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Abstract 
Heat exchangers using thermosyphons have been used for decades in various 
applications in the aeronautical, military, nuclear, and electronics industries. 
One application that has gained recent interest, despite having been proposed 
around 1992, is thermal comfort in air conditioning systems. In this paper, we 
present a heat exchanger design that uses axially finned thermosyphons—
AFTHE. The current design uses a radially finned heat pipe heat exchanger as 
a reference, whose theoretical and experimental analysis is already well estab-
lished. Mathematical modeling applies to the thermal efficiency method to de-
termine quantities of thermal interest, and the second law of thermodynamics, 
with an emphasis on the Bejan number, to determine thermal and viscous ir-
reversibilities. Numerical and graphical results are determined and presented 
for the following physical quantities: velocities, Reynolds numbers, Nusselt 
numbers, convection heat transfer coefficients, number of thermal units, heat 
transfer rates, friction factors, pressure drops, and Bejan number. The results 
are used for theoretical analyses of the heat exchanger’s evaporator and con-
denser, demonstrating the expected physical consistencies for all analyzed 
quantities. To consolidate the heat exchanger theoretical design and the ap-
plied theoretical model, a comparison is presented for the air outlet tempera-
tures and effectiveness, using theoretical-experimental results obtained for the 
radial-fin heat exchanger, in the evaporator, and the condenser. The compar-
isons made demonstrate that the axially finned tube design presents better 
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thermal performance with a lower heat exchange area than the radially finned 
heat pipe design, for the same inlet conditions. The current design presents 
promising results and should be used in the experimental implementation of 
an air conditioning system for surgical rooms. 
 

Keywords 
Heat Exchangers, Axially Finned Heat Pipes, Thermal Efficiency Method, 
Thermal and Viscous Irreversibilities, Bejan Number 

 

1. Introduction 

Finned heat pipe heat exchangers (FHPHE) have been the subject of study and 
analysis, both theoretical and experimental, by several international research groups. 
These heat exchangers have a wide range of applications, notably in air condition-
ing systems for surgical rooms, which require strict specifications for temperature, 
air flow, relative humidity, and number of air changes per hour. 

In this work, the thermal efficiency method is applied to determine the crucial 
thermal quantities for thermal performance. The main thermal quantity obtained 
through the application of the thermal efficiency method is the thermal effective-
ness, which allows the determination of all other relevant thermal quantities for 
thermal performance analysis. The concept used in defining thermal efficiency is 
the concept associated with the definition of finned thermal performance, called 
“Fin Analogy”. The concept of fin analogy was presented by Ahamad Fakheri [1]. 
Another relevant thermal quantity is thermal irreversibility, associated with vis-
cous irreversibility, allows the determination of the overall performance of the 
heat exchanger. 

The so-called “Bejan Number” [2] defines how efficient the heat exchanger is. 
In this sense, the weight of thermal irreversibility must be relatively greater than 
that of viscous irreversibility, so that the Bejan number is high. 

Ragil Sukarno and colleagues [3] developed an experimental HVAC system for 
surgical rooms using finned crossflow heat pipe heat exchangers. They achieved a 
maximum efficiency of 62.7% for the nine-row, 36-finned-tube heat exchanger 
shown in Figure 1 below, for an inlet temperature of 45˚C.  

H. Jouhara and collaborators [4] conducted a theoretical experimental study to 
analyze the thermal performance of a multipass heat pipe heat exchanger using 
theoretical models such as Logarithmic Mean Temperature Difference (LMTD) 
and the Effectiveness Method (ε-NTU). They highlighted the importance of heat 
exchangers in waste energy recovery.  

Grzegorz Górecki and collaborators [5] presented a theoretical-experimental 
study of a finned heat pipe heat exchanger for small air conditioning systems, show-
ing that finned heat pipes are a viable alternative to conventional exchangers.  

Anwar Barrak [6] discussed the rising energy consumption in tropical countries 
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and the importance of energy recovery to improve thermal performance. He high-
lighted that heat pipes are an excellent alternative for energy recovery and can 
improve fresh air quality.  
 

 
Figure 1. Ragil Sukarno et al. [3]. 

 
Nandy Putra and colleagues [7] investigated the performance of finned heat 

pipes for heat recovery from exhaust air in an ambient room, showing that system 
efficiency increases with inlet air temperature.  

Imansyah Ibnu Hakim and colleagues [8] analyzed HVAC systems using U-
shaped finned heat exchangers, concluding that the two-tube row configuration 
significantly affects the pre-cooling and reheating processes.  

Xuan Yin et al. [9] use experimental data as a numerical simulation to calculate 
the operating states of a two-phase thermosyphon evaporator. The numerical model 
comprised a vertically arranged steel tube with an inner diameter of 17 mm and a 
length of 800 mm, and water as the working fluid. Seven heat exchange tubes in 
the evaporator are distributed in a uniform vapor environment. The numerical 
results reveal the heat transfer and flow characteristics in the tube at different fill-
ing rates, with the evaporator exhibiting different flow and heat transfer charac-
teristics under filling rates ranging from 40% to 65%. At a tube height of 0.7 m, 
the distributions of time-averaged vapor velocity and void fraction are similar for 
filling rates ranging from 55% to 65%, indicating a similar flow regime. The ap-
plicability of the numerical model is validated by the experimental results. 

