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Abstract 
This work compares two heat exchangers that use finned heat tubes: a cross-
flow finned tube heat exchanger with individual fins (IFHPHE) and an axially 
finned tube heat exchanger with parallel flow in the evaporator and counter-
flow in the condenser (AFHPHE). The IFHPHE heat exchanger was designed 
and experimentally implemented to operate in small air conditioning systems 
with air flow rates in the range of 300 to 500 m3/h. The AFHPHE heat ex-
changer is in the theoretical design phase and has the potential to be used in 
air conditioning systems for operating rooms of 60 m3, with an air flow rate of 
0.20 kg/s. The method used for theoretical comparisons between heat ex-
changers is the thermal efficiency method, and the main quantities obtained 
for comparison are velocities, Nusselt numbers, thermal effectiveness, air out-
let temperatures, pressure drops, and Bejan numbers in the evaporator, con-
denser, and heat exchanger. The working fluid used is refrigerant R404a. The 
saturation temperature is 17.0˚C, with a fixed number of fins for both heat 
exchangers, equal to 30 fins, and 49 heat pipes as standard. Comparisons 
demonstrate superior thermal performance and very similar viscous perfor-
mance when AFHPHE is compared to IFHPHE with 30 fins. When the simu-
lations consider 70 fins for the IFHPHE, the thermal performances are very 
close to those of the AFHPHE with 30 fins. However, in this last case, with 70 
fins, the viscous performance is very high and should not be implemented in 
real-world situations. 
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1. Introduction 

Two finned heat tube heat exchangers are compared. One of the heat exchangers 
in question, called the Individually Finned Heat Tube Heat Exchanger (IFHPHE), 
was designed and implemented experimentally [1]. The second heat exchanger, 
called the Axially Finned Heat Tube Heat Exchanger (AFHPHE), was developed 
and implemented theoretically using the Thermal Efficiency Method [2]. Both 
heat exchangers were designed for use in small air conditioning systems, with great 
potential for use in operating rooms. 

Górecki, G. et al. [1] are dedicated to the modeling, design and experimental 
study of a heat tube heat exchanger used as a recuperator in small air conditioning 
systems (air flow ≈ 300 - 500 m3/h), composed of heat tubes with individual fins 
(IFHPHE). The designed heat exchanger was built and tested on the experimental 
bench. The refrigerant R404A was chosen as the working fluid based on prelimi-
nary results. The heat exchanger implementation contains 20 rows of finned heat 
tubes in a staggered arrangement, with 49 heat tubes. The configuration was op-
timized to maximize efficiency (up to 66%) and minimize pressure drop (less than 
150 Pa), and the experimental data showed a good level of agreement with the 
model—relative difference less than 10%. 

Nogueira, É. et al. [2] implement a theoretical model with axially finned ther-
mosiphons, aiming at thermal comfort in air conditioning systems. The idealized 
configuration uses as a reference a heat exchanger with a radial finned heat pipe, 
whose theoretical and experimental analysis is already well established [1]. They 
apply the thermal efficiency method to determine thermal quantities, and the sec-
ond law of thermodynamics to determine thermal and viscous irreversibilities. 
They present numerical and graphical results for the physical quantities of veloc-
ities, Reynolds numbers, Nusselt numbers, convection heat transfer coefficients, 
number of thermal units, heat transfer rates, friction factors, pressure drops and 
Bejan number. The results demonstrate the expected physical consistency for all 
the quantities analyzed. They conclude that the developed model presents prom-
ising results and should be used in the experimental implementation of an air 
conditioning system for operating rooms. 

Nandy Putra, Trisno Anggoro, and Adi Winarta [3] state that hospital heating, 
ventilation and air conditioning systems consume large amounts of energy. They 
propose the use of high-pressure water heat exchangers (HPHEs) as an alternative 
to minimize consumption. They conduct experiments to investigate the perfor-
mance of HPHEs consisting of several heat pipes with water as the working fluid, 
arranged in rows. They experimentally determined the effect of inlet air tempera-
ture, the effect of air velocity and the influence of the number of rows of heat 
pipes. They obtained results using six rows of high-pressure water heat exchangers 
(HPHEs), an air velocity of 1 m/s and an evaporator inlet air temperature of 45˚C. 
They demonstrate that the total energy consumption in the implemented air con-
ditioning system, based on the annual heat recovery forecast for 8 h/day and 365 
days/year, decreases significantly from 0.6 to 4.1 GJ/year. 
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Ragil Sukarno et al. [4] cite specific requirements related to thermal comfort 
that made it necessary to create heat recovery systems using a heat pipe exchanger 
(HPHE). They built an experimental apparatus with three, six, and nine rows of 
heat pipes, arranged in a staggered configuration. They use the ε-NTU method to 
predict the effectiveness, the evaporator-side outlet temperature, and the energy 
recovery of the HPHE. They find that the energy recovery of the HPHE increased 
with the number of rows, the air inlet temperature, and the air velocity in the 
evaporator section. They conclude that the ε-NTU method can be used for the 
analysis of heat recovery systems that apply air conditioning systems with HPHE. 

