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Abstract - A computational methodology is proposed and applied to calculate the temperature effectiveness, P,
and the logarithmic mean temperature difference (LMTD) correction factor, F, of TEMA E shell-and-tube heat
exchangers with one-pass and fluids flowing in counter-flow. An arbitrary number of baffles is considered along
with three different mixture conditions of the shell-side fluid. The methodology is based on various modeling
considerations adopted in several publications addressing crossflow and shell-and-tube heat exchangers. Each
section between two baffles is idealized as a crossflow heat exchanger with different shell-side mixing conditions.
The obtained results are compared to available solutions from the literature, showing a very good agreement.
New closed-form mathematical P relations and approximate F correlations depending on the number of baffles,
very appropriate for preliminary computerized analysis and design procedures, are provided. A theoretical study
about the influence of the number of baffles and two shell-side fluid mixing hypotheses over P and F values is
presented. The proposed methodology could be used to obtain P and F values for a particular arrangement of 1-1

shell-and-tube heat exchanger.
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INTRODUCTION

Heat exchangers are devices commonly used in a
wide range of applications. The most common design
of shell-and-tube heat exchanger (STHE) is the type
TEMA E due to its design simplicity and robustness in
addition to the wide range of operational temperatures
and pressures. Figure 1 presents an example of a
TEMA E shell-and-tube one pass and four baffle heat
exchanger. Sekulic et al. (1999) pointed out that Nagle
(1933) was the first investigator to systematically
analyze STHE, developing charts to calculate the
mean temperature difference in multipass STHE
considering the shell fluid to be mixed. These charts
provide the correction factors by which the logarithmic
mean temperature difference for the corresponding
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Figure 1. One-pass (1-1) TEMA E STHE with four
baffles.

counter-flow configuration must be multiplied in order
to obtain the mean temperature difference for multi-
pass heat exchangers with different configurations.
In addition, Nagle (1933) showed that the correction
factor depends on both the number of passes and the
temperature effectiveness of the heat exchanger. The
charts were developed for several types of STHE: one
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pass on shell-side and two or more passes on tube-side
(1-2; 1-4; 1-6; etc.); two passes on shell-side and four
or more passes on tube-side (2-4; 2-8; 2-16; etc.).

After Nagle (1933), other authors provided different
solutions for several STHE. Important contributions
are those by Underwood (1934), Bowman (1936),
Fischer (1938), Bowman et al. (1940), Gardner
(1941), Kraus and Kern (1965), and Gardner and
Taborek (1977). Underwood (1934) obtained the first
closed-form solutions for 1-2 and 1-4 TEMA E STHE
in terms of the true mean temperature difference by
direct integration of the corresponding differential
equations. Bowman (1936), based on the Underwood
(1934) solution, extended the Nagle (1933) results to
obtain data for computing the correction factor for
shells with two, three, four, and six passes and the
respective even duplicate number of tube-fluid passes.
Fischer (1938) derived correction factors for 1-3, 2-6,
3-9, and 4-12 STHE, presenting the results under the
same form as Nagle (1933). Bowman et al. (1940)
presented an in-depth analysis of multi-pass STHE,
summarizing the previous literature. Gardner (1941)
presented correction factors for shell-and-tube heat
exchangers considering the shell fluid to be unmixed
for 1-2, 1-4, 1-6, 1-8, 1-n, and 2-4 STHE, where n is
an even number of tube fluid passes. Kraus and Kern
(1965) solved the problem of 1-2 and 2-4 TEMA E
STHE with one shell pass and even number of tube
passes using a direct integration method. Gardner and
Taborek (1977) obtained a reappraisal of the mean
temperature difference in heat exchangers. They
addressed three main aspects of the correction factor:
the implication of the assumption of constant global
heat exchanger coefficient on the correction factor, the
effects of the bypass due to the use of baffles, and the
number of baffles.

In another study, Pignotti (1986), using a
generalized matrix formalism method based on
the work by Domingos (1969), obtained analytical
relations to compute the correction factor for TEMA
E 1-2 and TEMA J STHE with a few baffles. The
author considered the shell-side fluid to be unmixed
inside baffle compartments and mixed between baftles
compartments. The in-tube fluid was considered
to be completely mixed, inside and between baffle
compartments. This hypothesis corresponds to the
consideration of a heat exchanger with few tubes.
Pignotti and Tamborenea (1988) determined the
thermal effectiveness of a TEMA E STHE with
one shell pass and an arbitrary number of tube fluid
passes, n, (1-n TEMA E) as a function of the number
of transfer units and heat capacity rate ratio. As the
number of tube passes increases, the solution obtained
becomes more complicated, rapidly approaching an
asymptotic limit.

Hess (1985) studied the 1-5 TEMA E STHE with
one shell pass and five tube passes. For this heat
exchanger, a completely closed form solution was
found and a polynomial approximation was developed
that yielded the effectiveness as a function of the heat
capacity rate ratio and the number of transfer units. The
influence of a finite number of baffles on heat transfer
performance for several types of STHE, such as 1-1,
1-2 and 1-n TEMAE, 1-2 TEMA J, and 1-2 TEMA G
and H single-phase, was also presented by Shah and
Pignotti (1997). New tabular results were provided for
TEMA G and H in addition to TEMA E and J heat
exchangers for which graphical results were available.

As pointed out by Gardner and Taborek (1977),
several studies have been performed in the literature
to correlate the shell side heat transfer coefficient in
1-1 TEMA E exchangers with few baffles, assuming a
behavior of a true counter-flow (£ = 1) configuration.
This consideration can lead to possible errors that
are difficult to assess and can be avoided using the
appropriate values of the /' correction factor or of the
temperature effectiveness P.

Few studies have addressed the determination of #
and P for 1-1 TEMA E STHE. The one by Caglayan
and Buthod (1976) analyzed the influence of the
baffles with fluids flowing in counter-flow. The STHE
was idealized with each baffle section as an unmixed-
unmixed crossflow heat exchanger (CFHE). The
shell-side fluid at the exit of the baffle section was
considered to be mixed (window region), entering with
a corresponding mean temperature into the next baffie
section. The tube fluid was considered to be unmixed
over the whole heat exchanger. This last hypothesis
corresponds to the considerations of a great number
of tubes inside the shell. The problem was analyzed
numerically by a finite difference method for several
numbers ofbaffles (2, 3,4, 5 and 7 baffle compartments).
For all practical purposes, the influence of the finite
number of baffles on the temperature effectiveness for
a 1-1 TEMA E heat exchanger is found to be negligible
for N, > 6, N, being the number of baffles.

