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Abstract. This study aimed to improve a mathematical model, first developed by Domanski (1989) able to predict the
performance of a finned tube heat exchanger trough the tube-by-tube method. To the proposed model were
incorporated louvered fins, the R134a and R1234yf refrigerant, the pressure drop of air to flow between the fins and to
update the correlations used to calculate the convection coefficient of airflow and refrigerant. Additionally it was
incorporated to mathematical model the compute the generated entropy during operation of the equipment. The new
model was validated by comparison its results with experimental results, present in the literature. An evaluation of the
generation entropy number was made according evaporator’s four parameters: type of fins and the distance between
them, the distance between the tube rows and type of coolant. The results showed that the factors that most influence
the entropy generation were the distance between the fins, the distance between the tube rows and the type of coolant,
Besides that the largest share of irreversibility is associated with the flow of air between the fins.
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1. INTRODUCTION

One of the major concerns of engineering today is the energetic efficiency, it has been sought to create equipment
that consume less energy and produce fewer environmental impact. One of the equipment that consume more energy
nowadays are air conditioning systems for buildings. According with Pandelidis ¢ Anisimov (2015), between 30 and
40% of the electric energy produced in the world is spend in buildings, of which 50% is destined to ventilation and air
conditioning systems. The efficiency of the air conditioning systems is directly connected to de performance of its
components. The heat exchangers, essential components of the vapor compression refrigeration cycle, were extensively
studied in past decades, this resulted in several mathematic models capable of simulate them. Domanski (1989) realized
a numeric simulation of fined tube evaporator used one model named tube-by-tube. The results shows a maximum error
in relation to the experimental value of 8.2% for the total heat capacity. Lee ¢ Domanski (1997) used this model to
evaluate the influence of the inlet air profile in the fined tube evaporator. The obtained results show that the nonuniform
air distribution is capable of reduce up to 57% the total heat capacity of the evaporator when compared to a uniform
distribution. Through a finite difference model, Mishra et al. (2008) evaluated the inlet temperature profile of the
working fluids in a cross flow heat exchanger. They conclude that the variation of the inlet temperature of the cold fluid
is more relevant that the hot one for the equipment efficiency. Huang et al. (2014) to simulate a single pipe heat
exchanger created a finite volume method. The simulation considered the equipment in two different operation modes,
as evaporator and condenser in cold water systems. For the system operating in the condensation mode, the model was
capable to predict the total heat capacity and the pressure loss with a deviation of 5%. For the heat exchanger operating
as an evaporator, the deviations were 5% for the heat capacity and 10% for the pressure loss.

Trough increasing accurate numeric models, researchers aimed to increase the efficiency of the heat exchangers,
using several methods, among them the Entropy Generation Minimization (EGM) is one of the most promising. In this
procedure, the entropy generation in a heat exchanger is divided in two terms, first one due the heat transfer trough
finite difference temperature, the other one due the fluids pressure drop ((Bejan, 1996) ; (Hesselgreaves, 2000) ). This
methodology consist in reduce the entropy generation rate trough some heat exchangers parameters variation. Ye e Lee
(2012) performed a study objectifying the entropy generation minimization trough the circuitry variation in a fined tube
condenser. The obtained results show that the EGM methodology is capable of providing a circuitry that increase the
heat exchange and reduce the entropy generation simultaneously. Pussoli et al. (2012) employed the EGM method to
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determinate the optimum value of the peripheral finned-tube evaporators characteristic. The results pointed an optimum
value of NTU that minimize the entropy generation. Zhou et al. (2014) used the EGM method to optimize the
construction parameters in a fined plate heat exchanger.

This work aimed to simulate a fined tube evaporator through the tube-by-tube method, evaluate the entropy
generation that occur during its operation as a function of four parameters: type of fins and the distance between them,
the distance between the tube rows and type of coolant. In this study was employed the entropy generation number as an
evaluation parameter and it was evaluated as function of the physic mechanisms that promote the irreversibility.