Imansyah Ibnu Hakim, Ragil Sukarno, and Nandy Putra [5] argue for the need 
to use heating, ventilation and air conditioning (HVAC) systems to reduce energy 
consumption in buildings. They present a study that aims to investigate the use of 
a U-shaped finned heat pipe heat exchanger (HPHE). They performed tests with 
single and double row configurations, arranged in eight heat pipes per row. The 
results show that the U-shaped heat pipe heat exchanger significantly affects the 
pre-cooling and reheating processes in the HVAC system. They state that the U-
shaped heat pipe proved to be a viable solution for HVAC systems that require 
cooling for reheating.  

Élcio Nogueira [6] applies the thermal efficiency method to the theoretical anal-
ysis of the thermal performance of a finned heat pipe heat exchanger (FHPHE), 
used as an auxiliary device to control the temperature and quality of air condi-
tioning in operating rooms. The theoretical analysis performed is point-by-point 
and distributed, divided into three aspects: analysis of the evaporator section, 
analysis of the condenser section, and analysis of the heat exchanger in terms of 
overall performance. It uses a theoretical-experimental study, which uses the con-
cept of thermal effectiveness (ε-NTU) as a comparison object, and demonstrates 
that the localized theoretical-experimental comparisons are consistent, and the 
absolute relative error for the overall heat transfer rate varies from 0.5% to 35% 
for the heat exchanger under analysis. 

Élcio Nogueira [7] applies a theoretical procedure to determine the perfor-
mance of an individually finned heat exchanger (IFHPHE) used in an air condi-
tioning system. The relevant variables used to determine the results are the num-
ber of fins per heat tube and the number of heat tube rows. A theoretical-experi-
mental comparison demonstrates that the applied localized model can be used as 
a comprehensive design and analysis tool for finned heat exchangers. Results ob-
tained for the Bejan number, which relates thermal and viscous irreversibilities, 
show that fin numbers between 10 and 20 for 49 heat tubes provide a better cost-
benefit ratio. The absolute percentage errors obtained between the theoretical and 
experimental values for the overall heat transfer rate and overall thermal efficiency 
range from 2.0% to 42.1%. 

2. Methodology 

Analytical solution using the Thermal Efficiency Method. A comparison was 
made between two specific types of finned heat exchangers. The theoretical for-

https://doi.org/10.4236/msce.2025.1312006


É. Nogueira et al. 
 

 

DOI: 10.4236/msce.2025.1312006 100 Journal of Materials Science and Chemical Engineering 
 

mulations are explained through the expressions and equations below. When 
there is a difference in formulation between the heat exchangers under analysis, 
the representation for AFHPHE will be shown in red, and for IFHPHE in black. 

The Thermal Efficiency Method, so named by Élcio Nogueira [8], based on 
work published by Ahamad Fakheri [9], has been used in many theoretical versus 
experimental comparisons in recent years. Thermal efficiency, obtained through 
an analogy of the thermal performance of finned systems, is the main quantity 
used to determine the thermal performance of heat exchangers. The effectiveness 
and rate of heat transfer of the heat exchanger are obtained from the thermal effi-
ciency, since this physical quantity, like thermal effectiveness, measures the po-
tential associated with the heat exchanger. Low thermal efficiency means that the 
heat exchanger has exhausted all its capacity for exchange between fluids and, in 
this sense, shows a tendency opposite to thermal efficiency. 

The refrigerant used in simulations and experimental theoretical comparisons 
is R404a, due to its good thermodynamic properties for heat transfer, making it 
efficient in refrigeration and air conditioning applications. R404a has low toxicity 
and is non-flammable; it is considered safe for use in closed systems; it operates 
in pressure ranges compatible with many heat exchanger designs, facilitating con-
trol and safety; it is compatible with materials commonly used in industrial refrig-
eration systems; and it is efficient in applications requiring low temperatures. 
 

 
Figure 1. Geometric representation and design of Individually Finned Heat Pipe Heat Ex-
changer—IFHPHE. 

 
Figures 1(a)-(d) above are part of the IFHPHE design project, reported through 

reference [1]. They represent the staggered configuration of the thermosiphons, 
the dimensions, the thermosiphon regions and the fins. 
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Figure 2. Initial design of AFHPHE. 

 
Figures 2(a)-(b) above represent the initial design of the AFHPHE, with the 

thermosiphons, the evaporator regions, the adiabatic region, the condenser region 
and the 4 air outlet areas per region [2]. 

The analysis was divided into three aspects and regions of the device: evapora-
tor, condenser, and heat exchanger. The analysis related to the evaporator is more 
complete and includes all the essential parameters so that the comparisons be-
tween the heat exchangers could be as complete as possible. The analyses related 
to the condenser and FHPHE present only the essential parameters so that a global 
analysis of the heat exchangers could be successfully concluded. 

The saturation temperatures of the working fluid and inlets, in both heat ex-
changers, are the same. 

17.0 C;  30.0 C;  10.0 Csat Evin CdinT T T= = =                (1) 

The mass flow rates in the evaporator and condenser are within the range spec-
ified below. 