Gardner and Taborek (1977) analyzed the
same kind of STHE considering almost the same
assumptions adopted in Caglayan and Buthod (1976).
The only difference is that Gardner and Taborek
(1977) considered the tube fluid to be perfectly mixed
between any two adjoining baffle compartments. They
concluded that a minimum of ten baffles are required
for a 1-1 STHE to behave as a pure counter-flow one.
Shah and Pignotti (1997) summarized the results from
the literature for 1-1 TEMA E heat exchangers with
both fluids flowing in the counter-flow configuration.
They stated that, for a number of baffles larger than
ten, the influence of the finite number of baffles on the
temperature effectiveness is not significantly larger
than 2 %.
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Several studies presented different optimization
techniques for designing STHE for various industrial
and research applications using the LMTD method
(Amini and Bazargan, 2014; Caputo et al., 2008;
Fettaka et al., 2013; Onishi et al., 2013; Sanaye and
Hajabdollahi, 2010; Selbas et al., 2006). Almost all
these works use the F' factor for computing the heat
transfer rate and the corresponding heat exchanger size.
They explore different techniques to obtain optimized
solutions considering the cost and thermodynamic
parameters as objective functions.

Computational Fluid Dynamics (CFD) techniques
were used in several works to study the thermo hydraulic
characteristics and performance of 1-1 STHE (Ozden
and Tari, 2010; Chen et al., 2014; Yang et al., 2014a;
Yang et al., 2014b; Pal et al., 2016; Batalha Leoni
et al., 2017; Mellal et al., 2017; Wang et al., 2018,
among others). These studies mainly focus on baffle
spacing, baffle cut, baffle configuration, leakage, and
orientation influence on the heat transfer coefficient
and the pressure drop using free and commercial CFD
packages. Some of these studies compare the CFD
results with those obtained with the LMTD method
using the Kern (1950) and/or Bell-Delaware (Bell,
1981) methodologies (Ozden and Tari, 2010; Yang et
al., 2014a; Pal et al., 2016, and Mellal et al., 2017). In
these cases, the F' factor might be needed when heat
exchangers with few baffles are considered. Almost all
cited works assumed a unitary value for F.

Commercial ~ software and  computational
procedures that do not employ correction factor charts
and do not rely on CFD techniques are used extensively
for the design of heat exchangers in practice. These
tools might either be based on the discretization or
incremental procedures, such as the HTRI (Heat
Transfer Research, Inc.) and the Aspen Heat Design
and Rating (EDR) software, or on the use of the so-
called “dynamic distributed” models (Coletti and
Maccietto, 2011; Diaz-Bejarano et al., 2017 and 2018)
to design and analyze the behavior of shell-and-tube
heat exchangers. Other procedures not cited could be
available for STHE design, considering that these heat
exchangers are the most used in industrial, commercial
and research applications.

1-1 TEMA E STHE with both fluids flowing in
counter-flow are addressed in the present paper. The
main objective of the present paper is to provide a
quantitative analysis of the influence of the number of
baffles on the F" and P values for 1-1 TEMA E STHE
with both fluids flowing in a counter-flow configuration.
Two mixture conditions of the shell-side fluid are
addressed. Results are compared to available solutions
obtained elsewhere in the literature, demonstrating the
capability of the proposed methodology.

The main contributions are the following:

- Atheoretical study is performed about the influence
of'the number of baffles and two shell side fluid mixture

conditions on the temperature effectiveness P and the
F factor values for 1-1 TEMA E STHE with both fluids
flowing in a counter-flow configuration.

- New closed form expressions for P and
approximate relations for the F factor are provided
for two of the shell-side fluid mixture conditions as a
function of the number of baffles. More relations can
be accessed in the authors’ recent work, Magazoni et
al. (2019).

- The computational procedure presented can be
used to obtain values of P and the F coefficient for
a particular arrangement of 1-1 STHE, different than
those presented in the paper.

METHODOLOGY

The methodology developed in the present study
is based on a procedure to determine the temperature
effectiveness P and the correction factor F of a 1-1
TEMA E shell-and-tube heat exchanger with fluids
flowing in a counter-flow configuration, as illustrated
in Figure 1. The proposed model assumes that the
1-1 TEMA E STHE is equivalent to a succession
of crossflow heat exchangers (CFHE), each one
encompassing the space between baffles, as illustrated
in Figure 2 for a STHE with a single baffle. Thus, the
number of crossflow heat exchangers must be equal to
the number of baffles plus one.

The following preliminary assumptions are
basic for the development of the shell-and-tube heat
exchanger model:

(i) There are no leakages and/or bypasses of the
shell-side fluid in the STHE. This might be a limitation
ofthe present model, considering that these occurrences
are frequent on the shell side. However, Roetzel and
Lee (1994) studied experimentally the effect of baffle/
shell leakage flow on heat transfer in STHE. Their first
conclusion was that baffle/shell leakage flow causes
a reduction in the thermal performance and in the
apparent “equivalent” overall heat transfer coefficient.
Gardner and Taborek (1977) also studied the bypass
or leakages effects, stating that these phenomena
penalize the heat transfer processes and diminish
the heat exchanger performance. Apparently, those
studies relate the general decremental effect on the
performance of the heat exchanger to the overall heat
transfer coefficient. As a result, the complexity added
to the model by the inclusion of leakages/bypasses
might be circumvented by an adequate correction of
the overall heat transfer coefficient that incorporates
those effects. This correction is implicit in the present
model.

(i1) The tube-side fluid of the STHE is assumed to
be unmixed. This is consistent with the assumption
of a large number of tubes, commonly used in the
literature (Underwood 1934; Bowman 1936; Fischer
1938; Bowman et al., 1940; Gardner 1941; Gardner
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and Taborek 1977; Shah and Pignotti, 1997; and
others).

(iii)) Two mixing models for the shell-side fluid
are considered. One, which is frequently applied
in the open literature (Underwood 1934; Bowman
1936; Fischer 1938; Bowman et al., 1940; Gardner
1941; Gardner and Taborek 1977; Shah and Pignotti,
1997; and others), assumes that the shell-side fluid
mixes only in the passage between two adjacent
regions separated by the baffles, see Figure 3(a). This
corresponds to a STHE without a significant mixture
of shell-side fluid during the flow across the tube array,
but with a significant mixture in the window zone, i.e.,
the passage between regions separated by baffles. The
other, not as common as the first one, assumes that the
STHE shell-side fluid mixes as it flows across the bank
of tubes, see Figure 3 (b), due to an excessive shell-
side fluid turbulence.

