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HIGHLIGHTS

The effects of swirl number and
temperature difference on entropy
generation in pipe flow were
investigated.

e A CFD model was established and
validated with experimental LDV
measurements.

e The CFD model was used to
simulate 77 cases representing
0<S5,<0.454 and 0<AT <60
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empirical correlations based on the
CFD results.

e The empirical correlations predict

entropy generation and Bejan

number as functions of S, and AT

ARTICLE INFO

Article history:

Received 20 June 2015
Accepted 5 February 2016
Available online 3 March 2016

Keywords:

Swirl flow

Entropy generation
Heat exchangers
Nonlinear regression
Matlab

GRAPHICAL ABSTRACT

Surface plots for the nonlinear regression of the CFD results of entropy augmentation number (Ng)

and Bejan number (Be) as functions of S, and AT

ABSTRACT

This article extends the recent study by Saqr and Wahid (Applied Thermal Engineering 70 (2014) 486-
493) on the criteria of heat transfer enhancement in swirl pipe flow based on the entropy generation
minimization principle. The effects of wall-fluid temperature difference ( AT ) and swirl intensity (S,) on
entropy generation are considered in the present work. A Computational Fluid Dynamics (CFD) model
of non-isothermal swirl pipe flow was developed, validated with established LDA measurements, and
then used to study the Nusselt (Nu), entropy augmentation (Ns) and Bejan (Be) numbers in 77 different
scenarios related to swirl-enhanced heat exchangers. Critical values of AT and S, that correspond to unity
N; were identified. Then, based on the CFD results, two computer codes were developed in MATLAB soft-
ware to correlate Ns and Be as functions of AT and S,. These computer codes are openly provided in this
article’s appendix in order to contribute to the design and optimization tools of swirl-enhanced heat
exchangers.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Heat transfer enhancement (HTE) significantly increases the per-
formance of heat exchangers, leading to reduced heat exchanger size
and operating cost. HTE techniques can be classified into two cat-
egories: (1) active techniques which require external power source
and (2) passive techniques which do not require external power

http://dx.doi.org/10.1016/j.applthermaleng.2016.02.014
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Table 1
Summary of EGM studies of swirl heat transfer enhancement in pipe flows.

Reference Method Swirl generator

Reynolds number EGM range

Yakut and Sahin [28]
Kurtbas et al. [29]
Kurtbas et al. [30]

Experimental Coil wire inserts
Experimental

Experimental

Propeller-type turbulators
Conical injector-type swirl generators

0.5x10%-3.5x10*
10*-3x10*
10%-3.5x10*

Ns<1forRe<1.3x10%
Ng< 1 forRe <3 x 104
Ng< 1 forRe<2x 104

source [1,2]. Swirl flow devices are one of the passive HTE tech-
niques which are used to increase the overall rate of heat transfer
by increasing the flow path and introduce an angular acceleration
to the fluid flow [3-5]. The use of pipe inserts or inlet swirl gen-
erators is the most common method to achieve HTE by swirl flow
[6]. During the past decade there have been numerous works which
investigated the use of swirl-inducing pipe inserts, such as helical
tapes [7,8], wires [9], and ribs [10]. The works on inlet swirl gen-
erators were relatively less than the former. Swirl flow can be
imparted to the heat exchanger pipes by using tangential or semi-
tangential inlets which forces the flow to develop a swirl velocity
component at the inlet. The tangential velocity component achieves
HTE by developing streamline curvature allowing the fluid to main-
tain a longer circumferential flow path, and by disturbing the thermal
boundary layer via vortical structures [11-13]. While pipe inserts
increase the pressure drop by reducing the pipes’ hydraulic diam-
eter, inlet swirl generators increase the required pumping power
by increasing the friction and drag. Therefore, most of the works
on HTE by swirl flow aimed at finding the optimum swirl intensi-
ty, at which HTE is achieved at the lowest budget of pressure loss.

