ARTICLE | OPEN ACCESS

Discovery

To Cite:

Fasiku TB, Awodunmila AJ. The influence of corrugation amplitude
on entropy production of turbulent flow in outward corrugated
converging pipes. Discovery 2026; 62: e8d3237

doi:

Author Affiliation:

Department of Physics, Ajayi Crowther University, Oyo-Town,
Nigeria

Centre for Energy and Research Development, Obafemi Awolowo

University, Ile-Ife, Nigeria

*Corresponding author:

Taiwo Bukola Fasiku,

Department of Physics, Ajayi Crowther University, Oyo-Town,
Nigeria,

Email: ayenitaiwobukola@gmail.com

Peer-Review History

Received: 29 April 2025

Reviewed & Revised: 16/May/2025 to 27/February/2026
Accepted: 07 March 2026

Published: 18 March 2026

Peer-Review Model

External peer-review was done through double-blind method.

Discovery
pISSN 2278-5469; elSSN 2278-5450

© The Author(s) 2026. Open Access. This article is licensed under a
Creative Commons Attribution License 4.0 (CC BY 4.0)., which permits use,
sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons license, and indicate if
changes were made. To view a copy of this license, visit
http://creativecommons.org/licenses/by/4.0/.

. DISCOVERY

SCIENTIFIC SOCIETY

Discovery 62, e8d3237 (2026)

The influence of corrugation
amplitude on entropy production of
turbulent flow in outward

corrugated converging pipes

Taiwo Bukola Fasiku'*, Ayobami Jeremiah Awodunmila?

ABSTRACT
This study investigated the entropy production rate of turbulent distilled water

flowing through three corrugated converging pipes of various corrugation
amplitudes. The impact of the corrugation amplitude (0.02 <e/D < 0.03) and
Reynolds number (0.5 X 10* < Re < 4.0 x 10*) on entropy production rate (EPR)
and Bejan number were examined. The finite volume method was utilised to solve
the governing equations and the turbulent model (SST k — w model), taking into
account the boundary conditions stated in the ANSYS Fluent. The findings showed
that increasing the corrugation amplitude and Reynolds number reduces the thermal
entropy production rate, S, compared to a straight pipe. On the contrary, as the
aforementioned parameters increase the viscous entropy production, S,;s., increases.
Therefore, using corrugated converging pipe with enhance corrugation amplitude

reduces the entropy production rate compared to a straight pipe.

Keywords: Improvement, Entropy production, Reynolds number, Corrugation,

Convergence

1. INTRODUCTION

The convective heat transfer efficiency of various heat systems, such as solar
collectors, energy storage systems, nuclear and chemical, fuel cells, and the food
industry, can only be efficient if optimisation is carried out (Kaood et al., 2024). This
optimisation involves using two common techniques: passive and active techniques.
Over some decades, the passive technique has gained significant recognition in the
area of optimal thermal performance (Mezaache et al. 2023). The improvement of heat
transfer in thermal systems has been confirmed through the use of corrugated pipes,
dimpled tubes, and helical coil inserts, as studied by numerous authors (Zheng et al.,
2022; Khashaei et al., 2023; Sabir et al., 2022; Flayh et al., 2025). In the utilisation
process of these thermal systems, two factors are of concern: enhancing the heat
transfer rate and minimising the entropy production rate (EPR). The study of entropy
production due to free convection in enclosed surfaces has attracted the attention of
many engineers (Esmaeili and Rasidi, 2025). Consequently, much research has
focused on evaluating thermal performance alongside entropy production in pipe
flows. Nonetheless, it is important to note from the second law of thermodynamics
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that not all heat generated can be completely recovered and converted into useful work. Some energy is lost during heat and fluid flow,
which relates to entropy. However, recent studies have proposed two approaches for improving heat performance, such as converging
and corrugated pipes, instead of the traditional (smooth) pipe. Al-Zuhairy et al., (2024) investigated how corrugation characteristics
influence pressure drop and heat transfer in different channels. Four sinusoidal wavy channels were experimentally studied under
turbulent flow with specified heat fluxes, geometric parameters, and Reynolds numbers (1.93 x 10% — 3.29 x 10%). The turbulent flow
in rod-baffled corrugated tubes at various corrugation amplitudes was investigated by Fadhil et al., (2023). The impact of Reynolds
number, corrugation ratio, pitch of the corrugation, and rod-baffle gap on heat transfer and pressure drop (AP) were reported. They
observed that corrugation led to the formation of a primary vortex at the centre of the tube, while a secondary vortex formed near the
pipe wall. These vortices depleted the thermal boundary layers and improved fluid mixing. The average Nusselt number increased by
25% and 55% at corrugation pitch (10 mm) and corrugation ratios, respectively. However, the flow was accompanied by a higher
friction factor than in a smooth pipe.

