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a b s t r a c t 

Heat transfer enhancement techniques are accompanied by pressure drop amplification, detrimentally affecting 

their performance; entropy generation analysis is an effective approach to assess heat transfer enhancement along 

with resulting pressure drop. Current study investigates and compares the performance of micro-fin (as a passive 

enhancement technique) and smooth tubes during flow condensation (for R134a refrigerant) through conducting 

entropy generation analysis. First, the impact of geometrical and operating variables on pressure losses and heat 

transfer contributions to entropy generation and total generated entropy inside both types of tubes is examined. 

Then, the conditions at which the application of micro-fin tubes in lieu of smooth ones is justifiable and of 

superior performance are identified utilizing entropy generation number. The simulation results indicate that 

entropy generation enhances in the micro-fin tubes as tube diameter, mass velocity, vapor quality, and wall 

heat flux rise, and saturation temperature declines. The same is observed in the smooth tube except for the mass 

velocity; an increase in this parameter leads to a decreasing-increasing trend in entropy generation. Moreover, the 

entropy generation number results indicate that applying micro-fin tubes rather than smooth ones is justifiable, 

i.e., has better performance, at lower mass velocities and vapor qualities, but higher saturation temperatures and 

wall heat fluxes. 
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. Introduction 

Heat exchangers are commonly used in a wide range of cooling pro-

esses during which heat is transferred via condensation like refrigera-

ion cycles, air conditioning systems, thermal cooling in chemical, phar-

aceutical, and agricultural products, heat pumps, and so on [ 1 , 2 ]. Im-

roving the performance of such components can remarkably reduce

he costs (material, weight, and energy saving) and efficiency (energy

nd exergy efficiencies) of the cooling processes they are involved in

llahyarzadeh-Bidgoli et al. [3] . Hence, over the last decades, many pas-

ive heat transfer enhancement techniques (HTET) have been developed

o enhance the thermal performance of heat exchangers without utiliz-

ng an external power source in such systems [ 4 , 5 ]. In essence, thanks

o the complex geometry they have, passive HTETs can cause further

mprovements in heat transfer. In fact, such techniques influence two-

hase flows behavior, phases’ interaction, bubbles’ behavior, void frac-

ion, etc., resulting in lower thermal resistances, i.e., higher two-phase

eat transfer coefficients (HTC) [6–8] . Nonetheless, these techniques
∗ Corresponding author. 
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meliorate heat transfer at the cost of a significant growth in pressure

rop, i.e., hydraulic losses, causing negative impacts on the exchanger’s

erformance. In addition to the hydraulic losses, thermal losses can oc-

ur during condensation process if HTETs are applied within the ranges

f geometrical and operating conditions at which heat transfer is not of

ts best performance, leading to depletion in the effectiveness of HTETs

 9 , 10 ]. 

Micro-fin tubes are a common type of passive HTETs that can ef-

ectively enhance heat transfer while withstanding high pressures re-

uired by recently presented environmentally-friendly refrigerants like

134a. Thereby, they are frequently utilized in air conditioning and

efrigeration systems and condensers [11] . However, as substantiated

y numerous experimental studies, these tubes are not an exception to

he above-discussed rules (thermal-hydraulic losses). Many researchers

ave experimentally investigated the characteristics of heat transfer and

ressure drop for R134a flow condensation within micro-fin tubes. To

ention a few, in a comparative experimental study, carried out by Nu-

lboonrueng et al. [ 12 , 13 ], R134a flow condensation heat transfer co-
er 2022 
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Nomenclature 

A C cross-sectional flow area ( m 

2 ) 
A w cross-sectional tube wall area per fin ( m 

2 ) 
B T bottom thickness (mm) 

B w bottom width (mm) 

D i tube inner diameter ( mm ) 
D O tube outer diameter ( mm ) 
D H tube hydraulic diameter (mm) 

D t fin tip diameter (mm) 

L length ( mm ) 
e f fin height (mm) 

N number of fins 

P perimeter (m) 
S p perimeter of one fin and channel 

dz element discretization (m) 
G mass velocity ( kg . m 

−2 . s −1 ) 
ṁ mass flow rate ( kg . s −1 ) 
T temperature ( ◦C ) 

x vapor quality 

p pressure ( Pa ) 
q ′′ heat flux ( W . m 

−2 ) 
Q̇ heat transfer rate (W) 
U convective heat transfer coefficient ( W . m 

−2 . K 

−1 ) 
h specific enthalpy ( J . k g −1 ) 
k thermal conductivity ( W . m 

−1 K 

−1 ) 
c p heat capacity ( kJ . k g −1 K 

−1 ) 
Nu nusselt number 

Re reynolds number 

Pr prandtl number 

Fr froude number 

Bo bond number 

N s entropy generation number 

X martinelli parameter 

s specific entropy ( J . k g −1 K 

−1 ) 
Ṡ ′gen total entropy generation rate per unit length 

( W . m 

−1 . K 

−1 ) 
Ṡ ′gen − ht entropy generation rate per unit length due to heat 

transfer ( W . m 

−1 . K 

−1 ) 
Ṡ ′gen − pd entropy generation rate per unit length due to pressure 

drop ( W . m 

−1 . K 

−1 ) 
Ṡ ′gen − mt total entropy generation rate per unit length for micro- 

fin tube ( W . m 

−1 . K 

−1 ) 
Ṡ ′gen − st total entropy generation rate per unit length for smooth 

tube ( W . m 

−1 . K 

−1 ) 

Greek symbols 

ρ density ( kg . m 

−3 ) 
v specific volume ( m 

3 . k g −1 ) 
μ dynamic viscosity ( Ns . m 

−2 ) 
ε void fraction 

σ surface tension (N . m 

−1 ) 

α fin angle (degree) 

β fin spiral angle (degree) 

γ apex angle (degree) 

Subscripts 

ht heat transfer 

pd pressure drop 

in inlet 

l liquid 

sat saturation 

tp two-phase 

v vapor 
t

2 
w wall 

eq equivalent 

Go gas only 

fficient (FCHTC) and pressure drop were compared for micro-fin and

mooth tubes. The comparison revealed that the application of micro-

n tubes improves FCHTC by 10%–85%, but at the expense of a 10%–

0% growth in pressure drop. Singh and Kukreja [11] experimentally

valuated the dominance of enhanced pressure drop over the enhanced

134 FCHTC in micro-fin tubes. It was found that compared to smooth

ubes, micro-fin tubes enhance R134 FCHTC by 21%–82%, while caus-

ng 111%–156% higher pressure drop. The experimental study of Yildiz

t al. [14] showed that R134a FCHTC in micro-fin tubes is nearly 2.2

imes greater than smooth tubes. 