A number of research investigated the effects of swirl on heat
transfer enhancement in pipe flow by using the first law of ther-
modynamics. Experimental studies [14,15] showed that Nusselt
number could be improved by 120%-150% due to swirl depending
on the Reynolds number and swirl intensity. Computational studies
[16] found that the Nusselt number could be improved by 50%-
110%, while the friction factor increases much further by 90%-
500% in swirl pipe flows under Reynolds number of 10* to 3 x 10%.
The general optimization goal of HTE studies is to reduce the size
and cost of the heat exchanger while increasing its performance.
For heat exchangers operating in power generation and HVAC ap-
plications, the role of heat exchanger in generating irreversibilities
(i.e. entropy) in the system is crucial [17]. Entropy generation in the
system as a whole is directly proportional to entropy generation
within each component [18]. Hence, when a certain heat ex-
changer is modified or enhanced by any means, the entropy
generation within the heat exchanger is affected, therefore entropy
generation in the system is generally affected. This relation between
entropy generation in heat exchangers and entropy generation in
power generation and thermal equipment has been evidently proven
in numerous studies [19-25]. According to Bejan [17], the thermo-
dynamic design of any heat exchanger has two degrees of freedom
which can be expressed by any pair of independent parameters such
as (St, AT), (Re, Dy) or ( mi, f) for any arbitrary heat transfer passage.
Consequently, any method for HTE would radically affect the ther-
modynamic design of the heat exchanger. For example, any internal
fins added to a passage of heat transfer would increase the overall
heat transfer coefficient, and hence reduce the entropy generation
due to heat transfer. However, the same enhancement would in-
crease the friction factor, which will increase entropy generation
due to viscous dissipation. Indeed there is a legacy of literature in
the field of using the second law of thermodynamics and the entropy
generation minimization method in optimizing heat exchangers of
different types and for different objectives [26,27]. Many of such
works focused on the validation and optimization of different HTE
techniques. Several works attempted to investigate swirl HTE tech-
niques by means of second law analysis. Bejan’s entropy generation

minimization (EGM) method was used to optimize swirl HTE
methods such as coil turbulators [28] and propeller-type swirl gen-
erators [29-31]. Such methods are considered thermodynamically
advantageous when N; is less than unity. Table 1 summarizes the
outcome of such works. These works have mainly investigated the
effect of Reynolds number on entropy generation, while the effect
of swirl number was not fully explored. The variation of swirl number
in experimental works is difficult and expensive, since each swirl
number would require a separate swirl generator. A swirl genera-
tor that can be altered to produce different swirl intensities was
proposed in Reference 32, however it has not been utilized yet in
investigating swirl flow instead of the fixed swirl number devices.
Recently, Saqr and Wahid [33] studied the effect of swirl number
on entropy generation in non-isothermal turbulent pipe flows using
numerical simulation. The present work extends such recent study
to include the effects of fluid—wall temperature difference in order
to identify the criteria at which swirl minimizes entropy generation.

The literature review shows that there has been only a limited
number of studies which reported the relationship between entropy
generation in swirl pipe and swirl intensity. The work recently re-
ported in [33] aimed at investigating such relationship at constant
Reynolds number and fluid—wall temperature difference. The present
article extends that recent study to include the effect of fluid-wall
temperature difference, and define the criteria at which entropy gen-
eration could be minimized by the use of swirl. To the best of the
authors’ knowledge, such criteria have not been reported before.
In the present work, heat transfer by convection and conduction in
the steady Reynolds-averaged flow field were considered in the CFD
model. The Reynolds stress term was closed using the realizable k-¢
turbulence model which showed favourable predictions of swirl flow
fields in previous studies [34,35]. The results of 77 CFD simula-
tions were used to create two Matlab codes to predict the entropy
augmentation number as well as the average Bejan number as func-
tions of the swirl intensity and fluid-wall temperature difference.
These codes are supplied openly with the present article.

2. Computational fluid dynamics model
2.1. Mathematical model

The flow considered in the present work is steady, incompress-
ible, turbulent non-isothermal flow. The density p and viscosity
u of the fluid were set to 835 kg/m? and 1.07 x 103 Pa-s to match
the properties of the fluid used in the validation case [36]. The gov-
erning equation can be given in Einstein notation as

L0 =
Continuity: —(u;)=0 1
Yo () (1)

i

oX; ox; ox;| \ox; ox, 3 ox
d
—(—pu’ 2
+ij( puuj) (2)

The Reynolds stress term is closed using the eddy viscosity as-
sumption, given by
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sipation rate & are given, respectively, by Shih’s version of the
realizable k-& model [37] as
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where the model constants are given by C,=1.44, C,,=1.92,

C;=max(043,;%), and C;=1.9. C, is not a constant and is com-
puted from
1
Co=—"7% (6)
Ay +AU*=
€
where A,=4.0; U*=.S;S;+Q;Q;, A, =-6cos(}arccos(v6W)),
W =554 and the vorticity tensor is given by Q; = 3(E-5),

where the Einstein summation convention in generalized two-
dimensional axisymmetric coordinates is given by 7% =&+ +1.
In fact, this version of the realizable k- ¢ turbulence model has
shown a very good performance in predicting flows with stream-
line curvature, such as swirl flows. The formulation of a mean-
flow dependent C,, as given by Equation (6), ensures that the model
only takes the effect of positive normal stresses on the mean flow

as well as satisfying Schwarz inequality condition for shear stress.