Ekiciler (2024) numerically investigated the thermal transfer and flow resistance of a hybrid nanofluid flowing in a 2D pipe under a
turbulent flow regime. The study reported the impact of various surface corrugation patterns (increasing, decreasing, and non-uniform
corrugations), a volume fraction of 1% and the Reynolds number. The findings indicated that, at Reynolds number 28000, for the
aforementioned patterns, the Nusselt number values were 134%, 146%, and 137%, respectively. However, the non-uniform surface
groove had the maximum friction factor, while the increasing-wall corrugation pipe had the least friction factor and the optimal
thermal performance. Ahmad et al., (2023) analysed the hydrothermal performance of a doubled dimpled corrugated tube using both a
single and a hybrid nanofluid. The impact of Reynolds number (4000 < Re < 20000) and volume concentration (1% < a < 3%) on heat
transfer coefficient, temperature distribution, friction factor and Nusselt number was investigated. The results showed that 3% of
hybrid nanofluid gave a 20-25% gain in heat transfer coefficient and was the top-performing nanofluid.

Several studies have been carried out on the entropy production rate with corrugated pipes. Kumar et al. (2023) analysed the
variable thermophysical properties of fluid flowing in hybrid corrugated channels in a turbulent flow. The effects of associated
variables such as viscosity, density and thermal conductivity on heat transfer, fluid flow and entropy production were examined. The
outcome revealed that the use of the corrugated channel and the variable properties substantially affect the Nusselt number. The
increase in Reynolds number with variable fluid properties leads to a reduction in the total entropy production. Saoudi and Zeraibi
(2023) examined the entropy production and the thermal performance of Al2Os/water nanofluid flow through corrugated channels. The
impact of different corrugation profiles (sinusoidal and square), particle concentration (0-5%), particle diameter (10nm < a < 60nm)
and Reynolds number (200 < Re < 800) on the heat transfer, thermal and frictional entropy production and Bejan number were
analysed. The results showed that increasing the particle concentration to 5% with Re (800) and particle diameter (10nm) reduces the
total entropy generation in square and sinusoidal and channels by 22.12 % and 28.39 %, respectively. However, as the nanoparticle
diameter reduces, the total entropy production in both sinusoidal and square channels is reduced by 34.85 % and 20.5 %, respectively.
Fadodun et al.,, (2022) analysed the EPR of ferrosoferric oxide/water (FesOs/H20) of turbulent nanofluid moving in an outwardly
corrugated pipe. The effect of the corrugation profiles (circular, triangular, and trapezoidal), Reynolds number (0.5 x 10* < Re <
3.0 x 10*) and nanoparticle concentration (0-3.0 %) on both viscous and thermal entropy generation rate. The outcome revealed that the
trapezoidal corrugation pattern has the superior heat transfer performance, with the mean temperature gradient as the main
contributor to thermal entropy production rate, but for the viscous entropy production rate, the turbulent temperature gradients
contribute the most.

In the aspect of converging pipes, Kaood et al., (2024) evaluated the hydrothermal performance and entropy production of
converging tubes with various dimple shapes. The effect of dimple shapes (stepped-conical, cylindrical, conical and spherical),
Reynolds number (0.3 x 10* < Re < 4.0 x 10*) and diameter ratio (1 < DR < 2) on Bejan number, viscous, thermal and total entropy
production are evaluated. The findings revealed that the dimple tube (tube modification) significantly contributed to the hydrothermal
performance and entropy generation of the convergent tubes, with the mean thermal enhancement factor (TEF) attributed to stepped-
conical dimple shapes at DR = 1.75, yielding 7.81% gain. Goniil (2025) examined the heat transfer of a novel microchannel with a wavy
sinusoidal convergent-divergent wall with numerical technique. The study considered the effects of wavelengths, pin heights,
amplitudes, and Reynolds number on the Nusselt number, Fanning friction factor, and Péclet number. The outcome indicated that
higher amplitudes and reduced wavelengths, with moderate pin heights, resulted in tangible improvements in heat transfer.