Some researchers have also studied the impact of operating condi-

ions on R134a flow condensation heat transfer and pressure drop char-

cteristics in micro-fin tubes. For a wide range of operating conditions,

134a FCHTC in micro-fin tubes was experimentally examined by Li

t al. [15] . The authors concluded that the HTC augments as mass ve-

ocity rises and condensation temperature declines. Diani et al. [16] per-

ormed a series of experiments to study R134a FCHTC and pressure drop

n small diameter micro-fin tubes. The findings revealed that HTC in-

essantly goes up as the vapor quality grows, whereas the pressure drop

rst increases and then, decreases. 

A comprehensive experimental study was conducted by Adelaja et al.

17–20] to assess the influence of flow conditions on micro-fin tubes’ en-

ancement factor for R134a flow condensation. The results indicated

hat with increasing vapor quality, the enhancement factor becomes

arger. Longo et al. [21] experimentally analyzed the sensitivity of

134a FCHTC and pressure drop to operating conditions inside micro-

n tubes. They found that frictional pressure drop is strongly sensitive

o variations in vapor quality, mass flux, and saturation temperature,

hile the HTC shows a high sensitivity only to vapor quality and mass

ux. 

As the above reviewed experiments show, similar to other HTETs, in

ddition to the potential thermal losses due to the inappropriate selec-

ion of geometrical and operating conditions, the improvement achieved

n FCHTC by applying micro-fin tubes is always accompanied by a pres-

ure drop penalty, compromising the efficacy of such an enhancement

echnique. Thus, entropy generation analysis, as a practical and reli-

ble approach, must be adopted to identify, assess, and quantify possible

hermal-hydraulic losses, and also determine operating and geometrical

onditions at which these losses are of low amounts, that is, micro-fin

ubes are of the best performance [22] . 

The generated entropy during two-phase flows has been numerically

nalyzed by many researchers. To simulate entropy generation during

ubcooled flow boiling while neglecting pressure drop term, Collado

23] developed a one-dimensional entropy generation analysis model.

he influence of design variables on hydraulic losses for flow boiling

f R134a refrigerant inside smooth tubes was numerically studied us-

ng entropy generation analysis by Eskin and Deniz [24] . Revellin et al.

 25 , 26 ] proposed innovative mathematical models to evaluate and com-

are entropy generation during diabatic saturated two-phase flows in

nhanced and smooth tubes. The findings showed that the enhanced

ube is of superior performance than the smooth tube at low mass veloc-

ties. Additionally, it was found that entropy generation grows as the oil

oncentration increases. Holagh et al. [22] and Abdous et al. [27–29] ap-

lied and adapted the mathematical model proposed by Revellin et al.

 25 , 26 ] to conduct an entropy generation analysis of R134a flow boiling

n twisted-tape, micro-fin, helically coiled, and smooth tubes. The au-

hors of the mentioned studies also identified operating and geometrical

anges within which the enhanced tubes are of smaller entropy genera-

ion values, i.e., better performance, compared to the smooth tube. 



S.G. Holagh, M.A. Abdous, H. Rastan et al. Energy Nexus 8 (2022) 100154 

 

s  

fi  

t  

Y  

fi  

i  

i  

c  

t  

t  

N  

c  

[  

R  

g  

l  

a  

a  

t  

t  

t  

i  

p  

a  

s  

F  

w  

i  

fl  

s  

p  

t  

w  

m  

t  

o  

s  

e

 

t  

[  

c  

w  

a

 

t  

m  

R  

i  

n  

m  

o  

d  

O  

c  

m  

t  

m  

m  

v  

e  

T  

p  

n  

g  

Fig. 1. Schematic views of (a) R134a and cooling water inlet and outlet, and 

(b) micro-fin tube interior structure (adopted from [29] ) 
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Many studies have applied entropy generation analysis to assess pos-

ible thermal-hydraulic losses during the condensation process. Laminar

lm condensation taking place on an isothermal plate was analyzed from

he entropy generation standpoint by Adeyinka and Naterer [30] . Li and

ang [31] performed an entropy generation analysis of free convection

lm-wise condensation occurring on an elliptical cylinder by develop-

ng two expressions. Using these expressions, they calculated and min-

mized the generated entropy. Dung and Yang [32] optimized the free

onvection of saturated vapor film-wise condensation on a horizontal

ube via the second law of thermodynamics. It was deduced that the con-

ribution of heat transfer to entropy generation varies as the square of

usselt number. Adopting the same approach, the saturated vapor film

ondensation on an isothermal sphere was optimized by Tzeng and Yang

33] . It was found that entropy generating enhances as Brinkman and

ayleigh numbers increase. Esfahani and Modirkhazeni [34] investi-

ated flow condensation irreversibility on an isothermal, horizontal, el-

iptical tube versus alterations in geometrical parameters and Brinkman

nd Reynolds numbers. Ye and Lee [35] developed an entropy gener-

tion model to design an optimal refrigerant circuit used in a fin-and-

ube condenser. Flow condensation of nano-refrigerants within a smooth

ube was analyzed experimentally by Sheikholeslami et al. [36] from en-

ropy generation and exergy viewpoints. The results indicated that an

ncrease in the concentration of nanoparticles causes enhancements in

ressure drop and its contribution to entropy generation. Sheikholeslami

nd Ebrahimpour [37] proved that using Al 2 O 3 -water nanofluid along-

ide of multi-way twisted tape enhanced thermal performance of Linear

resnel Reflector (LFR). Some geometrical factors such as number of

ings (n w 

), revolution (TR) and width (ER) of tapes have been stud-

ed by authors. Reduction in generated entropy has been studied during

ow condensation by NaCl’s particles injection. The authors [38] de-

cribed that the condensation process on salt particles has a major im-

act on two-phase characteristics. The numerical approach for calcula-

ion of frictional and thermal irreversibility for thermal analysis of PTC

ith a wavy absorber pipe has been applied via employing finite volume

ethod (FVM). The contours of temperature, velocity, volume concen-

ration, and exergy loss were presented [39] . The numerical simulation

f entropy generation rate for MED-TVC desalination system has been

tudied by Li et al. [40] . They found that heat transfer contribution to

ntropy generation held higher share respect to viscous dissipation. 

R134a flow condensation performance in helically coiled tube-in-

ube heat exchangers was comprehensively examined by Holagh et al.

9] and Cao et al. [41] using entropy generation analysis. These studies

oncluded that as the tube diameter, mass velocity, vapor quality, and

all heat flux rise and saturation temperature declines, entropy gener-

tion augments. 