H. Eshwar, U.C. Arunachala, and K. Varun [10] state that passive heat transport 
has gained immense popularity. They cite heat pipes (HP) and two-phase closed 
thermosyphons (TPCT). They evaluated the effectiveness of closed two-phase 
thermosyphons through experimental investigation. Three thermosyphons (with 
the same geometry) were analyzed. They imposed isothermal (40˚C - 90˚C) and 
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isoflux (50 - 900 W) heating conditions. They concluded that in isothermal mode, 
the HP transports heat with a minimal temperature gradient and that, ultimately, 
the HP is the preferred option in terms of performance. Due to its superior oper-
ation, the HP can be used in isothermal applications where cost is not a significant 
concern. 

Élcio Nogueira [11] analyzed energy efficiency in air conditioning systems by 
applying the “Thermal Efficiency Method” to evaluate the thermal performance 
of finned heat pipe heat exchangers. The parameters analyzed included the num-
ber of fins per tube, number of tubes, inlet temperatures, and fluid flow rates. The 
theoretical results were compared with experimental data, showing excellent agree-
ment.  

Another study, Nogueira [12] reviewed concepts of thermal and viscous irre-
versibilities, using the second law of thermodynamics and the Bejan number to 
analyze the thermal and viscous performance of heat exchangers. The “Thermal 
Efficiency Method” was applied to obtain quantities such as thermal effectiveness 
and thermal and viscous irreversibilities.  

Nogueira [13] also developed an innovative theory for analyzing heat exchang-
ers, applying dimensionless analytical modeling to various types of exchangers, 
regardless of their specific characteristics. The methodology is based on the concepts 
of thermodynamics, with an emphasis on the second law of thermodynamics. 

2. Basic concepts of Axially Finned Two-Phase Closed 
Thermosyphon Heat Exchanger—AFTHE  

Some initial concepts of the axially finned tube heat exchanger with parallel flow 
in the evaporator and counterflow in the condenser are represented in Figures 
2(a)-(c). 
 

 
(a) 
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(b) 

 
(c) 

Figure 2. Basic initial concepts of AFTHE 
 

Diniz Felix dos Santos Filho presents the initial design for the AFTHE (Figure 
2(a)), highlighting the fin designs and an initial proposal for air outlets in the 
evaporator and condenser. Eliseu Luan de O. Tavares (Figure 2(b)), under the 
guidance of Élcio Nogueira, develops a new design for the heat exchanger, without 
fins, highlighting the vertical, diametrically symmetrical air outlets in the evapo-
rator and condenser. Continuing the AFTHE concepts (Figure 2(c)), Ryan Felix 
expands the heat exchanger design with radial air outlets for the evaporator and 
condenser. 

An analysis of the above designs for the AFTHE will be presented in the section 
below, considering theoretical aspects that will be discussed in the following sec-
tions. 

3. Mathematical Model Description of the AFTHE  

In this section we present the mathematical formulation for solving the perfor-
mance of the heat exchanger under analysis, through the Thermal Efficiency 
Method, which uses the concept called “Fin Analogy” by Ahamad Fakheri [1]. 

The saturation temperature of the working fluid (H2O) is defined using Equa-
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tion (1). 

 27 CsatT =   (1) 

The air inlet temperature at the evaporator varies between 30˚C and 45˚C, ac-
cording to Equation (2). 

 30 C 45 CairinT≤ ≤   (2) 

The air inlet temperature at the condenser varies between 18˚C and 26˚C, ac-
cording to Equation (3). 

 18 C 26 CairinT≤ ≤   (3) 

The air mass flow rate varies between 0.02 kg/s and 0.15 kg/sec, according to 
Equation (4). 

 0.02 kg s 0.15 kg sairm≤ ≤  (4) 

Table 1 shows the properties of the working fluid as a function of the saturation 
temperature equal to 27˚C. 

 
Table 1. Working fluid properties (H2O) 

satT  
˚C 

satP  
Pa 

lρ  
kg/m3 

vρ  
kg/m3 

lh  
J/kg 

vh  
J/kg 

lvh  
J/kg 

27.0 91.535 103 819.38 0.075 111.55 2563.19 2451.64 

 
Geometric and physical quantities for the heat exchanger are explained through 

Equations (5) and (24). 

 ( )2.0 25.40 mmintD = ∗  (5)  

The internal diameter of the heat pipe is represented by Equation (5). 

 ( )2.0 25.40 0.893 mmextD = ∗ +  (6) 

The external diameter of the heat pipe is represented by Equation (6). 

 HP extP D= π∗  (7) 

The perimeter of the heat pipe is represented by Equation (7).  

 ( ) ( )1.0Fin HP Fin Fin FinEsp P N T N= − ∗ +  (8) 

The space between fins is represented by Equation (8). The number of fins is 
represented by FinN  and FinT  represents the fin thickness. 

 25FinN =  (9) 

 4.0 mmFinT =  (10) 

The basic reference number of heat pipes is represented by Equation (11). The 
reference number has an exact quadratic root and, in this work, is equal to 9 for 
29 heat pipes and 16 for 47 heat pipes. 

 9 by default; 1 16HPb HpbN N= ≤ ≤  (11) 

The number of tubes in the main diagonal of the heat exchanger is represented 
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by Equation (12) (see Figure 2). 

 ( )1.0HPR R RN N N= + +  (12) 

where, 

 R HPbN N=  (13) 

The number of heat pipes is represented by Equation (14). 

