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Nozzles attached
to end frames allow for
entrance and exit of fluid

Plates supported by an
upper guide bar are held_§
in a frame which is [
bolted together.

Portholes and gaskets
allow fluids to flow in
alternate channels.

Tightening bolt.

Special gaskets on end plates
prevent fluids from contacting.
the frames.

A and B plates
are amranged
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FIGURE 13-6
A plate-and-frame

A gasket mounted on each alternately.

plate seals the channel
between it and the next

plate

The dynamic-type regenerator involves a rotating drum and continuous flow
of the hot and cold fluid through different portions of the drum so that any
portion of the drum passes periodically through the hot stream, storing heat,
and then through the cold stream, rejecting this stored heat. Again the drum
serves as the medium to transport the heat from the hot to the cold fluid
stream.

Heat exchangers are often given specific names to reflect the specific appli-
cation for which they are used. For example, a condenser is a heat exchanger
in which one of the fluids is cooled and condenses as it flows through the heat
exchanger. A boiler is another heat exchanger in which one of the fluids ab-
sorbs heat and vaporizes. A space radiator is a heat exchanger that transfers
heat from the hot fluid to the surrounding space by radiation.

13-2 = THE OVERALL HEAT TRANSFER COEFFICIENT

A heat exchanger typically involves two flowing fluids separated by a solid
wall. Heat is first transferred from the hot fluid to the wall by convection,
through the wall by conduction, and from the wall to the cold fluid again by
convection. Any radiation effects are usually included in the convection heat
transfer coefficients.

The thermal resistance network associated with this heat transfer process
involves two convection and one conduction resistances, as shown in Figure
13-7. Here the subscripts i and o represent the inner and outer surfaces of the

o

The lower retangular uidebar 311 )-to-liquid heat
preventing lateral movement.

exchanger (courtesy of
Trante Corp.).

Cold
fluid

Hot
fluid

Heat
transfer

Cold
fluid

FIGURE 13-7

Thermal resistance network
associated with heat transfer

in a double-pipe heat exchanger.
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FIGURE 13-8

The two heat transfer surface areas
associated with a double-pipe heat
exchanger (for thin tubes, D; = D,
and thus A; = A,).

—p—

inner tube. For a double-pipe heat exchanger, we have A; = wD,L and A, =
wD, L, and the thermal resistance of the tube wall in this case is
In (D,/D;)

Rwa” = W (13-1)

where k is the thermal conductivity of the wall material and L is the length of
the tube. Then the fotal thermal resistance becomes

1 InD,/Dy) 1
h;A; 2mkL h,A

(] 0o“to

R=R = Ri + Rwall + Ro =

(13-2)

total

The A; is the area of the inner surface of the wall that separates the two fluids,
and A, is the area of the outer surface of the wall. In other words, A; and A, are
surface areas of the separating wall wetted by the inner and the outer fluids,
respectively. When one fluid flows inside a circular tube and the other outside
of it, we have A; = wD,L and A, = 7D, L (Fig. 13-8).

In the analysis of heat exchangers, it is convenient to combine all the ther-
mal resistances in the path of heat flow from the hot fluid to the cold one into
a single resistance R, and to express the rate of heat transfer between the two
fluids as

AT

0= & = UAAT = UA; AT = U,A, AT (13-3)

where U is the overall heat transfer coefficient, whose unit is W/m? - °C,
which is identical to the unit of the ordinary convection coefficient 4. Cancel-
ing AT, Eq. 13-3 reduces to

1 1 1 1 1

UA. ~UA _UA - R=pa Rt (13-4)

it o‘to

Perhaps you are wondering why we have two overall heat transfer coefficients
U, and U, for a heat exchanger. The reason is that every heat exchanger has
two heat transfer surface areas A; and A,, which, in general, are not equal to
each other.

Note that U;A; = U,A,, but U; # U, unless A; = A,,. Therefore, the overall
heat transfer coefficient U of a heat exchanger is meaningless unless the area
on which it is based is specified. This is especially the case when one side of
the tube wall is finned and the other side is not, since the surface area of the
finned side is several times that of the unfinned side.

When the wall thickness of the tube is small and the thermal conductivity of
the tube material is high, as is usually the case, the thermal resistance of the
tube is negligible (R,,; = 0) and the inner and outer surfaces of the tube are
almost identical (A; = A, = A,). Then Eq. 13-4 for the overall heat transfer co-
efficient simplifies to

[—

lx
U

=

1
+ h, (13-5)

i

where U = U; = U,. The individual convection heat transfer coefficients
inside and outside the tube, /; and h,, are determined using the convection
relations discussed in earlier chapters.

o
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The overall heat transfer coefficient U in Eq. 13-5 is dominated by the
smaller convection coefficient, since the inverse of a large number is small.
When one of the convection coefficients is much smaller than the other (say,
h; < h,), we have 1/h; > 1/h,, and thus U = h;. Therefore, the smaller heat
transfer coefficient creates a bottleneck on the path of heat flow and seriously
impedes heat transfer. This situation arises frequently when one of the fluids
is a gas and the other is a liquid. In such cases, fins are commonly used on the
gas side to enhance the product UA; and thus the heat transfer on that side.