Wang et al. (2023) investigated the heat transfer efficiency of turboshaft engines with converging-diverging film holes. The
inclination angle, aperture, and blowing ratio showed a significant effect on the separation within the hole, which in turn influenced

heat transfer efficiency. In addition, at a maximum of these parameters, the converging-diverging configuration lowered the wall
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temperature by 100K. Zada et al. (2024) studied the heat transfer performance of engine oil flowing within a hybrid nanoparticle-fluid
in a convergent and divergent channel. The research varied velocity profiles under different Hartmann numbers. In the convergent
pattern, a higher porosity results in a higher temperature field. Entropy production was reported to increase with Eckert and Hartmann
numbers in both converging and diverging channels.

Fadodun et al.,, (2024) studied the EPR and hydrothermal efficiency of a hybrid nanofluid (rGO-CO304/H20) passing through
corrugated converging pipes. The authors analysed the influence of nanoparticle concentration (0 < VR < 0.2 %), Reynolds number
(0.5 x 10* < Re < 5.0 X 10%), corrugation profiles (outwardly and inwardly), and diameter ratio (1 < DR < 2) on the EPR, Poiseuille
number, mean Nusselt number and PEC. The results showed that both the presence of the corrugations and the converging geometry
contributed to an increased Nusselt number compared to smooth pipes. The EPR due to the temperature gradient in the enhanced
pipes was lower than that of the smooth pipe, but the opposite is the case for EPR due to fluid flow. Fadodun and Fadodun (2024)
examined the entropy generation and thermal performance of distilled/H20 flowing through outwardly corrugated converging pipes in
turbulent flow. The authors explored the effect of the diameter ratio on the behaviour of the performance parameter in relation to the
Reynolds number. The study considered the impact of the Reynolds number (0.5 X 10* < Re < 5.0 x 10*) and diameter ratio (1 <
DR < 2) on the heat transfer performance and EPR. The outcome revealed that increasing Re and DR improved the mean Nusselt
number, EPR and Poiseuille number. However, reductions were reported for Bejan number, thermal effective number and PEC. This
study aimed to investigate the impact of Reynolds number and corrugation amplitude on the entropy production rates and Bejan

number using a compound technique.

2. MATERIALS AND METHODS

Tube geometry modifications

The study examined the heat transfer performance of distilled water passing through an outwardly corrugated converging pipe in the
turbulent regime. Fig. 1(a) illustrates the three-dimensional (3D) pipe used in this work. The examined pipe length was constructed to
vary the size of the inlet to outlet diameter while keeping the surface area and the total sum of both the inlet and outlet diameters
constant. Thus, the 3D is reduced to 2D in order to reduce cost and computational time; therefore, Fig. 1(b) and (c) show the 2D
axisymmetric model geometries. The evaluation is carried out under a fully developed turbulent flow regime. The geometrical
dimensions of the corrugated pipes used and the diameter ratio (DR) of the converging pipes are presented in Tables 1 and 2,

respectively.
Governing Equations
The steady state governing equations for solving the flow problem are the continuity, momentum and energy equations (Ajeel et al.,

2019) and are expressed as:

Continuity Equation:

9 )
6_x,-(pui) =0
Momentum Equation
3} apP a aui au] 2 aui a —_— (2)
s onn) =g o (G ) =50 )| i o)
Wl

N —p o> e
W Lo

Figure 1(a). The outwardly Corrugated Converging Pipe (3D geometry)
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Figure 1(c). Description of the Geometric Parameters
Table 1. The Corrugation Parameters
Parameter Values (mm)
Corrugation amplitude (g) 0.02, 0.025, & 0.03
. . w 0.2
Corrugation width (D)
i pw 0.6
Trough between two corrugations ( > )
Pipe Length (L) 0.4
Pipe Diameter (D) 0.03 m
Table 2. The Diameter ratio (DR) used for the study
D in
DR = D_t Dip(m) Doyt (m)
ou
1 0.015 0.015
1.2 0.01636 0.01386

Energy equation

The deviatoric stress tensor (t; j) is expressed as

d 5]
[ui(pE + P)] = E[(A +

(Tij)eff = Herr [(

Cput) aT

ou;  du; 2 0u;
—_ + —_—
axi Ox]

— =0

®)