 ( ) ( )1.0 2.0HP HPR R RN N N N= ∗ + + −  (14) 

The total number of fins in the heat exchanger is represented by Equation (15). 

 TotFin HP FinN N N= ∗  (15) 

The fin height is represented by Equation (16). 

 18.0 mmFinH =  (16) 

The diameter of the heat exchanger shell is represented by Equation (17). 

 ( )2.0Shell HPR ext FinD N D H= ∗ + ∗  (17) 

The lengths of the regions in the heat pipe, evaporator, adiabatic region and 
condenser are represented by Equation (18). 

 220.0 mm; 120.0 mm; 120.0 mmEv Ad CdL L L= = =  (18) 

 liqEv Ratio EvL F L= ∗  (19) 

The filling rate of the working fluid in the evaporator depends on the fraction 
ratio, defined by RatioF  in Equation (19) above.  

It is assumed that the heat pipes and fins are made of copper, with thermal 
conductivity shown below (Equation (20)). 

 W W380.0 ; 380.0
m K m KW Fink k= =
⋅ ⋅

 (20) 

Equation (21), represented by Waterσ  and reported by Górecki, G. et al. [5], is 
the surface tension for water: 

 ( )( )0.07275 1.0 0.002 291Water Kσ = ∗ − ∗ −  (21) 

where K  is saturation temperature in Kelvin.  
The air passage area at the heat exchanger inlet is represented by Equation (22). 

 
2

2m
4.0

Shell
HE

D
AEnt = π∗  (22) 

The height of the heat pipes is represented by Equation (23). 

 HP Ev Ad CdH L L L= + +   (23) 

The volume occupied by the heat pipes is represented by Equation (24). 

 HE HP HEVol H AEnt= ∗  (24) 

The value 0.006 (Equation (25)), constant for the surface-fluid combination, 
was originally presented by Rhosenow [14], valid for the copper-water pair, and 
reported by H. Jouhara et al. [15]. 
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 0.006sfC =   (25)  

3.1. Evaporator 

Table 2 shows the air properties as a function of the air inlet temperature at the 
evaporator. 
 
Table 2. Air properties as a function of evaporator air inlet temperature. 

airinT  
˚C 

airρ  
Kg/m3 

airk  
W/(m·K) 

airCp  
J/(kg·K) airPr  airµ  

Pa·s 
airϑ  

m2/s 
airα  

m2/s 

30.0 1.219 2.67 × 10−2 1005.77 7.47 × 10−1 1.98 × 10−5 1.63 × 10−5 2.18 × 10−5 

35.0 1.219 2.70 × 10−2 1006.12 7.41 × 10−1 1.99 × 10−5 1.63 × 10−5 2.20 × 10−5 

40.0 1.219 2.74 × 10−2 1006.48 7.35 × 10−1 2.00 × 10−5 1.64 × 10−5 2.23 × 10−5 

45.0 1.218 2.77 × 10−2 1006.84 7.30 × 10−1 2.01 × 10−5 1.65 × 10−5 2.26 × 10−5 

 
The air passage area inside the heat exchanger is represented by Equation (25). 

 
2

4.0
ext

NHp HE HP TotFin Fin Fin
D

Asec AEnt N N H T
 

= − ∗π∗ − ∗ ∗ 
 

 (25) 

The hydraulic perimeter of the heat exchanger is represented by Equation (26). 

 ( )2.0hHp HP HP TotFin Fin Fin TotFin FinP N P N H T N H= ∗ + ∗ ∗ + − ∗  (26) 

The hydraulic diameter of the heat exchanger is represented by Equation (27). 

 
4.0 NHp

hHP
hHp

Asec
D

P
∗

=  (27) 

The heat exchange area associated with the fins is represented by Equation (28). 

 ( )2.0trFin Fin HP EV Fin FinA N N L H T= ∗ ∗ ∗ ∗ +   (28) 

The heat exchange area associated with the heat pipe assembly is represented 
by Equation (29).      

 ( )trEv EV HP HP Fin FinA L N P N T= ∗ ∗ − ∗  (29) 

The total heat exchange area in the evaporator is represented by Equation (30). 

 totEv trFin trEvA A A= +  (30) 

The Reynolds number associated with the air flow inside the evaporator is rep-
resented by Equation (31). 

 4.0 air
AirEv

hHP air

m
Re

D µ
∗

=
π∗ ∗



 (31) 

The air velocity inside the evaporator is represented by Equation (32). 

 AirEv air
AirEv

hHP

Re
V

D
µ∗

=  (32) 

The Reynolds number associated with the air flow at the evaporator inlet is rep-
resented by Equation (33). 
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 4.0 air
AirEnt

Shell air

m
Re

D µ
∗

=
π∗ ∗



 (33) 

The air velocity at the evaporator inlet is represented by Equation (34). 

 AirEnt air
AirEnt

Shell

Re
V

D
µ∗

=  (34) 

The saturation temperature difference across the evaporator is represented by 
Equation (35). 

 Evsat airin satT T T∆ = −  (35) 

The estimated heat transfer coefficient for the boiling process, boilh , Equation 
(36), was represented by Gupta and Varshney correlation [16], depend on the 

FluxHeat , described by Pioro correlation [17], Equation (37).  