Representative values of the overall heat transfer coefficient U are given in
Table 13—1. Note that the overall heat transfer coefficient ranges from about
10 W/m? - °C for gas-to-gas heat exchangers to about 10,000 W/m? - °C for
heat exchangers that involve phase changes. This is not surprising, since gases
have very low thermal conductivities, and phase-change processes involve
very high heat transfer coefficients.

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

As = A[nlal = Aﬁn + Aunt’inned (13-6)

where Ay, is the surface area of the fins and A, 5,04 1 the area of the unfinned
portion of the tube surface. For short fins of high thermal conductivity, we can
use this total area in the convection resistance relation R,, = 1/hA; since the
fins in this case will be very nearly isothermal. Otherwise, we should deter-
mine the effective surface area A from

A.s‘ = Aunﬁnncd + T]finAfin (13-7)

TABLE 13-1

Representative values of the overall heat transfer coefficients in
heat exchangers

Type of heat exchanger U, W/m2 - °C*
Water-to-water 850-1700
Water-to-oil 100-350
Water-to-gasoline or kerosene 300-1000
Feedwater 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 condensers (water cooled) 250-700
Gas-to-gas 10-40
Water-to-air in finned tubes (water in tubes) 30-60"
400-8501
Steam-to-air in finned tubes (steam in tubes) 30-300"
400-4000¢%

*Multiply the listed values by 0.176 to convert them to Btu/h - ft? . °F.
"Based on air-side surface area.
*Based on water- or steam-side surface area.



674
HEAT TRANSFER

FIGURE 13-9
Precipitation fouling of
ash particles on superheater tubes

(from Steam, Its Generation, and Use,
Babcock and Wilcox Co., 1978).
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where my, is the fin efficiency. This way, the temperature drop along the fins
is accounted for. Note that mg, = 1 for isothermal fins, and thus Eq. 13-7
reduces to Eq. 13-6 in that case.

Fouling Factor

The performance of heat exchangers usually deteriorates with time as a result
of accumulation of deposits on heat transfer surfaces. The layer of deposits
represents additional resistance to heat transfer and causes the rate of heat
transfer in a heat exchanger to decrease. The net effect of these accumulations
on heat transfer is represented by a fouling factor R;, which is a measure of
the thermal resistance introduced by fouling.

The most common type of fouling is the precipitation of solid deposits in a
fluid on the heat transfer surfaces. You can observe this type of fouling even
in your house. If you check the inner surfaces of your teapot after prolonged
use, you will probably notice a layer of calcium-based deposits on the surfaces
at which boiling occurs. This is especially the case in areas where the water is
hard. The scales of such deposits come off by scratching, and the surfaces can
be cleaned of such deposits by chemical treatment. Now imagine those min-
eral deposits forming on the inner surfaces of fine tubes in a heat exchanger
(Fig. 13-9) and the detrimental effect it may have on the flow passage area
and the heat transfer. To avoid this potential problem, water in power and
process plants is extensively treated and its solid contents are removed before
it is allowed to circulate through the system. The solid ash particles in the flue
gases accumulating on the surfaces of air preheaters create similar problems.

Another form of fouling, which is common in the chemical process indus-
try, is corrosion and other chemical fouling. In this case, the surfaces are
fouled by the accumulation of the products of chemical reactions on the sur-
faces. This form of fouling can be avoided by coating metal pipes with glass
or using plastic pipes instead of metal ones. Heat exchangers may also be
fouled by the growth of algae in warm fluids. This type of fouling is called
biological fouling and can be prevented by chemical treatment.

In applications where it is likely to occur, fouling should be considered in
the design and selection of heat exchangers. In such applications, it may be
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necessary to select a larger and thus more expensive heat exchanger to ensure
that it meets the design heat transfer requirements even after fouling occurs.
The periodic cleaning of heat exchangers and the resulting down time are ad-
ditional penalties associated with fouling.

The fouling factor is obviously zero for a new heat exchanger and increases
with time as the solid deposits build up on the heat exchanger surface. The
fouling factor depends on the operating temperature and the velocity of the
fluids, as well as the length of service. Fouling increases with increasing tem-
perature and decreasing velocity.

The overall heat transfer coefficient relation given above is valid for clean
surfaces and needs to be modified to account for the effects of fouling on both
the inner and the outer surfaces of the tube. For an unfinned shell-and-tube
heat exchanger, it can be expressed as

I R, In(D,/D) R, 1
1 1 1 piy DID)  Reo 15
2wkl A, h,A,

where A; = wD;L and A, = wD, L are the areas of inner and outer surfaces,
and R, ; and R, , are the fouling factors at those surfaces.