With respect to the literature survey, the performance of micro-fin

ubes as a passive HTET and potential thermal-hydraulic losses detri-

entally affecting their effectiveness have not been evaluated under

134a flow condensation conditions in the previous studies. Moreover,

n the literature, to the best knowledge of the authors, there is almost

o study that compares R134a flow condensation performance between

icro-fin tubes and smooth ones. As a result, desirable geometrical and

perating ranges for the use of micro-fin tubes rather than smooth tubes

uring condensation process are still undistinguished and questionable.

n the other hand, as previously discussed, the identification of such

onditions is a key to take full advantage of a HTET’s capabilities like

icro-fin tubes. Hence, to fill such gaps, this study aims at analyzing

he entropy generated during of R134a flow condensation within both

icro-fin and smooth tubes. In that regard, first, the influence of geo-

etrical and operating conditions, encompassing tube diameter, mass

elocity, vapor quality, saturation temperature, and wall heat flux, on

ntropy generation and therefore, thermal-hydraulic losses, is analyzed.

hen, to determine the conditions at which micro-fin tubes are of su-

erior performance compared to the smooth tube, entropy generation

umber ( N s ) is compared between the tubes at different operating and

eometrical conditions. Thus, for R134a flow condensation, the condi-
3 
ions at which applying micro-fin tubes in lieu of smooth tubes is jus-

ifiable from loss prevention perspective are obtained. Also, it is worth

entioning that the technique introduced and expounded in the present

tudy can be adopted by engineers and designers to prevent thermal-

ydraulic losses and detect favorable conditions for other HTETs (like

icro-channels, dimple tubes, foam-filled tubes, surface enhancement

echniques, etc.) during both flow condensation and flow boiling. 

. Entropy generation analysis 

.1. Physical model 

Fig. 1 a and b schematically show the refrigerant and cooling water

nlet and outlet and the interior structure of a micro-fin tube with its

mportant geometrical parameters, respectively. As can be seen, Satu-

ated R-134a flows through the inner tube, while the cold water passes

hrough the annular part. 4000 one-dimensional control volume ele-

ents (cells) are considered for both the micro-fin and smooth tubes,

hich satisfies grid independency as represented in Fig. 2 a and b. 

.2. Mathematical model 

Mathematical modeling is a key to have a better understanding of

eat transfer problems [ 42 , 43,49 ]. To model entropy generation during

134a flow condensation within micro-fin and smooth tubes, a math-

matical model, first developed by Revellin et al. [ 25 , 26 ], has been

pplied and adjusted in the present study. It is worth noting that the

ame model was applied by Holagh et al. [ 9 , 22 ], Cao et al. [41] and Ab-

ous et al. [27–29] to simulate and evaluate thermal-hydraulic losses of

134a flow boiling and condensation inside enhanced tubes. 

.2.1. Assumptions 

To simplify the simulations while keeping them reliable and accu-

ate, below assumptions are considered. 



S.G. Holagh, M.A. Abdous, H. Rastan et al. Energy Nexus 8 (2022) 100154 

Fig. 2. (a) Grid independency examination and validation study for the 

micro-fin tube (Regarding Tables 2 and 3 as the input data), (b) Grid in- 

dependency examination and validation study for the smooth tube (Regard- 

ing Table 2 as the input data for operating conditions and tube diameter and 

length of 9.52 mm and 2500 mm for the geometrical conditions, respectively) 

 

 

 

 

 

 

 

 

 

 

 

• The operations are under steady-state conditions. 
• Considering the second law of thermodynamics, entropy generation

is calculated. 
• The two-phase flows inside the tubes are supposed to be saturated

and thus, the liquid and vapor phases’ have the same temperatures.
• For vapor and liquid phases, pressure difference is supposed to be

the same ( d p v = d p l ). 
• For both vapor and liquid phases, dh is considered to be equal to

Tds + vdp . 
4 
• As the tubes are horizontal, gravitational pressure drop term is neg-

ligible. 
• Changes in kinetic and potential energies are negligible. 
• Two-phase flow Nusselt number ( N u tp ) and multiplier ( ∅2 l ) correla-

tions proposed by Nualboonrueng et al. [ 12 , 13 ] are utilized to obtain

HTC and frictional pressure loss, correspondingly. 
• All the simulations are performed within the operating and geomet-

rical ranges studied by Nualboonrueng et al. [ 12 , 13 ], that is, the

utilized correlations are applicable and accurate for the simulations.
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• One-dimensional grid is considered for both the micro-fin and

smooth tubes. As the simulations are thermodynamics-based com-

pute entropy generated within the tubes, the employment of one-

dimensional grids is justifiable and appropriate. 

.2.2. Entropy generation calculation 

The entropy generation rate per unit length ( ̇S ′gen ) for a control vol-

me of length dz can be attained by Eqs. (1) and (2) utilizing the second

aw of thermodynamics [25] : 

̇
 

′
gen dz = d 

[
ṁ v s v + ṁ l s l 

]
− δQ̇ ∕ T w (1a)

̇
 

′
gen dz = ṁ d 

[
x s v + ( 1 − x ) s l 

]
− δQ̇ ∕ T w (1b)

 = ṁ v ∕ 
(
ṁ v + ṁ l 

)
= ṁ v ∕ ̇m (2)

Herein, ṁ is mass flow rate, x represents vapor quality, s is specific

ntropy, T W 

shows wall temperature, and δQ̇ signify the differential heat

ransfer rate to the considered control volume. Subscripts w, l, and v

orrespondingly stand for wall, liquid, and vapor. 

By noting s lv = s v − s l , Eq. (1b) is simplified as: 

̇
 

′
gen dz = ṁ 

[
s v dx + xd s v − s l dx + ( 1 − x ) d s l 

]
− δQ̇ ∕ T w (3a)

̇
 

′
gen dz = ṁ 

[
s lv dx + xd s v + ( 1 − x ) d s l 

]
− δQ̇ ∕ T w (3b)

The term 𝑠 lv in Eq. (3b) is defined as [27] : 

 lv = h lv ∕ T sat (4)

It is noted that 

 h v = T v d s v + v v d p v (5)

 h l = T l d s l + v l d p l (6)

Inserting s lv , d s v , and d s l from Eqs. (4) to (6) into Eq. (3b) and

ssuming that T sat = T v = T l and dp = d p v = d p l for flow condensation,

q. (3b) is rearranged as Eq. (7a) , or more simplified as Eq. (7b) . 

̇
 

′
gen dz = ṁ 

[ 

h lv 
T sat 

dx + x 
(
d h v − v v dp 

)
T sat 

+ ( 1 − x ) 
(
d h l − v l dp 

)
T sat 

] 

− 

δQ̇ 

T w 
(7a)

̇
 

′
gen dz = 

ṁ 

T sat 

[
h lv dx + xd h v + ( 1 − x ) d h l 

]
− 

δQ̇ 

T w 
− 

ṁ 

[
x v v + ( 1 − x ) v l 

]
T sat 

dp 

(7b) 

Thus, Ṡ ′gen can be written in the form of Eq. (8) , where d h tp and v tp 
re obtained using Eqs (9) and (10) , respectively [25] . 