1001

The performance of such model with swirl and vortex flow has been
tested in a number of recent studies such as in [32,34,35,38].

The energy equation for steady-state convective flow, exclud-
ing radiation heat transfer, is given as

(i(E+p))= (7)

ai av (kg VT - hy +71;)

where E=h-2+% T=y[25-26V-U]and S=4(V -5 +V 7).
Considering the heat and mass irreversibilities on the flow in
hand, the local entropy generation can be expressed as [39,40]

k(aTY, wou(od o
T2\ ox; ) Tox; oX;

where the first and second terms on the RHS refer to entropy gen-
eration due to heat transfer S, and viscous dissipation S,

respectively. Swirl number is the ratio between axial flux of tan-
gential momentum and axial thrust, and can be calculated as [41]

at,

Sgem = oxX;

(8)

R
'fuxugrdr
S, =2

o (9)
RJ wlrdr
0

2.2. Numerical solution details

The computational domain used in the present work was similar
to the one used in Reference 33. A two dimensional axisymmetric
flow domain with a length of 1100 mm and a radius of 50 mm was
generated in GAMBIT software. The geometry and computational
domains are shown in Fig. 1. A non-uniform grid containing 86,625

(b)

L =1100 mm

Fig. 1. Schematic of the computational geometry and domain showing (a) plane of cylindrical symmetry relative to the pipe and (b) two-dimensional axisymmetric grid.

A, B, C and D denote the location of boundary conditions of the domain.
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Table 2
Type and location of boundary conditions used in the CFD model.
Boundary condition A B C D
Velocity Inlet velocity profiles No-slip None Axis (rotational symmetry)
Pressure None None Outlet pressure
Temperature Constant temperature (fluid) Constant temperature (wall) None

quadrilateral cells was used after ensuring that it provides grid-
independent solution, as shown in Reference 33. Smaller cells were
positioned near to the pipe wall in order to capture the swirl decay
behaviour, as shown in Fig. 1b. The general purpose CFD code FLUENT
[42] was used to solve the governing equations of the problem on
the computational domain. The pressure-based solver which uti-
lizes the Semi-implicit Method for Pressure Linked Equations
(SIMPLE) [43] was selected. Spatial discretization was achieved using
a second order upwind scheme [44]. In this approach, a higher-
order of accuracy is achieved at cell faces through a Taylor series
expansion of the cell-centred solution about the cell centroid. A loga-
rithmic wall function of the standard type [45] was used with the
realizable k-¢ turbulence model to resolve the near-wall velocity field.
Moreover, implicit relaxation factors were used to help the solu-
tion convergence and stability. The types of boundary condition set
to the domain are shown in Table 2. Each case required approxi-
mately 18 x 10° iterations in order to converge.

2.2.1. Boundary conditions

The velocity profiles for the axial and tangential velocity com-
ponents were adopted from Reference 36. The tangential velocity
profile was linearly scaled to achieve the swirl number range
0<S,<0.454 with an approximately average increment of 0.03.
The fluid-wall temperature difference was changed within the range
of 0<AT <60 with an increment of 10 degrees. Therefore, the
number of simulations was 77 cases representing different sce-
narios of swirl intensity and temperature difference.
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2.2.2. Treatment of near-wall flow

The logarithmic law of the wall was used to predict the near-
wall velocity as proposed in Reference 45. Such law expresses the
mean near-wall velocity as

U*:%ln(Ey*) (10)
and

1 11
y*zﬁpc;}kgyp (11)

where k is von Karman constant (0.4187), E is empirical constant
(9.793), k, is turbulence kinetic energy at point p, and y, is the dis-
tance between point p and the wall. The law in Equation (10) is valid
for 30 < y* <300. In all the simulation cases presented here, y* was
maintained in between 40 and 70 to ensure the applicability of the
log. law of the wall.