(iv) Considering the crossflow heat exchanger
(CFHE), the external and in-tube fluids correspond,
respectively, to tube and external fluids in the STHE.
Thus, the external fluid of the CFHE is fully unmixed
in all the heat exchangers, whereas for the in-tube
fluid, the shell side mixing models for the STHE must
be considered. In the first, more common, the external
fluid is unmixed in each CFHE pass, mixing occurring
during the pass from one region to the succeeding one,
as in Figure 3(a). The second stands for the external
fluid fully mixed in the whole CFHE, as in Figure 3(b).

Numerical procedure for P and F calculation

Figure 2(a) displays the layout of a one baffle
1-1 TEMA E shell-and-tube heat exchanger with

I

Tube Fluid

Shell Fluid I

Baffle

(a) 1-1 TEMA E Shell-and-tube heat exchanger with
one baffle

Baffle
— —
Tube Fluid
(unmixed) 1 [
Shell Fluid

(b) Scheme of 1-1 TEMA E Shell-and-tube

heat exchanger with one baflle
Figure 2. Modeling of a one baffle 1-1 TEMA E STHE
as a set of CFHE.

fluids flowing in a counter-flow configuration. Figure
2(b) shows its schematic representation, where each
crossflow zone is modeled as an individual CFHE
(Caglayan and Buthod, 1976; Gardner and Taborek,
1977; Shah and Pignotti, 1997). The STHE shell-
side and in-tube fluids follow the mixing hypotheses
just commented and shown in Figure 3. Figure 3(a)
shows the same configuration exhibiting the adopted
CFHE first mixing model in more detail. In this
case, the one baffle 1-1 TEMA E shell-and-tube heat
exchanger is equivalent to an array of two identical
pure unmixed-unmixed CFHE arranged in a counter-
flow configuration with an infinite number of tubes per
pass and two in-tube fluid passes. As noted in Figure
3(a), the in-tube fluid of the CFHE mixes between
the passes. This flow arrangement is commonly
denominated as a two-pass counter-crossflow heat
exchanger with the in-tube fluid mixed between passes
(Roetzel and Spang, 2010).

The configurations of CFHE simulated in the
present work are counter-crossflow configurations
with the external fluid unmixed, but considering two

External CFHE fiuid
(STHE in-tube fluid)

BafHe

In-tube CFHE fluid
(STHE Shell-side fluid)

(a) In-tube CFHE fluid mixed between passes

g2

28

Eu—-—  —
P .
Sy .

= —_— —_—
EE—.- —_—
b e i

In-tube CFHE fhuid
(STHE Shell-side fluid)

(b) In-tube CFHE fluid mixed in the whole

heat exchanger
Figure 3. Mixture conditions hypotheses for the shell-
side fluid in each compartment and between baffle
compartments.
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mixture models for the in-tube fluid, shown in Figures
3(a) and (b) in a schematic manner. The first mixing
model is the one that corresponds to a perfect mixing
of the in-tube fluid at the end of each pass, as Figure
3(a) illustrates. The other mixing model is the one
where the in-tube fluid flows perfectly mixed in each
pass, corresponding to a single in-tube circuit over the
whole heat exchanger, as shown in Figure 3(b).

Due to the fact that the mixing configuration of
Figure 3(a) is the most commonly used for modeling
STHE, the simulation results of the present paper
will be obtained for this mixing model, though a
comparison of results from both mixing models will
be discussed further on.

The following assumptions, which can also be found
in the literature (see, for example, Kays and London
(1998), Shah and Sekuli¢ (2003), Cabezas-Goémez et
al. (2015), among others), are basic for the numerical
modeling of the crossflow heat exchangers: (i) the
heat exchanger operates under steady-state conditions;
(i) Negligible heat losses to the surroundings; (iii)
There are no thermal energy sources or sinks in the
heat exchanger walls or fluids; (iv) The tube side
fluid is perfectly mixed in the tube cross section, its
temperature varying nonlinearly along the tube axis
(linearly in relation to enthalpy); (v) The external
fluid is unmixed; (vi) Heat transfer coefficients and
transport properties of the fluids and heat exchanger
walls are constant; (vii) Negligible axial heat transfer
in the solid walls and fluids; (viii) There is no phase
change in either stream.

The determination of the correction coefficient,
F, and the temperature effectiveness, P, requires the
availability of the inlet and outlet mean temperatures of
both fluids, which are obtained using the methodology
suggested by Pignotti and Cordero (1983), and later
on modified and applied by Magazoni and Cabezas-
Goémez (2016). For convenience, the external fluid of
the CFHE is cool, whereas the in-tube (internal) fluid
is the hot one. However, the results would not change
with a shift in the hot-cold fluid assumption.

The logarithm mean temperature correction
coefficient, F, can then be determined according to the
following expressions (Pignotti and Cordero, 1983):

_x(R.P)
F= NTU 0
and
Rl—ll (—11__1;)), R#1
%(R,P)= 2)

where NTU is the classical Number of Transfer Units,
a dimensionless group defined as UA/C, _, whereas the
parameter, y, is given in terms of the heat capacity ratio,
R, and the heat exchanger temperature effectiveness,
P, both defined in terms of the CFHE external fluid as,

P= Tc,out _Tc,in (3)
Th,in Tc,in

RoCe _ Thin — Thou )
C, T.on-T

c,out — “tc,in

In the above expressions, the indices ¢ and 4 refer
to the cold and hot streams whereas the in and out
correspond to the inlet and exit average temperatures.
Capital C refers to the heat capacity, defined as the
product of the mass flow rate times the specific heat
of the fluid.

The applied methodology is rather complex, so
just an outline of the procedure will be presented
herein. However, the interested reader might consult
references such as Pignotti and Cordero (1983), and
Magazoni and Cabezas-Goémez (2016), the latter
resulting from an in-house investigation.

The computation of the temperature effectiveness,
P, for a mixed-unmixed CFHE requires the solution
of the energy conservation in each stream in terms of
a dimensionless temperature. For the purpose of the
present study, a mixed-unmixed CFHE is a single
tube heat exchanger with external fins in order to
obtain an unmixed external fluid. The methodology
consists in using the dimensionless temperature
distributions over the length of a single tube heat
exchanger, corresponding to a tube row of the CFHE,
followed by additional considerations of model
tube interconnections. Having determined the exit
temperatures of both streams, average values can be
determined. The exit average temperatures allow the
direct determination of the heat exchanger temperature
effectiveness, given by Eq. (3). Thus, values of P can be
determined in terms of the following input parameters:
R, NUT, flow arrangement.

