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This study recommends the use of two criteria FG-1a and FG-1b for
evaluating the benefits that could be obtained when different heat transfer
enhancement techniques are implemented in the heat exchanger design,
instead of the most commonly used criterion PEC, based on the constraint of
fixed pumping power. When the thermal performances of two heat transfer
channels are compared, they must be put under equal conditions, such as
fixed heat transfer area, mass flow, and initial temperature. It is also
important whether an external thermal resistance of the channel is available
or not. The first case is typical for experiments in shell-and-tubes heat
exchangers where the objective is an increase in the heat flow, whereas the
second case is encountered in experiments with electrical heating of the tube
wall, where the objective is a decrease in the driving temperature difference
with fixed heat flow. An additional constraint in both cases is the
augmentation entropy generation number Ny <1. Through manifold
examples, using different twisted tape inserts, we demonstrate how these two
criteria have to be implemented for assessing the thermal benefits. The use
of the criterion PEC is connected with many erroneous results and
misunderstood conclusions that have been revealed in this study.
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1. Introduction

The tube inserts as heat transfer enhancement techniques have been known for many years since
they are easy to install and operate [1-5]. Despite they have been recognized and used for more than a
century, the efforts to improve their thermal performance by modifying their design differently are
continuing [6-10].

The implementation of the tube inserts can be classified into several common groups: single
tube inserts with different modifications (simple augmentation technique) [11-18]; a combination of
several tube inserts in the channel (compound heat transfer augmentation technique) [19-23], and a
combination of tube inserts with nanofluid as a working media [24-26].
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1.1. Criteria for performance evaluation

When an augmentation heat transfer technique is applied to improve the thermal performance of
a heat exchanger, the selection of an appropriate criterion for evaluation of the benefit depends on the
objective that has been imposed and the way for gathering the experimental data for the heat transfer
coefficient. The most common way to select the experimental data is to use an experimental set-up as
a double-pipe counterflow heat exchanger or channel with electrical heating. The augmentation heat
transfer technique in the channel could be “surface roughness” on the tube wall, inserts in the internal
flow, or a combination of both of them. When a double-pipe counterflow heat exchanger is used, an
outside-of-the-wall thermal resistance exists and it has to be taken into consideration. In the case of
electrical heating of the wall, the outside thermal resistance does not exist and the objective that has to
be pursued is different.

Bergles et al. [27] proposed first many performance evaluation criteria according to the
objective pursued and the constraints imposed. One of these criteria R,, named later Performance
Evaluation Criteria (PEC), is still used immensely [14-26]. The objective of this criterion is increased
heat duty with a major constraint of fixed pumping power,

PEC=R; = MN;’,SS :
(fa/f5)

Duran-Plazas et al. [28] and Picon-Nuiiez et al. [29] introduced a mapping plot to select the best
promoter geometries using thermal and pressure drop irreversibility analysis. This performance
evaluation criterion is a modification of PEC, Eq. (1), with the same constraint of fixed pumping
power. The disadvantages of the criterion PEC have been discovered in [30], whereas the development
of the criteria of Bergles et al. [27] was made by Webb [31].

Bejan [32] was the pioneer who introduced a parameter evaluating the rate of entropy
generation, named augmentation entropy generation number N, and defined as

Nsazﬁ(NT“'%NP)’ 2

where Nt and Np are the values of Ng, in the limits ¢, —0 and ¢, — 0. The requirement

for thermodynamic efficiency is the fulfillment of the condition Ng, <1. Heat transfer enhancement

technique giving N, >1 is inefficient and must be dismissed. Zimparov et al. [33] have suggested

that the imposed constraint for fixed pumping power must be removed from the list of constraints and

replaced with the constraint Ng, <1. It has to be noted that, when two channels are compared, the

requirement for thermodynamic efficiency Ng, <1 has been imposed by Bejan [32] under the

constraints of fixed heat and mass flows Q. =1, Wi« =1 and fixed geometry A.=1. Then, the criteria

of Webb [31] could been substantially reduced to three [33]. Two of them, namely: FG-1a, FG-1b will
be applied for evaluation of the benefits in the “retrofit” applications, as:

FG-1a (fixed geometry criterion) — objective Q. >1;

FG-1b (fixed geometry criterion) — objective ATi* <1.