0.12kg s  0.20kg sairm≤ ≤                     (2) 

The number of heat pipes and the number of fins per heat pipe are defined by 
the expressions below. 

49 ;  30 HP FinN default N default= =                  (3) 

where, by AFHPHE: 

,  16  R HPb HPbN N N heat pipes= =                  (4) 

( )1.0HPR R RN N N= + +                      (5) 

HPRN  is the number of heat pipes per row. 
Finally, the number of heat pipes is represented by Equation (6). 

( )* 1.0HP HPR R RN N N N= + +                    (6) 

The tubes and fins are made of aluminum, and the thermal conductivity 
adopted is represented by the expression below. 

( )235 W m KWk =                        (7) 

The internal and external diameters are different for both heat exchangers. 

50.08 mm;  50.973 mm;  20.0 mm;  22.0 mmint ext int extD D D D= = = =    (8) 

https://doi.org/10.4236/msce.2025.1312006


É. Nogueira et al. 
 

 

DOI: 10.4236/msce.2025.1312006 102 Journal of Materials Science and Chemical Engineering 
 

The lengths associated with the evaporator and condenser are different for both 
heat exchangers. 

220.0 mm;  120.0 mm;  250.0 mm;  250.0 mmev cd ev cdL L L L= = = =     (9) 

The fin thickness and fin height are defined by the expressions below. 

4.0 mm;  18.0 mm;  0.8 mmFin Fin FinT H T= ∆ = =           (10) 

The space between fins is obtained using the following expressions: 

( ) ( )* 1.0 ;  2.5 mm  Fin HP Fin Fin Fin FinSp P N T N Sp by definition= − + =   (11) 

where, 

HP extP Dπ=                           (12) 

The shell diameter and channel width are expressed using the formulas below. 

( )9.0* 2* mm;  200.0 mm  Shell ext Fin HED D H W by definition= + ∆ =    (13) 

The air intake area is expressed by:  

( )2 4air ShellA Dπ=                        (14) 

The air passage area is obtained using the following expression: 

( ) ( )2* 4 * *air air ext Fin Fin FinAsec A NHP D Ntot H Tπ= − − ∆        (15) 

( ) ( )* Re *air air Ev air airAsec m Dh µ=                 (16) 

where, 
*Fin FinNtot NHP N=                       (17) 

2.1. Equations for Evaporator 

The hydraulic diameter in the evaporator is expressed by: 

( ) ( ) ( )4* ;  4* 2*Ev air Ev Ev HE HE effecDh Asec Ph Dh W W LEv = = +      (18) 

where, 

( ) ( )* * 2* ;  *Ev HP Fin Fin Fin effec Ev Fin Fin FinPh NHP P Ntot H T LEv L N T Sp= + ∆ + = − +  (19) 

The heat exchange area between the fluids in the evaporator depends on two 
areas, namely: 

TotalEv Fin NHPA Atr Atr= +                       (20) 

where, 

( ) ( )2 2* * 2* ;  * * * 4Fin Ev Fin Fin Fin Fin extFin intFinAtr L NHP H T Atr N NHP D Dπ= ∆ + = −  (21) 

The boiling coefficient is obtained through the Gupta and Varshney correlation 
[10], for both heat exchangers. 

( ) ( )
( ) ( )( )

0.7
* *

0.21 0.21

1.39* * * * * * *

          * * *

boil water Flux water water l lv water

l v water water water

h k l Heat Cp l h k

Cp k

ρ ρ

ρ ρ µ −

=        (22) 
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Heat flux is determined from the Pioro correlation [11] [12]: 

( ) ( ) ( )( )0.33 1.0/0.331.0 0.33
** * * 1.0 * * *Flux Water lv sf Water Water Evsat lvHeat h l C Pr Cp T hµ= ∆  (23) 

where, 

( )( ) ( )1/2

* g*Water l vl σ ρ ρ = −                     (24) 

The saturation temperature difference across the evaporator is represented by 
Equation (25). 

Evsat airin satT T T∆ = −                        (25) 

The Nusselt number associated with air is represented by the equations below. 

( ) 0.250.5 0.360.696* * * 5.0*airEv AirEv air air airNu Re Pr Pr Pr=              (26) 

( ) ( )( )0.2961/30.7180.1387* *airEv dr air Fin Fin FinNu Re Pr Sp Dext Dint= −       (27) 

where, 
50.0 mm and Fin Fin extDext Dint D= =               (28) 

and, 

( ) ( ) ( )4.0* * * ;  ;  
                        2.5 mm  

AirEv air Ev air dr max air

Fin

Re m Dh Re Vair
Sp by definition

π µ ν= =

=



      (29) 

The heat transfer coefficient by air convection in the evaporator is obtained by: 

* DextEv airEv airh Nu k=                     (30) 

The application of the concept of “Fin Analogy”, conceived by Fakheri [8], leads 
us to define the following parameters: 

( )2* * *EvFin Ev Fin Fin hEvmL h k t P=                (31) 

( )EvFin EvFin EvFinTanh mL mLη =                 (32) 

The fin efficiency for the evaporator section is defined through Equation (32) 
by EvFinη  [8] [9]. This quantity is fundamental in theoretical and experimental 
studies on the thermal performance of fins and is widely used in finned systems 
analyzed by Élcio Nogueira [13]. 

