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This paper demonstrates the difference between the entropy generation number method proposed by 
Bejan and the method of entropy generation per unit amount of heat transferred in analyzing the ther- 
modynamic performance of heat exchangers, points out the reason for leading to the above difference. 
A modified entropy generation number for evaluating the irreversibility of heat exchangers is proposed 
which is in consistent with the elitropy generation per unit amount of heat transferred in entropy 
generation analysis. The entropy generated by friction is also investigated. Results show that when 
the entropy generated by friction in heat exchangers is taken into account, there is a minimum total 
entropy generation number while the NTU and the ratio of heat capacity rates vary. The existence of 
this minimum is the prerequisite of heat exchanger optimization. 
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I N T R O D U C T I O N  

Heat exchangers are widely used in various indus- 
trial branches. In the interests of effective use of en- 
ergy, heat exchanger analysis from the viewpoint of 
the second law of thermodynamics has attracted some 
researchers' attention. Of course, it would be nice to 
have a reversible heat exchanger, but since heat trans- 
fer process is inherently irreversible, the only thing we 
can do in engineering applications is to reduce the irre- 
versibility of the heat transfer process. Bejan (1977) is 
the first one introducing the concept of "entropy gen- 
eration" to the design of heat exchangers. This con- 
cept provides a common conceptual basis for thermal 
optimization of heat exchangers and the entropy gen- 
eration number method of heat exchanger optimiza- 
tion proposed by him was the subject of several recent 
studies by Bejan (1978, 1980, 1982, 1988, 1994), Baclie 
and Selulic ,(1978), Sarangi and Achowdhurg (1982), 
Huang (1984), Sekulic and Balic (1984), de Costa and 
Saboya (1986), Sekulic and Nerman (1986), Sekulic 
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(1985-1986, 1986), Lanzhou Petroleum Machinery In- 
stitute (1985), Sekunc (1990), Guo (1992) and Demirel 
(1995). 

C O M M E N T S  ON B E  J A N ' S  E N T R O P Y  
GENERATION N U M B E R  

In order to evaluate the irreversibility loss in heat 
exchangers, Bejan (1982) redefined the entropy gener- 
ation number as 

N s  = Sg~,~/ (m%)mi .  (1) 

and he indicated that the smaller the entropy gener- 
ation number, the better the performance of the heat 
exchanger would be. 

In order to clear up the physical interpretation of 
Bejan's entropy generation number multiplying both 
the numerator and denominator by ATtain (the tem- 
perature rise or drop of the fluid with the smaller heat 
capacity rate) yields 
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N o m e n c l a t u r e  

A hea t  t rans fer  area 

cp specific heat at constant pressure 
d inside diameter 
D outside diameter 
E u  Euler number 
f friction factor 
hlg latent heat 
k specific heat ratio 
L length of tube in a single pass 
,i~ mass flow rate  

n number of tubes 
N s  entropy generation number 
Ns '  modified entropy generation number 
N T U  number of heat transfer units 
p pressure 
Ap pressure drop 
Q heat transfer rate 

Sge,~ entropy generation rate 
St  Stanton number 
T temperature 
AT0 maximum possible temperature difference 
U overall heat transfer coefficient 
W capacity ratio 
z number of rows 
fl fouling layer thickness 

local friction coefficient 
A thermal conductivity 

shell side friction coefficient 
p density 

S u b s c r i p t s  
c cold fluid 
h hot fluid 
i inlet 
o outlet 

N s -  4 e n A T ~  -- 4e '~AT= ( la )  
( rh%)AT~ Q 

Obviously, the physical  interpretat ion of N s  is the 
dimensionless overall entropy generation rate, or the 
entropy generated per  unit amount  of heat  t ransferred 
in the heat  exchanger  multiplied by the t empera tu re  
change of the fluid with smaller heat capacity rate.  
The overall en t ropy generation rate  can not be used 
to evaluate the performance  of a heat exchanger. Al- 
though the en t ropy generated per unit amount  of heat  
t ransferred in the heat  exchanger is the criteria, mul- 
tiplying the ATtain, which becomes larger when the 
area of the heat  t ransfer  surface of the heat exchanger 
increases, makes the  N s  dimensionless, might lead to 
some ambiguities as illustrated in the following exam- 
pies. 

Example  1: En t ropy  generation due to heat  trans- 
fer in condensers or  evaporators.  

