1—exp(-N-(1-O))
" (1-C-exp(-N-(1-C))

Double pipe: counter-flow

N
Counter-flow, C = 1 = —
ounter-flow £=
Cross-flow: (single pass) both fluids un-mixed £=1-exp [W] where, n = N~022
" N 1 c 1Y’
Cross-flow: (singte pass) both fluids mixed £= + -
1-exp(-N) 1-exp(-N.C) N

Cross-flow: (single pass) G, mixed, C;, un-mixed £= %-[1 —exp[-C-(1 - e'”)]]

Cross-flow: (single pass) C,, un-mixed, G, mixed | =1~ exp[— %-(1—exp(—NvC))]

Shell and tube:
f -t
, 1+ exp[-N-n + 02)2}
One shell pass, 2, 4, 6 tube passes £=2-114C+(1+C%)2 -
1- exp[*N-u + CZ)E]
i-¢,07
Multiple shell passes, 2n, 4n, 6n tube - ) -1
passes (&, = effectiveness of each sheil = £
pass, n=number. of shell passes) [(1 - e, .C)J"
(1-¢,)
Special case for C = 1 £= _ M
1+(n-1g,
All exchangers, with C = 0 (Condensers e=1-¢N

and Evaporators)
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TABLE 12.6 NTU relations for heot exchangers
JC s £ = effectiveness]

[N = NTU = UA/C,,, C

C

min

Double pipe: parallel-flow N= —In(1-(1+C}¢)
1+C
Double pipe: counter-flow, for C = 1 N=—n| =]
cC-1 \Ce-1
Counter-flow, C = 1 N=_Z
- &

Cross-flow: G, mixed, C,, un-mixed

N= kln(1+ %-Inﬁ— C-s)]

Cross-flow: Cpy, Un-mixed, G, mixed

N= gAInU +CIn(1- &)

Shell and tube:

One shell pass, 2, 4, € tube passes

2 Al
-1 £ 1-c-(1+C??

N=-(1+C%2 In| £ -
L _i-C+(1+CY)?
£

All exchangers, with C = 0 (Condensers
and Evaporators)

=—=In{1 — ¢}

NTU-Effectiveness graphs:

NTU-Effectiveness relations are also represented in graphical form and these are quite instructive. However, it is

a bit difficult to read these graphs accurately; so, analytical relations may be used wherever possible.
NTU-Effectiveness relations for parallel-flow and counter-flow heat exchangers are shown graphically in

Fig. 12.10 and 12.11, respectively. In these figures, effectiveness values are plotted against NTU for different

values of capacity ratio, C. -

For convenience and accuracy in reading, effectiveness values for the parallel flow and counter-flow heat
exchangers are given in Tabular form, in Table 12.7 and 12.8:
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FIGURE 12.10 NTU Vs. effectiveness for parallel-flow heat exchangers
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FIGURE 12.11 NTU Vs. effectiveness for counter-flow heat exchangers

NTU-effectiveness graphs for some other types of heat exchangers, are given by Kays and London, and are
reproduced below:

100 T " 100 2
9 Sl b 10
0‘:, e — //“//; 4
<« / | ] N ~ Tt ~-r 05
80 Gﬂxégg L 80 o@éﬁ'b/ =t s 2
7 //di61“./ =] 2 ’;V/ ﬁ"__--___----q-;g
= : = e 74 e :
60 /,//11' o 60 J///// .
7]
g Ve g V%
o e ] o e Y
£ / T/ /4
240 Hot : -1 &
Ll fluid ! ] w -
Unmixed
: — fiuid
| i | J
0
0 1 PR ! — 1 2 3 a 5
Number of transfer units NTU = AU/C, Number of transfer units NTU = AUIC,,,,,
FIGURE 12.12 Cross-flow heat exchanger FIGURE 12.13 Cross-flow heat exchanger with cne
with both fluids un-mixed Huid mixed and the other un-mixed

Note: In Fig. 12.13, the dashed lines are for the case of C,,;,, un-mixed and C,_,, mixed. And, the solid lines are for
the case of C,,, mixed and C_,, un-mixed.
From the NTU—Effectiveness graphs, following important points may be observed:

(i)

{ii)

For a given value of capacity ratio, C, the effectiveness increases with NTU. Value of effectiveness varies
from 0 to 1.

Initially, effectiveness increases rather rapidly as NTU increases (up to a value of NTU = about 1.5} and
then, slowly for larger values of NTU. Remember that NTU is a measure of the size (i.e. heat exchange
area, A) of the heat exchanger; so, we can conclude that increasing the size of the heat exchanger beyond
about NTU = 3, cannot be economically justified, since there will not be any corresponding increase in
effectiveness.
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TABLE 12.7 NTU Vs, effectiveness for porallel-flow HX