The criterion FG-1a is applied in the case when different tube inserts are used in the shell-and-
tube heat exchanger to increase their heat duty, whereas the criterion FG-2a has to be used in the case
of solar air heaters or solar water collectors to evaluate the decrease in the driving temperature
difference. In the second case, the heat flux falling on the absorber surface is constant, equal for the
two comparable channels and the reduction of the driving temperature difference by the reduction of
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the wall temperature of the channel is the benefit. The reduction of the wall temperature decreases the
heat losses to the surroundings and increases the thermal efficiency of the solar collector.

1.2. Objectives

This paper is a continuation of the ideas developed in [33] and by many examples demonstrates
why the two criteria, FG-1a, and FG-1b [33] must be used, instead of the criterion PEC, Eq. (1), for
evaluating the benefits that can be obtained by the implementation of different heat transfer
enhancement techniques in the case of “retrofit”. We demonstrate this by the use of the experimental
results of Dagdevir and Ozceyhan [14] and Heeraman et al. [15]. The criterion FG-1a will be applied
using the experimental data of Heeraman et al. [15] obtained by experiments in a double pipe counter
flow heat exchanger, whereas the criterion FG-1b will be used with the experimental data of Dagdevir
and Ozceyhan [14] obtained through experiments with electrical heating of the tube wall.

2. Benefit equations

The benefit equations are discussed and documented in detail in [30,31,33]. The fixed geometry
criteria cases involve a replacement of smooth tubes by augmented tubes of equal diameter and length
and may be regarded as “retrofit” applications. Two cases can be encountered: FG-1a and FG-1b.

2.1. Case FG-la

The objective of the case FG-1a is an increase in the heat flow, Q. >1 with the constraints
W. =1, A.=1 (with D=1, N. =1 and L.=1), AT, =1, and additional constraint N, <1 [33]. The
pumping power will increase, P = f. >1, and if the installed pumping power is not enough to meet
the increase in hydraulic friction, it should be changed with another one [31]. The formulation of a
PEC requires relations that define the heat transfer and friction characteristics relative to the reference
exchanger [31] and take into account the thermal resistance across the metal tube wall, a tube side
fouling resistance, and a possibility of enhancement simultaneously on the inner and outer tube
surfaces for a two-fluid heat exchanger.

The UA equations for the reference (smooth tube) and augmented exchangers are
1 1 1 o R¢

= + + + —
UA A oAy kyAn A (33)
11 1 5 R
— = + + +—
UA hA  hA kyA, A

(3b)
Following Webb [31], with the constraints imposed, the relative overall heat conductance
equation is
1+
Ay, - (4)
Nus™+ g
with g, and S as thermal composite resistances defined by Webb [31] (see Table 2, p. 719
[35]). The augmented and smooth exchangers may not operate at the same effectiveness (& ). For
these cases the &—~NTU method [31], gives
Q* ZW* Ex ATi*’ (5)
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where AT; is the temperature difference between the two inlet streams. For fixed ratios of the inlet
temperatures, ATi* =1, and mass flow rates W.. =1, Eq. (5) yields
Q. =&, (6)
Since the operating conditions of the smooth tube exchanger are known, number of thermal
units NTUg =U A/W,C,, is known and & is calculable. Once (UA), for the augmented exchanger is
known, and the (NTU ), s calculated by

NTU, = NTU, (UA), . @)
Then &, of the augmented exchanger may be calculated and Q. can be obtained from Eq. (6).
The constraint Ng, <1, Eq. (2) yields
1] Q?
= + f* y 8

where the ratio ¢; is to be calculated following Bejan [32] (Chapter 6, p. 120).

2.2. Case FG-1b

This case pursues a decrease in the inlet temperature difference ATi*<1 and the driving
temperature difference AT,; <1, with the constraints Q.=1, W, =1, A.=1 and N, <1 [33]. When
Q.=1and W. =1, Eq. (5) yields

AT =&t )
whereas Ng, becomes
1 1
* 1+¢S[Nu* * J 10)

3. Results and discussion

In this part, we show how the real benefit is obtained, by the use of some twisted tape inserts as
a heat transfer augmentation technique for single-phase fluid flow in tubes, if the constraint Ng, <1 is
imposed, instead of the fixed pumping power. The experimental data for Nu, vs. Re and f, vs. Re of
Heeraman et al. [15] and Dagdevir and Ozceyhan [14] will be used for this manifestation.