The flow arrangement of the CFHE includes the
number of tube rows per pass, number of internal fluid
passes, and the kind of flow arrangement itself. For
example, the configuration of Figure 3(a) corresponds
to a two-pass counter-crossflow arrangement with
external fluid unmixed and the in-tube fluid being
unmixed, though mixed between the passes. This
configuration has a large number of tube rows per pass
and two passes of the in-tube fluid. Note that the number
of tube rows per pass is chosen to be the minimum
amount of rows that satisfies the unmixed flow
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condition. This is performed numerically, as explained
further on in the Results section. The other CFHE
configuration displayed in Figure 3(b) corresponds
to a two-pass counter-crossflow arrangement with the
external fluid unmixed and the in-tube fluid mixed over
the whole heat exchanger. This configuration has one
tube row per pass and two passes of the in-tube fluid.

Upon the evaluation of P, the coefficient F
is computed through its defining expressions,
Equations (1) and (2). The proposed methodology is
also applicable to obtain closed form mathematical
expressions of approximate relationships for P and
consequently for F. In the present investigation, closed
form expressions along with approximate correlations
have been obtained for CFHE with the configurations
of Figures 3(b) and 3(a), respectively, and a varying
number of baffles.

Spang and Roetzel type correlation calculation

The approximate relationships obtained are of the
same type as the ones developed by Spang and Roetzel
(1995). These expressions assume the format of the
following correlation:

o1 5)

(1+aNTU" )°

In this case, for each flow arrangement, three
individual coefficients (a, b, c¢) are computed for a
constant value of R. The values of these coefficients
are shown in the results section. The coefficients
are determined using a curve fitting tool of Matlab
R2015a, based on the results found with the numerical
methodology developed in the present investigation,
where the expressions are determined by varying the
number of tubes and adopting a maximum relative
error of 0.40 %, valid within the ranges of /> 0.75 and
0.1 £ R <£4.0. The average relative errors for a 95 %
confidence interval of these approximate expressions
are shown in the results section

RESULTS

Comparison between shell mixing models

In the previous section, prior to the development of
the proposed procedure, two limiting cases, related to
the mixing of the internal CFHE fluid, were considered,
corresponding to the cases of Figures 3(a) and(b). Due
to potential differences depending on which case is
considered, a comparison of results is necessary in
order to assess the potential influence of the internal
fluid (CFHE) mixture model on the correction factor, F,
of the logarithm mean temperature difference. Figure
4 displays the variation of the correction factor, F, with
the temperature effectiveness, P, for heat exchangers

with 1, 3, and 5 baffles, for different thermal capacity
ratios in each case. The following conclusions can be
drawn from the results reported in this figure:

(1) Note that, as expected, the correction factor
diminishes with the value of the effectiveness, P, for
each value of the heat capacity ratio.

(i1) The “after mixing”, corresponding to case (a) of
Figure 3, presents higher values of the correction factor
as compared with case (b). This trend is consistent with
the fact that the effectiveness of the crossflow mixed-
unmixed, Figure 3(b) case, is smaller than that of the
unmixed-unmixed one, Figure 3(a) case, for the same
NTU and R values (Kays and London, 1998; Shah
and Pignotti,- 1997). Physically this is explained due
to a more uniform temperature difference distribution
produced by the Figure 3(a) configuration.

(iii) Relative differences of F with respect to the
base case, Figure 3 (a), vary between 0 % and 14 %,
approximately.

(iv) Differences tend to diminish with the number
of baffles and the thermal capacity ratio. Note that for
the 5 baffle heat exchanger, differences are minimal.

(v) It is interesting to note that, in the limit
corresponding to an infinite number of baffles, the heat
exchanger tends to behave as a pure counter-flow one,
for which F =1.

(vi) Overlaid on the plots of Figure 4 are results
corresponding to a model where no mixing (neither
fluid mixes) would occur in the pass of the CFHE.
As expected, results corresponding to this case fall
between the limiting case results.

Given the small differences observed in the results
of Figure 4 between the internal CFHE (external
for the shell and tube) fluid mixing models, that
corresponding to Figure 3(a) (after mixing) will be the
one considered for evaluation and analysis purposes.
It must be stressed that this is the configuration with
better results in terms of F and P, besides being the
higher limit of these parameters for design purposes.
In addition, this mixing assumption is the one most
frequently applied in the literature.

Results for the after mixing configuration (Figure
3a)

An evaluation of the proposed procedure and the
consequent results has been performed by comparison
with results obtained by Caglayan and Buthod (1976)
for a 1-1 TEMA E STHE with fluids flowing in a
counter-flow configuration. They simulated the heat
exchanger numerically through a finite differences
method, assuming the ‘after mixing” model of Figure
3(a). Table 1 displays their results in terms of the
correction factor /' as a function of P and R for a
number of baffles varying from one to six. The present
investigation results are included in the same table
for comparison purposes, including the ones from
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(c) Shell and tube heat exchanger with five baffles

Figure 4. F factor with one, three and five baffies,
considering three different shell-side fluid mixing
hypotheses: Figure 3(a) (solid line), Figure 3(b)
(dotted line), and the intermediate case of no mixing
(dashed line).

the proposed procedure and those from approximate
correlations, addressed further on. The highest relative
difference between their results and the ones of the
present investigation is 1% for a heat exchanger of
six baffles and capacity ratio of one. This difference
is probably due to a rounding off error in the results
obtained by Caglayan and Buthod (1976) since

they presented their data with only two decimals as
displayed in Table 1. Thus, for all practical purposes,
the present results are clearly identical to those from
Caglayan and Buthod (1976). As a final comment
relative to the results of Table 1, it must be noted that
the correction factor, F, tends to one as the number
of baffles increases, a trend that has been addressed
previously, according to which the heat exchanger
tends toward the pure counter-flow arrangement as the
number of baffles tends to infinity.

Table 2 presents the correction factor F in terms
NTU and R for a 1-1 TEMA E STHE with five and ten
baffles for a counter-flow configuration. Each line of
the table is the result of the heat exchanger simulation
based on the proposed procedure. Simulations have
been performed assuming a large number of tubes of
the CFHE in order to comply with the assumption of
unmixed fluid (or shell fluid for the STHE). Thus, the
results displayed in the table have been obtained by
varying the number of tubes of the CFHE from one to
an amount for which the factor F does not vary more
than 0.01% between successive numbers of tubes. As
an example, consider the case of a STHE with one
baffle. The minimum number of tubes of the CFHE
needed to satisfy the condition of a large number of
tubes is 30, whereas for ten baffles this number is
equal to 9. Note that the procedure for the minimum
number of tubes in the CFHE has been applied not
only in preparing the plots of Figure 4 but also in all
the results based on the model of Figure 3(a).