0.1 0.095 0.094 0.093 0.092 0.002 0.081
0.2 0.181 0.178 0.174 0.171 0.168 0.165
0.3 0.2569 0.252 0.245 0.238 0.232 0.226
0.4 0.330 0.318 0.306 0.205 0.285 0.275
‘0.5 0.393 . 0.376 0.360 0.344 0.330 0.316
0.6 0.451 0.428 0.406 0.386 0.367 0.349
0.7 0.503 0.474 0.446 0.421 0.398 0.377
0.8 0.551 0.514 0.481 0.451 0.424 0.399
0.9 0.593 0.550 0.512 0.477 0.446 0.417
1 0.632 0.582 0.538 0.499 0.464 0.432
1.1 0.667 0.611 0.561 0.517 0.479 0.445
1.2 0.699 0.636 0.581 0.533 0.491 0.455
1.3 0727 0.658 0.599 0.547 0.502 0.463
1.4 0.753 0.678 0.614 0.558 0.511 0.470
1.5 0777 0.696 0.627 0.568 0.518 0.475
1.6 0.798 0711 0.638 0.577 0.524 0.480
1.7 0.817 0.725 0.648 0.584 0.530 0.483
1.8 0.835 0.737 0.657 0.590 0.534 0.486
1.9 0.850 0.748 0.664 0.585 0.537 0.489
2 0.865 0.758 0.671 0.600 0.540 0.491
2.1 0.878 0.766 0.677 0.603 0.543 0.483
2.2 0.889 0.774 0.681 0.607 0.545 0.494
23 0.900 0.781 0.686 0.608 0.547 0.485
2.4 0.909 0.787 0.689 0.612 0.548 0.486
25 0.918 0.792 0.693 0.614 0.549 0.497
26 0.926 0.797 0.696 0.615 0.550 0.497
2.7 0.933 0.801 0.698 0.617 0.551 0.498
28 0.939 0.804 0.700 0.618 0.552 0.498
29 0.945 0.808 0.702 0.619 0.553 0.498
3 0.950 0.8M1 0.704 0.620 0.553 0.499
aa 0.955 0.813 0.705 0.621 0.553 0.499
3.2 0.950 0.815 0.706 0.621 0.554 0.499
3.3 0.963 0617 0.707 0.622 0.554 0.499
34 0.967 0.819 0.708 0.622 0.554 0.499
35 0.970 0.821 0.709 0.623 0.555 0.500
386 0.973 0.822 0.710 0.623 0.555 0.500
3.7 0.975 0.824 0.710 0.623 0.5855 0.500
3.8 0.978 0.825 0.711 0.624 0.555 0.500
3.9 0.980 0.826 0711 0.624 0.555 0.500
4 0.982 0.826 0.712 0.624 0.555 0.500
4.1 0.983 0.827 0.712 0.624 0.655 0.500
4.2 0.985 0.828 0.712 0.624 0.555 0.500
4.3 0.986 0.829 0.713 0.624 0.555 0.500
4.4 0.988 0.829 0.713 0.624 0.555 C.500
45 0.989 0.830 0.713 0.625 0.555 0.500
46 0.990 0.830 0.713 0.625 0.555 0.500
4.7 0.991 0.830 0.713 0.625 0.555 0.500
4.8 0.992 0.831 0.713 0.625 ~0.555 0.500
4.9 0.993 0.831 0.714 0.625 0.555 0.500
5 0.993 0.831 0.714 0.625 0.555 0.500
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TABLE 12.8 NTU Vs. effectiveness for counter-flow HX

0.085 0.094 0.093 0.092 0.092 0.091

0.181 0.178 6.175 0.172 0.169 0.167

0.259 0.253 0.247 0.242 0.236 0.231

0.330 0.320 0.311 0.303 0.294 0.286

05 0.393 0.38t 0.368 0.356 0.345 0.333
0.6 0.451 0.435 0.419 0.404 0.389 0.375
0.7 0.503 0.484 0.465 0.447 0.429 0.412
0.8 0.551 0.528 0.507 0.485 0.465 0.444
0.9 0.593 0.569 0.544 0.520 0.496 0.474
1 0.632 0.605 0.578 0.551 0.525 0.500
1.1 0.667 0.638 0.609 0.580 0.552 0.524
1.2 0.699 0.668 0.637 0.606 0.576 0.545
1.3 0.727 0.696 0.663 0.630 0.598 0.565
1.4 0.753 0.721 0.687 0.652 0.618 0.583
1.5 0.777 0.744 0.709 0.673 0.636 0.600
1.6 0.798 0.764 0.729 0.691 0.653 0.615
1.7 0.817 0.784 0.747 0.709 0.669 0.630
1.8 0.835 0.801 0.764 0.725 0.684 0.643
1.9 0.850 0.817 0.780 0.740 0.698 0.655
2 0.865 0.832 0.795 0.754 0.7 0.667
21 0.878 0.845 0.808 0.767 0.723 0.677
2.2 0.889 0.857 0.821 0.779 0.734 0.688
2.3 0.900 0.869 0.832 0.780 0.745 0.697
2.4 0.908 0.879 0.843 0.801 0.755 0.706
2.5 0.918 0.889 0.853 0.8M1 0.764 0.714
286 0.926 0.897 0.862 0.821 0.773 0.722
2.7 0.933 0.906 0.871 0.829 0.782 0.730
2.8 0.839 0.913 0.879 0.838 0.790 0.737
29 0.945 0.920 0.887 0.846 0.797 0.744
3 0.950 0.926 0.894 0.853 0.804 0.750
3.1 0.955 0.932 0.900 0.860 0.811 0.756
3.2 0.959 0.937 0.907 0.867 0.818 0.762
33 0.963 0.942 0.912 0.873 0.824 0.767
3.4 0.967 0.947 0.918 0.879 0.830 0.773
3.5 0.970 0.951 0.923 0.884 0.835 0.778
3.6 0.973 0.955 0.927 0.880 0.841 0.783
3.7 0.975 0.958 0.932 0.895 0.846 0.787
3.8 0.978 0.961 0.936 0.899 0.851 0.792
3.8 0.980 0.964 0.940 0.904 0.855 0.796
4 0.982 0.967 0.944 0.908 0.860 0.800
4.1 0.983 0.970 0.947 0.912 0.864 0.804
4.2 0.985 0.972 0.950 0.916 0.868 0.808
4.3 0.986 0.974 0.953 0.820 0.872 o811
4.4 0.988 0.976 0.956 0.923 0.876 0.815
4.5 0.089 0.978 0.959 0.927 0.879 0.818
4.6 0.990 0.980 0.961 0.930 0.883 0.821
47 0.991 0.981 0.963 0.933 0.886 0.825
4.8 0.992 0.983 0.966 0.936 0.880 0.828
4.9 0.993 0.984 0.968 0.938 0.893 0.831
5 0.983 0.985 0.970 0.941 0.896 0.833
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FIGURE 12.14 Shell ond tube heat exchanger, with FIGURE 12.15 Shell and tube heot exchanger, with
one shell pass and 2, 4, 6 fube passes ___——1wo shell posses and 4, 8, 12 tube passes