2. MATHEMATIC MODEL
The simulated evaporator have two identical slabs, shown in Figure 1, it was simulated using R22, R134a and

R1234yf, plain, slit, louver and wave fins. The distance between fins and space between tube rows were varied from 1.0
to 16.0 mm and 15.0 to 40.0 mm respectively.
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Figure 1a - Evaporator model Figure 1b - Evaporator circuitry

Figure la show an overview of the evaporator, Figure 1b shows the circuitry employed to conduct the coolant. The
boundary conditions are shown in Table 1.

Table 1 - Boundary conditions

Parameter Valor
Slab number [-] 2
Length of tubes [mm] 454
Distance between tubes in the same row[mm] 254
Number of tubes in a row [-] 16
Number of rows [-] 3
Inner tube surface [-] smooth
Outer tube diameter [mm] 10
Volumetric flow rate of air [m*/min] 31.71
Relative humidity in the inlet[-] 0.51
Refrigerant superheat in the evaporator outlet [°C] 5.6
Refrigerant quality in the evaporator inlet [-] 0.2
Air temperature in the evaporator inlet [°C] 26.7
Refrigerant temperature in the evaporator outlet [°C] 7.2

The mathematical model was based in the simulation EVSIM, proposed by Domanski (1989). However, for this
study it was incorporated new correlations for heat transfer in air that flows over the fins, in addition a new kind of fin
was incorporated in the model, louver fin. It was modified the correlation for convention of the coolant inside the tubes
in annuli pattern, added the calculation of the pressure drop in the airside and entropy generation rate.

This method consists in the discretization of the heat exchanger in isolated tubes, each one of them, with their
respective fin areas. Each tube is considered an independent heat exchanger in which their outlet conditions are used as
inlet conditions of the next one, as shown in Figure 2.
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Figure 2 - Tube-by-tube method

For the calculation of the refrigerant convection coefficient, the flow was divided in three different regions
according to the quality of the refrigerant: annuli (quality between 0 and 0.85), mist (quality between 0.85 and 1) and
single-phase. For each regime was used a different correlation for the convection coefficient. For the annuli regime, it
was employed Liu e Winterton (1991) correlation. In this formula, the overall convection coefficient (h,,) is express by
the following equation and it is a function of forced (h,s) and evaporation (h.,) convection coefficient and two
dimensionless parameters: E and S.

2 2
hazn:(Ehmf) +(Shev) (1)
For the evaluation of the flow in single-phase regime, it was used the Dittus-Boelter correlation, expressed below.
h,; =0.023Re**Pr"D,, / k )

Where D is the inner diameter, k the thermal conductivity of the refrigerant and n assume the value of 0.4.
For the calculation of the convection coefficient, when the refrigerant is in the mist regime, it was used the
correlation below Domanski (1989), where x represent the refrigerant quality.

h, =(1-x)h,, +(x-0.85)h 3)

The air convection coefficient is calculated trough correlations to Colburn j-factor express by the following equation
for each one of the fin types.

j=StPr*” 4)

The used correlations are written in function of: the number of rows (N), outside tube diameter (D,,), distance
between fins (Fs), longitudinal distance between tubes (P1), transversal distance between tubes (PT), hydraulic diameter
(Dh), collar diameter (Dc), wave angle (0), high of the slits (Sh), width of the slit (Ss), distance between two
consecutive louvers (Lp) and high of the louvers (Lh). The employed correlations are shown in Table 2. (Wang, C.-C. et
al. (1999; Wang, C. C. et al. (1999; Wang et al. (2000; Wang et al. (2002)

Table 2 - Coldburn j factor correlations

Correlation Fin model
‘f} s ““'(%_:[M (E%l-wn %1-9.“%13 o Flat fin
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In order to evaluate the pressure drop in the refrigerant when flowing through the tubes, it was considered that this
effect is due viscous friction and momentum variation. The equations used to procedure this calculation are pick for
each configuration of flow: single-phase or multi-phase. For the single-phase regime, the pressure drop due viscous
friction was modeled through the Fanning equation, as show below, where G is the mass flux, L the tube length, p the
refrigerant density and f the friction factor.

2fG°L
AP=2"2 = (%)
Dinp
The friction factor was obtained through the Eq.(6), Domanski (1989).
f =0.046Re™* (6)

The pressure drop portion due the momentum variation was obtained using the Eq. (7), Domanski (1989), where Av
is the specific volume variation.

