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Using an entropy generation analysis, heat exchangers can be designed with optimal
efficiency. This study delves into the irreversibility of forced convection heat transfer
and friction flow around a horizontal cylinder, revealing that pressure drops induce
entropy generation that varies in accordance with Reynolds numbers. The
investigation encompasses four groups of Rep, covering ranges of 0.4<Rep<4,
4<Rep<40, 40<Rep<4000, and 4000<Rep<40000. The study aims to elucidate the
relationship between the entropy generation number (Ns), Rep, the irreversibility
distribution ratio (@), the optimal Reynolds number (Rep,opt), and the Bejan number
(Be), particularly where entropy generation has a minimal effect. Additionally, it seeks
to determine the relationship between the duty parameter and Rep,opt across all Rep
ranges. The findings highlight the optimum design point for forced convection around
a horizontal cylinder. At this point, the entropy generation number reaches its
minimum value when Ns=1 and the ratio Rep/Rep,opt=1, marking the optimal point
for irreversibility or entropy generation. At this juncture, the irreversibility

distribution ratio @ equals 0.5, and the optimal Bejan number stands at 0.667.

1. INTRODUCTION

Due to the decrease in natural energy-producing resources,
the focus has shifted to thermal system efficiency and the
conservation of energy resources. From here, the second law
of thermodynamics has become a fundamental guide for
engineers and designers when analyzing and improving
engineering systems. According to the second law of
thermodynamics, real systems are inevitably characterized by
a loss of available work. Compared to an ideal (lossless)
process, thermodynamic efficiency decreases as available
work is lost.

Entropy, as a thermodynamic property, indicates how much
atomic disorder there is in a system. A system with a high
degree of molecular disturbance has a very high entropy value.
Conversely, a system with a very low level of molecular
disturbance has a very low entropy value. Efficiency is defined
by the FLT (first law of thermodynamics) as the ratio of the
working power and the total heat input to the system, which
does not give much information about whether the available
energy (irreversibility) is effective or not. In a thermal system,
attention should be paid to improving energy efficiency by
analyzing lost energy, which can be assessed using the second
law. The SLT (second law of thermodynamics) is applied to
study irreversibility in terms of the rate at which entropy
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occurs when the distributed energy is proportionate to entropy
generation.  Entropy  generation analysis has key
characteristics that make it more appealing than traditional
energy balance approaches. Entropy generation analysis can,
in principle, be used for any energy conversion mechanism
and help get the optimal thermal working point [1].

Entropy generation is estimated using two well-known
methods. The first method estimates local entropy generation
at each point in the studied system. Total entropy generation
can also be determined by a process in which the distribution
of local entropy generation over volume is integrated [2]. The
second method uses the relations between the friction factor
and the Nusselt number to evaluate total entropy generation.
This method does not need to solve the momentum and energy
equations since the Nusselt number and friction factor values
are known.

Specifically, Bejan [3] modeled external flow irreversibility
(entropy generation) for a horizontal heated tube, and the Rep
model (based on Poulikakos and Johnson [4], which modeled
mass and heat transfer flow around a cylinder and across a
plane surface. The study covers the 40<Rep<1000 range only.
Bejan [5, 6] found the relation between the Rep,opt, and B
(duty number) for the range of Re (40<Rep<105). Besides this,
Bejan [7] introduced a dimensionless parameter for the
irreversibility distribution ratio called Be (Bejan Number).
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This parameter illustrates how forced convection heat transfer
irreversibility and friction irreversibility operate in the same
Rep range. Mahdi et al. [8] study theorticaly and expermantly
the heat transfer from horizontal cylinder by natural
convection and radiation.

The aim of this study is to analyze the entropy generation w
ith four ranges 0.4<Rep<4, snd not like the privous steady
which 4<Rep<40, 40<Rep<4000 combines all ranges in one
group. It has the benefit of determining the behavior of entropy
generation in each range and for engineering applications like
refrigeration and air conditioning where the heat exchangers
working for low capacity like 4000<Rep<40000 the
refrigerators or freezers the Rep range is 4<Rep<40 or 40<Rep
<4000 while for high capacity like the air cooled cillers the
Rep range 4000<Rep<40000.