̇
 

′
gen dz = 

ṁ 

T sat 
d h tp − 

δQ̇ 

T w 
− 

ṁ v tp dp 
T sat 

(8)

 h tp = h lv dx + xd h v + ( 1 − x ) d h l (9)

 tp = x v v + ( 1 − x ) v l (10)

Using the first law of thermodynamics and considering kinetic and

otential energies negligible, δQ̇ is attained as [25] : 

 ̇Q = ṁ d h tp (11)

Ultimately, Ṡ ′gen is written by substituting Eq. (11) into Eq. (8) and

oing some simplifications: 

̇
 

′
gen = ṁ 

[ d h tp 
dz 

( 

1 
T sat 

− 

1 
T w 

) 

− 

v tp 
T sat 

dp 
dz 

] 
(12)

Eq. (12) is separated into two parts: 

̇
 

′
gen − ht = ṁ 

[ d h tp 
dz 

( 

1 
T 

− 

1 
T 

) ] 
(13)
sat w 

5 
̇
 

′
gen − pd = 

ṁ v tp 
T sat 

( 

− 

dp 
dz 

) 

(14) 

The first component, shown in Eq. (13) , indicates the contribution of

eat transfer to entropy generation (thermal losses), whereas the second

omponent, given in Eq. (14) , exhibits the contribution of pressure drop

o entropy generation (hydraulic losses). 

.2.3. Entropy generation due to heat transfer 

Heat transfer component of entropy generation ( ̇S ′gen − ht ) can help

valuate the thermal losses of R134a flow condensation within micro-

n and smooth tubes. In Eq. (13) , the term 

d h tp 
dz , can be substituted with

q. (15) using Eq. (16) . In these equations, q, U, and P denote wall heat

ux, HTC, and tube perimeter, respectively [ 42 , 44 , 45 ]. 

 

′′ = U 

(
T w − T sat 

)
= δQ̇ ∕ Pdz = ṁ d h tp ∕ Pdz (15)

d h tp 
dz 

= 

pq ′′

ṁ 

(16) 

Therefore, the simplified form of Eq. (13) is rearranged in the form

f Eq. (17) , indicating the contribution of heat transfer to entropy gen-

ration regarding T w − T sat = 

q ′′
U . 

̇
 

′
gen − ht = 

q ′′2 P 
U T w T sat 

(17) 

Note that wall temperature ( T w ) is calculated utilizing HTC and wall

eat flux as known parameters. Hence, to obtain the heat transfer con-

ribution to entropy generation (thermal losses), first, the convective

TC ( U ) must be calculated. According to Nualboonrueng et al. [ 12 ],

or R134a flow condensation inside micro-fin and smooth tubes, two-

hase Nusselt number, N u tp , can be expressed in forms of Eqs (18) and

19) , respectively. 

 u tp − microf in tube = 0 . 079R e eq 0 . 652 P r l 1 . 631 R x 
−0 . 445 ( Fr . Bo ) 0 . 033 (18)

 u tp − st raight t ube = 0 . 003R e eq 0 . 997 P r l 0 . 932 (19)

Herein, R e eq , P r l , R x , Fr , and Bo represent equivalent Reynolds num-

er, Prandtl number, geometrical parameters, Froude number, and Bond

umber, which are computed using Eqs (20) –(24) , correspondingly. 

 e eq = R e l + R e v 
( 

μv 
μl 

) ( 

ρl 
ρv 

) 0 . 5 
(20)

 r l = 

C p l μl 
k l 

(21)

 x = 

⎡ ⎢ ⎢ ⎢ ⎣ 
2 e f N 

(
1 − sin 

(
γ
2 

))
πD t cos 

(
γ
2 

) + 1 
⎤ ⎥ ⎥ ⎥ ⎦ ∕ cos ( β) (22)

r = 

u 2 GO 
g D t 

(23) 

o = 

G ρl e f D t 
8 σN 

(24) 

In Eq. (22) , e f , N , γ, β are fins’ height, number, apex angle, and spiral

ngle, correspondingly. Moreover, in Eq. (23) , u Go denotes flow velocity

hen all the flow is considered to be in vapor phase. 
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Table 1 

Constants for Eqs (41) and (42) 

Property a 0 a 1 a 2 a 3 a 4 a 5 Error (%) 

p v (10 5 Pa) 2.9283 0.10610 1.476 × 10 − 3 9.127 × 10 − 6 1.886 × 10 − 8 -1.002 × 10 − 11 0.03 

h lv (kJ/kg) 5.2912 -0.0038266 -1.918 × 10 − 5 -1.366 × 10 − 7 -1.419 × 10 − 9 -1.186 × 10 − 11 0.01 

ρl (10 3 kg/m 

3 ) 0.25819 -0.0025548 -8.450 × 10 − 6 -5.340 × 10 − 8 -6.130 × 10 − 10 -4.306 × 10 − 12 0.01 

ρv (kg/m 

3 ) 14.323 0.49951 7.608 × 10 − 3 6.524 × 10 − 5 -4.161 × 10 − 8 -4.912 × 10 − 9 0.56 

μl (10 − 3 Ns/m 

2 ) -1.3047 -0.012721 1.307 × 10 − 5 -3.630 × 10 − 7 6.416 × 10 − 10 4.390 × 10 − 12 0.05 

μv (10 − 7 Ns/m 

2 ) 4.6756 0.0038342 -2.626 × 10 − 6 8.789 × 10 − 8 5.076 × 10 − 10 6.183 × 10 − 12 0.00 

k l (W/m-K) -2.3865 -0.0047587 -4.998 × 10 − 6 -1.537 × 10 − 7 -7.550 × 10 − 10 2.111 × 10 − 11 0.02 

k v (W/m-K) 0.011516 0.00008689 1.232 × 10 − 7 2.031 × 10 − 9 3.669 × 10 − 11 2.864 × 10 − 13 0.02 

σ (10 − 3 N/m) 2.4473 -0.012448 -5.950 × 10 − 5 -4.064 × 10 − 7 -4.528 × 10 − 9 -3.336 × 10 − 11 0.01 

c p , l (kJ/kg-K) 0.29357 0.0020423 1.143 × 10 − 5 7.946 × 10 − 8 1.491 × 10 − 9 1.678 × 10 − 11 0.01 

c p , v (kJ/kg-K) -0.10828 0.0050590 1.604 × 10 − 5 1.136 × 10 − 7 2.312 × 10 − 9 2.517 × 10 − 11 0.02 
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.2.4. Entropy generation due to pressure drop 

Pressure drop contribution to entropy generation ( ̇S ′gen − pd ) cab be

tilized to assess the hydraulic losses of R134a flow condensation within

icro-fin and smooth tubes. In Eq. (14) , the term 

dp 
dz , exhibiting the total

ressure drop per unit length, is divided into three parts as [46] : 
 

dp 
dz 

) 

= 

( 

d p F 
dz 

) 

tp 
+ 

( 

d p G 
dz 

) 

tp 
+ 

( 

d p A 
dz 

) 

tp 
(25)

here, ( d p F dz ) tp , ( 
d p G 
dz ) tp , and ( d p A dz ) tp depict frictional, gravitational, and ac-

elerational components of the total pressure drop, respectively. Since

he investigated micro-fin and smooth tubes are horizontal, the gravi-

ational term in Eq. (25) is neglected. The accelerational term can be

alculated by 
 

d p A 
dz 

) 

tp 
= G 

2 d 
dz 

[ 
x 2 
ε ρv 

+ 

( 1 − x ) 2 

( 1 − ε ) ρl 

] 
(26)

here, ρl , ρv , G , and ε signify the density of liquid and vapor phases,

efrigerant’s mass flux, and void fraction, respectively. 