_ _Ev trFin totEvA Aβ =                      (33) 

( )' 1EvFin Ev EvFin Evη β η β= + −                   (34) 

The global heat transfer coefficient associated with air in the Evaporator, EvUo , 
is given by Equation (35).  

( ) ( )'1 1 1Ev boil ext int EvFin EvUo h D D kW hη = + − +          (35) 

The heat capacity of the air in the Evaporator is given by AirC . 

Air air airC m Cp=                         (36) 

The number of thermal units associated with air in the evaporator, EvNTU , is 
given by Equation (37). 
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( )* ;  Ev Ev totEv Ev Ev airNTU Uo A C C C= =               (37) 

The dimensionless number, called “fin analogy,” EvFa  is represented by Equa-
tion (35) as defined by Ahamad Fakheri [8] and reported by Nogueira, É. [9]. 

  2.0  Ev EvFa NTU for parallel flow=                (38) 

The thermal efficiency associated with the evaporator is TEvη  [8] [9]. 

( )( ) ( ) TEv eV eVTanh Fa Faη =                   (39) 

( )1 1 1 2TEv TEv EvNTUε η= +                    (40) 

The thermal effectiveness associated with the heat evaporator is TEvε . 
The heat transfer rate between the air and the heat pipe in the evaporating re-

gion EvQ  is given by Equation (41). 

( ) ( )1 1 2 Ev Ev Evsat TEv EvQ C T NTUη= ∆ +  
             (41) 

After passing through the evaporator, the outlet air temperature is represented 
by the equation below.  

airout airin Ev EvT T Q C= −                      (42) 

( )TEv airin airoutIrrev ln T T=                    (43) 

TEvIrrev  is the thermal irreversibility in the evaporator. 
The rate of thermal entropy generation is represented by TEvSgen .  

*TEv TEv EvSgen Irrev C=                      (44) 

The pressure drop across the evaporator is represented by Equation (45).  

( ) ( )2
max* * * / 2 ;  2Ev Ev Ev hEv Air AirEv Ev Ev rows airp Fric L D V p f N Vairρ ρ ∆ = ∆ =   (45) 

where, EvFric  and Evf  are the friction factors in the evaporator.  

( ) ( )( )0.9270.3160.250.31/ ;  0.7465*Ev AirEv Ev dr tFric Re f Re X dr −−= =       (46) 

 t FinX Dext=                          (47) 

Viscous irreversibility in the evaporator is obtained using the equation below.  

( )2 1lnVEv Ev EvIrrev P P=                      (48) 

where, 

1 2 2 and Ev Ev Ev Ev atmP P p P P= + ∆ =                  (49) 

The rate of viscous entropy generation is represented by Equation (47). 

*VEv VEv EvSgen Irrev C=                      (50) 

The Bejan number [14] in the evaporator is represented by Equation (51). 

( )Ev TEv TEv VEvBe Sgen Sgen Sgen= +                   (51) 
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2.2. Equations for Condenser 

The heat exchange area of the heat pipes in the condenser is represented by Equa-
tion (52). 

( )* * *trCd Cond HP HP Fin FinA L N P N T= −                (52) 

The heat exchange area in the condenser is represented by Equation (53). 

totCd trFin trCdA A A= +                       (53) 

The Reynolds number associated with the air flow inside the condenser is rep-
resented by Equation (54). 

( ) ( )Re 4.0* * *AirCd air hCd airm Dπ µ=                 (54) 

The air velocity inside the condenser is represented by Equation (52). 

( )*AirCd AirCd air hCdV Re Dµ=                    (55) 

( ) ( )4* ;  4* 2*hCd air Cd Cd effec effecD Asec Ph Dh WHELCd WHE LCd = = +   (56) 

( )
( )

* * 2* ;

        *
Cd HP Fin Fin Fin

defffec Cd Fin Fin Fin

Ph NHP P Ntot H T

LCd L N T Sp

= + ∆ +

= − +
          (57) 

The saturation temperature difference across the condenser is represented by 
Equation (58). 

Cdsat sat airinT T T∆ = −                      (58) 

The condensation coefficient in the condenser is represented by Equation (59). 

( )( ) ( )
1 430.943* * * * * * *Cond l l v lv water water Cd Cdsath h g k L Tρ ρ ρ µ = − ∆   (59) 

The Nusselt number associated with the air in the condenser is represented by 
Equation (60). 

( )
( ) ( )( )

0.250.5 0.36

0.2961/30.718

     0.696*Re *Pr * Pr 5.0*Pr ;

0.1387*Re *Pr int

airCd AirCd air air air

airCd dr air Fin Fin Fin

Nu

Nu Sp Dext D

=   

= −
    (60) 

The condensation transfer coefficient in the heat pipe is provided by Condh , as 
reported in [9].  