Take a condenser  as an illustrative example.  In a 
condenser the fluid with larger heat capacity rate is 
the hot fluid, i.e. the condensing vapor,  its temper-  
ature keeps constant  through the process. Then the 
entropy generat ion ra te  of the whole condenser can be 
expressed as: 

Sa~,, = - ( r h h l g ) h  + (rhcp) In(T=olTho) (2) 

where entropy changes associated with the frictional 
pressure drops have not been included which will be 
described shortly. The  outlet  t empera ture  of the cold 
fluid is 

T c o =  Tci + A T o ( 1  - e - ' T ~  ) (3) 

in which AT0 = Thi -- Tci is the max imum possible 
tempera ture  difference. Combining Eqs.(1), (2) and 
(3), noticing (~hhla)h/(rh%)= = AT=, and sett ing 0 = 
Ti,~/Tci, one obtains the entropy generation number  
of the condenser 

N s  -- ln[1 + (Thi/T~i - 1)(1 - e-NT")] 

--(1 -- Tci/Thi)(1 - e -NTU) (4) 

Curve 1 in Fig.1 shows the relationship between N s  
and N T U .  

On the other hand, the problem might be analyzed 
directly on the basis of unit amount  of heat transferred 
as follows. The total  amount  of heat  transferred in the 
condenser 

Q = (¢ncp)cATc (5) 

Then,  from Eqs.(2) and (5), the entropy generation 
per  unit amount  of heat t ransferred in the condenser 
is 

S~en _ 1 
Q AT0(1 - e -xTv)  

f -NTV 1 1 
• In [i q- (Th/Tci- I)(I -e )] - Thh (6) 

and shown diagrammatically in Fig.1 (curve 2). 
Similar results were obtained for evaporator. It is 

surprising to see that variations of Ns are conceptu- 
ally opposite to those of Sgen/Q. As a matter of fact, 
in a condenser or evaporator, the mean temperature 
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difference between the hot and cold streams becomes 
smaller as the area of heat transfer surface increases, 
thus the irreversibility of the heat exchanger as a 
whole should decrease. Therefore, it seems that  Eq.(6) 
is more reasonable for evaluating the irreversibility of 
heat exchangers. The reason why the N s  increases 
with increasing N T U  is the multiplication of ATtain, 
since ATtain increases as the area of heat transfer sur- 
face increases, so the larger the N T U , ' t h e  higher the 
N s  might be. 
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Fig.1 Effects of NTU on Ns, Ns'  and Sg,=/Q 
for condenser; (1 gs; 2 Ys ' ,  3 Sg¢,/Q) 

Example 2: Entropy generation due to heat trans- 
fer in heat exchangers without phase change. 

Take the whole heat exchanger as the control vol- 
ume. The entropy generation rate only due to heat 
transfer can be expressed as 

Sge= = (¢nCp)h In Tho Teo + (rh%)~ In ~ (7) 

The outlet temperatures of the hot and cold fluids 
in a heat exchanger can be calculated according to the 
equations given by Xu et al. (1995). 

in which W = (~h%)~/(fn%)h, N T U  = UA/(/n%)<. 
Substituting Eqs.(7)-(9) into Eq.(1), one obtains the 

entropy generation number 

1 [1 W E ( 1  8 ) ]  N s  = ~ In - 

+ ln[1 + E(O - 1)] (12) 

The curves 1 and 2 in Fig.2 show the relationships 
between N s  and N T U  for counterflow and parallel- 
flow heat exchangers. 
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Fig.2 Dependence of Ns and Sge~/Q 
on NTU  for heat exchangers 
(1,3 counterflow Ns, S ~ , / Q ;  
2,4 parallel-flow Ns; Sa*-/Q) 

Now, we analyze directly the entropy generation per 
unit amount of heat transferred in the heat exchanger. 
The total amount of heat transferred in the heat ex- 
changer is 

Q ---- (¢ncp)hATh = (dnCp)cATc (13) 

From Eqs.(7),(8),(9) and (i3), the entropy genera- 
tion rate per unit amount of heat transfer 

Tho = Thi + W E A To 

Too = Tc~ + E A T o  

where the constant E 
for counterflow heat  exchanger 

I (1--W)NTU 
1 - - e  

E = W - -  e (1-W)NTU ' 
N T U  

1 + N T U '  

for parallel-flow heat  exchanger 

W#l 

W=I 

--(I+W)NTU 
l--e 

(8) sg.  1 [1 w (i 
Q - AToW-----E I n  - - 

( 9 )  

1 
+ ~--~0E In [1 + E(0 - 1)1 (14) 

The calculated results of Eqs.(13) and (14) for coun- 
terflow and parallel- flow heat exchangers are shown 

(10) by curves 3 and 4 in Fig.2. 
Again, comparing the curves 1, 3 and 2, 4 in 

Fig.2, we found that  the physical interpretation of 
the entropy generation number proposed by Bejan 
was somewhat ambiguous. In a parallel-flow heat ex- 
changer the temperature difference between the hot 

(11) and cold streams becomes smaller and smaller. Then E 
I + W  
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why does the value of Ns increase monotonically as 
NTU increases? Why does the counterflow heat ex- 
changer have a maximum value of Ns? All these 
questions suggest that the entropy generation number 
might be modified so that it can be used to evaluate 
more appropriately the irreversibiUty of heat exchang- 
ers. 