For a vapor-liquid two-phase flow, the frictional pressure drop,

 

d p F 
dz ) tp , is written as [13] 

2 
l = 

( 

d p F 
dz 

) 

tp 
∕ 
( 

d p F 
dz 

) 

l 
(27)

here ∅2 l and ( d p F dz ) l are the two-phase frictional multiplier and the

ingle-phase liquid pressure drop, respectively. ( d p F dz ) l is defined as [13] :

 

d p F 
dz 

) 

l 
= 

2 f l G 

2 ( 1 − x ) 2 

D H ρl 
(28)

here, f l represents the single-phase liquid friction factor defined as

13] 

 f l = 1 . 325 
[ 
Ln 

( 

e∕D 

3 . 7 

) 

+ 

5 . 74 
R e l 0 . 9 

] −2 
(29)

here R e l is calculated by Eq. (30) , in which μl and D H denote liquid

hase dynamic viscosity and the tube’s hydraulic diameter, correspond-

ngly. 

 e l = 

G D H ( 1 − x ) 
μl 

(30)

Applying the e∕D relation ( Eq. (31) ) proposed by Cavallini et al. [47] ,

q. (29) can be adjusted to attain single-phase liquid flow pressure drop

uring refrigerants condensation inside a micro-fin tube. 

∕D = 0 . 18 
( 

e f 
D t 

) 

( 0 . 1 + cos 𝛽) (31) 

In Eq. (31) , e f is the fin height, D t is the fin tip diameter, and 𝛽 is

he fin spiral angle. 

For a smooth circular tube, two-phase frictional multiplier ( ∅2 l ) is
xpressed by the Lockhart-Martinelli correlation: 

2 
l = 1 + 

C 

X 

+ 

1 
2 (32)
X 

6 
here, C is a variable exhibiting two-phase flow condition; its value

s different (between 5 and 20) at different flow conditions [48] . For

134a flow condensation inside micro-fin and smooth tubes, Nualboon-

ueng and Wongwises [13] suggested below equations for the two-phase

rictional multiplier ( ∅2 l ). 

2 
l− microf in tube = 1 + 

3 . 388 
X 

1 . 640 (33)

2 
l− st raight t ube = 1 + 

5 . 705 
X 

1 . 711 (34)

Also, X denotes Martinelli parameter obtained from 

 

2 = 

( 

d p F 
dz 

) 

l 
∕ 
( 

d p F 
dz 

) 

v 
(35)

here, ( d p F dz ) v is the single-phase vapor pressure drop defined as: 

 

d p F 
dz 

) 

v 
= 

2 f v G 

2 x 2 

D H ρv 
(36) 

Herein, f v depicts the single-phase vapor friction factor computed via

13] 

 f v = 1 . 325 
[ 
Ln 

( 

e∕D 

3 . 7 

) 

+ 

5 . 74 
R e v 0 . 9 

] −2 
(37)

here R e v is computed by Eq. (27) , in which μv represents vapor phase

ynamic viscosity. 

 e v = 

G D H x 
μv 

(38)

Utilizing Eq. (31) with Eqs (36) –(38) , f v and ( d p F dz ) v are acquired.

hen, X 

2 is obtained using Eq. (35) . The substitution of Eqs (28) , (33) ,

nd (34) into Eq. (27) , gives two-phase flow frictional pressure drop,

 

d p F 
dz ) tp , inside the micro-fin and smooth tubes. 

.2.5. Flow conditions and geometrical parameters 

The developed numerical code utilizes the below polynomial func-

ions to obtain R134a thermo-physical properties [22] : 

roperty = a 0 + a 1 T + a 2 T 2 + a 3 T 3 + a 4 T 4 + a 5 T 5 (39)

n ( property ) = a 0 + a 1 T + a 2 T 2 + a 3 T 3 + a 4 T 4 + a 5 T 5 (40)

Table 1 provides coefficients a 0 to a 5. Eq. (39) is employed to

alculate p v , ρv , and k v , whereas Eq. (40) is applied to compute

 lv , ρl , μv , μl , k l , σ, c pl and c pv . 
In addition, according to Abdous et al. [29] , the important geomet-

ical parameters of a micro-fin tube, including tube inner diameter ( D i ),

n tip diameter ( D t ), fin angle ( α), perimeter of one fin and channel

aken perpendicular to the axis of the fin ( S p ), cross-sectional tube wall

rea per fin ( A w ), cross-sectional flow area ( A C ), and hydraulic diameter

 D H ) are calculated utilizing below relations. 

 = D − 2 B (41)
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Fig. 3. Total entropy generation, heat transfer, and pressure drop contributions versus tube outer diameter for the micro-fin and smooth tubes at constant operating 

( Table 4 ) and geometrical ( Table 3 ) conditions. 

Table 2 

Assumed operating conditions for validation purposes 

( Fig. 2 a and b). 

Variable Unit Value 

Mass velocity ( G ) kg . m −2 s −1 440, 620, 780 

Saturation temperature ( T sat ) ◦C 40 

Inlet vapor quality ( x ) - 0.8 

Wall heat flux ( q ′′) W . m −2 20000 
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o  
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i  

(  
 t = D i − 2 e f (42)

= tan −1 
⎛ ⎜ ⎜ ⎝ 
πD i 
N − B w 

2 e f 

⎞ ⎟ ⎟ ⎠ (43)

 p = B w + 

2 e f 
cos α

(44)

 w = e 2 f tan ( α) + 

(
2 e f tan ( α) + B w 

)
B T (45)

 C = 

πD 

2 
o 

4 
− N A w (46)

 H = 

4 A C cos ( β) 
N S p 

(47)
p  

7 
.2.6. Comparison approach 

To compare the performance of the micro-fin and smooth tubes from

n entropy generation perspective and subsequently, identify the ranges

f operating and geometrical conditions within which the micro-fin tube

s of superior performance, i.e., its applications is justifiable, entropy

eneration number ( N s ) is used. This number, defined as the ratio of

ntropy generation rate in the micro-fin tube ( ̇S ′gen − mt ) to entropy gen-

ration rate in the smooth tube ( ̇S ′gen − st ), is given in Eq. (48) . 

 s = Ṡ ′gen − mt ∕ ̇S 
′
gen − st (48)

Note that the effectiveness of the micro-fin relative to the smooth

ube can be determined by means of N s . In essence, a value of N s < 1
xhibits superior performance for the micro-fin tube with respect to the

mooth tube, and vice versa. 