2.3. Model validation

The CFD model used in the present study was validated against
established LDV measurements from Reference 36. The results of
the validation are shown in Fig. 2 [33]. The CFD model is shown to
successfully predict the axial and tangential velocity profiles at dif-
ferent locations. Shih’s realizable k — & model has a very good record
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Fig. 2. Validation of the CFD model, the top and bottom rows show normalized radial profiles of (a) axial and (b) tanegnatial velocity, respectively, at two axial distances
(z/Z=6.5, 9). Cross marks indicate LDV measurements from Reference 32 and lines indicate CFD results of the present model.
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of predicting flow fields characterized with swirl and high stream-
line curvature in numerous studies covering wide range of
applications, Reynolds and swirl numbers [32,34,35,46-52]. Nev-
ertheless, it can be noted that the predictions of the tangential
velocity profiles are less accurate than such of the axial velocity. This
can be justified by the limitation of inherited anisotropy in the model
due to the eddy viscosity assumption, as it appears in Equation (3).

3. Results and discussion

The results presented in this section are based on 77 simula-
tion cases. The values of dimensionless numbers such as Bejan,
Nusselt and entropy augmentation numbers were calculated for each
case as an area-average value. Since the independent (i.e. control)
parameters are two, S, and AT, planar contour plots were used to
investigate the results in order to enable the analysis of the effects
of both independent parameters on one dependent variable at the
same time. The results of individual cases, as such discussed in [33],
were not presented in details here to avoid redundancy.

3.1. Effects of AT and S, on Nusselt number

Fig. 3 shows a contour map for the Nusselt number as it changes
due to the variation of AT and S,. It can be seen that the Nusselt
number is directly proportional to both independent variables.
However, the slope of the isolines shown on the map indicates that
the increase of AT has a greater effect on Nu than the increase of
S, . The results here agree with the reports of Nusselt number in
various swirl-enhanced heat transfer equipment as in [7,53,54].

3.2. Effects of AT and S, on Bejan number

Bejan number is the ratio between thermal and total entropy gen-
eration rates. Fig. 4 shows a contour map for Be as function of AT
and S,. The map can be easily characterized to three zones based
on the trend of Be values with respect to AT and S,, as denoted
by the dashed lines. The first zone (0.155>S,) is characterized by
moderate Be (0.3 < Be <0.75) with approximately equal response of
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Fig. 3. Contour map of Nu as a function of AT and S,.
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Fig. 4. Contours of Be as a function of S, and AT.

Be to the change in AT and S,. However, the second zone
(0.155<S,<0.367) is characterized by a very limited effect of S,
on Be compared to AT at (30> AT. At higher temperature differ-
ences (30< AT < 60), Be trend is opposite to such of the first zone.
The values of Be in the second zone show that the flow became
dominated by viscous entropy generation (0.5 > Be The case is similar
in the third zone (0.367 < S, <0.454) where Be contours return to
similar trend of such of the first zone, but still demonstrates rela-
tively higher dependence on AT than such on S,.

3.3. Effects of AT and S, on entropy augmentation number

The entropy augmentation number N; represents the ratio
between entropy generation due to swirl and entropy generation
in zero-swirl pipe flows. It characterizes the second law efficiency
of the flow under investigation. Fig. 5 shows contour maps for N
as function of AT and S,. Swirl is evidently shown to minimize
entropy generation only at high AT and S, (30<AT and 0.3<S,).
This limit is depicted by the unity N; contour line in the upper right
corner of the figure. These conditions correspond to the highest
values of Nu as well as Be values which correspond to 50% heat trans-
fer irreversibilities. It can also be noticed that the lowest entropy
generation rate is associated with higher values of Nusselt number.

3.4. The interaction between entropy generation mechanisms in
swirl flow

In pipe flow associated with heat transfer, entropy generates in
the system due to two mechanisms which are represented as S,
and Sy [55]. Swirl velocity component increases the viscous dis-
sipation due to the streamline curvature effects [56], hence increasing
Sy. On the other hand, the swirl velocity improves mixing and en-
hances the overall heat transfer coefficient, hence reducing Shf.
Therefore, the swirl velocity components, in addition to the fluid-
wall temperature difference, affect both mechanisms of entropy
generation. It was reported in that in thermodynamically disad-
vantageous situations (N; >1), the flow is dominated by viscous
irreversibilities. On the other hand, at situations where (N; < 1), both
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Fig. 5. Contours of entropy augmentation number N; as a function of S, and AT.

