
ELSEVIER 

Monitoring the Thermal Efficiency of Fouled 
Heat Exchangers: A Simplified Method 

M. A. S. Jer6nimo 
Qualena, Porto, Portugal 

L. F. Melo 
University of Minho, Center of 
Biological Engineering / IBQF, 
Braga, Portugal 
A. Sousa Braga 
P. J. B. F. Ferreira 
C. Martins 
Petrogal, Matosinhos, Portugal 

• Fouling is a problem whether we are aware of it or not. In an industrial 
plant, it is important not only to be able to measure the buildup of 
unwanted deposits, but also to do it in the simplest and most economically 
possible way. This paper addresses the question of monitoring fouling in an 
oil refinery plant, where the high number of heat exchanger units and the 
variability of the feedstock charge pose additional problems in terms of the 
practicability of following the energetic performance of such equipment. In 
this case, the flow rates and quality of the fluids flowing through the heat 
exchangers do not usually correspond to the design conditions, because 
they change with time. Therefore, to assess the fouling level of the 
exchangers, the day-to-day measured thermal efficiency should not be 
compared with the efficiency predicted in the design calculations. The 
latter should be recalculated by introducing whenever necessary new values 
of flow rates, physical properties, and so forth, and by evaluating new heat 
transfer coefficients. However, the procedures are too time consuming to 
be applied frequently. The present work describes a simplified method for 
following heat exchanger performances, based on the assessment of the 
number of transfer units and thermal efficiencies, where the effects of 
changing the feedstock charge, particularly the flow rates of the fluids, are 
taken into account. The only data that need to be collected are the four 
inlet/outlet temperatures of the heat exchanger unit and one of the flow 
rates. Several heat exchanger units in an oil refinery were successfully 
monitored by means of this method, and it was found that the variations in 
the physical properties did not significantly affect the results obtained for 
the particular plant under study. © Elsevier Science Inc., 1997 
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I N T R O D U C T I O N  

Energy is a key parameter  in the economics of  any indus- 
try. Heat  exchangers and heat exchanger networks are 
frequently used for the purpose of  recovering heat and 
carrying out process integration to reduce energy con- 
sumption. In an oil refining plant, for instance, the amount  
of energy involved is enormous, and it is particularly 
important to be able to follow, in a realistic way, the 
performance of heat exchangers and their networks. The 
problem is even more accute on account of  the well-known 
problem of fouling in oil refineries that affects heat trans- 
fer equipment. Simple and reliable monitoring methods 
should be available to enable production engineers to 
answer practical questions such as: What  is the actual 
performance of  the equipment at a given time of  opera- 
tion? Which is the ideal moment  to stop the operation 
and clean the heat exchangers? 
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The level of  fouling in a heat exchanger could be 
calculated by the following approximate expression, which 
gives the value of  the fouling thermal resistance (Rf): 

1 1 
Rf u Uo' (1) 

where U and U o are the overall heat transfer coefficients 
at times t > 0 (fouled exchanger) and t = 0 (clean ex- 
changer), respectively. In laboratory research work, condi- 
tions are kept stable, and the application of  this equation 
is straightforward. This does not happen in most industrial 
cases. In fact, each time the operating conditions (such as 
fluid composition or flow rates or both) change with time, 
new values for the individual film coefficients and for U o 
will have to be calculated and introduced in Eq. (1). 

In an oil refinery, the high number of  heat transfer 
units and the variability in the flow rates and composition 
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of the raw material with time will imply modifying many 
variables in the equations used to evaluate U and U o to 
monitor the efficiency of  heat exchangers, which becomes 
quite difficult in day-to-day operation. The goal of the 
present paper is to describe a methodology for following 
the fouling of heat exchangers by collecting a sufficient 
amount of information with the least possible effort; that 
is, by using measurement and calculation techniques that 
are not time consuming. 