 

( )

0.7

0.21
0.21

1.39Water
boil Flux Water Water

l lv Water

Water
l v Water

Water

k lh Heat Cp
l h k

Cp
k

ρ
ρ

ρ ρ µ

∗

∗

−

 
= ∗ ∗ ∗ ∗ ∗ ∗ ∗ 

 
∗ ∗ ∗ 

 

 (36) 

( )
0.33 1.0 0.33

1.0 0.331.0
 

Evsat
Flux Water lv Water Water

sf lv

T
Heat h l Pr Cp

C h
µ ∗

    ∆ = ∗ ∗ ∗ ∗ ∗ ∗        
(37) 

where, 

 
( )

1.0 2.0

Water

l v

l
g

σ
ρ ρ∗

 
=  

∗ −  
 (38) 

The Nusselt number associated with air is represented by Equation (39). 

 ( ) ( )
0.25

0.5 0.360.696
5.0

air
airEv AirEv air

air

PrNu Re Pr
Pr

 
= ∗ ∗ ∗ ∗ 

 (39) 

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

 air
Ev air

ext

k
h Nu

D
= ∗  (40) 

The application of the concept of “Aleta Analogy”, conceived by Fakheri [1] 
leads us to define the following parameters: 

 
2 Ev

EvFin hEv
Fin Fin

h
mL P

k t
=   (41) 

 
( )Tanh EvFin

EvFin
EvFin

mL
mL

η =    (42) 

The fin efficiency for the evaporator section is defined through Equation (42) 
by EvFinη . 

 
 

trFin
Ev

totEv

A
A

β =  (43) 
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 ( )1EvFin Ev EvFin Evη β η β′ = + −   (44) 

The efficiency associated with the set of fins in the evaporator, weighted by the 
area of change of the fins EvFinη′ , is represented through Equation (44).  

 1
1 1Ev

ext int

boil W EvFin Evair

Uo
D D

h k hη

=
−

+ +
′

 (45) 

The global heat transfer coefficient associated with air in the evaporator, EvUo , 
is given by Equation (45).  

 Air air airC m Cp=    (46) 

The heat capacity of the air in the evaporator, AirC , is given by Equation (46).  
 Ev airC C=   (47) 

 Ev totEv
Ev

Ev

Uo A
NTU

C
∗

=  (48) 

The number of thermal units associated with air in the evaporator, EvNTU , is 
given by Equation (48). 

 for parallel flow
2.0

Ev
Ev

NTU
Fa =   (49) 

The dimensionless number, called “fin analogy,” EvFa  is represented by 
Equation (49) as defined by Ahamad Fakheri [12] and reported by Nogueira, É. 
[9]-[11]. 

 
( )tanh eV

TEv
Ev

Fa
Fa

η =  (50) 

The thermal efficiency associated with the evaporator is TEvη  [9]-[11]. 

 1
1 1

2

TEv

tEv EvNTU

ε

η

=
+

 (51) 

The thermal effectiveness associated with the heat evaporator is TEvε .  

 
1 1

2

Ev Evsat
Ev

TEv Ev

C T
Q

NTUη

∆
=

+

   (52) 

The heat transfer rate between the air and the heat pipe in the evaporating re-
gion EvQ  is given by Equation (52). 

 Ev
airout airin

Ev

Q
T T

C
= −



   (53) 

After passing through the evaporator (precooling), the outlet air temperature is 
represented through Equation (53).  

Thermal irreversibility in the evaporator is obtained using Equation (54), be-
low. 

 log airin
TEv

airout

T
Irrev

T
 

=  
 

 (54) 

https://doi.org/10.4236/msce.2025.1311005


É. Nogueira et al. 
 

 

DOI: 10.4236/msce.2025.1311005 58 Journal of Materials Science and Chemical Engineering 
 

The rate of thermal entropy generation is represented by Equation (55). 

 TEv TEv EvSgen Irrev C= ∗  (55) 

 
( )0.25

0.31
Ev

AirHP

Fric
Re

=  (56) 

The friction factor in the evaporator is represented by Equation (56). 

 ( )2.0

2
Air AirEvEv

Ev Ev
hEv

VLp Fric
D

ρ ∗
∆ = ∗ ∗  (57) 

The pressure drops across the evaporator is represented by Equation (57).  
The pressure at the evaporator inlet is represented by Equation (58). 

 1 2Ev Ev EvP P p= + ∆  (58) 

where, 

 2Ev atmP P=  (59) 

Viscous irreversibility in the evaporator is obtained using Equation (60) below. 

 2

1

log Ev
VEv

Ev

P
Irrev

P
 

=  
 

 (60) 

The rate of viscous entropy generation is represented by Equation (61). 

 VEv VEv EvSgen Irrev C= ∗  (61) 

The Bejan number in the evaporator is represented by Equation (62). 

 TEv
Ev

TEv VEv

Sgen
Be

Sgen Sgen
=

+



 

 (62) 

3.2. Condenser 

Table 3 shows the air properties as a function of the air inlet temperature at the 
condenser. 
 