2. THE ANALYSIS OF ENTROPY GENERATION
The steady-state external flow around the horizontal

cylinder and entropy generation rate is controlled in volume as
shown in Figure 1.
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Figure 1. External flow convection heat transfer. (a) Shape
geometry. (b) Control volume

Mass balance [5]:

My = Moy = M (D
Heat balance [5]:
Minhin — Moyehour + ff q"'dA=0 ()
Entropy generation balance [5]:
: . . q dA
Sgen = MoyutSout — MinSin — jj T (3)
S
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The Gibbs equation is given as [4]:

dh = TdS + VdP 4)
Applying the Gibbs Eq. (4) for the control volume in Figure
1 with Eqg. (2) gives:

minhin - mouthout
= Too (MoutSour = MinSin)
Min
+ p (Pout - Pin)

(3}

)

Following the studies [5-7], it is assumed that the average
quantities of the control volume are equal to the free stream
quantities. Combining Eq. (1) with Eg. (5) and substituting
into Eq. (3) yields:

b= o (S
The flow rate and the drag force may be given as:
M = Across Pl and  F = Across(Pin = Pour) (7
Eq. (7) substituting in Eq. (6) to find:
Sy = [[ 4 (-7 da+ 25 ®
T, T, T,

Assuming |T; — To,|<Tw or Ts, and neglecting the higher
order, Eq. (8) by Taylor series becomes:

0 *

. 1 .
Sgen = T_Zf q (T, —Ty,).dA + )

[ee]

On the right, the first term shows the irreversibility due to
forced convection heat transfer and the second term represents
the irreversibility due to friction:

The drag force per unit length, F/I [6, 9]:

F "1
/l =f Epoo UgoCD,x rdo
0 1 D (® (10)
=-pU: = | Cp,db
2 p 2 —[() D.x

The temperature difference due to heat fluxes can equal to:
T_r_71, (1)
a

Using Egs. (10) and (11) and substituting into Eq. (9):

2
Sg en q

D ("d® UZp, D

- 12
T 22 (12)

I T272), «a

T
f Cp dO
0
where, @ = aRe}'Pr® %”; and fO" Cp d6 = C; following [4,
ql.
Cp =bRe,” (13)

Substituting Egs. (11) and (13) into (12) yields:



Sgen B q” D? Rey™Pr—m f”de
1 T2 ake 0 2T,
S " D2Rey™Pr  Udp,D  _
gen _ 4 D T+ P bRe,”

l To% a koo 2Too
li 2

2oy o o

where, q¢' = an—>q—ﬂD—>q

L " m2p?’
pUD Rep u
- U =

Uspew D

bRe,”
(14)

and Rep =

n pD

These definitions will be used into Eq. (14):

Sgen _ 1 q?Pr™ b Ulk

=—L R
l ar T2 kg ®p +2 To

Rep™ (15)

The general form for external flow irreversibility (entropy
generation) around a cylinder is represented in Eq. (15), and
the values of n, a, and m are shown in Table 1 depending on
the references [10, 11]:

Table 1. Constant for Eq. (15)

Range of Rep Nusselt Number a m n
04-4 Nu = 0.989* Rep *#*Pr¥® 0989 033 1/3
4-40 Nu =0.911* Rep %5 *pr 3 0911 0385 1/3

40 — 4000 Nu = 0.683* Rep % *pr ¥ 0.683 0.466 1/3

4000 —40000  Nu=0.193* Rep *6®8*pr¥® 0193 0.618 1/3

Drag coefficients are a function of Rep. The values needed
for that are obtained by fitting curves to the Rep range as in the
Nu equations above. The map from reference [12], Figure 2, is
used to define the constants b and y in Eq. (13) by curve fitting
and the standard errors and correlations coefficients is shown
in Table 2.

400
200

Figure 2. The relation between the Re and Cp (drag force
coefficient) for force flow around cylinder [12]

Table 2. Drag coefficient correlations

Standard
Drag Error/
Range of Rep Coefficient Correlation b Y
Coefficient

04-4 Cp =10.17 Rep*™®
4-40 Cp =6.634 Rep
40 — 4000 Cp =4.681 Rep®?
4000 — 40000 Cp=1.1

0.77033/0.999 10.17 -0.784
0.08111/0.996 6.634 -0.302
0.07636/0.997 4.861 -0.2

New form of Eq. (15) will be as follow:

0.4<Rep<4:
1
. . 2
20en — 0,322 272 Re;0%3 + 5.085 4222 Refe  (16)
4<Rep<40:

1
$ 2 pr73
2gen _ 0_349‘1_2

! T k

ReD—0.385 + (17)

2
3.317 22 Ref6%

40<ReD<4000:

1
S q’z Pr 3
—gen — 0.466 —

1 T k

2
Re;0#% 4 234054272 Rel®  (18)

4000<Rep<40000:

1
N 2 -3 2
20n — 1,649 L 7 Re;0618 + 0554222 R, (19)

The optimum Reynolds number (Rep,opt) can be found in
the Eqgs. (16)-(19) can be found by diverting these equations
with respect to Reynolds number as follows:

0.4<Rep<4:
1
Rep,p: = 0.139 p056 (20)
4<Rep<40:
1
Repope = 0.722 1083 21
40<Rep<4000:
1
Repope = 1.824 f1266 (22)
4000<Rep<40000:
1
Repops = 14.64 f1618 (23)

The duty parameter  in Egs. (20)-(23) is found. The duty
parameter is defined by the ratio between the irreversibility
due to convection and the irreversibility due to pressure drop
[5-7] and is represented in Figure 3. By finding the duty factor
the optimum Rep,opt can be get from the figure which is
helpful to go to fond the most important parameter that is the
entropy generation number Ns :
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Figure 3. The relation between Rep,opt and Duty factor [5, 6]



The irreversibility distribution ratio @ defines: fluid friction
irreversibility due to pressure drop in relation to force
convection and heat transfer irreversibility [5, 6].

Bejan number Be: which is the alternative distribution
parameter. This parameter is defined by the ratio of the
irreversibility due to force convection heat transfer to the
summation of the irreversibility due to force convection heat
transfer and friction due to pressure drop [7]:

1
Be =15

(25)
where, Be=1 is the limit at which heat transfer irreversibility
dominates, Be=0 is the opposite limit at which friction
irreversibility is dominated by fluid effects, and Be=1/2 is the
case in which the heat transfer and fluid friction entropy
generation rates are equal.

Substitute Repope: EQ. (20) in Eq. (16), Eq. (21) in Eq. (17),
Eq. (22) in Eq. (18), finally Eq. (23) in Eq. (19) to find new
entropy generation number, Ns:

0.4<ReD<4:
- -0.33 0.216
_ Sgem _ Rep Rep
N51 B sgen.min B (ReDopt) + (ReDopt) (26)
4<Rep<40:
- —0.385 0.698
_ Sgen _ Rep Rep
st - Sgen.min - (ReDopt) + (ReDopt> (27)
40<Rep<4000:
. —0.466 0.8
_ Sgen _ Rep Rep
NS3 B Sgen.min - (ReDopt> + (ReDopt) (28)
400<Rep<4000:
. —0.618
S, Re Re
om0 () g
s4 Sgenmin Repopt + Repopt ( )

As the above forms result in Ns=2 where heat transfer and
pressure drop occur simultaneously, the entropy generation
number must be Ns=1. This combines force convection with
heat transfer irreversibility and friction drop due to pressure
drop irreversibility. Now let's consider Egs. (6) and (7) how to
represent the irreversibility of heat transfer due to forced
convection and the irreversibility of pressure drop due to
friction as percentages. Pareto theory is the key, and Eqgs. (26)-

(29) will be:
0.4<Rep<4:
Ny = e =E( ~ )_033 +1<Ri)0‘216 (30)
Sgenmin 3 \Repopt 3 \Repopt
4<Rep<40:
. —0.385 .
Sgenmin 3 \Repopt 3 \Repopt
0<Rep<4000:
Sgenmin 3 \Repopt 3 \Repopt
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4000<Rep<40000:
S‘gen _ E( Rep >_0'618 + l( Rep )
Sgen.min 3 \Repopt 3 \Repopt

3. RESULTS AND DISCUSSION

Ngy =

(33)

The flow pattern around the horizontal cylinder for each
range of Rep is different, as shown in Figure 4.
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Figure 4. The flow pattern around cylinder [12]

Heat transfer by force convection causes irreversibility
(entropy generation) depending on the flow stability around
the cylinder. The first range of Rep shows low velocity and no
flow separation. While the second Reynolds range represents
steady separation. The third generation of Rep generation is
characterized by unsteady vortex shedding. The fourth range
of Rep produces a laminar boundary layer with a wide
turbulent wake. Finally, in the fifth range of Rep shows that
the turbulent boundary layer appears with a narrow turbulent
wake.