Number of transfer units NTU = AUIC_,,

(iii) At a given val of NTU, e iveness is maximum for C = 0, (i.e. for a condenser or evaporator), a\nd
decreases ag'C increases: )
(iv} For NTZiess thartabout 0.3, effectiveness is independent of capacity ratio, C. P e
(v) For give and C, a counter-flow heat exchanger has highest effectiveness and a parallel, fiow heat
exchanger hag the lowest effectiveness. B
(vi) When C =1 i.e. capacity rates of both the fluids are equal, as in the case of a typical regenerator), maxi-
mum effectiveness of a parallel-flow heat exchanger is 50% only, whereas there is no such limitation for
a counter-flaw HX. Therefore, for such applications, obvidusly, the counter-flow arrangement is pre-
ferred. P
Example 12.9. Consider a heat exc F cooling oil which enters at 180°C, and cooling water enters at 25°C. Mass
flow rates of oil and water are: 2.5 and 1.2 kg/s, respectively. Area for heat transfer = 16 m’. Specific heat data for oil and
water and overall U are givern: Cpyy = 1900 J/kgK; Cpy o = 4184 J/kgK; U = 285 W/ m?K. Calculate outlet temperatures
of oil and water for parallel and counter-flow HX. (M.U. 1995)
Solution. Here, the outlet temperatures of both the fluids are not known. Use of LMTD method would require an itera-
tive solution. i.e. to start with, assume outlet temperature of, say, hot fluid, Ty, and calculate the exit temperature of cold
fluid, T,, and then, the LMTD; then, calculate the heat transfer rate (). From ( and capacity rates, recalculate T;,, and
compare this value with the initially assumed value; if they do not match, say, within 0.5 deg.C, repeat the iterative
cycle.
But, as will be shown below, Effectiveness-NTU method, offers a direct, straightforward solutior:
Data:
m,=25kg/s m.=12kgss T, :=180°C U :=285W HAmK)  A:=1lem? T4 :=25C
Cp = 1900 J/(kgK) Gy = 4184 J/(kgK)
Capacity rates:

Cy = 1t Cpp
ie. C, = 475 x 10 W/K 1
and, C,i=m Cp ’
ie C. = 5021 x 10° W/K
Therefore,
Coin = G W/K (minitnum capacity rate)
and, Coax = C,W/K (maximum capacity rate)
Therefore, Capacity ratio:
C= Conin
C
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ie. C = 09486
Number of Transfer Units:
u-A
NTU :=
Cmin
ie NTU = 0.96

Case (i): Parallel-flow HX: )
For parallel-flow HX, we have the effectiveness relation:

1- exp[NTU-[1+ gﬂﬂ

£=
ol
14 —min
me
e 1-exp(-NTU {1+ C))
. 1+C
ie. £=0.435
Then, since hot fluid is the ‘minimum’ fluid, we have:
T — T
g= LM Tn_‘
T’q - 111
ie. Tiz =Ty - & (T = T)
ie. T, = 112.65°C

and, T, is cbtained from heat balance:
Cpr (T ~ Tpo) = Coi{T; = T)
Ch (Tm _ Thz)

iy

ie Toi=T,4+

ie. T,, = 88.718°C
Case (ii): Counter-flow HX:
For counter-flow HX, we have:
£ 1-exp(—NTU(1-C)}
(1= C-exp(-NTU-(1-C))

ie. _ £ = 0.496
Then, again, since hot fluid is the ‘minimum’ fluid, we have:
T.-T
ez = ln
Tm _Trl
ie. Tia =Ty - (T - T,y)
ie. T, = 103.074°C

And, T, is obtained from:
G (T = Tho)

3

T

= Tcl +

ie. T,, = 97.777°C

(capacity ratio)

-{12.50)

(effectiveness of parallel-flow HX)

(exit temperature of hot fluid (oil))

{by heat balance)

{exit temperature of cold fluid (water))

{12.56)

(effectiveness of counter-flow HX)

(exit temperature of hot fluid (o0il).)