(4)

where, u is the velocity, P denotes the pressure, p is the density of the liquid, u is the dynamic viscosity, u, is the turbulent viscosity, Cp

defines the specific heat capacity, E represents total energy, k is the thermal conductivity, T is the temperature, Pr; is the turbulent

Prandtl number, 1 is the thermal conductivity and pi,1i, denotes the Reynolds tensor stress.
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The Shear Stress Transport (SST) k — w model was used to close the governing equations for the simulation of the flow in
corrugated converging pipes due to its superior capability in accurately modelling in corrugated tubes, as reported in previous studies
(Al-Obaidi and Alhamid, 2021; Li et al., 2023; Al-Obaidi, 2025) by providing consistent results with experimental methods. The

dissipation rate (w) and turbulence kinetic energy (k) equations are given by Menter (1994). The thermal and physical parameters of
the distilled water used in this study are presented in Table 4.

a(k)—arak+évy ©)
axi pre _ax]' kax]- @ k

9 oy = 2l 29046y 21— pope,, 120 ©)
0x; pat T oxj| “ox © e ! pa‘”’zwaxiaxl-

where i and j represent the two coordinates (x and y). The terms G, and G, represent the production of turbulent kinetics due to

average velocity gradients and production rates of k and w. The symbols Y}, and Y, represent the turbulent dissipations of k and w and
are written as:

Y, = pw? B, @)
Y = pkwpy ®)
—uet
Me=p+ o )
My =p+it (10a)

w

The terms T'y and T, in Egs. (3.13) and (3.14) denote the effective diffusivity of k and w.

1
o =R L R (10b)
Ow,1 Ow,2
The turbulent viscosity (i) is modeled as:
pk 1 (11)
M= (23E)
at aw

where the strain rates o), and o, are the effective turbulent Prandtl numbers for k and w, F; and F, are the blending functions, and a* is
a model constant.

1

_ (12)
Tk = 5 4 4R
Ok,1 Ok,2
Fy = tan(p,*) (13)
F, = tan(p,*) (14)

Where,

) [ < vk 500/4) 4pk ]
@1 = min|max

0.09wy*’ py*2w

,Jm,2D+wy+Z (15)

ow 0k

D*, =|2x IO‘ZOL——
Oy, 0X; 0X; (16)
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(p2=max[< 2vVk Soou)]

0.09wy py?w (17)
The SST k — w model constants (Menter, 1994) are presented in Table 3.
Table 3. SST k — w turbulent model constants
oxy = 1.176 Op2 =1 Op1 = 2 0p2 = 1.168 o, =031 o;1 = 0.075
Boo” = 0.09
B2 = 0.0828 O = 0.52 0t =1 B; = 0.072 0o =1/9
Ry =8 Ry =6 R, = 2.95 =15 o =2 0, =2
Table 4. Thermophysical Properties of the Working Fluid (H20)
T Thermal Conductivity Density Specific heat capacity Dynamic Viscosity
e
P W/m/K kg/m? J/kg/K kg/m/s
Water 0.602 1000 4200 0.00085

Boundary Conditions

The prescribed velocity (uy i, = Uy;; = 0) and constant temperature (T = T;,, = 300K) were observed at the inlet section. At the outlet,

duy ou, ar K a . o
the pressure gauge was assumed to be zero (Pjauge =0, % =0, aur =0,-=0--=0, % = 0). No slip boundary condition (u, =
0, u, = 0) was applied on the wall along the flow direction with constant heat flux (q" = 5,000 Wm~2) was imposed on the upper part
of the pipe (g—: = 0). Both the velocity and temperature gradients were zero at the outlet of the pipe (% =0, g—: = 0).
Parameter definitions
The parameters used in this study are the following:
The Reynolds number is given by Li et al. (2022):
Re = PDinDp (18)
U

The inlet velocity (u;;) and the mean Nusselt number are expressed as Chaurasiya et al., (2024):

— (19)
" pDy
hD
Nu=—2= (20)
k
q"'Dy (21a)

Nu=—r-""—F——
(Twall - Tbulk)k

The friction factor is expressed as;
_ 2DnAP (21b)
pu?L’

Entropy Production Rate (EPR) Analysis
The entropy production rate can be broadly categorised into two types: thermal and viscous entropy production rates. The thermal
entropy production rate (TEPR) is caused by temperature gradients, while the viscous entropy production rate (VEPR) is caused by

velocity gradients.
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The volumetric entropy production rate can be evaluated as Muhammad et al. (2021):
Sl”gen =5"tn + 5" visc (22)

where §""', and S"' ;5. are the volumetric thermal and viscous entropy production rate.
The volumetric thermal entropy production rate (S"'y;) is expressed as Fadodun and Kaood (2022):
o _|A (0T ? LR Cp aT (23)
th =112\ 9x; Pr, T2 \ox;
The average temperature gradient is responsible for the EPR in the first term, whereas the turbulent temperature gradient is attributed

to the second term.