It is interesting to note in Table 2 that, for medium
to high values of NTU, the F factor is less than one
even for a large number of baffles. Thus, under these
conditions, the STHE does not operate as a pure
counter-flow heat exchanger. Another interesting result
shown in this table is the one related to high values of
both NTU and R (2 and 4) and 5 baffles, for which
the F factor assume values close to 0.75, which is the
threshold value for a heat exchanger design according
to Taborek (1983).

Table 3 displays values of the temperature
effectiveness, P, for different values of both the NTU
and the number of baffles for two values of the heat
capacity ratio, R, 0.7 and 1.0, respectively. The effect
of the number of baffles on the P effectiveness is
clearly noticeable, with the STHE approaching the
performance of a pure counter-flow heat exchanger
for the higher number of baffles, especially for high
values of NTU. The effect of the number of baffles
on the performance of the heat exchanger is rather
insignificant in the lower range of NTU values
(NTU<0.8). The effect is stronger for higher values of
NTU, though it is more noticeable on the F factor than
on the P effectiveness.

Trends implicit in the results of Table 3 are clearly
noticeable in Figure 5, where the correction factor,

F, is plotted against the temperature effectiveness,
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Table 1. Comparison of present results with those from Caglayan and Buthod (1976) in terms of the ' factor for

given P and R.
P Number of Baffles
1 2 3 4 6
Caglayan and Buthod (1976) 0.7 0.6 0.94 0.97 0.99 0.99 1.00
Present work: Algorithm 0.7 0.6 0.94 0.97 0.99 0.99 1.00
Present work: Approximate Equations 0.7 0.6 0.94 0.97 0.98 0.99 0.99
Caglayan and Buthod (1976) 0.7 0.84 0.92 0.95 0.97 0.99
Present work: Algorithm 0.7 0.84 0.92 0.95 0.97 0.98
Present work: Approximate Equations 0.7 . 0.84 0.92 0.94 0.96 0.98
Caglayan and Buthod (1976) 0.35 2.0 0.955 0.99 - - -
Present work: Algorithm 0.35 2.0 0.957 0.98 - - -
Present work: Approximate Equations 0.35 2.0 0.957 0.98 - - -
Table 2. F factor values for five and ten baffles.
R
NTU No 0.1 0.3 0.5 0.7 1.0 2.0 4.0
0.1 5 1.000 1.000 1.000 1.000 1.000 1.000 1.000
0.2 5 1.000 1.000 1.000 1.000 1.000 1.000 0.999
0.4 5 1.000 1.000 1.000 0.999 0.999 0.999 0.997
0.6 5 1.000 1.000 0.999 0.999 0.998 0.997 0.994
0.8 5 1.000 0.999 0.999 0.998 0.997 0.994 0.989
1.0 5 1.000 0.999 0.998 0.997 0.996 0.991 0.983
1.2 5 0.999 0.998 0.997 0.996 0.994 0.988 0.977
1.4 5 0.999 0.997 0.996 0.994 0.992 0.984 0.969
1.6 5 0.999 0.997 0.994 0.992 0.989 0.979 0.961
1.8 5 0.999 0.996 0.993 0.990 0.986 0.974 0.953
2.0 5 0.998 0.995 0.992 0.988 0.983 0.969 0.944
3.0 5 0.996 0.989 0.982 0.975 0.965 0.937 0.898
4.0 5 0.994 0.982 0.970 0.959 0.943 0.902 0.853
5.0 5 0.991 0.973 0.956 0.940 0.919 0.866 0.813
6.0 5 0.987 0.962 0.940 0.920 0.893 0.831 0.778
7.0 5 0.983 0.951 0.923 0.899 0.867 0.799 0.747
8.0 5 0.979 0.940 0.906 0.877 0.842 0.769 0.721
9.0 5 0.974 0.928 0.889 0.856 0.817 0.742 0.698
10.0 5 0.969 0.915 0.871 0.835 0.794 0.717 0.678
0.1 10 1.000 1.000 1.000 1.000 1.000 1.000 1.000
0.2 10 1.000 1.000 1.000 1.000 1.000 1.000 1.000
0.4 10 1.000 1.000 1.000 1.000 1.000 1.000 0.999
0.6 10 1.000 1.000 1.000 1.000 1.000 0.999 0.998
0.8 10 1.000 1.000 1.000 0.999 0.999 0.998 0.997
1.0 10 1.000 1.000 0.999 0.999 0.998 0.997 0.995
1.2 10 1.000 0.999 0.999 0.999 0.998 0.996 0.992
1.4 10 1.000 0.999 0.999 0.998 0.997 0.995 0.990
1.6 10 1.000 0.999 0.998 0.998 0.997 0.993 0.987
1.8 10 1.000 0.999 0.998 0.997 0.996 0.992 0.984
2.0 10 0.999 0.998 0.997 0.996 0.995 0.990 0.980
3.0 10 0.999 0.997 0.994 0.992 0.989 0.978 0.959
4.0 10 0.998 0.994 0.990 0.986 0.981 0.963 0.935
5.0 10 0.997 0.991 0.985 0.979 0.971 0.946 0.909
6.0 10 0.996 0.987 0.979 0.971 0.960 0.927 0.883
7.0 10 0.994 0.983 0.972 0.962 0.947 0.907 0.858
8.0 10 0.993 0.978 0.965 0.952 0.934 0.887 0.835
9.0 10 0.991 0.973 0.957 0.941 0.920 0.867 0.813
10.0 10 0.989 0.968 0.948 0.930 0.906 0.848 0.793

P, for different numbers of baffles and a capacity
ratio of 1.0. Note that each of the curves of the plot
presents an asymptotic behavior, with F' tending to 1
as the temperature effectiveness diminishes, tending to
zero. This trend is obvious if one considers that P=0
corresponds to a change of phase heat exchanger, which
behaves as a counter-flow one, with its corresponding

correction factor being equal to one. In addition, F
approaches its asymptotic value (1.0) at higher values
of P as the number of baffles increases. This should be
expected considering that, as previously mentioned,
the increment of the number of baffles makes the
performance of the STHE closer to the counter-flow heat
exchanger, thus tending to attain the asymptotic value

Brazilian Journal of Chemical Engineering



Table 3. Temperature effectiveness P variation with NTU and N, for R=10.7 and R = 1.0.