First of all, however, it has to be understood why the two kinds of enhanced surfaces, with or
without outside thermal resistance of the surface under consideration, have to be evaluated through the
different criteria, FG-1a or FG-1b. When Bejan [32] invented the criterion for thermodynamic
efficiency, Ny, <1, two channels were compared and subjected to the constraints as follows: A.=1,
L.=1, Ws=1 and Q.=1. This corresponds to the case FG-1b [33], with objective AT, <1,
constraint Ng, <1 , and when the outside thermal resistance is not available (experimental studies with
electrical heating of the tube wall are related to this case).

3.1. Case FG-la

When the experimental data for heat transfer coefficient and friction factor are collected in a
two-fluid heat exchanger, the existence of the outside fluid thermal resistance impacts the increase in
the heat flow Q. >1 and has to be taken into consideration. To demonstrate how the criterion FG-1a
applies to assessing the benefit, the experimental data from the study of Heeraman et al. [15] will be
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used. In this study, water was used as a working fluid in a double-pipe heat exchanger. The twisted
tape inserts having different dimple and hole configurations occupied the inner tube. The geometrical
characteristics of the twisted tapes were a twist ratio of 5.5 and a dimple diameter-to-depth ratio D/H
of 1.5, 3.0, and 4.5.
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Figure 1. (a) The variation of the ratio Q. with Re . (b) The variation of the augmentation
entropy generation number N, with Re (data from Heeraman et al. [15])

(Remark: For all Figures 1 to 10, the abscissa labels must be read as: for Re <104, 5,6,..9 mean 5.10°
etc., whereas for Re >10*, 2 means 2.10%)

Based on the thermal and hydraulic characteristics for Nu, vs. Re and f, vs. Re published in
[15], the variation of the heat flow ratio Q. with Re has been calculated and depicted in Fig.1a. It
must be noted, that the values of Q., presented in Fig.1a, have been obtained by the lack of an outside
thermal resistance. That means that the increase in Q. is the maximum benefit that can be achieved.
However, the penalty is an increase in the entropy generation, N, >1, Fig. 1b. That means, that the
constraint Ng, <1 has not been fulfilled.

Since, there is no information related to this thermal resistance in [15], an outside thermal
resistance 1/h,A, =0.011 K/W from our experimental program [34], responding to the range
Re =(6-14).10° [15], has been included in the calculations of Q.. Figure 2a presents the variations of
the real benefit, Q.>1, whereas Fig. 2b shows how the new Ny, varies with Re. As seen, the
twisted tape without dimple (tape 4) does not give any benefit, Q. <1 and it should be excluded from
the consideration. Among the other three tapes, tape 2 (D=6 mm) can bring about the greatest
benefit (5-13)%, but this benefit gradually decreases with the increase in Re. The results of the
augmentation entropy generation number N, , Fig. 2b, reveal that the requirement Ng, <1 is fulfilled
for the rest of twisted tapes 1-3. The best characteristic of Ng, with Re (the smallest value of Ng, ) is
again tape 2.

The other experimental data of Heeraman et al. [15] for D/H =3.0 and D/H =4.5 can be
presented similarly. As seen from Fig. 3, D/H =3.0, the variations of the Q. with Re and N, with
Re have a similar behavior as those of Fig. 2. In this case, the greatest benefit can be obtained by the
twisted tape 6. However, the variation of Q. with Re for D/H =4.5, Fig. 4, is completely different:



all twisted tape geometrical configurations possess Q« <1 and are defined as inefficient and without
any benefit. That is why, they will not be considered anymore.
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Figure 2. (a) The variation of Q. with Re (b) The variation of Ny, with Re (data from
Heeraman et al. [15])
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Figure 3. (a) The variation of Q. with Re . (b) The variation of Ng, with Re (data from
Heeraman et al. [15])
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Figure 4. The variation of the ratio Q« with Re (data from Heeraman et al. [15])

To define the best-twisted tape geometrical configuration from all, it is needed to use a general
criterion in the form,



NS =—2 (11)

that pursues two objectives simultaneously: minimum augmentation entropy generation number
Ng, <1 and maximum benefit Q. >1.