The corresponding formula for volumetric viscous entropy production rate (S"'¢) is:

u

nr j—
S visc — &

, av; 2+ aVi+aV,- 2
T 6xi ax] axi

The first expression in Eqn. (24) is due to the mean velocity flow, while the latter is due to the turbulent velocity gradient. To obtain the

pEe
= 24
+5 @4

entropy production rate within the volume, we integrate Eqgs. (23) and (24) over volume; then, we have:

Vi _ _
¢ _ﬂf A (0T 2+ ue Cp (0T dV (25)
ther = T2\ dx; Pr, T2\ 0x;
Vo
— — .2 (26)
f av; aV; pE
Svisc fff( <axl> <axj +a—xi +? av

The EPR is the sum of the thermal entropy production rate (TEPR) and viscous entropy production rate (VEPR) and is expressed as:

sgen = Sther + Svisc (27)
The normalized S;per and Sy;s can be evaluated by

N _ (Sther)corr (28)

ther — 7a&

- (Sther)smth
N _ (svisc)cow (29)

visc (S.'visc)smth
v Goen) iy (30)

o~ ( en)smth

Where the subscripts cor and smth denote corrugated and smooth tubes, respectively.

Taking a cylindrical pipe with a fixed heat flux, Ratts & Raut (2004) integrated Equations (23) and (24) over the tube length, L, and
obtained the entropy production rate S, for a circular straight pipe as:
i (¢")2nDy%L 32md fr
9 = “NukT?4,  m2p2D,°T

av (D)

The EPR due to thermal flow is the first term on the LHS of Eqn. (20), and the EPR arising from viscous dissipation is the second term.

Discovery 62, e8d3237 (2026) 7 of 18



ARTICLE | OPEN ACCESS

where, ¢", 1, k, p and T, are the heat flux, mass flow rate, thermal conductivity, density and average temperature.

Bejan number is a measure of the significance of thermal flow to the overall entropy production rate. It can be evaluated as Bejan,
(1982):

ther (32)
Sgen

Be =

Mesh Generation and Numerical Method

In the flow domain, a non-uniform structural mesh was applied to evaluate the accelerated changes in velocity and temperature
gradients (y* =~ 1) as illustrated in Fig. 2. However, the grid density was concentrated near the wall. In the governing equations, the
discretization of the convective term was carried out by the second-order upwind scheme and the diffusion term was performed using
the central differencing scheme. The second-order implicit method was used for transient formulation, and the SIMPLE algorithm was
employed for pressure-velocity coupling. The discretised equations are solved iteratively, setting the convergence criteria to 1078 for all
variables such that:

(33)

Grid independence test and validation
A grid independence test is performed by varying the mesh count used to obtain Nusselts number (Nu) of distilled water flowing in
the corrugated converging pipe of DR = 1.6, Re = 4.0 X 10* and % = 0.03 as depicted in Fig. 3. The relative error for Nu of 341.25 and
336.711, along with the corresponding mesh configurations of 97121 and 211659, are less than 1.5%. This showed that the element
configuration of 97121 was the optimum and was adopted for the study.

The numerical model in this study is validated against numerical and experimental studies done by other researchers. For
validation purposes, the friction factor (f) and the Nusselt number (Nu) of distilled H20 flowing in a smooth pipe were evaluated. The

results of Nu were compared with the correlations proposed by Gnielinski (1976) in Equation (34).

Figure 2. Mesh captured with Boundary Layer

In contrast, the results of f were compared with the correlations obtained by Filonenko (1954) and Blasius (1913) in Equations (35)
and (36), respectively. The results of the correlation of Nu is shown in Fig. 4 and f in Fig. 5, a strong correlation was observed between

them.