_ —G’Av
L

AP

(7

In order to evaluate the pressure drop in multi-phase regime, it was used the Pierre (1964) correlation, shown
bellow. This correlation combine the friction and momentum variation effects, where x,, is the mean quality of the
refrigerant in the tube, Ax the quality variation and v,, the mean specific volume.

L AX
Ap:[f_+_}32vm ®)
in Xm
kf 0.25
f =0.0185(—j ©)]
Re
JAh Ax
kf =220 XD (10)
Lg
Where g is the gravity acceleration, Ah the latent vaporization heat, gc is 9.81 and J is 4.184.
In order to evaluate the air pressure drop, it was used the Eq.(11), Domanski (1989).
2fG’A
ap-2fGA an

4A p

In which A is the total heat transfer area, Ac the minimum flow area, p the air density and f the friction factor. This
last term represent simultaneously the pressure drop due viscous friction and momentum variation, as shown in Eq.
(12), Wang et al. (2015).
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Where p,, is the air mean density and ¢ is the contraction ratio of cross-sectional area. In order to calculate the
friction factor for each kind of fin were used the correlations shown in Table 3. (Wang, C.-C. et al. (1999; Wang, C. C.
et al. (1999; Wang et al. (2000; Wang et al. (2002)

Table 3 - Friction factor correlation
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2.1 Entropy evaluation

In order to calculate the entropy generation during the equipment operation, the evaporator was modeled as a control
volume, as shown in Figure 3.
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Figure 3 - Evaporator as a control volume

The entropy generation was divided in two terms one due heat transfer and the other due pressure drop for each one
of the working fluids, as show in Eq. (13). After the analyses of each portion of the entropy generation, they were
summed to obtain the overall entropy generation rate, as shown in Eq. (14).

QAT . map
“oT T Tp

ref "air

(13)

Sgen tot — SAT + SAP ar + SAP ref (14)
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In witch Q" is the heat exchanged, AT the temperature difference between the working fluids, AP the overall
pressure drop, T ref e T air the mean temperature of the refrigerante and air respectively. The AT and AP index in Eq.
(14) denote the entropy generation hate due heat transfer and pressure drop respectively. The value of T in the second
term in the right of Eq. (13) denote the analyzed fluid temperature, air or refrigerant.

For the evaluation of the constructive parameters as a function of the entropy generation rate, it was used the
generation entropy number (Ns), as proposed by Ye e Lee (2012). This dimensionless parameter, shown in Eq. (15),
expresses the relation between the generation entropy that occurs and a characteristic entropy generation value due heat
transfer.

S‘genTt
Ns=—%rt (15)
Q

Where S,., is the entropy generation rate, Tt the heat transfer temperature and Q "the heat flux.
3. RESULTS AND DISCUSSION

The validation of the model was made by comparing the obtained values for heat capacity with experimental values.
The data used in the comprising were obtained by Chwalowski et al. (1989) through tests in real equipment, in this
study, was analyzed the behavior of the evaporator with different inclinations in relation (25°, 45°, 65° e 90°) with the
duct, as shown in Figure 4.
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Figure 4 - Evaporator inclination
The different inclinations resulted in several different velocity profiles, shown in Figure 5. The developed model for
wavy fins was subjected to the velocity profiles in Figure 5 and the boundary conditions shown in Table 4, used for
Chwalowski et al. (1989).

Table 4 - Test Conditions

Refrigerant Refrigerant
L Volumetric air ~ Airdry bulb  Air wet bulb saturation get
Inclination a . superheat in the
ow rate temperature temperature temperature in
evaporator outlet
evaporator outlet
25° 15.80 m*/min 26.6 °C 19.4°C 7.2°C 4.8°C
45° 16.10 m*/min 26.6 °C 19.4°C 7.2°C 4.3°C
65° 16.00 m*/min 26.6 °C 19.4°C 7.2°C 5.8°C

90° 16.00 m*/min 26.6 °C 19.4°C 7.2°C 3.0°C
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Figure 5 - Air inlet velocity profiles

The results and the analyze made with them are show below, they are divided according to the analyzed parameters
in order to facilitate the visualization of their influence on the entropy generation. Due the similarity of the results that
some parameters combinations exhibit, was chose only one to be discussed in each item. The presented results are
capable to describe other combinations.

