HEAT EXCHANGERS

3.1 Heat Exchangers: Regenerators and Recuperators

A heat exchanger is an equipment where heat energy is transferred from a hot fluid to a
colder fluid. The transfer of heat energy between the two fluids could be carried out (i) either by
direct mixing of the two fluids and the mixed fluids leave at an intermediate temperature
determined from the principles of conservation of energy, (ii) or by transmission through a wall
separating the two fluids. The former types are called direct contact heat exchangers such as
water cooling towers and jet condensers. The latter types are called regenerators, recuperator

surface exchangers.

In a regenerator, hot and cold fluids alternately flow over a surface which provides
alternately a sink and source for heat flow. Fig. 10.1 (a) shows a cylinder containing a matrix that
rotates in such a way that it passes alternately through cold and hot gas streams which are sealed
from each other. Fig. 10.1 (b) shows a stationary matrix regenerator ill which hot and cold gases

flow through them alternately.
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Fig. 3.1 (a) Rotating matrix regenerator
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Fig. 3.1 (b) Stationary matrix regenerator

In a recuperator, hot and cold fluids flow continuously following he same path. The heat
transfer process consists of convection between the fluid and the separating wall, conduction
through the wall and convection between the wall and the other fluid. Most common heat

exchangers are of recuperative type having a Wide variety of geometries:
3.2. Classification of Heat Exchangers

Heat exchangers are generally classified according to the relative directions of hot and
cold fluids:

(a) Parallel Flow — the hot and cold fluids flow in the same direction. Fig 3.2 depicts
such a heat exchanger where one fluid (say hot) flows through the pipe and the other fluid (cold)



flows through the annulus.

(b) Counter Flow the two fluids flow through the pipe but in opposite directions. A
common type of such a heat exchanger is shown in Fig. 3.3. By comparing the temperature

distribution of the two types of heat exchanger
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Fig 3.2 Parallel flow heat exchanger with Fig 3.3 Counter-flow heat exchanger
temperature distribution with temperature distribution

we find that the temperature difference between the two fluids is more uniform in
counter flow than in the parallel flow. Counter flow exchangers give the maximum heat transfer

rate and are the most favoured devices for heating or cooling of fluids.

When the two fluids flow through the heat exchanger only once, it is called one-shell-
pass and one-tube-pass as shown in Fig. 3.2 and 3.3. If the fluid flowing through the tube makes
one pass through half of the tube, reverses its direction of flow, and makes a second pass through
the remaining half of the tube, it is called 'one-shell-pass, two-tube-pass' heat exchanger,fig 3.4.
Many other possible flow arrangements exist and are being used. Fig. 10.5 depicts a 'two-shell-

pass, four-tube-pass' exchanger.

(c) Cross-flow - A cross-flow heat exchanger has the two fluid streams flowing at right
angles to each other. Fig. 3.6 illustrates such an arrangement An automobile radiator is a good

example of cross-flow exchanger. These exchangers are 'mixed' or 'unmixed' depending upon the



mixing or not mixing of either fluid in the direction transverse to the direction of the flow stream
and the analysis of this type of heat exchanger is extremely complex because of the variation in

the temperature of the fluid in and normal to the direction of flow.

(d) Condenser and Evaporator - In a condenser, the condensing fluid temperature
remains almost constant throughout the exchanger and temperature of the colder fluid gradually
increases from the inlet to the exit, Fig. 3.7 (a). In an evaporator, the temperature of the hot fluid
gradually decreases from the inlet to the outlet whereas the temperature of the colder fluid
remains the same during the evaporation process, Fig. 3.7(b). Since the temperature of one of the
fluids can be treated as constant, it is immaterial whether the exchanger is parallel flow or

counter flow.

(e) Compact Heat Exchangers - these devices have close arrays of finned tubes or plates
and are typically used when atleast one of the fluids is a gas. The tubes are either flat or circular
as shown in Fig. 10.8 and the fins may be flat or circular. Such heat exchangers are used to a
chieve a very large (<700 m?*/mJ) heat transfer surface area per unit volume. Flow passages are

typically small and the flow is usually laminar.
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Fig 3.4: multi pass exchanger one shell pass, two shell pass
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Fig 3.5: Two shell passes, four-tube passes heat exchanger (baffles increases the
convection coefficient of the shell side fluid by inducing turbulance and a cross flow velocity

component)
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Fig3.6: A cross-flow exchanger
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Fig. 3.8 Compact heat exchangers: (a) flat tubes, continuous plate fins, (b) plate fin
(single pass)
3.3. Expression for Log Mean Temperature Difference - Its Characteristics