(f /8) (Re — 1000)Pr

Nu = 05
1+127 (f lg) (Prz-1) C)
f = (1.82log;oRe — 1.64)72 (35)
0316 re <2 x 10°
J=pevss  JorRes (36)
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Figure 3. The plot of Nusselt number against the number of meshes (grid independence test)
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Figure 4. The graph of the Nusselt against the Reynolds number
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Figure 5. The relation of the friction factor to Reynolds number
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Figure 6. Variation of Bejan number (Be) against Reynolds number
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Furthermore, the Bejan number of distilled water flowing through a straight pipe was compared with the correlation presented by
Ratt and Rauts (2004) in Eqn. (31). Fig. (6) shows the results obtained from the comparison. The two entropy production rate categories

such as thermal and viscous entropy production rates are agreed.

3. RESULTS & DISCUSSION

This part examines and analyses the impact of the corrugation amplitude (0.02 < e/D < 0.03) in relation to Reynolds number (0.5 x

10* < Re < 4.0 X 10*) on entropy production rate of distilled water flowing in corrugated converging pipes.

0014
—8— DR =12,e/D =002 w/D=0.2
0012 -
—&_ DR=12,&/0=0025,w/0=02
001 - —&_ DR=12,e/D=003 wD=0.2
. 0.008 -
=
W
0006 -
0004 -
0.002 -
U T T T T T T T T
0 05 1 15 2 25 3 35 4 45

Re [107]

Figure 7. The variation of S;y., against the Re different corrugation amplitude

Entropy Production Rate

Fig. 7 illustrates the variation of thermal entropy production rate (S¢ner) evaluated from Eq. (31) against Reynolds number in different
designs of corrugated converging pipes investigated. The impacts of Reynolds number and corrugation amplitude on the thermal
entropy production rate are considered. It is observed that increasing Reynolds number diminishes the Siner values. For instance, at

e

Re =5.0 X 103, - =002, DR =12 and % = 0.2, the value of Sy, is 0.0113 WK™, whereas the corresponding value at Re = 4.0 x 10*
is 0.0021 WK ™. This is due to a decrease in the thickness of the TBL as the Reynolds number increases, which improves heat transfer
performance. This makes the temperature gradient (VT) in the flow field as a key factor in Sy, as presented in Eqn. (25), to be gradual
with a non-zero value within the TBL. Thus, it causes a reduction in S;p.,. For a clearer explanation, the Stner model provided by Ratt

and Raut in Eq. (31) showed that S;p,, is inversely proportional to the Nusselt number (Nu), and higher Reynolds number enhances

Nu , resulting to reduction in the thermal entropy production rate. Considering the impact of corrugation amplitude (%) on S¢per from
the same figure, it can be recorded that increasing corrugation amplitude lowers the S;e,. The TEPR reduces as the corrugation
amplitude rises from 0.02 to 0.03 for Re > 5000. For instance, at Re = 4.0 x 10% DR = 1.2 and %= 0.2,, the values of S;pe, in the
configurations of % = (0.02,0.025 & 0.03) are 0.0021, 0.0020 and 0.0019 WK ~1, respectively. As the corrugation amplitude increases, the
residence time of the flow increases, resulting in higher flow resistance and enhanced turbulence. The reduction in the cross-sectional
area as the pipes converge resulted to rapid axial velocity of the flow, which in turn reduces the TBL and improves the Nu.
Consequently, Sther is reduced.

Fig. 8 depicts the graph of normalized thermal entropy production rate, Ny, evaluated by Eq. (28) (fraction of Sy, in modified
pipes to the respective straight pipe) in relation to the Reynolds number. The result demonstrated a decrease in the Ny, as the

Discovery 62, e8d3237 (2026) 11 of 18
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Reynolds number appreciates. At Re = 2.0 X 10% across the corrugation amplitude 0.02, 0.025 and 0.03, the Ny, values obtained are
0.835, 0.755 and 0.739, respectively.