In a refinery plant in Portugal, the work started by 
trying to compare the daily thermal efficiency [evaluated 
by the usual equation; see Eq. (2)] with that assumed in 
the design of  the heat exchanger unit. However, it was 
soon found that the values obtained were not representa- 
tive of the actual fouling status of the equipment, which 
meant that some essential aspect was not being taken into 
consideration. A more careful analysis showed that, even 
when the feedstock charge was kept approximately con- 
stant, the deviations were correlated to the changes in the 
so-called heat capacity rate ratio of the two fluids. The 
"heat  capacity rate" is defined here as the product of the 
mass flow rate and the specific heat of the fluid. That is, 
when the physical properties or the flow rates of  the fluids 
or both changed, the calculation procedure had to be 
revised to take these changes into account. For such 
purposes, application of the traditional calculation meth- 
ods led to a time-consuming effort that was not compati- 
ble with the economy of specialized human resources in 
the company. 

A simplified method, based on the concepts of thermal 
efficiency and number of transfer units, was established 
with the purpose of  obtaining the desired information on 
heat exchanger performances. The basic equations are 
presented in the next section and are further developed in 
the third section to account for the effect of variable mass 
flow rates. 

BASIC E Q U A T I O N S  

Single Heat Exchangers 

The thermal efficiency of a heat exchanger and the quo- 
tient of  the heat capacity rates can be calculated when the 
inlet and outlet temperatures of the two fluids are known 
[1, 2]. Let T 1 and T 2 be the inlet and outlet temperatures 
of  the hot fluid, and t~ and t 2 the inlet and outlet 
temperatures of  the cold fluid. Then, if the heat capacity 
rate of the hot fluid is lower than the heat capacity rate of 
the cold fluid, the thermal efficiency (E)  is defined by 

T 1 - T 2  
E (2) 

T 1 - t 1 

The quotient of the heat capacity rates (R = M C / m c ,  
where M and m are the mass flow rates and C and c are 
the specific heats of  the hot and cold fluids, respectively) 
can be calculated in this case by 

t 2 - -  t 1 
R - (3) 

T, - T2" 

The number of  transfer units (referred to the hot fluid) is 
given by 

N T U  = U A / ( M C ) ,  (4) 

where U is the overall heat transfer coefficient and A the 
heat transfer area. 

The above three variables are not independent: in fact, 
when the type of heat exchanger is given, the relation 
between them is readily obtained. Hence, for a counter- 
current heat exchanger, the number of transfer units 
(NTU) is correlated with E and R through the following 
equation: 

NTU = 1 / (1  - R) ln[(1 - E R ) / ( 1  - E)]  if R < I ,  
(5) 

and 

where 

C '  = (R 2 + 1) j/2 (8) 

R < I .  

The preceding equations can be solved explicitly in terms 
of the thermal efficiency E; that is, 

For a countercurrent exchanger [4], 

E =  ( 1 - A ' ) / ( 1 - R A ' )  i f R  < 1 (9) 

o r  

where 

A '  = e x p [ -  NTU(1 - R)].  (11) 

For a 1 - n heat exchanger and R _< 1 [3], 

E =  2 / [ 1 + R +  (1 + R 2 ) ' / 2 ( 1  + B ) / ( 1 - B ) ] ,  (12) 

where 

B = e x p [ - N T U ( 1  + R2)1/2] .  (13) 

Similar expressions may be derived for the case where the 
heat capacity rate of the cold fluid is smaller than that of  
the hot fluid [2]. 

E =  N T U / ( 1  + N T U )  i f R  = 1, (10) 

o r  

Assembly of  Identical Heat Exchangers 

For a series of S identical heat exchangers of  the 1 - n 
type, the overall value of R is the same as the value in 
one heat exchanger (here designated by R*). The effi- 
ciency of any one of  the heat exchangers (E*) can be 
obtained from the overall efficiency (E)  through [3]: 

E* = (1 - K ) / ( R  - K )  if R < 1, (14) 

where 

K = [(1 - E R ) / ( 1  - E ) ]  1/S 

E* = E / ( E - S E + S )  if R =  1. 