Thermal Performance of One-Pass Shell-and-Tube Heat Exchangers in Counter-Flow

877

Number of Baffles
R NTU 1 2 5 10 20 30 Counter-
current
0.7 0.1 0.092 0.092 0.092 0.092 0.092 0.092 0.092
0.7 0.2 0.171 0.171 0.171 0.171 0.171 0.171 0.171
0.7 0.4 0.297 0.298 0.298 0.298 0.298 0.298 0.298
0.7 0.6 0.394 0.395 0.396 0.397 0.397 0.397 0.397
0.7 0.8 0.470 0473 0.474 0.475 0.475 0.475 0.475
0.7 1.0 0.531 0.535 0.537 0.538 0.538 0.538 0.538
0.7 1.2 0.581 0.586 0.590 0.591 0.591 0.591 0.591
0.7 1.4 0.622 0.629 0.633 0.635 0.635 0.635 0.635
0.7 1.6 0.657 0.665 0.670 0.672 0.672 0.672 0.673
0.7 1.8 0.686 0.695 0.702 0.704 0.705 0.705 0.705
0.7 2.0 0.711 0.722 0.730 0.732 0.732 0.733 0.733
0.7 3.0 0.796 0.812 0.824 0.828 0.829 0.829 0.830
0.7 4.0 0.844 0.862 0.878 0.883 0.885 0.885 0.886
0.7 5.0 0.876 0.894 0.912 0918 0.920 0.920 0.921
0.7 6.0 0.897 0.915 0.934 0.940 0.943 0.943 0.944
0.7 7.0 0.913 0.930 0.949 0.956 0.959 0.959 0.960
0.7 8.0 0.926 0.942 0.960 0.967 0.970 0.970 0.971
0.7 9.0 0.936 0.950 0.968 0.975 0.978 0.978 0.979
0.7 10.0 0.944 0.957 0.974 0.981 0.983 0.984 0.985
1.0 0.1 0.091 0.091 0.091 0.091 0.091 0.091 0.091
1.0 0.2 0.166 0.167 0.167 0.167 0.167 0.167 0.167
1.0 0.4 0.284 0.285 0.286 0.286 0.286 0.286 0.286
1.0 0.6 0.372 0.374 0.375 0.375 0.375 0.375 0.375
1.0 0.8 0.439 0.442 0.444 0.444 0.444 0.444 0.444
1.0 1.0 0.491 0.496 0.499 0.500 0.500 0.500 0.500
1.0 1.2 0.534 0.540 0.544 0.545 0.545 0.545 0.545
1.0 1.4 0.568 0.576 0.581 0.583 0.583 0.583 0.583
1.0 1.6 0.597 0.606 0.613 0.615 0.615 0.615 0.615
1.0 1.8 0.621 0.632 0.640 0.642 0.643 0.643 0.643
1.0 2.0 0.642 0.654 0.663 0.666 0.666 0.667 0.667
1.0 3.0 0.713 0.729 0.743 0.748 0.749 0.750 0.750
1.0 4.0 0.754 0.772 0.791 0.797 0.799 0.800 0.800
1.0 5.0 0.781 0.800 0.821 0.829 0.832 0.833 0.833
1.0 6.0 0.801 0.820 0.843 0.852 0.856 0.856 0.857
1.0 7.0 0.816 0.835 0.859 0.869 0.873 0.874 0.875
1.0 8.0 0.829 0.846 0.871 0.882 0.887 0.888 0.889
1.0 9.0 0.839 0.856 0.880 0.892 0.898 0.899 0.900
1.0 10.0 0.847 0.864 0.888 0.901 0.906 0.908 0.909
1,00

Correction Factor [-]

0.75 : :
0.

0 01 02 03 04 05

| | |
06 07 08 09 1.0

Temperature Effectiveness |-]

Figure 5. Correction factor F as a function of P and N,

for R=1.0.

(1.0) at higher values of P. This trend is clear in Figure
6, where the ratio P/Pw, where P is the effectiveness
of the counter-current heat exchanger, is plotted against
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Table 4. ' factor as a function of N,, P and R.

p R Number of Baffles

1 2 3 4 5 6 10 20 30
0.1 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000
03 0.996 0.998 0.999 0.999 1.000 1.000 1.000 1.000 1.000
0.4 0.5 0.993 0.997 0.998 0.999 0.999 0.999 1.000 1.000 1.000
’ 0.7 0.989 0.995 0.997 0.998 0.999 0.999 1.000 1.000 1.000
1.0 0.981 0.992 0.995 0.997 0.998 0.998 0.999 1.000 1.000
2.0 0.904 0.957 0.975 0.984 0.989 0.992 0.997 0.999 1.000
0.1 0.998 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000
0.3 0.993 0.997 0.998 0.999 0.999 0.999 1.000 1.000 1.000
05 0.5 0.986 0.994 0.997 0.998 0.998 0.999 1.000 1.000 1.000
’ 0.7 0.977 0.990 0.994 0.996 0.998 0.998 0.999 1.000 1.000
1.0 0.958 0.982 0.990 0.993 0.995 0.997 0.999 1.000 1.000

2.0 - - - - - - - - -
0.1 0.996 0.998 0.999 0.999 1.000 1.000 1.000 1.000 1.000
0.3 0.987 0.994 0.997 0.998 0.999 0.999 1.000 1.000 1.000
06 0.5 0.973 0.988 0.993 0.996 0.997 0.998 0.999 1.000 1.000
’ 0.7 0.954 0.980 0.989 0.993 0.995 0.996 0.999 1.000 1.000
1.0 0.904 0.958 0.976 0.985 0.990 0.992 0.997 0.999 1.000

2.0 - - - - - - - - -
0.1 0.993 0.997 0.998 0.999 0.999 0.999 1.000 1.000 1.000
0.3 0.975 0.989 0.994 0.996 0.997 0.998 0.999 1.000 1.000
0.7 0.5 0.948 0.978 0.987 0.992 0.994 0.996 0.998 1.000 1.000
: 0.7 0.903 0.959 0.977 0.985 0.990 0.993 0.997 0.999 1.000
1.0 0.747 0.896 0.942 0.963 0.975 0.981 0.992 0.998 0.999

2.0 - - - - - - - - -
0.1 0.987 0.995 0.997 0.998 0.999 0.999 1.000 1.000 1.000
0.3 0.951 0.979 0.988 0.993 0.995 0.996 0.998 1.000 1.000
0.8 0.5 0.888 0.954 0.974 0.984 0.989 0.992 0.997 0.999 1.000
’ 0.7 0.761 0.905 0.948 0.967 0.977 0.983 0.993 0.998 0.999
1.0 - 0.631 0.816 0.887 0.923 0.944 0.978 0.994 0.997

2.0 - - - - - - - - -
0.1 0.972 0.988 0.994 0.996 0.997 0.998 0.999 1.000 1.000
0.3 0.880 0.952 0.974 0.984 0.989 0.992 0.997 0.999 1.000
0.9 0.5 0.658 0.880 0.935 0.960 0.972 0.980 0.992 0.998 0.999
’ 0.7 - 0.679 0.843 0.905 0.935 0.953 0.981 0.995 0.998
1.0 - - - - 0.382 0.647 0.880 0.969 0.986

2.0 - - - - - - - - -

Table 4 has been included as an additional piece of
information that might be useful in applications for the
readers. It presents values of the correction factor F for
different values of P, R, and the number of baffles of
1-1 E STHE for a counter-flow configuration.