1.05
1 —e—DR=12, &/D=002, w/D=0.2

—e—DR =12, /D =0.025, w/D =02

0.95 | —e—DR=12 e/D=003, w/D=02

09 -

Nth!r

0.85 A

08 -

075 4

07 r r T T T
0 05 1 15 z 25 3 3.5 4 45

Reynolds number [10%]

Figure 8. Variation of Ny, against the Reynolds number

00005
00008 + —8— DR =12, e/0 =002 w/D=0.2
00007 —s— DR =12, e/D =002, w/D=02

—8— DR=12,e/D =003, w/D=0.2
00005

00005

E"uisv:

00004

00003

00002

00001

0 05 1 15 2 25 3 35 4 a5
Re [10%]

Figure 9. The variation of $,;5. against the Re with varying corrugation amplitude

Fig. 9 depicts the distribution of the viscous entropy production rate (S, ) estimated from Eq. (31) against the Reynolds number in

the modified pipes evaluated. The plot showed that a rise in Reynolds number improves the S,;,.. For example, at Re = 5.0 x 103, % =
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0.02, DR=1.2 and %= 0.2, the value of S, is 2.06x 107 WK~!, where the corresponding value at Re = 4.0 x 10* is
0.00077 WK . This is due to a higher velocity gradient and eddy dissipation rate (¢) as Reynolds number increases. This is further

explained by Ratt and Raut in Equation (31), which states that an increase in S, is proportional to the cube of the mass flow rate (%),

thatis Re is proportional to m. In the figure as well, it is observed that increasing the corrugation amplitude (%) increases the S, For
instance, at Re = 4.0 X 10%, DR = 1.2 and %= 0.2, the values of S, in the configurations of % = (0.02,0.025 and 0.03) are 0.00077,

0.00082, and 0.00085 WK ~1, respectively. This is because an increase in corrugation amplitude and convergence of the pipe exerts more
resistance against the flow, leading to a higher turbulence flow rate, which in turn rises the velocity gradient and eddy dissipation rate.
Alternatively, from Eq. (31), Syisc is proportional to the friction factor (f). Therefore, an increase in corrugation amplitude enhances f,
which increases the Sp;e.

Fig. 10 illustrates the variation of the normalised viscous entropy production rate, N,;5. calculated from Eq. (29) (fraction of Spiscin
configured pipes to the respective straight pipe) against the Reynolds number. The result showed that increasing the Reynolds number
enhances the N,.. For instance, at the Reynolds number 2.0 X 10% across the corrugation amplitude considered (0.02, 0.025 and 0.03),

the N5 values obtained are 1.35, 1.39 and 1.41, respectively.

1.50E+00
1.45E+00 |
1.40E+00 |
1.35E+00 -
u
‘=
Z
1.30E+00 -
—_— ——DR =12 &/D=002 w/D=02
—o—DR =12, &/D =0.025, w/D=0.2
1.20E+00 + —e—DR =12, &/D=0.03 w/D=0.2
1.15E+00 T T T T T T T T
0 0.5 1 15 2 25 3 3s 4 a5

Reynolds number [104]

Figure 10. Variation of N5 against the Reynolds number

Fig. 11 shows the plot of total entropy production rate evaluated from Eq. (31) against the Reynolds number in the configured pipes
studied. The influence of Reynolds number and corrugation amplitude on entropy generation rate (Sye,) is investigated. This graph
shows that increasing the Reynolds number reduces the Sgen values. For instance, at Re = 5.0 X 103, % =0.02, DR = 1.2 and % =0.2,
the value of Sy, is 0.0113 WK™, where the corresponding value at Re = 4.0 X 10* is 0.0029 WK~*. The reduction in total entropy
production rate with higher Reynolds number is attributed to the predominance of thermal entropy production rate over viscous
entropy production rate, where the decrease in S, exceeds the increase in S,;.. On the same profile, the effect of the corrugation
amplitude on Sy, was considered. It is observed that increasing the corrugation amplitude leads to a reduction in the Sy, values. This
reduction is attributed to enhanced convective mixing, which substantially reduces the S, despite a concurrent increase in Sy;s.

Fig. 12 shows the correlation of the normalised total entropy production rate, Ny, as a function of Reynolds number. The N, was
evaluated using Eq. (30). The result showed a rise in the Ny, as the Reynolds number enhances. At Reynolds number 2.0 x 10% across

the corrugation amplitude considered, (0.02, 0.025 and 0.03), the Ny, values obtained are 1.35, 1.39 and 1.41, respectively.
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Fig. 13 illustrates the variation of the Bejan number (Be) evaluated by Eq. (32) against the Reynolds number of corrugated
converging pipes. It is observed that enhancing the Reynolds number lowers the Be values. At Re = 5.0 x 102, % =0.02, DR=12
and % = 0.2, the value of Sy, is 0.9998, whereas the corresponding value at Re = 4.0 x 10* is 0.7284.