(exit temperature of cold fluid (water).)

Note: In this problem, it is difficult to read accurately the £ values from the graphs, for the givent values of NTU
and C. It is suggested that the analytical relations may be used to get accurate results.
(b} In the above Example, suppose that the flow rate of water is increased to 2 kg/s.
Calculate the new outlet temperatures of oil and water for parallel and counter-flow HX. Rest of the data remain the

same.

Now, the heat exchanger is operated at an off-design condition, i.e. the water flow is changed from 1.2 kg/s to 2
kg/s. Then, & NTU method is convenient to use to find out the exit temperatures of both the fluids.

m, = 2kg/ls

(mass flow rate of cold fluid {water))

Note that still, hot fluid is the ‘minimum’ fluid and NTU remains the same, but C changes:

Capacity rates:

Gy = myyCpy
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ie, _ C, = 475 x 10° W/K

and, C.i=mCp
ie. C. = 8.368 x 10° W/K
Therefore,
Crin = G, W/K (minimum capacity rate)
and, Crax = C. W/K (maximum capacity rate)
Therefore, Capacity ratio:
C= Cmir\
Cmax
ie. C = 0.568 . (capacity ratio)
and, NTU = L4
Cmin
ie. NTU = 0.96

Case (i): Parallel-flow HX:
We have the effectiveness relation:
i 1—exp(-NTU.(1+C))
' 1+C
ie. £= 049 (effectiveness of parallel-flow HX)
Compare this £ with £ = 0.435 obtained earlier.
Then, since hot fluid is the ‘minimum” fluid, we have:

- Ty T
. Thl - Tcl
ie. Tz =Ty — &(Tyy - T3}
ie. T,, = 103.079°C (exit temperature of hot fluid (0il).)
And, T, is obtained from heat balance:
Co= (T~ Ty =C (T2 - Toy) (by heat balarce)
(T, - T,
Le. T,:=Tq+ S Tha) 'Cl he)
ie. T,, = 68.664°C (exit temperature of cold fluid (water).)

Case (ii): Counter-flow HX:
For Counter-flow HX, we have:
g AT ePCNTUA=C) (12.56)
{1-C-exp(-NTU-(1-C})}
ie. £=0.543 (effectiveness of counter-flow HX)
Compare this £ with £ = 0.496 obtained earlier.
Now, again, since hot fluid is the ‘minimum’ fluid, we have:

ie. Typ = Tin - 6Ty — T2}
ie. Ty = 95.779°C (exit temperature of hot flnid (oil).)
And, T, is obtained fromu
Cpo (T — T2} T
Trl = Tcl + ' ;Cl( . . o _7-“‘\\
ie. ' T., = 72.807°C ..exit temperature of cold fluid (water). \

Note that as a result of increasing the cold fluid (water) flow rate, the new exit temperature of both the hot and cold -~
fluids are lower, for both the parallel and counter-flow cases.
fxample 12.10. A steam condenser, condensing at 70°C has to have a capacity of 100 kW. Water at 20°C is used and the
outlet water temperature is limited to 45°C. If the overall heat transfer coefficient is 3100 W/m’K, determine the area
required.

(b) If the inlet water temperature is increased to 30°C, determine the increased flow rate of water to maintain the
same outlet temperature. (M.U. 1998)
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Solution. This problem can be soived by LMTD method, too. But, in part (b), since the heat exchanger is operated at an

off-design condition, we shall adopt the £&~NTU method.
Data:
Q=10x10°W T,=70°C  U:=3100 W/(m’K) T, :=20°C T,
Con = 1900 ]/ (kgK) C,. = 4180 J/(kgK)
Therefore, effectiveness:
Since steam is condensing, it is the ‘maximum’ fluid. So, we can write:
Tcz — Tc]
Tk - Tcl
ie. =105
Now, for a condenser, we have, from Table*2.6:
NTU := - in(1 - &

2 1= 45°C

(effectiveness)

(for a condenser)

(by definition of NTLI)

(area of heat transfer.)