The latent and overall heat capacity was then confronted with the experimental data, as showed in Figure 6. The
results show a maximum discrepancy of 12.8% for the overall heat capacity and 24.7% for the latent capacity.

Total heat capacity Latent heat capacity

55 B Chwalowski 20
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Figure 6 - Model validation

The kind of fin used in the evaporator was a crucial parameter for the entropy generation during the equipment
operation. Figure 7 show the value of Ns associated with each fin model when the evaporator is operating with
R1234yf. As can be seen, the evaporator that contains louver fins is the one that have more irreversibility associated
with their operation. In addition, is possible to see that the major part of the entropy generation for all the tested fins are
due the pressure drop. For the wavy fins, that present the smallest irreversibility share, 80% of the Ns is due the
pressure drop. For the Louver fin, this share is 87%. Analyzing the entropy generation number exclusively due the
pressure drop it is possible to notice that the Ns due the refrigerant flow is similar in both fin models, although the share
originated by the air flow is different in each case, being bigger in the louver fin.
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Figure 7 - Ns for each fin model

The irreversibility share generated by the airflow is the reason why the louver fin have a bigger overall Ns, as shown
in Figure 7. This occur, because, the presence of the louver structure promote the destruction of the boundary layer in
order to improve the heat transfer. However, these structures also act like a resistance to the airflow, resulting in a
higher pressure drop.

Among the analyzed coolants, the one that stood as the best option in terms of irreversibility was the R22, followed
by R134a and R1234yf. As can be seeing in Figure 8, the refrigerant R22 generate a smaller Ns and the value for R134a
and R1234yf are very close. The values for Ns associated with heat transfer and pressure drop in the airflow are very
close in the three types of coolant tested. The value that differ their irreversibility generation are the pressure drop for
the refrigerant. The value obtained for this parameter with R134a and e1234yf are very close. Although this amount of
irreversibility for R22 are approximately half of that value obtained for the other coolants. The main reason for this
behavior is that, for the same condition, the R22 specific volume as superheated vapor is smaller than for r1234yf and
R134a. This difference cause a lower pressure drop for the R22 flow when compared with R1234yf and R134a and
consequently a lower Ns due refrigerant pressure drop.

Ns for each refrigerant
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0.15
oy
e
0.10
0.05
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R13da R1234yf
Refrigerant

®Ns due Refrigerant pressure drop mNs due Air pressure drop ® Ns due Heat Transfer

Figure 8 - Ns for each refrigerant

Due to the high degree of coupling of the parameters distance between the fins and distance between the rows of
tubes, these characteristics were analyzed together. The flat, slit and louver fins had an optimum spacing between them
which minimized the irreversibility during the operation of the equipment. The wavy fins, in turn, do not exhibit such
behavior, the number of entropy generation drops in an asymptotic shape with the increase in the distance between the
fins as shown in Figure 9.
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Figure 9 - Ns for different distance between fins and tube row

As can be seen from Figure 9, the behavior presented by N is different when the distance between the fins and the
distance between the rows of tubes is varied. The changes in the distance between consecutive rows do not impose
major changes in the number of entropy generation, except for the flat and slit fins. The change in the distance between
the fins in turn, brings about major changes in Ns. The flat and louver fins present a curve that makes it possible to
determine the spacing between the fins that provides the smaller number of entropy generation. The slit fins have values
of N that decrease rapidly when the distance between the rows of tubes is small, but does not present large variations in
its value when the distance of the fins assumes larger values. Louver and wavy fin types do not show significant
variations in the number of entropy generation when the distance between rows of tubes changes.