(15) 

(16) 

and 

N T U = E / ( 1 - E )  if R =  1. (6) 

In a 1 - n exchanger (one pass through the shell and n 
passes through the tubes), the following equation can be 
used [3]: 

NTU = ( 1 / C ' )  ln{[2 - E ( R  + 1 - C ' ) ] /  

[2 - E(R + 1 + C')]}, (7) 
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Therefore, the value of NTU* for one exchanger in the 
network can be obtained by replacing E by E* in the 
expression developed for a 1 - n exchanger [Eq. (7)]. 

The factor used to correct the log mean temperature 
difference in the design equation of heat exchangers can 
be considered the same for all identical S exchangers. 
Then, the number of transfer units NTU* will also be the 
same in all identical exchangers. 

Equations (14)-(16) can be solved in terms of the 
overall efficiency of the assembly of several heat exchang- 
ers (E): 

E = ( 1 - L ) / ( R * - L )  if R* < 1, (17) 
where 

o r  

L = [(1 - E * R * ) / ( 1  - E*)] s (18) 

E = S E * / [ 1 -  ( 1 - S ) E * ]  if R =  1. (19) 

Figures 1 and 2 illustrate two different situations that can 
occur when analyzing a series of heat exchangers. In Fig. 
1, the heat capacity rate of the assembly of two identical 
heat exchangers in series (S = 2) is the same as that of 
each of the exchangers: (MC)* = MC and (mc)* = mc. 
Therefore, R* = R. In Fig. 2, the initial stream is divided 
into two streams, each one passing through a set of two 
heat exchangers in series as in Fig. 1. Thus, the values to 
be used in Eq. (17)-(19) will be: S = 2; (MC)* = 1 /2  
(MC); (rnc)* = 1 /2  (mc); R* = R. 

In actual operation, the heat capacity rate ratio may 
vary with time, and this causes changes in the efficiency. 
The number of transfer units of the heat exchanger also 
will vary with the operating conditions. In the next section, 
expressions are developed for estimating the changes in 
NTU caused by changes in the heat capacity rate ratio 
and in the flow rates of the fluids, supposing that their 
physical properties remain approximately constant. From 
the number of transfer units corresponding to the design 
conditions (which may or may not include the effect of the 
estimated fouling resistance), the number of transfer units 
and the efficiency of the actual operating conditions can 
be calculated, also incorporating the predicted fouling 
resistance. This efficiency may then be compared with the 
real efficiency obtained from the measured values of the 
four temperatures [see Eq. (2)] to estimate the actual 
fouling state of the exchanger. 

CALCULATION METHOD 

Thermal  Resistances in Terms of Number  of Transfer 
Units  

Let H and h be the individual film coefficients of the hot 
and cold fluids, respectively. The overall heat transfer 

x , j  

MC 

?- 

M¢ 

I MC 

Figure 2. Assembly of four heat exchangers. 

m c  

coefficient U will be given by the well-known thermal 
resistance equation: 

1 / ( U A )  = 1 / ( H A )  + 1 / (hA) ,  (20) 

where the heat transfer coefficients of the hot and cold 
side are assumed to be already corrected by the effect of 
changing areas. The overall number of transfer units was 
defined in Eq. (4), taking the hot fluid as the reference 
fluid; however, if the heat capacity rate of the cold fluid is 
to be considered a reference, then the overall number of 
transfer units for the cold fluid (ntu) is calculated by 
means of 

ntu = U A / ( m c ) ,  (21) 

where m and c are the mass flow rate and the specific 
heat of the cold fluid. The heat capacity heat ratio can be 
written, for each case, as follows: if MC < mc, then 

R = M C / ( m c ) ,  (22) 

and if MC > mc, then 

r = m c / ( M C )  = 1 / R  (23) 

when either the hot fluid [Eq. (22)] or the cold fluid [Eq. 
(23)] is taken as the "reference fluid" (i.e., the fluid with 
the lowest heat capacity rate). 