{new inlet temperature of water)

i.e. NTU = ¢.693
and, Conin °= —Q——A—
£ ‘(Tﬁ - Tc:)
ie. Coir = 4% 10° W/K
But, NTU = 44
Cmi.n
Therefore,
A NTU-C,_ ..
u
ie. A =089 m®
Case (b): If T,y is increased to 30°C, and T, maintained at 45°C, what is the increased flow rate?
T, =30°C
Then,
£= Tc2 _Tcl
T;n - Trl
ie. &= 0375

Therefore, new NTU:
NTU = - In(1 - #)

ie. NTU = 0.47
Therefore,
Uu-A
Coinz = 755
ie. Coinz = 5.899 % 10° W/K

Compare this value with C,,,;,, = 4000 obtained earlier.
Therefore, increased flow rate:

We have: G, = 4180 J/kgK
Therefore,
my = Co
175
Coe
ie. my = 0957 kg/s
. .
and, my = ol
Cu
my = 1411 kgfs
Also,
C .
L= —mn?
Coin
Or, F = 1475

FUNDAMENTALS OF HEAT AND MASS TRANSFER

{new effectiveness)

(for a condenser)
(new value of NTU for case (b))

(new C,,,, for case (b))

(specific heat for water)

(earlier flow rate)

»

(new flow rate)

(increase of 47.5%.)



Example 12.11.  Hot oil at 2 temperature of 180°C enters a2 Qil, T,,, = 180°C

shell and tube HX and is cooled by water entering at 25°C. g 4 kg/s
There is one shell pass and 6 tube passes in the HX and the

overall heat transfer coefficient is 350 W/(m’K). Tube is lv
thin-walled, 15 mm ID and length per pass is 5 m. Water |

6 tube passes

flow rate is 0.3 kg/s and oil flow rate is 0.4 kg/s. Deter-

mine the outlet temperatures of oil and water and also the (

Y
-

c2

heat transfer rate in the HX. Given: specific heat of oil =

1900 J/(kgK) and specific heat of water = 4184 J/(kgK) ¢

Solution. Since the exit temperatures of both the fluids are

not known, we shall use £ - NTU method. (

Data:

<«—Water, T, = 25°C

m, =04 kg/s m.=03kg/s Ty :=180°C
U:=350 W/(m’K) T,.=25C N:=6
D:=0015m L:=5m Con i= 1900 ]/ (kgK)
G, = 4184 1/(kgK)
Capacity rates:
Cp = m,,~.Cp,‘
Le. C, =760 W/K
and, C.i=m:Cp,

ie. C, = 1.255 x 10* W/K
Therefore, oil is the ‘minimum’ fhaid.
ie. Coin=C, W/K
and, Coax = C. W/K
Therefore, capacity ratio: '
C = cmin
\ Cmax
ie C:= 0.605
Number of Transfer Units:
A:i=NrmD-L
ie. A=1414 m?
U-A
d, NTU ;=
an c
ie NTU = $.651

Effectiveness:

0.3 kg/s

I

Th2

FIGURE Example 12.11  Shell and tube heat
exchanger with one shell pass and 6 tube passes

(minimum capacity rate)
{maxinum capacity rate)

(capacity ratio)

{area of heat transfer)

(Number of Transfer Units)

This is a shell and tube HX with one shell pass and 6 tube passes. So, its effectiveness can be determined for C =

0.605 and NTU = 0.651, from Fig. 12.14.

Since it is difficult to read from the graph accurately, let us calculate £ from analytical relation given in Table 12.5:

N :=NTU

1

1
1+exp[—N-(1 +C2)2]
£:= 2|1+ C+{1+CH2-

1
1—exp[N-(1 + CZ)E]

ie. £= 0415

Actual heat transfer, (:

We have: Q=0
where, Quax = Conin Ty — T} W
ie. Qae = 1178 % 10° W
and, Q=¢ Qmax
ie. Q=488 x 10°W

{notation in following equation)
{one shell pass, 2, 4 , 6 tube passes)

...effectiveness

(maximum possible heat ransfer in the HX)

(actual heat transfer in the HX.)
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Outlet temperatures of hot and cold fluids:

We have: Q=C Ty ~-T) =Co (T - Ty}
Therefore,
Q
Tpi= Ty — —
R
ie. Ty, = 115.742°C {outlet temperature of hot fluid (i.e. oil))
and, To=T,q+ %
ie. T, = 63.907°C (outlet temperature of cold fluid (i.e. water).)

fxomple 12.12. A feed water heater heats water entering at a temperature of 25°C, at a rate of 3 kg/s. Heating is due to
steam condensing at 117°C, When the feed water heater was new (i.e. ‘clean’ condition), the exit temperature of water
was 85°C. After prolonged operation, for the same flow rates and inlet conditions, it was observed that the outlet tem-
perature was 75°C. Determine the value of fouling factor. Given: area of heat exchange = 5.5 m?,

Solution. Fouling resistance, R; is calcuiated from the relation:

1 1

R;= m’K/W ouling factor
! udirty ucltz:san / (f # f )
Also, since the steam is condensing, it is the ‘maximum’ fluid, and the water is the ‘minimum fluid.
Data:
mo=3kg/s  Tpi=117°C U:=350 W/(m®K) T, := 25°C
T, = 85°C {exit temperature of cold fluid (water) for ‘clean’ HX) C,. = 4180 ) /(kgK) A:=55m’
Capacity rates:
Coi=m-C, (Capacity rate of cold fluid (water))
i.e. C, =125 x10° W/K (capacity rate of cold fluid (water))
Since this is a condenser, water is the ‘minimum’ fluid, and capacity rate of condensing steam is ==.