* DextCd airCd airh Nu k=                      (61) 

The application of the concept of “Aleta Analogy”, conceived by Fakheri [9] 
leads us to define the following parameters: 

( )2* * *CdFin Cd Fin Fin hCdmL h k t P=                 (62) 

( )TanhCdFin CdFin CdFinmL mLη =                   (63) 

The fin efficiency for the condenser section is defined through Equation (63) 
by CdFinη . 

_Cd trFin totEvA Aβ =                       (64) 
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( )' 1CdFin Cd CdFin Cdη β η β= + −                   (65) 

The efficiency associated with the set of fins in the condenser, weighted by the 
area of change of the fins '

CdFinη , is represented through Equation (65).  

( ) ( )'
int1 1 1CD boil ext CdFin CdUo h D D kW hη = + − +           (66) 

The global heat transfer coefficient associated with air in the condenser, CdUo , 
is given by Equation (66).  

Air air airC m Cp=                         (67) 

The heat capacity of the air in the condenser, AirC , is given by Equation (67).  

Cd airC C=                         (68) 

( )* ;  Cd Cd totCd Cd Cd airNTU Uo A C C C= =              (69) 

The number of thermal units associated with air in the condenser, CdNTU , is 
given by Equation (69). 

  2.0  Cd CdFa NTU for counter flow=               (70) 

The dimensionless number, called “fin analogy,”  CdFa  is represented by Equa-
tion (70) as defined by Ahamad Fakheri [9] and reported by Nogueira, É. [8] [10]. 

( )( ) ( )Tanh ?TCd Cd CdFa Faη =                  (71) 

The thermal efficiency associated with the condenser is TCdη . 

( )1 1 1 2TCd TCd CdNTUε η= +                   (72) 

The thermal effectiveness associated with the condenser is TCdε .  

( ) ( )1 1 2 Cd Cd Cdsat TCd CdQ C T NTUη= ∆ +  
            (73) 

The heat transfer rate between the air and the heat pipe in the condenser region 

CdQ  is given by Equation (73).  

airout Cd Cd airinT Q C T= +                    (74) 

After passing through the condenser (heat recovery), the outlet air temperature 
is represented through Equation (74).  

Thermal irreversibility in the condenser is obtained using Equation (75) below. 

( )lnTCd airin airoutIrrev T T=                   (75) 

The rate of thermal entropy generation in the condenser is represented by 
Equation (76). 

*TCd TCd CdSgen Irrev C=                   (76) 

( ) ( )( )0.9270.3160.250.31 Re ;   0.7465*ReCd AirCd Cd dr tFric f X dr −−= =     (77) 

The friction factor in the condenser is represented by Equation (77). 

( ) ( )2
max* * * 2 ;  2Cd Cd Cd hCd Air AirCd Cd Cd rows airp Fric L D V p f N Vairρ ρ ∆ = ∆ =   (78) 
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The pressure drop across the condenser is represented by Equation (78).  
The pressure at the evaporator inlet is represented by Equation (79).  

1 2Cd Cd CdP P p= + ∆                         (79) 

By definition:  

2Cd atmP P=                            (80) 

Viscous irreversibility in the condenser is obtained using Equation (81) below. 

( )2 1lnVCd Cd CdIrrev P P=                      (81) 

The rate of viscous entropy generation in the condenser is represented by Equa-
tion (82). 

*VCd VCd CdSgen Irrev C=                      (82) 

The Bejan number in the capacitor is represented by Equation (83). 

( )Cd TCd TCd VCdBe Sgen Sgen Sgen= +                  (83) 

2.3. Equations for Finned Heat Pipe Heat Exchanger—FHPHE 

The theoretical method for obtaining the equations below, valid for the heat ex-
changer, called the localized method, uses the values obtained individually in the 
evaporator and condenser, according to the procedure recommended in refer-
ences [6] [7]. 

FHPHE Ev CdQ Q Q= +                         (84) 

( )max min Evin CdoutQ C T T= −                     (85) 

maxFHPHE FHPHEQ Qε =                        (86) 

FHPHE Ev Cdp p p∆ = ∆ + ∆                      (87) 

THPHE TEv TCdσ σ σ= +                       (88) 

fHPHE fEv fCdσ σ σ= +                       (89) 

( )HPHE THPHE THPHE fHPHEBe σ σ σ= +                 (90) 

HPHEBe  is the thermodynamic Bejan number associated with the heat ex-
changer. 

3. Results and Discussion 

This section presents results obtained through theoretical simulations and dis-
cusses their relevance. The main objective is to compare the thermal and viscous 
performances of the heat exchangers under analysis. 

Comparisons are made for the results in the evaporator, condenser, and heat 
exchanger. The overall results obtained for the heat exchangers demonstrate that 
the localized analysis is consistent, since theoretical results can be compared with 
experimental results obtained for the IFHPHE. 