Fig. 10.9 represents a typical temperature distribution which is obtained in heat
exchangers. The rate of heat transfer through any short section of heat exchanger tube of surface
area dA is: dQ = U dA(Tx Tc) = U dA [IT. For a parallel flow heat exchanger, the hot fluid
cools and the cold fluid is heated in the direction of increasing area. therefore, we may write

dQ =y, ¢, dT,, =m, ¢, dT, and dQ=-C, dT, =C.dT, where C =rmxc, and is called the
‘heat capacity rate.”

Thus, d(AT)=d(T,-T,)=dT, —dT,=—(1/C, +1/C,) dQ (3.1)

For a counter flow heat exchanger, the temperature of both hot and cold fluid decreases

in the direction of increasing area, hence

dQ =i, ¢, dT,, =—m, ¢, dT,, and dQ=—-C, dT, =—-C.dT,



or, d(AT)=dT, —dT,=(1/C, —1/C,)dQ (3.2)
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Fig. 3.9 Parallel flow and Counter flow heat exchangers and the temperature distribution
with length

Integrating equations (3.1) and (3.2) between the inlet and outlet. and assuming that the

specific heats are constant, we get
—(1/C, £1/C, )Q=AT, - AT, (3.3)

The positive sign refers to parallel flow exchanger, and the negative sign to the counter

flow type. Also, substituting for dQ in equations (10.1) and (10.2) we get
—(1/C, +1/C, )UdA = d(AT)/ AT (3.3a)
Upon integration between inlet i and outlet 0 and assuming U as a constant,
Wehave —(1/C, +1/C,)U A=In (ATy/AT;)
By dividing (10.3) by (10.4), we get
Q= UA[ (AT, - AT;)/In (AT, /AT;) | (3.5)
Thus the mean temperature difference is written as
Log Mean Temperature Difference,
LMTD = (AT, —AT;)/In(AT,/AT;) (3.6)

(The assumption that U is constant along the heat exchanger is never strictly true but it

may be a good approximation if at least one of the fluids is a gas. For a gas, the physical



properties do not vary appreciably over moderate range of temperature and the resistance of the
gas film is considerably higher than that of the metal wall or the liquid film, and the value of the

gas film resistance effectively determines the value of the overall heat transfer coefficient U.)

It is evident from Fig.1 0.9 that for parallel flow exchangers, the final temperature of
fluids lies between the initial values of each fluid whereas m counter flow exchanger, the
temperature of the colder fluid at exit is higher than the temperature of the hot fluid at exit.
Therefore, a counter flow exchanger provides a greater temperature range, and the LMTD for a
counter flow exchanger will be higher than for a given rate of mass flow of the two fluids and for

given temperature changes, a counter flow exchanger will require less surface area.
3.4. Special Operating Conditions for Heat Exchangers

(1) Fig. 3.7a shows temperature distributions for a heat exchanger (condenser) where the
hot fluid has a much larger heat capacity rate, C, =my¢c, than that of cold fluid, €, —m_c, and
therefore, the temperature of the hot fluid remains almost constant throughout the exchanger and
the temperature of the cold fluid increases. The LMTD, in this case is not affected by whether
the exchanger is a parallel flow or counter flow.

(i1) Fig. 3.7b shows the temperature distribution for an evaporator. Here the cold fluid

expenses a change in phase and remains at a nearly uniform temperature (CC > w). The same

effect would be achieved without phase change if C, >>C, , and the LMTD will remain the same

for both parallel flow and counter flow exchangers.

(i11) In a counter flow exchanger, when the heat capacity rate of uoth the fluids are
equal, C, =C,, the temperature difference is the same all along the length of the tube. And in
that case, LMTD should be replaced by AT, = AT, , and the temperature profiles of the two fluids

along Its length would be parallel straight lines.
(Since dQ=-CdT, =-C, dTi; dT, =—dQ/C, , and dT, =—-dQ/(,
and, dT, —dT,, =do = —dQ(l/ ¢, -1/C, ) =0 (because C, =C,)
Or, d[1 =0, gives [ | = constant and the temperature profiles of the two fluids

along Its length would be parallel straight lines.)