Le. Crin 1= C,

Therefore, capacity ratio: »
C = Cmin
Cmax
i.e C=40 (for a condenser)
Effectiveness:
Remembering that water is the minimum fluid, effectiveness is given by:
£= Tiz — Trl
T, - Tzl
ie. £= (1.652 (effectiventess of the condenser)

and, from Table 12.6, NTU of the condenser is given by:
NTU := - In(1 - ¢)

ie. NTU = 1.056
But, by definition of NTU:
u-A
NTU =
Cmil'\
NTU-C,,
Therefore, Uean = %‘3
ie U oan = 2408 x 10° W/{m*K) {overall heat transfer coefficient for ‘clean” HX.)
After prolonged operation:
T.5:= 75°C (exit temperature of water for ‘dirty’ HX.)
Therefore, effectiveness of dirty HX:
L T;z - TL‘I
T, - Tc]
ie. £= 0.543 (effectiveness of ‘dirty” HX.)
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Therefore, NTU of condenser:

NTU := — In(l - &
ie. NTU = 0.784 (for “dirty’ HX)

NTU-C,,,.

Then, Uy iy = —
Usiny = 1788 x 10" W/(m’K) (overall heut transfer coefficient for ‘dirty’ HX)

Therefore, Fouling factor:
1 1 ’ )
R;:= - m K/W (fouling factor)
/ udirty uclean

ie. Ry = 0000144 m’K/W {fouling factor.)

Example 12.13. Qil at 100°C (C = 3.6 k}/kgK) flows at a rate of 30,000 kg/h and enters into a parallel- flow HX. Cooling
water (C, = 4.2 K] /kg K) enters the HX at 10°C at the rate of 50,000 kg/h. The heat transfer area is 10 m? and U = 1000
W/(m 2K) Calculate the following;: (i} outlet temperature of oil and water (i) maximum possible outlet temperature of
water.

Solution. Exit temperature of both the fluids are not known: therefore, NTU methed is to be used:

Data:
my = %ﬁ?% kg/sie m, =833 m = %00}000 kg/sie m, = 13889 T, :=100°C  Lf:= 1000 W/{m’K)
Toq:=10°C  Cpyi= 3600 J/(KgK) G, := 4200 [/(kgK)  A:=10m’
Capacity rates:

Gy = my Cpy
ie. C,,—3x10 W/K
and, C.i=m, C
ie. C.= 5833 x 10* W/K
Therefore, oil is the ‘minimum’ fluid.
ie. Coin = Cp W/K {minimum capacity rate)
and, Conax == C. W/K (maximum capacity rate)
Therefore, Capacity ratio:
C:=
ie, C = 0514 (capacity ratio)
and, NTU = A
Cuin ;
ie. NTU = 0.333 (Number of Transfer Unils)

Effectiveness:
For parallel flow HX, we have:

_ 1-exp(-NTU-(1+C}))

..(12.51
1+C ( )
Temperature 4 Temperature 4
T, =100°C T =100°C
T ~= T, T
2= ez
Teo
1 =10°C Cold fiuid T, =10°C
Length Length
{a) (b)

FIGURE Example 12.13 Parallel-flow heat exchanger
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i.e £=0.262 {effectiveness of parailel flow HX with NTU = 0.333 and C = 0.514.)
Note: We can use the graph of Fig. 12.10 or Table 12.7, but using the analytical relation is more accurate.
Outlet temperature of hot and cold fluids:

T, =T,
Since hot fluid is the minimum fluid, £ = =22
T!n - Trl

Therefore,
Typi= Ty - &(Tyy - T,))
ie. Ty = 76.443°C (outlet temperature of hot fluid (i.e. 0il).)
And, from heat balance:
(T —Tyg) = C (T~ Ty)

Or, To=Ta + Sl -Ty)
CE‘
ie T, = 22.115°C (outlet temperature of cold fluid (i.e. water).)

(b} Maximum possible outlet temperature of water:
For a very long parailel-flow HX, the outlet temperatures of hat and cold fluids would be the same:
ie. Tys = T
Therefore, writing the heat balance:
G Tiy = Tha) = Co(Tey = Toy)

ie. G (T =T = C (T - Ty)
Le. To(C.+C)=CoTy + G Ty
ie. T,i= M
C.+C,
ie. T, = 40.566°C {(maximum possible outlet temperature of water,)

12.7 The Operating-line/Equilibrium-line Method

NTU-¢ method can be represented graphically in another way.

Refer to Fig. 12.16. Here, the x-axis represents the cold fluid temperature and the y-axis, the hot fluid tem-
perature. Now, if we plot the entrance and exit temperatures of a heat exchanger on these axes, we see that the
operating range of the HX is represented by a single line; this line is called ‘the operating line’. On the same
graph, a line drawn at 45 deg. is called ‘the equilibrium line’. For equilibrium line, T}, = T,. Thermodynamically,
it is impossible for the operating line of a heat exchanger to drop below the equilibrium line, since, if it does, it
would mean a violation of the second law. Slope of the operating line for the counter-flow HX is: (C./C,) = (T},
Ty2)/{T.5~T1). And, the slope of the operating line for the parallel-flow HX is: ~ (C./C,), i.e. negative slope. For a
condenser, operating line is horizontal with T, = constant and (C./C4) = 0, and for an evaporator, the operating
line is a vertical line with T, = constant, and (C./Cy) = ==,

Advantage of this method of representation is that the effectiveness of the heat exchanger can now be shown
geometrically as a ratio of two lengths. For example, for the counter-flow HX shown in Fig. 12.16 (a}, we have: C,
>, and the effectiveness is equal to §/A.