If we define the following individual number of transfer 
units based on the film heat transfer coefficients as 

and 

NTU H = H A / ( M C )  (24) 

Figure 1. Two heat exchangers in series, ntu h = h A / ( m c ) ,  (25) 
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then Eq. (20) can be written as 

1 / N T U  = 1 / N T U  H + R / n t u  h (26) 

o r  

1 / n t u  = 1 / n t u  h + r / N T U  H. (27) 

Therefore, it can be concluded that 

NTU H = NTU(HA) / (UA)  (28) 

and 

ntu h = ntu(hA)/(UA).  (29) 

Effect of Mass Flow Rates on N u m b e r  of Transfer  U n i t s  

The effect of the flow rate on the number  of transfer 
units is illustrated below for several different cases: 

( a )  

The individual film heat transfer coefficients for turbulent  
flow inside tubes depend on the mass flow rate to the 
power 0.8. In the shell side, the dependence is approx- (b) 
imately 0.8 when the fluid flows parallel to the surface 
and 0.6 when the flow is perpendicular to the tube sur- 
faces; therefore, the shell side heat transfer coefficients (e) 
are here considered to be dependent  on the flow rate to 
the power 0.7. 

R << 1: Typical case- -boi l ing  liquid. In this case, Eq. 
(26) reduces to NTU = NTU H and U = H, meaning 
that h >> H. The value of h is not relevant in this 
case, because the limiting resistance is in the hot fluid 
side. Thus: 

NTU ~ ( M C ) - ° 2  if the hot fluid flows inside the tubes 

o r  

NTU ~ (MC) o.3 if the hot fluid flows in the shell. 

Therefore, when R << 1, the product NTU(MC) a 
(with a = 0.2 or 0.3) can be considered to be constant 
if the physical properties of the fluids do not change 
significantly. 
r << 1: Typical case- -condens ing  vapor. In this case, 
the product ntu(rnc) ~ (with a = 0.2 or 0.3) will be 
approximately constant. 

Countercurrent  heat exchangers. Equation (26) is rec- 
ommended when the major resistance is expected to 
be in the hot side. For this situation, the following 
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Figure 3. Thermal efficiency and fouling percentage of heat exchanger unit E-1 as a function of time. (a) No 
corrections due to the variability of the flow rates were introduced. (b) Corrections due to the variability of flow 
rates were taken into account. 



equation can be written: 

NTU(MC)  °'2 = ( N T U ) d ( M C ) ° ' 2 / C f ,  (30) 

where "d" refers to the design conditions and 

Cf = 1 + ( U A / h A ) d [ ( R / R d )  °'s - 1]. (31) 

Parameter  ( U A / h A )  d is equal to the quotient of  the 
cold fluid and the total resistances predicted in the 
design of  the exchanger. If  the thermal resistance of  
the cold side is much lower than that of  the hot side, 
Cf will approach unity; that is, case (a) will apply. 
Equation (31) can be linearized when the ratio R / R  d 
approaches 1, resulting in: 

Cf = 1 + 0.8(UA/hA)d(R/R d -- 1). (32) 

In a similar way, when the major resistance is ex- 
pected to be in the cold side, Eq. (27) is recom- 
mended. In this case, 

where 

n tu (mc)  °'2 = ( n t u ) d ( m c ) ° 2 / c f ,  (33) 

M o n i t o r i n g  Thermal Efficiency of Fouled Heat Exchangers 

(d) Hot  fluid in the shell with R < 1. In this case, 

and 

N T U  H ( M C ) ° ' 3  = ( N T U  H )d ( M C ) 0 . 3  

Thus 

n t u h ( m c )  °'2 = (ntuh)d(mC)d °'2. 

4 5 9  

N T U ( M C )  °'3 = (NTU)d(MC)°'3/Cf, (35) 

where 

Cf = 1 + ( U A / h A ) d [ ( R / R d ) O ' S ( M C / ( M C ) d )  0"2 -  1]. 