Table 3. Air properties as a function of condenser air inlet temperature. 

airinT  
˚C 

airρ  
Kg/m3 

airk  
W/(m·K) 

airCp  
J/(kg·K) 

Pr  airµ  
Pa·s 

airϑ  
m2/s 

airα  
m2/s 

18.0 1.219 2.59 × 10−2 1004.94 7.64 × 10−1 1.97 × 10−5 1.61 × 10−5 2.11 × 10−5 

20.0 1.219 2.60 × 10−2 1005.08 7.61 × 10−1 1.9710−5 1.61 × 10−5 2.12 × 10−5 

22.0 1.219 2.61 × 10−2 1005.22 7.58 × 10−1 1.97 × 10−5 1.62 × 10−5 2.13 × 10−5 

24.0 1.219 2.63 × 10−2 1005.36 7.55 × 10−1 1.97 × 10−5 1.62 × 10−5 2.14 × 10−5 

26.0 1.219 2.64 × 10−2 1005.49 7.52 × 10−1 1.98 × 10−5 1.62 × 10−5 2.16 × 10−5 

 
The heat exchange area of the heat pipes in the condenser is represented by 

Equation (63).      

 ( )trCd Cond HP HP Fin FinA L N P N T= ∗ ∗ − ∗  (63) 

The heat exchange area in the condenser is represented by Equation (64). 
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 totCd trFin trCdA A A= +  (64) 

The Reynolds number associated with the air flow inside the condenser is rep-
resented by Equation (65). 

 
4.0 air

AirCd
hHP air

m
Re

D µ
∗

=
π∗ ∗



 (65) 

The air velocity inside the condenser is represented by Equation (66). 

 AirCd air
AirCd

hHP

Re
V

D
µ∗

=  (66) 

The saturation temperature difference across the condenser is represented by 
Equation (67). 

 Cdsat sat airinT T T∆ = −  (67) 

The condensation coefficient in the condenser is represented by Equation (68). 

 
( ) ( )

1 43

0.943 l l v lv water
Cond

awter Cd Cdsat

h g k
h

L T
ρ ρ ρ

µ

 ∗ − ∗ ∗ ∗
 = ∗
 ∗ ∗∆ 

 (68) 

The Nusselt number associated with the air in the condenser is represented by 
Equation (69). 

 ( ) ( )
0.25

0.5 0.360.696
5.0

air
airCd AirCd air

air

PrNu Re Pr
Pr

 
= ∗ ∗ ∗ ∗ 

  (69) 

The heat convection coefficient associated with the air in the condenser is rep-
resented by Equation (70). 

 air
Cd airCd

ext

k
h Nu

D
= ∗  (70) 

The application of the concept of “Aleta Analogy”, conceived by Fakheri [1] 
leads us to define the following parameters: 

 
2 Ev

CdFin hCd
Fin Fin

h
mL P

k t
=   (71) 

 
( )Tanh CdFin

CdFin
CdFin

mL
mL

η =   (72) 

The fin efficiency for the condenser section is defined through Equation (72) 
by CdFinη . 

 trFin
Cd

totCd

A
A

β =  (73)  

 ( )1CdFin Cd CdFin Cdη β η β′ = + −  (74) 

The efficiency associated with the set of fins in the condenser, weighted by the 
area of change of the fins EvFinη′ , is represented through Equation (74).  

 1
1 1Cd

ext int

cond W CdFin Cd

Uo
D D

h k hη

=
−

+ +
′

 (75) 
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The global heat transfer coefficient associated with air in the condenser, CdUo , 
is given by Equation (75).  

 Air air airC m Cp=    (76) 

The heat capacity of the air in the condenser, AirC , is given by Equation (76).  

 Cd airC C=   (77) 

 Cd totCd
Cd

Cd

Uo A
NTU

C
∗

=  (78) 

The number of thermal units associated with air in the condenser, CdNTU , is 
given by Equation (78). 

 for counter flow
2.0

Cd
Cd

NTU
Fa =  (79)  

The dimensionless number, called “fin analogy,” CdFa  is represented by 
Equation (79) as defined by Ahamad Fakheri [1] and reported by Nogueira, É. 
[11]-[13]. 

 
( )tanh Cd

TCd
Cd

Fa
Fa

η =  (80) 

The thermal efficiency associated with the condenser is TCdη . 

 1
1 1

2

TCd

tCd CdNTU

ε

η

=
+

 (81)  

The thermal effectiveness associated with the condenser is TCdε .  

 
1 1

2

Cd Evsat
Cd

TCd Cd

C T
Q

NTUη

∆
=

+

  (82) 

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

CdQ  is given by Equation (82). 

 Cd
airout airin

Cd

Q
T T

C
= +


 (83) 

After passing through the condenser (heat recover), the outlet air temperature 
is represented through Equation (83).  

Thermal irreversibility in the condenser is obtained using Equation (84) below. 

 log airin
TCd

airout

T
Irrev

T
 

=  
 

 (84) 

The rate of thermal entropy generation in the condenser is represented by 
Equation (85). 

 TCd TCd CdSgen Irrev C= ∗  (85) 

 
( )0.25

0.31
Cd

AirCd

Fric
Re

=  (86) 
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The friction factor in the condenser is represented by Equation (86). 

 ( )2.0

2
Air AirCdCd

Cd Cd
hCd

VLp Fric
D

ρ ∗
∆ = ∗ ∗  (87) 

The pressure drops across the condenser is represented by Equation (87).  
The pressure at the evaporator inlet is represented by Equation (88).  

 1 2Cd Cd CdP P p= + ∆  (88) 

By definition:  

 2Cd atmP P=  (89) 

Viscous irreversibility in the condenser is obtained using Equation (90) below. 

 2

1

log Cd
VCd

Cd

P
Irrev

P
 

=  
 

 (90) 

The rate of viscous entropy generation in the condenser is represented by Equa-
tion (91). 