The standard parameters for both heat exchangers under analysis are saturation 
temperature of the working fluid (R404a) equal to 17.0˚C; mass flow rate variation 
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between 0.12 kg/s and 0.20 kg/s; number of fins equal to 30; inlet temperatures in 
the evaporator and condenser equal to 30.0˚C and 10.0˚C, respectively. In some sit-
uations, presented, the number of fins is defined as equal to 70 fins for the IFHPHE, 
with the objective of comparing performance in relation to the number of 30 fins. 

3.1. Evaporator 

Figure 3 shows velocity values as a function of air mass flow rate in the evaporator. 
The air velocity for the IFHPHE is approximately twice that of the AFHPHE. The 
difference in velocities can be justified by the configuration of the heat exchangers, 
since the IFHPHE has a staggered configuration and crossflow with the air, that 
is, perpendicular to the direction of the air, creating a barrier to it. In the case of 
the AFHPHE, the air enters the evaporator in the direction of the heat pipes, and 
the only barrier it encounters is the frontal areas of the pipes and fins. Although 
the AFHPHE has heat pipes with approximately twice the diameter, the air pas-
sage area is larger, resulting in lower velocity. When the number of fins is reduced 
from 30 to 0 (zero) in the IFHPHE, the velocity drops sharply, demonstrating the 
influence of the fins on the heat exchanger’s performance. Featured are the 49 
finned thermosiphons in a diametrically symmetrical configuration. This design 
allows for homogeneous air distribution within the heat pipe, contributing to less 
viscous heat dissipation. 

Figure 4 presents the result for the Nusselt number. Since the Nusselt number 
strongly depends on the Reynolds number, it is expected that IFHPHE will show 
a higher value for the Nusselt number compared to AFHPHE. The relationship 
between the Nusselt numbers is almost the same as that presented by the veloci-
ties, approximately double. 

 

 
Figure 3. Air velocity in the evaporator. 
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Figure 4. Nusselt number in the evaporator. 

 
Figure 5 presents the result for the heat exchange areas. The heat exchange area 

of the IFHPHE is smaller than the heat exchange area of the AFHPHE despite 
having a greater length. The difference in this case is the diameter of the heat pipes, 
which is almost double the value. Even with a fin count of 70, the difference is 
significant and should be reflected in the thermal performance of both heat ex-
changers. 

 

 
Figure 5. Heat exchange area. 
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Figure 6. Number of thermal units—NTU. 

 
The number of thermal units (NTU) of the AFHPHE, represented in Figure 6, 

surpasses the value obtained for the IFHPHE. This result can be explained by the 
larger heat exchange area of the AFHPHE. It is important to emphasize that alt-
hough the Nusselt number is higher in the case of the IFHPHE, which reflects a 
higher value for the convection heat transfer coefficient, the predominant factor 
in determining the overall coefficient is the boiling coefficient, and this parameter 
is the same for both heat exchangers. 
 

 
Figure 7. Effectiveness. 
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Values for effectiveness are represented in Figure 7. The values reflect what has 
already been evaluated and support the findings. The AFTHE has higher thermal 
effectiveness than the IFHPE when using 30 fins. However, the values presented 
for IFHPHE, in absolute terms, are not very different. It can be stated that in 
thermal terms, there is no significant difference, and this result should be re-
flected in the outlet temperatures. For comparison, analyzing the influence of the 
number of fins on the heat exchange area, it is found that the value presented for 
70 fins in the IFHPHE is slightly higher than the value obtained by the AFTHE 
for 30 fins. There is no significant difference, once again, between the absolute 
values. However, the values demonstrate exceptional thermal performance for the 
AFTHE. 

Outlet temperatures for both heat exchangers are shown in Figure 8. The re-
sults reflect and corroborate the evidence obtained and discussed previously. The 
outlet temperature of the air in the evaporator is lower for the AFHPHE compared 
to the IFHPHE for 30 fins. The difference increases with increasing flow rate, re-
flecting the observed values for thermal efficiency. When evaluating the influence 
of the number of fins, imposing 70 fins per heat pipe in the IFHPHE, a lower 
temperature value per flow rate is observed, as expected. Excellent thermal per-
formance. 

 

 
Figure 8. Outlet temperature. 

 
Figure 9 presents the result of the pressure drop in the evaporator. The pressure 

drop in the evaporator is lower for the AFTHE heat exchanger with 30 fins. This 
result reflects a lower evaporator velocity. The difference decreases with increas-
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ing flow rate. For an upper limit value of 0.20 kg/s, the pressure drops become 
closer, but the loss in the AFTHE is still lower. The higher-pressure drop observed 
by 70 fins in the IFHPHE reflects the greater number of fins. However, it should 
be noted that the pressure drop obtained for the AFTHE is only in the internal 
flow between the heat pipes and the shell. Pressure drop at the heat exchange out-
let was not implemented, as this aspect is still under study and analysis. This im-
portant aspect will be discussed further in the analysis ahead and in the conclu-
sion. 

 

 
Figure 9. Pressure drops. 