.3. Solution method 

With regard to the mathematical model, introduced in the previous

ubsections), a MATLAB code was developed for the sake of entropy

eneration simulation within the tubes. Firstly, the tubes’ geometries

re discretized into several cells to an extent, where grid independency

f the simulation results is attained. Then, the written code is being

ed with the information related to the very first element including the

nitial pressure, initial temperature, mass flux and inlet vapor quality

mentioned in Table 4 ). Then, by considering the frictional two-phase

ressure drop Eq. (27) for “dz ” element, the pressure is obtained for
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Fig. 4. Total entropy generation, heat transfer, and pressure drop contributions versus mass velocity for the micro-fin and smooth tubes at constant operating 

( Table 4 ) and geometrical ( Table 3 ) conditions. 

t  

c  

t  

p  

E  

m  

fl  

B  

t  

t  

q  

s  

a  

c  

l  

c

2

 

a  

i  

e  

t  

s  

g  

n

3

 

F  

e  

b  

g  

m  

o  

c  

c

3

3

 

c  

a  

a  

a  
he second element. It should be noted that the total pressure drop

ould find by summing the frictional and accelerational shares in to-

al pressure drop. Since, the saturation fluid temperature has direct de-

endency to pressure, the wall temperature is also found by solving

qs. (15) and (16) by knowing heat transfer coefficient [ 12 ]. It should be

entioned that, the thermo-physical properties of the utilized working

uid (R134a) are calculated and employed in the mathematical model.

y Knowing mentioned values for each element the measurement of to-

al entropy generation and its contribution to pressure drop and heat

ransfer becomes feasible [29] . This process is proceeded to find all re-

uired information for each element. To assure the validity of the re-

ults, the total entropy generation values obtained from the simulations

re compared with ones reported in thermodynamic charts. When the

omparison shows that the difference between the results of the simu-

ation and thermodynamic charts is lower than 10 − 5 , the simulation is

onsidered accurate and stopped. 

.4. Validation study 

Grid independency and validation assessments of the applied model

nd solution method for the micro-fin and smooth tubes are exhibited

n Figs. 2 a and b, respectively. As observable, the value of entropy gen-

ration calculated by the model reaches a constant value which is equal

o that attained from thermodynamics charts after the point that corre-
8 
ponds to 4000 cells. That is, 4000 cells are sufficient for the considered

eometries since the results are grid-independent and valid after this

umber. 

. Results and discussion 

In this section, the simulation results are presented and discussed.

irst, the effect of operating and geometrical conditions on entropy gen-

ration and the contributions of heat transfer and pressure drop within

oth tubes are investigated and compared. Next to that, operating and

eometrical ranges within which the micro-fin tube shows better perfor-

ance are determined utilizing entropy generation number. Note that

perating conditions presented in Table 4 together with geometrical

onditions provided in Table 3 are utilized as input data; otherwise,

onditions are as given. 

.1. Effect of geometrical and operating conditions 

.1.1. Tube diameter effect 

For both micro-fin and smooth tubes, entropy generation and its

omponents variations versus tube diameter, varying from 8 to 14 mm,

re plotted in Fig. 3 . From this figure, it is clear that for both tubes,

s the diameter increases, heat transfer and pressure drop contributions

nd subsequently, total entropy generation rise significantly. In essence,
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Fig. 5. Total entropy generation, heat transfer, and pressure drop contributions versus saturation temperature for the micro-fin and smooth tubes at constant 

operating ( Table 4 ) and geometrical ( Table 3 ) conditions. 

Table 3 

Assumed geometrical parameters for valida- 

tion purposes and simulations. 

Parameter Value Parameter Value 

L (mm) 2500 D t (mm) 8.72 

D O (mm) 9.52 N 60 

D i (mm) 8.92 α ( ◦) 26.225 

e f (mm) 0.1 β ( ◦) 18 

B w (mm) 0.27 γ ( ◦) 52.45 

B T (mm) 0.3 
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T  
he tubes’ cross-sectional areas become larger as the tube diameter in-

reases, resulting in increasing the mass flow rate of R134a flowing

nto the tubes at constant mass velocity. As a consequence, the differ-

nce between the saturation temperature and that of wall ( T w − T sat )
nhances and therefore, the heat transfer contribution to entropy gener-

tion grows. Meanwhile, when wall heat flux remains unchanged, mass

ow rate becomes proportional to the tube diameter’s second power,

hereas the heat transferred from the wall to the flow is proportional

o tube diameter. Thus, with increasing the diameter of the tube, the

mpact of the rise in mass flow rate on two-phase mixture density over-

omes that of the heat transfer, leading to a decrease in two-phase mix-
9 
ure density [ 9 , 27 , 29 ]. Consequently, the two-phase mixture velocity

ncreases at constant mass velocity, causing enhancements in pressure

rop (hydraulic losses) and its contribution to entropy generation inside

he tubes. 

According to Fig. 3 , it is also seen that the heat transfer contribution

o entropy generation curves intersect each other at the tube diameter

f 13.6 mm. At tube diameters lower than 13.6 mm, the higher HTC

f the micro-fin tube compensates the increasing effect of the enhance-

ent in T w − T sat on entropy generation and therefore, this tube’s heat

ransfer contribution to entropy generation becomes lower than that of

he smooth tube. Nonetheless, for tube diameters greater than 13.6 mm,

his is the enhancement in T w − T sat that dominates the decreasing effect

f the micro-fin tube’s higher HTC on entropy generation, resulting in

reater heat transfer contribution to entropy generation for this tube. As

or the pressure drop contribution, it is observed that the micro-fin tube

as the largest value within the whole considered range of tube diam-

ter. This is because pressure drop is greater in the micro-fin tube than

he smooth tube, particularly at smaller tube diameters, where the dif-

erence between the pressure drop contributions to entropy generation

s bigger. Finally, due to the above-mentioned behaviors experienced by

eat transfer and pressure drop contributions, the total entropy genera-

ion curves are seen to intersect each other at tube diameter of 12.4 mm.

hat is, before D o = 12 . 4 mm, the micro-fin tube has lower total entropy
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Fig. 6. Total entropy generation, heat transfer, and pressure drop contributions versus vapor quality for the micro-fin and smooth tubes at constant operating 

( Table 4 ) and geometrical ( Table 3 ) conditions. 
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eneration, while after this point; the smooth tube is of lower total en-

ropy generation. 

.1.2. Mass velocity effect 

Fig. 4 represents the effect of mass velocity, changing from 400

o 800 kg . m 

−2 s −1 as same as assumed by Nualboonrueng et al’s ex-

erimental tests [ 13 , 12 ], on entropy generation and its components

or the micro-fin and smooth tubes. For both tubes, with increas-

ng mass velocity, the heat transfer contribution reduces, whilst the

ressure drop contribution augments. These are because both HTCs

nd pressure drops inside both tubes enhance respectively due to

igher turbulence and greater frictional loss as a result of the in-

rease in flow velocity when mass velocity rises at constant a cross-

ectional area. For the smooth tube, the opposing trends experienced

y heat transfer and pressure drop contributions cause a decreasing-

ncreasing behavior in total entropy generation with a minimum value

t mass velocity around 580 kg . m 

−2 s −1 . For the micro-fin tube, how-

ver, the total entropy generation steadily increases because of the

ominance of the pressure drop contribution over the heat transfer

ontribution. 

