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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
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a specified temperature range, it can be treated as a constant at some average
value with little loss in accuracy. Axial heat conduction along the tube is usu-
ally insignificant and can be considered negligible. Finally, the outer surface
of the heat exchanger is assumed to be perfectly insulated, so that there is no
heat loss to the surrounding medium, and any heat transfer occurs between the
two fluids only.

The idealizations stated above are closely approximated in practice, and
they greatly simplify the analysis of a heat exchanger with little sacrifice of
accuracy. Therefore, they are commonly used. Under these assumptions, the
first law of thermodynamics requires that the rate of heat transfer from the hot
fluid be equal to the rate of heat transfer to the cold one. That is,

0 = mColT, o — Tt (13-9)

Cpe
and

0 = 1, Cop(Thin = Th ou) (13-10)
where the subscripts ¢ and /4 stand for cold and hot fluids, respectively, and

m,., ny, = mass flow rates
c

pes
T, ou> T, o = outlet temperatures

T,

c

C,, = specific heats

i I, in = inlet temperatures

Note that the heat transfer rate Q is taken to be a positive quantity, and its di-
rection is understood to be from the hot fluid to the cold one in accordance
with the second law of thermodynamics.

In heat exchanger analysis, it is often convenient to combine the product of
the mass flow rate and the specific heat of a fluid into a single quantity. This
quantity is called the heat capacity rate and is defined for the hot and cold
fluid streams as

c,=mC

ph

and C.=m.C (13-11)

c c“pc

The heat capacity rate of a fluid stream represents the rate of heat transfer
needed to change the temperature of the fluid stream by 1°C as it flows
through a heat exchanger. Note that in a heat exchanger, the fluid with a large
heat capacity rate will experience a small temperature change, and the fluid
with a small heat capacity rate will experience a large temperature change.
Therefore, doubling the mass flow rate of a fluid while leaving everything else

s

unchanged will halve the temperature change of that fluid. Cold fluid
With the definition of the heat capacity rate above, Eqs. 13-9 and 13-10 can C.=C,
also be expressed as
Q = C(,(T(’ ot — T(’ in) (13-12) AT = AT, = AT, = constant
and Loy
: Inlet Outlet
Q = C?(Ti.in - TLOU) (13'13)

_ e FIGURE 13-12
That is, the heat transfer rate in a heat exchanger is equal to the heat capacity Two fluids that have the same mass
rate of either fluid multiplied by the temperature change of that fluid. Note flow rate and the same specific heat
that the only time the temperature rise of a cold fluid is equal to the tempera- experience the same temperature
ture drop of the hot fluid is when the heat capacity rates of the two fluids are change in a well-insulated heat
equal to each other (Fig. 13—12). exchanger.
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FIGURE 13-13

Variation of fluid temperatures in a
heat exchanger when one of the fluids
condenses or boils.
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Two special types of heat exchangers commonly used in practice are con-
densers and boilers. One of the fluids in a condenser or a boiler undergoes a
phase-change process, and the rate of heat transfer is expressed as

O = nihy, (13-14)

where m is the rate of evaporation or condensation of the fluid and £, is the
enthalpy of vaporization of the fluid at the specified temperature or pressure.

An ordinary fluid absorbs or releases a large amount of heat essentially
at constant temperature during a phase-change process, as shown in Figure
13—13. The heat capacity rate of a fluid during a phase-change process must
approach infinity since the temperature change is practically zero. That is,
C = mC, — o« when AT — 0, so that the heat transfer rate 0 = mC, AT'is a
finite quantity. Therefore, in heat exchanger analysis, a condensing or boiling
fluid is conveniently modeled as a fluid whose heat capacity rate is infinity.

The rate of heat transfer in a heat exchanger can also be expressed in an
analogous manner to Newton’s law of cooling as

0 = UA, AT, (13-15)

where U is the overall heat transfer coefficient, A, is the heat transfer area, and
AT,, is an appropriate average temperature difference between the two fluids.
Here the surface area A, can be determined precisely using the dimensions of
the heat exchanger. However, the overall heat transfer coefficient U and the
temperature difference AT between the hot and cold fluids, in general, are not
constant and vary along the heat exchanger.

The average value of the overall heat transfer coefficient can be determined
as described in the preceding section by using the average convection coeffi-
cients for each fluid. It turns out that the appropriate form of the mean tem-
perature difference between the two fluids is logarithmic in nature, and its
determination is presented in Section 13—4.

13-4 - THE LOG MEAN TEMPERATURE
DIFFERENCE METHOD

Earlier, we mentioned that the temperature difference between the hot and
cold fluids varies along the heat exchanger, and it is convenient to have a
mean temperature difference AT,, for use in the relation O = UA, AT,,.

In order to develop a relation for the equivalent average temperature differ-
ence between the two fluids, consider the parallel-flow double-pipe heat ex-
changer shown in Figure 13-14. Note that the temperature difference AT
between the hot and cold fluids is large at the inlet of the heat exchanger but
decreases exponentially toward the outlet. As you would expect, the tempera-
ture of the hot fluid decreases and the temperature of the cold fluid increases
along the heat exchanger, but the temperature of the cold fluid can never
exceed that of the hot fluid no matter how long the heat exchanger is.

Assuming the outer surface of the heat exchanger to be well insulated so
that any heat transfer occurs between the two fluids, and disregarding any
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