M O D I F I E D  
N U M B E R  

E N T R O P Y  G E N E R A T I O N  

In order to clkrify the above-mentioned ambiguity 
of the original entropy generation number suggested 
by Bejan as defined by Eq.(1), we recommend that 
the entropy generation number might be modified as 

N s ' =  AToSgcn/Q (15) 

Since the maximum possible temperature difference 
AT0 is always given as a definite value in designing 
heat exchangers, the physical interpretation of the 
modified entropy generation number is very clear. It 
is a dimensionless criterion which is directly propor- 
tional to the entropy generated per unit amount of 
heat transferred in the heat exchanger and thus elimi- 
hates the ambiguity of the original entropy generation 
number. 

Taking the pressure drop into account, one may ob- 
tain the entropy generation in a single phase heat ex- 
changer as follows 

Tho Tco Syc,~ = (¢n%)h In ~ + (rh%)¢ In 

fP~'~=~ Ov (--~ dp~ --Yah JP~,.=o kOT/P,h 

ov 

Then substitute Eqs.(13) and (16) into Sq.(15), the 
modified entropy generation number then can be cal- 
culated as 

AToSge. AT0 Tho AT0 Too 
Ns' - Q - ATh In ~ + ~ In Tc--~. 

ATo /Ph,A=A 
cph A Th j p~,A=O ( ~---~ ) p,h dph 

A To /Pc,A=A OV 
CpcATc jpcA_O ( ' ~ )  p, cdpc (17) 

The sum of the first two terms on the right side 
of Eq.(17) is the entropy generated by heat transfer 
and denoted as NS~AT . Evidently, the first term and 

second term represent the entropy generation by the 
hot fluid and cold fluid respectively. The sum of the 
last two terms is the entropy generated by friction 
and denoted as Ns~Ap which includes the effects of 
hot fluid and cold fluid. 

Entropy Generated by Heat Transfer 
The modified entropy generation number taking 

only the effect of heat transfer into account can be 
calculated by substitution of Eq.(14) into Eq.(15) 

N S ~ T =  I ~ I n [ I - W E ( I - 0 ) ]  

1 
+~ In[1 + E(O - I)] (18) 

The dependence of NSkT on NTU is illustrated by 
the curve 1 in Fig.3 and the curve 1 in Fig.4. 

0.025 

0.02 

0.015 

0.01 

0.005 

0.000 

3 

{ I I ! 

0 2 4 6 8 10 

,\T[ : 

F i g . 3  Relationships between Ns' and NTU 
for counterflow heat exchanger 
(1 ' • NSAT , 2 NSlAp; 3 Ns') 
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F i g . 4  Relationships between Ns' and N T U  for 
parallel-flow heat exchanger 
(1 NSIAT; 2 Ns~xp; 3 Ns') 
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For condensers and evaporators, the effects of N T U  
on N S ~ T  can be expressed as 

1 
Ns' = (I - e_Nrv, ) In[l + (9 - 1) 

• (1-- e -Nr ' ) ]  -- (1 - 1 )  (19) 

1 [ 1 ( 1  1 ) 
N s '  = (1 - e -NTU) In - - 

• (1 - e-NTU)] + (O-- 1) (20) 

The curve 3 in Fig.1 shows this relationship for con- 
denser. Obviously, it is in consistent with curve 2. 

E n t r o p y  G e n e r a t e d  by  F r i c t i on  
When liquids are used as the working media N i  

(1985) has recommended (b-Y)paV ~"~ Yv _- ~T, and 
pointed out that  the difference of the simplification 
is less than 1~ for water. It is reasonable to assume 
that  the density of the liquid remains unchanged, i.e. 
p = const and d p / d ( N T U )  = const. Using Eqs.(8) 
and (9) and integrating them, we may obtain the en- 
tropy generation (due to friction only) numbers: 
for counterflow heat exchangers W # 1 

, ( - d p h / d N T U ) 8  
Ns~ph  = WEphcphThi[O -- W(O - 1)] 

1 - W E  + W E / 8  r • [(8 - 1) In 
1 W E  

H (21) _ 

N s k p  ~ = - d p J d N T U  
Ep~%~Tc~(8 + W - 1) 

