4.9C Heat-Exchanger Effectiveness

L. Introduction. In the preceding section the log mean temperature difference was used in
‘ the equation g = UA AT, in the design of heat exchangers. This form is convenient when the
“ inlet and outlet temperatures of the two fluids are known or can be determined by a heat bal-
’ ance. Then the surface area can be determined if U is known. However, when the tempera-
tures of the fluids leaving the exchanger are not known and a given exchanger is to be used, a
' ‘ tedious trial-and-error procedure is necessary. To solve these cases, a method called the heat-
exchanger effectiveness  is used which does not involve any of the outlet temperatures.

| The heat-exchanger effectiveness is defined as the ratio of the actual rate of heat transfer
4! in a given exchanger to the maximum possible amount of heat transfer if an infinite heat-
transfer area were available. The temperature profile for a counterflow heat exchanger is
shown in Fig. 4.9-6.
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FIGURE 4.9-6.  Temperature profile for countercurrent heat
exchanger.

2. Derivation of effectiveness equation. The heat balance for the cold (C) and hot (H) fluids is
q = (mep)y(Tri = Tho) = (mcp)c(Teo — Tei) (4.9-7)

Calling (mc,)y = Cy and (mc,)c = Cg, then in Fig. 4.9-6, Cy; > Cg, and the cold fluid under-
goes a greater temperature change than the hot fluid. Hence, we designate C as C,;, or min-
imum heat capacity. Then, if there is an infinite area available for heat transfer, T, = Ty;.
Then the effectiveness ¢ is '

_ CH(THi - THa) _ Cmax(THi - THo)

&= = (4.9-8)
CcThi — Ter) CoilTri — Tci)
If the hot fluid is the minimum fluid, Ty, = T¢;, and
CcoTco — T Cioax(Tco — Ty
_ C( C C) _ max( Co C) (4.9_9)

8= =
CH(THi - TCi) Cmin(THi - TCi)

In both equations the denominators are the same and the numerator gives the actual heat
transfer:

g = 6Coin(Tr — Te) | (49-10)

Note that Eq. (4.9-10) uses only inlet temperatures, which is an advantage when inlet temper-
atures are known and it is desired to predict the outlet temperatures for a given existing
exchanger. .
For the case of a single-pass, counterflow exchanger, combining Egs. (4.9-8) and (4.9-9),
_ CuTui — Two) _ CclTeo — Tai)

= (4.9-11)
CoilToi = Tei)  CoinThi — Tci)

We consider first the case when the cold fluid is the minimum fluid. Rewriting Eq. (4.5-25) us-
ing the present nomenclature,

(Tho = Tci) = (T — Tco)

= CT¢o — Tey) = UA (4.9-12)
1= Cdle = Te) = U o{T,, = T (T~ Teo)]
Combining Eq. (4.9-7) with the left side of Eq. (4.9-'11) and solving for T,
1
Thi =T+ ;(TCO —Tai) (4.9-13)
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Subtracting T, from both sides,

1 1 .
Tai—Tco=Tci—Tco t ;(Tca —Tg) = (; = 1>(TC0 - Ta) (4.9-14)

From Eq. (4.9-7) for Cpyin = Cc and Crax = Chpy

Cmin
Tho=Tm — C (Teo — Tci) (4.9-15)
This can be rearranged to give the following:
Cmin
Tyo —Tei = Ty — TCi - ‘C—(TCa - Tcr) (4.9-16)

Substituting Eq. (4.9-13) into (4.9-16),

1 Cmin

Tyo =T = ;(TCO —Ta) — C (Teo— Tei) (4.9-17)

Finally, substituting Eqgs. (4.9-14) and (4.9-17) into (4.9-12), rearranging, taking the antilog of

both sides, and solving for g,
‘ UA Cmin
1- - 1———1
exp[ Cmin ( Cmax ) ]

g = . o [_ = <1 ) Cmin)‘:l (4.9-18)
‘ Cmax exp Cmir) Cmax
We define NTU as the number of transfer units as follows:
UA
NTU = (4.9-19)
Cmin
The same result would have been obtained if Cyy = Cpyip-
For parallel flow we obtain
—UA Cmin
- +
_ ! exp[ Cmin (1 Cmax)] 4 9 20
o g 4 Emin | -
Cmax

In Fig. 4.9-7, Egs. (4.9-18) and (4.9-20) have been plotted in convenient graphical form. Ad-
ditional charts are available for different shell-and-tube and cross-flow arrangements (X1).

EXAMPLE 4.9-2. Effectiveness of Heat Exchanger

Water flowing at a rate of 0.667 kg/s enters a countercurrent heat exchanger at
308 K and is heated by an oil stream entering at 383 K at a rate of 2.85 kg/s
(c, = 1.89 kI/kg - K). The overall U = 300 W/m?- K and the area A = 15.0 m”.
Calculate the heat-transfer rate and the exit water temperature.

Solution: Assuming that the exit water temperature is about 370 K, the c, for
water at an average temperature of (308 + 370)/2 = 339 K is 4.192 kJ/kg-K
(Appendix A.2). Then, (mc,)y = Cy = 2.85(1.89 X 10%) = 5387 W/K and
(me,)c = Cc = 0.667(4.192 X 10%) = 2796 W/K = Cyyp. Since Ccis the minimum,
Coin/ Crnax = 2796/5387 = 0.519.
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FIGURE 4.9-7. Heat-exchanger effectiveness e: (a) counterflow exchanger, (b) parallel flow
exchanger.

Using Eq. (4.9-19), NTU = UA/Cp;, = 300(15.0)/2796 = 1.607. Using Fig.
(4.9-7a) for a counterflow exchanger, & = 0.71. Substituting into Eq. (4.9-10),

q = eCpin(THi — Te;) = 0.71(2796)(383 — 308) = 148 900 W
Using Eq. (4.9-7),
q = 148900 = 2796(T¢, — 308)
Solving, T¢, = 361.3 K.