Since the micro-fin tube is of larger HTC and pressure drop, this

ube shows larger pressure drop contribution and smaller heat transfer

ontribution to entropy generation within the entire range of studied
10 
ass velocity. However, as mass velocity goes up, the difference be-

ween the heat transfer contributions is seen to become smaller, whilst

he difference between the pressure drop contributions grows. Look-

ng at Fig. 4 meticulously, one can see that the total entropy genera-

ion curves reach the same value at the mass velocity of nearly 640

g . m 

−2 s −1 so that for G ≤ 640 kg . m 

−2 s −1 , the total entropy generation

f the smooth tube is higher than that of the micro-fin tube, and vice

ersa. 

.1.3. Saturation temperature effect 

The changes in entropy generation and relevant components ver-

us saturation temperature, increasing from 30 to 50 °C, are illustrated

n Fig. 5 . In accordance with this figure, when the saturation tempera-

ure goes up, the total entropy generations and the pressure drop con-

ributions reduce for both tubes, whereas the heat transfer contribu-

ions enhance. In essence, higher saturation temperatures mean higher

aturation pressures, i.e., higher mixture densities or lower flow ve-

ocities under a constant mass velocity. The reduction in the flow ve-

ocity brings about a decrease in pressure drop and consequently, its

ontribution to entropy generation. On the other hand, such a de-

rease causes lower HTCs in both tubes and thus, increasing heat

ransfer contributions to entropy generation. Since the reduction in

he pressure drop contributions is larger than the growth in the heat
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Fig. 7. N s versus mass velocity for two different tube diameters ( D o = 8 mm and D o = 9 . 52 mm ), and geometrical and operating conditions reported in Tables 3 

and 4 , respectively. 
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ransfer contributions, the total entropy generations decline for both

ubes. 

Compared to the smooth tube, the micro-fin tube witnesses a higher

ressure drop as the saturation temperature rises. As well as this, the

icro-fin tube is of higher HTC in comparison with the smooth one.

herefore, the pressure drop and heat transfer contributions to entropy

eneration are seen to be greater for the micro-fin tube within the

hole range of saturation temperature. At the saturation temperature

f 33.5 °C, the total entropy generation curves intersect each other; that

s, when saturation temperature is lower than 33.5 °C, the smooth tube

enerates lower entropy, while for higher saturation temperatures, the

icro-fin tube generates lower entropy. 

.1.4. Vapor quality effect 

Fig. 6 exhibits the influence of vapor quality, changing from 0.4 to

.8, on entropy generation and its components for both tubes. As the

apor quality increases, the heat transfer contributions show decreasing

rends, while the total entropy generations and their pressure drop com-

onents demonstrate increasing trends. Under a constant mass velocity,

wo-phase mixture density reduces with increasing vapor quality, result-

ng in an enhancement in flow velocity. On the other hand, the higher

he flow velocity is, the higher the HTCs and pressure drops are inside

he tubes, causing larger pressure drop contributions, but lower heat

ransfer contributions. As the increase in the pressure drop contribu-
11 
ions is greater than the decrease in the heat transfer contributions, the

otal entropy generations augment for both tubes. 

Because of higher HTC and pressure drop within the micro-fin tube,

or the entire range of vapor quality, this tube exhibits greater pres-

ure drop contribution, but smaller heat transfer contribution to en-

ropy generation compared to the smooth tube. A careful inspection

f Fig. 6 shows that at vapor qualities less than 0.55, where the total

ntropy generation curve of the micro-fin tube falls behind that of the

mooth one, the smooth tube generates more entropy, whereas at higher

apor qualities, this the micro-fin tube that generates more entropy. 

.2. Favorable operating conditions 

Current subsection deals with identifying favorable geometrical and

perating conditions for applying micro-fin tubes in lieu of smooth ones

or R134a flow condensation. Such conditions, at which the micro-fin

ubes exhibit superior performance compared to smooth tubes, are de-

ermined using entropy generation number ( N s ). According to its defini-

ion, from an entropy generation perspective, when N s < 1 , the micro-fin

ube demonstrates better performance than the smooth tube, and vice

ersa. 

.2.1. Mass velocity 

Fig. 7 shows the variation of N s against mass velocity for two differ-

nt values of tube diameter. From this figure, it is conspicuous that for
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Fig. 8. N s versus saturaion temperature for two different tube diameters ( D o = 8 mm and D o = 9 . 52 mm ), and geometrical and operating conditions reported in 

Tables 3 and 4 , respectively. 
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oth tube diameters, as the mass velocity rises, the N s number increases.

imply put, with increasing mass velocity, the total amount of entropy

enerated by the micro-fin tubes becomes closer to and even exceeds

hat of the smooth tube, i.e., the lower the mass velocity is, the higher

he justifiability of applying micro-fin tubes rather than smooth tubes

s. In addition, the comparison between the N s curves reveals that the

reater the tube diameter is, the higher the mass velocity at which N s 
rosses the line N s = 1 is. Specifically speaking, for the micro-fin tube

ith D o = 9 . 52 mm, the N s value equals one at mass velocity of 640

g . m 

−2 s −1 , but when the diameter reduces to 8 mm, the mass velocity

t which the N s number reaches unity declines by 10 kg . m 

−2 s −1 . Thus,

or R134a flow condensation, the justifiability of employing micro-fin

ubes within wider ranges of mass velocities can be accomplished at

arger tube diameters. 

.2.2. Saturation temperature 

The changes in N s with saturation temperature are illustrated in

ig. 8 for two different values of tube diameter. With respect to this

gure, with increasing saturation temperature, the N s numbers of both

ubes with different diameters reduce. That is, as the saturation tem-

erature grows, the total amount of entropy generated by the micro-

n tubes approaches and even falls behind that of smooth tube so

hat the application of micro-fin tubes instead of smooth tubes be-

omes more justifiable at higher saturation temperatures. Moreover, by

omparing the N s curves, it is seen that the larger the tube diameter

s, the lower the saturation temperature at which the entropy gener-
12 
tion number crosses the line N s = 1 is. For example, for the micro-

n tube with D o = 9 . 52 mm, the N s curve intersects the line N s = 1
t the saturation temperature of 33.5 °C, but for the lower tube di-

meter ( D o = 8 mm), the saturation temperature at which the N s be-

omes equal to unity increases to 35 °C. Thus, for R134a flow con-

ensation, the justifiability of employing micro-fin tubes within wider

anges of saturation temperature can be accomplished at smaller tube

iameters. 