thermal and viscous irreversibilities constitute comparable roles in
the entropy generation mechanism of the flow. The investigation
of the effects of AT in the present work confirmed these phenom-
ena. In Fig. 6a and b, each symbol mark represents a CFD case. In
Fig. 6a it is clearly shown that thermodynamically advantageous con-
ditions can only occur when Be is around the value of 0.5. This is
further confirmed by Fig. 6b where the ratio between viscous and
thermal irreversibilities was plot against the swirl number for dif-
ferent AT values. For the cases where N, <1, the ratio between two
entropy generation mechanisms approximately is in the range of
0.9 to 1.4, which indicates comparable — or competing - roles of both
mechanisms.

3.5. Matlab codes for entropy generation calculations

The computer package Matlab® was used to conduct a three di-
mensional nonlinear regression of the CFD results to provide a way
for calculating Be and N; as functions of AT and S,. The nonlinear
regression functions and their corresponding codes are detailed in
Table 3. The correlations resulting from the nonlinear regression were
used to plot the datasets in three dimensions giving the surface plots
shown in Fig. 7. The surface fitting tool box was used for the non-
linear regression. It is evidently shown that both functions are highly
nonlinear, especially at low and high values of AT for N; and Be, re-
spectively. The codes can easily be used to find critical values for
N; and Be by nonlinear interpolation.

4. Conclusions

CFD simulations of the non-isothermal turbulent pipe flow with
different levels of swirl have been performed to investigate the effect
of swirl level and wall-fluid temperature difference on heat trans-
fer and entropy generation. It was found that the relationship
between entropy generation, swirl number and temperature dif-
ference is nonlinear. Swirl could achieve entropy generation
minimization only at high AT and S, (30<AT and 0.3<S,). These
conditions correspond to Be values around 0.5, and the highest values
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Fig. 6. (a) Entropy augmentation number as a function of Bejan number for differ-
ent values of AT. (b) The ratio between viscous and thermal irreversibilities as a
function of swirl number for different values of AT.

Legend of 6(a) is similar to 6(b).

of Nu. Computer codes were formulated based on the CFD results
to provide nonlinear regression for both Be and N,. The codes have
two objectives: to provide a predictive tool for second law optimi-
zation of swirl pipe flow and to enable the readers to reproduce the

Table 3
Code parameters for Be and Ns nonlinear regression.
Data Regression Codes
name function X -
File name Function
Ns Interpolant ~ EntropyAugment.m  Dataset for N
cubic creatsurfacefit4.m Function file for the raw N
data
creatsurfacefit3.m Function file for the regression
data of N
Be Interpolant  Bejan.m Dataset for Be
cubic createsurfacefit5.m Function file for the raw Be
data
createsurfacefit6.m Function file for the regression
data of Be
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Fig. 7. Surface plots for the nonlinear regression of the CFD results of (a) entropy
augmentation number and (b) Bejan number, as functions of S, and AT.

results of the present work without the need to perform CFD simu-
lations again.

Appendix: Spplementary material

Supplementary data to this article can be found online at
doi:10.1016/j.applthermaleng.2016.02.014.

Nomenclature

Latin symbols

u Reynolds averaged velocity vector (m-s)
p Pressure (kg-m™-s72)

u Fluctuating velocity vector (m-s)

Uy Axial velocity component (m-s)

Uy Tangential velocity component (m-s™!)

k Turbulence kinetic energy (m?s2)

h Enthalpy (kg-m?-s2)

T Temperature (k)

Sh Swirl number (dimensionless)

St Stanton number (dimensionless)

Re Reynolds number (dimensionless)

Be Bejan number (dimensionless)

Nu Nusselt number (dimensionless)

N; Entropy augmentation number (dimensionless)

She Entropy generation rate due to heat transfer irreversibilities
(W-m3-K™1)

Sy Entropy generation rate due to viscous irreversibilities
(W-m3K")

Seen Total rate of entropy generation (W-m=-K™")

Sii Mean rate of strain tensor (s™)

AT Temperature difference (K)

Dy, Hydraulic diameter (m)

f Friction factor (dimensionless)

Greek symbols

p Density (kg-m™)

Uy Turbulent viscosity (kg-m™'-s™)

€ Dissipation rate (m?s—3)

Q; Vorticity tensor (s™)

Ve Kinematic turbulent viscosity (m2-s7)

8 Kronecker’s delta operator
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