The asymptotic behavior shown for the entropy generation number of the wavy fins in relation to the distance
between them can be attributed to the distribution of the physical mechanisms that cause irreversibility. As shown in
Figure 10, the increasing in the distance between the fins alters the proportion of the physical effects that cause entropy
generation. When the distance between the fins is 1.5 mm the mechanism that promotes greater irreversibility is the
pressure drop (82%). However, when this distance is 15 mm, the heat transfer is responsible for 52% of the generated
irreversibility. As the distance between the fins increases the constraint imposed on the airflow decreases, which causes
the entropy generated by this physical mechanism to also be reduced to a point where it stabilizes. This behavior of the
pressure drop is only observed in the wavy fins, in the other types of fins there is a critical point in which a minimum
value of Ns occurs due to this phenomenon so that it increases again.

The different behavior of the wavy fin can be explained by the low influence that the boundary layer appears to have
on the flow as a whole as the distance of the fins increases. The number of entropy generation due to heat transfer
increases noticeably as the distance between the fins becomes larger, and tends to stabilize for long distances. This
effect can be explained by the reduction of the heat transfer area that the evaporator undergoes, as the distance between
the fins increases. With a smaller heat exchange area, the heat capacity of the heat exchanger decreases, stabilizing for
long distances between the fins. With the reduction of the heat transfer between the refrigerant and the air, the
evaporator's air outlet temperature increases until it stabilizes for high distance values between the fins, this is the
reason why the Ns due to heat transfer to follow the asymptotic behavior shown in Figure 10.
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Figure 10 - Ns as a function of distance between fins for wavy fin

The influence of the distance between consecutive rows of tubes in the number of entropy generation is low when
compared to the distance between the fins, as can be seen in Figure 9. As can be seen in Figure 11, the entropy
generation rate by the evaporator with flat, wavy and louver fins undergoes a small rise with increasing distance
between the rows of tubes. The entropy associated with the pressure drop becomes greater with the increase in the
distance between the rows. This effect is explained by the hydraulic behavior downstream the tube, when the tube rows
are close, the wake region exert a big influence in next tubes, exposing them to a low velocity flow. When the tube rows
are distant, the wake region have less influence in the downstream flux, in this way, the next tubes are exposed to a high
velocity flow, increasing the pressure drop in the equipment. The rise of the entropy generated rate due pressure drop
cause the increasing of total entropy generation rate in the equipment, as shown in Figure 11.
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Figure 11 - Entropy generation rate as a function of distance between tube rows

In addition, the heat transferred increase with the increment in the distance between the tube rows as showed in
Figure 12. This behavior is explained by the higher velocity of the airflow that promote a larger convection coefficient.
As the entropy generation rate and the heat transferred both increase with the increment of the tube rows distance, a
compensation between these two values occur. This behavior would tend to stabilize the number of entropy generation,
which explains the low variation that it presents.

The behavior observed for the slit fin is different from that observed in the other types of fins. As the distance
between the tubes rows increases, there is a noticeable decrease in the heat exchanged, as shown in Figure 12, which
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causes the number of entropy generation attributed to the heat transfer to increase very little. Due to the low variation it
undergoes, the generation of entropy caused by the heat transfer of, the phenomenon that determines the generation of
total entropy is the pressure drop. As can be seen in Figure 11, the entropy generated by the pressure drop for this type
of fin decreases sharply at low distances between the rows of tubes and stabilizing for spacing between the larger rows.

Overal heat exchanger
15000

mSlit fin  wFlat fin Wavy fin Louver fin
12000

9000

6000

Overall Heat [W]

3000

15.0 27.5 40.0
Distance between fins [mm]

Figure 12 - Heat exchanged as a function of distance between tube rows
4. CONCLUSION

Analyzing the obtained results, it may be noted that among the four tested parameter evaluated in this work, those
that showed major influence in the entropy generation number were the fin model, distance between fins and the
refrigerant employed as working fluid. The distance between consecutive rows showed little influence in the entropy
generation with the exception of slit and flat fins when the distance between then are small.

In addition, it was possible to perceive that the physical phenomenons that contribute most in the entropy generation
during the equipment operation is the airflow pressure drop. The exception was the evaporator with wavy fins and large
distance between them, this configuration exhibit heat transfer as the major contribution on the irreversibility formation.

The analyze present in this study demonstrate that the difference between the entropy generation number associated
with R134a and R1234yf is negligible, for this reason, it is therefore recommended to use the latter because it is more
environmentally friendly.
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