For constant specific heats of fiuids, the operating line is a straight line. Variation in specific heats of fluids is
also shown easily in these graphs: As shown in Fig. 12.16 (d), if the operating line curves upwards, i.e. the slope
increases as the temperature increases, it means that G, of cold fluid increases with temperature (or, the C, of hot
fluid decreases with temperature). Similarly, if the operating line curves downwards, it means that C, of cold
fluid decreases with termperature (or, the C, of hot fluid increases with temperature),

Effectiveness of a parallel-flow heat exchanger:
Operating-line/Equilibrium line method can be used to determine the effectiveness of a heat exchanger. Let us
illustrate this briefly with reference to a parallel-flow HX:

Refer to Fig. 12.17. Line 1-2 is the operating line for the parallel-flow HX. We see from the figure that C, < C,,
since the slope of the operating line = -C_./C,.

And, Capacity ratio, C = C,./C,.

From the Fig 12.17:

Tixl =Ty =A
Te-Ta=a
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Operating lineg, counter-flow HX

Operating line, parallel-low HX

Tha slope = C/C,, € = 3/A Tha slope = CJC, € = &A
Tm \ Equilibrium line, Ter L. A
A I“-/ Th=Te i Equilibrium line,
. JP REEEREEEI S A d '1 ------ Th = Tc
hnz Vo T .4_8;.
Tc1 Tc2 Tc Tc.‘ Tc2 Tc
(a) (b}
Condenser, CJC, =0, C,,. decreases with temperature
Tp = const. (or, C,, increases with temperature)
T, } T, ph
. A
2 . .
E‘j’g"f:ﬂ“"b""e“ Equilibrium line, 2 Equilibrium line
h ’ Th =T 1 Th = Tc
T, = consl. €
C__increases with temperature
R = pe
egenerator, C,/Cy, = 1 ; (or, C,, decreases with temperature}
> >
(©) ¢ (@ Te

g

ie.

FIGURE 12.16 Operating line and

Therefore, E= L
A
For parallel-flow HX, we have:
M] =-UA 1 + ! ..(12.21)
Tn—Ty My 'Cph " ‘Cpc
h(M] == u.A.[i+i) =
Thl ~da Ch Cc
~U.A
—(1+0 .(A
C. { ) (A
Now, from the Fig. 12.17 we have:
T -Taa= by
Ty-Ta=4

We also see from the Fig. 12.17:
by =by Ty - Tw)

But,
Therefore, By = (A—ay) = (Tny — Tio)
C
by=(A-a)~- E,L"al
a
Therefore, b—1-=1__1_&.il
A A C, A

equilibrium lines for heat exchangers

Operating line for counter-flow HX

Tha a, / slope = CJC,, € = 8/A
i /" //, Equilibrium line,
Tm g A/ 3 Th=To
2 b
T I v : A 2
- b,
A 3 f b ¥

a5°
Tc1

.,
-

T

<

T2
FIGURE 12.17 Parallel-flow heat exchanger

b, =A-a, ({from the Fig. 1217, since equilibrium line is at 45 deg. to horizonial.)
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ie. h =1-¢-C-¢
A
by
ie —=1-&(1+C (B
~ ( ) (B)
Substituting in Eq. A:
Z—l =exp(- NTU-(1 + C}}

Using Eq. B:
1-£01+C) =exp(- NTU(1 + C))

P 1-exp(-NTU-(1+())

' 1+C
Eq. C is the desired equation for the effectiveness of the parallel-flow HX.
This is the same as the equation derived earlier for parallel-flow HX, i.e. Eq. 12.51. While deriving Eq. C, it
was assumed that the cold fiuid was the ‘minimum’ fluid; if we assume that the hot fluid is the minimum fluid,
then also, the same result would be obtained.

AO)

12.8 Compact Heat Exchangers
Heat exchangers with an area density greater than about 700 m?/m” are classified as ‘compact heat exchangers’.
Generally, they are used for gases.
Compact heat exchangers are, typically, of three types:
(i) array of finned circular tubes
(ii} array of plate-fin matrix, and
(iii) array of finned flat-tube matrix.

Heat transfer and pressure drops for these compact heat exchangers are determined experimentally and are
supplied by manufacturers as their proprietary data.

As an example, a plate-fin type of heat exchanger matrix, manufactured by Marston—Excelsior Ltd., is shown
in Fig. 12.18. As shown in the Fig.12.18, a single element consists of two plates in between which is sandwiched
a corrugated sheet. The two edges are sealed. Dip brazing technique is used to build a complete heat exchanger
block from individual elements. Multi-flow configurations are possible, and the generally used corrugations
types are: plain (P), plain-perforated (R), serrated (S) and herringbone (H).