(36) 

(e) Hot flUid in the tube side with R < 1. In this case, 

and 

NTU H (MC)°'2 = (NTU H )d ( MC)° '2  

ntuh(mc)  °'3 = (ntUh)d(mC) °'3. 

N T U ( M C )  °'2 = ( N T U ) d ( M C ) ° ' 2 / C f ,  (37) 

Thus 

= 1 + ( U A / h A ) d { ( R / R d ) ° 7 [ M C / ( M C ) d ]  °'3 - 1}. 

(38) 

cf = 1 + ( U A / H A ) d ( ( r / r d )  °'8 - 1). (34) where 

If  the hot side resistance is much lower than the cold Cf 
side resistance, cf will tend to 1 and case (b) will 
apply. 
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Figure 3b. Continued 
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(0 Hot fluid in the shell side with r < 1. Analogously, 

ntu(mc) °2 = ( n t u ) d ( m c ) ° a / c f ,  (39) 

where 

= 1 + ( U A / H A ) d { ( r / r d ) ° 7 [ m c / ( m c ) d ]  °3 - 1}. (40) Cf 

(g) Hot fluid in the tube side with r < 1. 

ntu(mc) °'3 = ( n t u ) d ( m c ) ° 3 / c f ,  (41) 

where 

= 1 + ( U A / H A ) d { ( r / r d ) ° 8 [ m c / ( m c ) d ]  °2 -- 1}. (42) cf 

When the flow rate of one of the fluids is the "feed- 
stock charge," the flow rate of the other fluid can be 
related to the first one by using the following expres- 
sions, assuming that the specific heats do not change: 

m c / ( m c ) d  = ( R d / R ) M C / ( M C ) d  (43) 

and 

M C / ( M C ) d  = ( r d / r ) m c / ( m c ) d .  (44) 

In such a case, the feedstock charge is the only flow 
that needs to be known. 

RESULTS AND DISCUSSION 

As mentioned earlier, the main goal of this work was to 
develop a method of monitoring the performance of oil 

refinery heat exchangers without having to resort to time- 
consuming simulations when flow rates and physical prop- 
erties of the fluids change with time. The first attempt was 
to look at the effect of R (or r) on the thermal efficiency, 
supposing that the number of transfer units remained 
constant; that is, by using the value of NTU (or ntu) 
assumed in the design calculations. In some cases, the 
results were satisfactory. However, when the feedstock 
charge was significantly different from that of the design, 
the measured day-to-day efficiency was either too low (the 
actual charge was higher than that of the design) or too 
high (the actual charge was lower than that of the design). 
Then, the effect of the flow rates on the number of 
transfer units had to be taken into account, using the 
equations described in the third section. 

Figures 3-5 illustrate the adequacy of the method by 
showing the results obtained with some of the heat ex- 
changers units. The top part of Fig. 3a presents the 
evolution of the thermal efficiencies of heat exchanger 
unit E-1 calculated without taking into account the effect 
of the flow rates and compares them with the actual 
measured efficiency. 

The "fouling percentage" curve in the bottom part of 
Fig. 3a (as well as in Figs. 4 and 5) is obtained from the 
following expression: 

Fouling% = ( E c l e a  n - Effic)/(Edea.  - E d i r t ) 1 0 0  , (44) 

where E c l e a  n is the thermal efficiency predicted for a clean 
heat exchanger; Eairt is the thermal efficiency calculated 
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Figure 4. Thermal efficiency and fouling percentage of heat exchanger unit E-2 as a function of time. Corrections 
due to the variability of flow rates were taken into account. 
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Figure 5. Thermal efficiency and fouling percentage of heat exchanger unit E-3 as a function of time. 
Corrections due to the variability of flow rates were taken into account. 

by assuming an "expected" fouling resistance; and Effic is 
the measured thermal efficiency (based on the actual 
measured values of the four temperatures at the inlet and 
outlet of the exchangers), which is exactly the same as E 
in Eq. (2). 