The results from the use of this criterion, Eq. (11), are shown in Fig. 5 for the cases D/H =1.5
and D/H =3.0, whereas the best configurations 2 and 6 are presented in Fig. 6. As seen, the best-
twisted tape geometrical configuration from the all is number 6, which will bring about the greatest
benefit Q. >1, together with the minimum N, <1. It has to be noted, however, that this benefit is
only 15%, for the smallest Re studied, and gradually decreases with the increase in Re, Fig. 3a.
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Figure 5. The variation of the general criterion N with Re (a) D/H =1.5. (b) D/H =3.0
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Figure 6. The variation of the general criterion N.~ with Re (D/H =1.5; 3.0)

The use of the criterion PEC , Eq. (1), by Heeraman et al. [15] for evaluation of the benefits of
the twisted tape geometrical configurations studied, revealed that all of them, except for the case
D=4mm, D/H =3 and Re<8.10°%, experienced PEC <1 (see Fig. 11, [17]), i.e., no benefits were
available. That means, that the use of the criterion PEC, Eq. (1), leads to erroneous results
concerning the assessment of existing benefit and its merit. These results are due to the constraints
imposed as: (i) the same driving temperature difference; (ii) two heat exchangers work at different Re
numbers due to the fixed pumping power; (iii) the lack of the outside heat transfer thermal resistance
is unacceptable for the shell-and-tube heat exchangers, where the “retrofit” operation is applied (for
more details see [30,33].



3.2. Case FG-1b

As mentioned foregoing, the criterion FG-1b is used in the cases when the thermal resistance
outside of the tube wall does not exist. All experiments with electrical heating of the tube wall are
subjected to this criterion. In this section, we demonstrate how the criterion FG-1b applies to assessing
the benefit using the study of Dagdevir and Ozceyhan [14]. They investigated the thermal and
hydraulic characteristics of different twisted tapes with geometrical parameters such as twist ratio
R, /y=5.88 and dimpled pitch ratio P,/y =0.25, 0.5,1.0. Water and mixtures of water and ethylene
glycol were used as a working fluid in the range Re =(5.2—22.8).10°. The tube wall was heated by
constant heat flux. On the base of the experimental data, the variations of AT, and Ng, have been
calculated using Egs. (9) and (10), and presented in Figs. 7-9.
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Figure 7. (a) The variation of ATi* with Re (b) The variation of N, with Re. Pr=6.0 (data
from Dagdevir and Ozceyhan [14])

The variations of ATi* and N, with Re (experiments with water, Pr=6.0) are presented in
Fig. 7. The variations of AT,"and Ng, with Re are very close, since ¢, [ 1. Besides, AT and Ng,
are connected and have the same behavior. As seen in Fig. 7b, all twisted tape configurations reduce
the entropy generation, Ng, <1, but the greatest benefit ATi* <1 can be obtained by configuration 3 (
Py /y=0.25), Fig. 7a. The behavior of configuration 5 ( By /y =0.50), Fig. 7b, is also interesting. The
curve Ng, vs. Re has a minimum at Re~1.8.10" where the benefits of configurations 3 and 5
equalize.

It should also be noted that the benefit from the use of configurations 1, 2, 3, and 7 increases
with the decrease in Re, whereas configurations 4, 5, and 6 are experienced on the opposite.

Figure 8 presents the variations of AT, and Ng, with Re, for Pr=12.0. As seen, the twisted
tape configuration 3 (Py/y=0.25) possesses the best performance, giving the greatest benefit.
Another feature of the most of the curves (1,2,3,4,5) is that they have experienced minimum values for
AT and Ng,.

The variations of AT, and Ng, with Re, for Pr=20, are depicted in Fig. 9. For this value of
Pr, two regions of Re can be specified, where a particular twisted tape configuration assures the
greatest benefit of ATi* <1 and Ng, <1: in the region Re <9.10°, the twisted tape configuration 2,



Pp ly=0.25, is to be preferred, whereas for Re>9.10%, the twisted tape configuration 3,
Py /y =0.25, brings about the greatest benefit.

The results in Figs. 7-9 reveal that among all studied twisted tape configurations, the most
attractive and with the highest thermal performance coefficient is the twisted tape configuration 3 (
P, /y =0.25), which depends on Re and Pr. Figure 10 shows how the benefit of tape configuration 3 (
Py/y=0.25), ATi*<1, varies according to the values of Re and Pr. As seen, when Re<1.6.10%,
water is the most appropriate and beneficial fluid for the goal, whereas, in the range Re >1.6.10*, the
ethylene and water mixture (20:80) (with Pr=12 ) is the best choice.
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Figure 8. (a) The variation of ATi* with Re (b) The variation of Ny, with Re. Pr=12.0 (data
from Dagdevir and Ozceyhan [14])
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Figure 9. (a) The variation of ATi* with Re (b) The variation of Ny, with Re, Pr=20 (data
from Dagdevir and Ozceyhan [14])

To assess the benefits of the different twisted tape inserts studied, Dagdevir and Ozceyhan [14]
used the criterion PEC, Eq. (1), developed with the constraint of fixed pumping power. This
criterion is close to the criterion FG-2a [31], but not the same. The calculated PEC results for water-
ethylene glycol mixtures are presented in Fig. 15 [14], where can be seen that when the ethylene



glycol in the mixture increases (Prandtl number increases), the benefit gradually decreases and for
Pr =20 completely disappears.