.2.3. Vapor quality 

Fig. 9 shows the variation of entropy generation number with vapor

uality for two different values of tube diameter. Referring to this figure,

t is obvious that an increase in vapor quality leads to enhancements in

he N s numbers of the micro-fin tubes with different tube diameters. In

ther words, with increasing vapor quality, the total amount of entropy

enerated by the micro-fin tubes reaches and even surpasses that of the

mooth tube, i.e., the lower the vapor quality is, the higher the justifia-

ility of employing micro-fin tubes rather than smooth tubes is. Further-

ore, the micro-fin tube with lower tube diameter is seen to intersect

he line N s = 1 at lower vapor quality. For instance, for a reduction in

he tube diameter from 9.52 to 8 mm, the vapor quality at which the

 s curve crosses the line N s = 1 declines from 0.56 to 0.54. Thus, for

134a flow condensation, the vapor quality range, at which the utiliza-

ion of micro-fin tubes brings about better performance, is widened by

ecreasing tube diameter. 
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Fig. 9. N s versus vapor quality for two tube diameters ( D o = 8 mm and D o = 9 . 52 mm ), and geometrical and operating conditions presented in Tables 3 and 4 , 

respectively. 
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Table 4 

Assumed operating conditions for simulations. 

Variable Unit Value 

Mass velocity ( G ) kg . m −2 s −1 600 

Saturation Temperature ( T sat ) ◦C 40 

Inlet vapor quality ( x ) - 0.5 

Wall heat flux ( q ′′) W . m −2 20,000 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. Conclusions 

Entropy generation during R134a flow condensation within micro-

n and smooth tubes was analyzed and compared for wide ranges of ge-

metrical and operating conditions. To this goal, a mathematical model

as developed according to the second law of thermodynamics and

oded in MATLAB. The influence of variations in geometrical param-

ters and operating conditions on entropy generation and its compo-

ents due to heat transfer and pressure drop inside both tube types was

tudied. Also, the conditions in which superior performance of micro-

n tube is recognizable compared to the smooth tube from an entropy

eneration standpoint were identified. The main results of the study are

ummarized as follows. 

• Within the ranges of experimental study of Naulboonrueng et al.

[ 13 , 12 ], the geometrical parameter and flow conditions of the micro-

fin tube are changed and compared to the smooth tube. These vari-

ations generally show larger pressure drop contribution, but smaller

heat transfer contribution to entropy generation. 
• Under constant flow conditions ( Table 4 ), for both micro-fin and

smooth, with increasing tube diameter, the pressure drop contribu-

tion to entropy generation enhance due to increse in mixture velocity

while rising heat transfer components largely depends on increasing

in the value of difference between the saturation temperature and

wall ( T w − T sat ). 
• Under constant geometrical parameters ( Table 3 ), the higher heat

transfer contribution to generated entropy with respect to pressure
13 
drop one at low mass flux ( 𝐺) is attributed to lower velocity val-

ues. Increasing in fluid velocity causes gradual ascending trend in

pressure drop share in generated entropy while heat transfer con-

tribution falls slowly due to better heat transfer rate. The mixture

velocity is a dominant factor in unveiling these trends. An increasing-

decreasing trend explained above creates a minimum point in gen-

erated entropy of smooth tube. In contrast, in micro-fin tube, the

growing trend in pressure drop share has such sufficient values at

which has covered the reduction in heat share and finally leads to

increasing trend in generated total entropy. Two entropy generation

lines cross at 640 kg . m 

−2 s −1 at which the value of 𝑁 𝑠 = 1 for 9.52

tube outer diameter. 
• The pressure drop contribution to entropy generation decreases as

saturation temperature increases under constant geometrical param-

eters ( Table 3 ). Reduction in two-phase velocity as a consequence of

increasing in mixture density plays a major rule in this regard. Due

to dropping effect in two-phase velocity, the heat transfer contri-
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bution to generated entropy follows opposite trend. Therefore, the

total generated entropy illustrates the decline in trend as a result of

higher increment in pressure drop contribution with respect to the

heat transfer one. It worth noting that at the value of 33.5°C, for 9.52

mm tube outer diameter, the micro-fine and smooth tubes show the

same value in generated entropy meaning 𝑁 𝑠 = 1 . 
• For both tube types, total entropy generation augments as vapor

quality rises under constant geometrical parameters ( Table 3 ). In-

creasing in vapor quality causes the dropping in mixture density

leading to two-phase velocity increment at constant mass flux. As

mixture velocity increases the pressure drop contribution to entropy

generation mounts. Growing increase in two-phase velocity brings

about the condition in which gradually better heat transfer rate be-

comes possible. Therefore, heat transfer contribution to entropy gen-

eration decreases. Since, the pressure drop contribution to generated

entropy has the higher values than that of heat transfer one, thereby

total generated entropy goes up steadily. The value of 0.55 in va-

por quality demonstrates the value at which the entropy generation

number equals to 1 for 9.52 mm tube outer diameter. 
• From an entropy generation standpoint, in the range of experimental

study performed by Naulboonrueng et al. [ 13 , 12 ], the employment

of micro-fin tubes in lieu of smooth tubes can be justifiable, i.e., have

superior performance, at lower mass velocities and vapor qualities,

but higher saturation temperatures. 
• The entropy generation number ( 𝑁 𝑠 ) is an important parameter in

defining the favorable region using micro-fin tube and smooth one.

Using its concept, one can easily find the favorable region in utlizing

the specified geometry. The EGA shows that the desirable conditions

for 8 mm and 9.52 mm tubes are different for both micro-fin and

smooth tubes depending on flow conditions depicted in relevant ( 𝑁 𝑠 )

figures. 
• Breifly, for assumped specified conditons ( Table. 4 ) and tube outer

diameter of 9.52 mm, less than the value of 640 kg . m 

−2 s −1 using the

micro-fin tube would be preffered in contrast for higher than this

value, there seems using smooth tube would be advisable. For 8 mm

tube outer diameter, the turning point between preffered regions

using micro-fin tube and smooth one takes lower values than 640

kg . m 

−2 s −1 . 
• For 9.52 mm tube outer diameter and operting conditions in Table. 4 ,

at the higher values of 33.5°C of saturation temperature, using micro-

fin tube is recommended while less than this value the condition for

utilizing smooth tube is advisable. For 8 mm tube outer diameter, the

favorable regions using micro-fin tube becomes limited while wider

regions are recommended when using 9.52 mm outer tube diameter.
• The EGA shows that, at the lower values of 0.55 for vapor qual-

ity, the micro-fin tube with outer diameter of 9.52 mm has a major

superiority over smooth one while for 8 mm tube outer diameter,

this turning point in vapor quality becomes lower. Detailed analy-

sis demonstrates that the turning point moves to the right as tube

diameter becomes larger. Therefore, employing micro-fin tube with

higher tube diameter is a good choice with respect to the smooth

one due to covering the wider vapor quality regions. 
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