Table 12.9 gives the geometrical data for some typical corrugations.

FIGURE 12.18 Plote-fin heat exchangers for cryogenic service (Marston—Excelsior Ltd.)
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TABLE 12.9 Geometrical data for typical corrugations {Marston Excelsior Ltd.)

i Type faigh y 1 amim) | Admlimp . AglPim) | Dyfmm)
PR SH 3.8 0.00326 1.81 3.41 2.5
P, R 5.1 0.004328 1.776 5.376 2.42
PR 5.1 0.00387 1.584 9.984 1.34
P.R S H 6.35 0.005175 1.712 5712 2.79
PR H 8.9 0.46 0.00615 1.46 9.96 216
P, R 8.9 Q.61 0.00707 1.712 3912 5.04

In the above table,

a = free flow area per metre width of corrugation
Ay = (primary surface area per metre width) x (metre length of corrugation)
A, = (secondary surface area per metre width) x (metre length of corrugation)
D, = hydraulic mean diameter

ie.
_ 4-a
wetted perimeter
. 4-a o
ie. Dy=—+——— (for areas specified above.)
(A1 +4y)

Kays and London have studied a large number of compact heat exchanger matrices and presented their
experimental results in the form of generalised graphs. Heat transfer data is plotted as St.Pr*” against Re, where,
St = Stanton number = i/(G.C,), Pr = Prandtl number = 1£.C, /k, and Re = G.D,/, G = mass velocity (= mass flow
rate/ Area of cross section), kg/ (sm*)

In the same graphs, friction factor, f, is also plotted against Re.

As an example, heat transfer and friction factor characteristics for a particular tube-fin matrix are shown in
Fig.12.19.

Pressure drop in plate-fin heat exchangers:

Total pressure drop for the fluid flowing across the heat exchanger is given by:

G? . A ‘ .
A= |k +1-cH+2| B+ f A B -k, - o)LL .{12.59)
2'pi Po Amin Pm o
+0.060 p
fORRE
4] ¥
-0.040 0 L1
- . H
| -l -
0,030 1 LeRER™ oo | Tube outside diameter = 0.402 in.
- . Fin pitch = 8.0 per in.
lo.020 M | Flow passage hydraulic diameter, 4r, = 001192 ft.
N Fin thickness = 0.013 in.
] Froe-flow areaffrontal area, o = 0.534
L Heat transfer areastotal volume, o = 179 e/t
10.010 ™ Fin areaftotal area = 0.913
Do0a " L Note: Minimum free-flow area in spaces transverse to flow.
| el \
0.006 2 -
Ng 10~ ~L
r0.004 I
04 |106!0.8 1.0 20 30 40 |6.0/8010.0

FIGURE 12.19 Heat transfer and friction factor for plate-finned circular tube matrix {Trane Company)
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Above equations are simplified as:
9t/ = ((h.AY (Cpe-MOL(L, - 1) -{12.63)
oty /ox + {p.V/M).0t, /31 =((h.A) /{Cpo M)L{t - t) w(12.64)
In most of the practical situations, the term (p.V/M) is very small and is neglected, Then, making following
substitutions

h-A-x h-A
= and 7 = T
Cpe M Cps-M;
the resulting equations are solved with the following boundary conditions:
E=t atn=0 (imitial solid temperature for all &)
and, tp=t,atd=0 {inlet gas temperature for all 7)
The results are presented usually in graphical form and the nature of graphs is shown in Fig. 12.23 (a) and
(b).
y | 4
(tg - tga)/(to - tgo) (t - tgo)](to - tga)
1 15 =

= n
n 03 /
7
10
7 T

% € 10 09 3 10

(a) To find gas temperature {b) To find solid temperature

FIGURE 12,23 Gos ond solid temperature charts for a regenerator

In these graphs, £, is the initial temperature of the gas, and £, is the initial temperature of the solid.

Fig. 12.23 (a) presents the dimensionless gas temperature at any location as a function of £ and 7 and Fig.
12.23 (b) shows the dimensionless solid temperature as a function of £ and 7.
Effectiveness—-NTU relations for regenerator:
Effectiveness of a regenerator is presented as a function of three dimensionless parameters, as follows:

£= f[N’I'UmOd,Cm—i“, Cr J ..{12.65)

Cmax Cmin

where, NTU,, 4 = modified NTU, given by:

NTUpgq = = ! {12.66)

Coin (1) f 1

h-A hA

[4 h
and, matrix capacity rate is equal to matrix mass rate times the specific heat of the solid.
For the rotary type of regenerator,
C = (E)v(matrix mass)-C,, W/K -.for rotary type regenerator...(12.67).
5

For the valved type of regenerator, total mass of both the identical matrices is used, multiplied by valve
cycles/s, where period is the interval between ‘valve—on-to—off—to—on’,

Kays and London have presented &-NTU,, 4 graphs for different C/ Conin Tatios (ranging from 1 to infinity),
for given C,,;,/C,,,, ratios (ranging from 0.5 to 1). Table 12,10 is a sample table showing £ values for C,,,. /C, ., =
L. Fig. 12.24 presents this table in graphical form. :
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