 VCd VCd CdSgen Irrev C= ∗  (91) 

The Bejan number in the condenser is represented by Equation (92). 

 TCd
Cd

TCd Cd

Sgen
Be

Sgen Sgen
=

+



 

 (92) 

4. Results and Discussion  
4.1. Evaporator  

This section presents results for thermal and viscous performances related to the 
evaporator of the axially finned heat pipe heat exchanger, for configurations with 
29 and 47 heat pipes. 
 

 
Figure 3. Velocidade do ar na entrada do evaporador versus vazão em massa. 
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Figure 3 presents the average air velocities for the two configurations consid-
ered in this work, with shell diameters equal to 614 mm (29 heat pipes) and 789 
mm (47 heat pipes). As expected, the inlet velocity of the heat exchanger with the 
larger diameter has a lower velocity. 

Figure 4 shows the average velocity inside the heat exchangers considered in 
the evaporator analysis. As expected, due to its larger equivalent diameter, the heat 
exchanger with 47 heat pipes has a lower internal velocity, despite the larger area 
occupied by the heat pipes and fins. Figure 2 shows a cross-sectional representa-
tion of the finned heat pipes arranged symmetrically inside the shell for the 29-
heat pipe configuration. The radial configuration is designed to achieve homoge-
neous air distribution inside the heat exchanger. 
 

 
Figure 4. Average air velocity inside the evaporator versus air mass flow rate. 

 
The maximum permissible velocity inside the heat exchanger is 6 m/s. This 

value limits the flow rate that can be used. For a 49-tube heat exchanger, this value 
is achieved with a mass flow rate of 0.2 kg/s. A standard 60 m3 operating room 
with 20 air changes per hour, as defined by country-specific standards, requires a 
flow rate of 0.4 kg/s. In this case, two 49-tube heat exchangers are needed to meet 
the pre-established requirements. 

As expected, the Reynolds number in the evaporator, represented in Figure 5, 
demonstrates a similar trend to the internal velocity in the evaporator, with the 
heat exchanger with 47 heat pipes presenting slightly lower values for higher air 
flows. 

The Nusselt number, Figure 6, presents results like those obtained and repre-
sented in Figure 3, as it is strongly dependent on the Reynolds number. 
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Figure 5. Evaporator Reynolds number versus air mass flow rate. 

 

 
Figure 6. Evaporator Nusselt number versus air mass flow rate. 

 
Figure 7 presents values for the boiling heat transfer coefficient. The boiling 

coefficient presents significantly higher values with increasing air temperature, 
since it depends on the temperature difference between the air inlet temperature 
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and the saturation temperature of the working fluid. 
 

 
Figure 7. Boiling heat transfer coefficient versus air inlet temperature. 

 

 
Figure 8. Number of thermal units versus air mass flow rate. 

 
The number of thermal units in the evaporator is represented in Figure 8, as a 

function of the air inlet flow rate and for the maximum temperature, equal to 

https://doi.org/10.4236/msce.2025.1311005


É. Nogueira et al. 
 

 

DOI: 10.4236/msce.2025.1311005 65 Journal of Materials Science and Chemical Engineering 
 

45˚C. The working fluid filling ratio in the heat pipes, in purely theoretical terms, 
varies from 50% to 100%. The number of thermal units increases with the filling 
rate, and the number of heat pipes and decreases with an increasing flow rate. The 
increase in the number of heat pipes can be explained by the increase in the heat 
exchange area, and the increase in the filling rate is explained by the higher value 
of the overall heat exchange coefficient, which is strongly dependent on the boil-
ing coefficient. 

Figure 9 presents result for evaporator thermal effectiveness, for an air inlet 
temperature of 45˚C and a working fluid fill ratio ranging from 50% to 100%. As 
expected, thermal effectiveness presents results like those of the number of ther-
mal units, since it is strongly dependent on this parameter. What stands out in the 
results obtained are the high thermal effectiveness values across the entire flow 
rate range under analysis. The extremely high effectiveness values, even for a work-
ing fluid fill ratio of 50%, demonstrate that the 47-finned heat pipe configuration 
has great potential for use in air conditioning systems for thermal comfort. Even 
for the 29-tube configuration, the results presented, for a fill ratio of 60%, are ex-
tremely promising.  
 

 
Figure 9. Thermal effectiveness versus air mass flow rate and with filling fraction as a pa-
rameter. 
 

The heat transfer rate in the evaporator, for an air inlet temperature of 45˚C, is 
represented in Figure 10. The results obtained reflect what was observed for ther-
mal effectiveness, with higher values for a greater number of heat pipes and higher 
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working fluid filling rates. It should be noted that the analysis is restricted to the 
final position of the evaporator contained by the working fluid, since this is the 
most relevant region in terms of heat exchange. 
 

 
Figure 10. Heat transfer rate versus air mass flow rate and with filling ratio as a parameter. 
 

 
Figure 11. Air outlet temperature versus air mass flow rate and with filling ratio as a pa-
rameter. 
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The air outlet temperature is represented in Figure 11. The results obtained for 
the 47-finned heat pipe configuration, as expected, are extremely promising, since 
the temperature, for a 60% fill ratio, presents outlet temperatures between 27˚C 
and 28˚C, for almost the entire flow rate range under analysis. Even for the 29-
tube configuration, the results obtained for a fill fraction of 80%, below 30˚C and 
an air inlet temperature of 45˚C, demonstrate exceptional thermal performance 
for the theoretical design of the heat exchanger under analysis.  