Coefficients of the Spang and Roetzel equation
Given the possibility of using closed form
correlations for the correction factor £ that Eq. (5)
allows, results for TEMA 1-1 E STHE for a counter-
flow configuration have been determined based on
constants obtained by curve fitting of the results from
the procedure introduce herein. Table 5 includes both
the correction factor F' and the resulting constants of
Eq. (5) for each STHE characterized by the number of
baffles and the capacity ratio. The relative deviations
with respect to the numerical solution obtained by the
proposed numerical methodology are included in the
last column of the table. Table 6 includes the range of
relative errors, along with the average one found for
the range of capacity ratios of Table 5 for a confidence

interval of 95%. Table 1, previously introduced,
allows an additional evaluation of the precision of the
approximate correlations for the correction factor F,
since it also includes data from Caglayan and Buthod
(1976). The maximum deviation found in this table
is 1.0%. Based on results from Table 1 and Tables 5
and 6, one can conclude that the deviations are almost
negligible, assuming values that could easily be
ignored in applications. This makes expressions like
Eq. (5) a useful tool for preliminary design of heat
exchangers.

Closed-form equations

All the results presented so far are based on the
mixing model 1, Figure 3(a), which assumes that
the mixing occurs at the passage from one baffle
region to the succeeding one. This is a more widely
used model. For the sake of completeness, the model
according to which the shell fluid mixes perfectly
in the region between baffles, model 2, Figure 3(b),
must be addressed. This has been done by referring
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Table 5. Correction factor F from the approximate correlation, Eq. (5), as a function of R and N, for counter-flow

configuration TEMA E STHE of type (1-1).

Type-Nop Heat exchanger R a b c Omax [%0]

0.10 0.03042 1.965 0.1092 0.14

TI 0.50 0.09232 1.912 0.2045 1.00

1-1-1 i 1.00 0.16710 1.875 0.2277 0.06

|T 2.00 0.37600 1.908 0.1967 0.02

4.00 0.92140 1.911 0.1550 0.01

0.10 0.01250 1.927 0.1236 0.17

T' I 0.50 0.03799 1.906 0.2256 0.02

1-1-2 1 i 1.00 0.07394 1.924 0.2305 0.01

|T 2.00 0.16550 1.937 0.2049 0.01

4.00 0.43020 1.954 0.1563 0.02

0.10 0.07181 1.898 0.1281 0.15

fi T 0.50 0.02163 1.902 0.2327 0.01

1-1-3 i i i 1.00 0.04171 1.921 0.2381 0.02

|T 2.00 0.09300 1.937 0.2111 0.01

4.00 0.24150 1.953 0.1308 0.01

0.13 0.00540 1.892 0.1531 0.08

Il 0.50 0.01377 1.907 0.2368 0.01

1-1-4 ! i ! i 1.00 0.02661 1.928 0.2414 0.01

|T 2.00 0.05959 1.945 0.2134 0.01

4.00 0.15580 1.962 0.1618 0.01

0.15 0.00410 1.869 0.1747 0.08

f 0.50 0.00957 1.903 0.2428 0.02

1-1-5 i ——— 1.00 0.01845 1.927 0.2460 0.01

1t 2.00 0.04132 1.946 0.2164 0.01

4.00 0.10930 1.974 0.1611 0.02

0.25 0.00171 1.874 0.2258 0.08

T'—'—|— 0.50 0.00288 1.904 0.2548 0.01

1-1-10 e 1.00 0.00552 1.930 0.2557 0.01

—I—LIT 2.00 0.01231 1.951 0.2232 0.01

4.00 0.03235 1.979 0.1651 0.02

T 0.50 0.00035 1.893 0.2993 0.40

1-1-30 i .I .I i - 1.00 0.00069 1.928 0.2811 0.04
|

! 2.00 0.00153 1.946 0.2417 0.02

8=100(F, - F)F,,

Table 6. Summary of the average relative error for
a 95 % confidence interval (CI) of the approximate
expressions, Eq. (5), for the STHE of Table 5, of type

(1-1).

Type-Ns  95% Confidence interval [%]  Average [%]
1-1-1 -7.48X10? to -1.52X107? -4.50X10?
1-1-2 -3.17X102 to 5.90X10* -1.55X10%?
1-1-3 -2.278X107? to -2.39X 103 -1.26X10%?
1-14 -1.90X107 to 7.28X107 2.69X107
1-1-5 1.01X10* to 6.79X107 3.45X103
1-1-10 8.71X1073 to 1.40X1072 1.14X10?
1-1-30 2.81X1073 to 6.48X1073 4.64X103

to closed form expressions for counter-crossflow
heat exchangers with one tube row. Table 7 displays
the closed form expressions of the temperature
effectiveness, P, of TEMA 1-1 E STHE with one
to five baffles based on mixing model 2 (Kays and
London, 1998; Shah and Sekuli¢, 2003; Cabezas-
Gomez et al., 2007, 2015). Expressions for four and
five baffles have been obtained in the investigation
reported herein, Egs. (9) and (10) of Table 7. Additional

expressions for a larger number of baffles under model
2 mixing conditions could be obtained by applying the
procedure introduced in this paper and were recently
published by the authors (Magazoni et al., 2019).
Nowadays, heat exchangers for large industrial
applications are mainly designed with commercial
software that do not employ correction factor charts,
and can rely on the use of discretization or incremental
procedures (HTRI and EDR, for example), or dynamic
distributed models (Coletti and Maccietto, 2011;
Diaz-Bejarano et al., 2017 and 2018), or on CFD
techniques (Ozden and Tari, 2010; Yang et al., 2014a;
Pal et al., 2016, and Mellal et al., 2017; and others).
However, owners of small manufactures and/or
engineers that design shell-and-tube heat exchangers
for small applications or that do not have access to
commercial software can use the F factor charts for
a preliminary design and for obtaining the several
trials necessary in executing optimization studies. In
fact, several recent works (Amini and Bazargan, 2014;
Caputo et al., 2008; Fettaka et al., 2013; Onishi et al.,
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Table 7. Closed form expressions for temperature effectiveness, P, from mixing model 2, Figure 3(b), for TEMA
1-1 E STHE with the number of baffles varying from 1 to 5.