 
The Bejan number in the evaporator is represented in Figure 10. The Bejan 

number reflects the relative influence of viscous irreversibility on the overall per-
formance of the heat exchanger. The weight of viscous irreversibilities in the 
IFHPHE is high and influences the low relative value of the Bejan number. In 
terms of viscous performance in the evaporator, the IFHPHE with 70 fins is poor, 
negating its excellent thermal performance and excluding it as an option. For 30 
fins, the viscous performance of the IFHPHE is quite reasonable and outperforms 
most conventional heat exchangers. In the case of the AFHPHE, two simulations 
were implemented, simulating a pressure loss associated with the air outlet in the 
evaporator. Two pressure drop amplification factors shown in Figure 7 were 
added to Figure 8, 50% and 100% higher. When the 100% factor is imposed, there 
is an equality of viscous performance between the heat exchangers, for the maxi-
mum flow rate under analysis. For a 50% condition, the performance is excep-
tional. 
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Figure 10. Bejan number. 

3.2. Condenser 

In this section, we begin the analysis and evaluation of the results obtained for the 
condenser region for both heat exchangers. 

 

 
Figure 11. Effectiveness. 

https://doi.org/10.4236/msce.2025.1312006


É. Nogueira et al. 
 

 

DOI: 10.4236/msce.2025.1312006 114 Journal of Materials Science and Chemical Engineering 
 

 
Figure 12. Temperature. 

 

 
Figure 13. Pressure drops. 

 
Only parameters relevant to objectively assessing the condenser’s thermal and 

viscous performance were analyzed, as some overlap with those of the evaporator. 
The effectiveness of the condenser is represented in Figure 11. The effectiveness 

of the AFHPHE is exceptional for 30 fins, due to its larger heat exchange area. 
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Superior thermal performance, compared to the evaporator, is achieved due to the 
counterflow arrangement. The effectiveness of the IFHPHE remains in a range of 
0.45 to 0.66, for 30 fins. In the case of 70 fins for the IFHPHE, the efficiencies are 
similar, with lower performance for higher flow rates. These results, as previously 
evidenced, are crucial for the overall performance analysis of the heat exchangers. 

Figure 12 reflects the results obtained for thermal effectiveness, with tempera-
tures close to the saturation temperature of the working fluid in the case of the 
IFHPHE with 30 fins, across the entire flow rate range analyzed. The temperatures 
obtained for the IFHPHE are significantly below the saturation temperature of the 
working fluid for 30 fins, decreasing for higher flow rates. For 70 fins, the temper-
atures approach the saturation temperature of the working fluid for low flow rates 
and decrease with increasing flow rate. 

Figure 13 presents the result of the pressure drop in the condenser. The results 
obtained reflect what has already been discussed for the evaporator, with a slight 
drop compared to the IFHPHE, since the evaporator length is twice the length of 
the condenser. A 100x simulation of the pressure drop in the tubes and shell of 
the heat exchanger shows that the pressure drop results are close to the pressure 
drop of the IFHPHE with 70 fins and maximum flow rate. 

 

 
Figure 14. Bejan number. 

 
The Bejan number in the evaporator is represented in Figure 14. The results 

obtained demonstrate a superior overall performance for the AFHPHE compared 
to the IFHPHE. The performance of the IFHPHE for 70 fins is equal to 40% of the 
maximum possible performance. Considering the pressure loss value, this result 
is significant and reflects the exceptional superiority of AFHPHE. 
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3.3. FHPHE 

In this section, we present results related to the overall performance of heat ex-
changers. 

 

 
Figure 15. Theoretical versus experimental effectiveness [7]. 

 

 
Figure 16. Theoretical and experimental heat transfer rate [7]. 

 
Figure 15 presents theoretical and experimental results for thermal effective-

ness obtained for IFHPHE and presented through reference [7]. The results are 
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valid for the lowest air flow rate, approximately equal to 0.12 kg/s. 
Figure 16 presents theoretical and experimental results obtained for heat trans-

fer rate obtained for IFHPHE and reported through reference [7]. The results are 
valid for the lowest air flow rate, approximately equal to 0.12 kg/s. 

The results for pressure loss presented in Figure 17 were reported in reference 
[7]. This is a theoretical experimental comparison for the IFHPHE, considering 
the variation in the number of tubes and the number of fins, for the lowest flow 
rate, equal to 0.12 kg/s. The experimental results for 30 fins coincide with the sim-
ulated results and demonstrate the consistency of the model developed for the 
IFHPHE. 

 

 
Figure 17. Pressure drops in the IFHPHE in relation to the number of fins [7]. 

 
Figure 18 presents the result for the overall effectiveness of both heat exchang-

ers analyzed. The thermal performance of the AFHPHE is significantly superior 
to that obtained for the IFHPHE, for 30 fins, across the entire flow range. The 
thermal performance of the IFHPHE with 70 fins is slightly superior to that of the 
AFHPHE, across the entire flow range. 

Figure 19 presents results reflecting the overall performance of the heat ex-
changers, using the Bejan number. The overall performance of the AFHPHE is 
superior across the entire flow range when the pressure drop corresponds to 50 
times the pressure drop in the heat pipes and the shell of the heat exchanger, for 
the entire flow range and with several fins equal to 30. For a drop corresponding 
to 100 times the drop in the heat pipes, the performance is superior for low flow 
rates and slightly inferior for high flow rates. When the number of fins corre-
sponds to 70 in the IFHPHE, the overall performance is very low, not justifying 
the configuration. 
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Figure 18. Overall thermal effectiveness for heat exchangers. 