0.014
—8— DR =12, &/0=0.02, w/0=02
0.012 —a— DR =12, &/0=0.025w/D=02
0.01 - —8— DR=12,e/D=0.03 w/D=02
—a— Smooth pipe
e 0008 -
&
(V)] 0.005
0.004
0.002
EI T T T T T T T T

Figure 11. Graph of Sgen against Re with Varying Amplitude

1
—e—DR =12, &/D=0.02, w/D=02
0.95 |
—e—DR =12, &/D=0.025, w/D=02
09 | —e—DR =12, &/D=0.03, wD=02

0.8 -

075 A

U.? T T T T T T T T
0 0.5 1 15 2 25 3 35 4 45

Reynolds number [104]

Figure 12. The graph of Ny, against Reynolds number

However, there is a decrease in Bejan number in corrugated converging pipes compared to a straight pipe. This decrease is ascribed
to enhanced flow velocity accompanied by a higher pressure drop, which leads to increased Syisc but decreases Siper. On the same

profile, an increasing corrugation amplitude decreases the Bejan number. For instance, at Re = 4 X 10, DR = 1.2 and %= 0.2, the

values of Be in the configurations of % = (0.02,0.025 & 0.3) are 0.7284, 0.7094, and 0.6970, respectively. This outcome is expected as a
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. . e . . 5 o . .
rise in ~ results in a higher S,;5. but a lower S;p,, and consequently leads to a lower Be. Furthermore, Bejan number values decrease in

corrugated converging pipes compared to a straight pipe.
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1
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o 06 —e—DR =12, &/D=0.025, w/D=02
—e—DR=12¢/D=003,w/D=02
0.4
—a— Smooth Pipe
0.2
0
0 05 1 15 2 25 3 35 4 45

Re [10%]

Figure 13. Graph of Be against Re with Varying Amplitude

4. CONCLUSION

In this study, the entropy production rate of corrugated converging pipes with various corrugation amplitude were numerically
analysed using the finite volume method. The effects of Reynolds number and corrugation amplitude on thermal and viscous entropy
production rate and Bejan number were discussed in detail. The results are summarised below:

e Thermal entropy production rate reduces as the corrugation amplitude of the corrugated converging pipe increases for all values of
Reynolds number. The normalized thermal entropy production rate in the various corrugation amplitudes (0.02, 0.025 and 0.03) are
0.835, 0.755 and 0.739, respectively.

e The viscous entropy production rate increases as the corrugation amplitude increases from 0.02 to 0.03 at Re > 5000. The Ny,
values at 2.0 x 10% across the corrugation amplitude (0.02, 0.025 and 0.03) considered are 1.35, 1.39 and 1.41, respectively.

e From the total entropy production rate, the corrugation amplitudes 0.025 and 0.03 coincided from Reynolds numbers 25000 to
40000.

e Increase in corrugation amplitude and Reynolds number lowers the Bejan number. At Re = 4 x 10%, DR = 1.2 and % = 0.2 with the

corrugation amplitude considered (0.02,0.025 & 0.3) the Be values are 0.7284, 0.7094, and 0.6970, respectively.

Nomenclature

e/D Corrugation amplitude

Cp Specific heat capacity at constant pressure [J kg~1K 1]
Nu Nusselt number

Re Reynolds number

Pr; turbulent Prandtl number
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Be Bejan number

S" gen volumetric entropy production [W K~1m=3]
Sgen total entropy production rate [W K]

co specific dissipation rate [ kgm™1s™1]

k turbulent kinetic energy [m? s72]

q"’ heat flux [W m~2]

dp pressure drop [Nm™?]

y* non-dimensional wall parameter of distance
Yy turbulent dissipation of k [J kg™*]

Gy rate of production of k [J kg™!]

A thermal conductivity [W m™2 K~1]

Ty effective diffusion of k [kg m™! s71]

Ty, effective diffusion of w [kg m™! s71]

Gy generation of turbulent kinetic of k [kg m™* s71]
G, generation of turbulent kinetic of w [kg m™1 s71]
p density [kg m™3]

D tube diameter [m]

Ue turbulent viscosity [kg m™ s71]

€ Eddy dissipation rate [m? s™3kg]
Abbreviations

CHTP convective heat transfer performance

DR diameter ratio

PEC performance evaluation criterion

TBL thermal boundary layer

VEPR viscous entropy production rate [WK™]
EPR entropy production rate [WK™']

TEPR thermal entropy production rate [W K]
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