Ns STHE configuration Analytical Relation Eq.
Il P:l b, +a,e ) K o] MUn
1 i - R | b, +ae™) [ (6)
1t a,=(K-2) a =K. by=—(K-2)
(3RK) | pl-2RK)
T' P:%{bo +a[;e+ (Jigg } K =]—e MU/
2 ! t T e %)
I 1t a,=b +b,R, a =b;; b, :(K—2)2
b =—K(K—4) b, =2K*(K-2), b,=—4
2
(-2iRK)
= l bot g[aiile ] K =1_g MU
f R | by +a,e %) 4 g e CRE) [0
3 i | i (8
|T a,=b +b,R; a =b; a,=b,
b, =(K-2): b =4K(K-2) b,=4K*(K-2)
by=—(K -2)K>+4) b, =—K(K*-2K +4)
2
| b, + a,e ) + Z[aifle(’z’m)]
P:— ; =1 , Kzl_efNTU/5
R (-2iRK)
T by + Z[aﬂe ]
| i=1
4 ! i | i 1 a,=b +b,R; a =b,+bR+bR*; a,=b, ®
by=(K-2)": b =K(K+4fK-2); b,=6K*(K-2)
b, =—2K(K* ~4K* +6K -8} b, =4K*(K-2)K>-K +2)
by =2K*'(K-2): b,=-16
3
| b, + Z[aifle(’z"RK)]
P:— =1 , _l_efNTU/é
R 6RK 2 2iRK
b, +a3e(’ )+Z[aHe(’ ! )]
i=1
t a,=b +b,R, a =b,+bR+bR’; a,=b;. a,=b,
5 I I by=(K-2): b =2K(K+2)(K-2); b, =8K*(K-2)' (10)

b, =—K(K

~2)(K* ~8K> +8K 16},

b, =4K*(K-2PBK>-2K +4) b, =8K*(K-2)

by =—2(K -

2)K* —2K° +4K” +3)

b, =—2K(K' — 4K’ +8K* ~8K +8)

2013; Sanaye and Hajabdollahi, 2010; Selbas et al.,
2006) present different optimization techniques for
designing STHE for various kinds of industrial and/
or research applications. These procedures use P or F
relationships or charts and can use the results discussed
in the present paper.

The proposed procedure can also be applied for
measuring experimentally the shell-side convective
heat transfer coefficient using the F' factor (LMTD

method) for a particular number of baffles in a
1-1 TEMA E STHE. In some CFD studies, the
numerical simulation results are compared with
those obtained with the LMTD method using the
Kern (1950) and/or Bell-Delaware (Bell, 1981)
methodologies (Ozden and Tari, 2010; Yang et al.,
2014a; Pal et al., 2016, and Mellal et al., 2017). In
these cases, the present methodology could be useful
to compute the F factor for heat exchangers with
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few baffles. According to Das and Bhojak (2016),
several heat exchanger types, i.e., shell-and-tube,
plate-fin, and radiators, are used in plastic injection
molding machines to cool the refrigeration fluid,
which is commonly industrial oil. Some of these
systems use small STHE with three baffles for the
oil refrigeration with cool water. In these particular
cases the present methodology can be used for the
preliminary design and/or for checking the chosen
heat exchanger dimensions.

CONCLUSIONS

A computational methodology was applied in the
study reported herein to determine the temperature
effectiveness, P, and the LMTD correction factor,
F, for STHE with arbitrary number of baffles for
two different mixing models of shell-side fluid. The
reported study focused on TEMA E STHE with
one-pass of fluids flowing in counter-flow. Results
confirmed that the mixing condition of Figure 3(a) is
the one that leads to the highest P and F values. The
numerical results obtained for this configuration were
validated through the comparison of F' factors with
data numerically obtained by Caglayan and Buthod
(1976), presenting very small (almost zero) relative
errors (Table 1) for most of the numbers of baffles and
capacity values used in the comparisons.

In order to systematize the simulation results
obtained, the developed methodology was used to
obtain approximate expressions, Equation (5), for
computing the F factor as a function of N, for the
Figure 3(a) mixing hypothesis. In addition, closed
form expressions for P (and consequently for F) were
obtained as a function of the number of baffles for
the mixing model of Figure 3(b), see Table 7. These
expressions are very appropriate for either a first trial or
preliminary computerized analysis or design purposes,
making the computation of both P and F easier.

Finally, as an important contribution, the present
study allowed the determination of new temperature
effectiveness and correction factor values for different
numbers of baffles of 1-1 TEMA E shell-and-tube heat
exchangers.
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NOMENCLATURE

a[-] Coefficient defined in Table 5,
see Eq. (5)

a,-a, Coefficients defined in Table 7

A [m?] Heat transfer total surface area

b [-] Coefficient defined in Table 5,
see Eq. (5)

b,-b, Coefficients defined in Table 7

c[-] Coefficient defined in Table 5,
see Eq. (5)

C [W/K] Heat capacity

F [-] LMTD correction factor

K Coefficient defined in Table 7

i Dummy index used in Table 7

n[-] Number of shell-side fluid passes

N, [-] Number of baffles,

NTU [-] Number of transfer units

P[-] Heat exchanger temperature
effectiveness

Q[W] Heat transfer rate

R [-] Heat capacity ratio

T [K] Temperature

U [W/(m*K)] Overall heat transfer coefficient

Special characters

¥ [-] Parameter defined by Eq. (2)

0 [\%] Relative error defined in Table 5

Subscripts

b Baffle

c Cold

cc Counter-flow

h Hot

in Inlet

max Maximum

min Minimum

out Outlet

th Theoretical

Abbreviations

CFD Computational Fluid Dynamics

CFHE Crossflow Heat Exchanger

EDR Heat Design and Rating

HTRI Heat Transfer Research, Inc

LMTD Logarithmic Mean Temperature
Difference

TEMA Tubular Exchanger Manufacturers
Association

STHE Shell-and-tube Heat Exchanger
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