The current design, with axially finned heat pipes, is compared with the design 
of radially finned heat pipes, whose theoretical-experimental study is described 
through the work presented by Ragil Sukarno et al. [3], and a comparative theo-
retical study, through the Thermal Efficiency Method, carried out by Élcio Nogueira 
[11]. 
 

 
Figure 12. Air outlet temperature versus air mass flow rate for radial and axial finned heat 
exchanger configurations. 

 
The results of the comparison performed in this work are shown in Figure 12, 

for air outlet temperature as a function of flow rate. It can be observed that the 
axial design with 47 finned heat pipes presents better thermal performance than 
the radial configuration, for a fill ratio of 100%. However, for an effective com-
parison, the heat exchange areas of each heat exchanger design must be analyzed: 
For 29 axially finned heat pipes, with 25 fins per tube, the total heat exchange area 
in the evaporator is 0.17 m2; for 47 axially finned heat pipes, with 25 fins per tube, 
the total heat exchange area in the evaporator is 0.27 m2; in the case of radially 
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finned heat pipes, the total heat exchange area in the evaporator is 0.39 m2. In 
terms of thermal performance in the evaporator, the axially finned tube design 
offers better performance, as it provides superior results for a smaller heat ex-
change area. 

The results and analyses presented for thermal performance, in the evaporator, 
validate and demonstrate better thermal performance for the current configura-
tion. 

A heat exchanger analysis, which takes into account the cost-benefit in terms of 
thermal/viscous performance, is presented below for the evaporator. 

Figure 13 presents the coefficient of friction results for the two designs analyzed 
in this work: axially finned heat pipes with 29 tubes and 47 tubes, both with 25 
fins per tube. Since the design with the greater number of tubes and fins has a 
larger area, it would be expected to have a significantly higher coefficient of fric-
tion. However, it can be seen that the velocity (Figure 4) is lower for the greater 
number of tubes, since the air passage area is larger. This characteristic balances 
the coefficient of friction results, making the result obtained for 47 tubes slightly 
higher than the result obtained for 29 heat pipes. As will be discussed later, this 
result has a positive impact on thermal/viscous performance in the current con-
figuration. 
 

 
Figure 13. Friction factor versus air mass flow rate. 

 
The results for evaporator pressure drop are shown in Figure 14. The pressure 

drop for the 47-tube configuration shows a lower pressure drop than that for the 
29-tube configuration. These results reflect what was observed for internal veloc-
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ities in the heat exchanger, since the larger the number of tubes, the larger the air 
passage area. 
 

 
Figure 14. Pressure drops versus mass flow rate. 

 

 
Figure 15. Bejan number versus mass flow rate with working fluid filling ratio as parame-
ter. 

 
The results for the evaporator’s Bejan number are presented in Figure 15 for 
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the two configurations under analysis: 29 and 47 axially finned heat pipes. Ini-
tially, the significant superiority of the 47-heat pipe design can be observed, as it 
offers a higher Bejan number for a given air mass flow rate. In this case, the result 
reflects higher thermal performance and lower pressure loss for the 47-heat pipe 
configuration. However, what is very favorable, in terms of cost-benefit, is that the 
value obtained is extremely high for both cases. These results demonstrate that the 
heat exchanger designs analyzed are extremely promising, as they offer high heat 
transfer rates and low pressure drops. 

4.2. Condenser 

This section presents results for thermal and viscous performances related to the 
condenser of the axially finned heat pipe heat exchanger, for configurations with 
29 and 47 heat pipes. 

The results obtained for the condenser are very similar to those obtained for the 
evaporator. Numerically, however, they present different values, since the length 
of the condenser is equal to half the length of the evaporator, and the temperature 
differences between the air inlet temperature and the saturation temperature are 
smaller. The air inlet temperature to the evaporator varies between 18˚C and 
26˚C. 

The air velocity values inside the condenser (Figure 16) are lower than those 
observed for the evaporator, due to the condenser’s smaller hydraulic diameter. 
The velocity values for the 47-heat pipe configuration, which has a larger air pas-
sage area, are reflected in lower velocity values. 
 

 
Figure 16. Average air velocity in the condenser versus air mass flow rate. 

 
Figure 17 presents result for the condensation heat transfer coefficient. The 

values are lower than those obtained for the boiling coefficient, due to the high 
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heat transfer resistance presented by the water vapor fraction inside the heat pipes. 
This result is expected to impact the condenser’s thermal performance. 
 

 
Figure 17. Heat transfer coefficient by condensation versus air input temperature. 

 

 
Figure 18. Condenser heat transfer rate versus air mass flow rate. 
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Figure 18 presents the results for the condenser heat transfer rate as a function 
of the air mass flow rate for the two configurations under analysis. The input pa-
rameter is an air temperature of 18˚C. The condenser heat transfer rate is higher 
for the 47-heat pipe design due to the larger heat exchange area. 