 

 
Figure 19. Bejan number for heat exchangers. 

 
Considerations regarding pressure losses at the air outlets in the evaporator and 

condenser for the AFHPHE must be explicitly stated in this context, since they 
were imposed during the simulations, despite being realistic and oversized in re-
lation to the heat exchanger design. These constraints were necessary during the 
simulation phase because the prototype’s outlet design is still in the theoretical 
and experimental design phase, seeking the lowest possible viscous dissipation.  
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4. Conclusions 

Comparisons are made between two finned tube heat exchangers: an individually 
finned tube heat exchanger (IFHPHE) and an axially finned tube heat exchanger 
(AFHPHE). The comparisons are made locally in the evaporator and condenser, 
and globally in the heat exchanger. 

The fixed parameters used in the comparisons were the mass flow rates of air 
in the shell, varying from 0.12 kg/s to 0.20 kg/s, the temperature of the working 
fluid (R404a) 17.0 CsatT =  , and the number of fins per heat pipe, equal to 30 fins 
(possibly 70 fins in the IFHPHE, for analysis purposes). 

The quantities obtained in the theoretical analysis were velocities, Nusselt num-
bers, number of thermal units (NTU), thermal effectiveness, outlet temperatures, 
pressure losses, and Bejan numbers.  

The results demonstrate that the heat exchange in the two heat exchangers is 
high and very close when the number of fins is kept at 30. When 70 fins are im-
posed for the IFHPHE, the thermal performance is higher than the performance 
of the AFHPHE for 30 fins and approaches the maximum possible.  

Regarding pressure loss, the results presented show significantly different val-
ues for the heat exchangers. The pressure losses in the IFHPHE are higher than 
those obtained for the AFHPHE, and in the case of 70 fins, the difference is ex-
tremely high. These differences are justified by the design of the IFHPHE, which 
features crossflow and a staggered configuration for the tube rows, with a much 
larger air frontal area compared to the AFHPHE. 

When analyzing Bejan’s figures, which include thermal and viscous perfor-
mance, the comparisons are very favorable for AFHPHE, with high thermal per-
formance and a relatively low viscous effect compared to IFHPHE. With 30 fins 
per heat pipe, IFHPHE surpasses most standard heat exchangers. In the case of 70 
fins for IFHPHE, despite the extremely high thermal performance, the cost-bene-
fit ratio is not satisfactory, and its implementation should be discarded. 

The prototype represented in Figure 2 is not feasible, since four air outlets are 
impractical, despite being a diametrically homogeneous and aesthetically very 
well-conceived design for the AFHPHE. 

Through the comparisons carried out, the superior overall performance of the 
AFTHE is demonstrated. However, the ideal configuration for the heat exchanger 
needs to be finalized so that the conclusions presented can be experimentally val-
idated. 
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Nomenclature 
secA : cross-section area, [ 2m ] 

Atr : heat transfer area, [ 2m ] 

Cp : specific heat, [ J
kg K

] 

C : thermal capacity, [ W
K

] 

minC : minimum thermal capacity, [ W
K

] 

* min

max

CC
C

=  

hD : hydraulic diameter, [ m ] 

Fa : fin analogy 

h : coefficient of heat convection, [ 2

W
m  K

] 

k : thermal conductivity, [ W
m K

] 

K : Kelvin 

Wk : thermal conductivity of the tube, [ W
m K

] 

Fink : thermal conductivity of the fin, [ W
m K

] 

L : vertical or horizontal length, [ m ] 

airm : mass flow rate of the air, [ kg
s

] 

FinN : number of fins 
Nu : Nusselt number 
Pr : Prandtl number 
Q : actual heat transfer rate, [ W ] 

maxQ : maximum heat transfer rate, [ W ] 
Re : Reynolds number 
T: temperatures, [˚C] 

Uo : global heat transfer coefficient, [ 2

W
m  K

] 

Subscripts 

boil: ebulição 
Cd: Condenser 
Cond: Condenser 
effect: effective 
Ev: Evaporator 
ext: external 
HP: heat pipe 
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H: horizontal 
in: inlet 
int: internal 
out: outlet 
sat: saturation 

Greek Symbols  

α : thermal diffusivity, [
2m

s
] 

β: the relationship between areas 

ρ: density of the fluid, [ 3

kg
m

] 

μ: dynamic viscosity of fluid, [ kg
ms

] 

ν : kinematic viscosity of the cold fluid, [
2m

s
] 

Tε : thermal effectiveness 

Tη : thermal efficiency 
T∆ : a difference of temperatures, [˚C] 

Acronyms 

FHPHE: Finned heat pipe heat exchanger 
Ev: Evaporators 
Cd: Condenser 
NHP: Number of Heat Pipes 
NFin: Number of Fins 
Nrows: Number of rows 
NTU: number of thermal units 
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