Although the effects caused by changes in R (or r) 
were considered, it is obvious that the calculated effi- 
ciencies ("clean" or "dirt") do not fit the measured effi- 
ciency (Effie). In fact, not only are their absolute values 
far from the real ones (and this could be simply caused by 
a failure in predicting the true fouling resistance), but also 
the trends of the calculated and measured curves are 
quite distinct. 

When the correction due to the flow rate variability is 
introduced in the calculated efficiences (Fig. 3b), the 
result is quite satisfactory. In fact, the measured efficiency 
(Effic) and the calculated efficiency, including fouling ef- 
fects (Edict), have identical values throughout the period 
of time shown in Fig. 3b. The only exception is the period 
between December and January, which follows a stop in 
the operation of the heat exchanger unit. The predicted 
fouling resistance appears to be quite realistic in this case. 
It should be stressed that, although the possible changes 
in the physical properties of the fluids during operation 
were not considered throughout this work, they do not 
seem to be significant in the final result. 

The "fouling percentage" at the bottom of Fig. 3b 
fluctuates about a constant value (in spite of a few erratic 

points), mainly during the first four months. The first date 
shown in Figure 3b does not correspond to the start-up of 
the unit after cleaning, which explains why there already is 
an established "plateau" in the fouling curve. 

Figures 4 and 5 present two other cases where the 
effect of flow rate variability was taken into account. In 
Fig. 4 (heat exchanger unit E-2), the calculated efficien- 
cies follow the trend of the measured efficiency quite well, 
but their values are different, indicating that the exchang- 
ers were designed for more favorable conditions (Effic is 
lower than E d i r t ) .  

Later on, after a stop in February, there was a decrease 
in the fouling percentage, owing to detachment caused by 
the "hydraulic shock" when restarting the flow followed 
by a rapid increase to a higher value of the fouling plateau 
(200%). This phenomenon had been reported by others 
[5], who carried out carefully controlled laboratory experi- 
ments. The increased temperatures that may have devel- 
oped on the surface of the deposit during the break in 
operation could explain the higher amount of fouling 
detected afterward. 

Finally, Fig. 5 presents a heat exchanger unit (E-3) 
where the fouling percentage increases more gradually 
with time, taking about six months to reach the final 
plateau. Once again, the calculated efficiency closely fol- 
lows the trend of the measured efficiency (top part of 
Fig. 5). In this case, the initial date (September 25) coin- 
cides with the start-up of the unit after cleaning. 
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Table 1. Thermal Efficiencies of the Heat Exchanger Units 

Measured 
Predicted Efficiencies Efficiencies 
Clean Fouled (Final Values-- 

Unit No. Exchanger Exchanger Average) 

E-1 46.4% 42.7% 43% 
E-2 87.3% 75.1% 44% 
E-3 66.7% 59.3% 47% 

particular oil refinery where this study was carried out. 
Nevertheless, even in a lubricating oil plant where the 
stock quality changed periodically, this method was ap- 
plied with success. 

In spite of its simplifying assumptions, the method 
yields fairly good results in the monitoring of heat ex- 
changer units and in the assessment of their fouling 
condition. Obviously, the method should be applied with 
care in cases where the heat exchangers process various 
fluids, with significantly distinct physical properties at dif- 
ferent times. 

Table 1 gives the values of the thermal efficiency pre- 
dicted in the design calculations for the three units, under 
clean and fouled conditions, together with rough average 
values of the actual measured efficiencies during the last 
weeks of operation, as shown in Figs. 3-5. 