4, Conclusions

This study recommends the use of two criteria FG-1a and FG-1b for evaluating the benefits that
could be obtained when different heat transfer enhancement techniques are implemented in the heat
exchanger design, instead of the most commonly used criterion PEC , based on the constraint of fixed
pumping power. When the thermal performances of two heat transfer channels are compared, they
must be put under equal conditions, such as fixed heat transfer area, mass flow, and initial temperature
of the flow. It is also important whether an external thermal resistance of the channel is available or
not. The first case is typical for experiments in shell-and-tubes heat exchangers where the objective is
an increase in the heat flow, whereas the second case is encountered in experiments with electrical
heating of the tube wall, where the objective is a decrease in the driving temperature difference with
fixed heat flow. An additional constraint in both cases is the augmentation entropy generation number
Ng, <1.

sa —
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0.6
- Pr=6.0
05 ¥ 3,-Pr=12
3,- Pr=20
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0.4 1 1 | I
6 7 8 9 100 2 3
Re

Figure 10. The variation of ATi* with Re - comparison between the greatest benefits

Through manifold examples, using different twisted tape inserts in the studies of Heeraman et
al. [15] and Dagdevir and Ozceyhan [14], we demonstrate how these two criteria have to be
implemented for assessing the thermal benefits. The use of the criterion PEC , Eq. (1), is connected
with many erroneous results and misunderstood conclusions that have been revealed in this study.
When augmentation heat transfer techniques are implemented in two-fluid heat exchangers or one-
fluid heat exchangers, they pursue completely different objectives: in a two-fluid heat exchanger the
objective is Q«>1, whereas in a one-fluid heat exchanger, the objective is the decrease in the tube
wall temperature and the driving temperature difference through ATi* <1. The constraint Ng, <1 is
compulsory and critical to be obeyed in both cases.

The global optimization strategy of minimizing entropy generation pertains to the most efficient
use of energy in heat transfer equipment. We must emphasize in this context that there are clear
economic benefits involved. This will specifically lead to minimal energy usage and appropriate
equipment design, regardless of the energy cost, which is highly reliant on local energy production and
accessible sources. This study does not cover an economic analysis related to economic evaluation. It
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varies greatly depending on the manufacturer and is dependent upon the design and construction of the
heat transfer equipment. When it comes to "retrofit," the cost of implementing various twisted tape
inserts can be occasionally low.
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Nomenclature

heat transfer surface area, [ m?]

ratio of heat transfer surfaces (=A, / A,)

tube diameter or dimple diameter, [m]

ratio of tube diameters, (=D, /D;) [-]

Fanning friction factor [-]

ratio of Fanning friction factors (=f, / f;) [-]

mass velocity [ kgs *m™]

ratio of mass velocities (=G, /G;) [-]

heat transfer coefficient [ Wm?K™]

half of the twisted tape pitch, [m]

tube length [ m ]

ratio of tube lengths (=L, /L)

ratio of number of tubes (=N, /N;) [-]

Nusselt number [-]

Nu.  ratio of Nusselt numbers (=Nu, /Nu,) [-]

N,  augmentation entropy generation number [-]

P ratio of pumping powers (=P, /R,) [-]

Pr Prandtl number [-]

Q, ratio of heat transfer rates (=Q, /Q,) [-]

Re  Reynolds number [-]

R¢ fouling thermal resistance [ W 'm?K ]

AT temperature difference [ K]

ATi* ratio of inlet temperature difference between hot and cold streams (=AT; , /AT;¢) [-]
u overall heat transfer coefficient [ Wm2K™]

y twist pitch length [m]
W
W

o.,>>

*

- O

zzrrrIT =00
=+ % *

mass flow rate in heat exchanger [ kgs™]
. ratio of mass flow rates (=W, /W) [-]

Greek symbols
B composite thermal resistance [ W 'm?K ]

&, ratio of heat exchanger effectiveness, (=g, /&) [-]
os irreversibility distribution ratio [-]
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Subscripts

a augmentation

d dimpled

[ inlet

m mean

0 outlet or outside

p perforated

S smooth
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