[O =o l ln l + EO - E 
1 - E  

W 1 - E  
+~-Z--~ Inl I : W - - E  ] (22) 

for counterflow heat exchangers W = 1 

, ( - d p h / d N T U ) 6  
NSAph = EphCphThi 

- E ) 8  ] (23) • [10_-~EE + ( t ~ - 1 ) i n  9(_ 1 E 0 +  EJ 

N s k p  ~ = ( - d p c / d N T U )  
E p ccpc Tci 8 2 

(__1 _-E_) ] (24) 

for paraUel-flow heat exchangers 

N s k p  = ( - d p h / d N T U ) 8  
WEphCphTh~(8-  1) 

1 -- W E  + W E / O  
• I n  1 - W E  - E (25) 

N s k p  ¢ = ( - d p J d N T U )  
Ep~cp~T~i(8- 1) 

I + W E - E  
• I n  1 - W E  - E (26) 

For gaseous working media, using the equation of 
state for perfect gas, the modified entropy generation 
numbers are 

, R In Ph___~o (27) 
N S ~ph = cph W-------E Phi 

R mpco (28) 
Nskpo  = cpcE p~ 

The pressure drop or d p / d ( N T U )  in the above equa- 
tions can be obtained by using correlations given in lit- 
eratures. Take a shell and tube heat exchanger (Fig.5) 
as an example. Suppose the shell side fluid is hot and 
the tube side fluid is cold, then the frictional loss on 
the tube side will be 

(29) 

th~ i 

( a ) Cunter-low heat exchanger 

mh Thl 
I 

~rco 

m h 

Tcl 

mc 

rhl r~ 

- " - -  -[ 

.... j T~o .... j,, j- 
J m m 

( b ) Parallel-flow exchanger 

Fig .5  Schematic drawing of a shell and 
tube heat exchanger 

According to Zhukauskas (1982), the frictional loss 
on the shell side may be expressed as 

Aph = ~doCzCkC~ Ph- ~1I'2 
2 

(30) 
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Substituting 1 = z L, A = znlr Ld, Cnc = pc Vcn~r d2 / 4, 
the frictional losses become: 

d ) N T U  
A p ~ =  f +  E ~ - F c N T U  (31) 
pcl -L 8flEucStc 

Aph N T U  
Phi = ~dCzCkCfl 8flLEuhStc - F h N T U  (32) 

wtilere the Euler number Eu = pi /(pV2),  Stanton 
number St  = A/(pVcp). Substituting Eqs.(31) and 
(32) into Eqs.(27) and (28), the entropy generation 
number due to friction for gaseous media can be ob- 
tained and are graphically illustrated with curve 2 in 
Fig.3 and Fig.4. For liquid media, from Eqs.(31) and 
(32), the derivatives can be obtained 

dp~ ( f + d N T U  
d N T U  = Pc, -L E ~) - pciFc (33) 8flEucStc 

dph N T U  
d N T U  = phi~dCzCkCfl 8flLEuhStc - PhiFh (34) 

The corresponding entropy generation numbers may 
be calculated by Eqs.(33), (34) with Eqs.(21)-(24) or 
Eqs.(25), (26). Then, it is straightforward to calculate 
the entropy generation number due to friction for a 
gas-liquid or liquid-liquid heat exchanger. 

The sum of entropy generation number due to heat 
transfer and that due to friction equals to the total en- 
tropy generation number of a heat exchanger. The re- 
lationship between the total entropy generation num- 
ber and the N T U  is shown by curve 3 in Fig.3 and 
Fig.4, Fig.6 shows the effects of N T U  and the ratio 
of heat capacity rates of the two fluids on N s  ~. It is 
worthwhile to note that there exists a minimum total 
entropy generation number while N T U  and the ra- 
tio of heat capacity rates vary. The existence of this 
minimum value is the prerequisite of heat exchanger 
optimization. 

0.03' 

0.0~ 

0.01 

£ 

NTU 

(a) counter-low heat exchanger 

( 

( 

W 2 0 " " ~ 5  4 ,",TU 

(b) parallel-flow exchanger 

Fig.6 Ns vs. W 

C O N C L U S I O N  

1. The original entropy generation number sug- 
gested by Bejan (1982) is somewhat ambiguous in 
evaluating the thermodynamic performance of a heat 
exchanger. 

2. A modified entropy generation number is sug- 
gested by the present authors and the ambiguity of 
the original one can be eliminated by using the mod- 
ified one. 

3. The entropy generated by friction is noticeable 
while the temperature difference between the hot and 
cold fluids is relatively small. 

4. A minimum entropy generation dose exists which 
is the basis of heat exchanger optimization. 
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