Figure 5 shows B (the duty factor and Rep,opt for four
ranges of Re groups. The duty factor and Rep,opt are directly
proportional. The value increases for higher Rep ranges than
for smaller ranges. By finding the duty number, the Rep,opt be
known. Then can calculate the number of entropy generation
by dividing the real ReD by the Rep,opt . The figure completes
and clarifies the relation better than Figure 3 for reference,
which does not cover the low Reynolds number below 50. For
the lower Rep ranges 0.4< Rep <4 and 4< Rep < 40, there was
a small change in the duty factor and the Rep. This suggests
that these two ranges are indicative of natural convection
rather than forced convection. The reason for the change can
be related to the type of flow around the cylinder, as shown in
Figure 4. The gap between the second Rep range and the third
represents the change in flow pattern from laminar to turbulent.
For the Rep ranges 40 < Rep <4000 and 4000 < Rep < 40000,
the duty factor change is bigger than that for the previous two
ranges.

Figure 6 shows the ratio of Rep to Rep,opt and Ns for all
Reynolds range groups and Bejan results. Parabolic shapes
represent these relations. As Ns=1 and Rep/Rep,opt=1, the
lowest entropy generation occurs at this point. The left side of
this optimum point indicates the irreversibility effect of heat
transfer, while the right side represents the irreversibility effect
of pressure drop [5, 6].

The Bejan result matches Rep's highest range. The friction
irreversibility part corresponds to the highest range, while the



heat irreversibility part corresponds to the fourth and third
highest ranges. The figure 6 can be used to clarify the Ns for
any ratio of Rep and Rep,opt, and the position of the system
analysis will show the effect of each entropy generation, heat
or friction.

10%
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Figure 5. Optimum Reynolds number and duty parameter
relation for forced convection around horizontal cylinder
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Figure 6. The relation between entropy generation number
Ns and Rep/Rep opt

The @ irreversibility distribution ratio is defined as the Rep
ratio shown in Figure 7. The optimum value of gopt = 0.5 at
the lowest effect of heat transfer irreversibility and friction
irreversibility for all groups of Rep is the optimum point.

The optimal value of @ occurs when the ratio Rep/Rep opt =
1, where the irreversibility of heat transfer effect equals 2/3
and the irreversibility of pressure drop effect equals 1/3.

Figure 8 illustrates the relationship between the Bejan
number (Be) and ReD/ReDopt which is another irreversibility
distribution factor. The optimum point occurs when
ReD/ReDopt=1, Beopt=0.667. The heat irreversibility
condition on the left causes all flow paths to act close to Be=1.
At friction, the irreversibility effect is on the right side,
however, drops below Be=1 until zero. This matches the Bejan
number definition.
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Figure 7. The relation between Rep/Rep ot and Irreversibility
distribution ratio
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Figure 8. The relation between Bejan number and
ReD/ReDvop[

4. CONCLUSIONS

The irreversibility of force convection heat transfer and
friction flow for a horizontal cylinder is studied and classified
into four groups. The results are:

* The entropy generation for forced convection around a
horizontal heated cylinder is represented in four Reynolds
number ranges.

* The relation shape is the same for all ranges but different
in values which mean it is important to find the entropy
generation number for each range separately.

» The optimum entropy generation number for all
Reynolds number ranges via Rep / Rep,opt is done at Ns=1 and
Rep /Rep,opt=1. in this point the entropy generation is lowest
and the design of any heat exchangers must be near this point.

» The thermal system optimum point is found at Be, opt
=0.667 where the lowest irreversibility of heat transfer and
pressure drop is reached when Ns =1, and Rep/ Rep,opt =1,
and gopt = 0.5.

» At low Reynolds range, Reynolds number for heat
transfer is not correct. It is actually the irreversibility of natural
convection and radiation that is absent.
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NOMENCLATURE

Symbol

Qe VUVZZErXITO
c wnw

Q:

Rep
Rep,opt

r
Sgen
T

U

Definition

Area

Bejan number

Drag force coefficient
Local Drag force coefficient
Cylinder diameter

Drag force

Enthalpy

Thermal conductivity
Length

Mass flow rate

Entropy generation number
Nusselt number

Pressure

Prandtl number

Heat flux

Heat flux per length

Heat flux per area

Reynolds number around cylinder
Optimum Reynolds number around

cylinder

Radius

Entropy generation rate
Temperature

Velocity

Greek letters

RV P 8@

Subscript

Duty number

Irreversibility distribution number

Dynamic viscosity
Angle

Density

Heat transfer coefficient

inlet

outlet

free stream
surface

local
cross-section

Unit

kl.kg?
w.m1.C?

Kg.sec?

Pa

wW.m1
W.m2

W.K1

m.sec™?

m2.sec?
degree
Kg.m3
wW.m2C?
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