Representative values of fouling factors are given in Table 13-2. More com-  TABLE 13-2
prehensive tables of fouling factors are available in handbooks. As you would
expect, considerable uncertainty exists in these values, and they should be
used as a guide in the selection and evaluation of heat exchangers to account fouling for a unit surface area)
for the effects of anticipated fouling on heat transfer. Note that most fouling /. 7ubuiar Exchan ¢e Manufacturers
factors in the table are of the order of 10™* m? - °C/W, which is equivalent to  Association.)
the thermal resistance of a 0.2-mm-thick limestone layer (k = 2.9 W/m - °C) Fluid R;, m2 - °C/W
per unit surface area. Therefore, in the absence of specific data, we can as-
sume the surfaces to be coated with 0.2 mm of limestone as a starting point to

Representative fouling
factors (thermal resistance due

Distilled water, sea
water, river water,

account for the effects of fouling. boiler feedwater:

Below 50°C 0.0001
B T Above 50°C 0.0002
a EXAMPLE 13-1 Overall Heat Transfer Coefficient of a Fuel oil 0.0009
n Heat Exchanger Steam (oil-free) 0.0001
| Refri ts (liquid 0.0002
m Hot oil is to be cooled in a double-tube counter-flow heat exchanger. The copper R;::gz:gtz Evlz?;cl)r)) 0.0004
m inner tubes have a diameter of 2 cm and negligible thickness. The inner diame- Alcohol vapors 0'0001
B ter of the outer tube (the shell) is 3 cm. Water flows through the tube at a rate of Air 0'0004

B 0.5 kg/s, and the oil through the shell at a rate of 0.8 kg/s. Taking the average
: temperatures of the water and the oil to be 45°C and 80°C, respectively, deter-
mine the overall heat transfer coefficient of this heat exchanger.

|

|

® SOLUTION Hot oil is cooled by water in a double-tube counter-flow heat
exchanger. The overall heat transfer coefficient is to be determined.
Assumptions 1 The thermal resistance of the inner tube is negligible since
the tube material is highly conductive and its thickness is negligible. 2 Both
the oil and water flow are fully developed. 3 Properties of the oil and water are
constant.
Properties The properties of water at 45°C are (Table A-9)

p = 990 kg/m? Pr = 3.91
k=0637W/m-°C  v=pp=0.602X 1076 m¥s

o
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Hot oil
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FIGURE 13-10

Schematic for Example 13-1.

TABLE 13-3

Nusselt number for fully developed
laminar flow in a circular annulus

with one surface insulated and the
other isothermal (Kays and Perkins,

Ref. 8.)
D,/D, Nu, Nu,
0.00 — 3.66
0.05 17.46 4.06
0.10 11.56 411
0.25 7.37 4.23
0.50 5.74 4.43
1.00 4.86 4.86

9:57 AM Page 676 $

The properties of oil at 80°C are (Table A-16).

p = 852 kg/m’ Pr = 490
k=0.138W/m-°C v =375 10"°m¥s

Analysis The schematic of the heat exchanger is given in Figure 13-10. The
overall heat transfer coefficient U can be determined from Eq. 13-5:
11,1
U~ " h,
where h;and h, are the convection heat transfer coefficients inside and outside
the tube, respectively, which are to be determined using the forced convection
relations.
The hydraulic diameter for a circular tube is the diameter of the tube itself,
D, = D = 0.02 m. The mean velocity of water in the tube and the Reynolds
number are

o = m m 0.5 kg/s

2 = = 1.61
" pA. p(imD?) T (990 kg/m)[Em(0.02 m)?] 61 m/s

and

VD,  (1.61 m/s)(0.02m) _
Re == = = 0602 x 10 6mys >0

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

Nu = % 0.023 Re®3Pro4 = 0.023(53,490)°3(3.91)%4 = 240.6
Then,
_k _ 0.637 W/m - °C _ 2o
h = D, Nu = T oomm (240.6) = 7663 W/m* - °C

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

p = 852 kg/m? v =37.5 X 1075 m?%s
k=0.138 W/m-°C  Pr =490

The hydraulic diameter for the annular space is
D,=D,— D;=0.03 —0.02= 0.0l m
The mean velocity and the Reynolds number in this case are
_om m _ 0.8 kg/s
" pAc plim(D2 - DY) (852 kg/m?)[Lw(0.032 — 0.02%)] m?

and

=239 m/s

V,,D, (239 m/s)(0.01 m)
v 37.5 X 10 m¥s

Re = = 637

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

Nu = 545
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and

k _ 0.138 W/m - °C

ho =5, NU= =30 m

= (5.45) = 75.2 W/m? - °C
D,

Then the overall heat transfer coefficient for this heat exchanger becomes

L _ 1 - ] = 74.5 W/m? - °C
+
7663 W/m? - °C | 752 W/m? - °C

U

11
h o h

Discussion Note that U = h, in this case, since h; > h,. This confirms our ear-
lier statement that the overall heat transfer coefficient in a heat exchanger is
dominated by the smaller heat transfer coefficient when the difference between
the two values is large.