A comparison between axially finned and radially finned heat pipe designs for 
evaporator outlet air temperature is shown in Figure 19. The thermal perfor-
mance of the axially finned heat pipe configurations is significantly superior for 
both 29-tube and 47-tube configurations. The results obtained for the condenser 
are qualitatively different from those obtained for the evaporator. The numerical 
superiority of the 47-tube heat pipe configuration is explained by the larger heat 
exchange area, in relation of the 29-tube heat exchanger. The superiority of the 
29-tube configuration, compared to the crossflow arrangement, despite the greater 
number of heat pipes, can be explained by the heat exchanger configuration. In 
the condenser, the countercurrent flow configuration offers superior thermal per-
formance compared to the parallel flow configuration, as in the evaporator. An-
other relevant aspect is that the hydraulic diameter in the condenser is smaller 
than that of the evaporator, and this affects the external flow in relation to the heat 
pipes, increasing the Reynolds number. 
 

 
Figure 19. Comparison of condenser outlet air temperature versus air mass flow rate for 
radial and axial fin configurations. 

 
The results presented for the Bejan number in the condenser are represented in 
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Figure 20. As expected, based on what was already discussed for the evaporator, 
the Bejan number is higher for the 47-tube configuration because it has a larger 
heat exchange area and air passage area. However, what is noteworthy, once again, 
is the thermal performance versus viscous dissipation, which is extremely high for 
both configurations analyzed. In this sense, the cost-benefit associated with the 
heat exchanger is very favorable, due to its high thermal performance. 
 

 
Figure 20. Bejan number in the condenser versus air mass flow rate. 

4.3. Considerations on the Current AFTHE Configuration 

The air outlet configurations in the heat exchanger under analysis, represented in 
Figures 2(a)-(c), are highlighted in the last one, as it more functionally encom-
passes the first two. Despite this, it cannot yet be considered definitive for two 
reasons: four air outlets, despite resulting in a completely symmetrical and func-
tional configuration, are not a practical option when directing cooled or heated 
air to a given installation; and to achieve the final solution, due to the air-directing 
curves, it was necessary to extend the length of the adiabatic region (200 mm). 
This length does not correspond to the length of the adiabatic region (120 mm) 
considered in the simulation, since it was decided to maintain the dimensions of 
the heat exchanger that had already demonstrated satisfactory experimental re-
sults and was the subject of comparison in this work.  

If the heat exchanger outlet area is included in the heat exchanger analysis, its 
viscous dissipation must be added to the viscous dissipation rate determined for 
the evaporator and condenser lengths, which will negatively affect the overall per-
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formance of the heat exchanger. In this case, the Bejan number should decrease, 
since the total irreversibility, thermal + viscous, increases. To minimize this un-
desirable but unavoidable effect, the air outlet should be designed to minimize 
viscous losses as much as possible. However, expectations in this case are positive 
since the heat exchange performance is exceptionally high. 

5. Conclusions  

This paper presents graphical results for an axially finned heat pipe heat exchanger 
in two configurations: 29 and 47 heat pipes, in the evaporator and condenser. Fur-
thermore, a comparison is presented between two distinct heat exchangers with 
very similar physical characteristics in terms of air mass flow rate, air inlet tem-
peratures, working fluid and saturation temperature. The significant differences 
between the two types of heat exchangers relate to the physical arrangement of the 
fins on the heat pipes and the number of heat pipes. The work used for compari-
son consists of radially finned heat pipes. Furthermore, the results used for com-
parison were validated by different numerical models and experimental results. 

The analysis method used in this work consists of an analytical model called the 
Thermal Efficiency Method, already consolidated, based on numerous theoreti-
cal-experimental comparisons carried out over the last few years. 

The analysis concludes that the thermal and viscous performance of the heat 
exchangers designed is very promising. These results are reflected in the high Be-
jan number obtained for the two configurations under analysis: 29 and 47 axially 
finned heat pipes. The Bejan number ultimately represents the relationship be-
tween thermal performance and the overall performance of the heat exchanger. 

Thermal performance is high compared to viscous dissipation, resulting in a 
very favorable cost-benefit ratio for the heat exchanger under analysis. 

The results demonstrate significant potential for the construction and testing 
of a heat exchanger with axial fins to obtain experimental results and for theoret-
ical and experimental comparisons of parameters related to the heat exchangers 
under analysis. 

It is important to note, however, that pressure drops across the air outlets were 
not considered in the simulation, and the results presented for viscous dissipation 
were applicable only to the evaporator and condenser dimensions. Air outlets, 
when finally installed, are expected to have a low economic impact on the heat 
exchanger.  

Finally, it must be stated that the chosen application was not by chance, since 
the results presented satisfy the specific requirements of high thermal efficiency 
and low-pressure drop for the heat exchanger. These requirements are directly 
associated with the need for precise temperature control and efficient air circula-
tion in the operating room air conditioning systems mentioned in the introduc-
tion. 

In summary, the current theoretical project presents promising results and 
should be used in the experimental implementation of an air conditioning system 
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for surgical rooms. 
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Nomenclature 

Asec —cross-section area, [m2]  
Atr —heat transfer area, [m2] 
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, [W/m2∙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, [W/m2∙K] 
Subscripts 
boil—ebulição 
Cd—Condenser 
Cond—Condenser 
effect—effective 
Ev—Evaporator 
ext—external 
HP—heat pipe 
H—horizontal 
in—inlet 
int—internal 
out—outlet 
sat—saturation 
Greek symbols  
α —thermal diffusivity, [m2/s] 
β —the relationship between areas 
ρ —density of the fluid, [kg/m3] 
µ —dynamic viscosity of fluid, [kg/m∙s] 
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ν —kinematic viscosity of the cold fluid, [m2/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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