The predicted thermal effieiencies of the fouled ex- 
changers are, in general, higher than the measured ones, 
except for unit E-l,  where the values are similar. This 
means that the actual operating conditions are more se- 
vere with regard to fouling than those expected when the 
equipment was designed. It should be noted that, in spite 
of the similar values found for unit E-l,  the true operating 
conditions were not the same as those of the design: the 
predicted flow rate was 9700 k g / h  for that unit; but, by 
the end of September, it had reached approximately 11,000 
kg/h;  after that, it decreased to 7300 k g / h  by the middle 
of November and even reached 5800 k g / h  by the end of 
November, before increasing again three days later. Thus, 
the flow rate variations are not only substantial, but also 
very frequent, and this certainly emphasizes the need for 
simple methods to follow the thermal performance of the 
heat exchanger and to compare it with the performance it 
should have if there were no fouling problems. 

CONCLUSIONS 

In many industrial situations, the flow rates or the compo- 
sition of the fluids (or both) vary with time, and the value 
of the overall heat transfer coefficient representative of 
the clean exchanger under each particular operating con- 
dition (U o) also is constantly changing. As a consequence, 
the daily evaluation of heat exchanger performances 
through Eq. (1) would require a significant effort in intro- 
ducing new values for the physical properties and fluid 
velocities into the computer programs, as well as a large 
amount of computing time. 

To avoid such cumbersome calculations, the method 
described here relies upon two simple mathematical pro- 
cedures: (1) determination of the measured efficiency 
(Effic) by using the actual values of the four inlet and 
outlet fluid temperatures in the heat exchanger; and (2) 
calculation of the estimated efficiencies of the exchanger 
(Edirt and Edean) by taking into account the changes in R 
(or r) and in the flow rates, which in turn are reflected in 
the value of the number of transfer units. The equations 
derived for this purpose are much simpler to use than 
those needed to calculate changes in U o. 

The experimental values obtained in industrial units 
showed that the effects of R (or r) and flow rates have to 
be considered and that the effects of variable physical 
properties are not important, at least in the case of the 

Eclean 

Edirt 

K 
L 
M 
m 

NTU 

NTU H 

NOMENCLATURE 

A heat transfer area, m 2 

A' parameter defined by Eq. (11), dimensionless 
B parameter defined by Eq. (13), dimensionless 
C specific heat of the hot fluid, J / (kg  K) 
c specific heat of the cold fluid, J / (kg  K) 

C'  parameter defined in Eq. (8), dimensionless 
Cf parameter defined in Eq. (31), dimensionless 
cf parameter defined in Eq. (34), dimensionless 
E measured thermal efficiency of the heat exchanger 

[see Eq. (2)], dimensionless 
thermal efficiency predicted for the clean heat 
exchanger, dimensionless 
thermal efficiency predicted for the fouled heat 
exchanger, assuming an "expected" fouling 
resistance, dimensionless 

Effic ( =  E) measured efficiency of the heat exchanger, 
dimensionless 

h film heat transfer coefficient of the cold fluid, 
W / ( m  2 K) 

H film heat transfer coefficient of the hot fluid, 
W / ( m  2 K) 
parameter defined by Eq. (15), dimensionless 
parameter defined by Eq. (18), dimensionless 
mass flow rate of the hot fluid, kg / s  
mass flow rate of the cold fluid, kg / s  
overall number of heat transfer units referred to 
the heat capacity of the hot fluid, dimensionless 
individual number of heat transfer units, based on 
the film heat transfer coefficient of the hot fluid, 
dimensionless 

ntu overall number of heat transfer units referred to 
the heat capacity of the cold fluid, dimensionless 

ntu h individual number of heat transfer units, based on 
the film heat transfer coefficient of the cold fluid, 
dimensionless 

R heat capacity rate ratio between the hot and the 
cold fluids, dimensionless 

r heat capacity rate ratio between the cold and the 
hot fluid (r = l /R ) ,  dimensionless 

Rf thermal resistance of the deposit, m 2 K / W  
S number of identical heat exchangers in series, 

dimensionless 
U overall heat transfer coefficient at time t > 0 

W / ( m  2 K) 
U o overall heat transfer coefficient at time t = 0 

W / ( m  2 K) 



Subscript 
d design conditions 

Superscript  
* single heat exchanger (in a series of heat 

exchangers) 
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