To improve the overall heat transfer coefficient and thus the heat transfer in
this heat exchanger, we must use some enhancement techniques on the oil
side, such as a finned surface.

EXAMPLE 13-2 Effect of Fouling on the Overall Heat

Transfer Coefficient

A double-pipe (shell-and-tube) heat exchanger is constructed of a stainless steel
(k= 15.1 W/m - °C) inner tube of inner diameter D, = 1.5 cm and outer diam-
eter D, = 1.9 cm and an outer shell of inner diameter 3.2 cm. The convection
heat transfer coefficient is given to be h; = 800 W/m? - °C on the inner surface
of the tube and h, = 1200 W/m? - °C on the outer surface. For a fouling factor
of R; ;= 0.0004 m? - °C/W on the tube side and R; , = 0.0001 m? - °C/W on
the shell side, determine (a) the thermal resistance of the heat exchanger per
unit length and (b) the overall heat transfer coefficients, U; and U, based on the
inner and outer surface areas of the tube, respectively.

SOLUTION The heat transfer coefficients and the fouling factors on the tube
and shell sides of a heat exchanger are given. The thermal resistance and the
overall heat transfer coefficients based on the inner and outer areas are to be
determined.

Assumptions The heat transfer coefficients and the fouling factors are constant
and uniform.

Analysis (a) The schematic of the heat exchanger is given in Figure 13-11.
The thermal resistance for an unfinned shell-and-tube heat exchanger with foul-
ing on both heat transfer surfaces is given by Eq. 13-8 as

Rii InD,/D) R, |
A 2kl A, | hA,

_ _ _ 1
R=UA~UA~UA A"

i

+

where

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

Substituting, the total thermal resistance is determined to be

o
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Cold fluid
Outer layer of fouling
Tube wall
Hot Inner layer of fouling
fluid Cold fluid
Hot
fluid | ~
—Q) A\ 1 00—
f
D; =1.5cm
h; =800 W/m2°C
R, ;=0.0004 m2-°C/W
D, =19cm ’

h, = 1200 W/m?-°C
=0.0001 m>°C/W

R/;o
FIGURE 13-11
Schematic for Example 13-2.
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°_ 1 . 0.0004 m? - °C/W
(800 W/m? - °C)(0.0471 m?) 0.0471 m?
In (0.019/0.015)
2m(15.1 W/m - °C)(1 m)
0.0001 m? - °C/W 1
0.0597 m? (1200 W/m? - °C)(0.0597 m>)
= (0.02654 + 0.00849 + 0.0025 + 0.00168 + 0.01396)°C/ W
= 0.0532°C/W

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

(b) Knowing the total thermal resistance and the heat transfer surface areas,
the overall heat transfer coefficient based on the inner and outer surfaces of the
tube are determined again from Eq. 13-8 to be

U =-L 1

= =399 W/m? - °C
“TRA; T (0.0532 °C/W)(0.0471 m?) .

and

W, = L _ = 315 W/m?- °C

° T RA,  (0.0532 °C/W)(0.0597 m?)

Discussion Note that the two overall heat transfer coefficients differ signifi-
cantly (by 27 percent) in this case because of the considerable difference be-
tween the heat transfer surface areas on the inner and the outer sides of the
tube. For tubes of negligible thickness, the difference between the two overall
heat transfer coefficients would be negligible.

13-3 = ANALYSIS OF HEAT EXCHANGERS

Heat exchangers are commonly used in practice, and an engineer often finds
himself or herself in a position to select a heat exchanger that will achieve a
specified temperature change in a fluid stream of known mass flow rate, or to
predict the outlet temperatures of the hot and cold fluid streams in a specified
heat exchanger.

In upcoming sections, we will discuss the two methods used in the analysis
of heat exchangers. Of these, the log mean temperature difference (or LMTD)
method is best suited for the first task and the effectiveness—NTU method for
the second task as just stated. But first we present some general considerations.

Heat exchangers usually operate for long periods of time with no change in
their operating conditions. Therefore, they can be modeled as steady-flow de-
vices. As such, the mass flow rate of each fluid remains constant, and the fluid
properties such as temperature and velocity at any inlet or outlet remain the
same. Also, the fluid streams experience little or no change in their velocities
and elevations, and thus the kinetic and potential energy changes are negligi-
ble. The specific heat of a fluid, in general, changes with temperature. But, in

o



