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ABSTRACT: This work aims to apply a theoretical procedure to
determine the performance of the heat exchanger of individually finned
heat pipes used in an air conditioning system. The relevant physical
quantities are defined and specified locally in the evaporator and
condenser sections. The results obtained in the sections are associated
with the theoretical determination of the global performance of the heat
exchanger. Global theoretical results are compared with global
experimental results. Thermal effectiveness, heat transfer rate, pressure
drop, thermal and viscous irreversibilities, and thermodynamic Bejan
number are determined at the evaporator, condenser, and heat exchanger.
The relevant variables used to determine the results are the number of
fins per heat pipe and rows of heat pipes. The theoretical-experimental
comparison demonstrates that the localized model applied in the analysis
is consistent and can be used as a design and comprehensive analysis tool
for finned heat exchangers. The performance of the heat exchanger
demonstrated exceptional when comparing irreversibilities through the
Bejan number, indicating a favorable cost-benefit ratio for the fins less
than 30 and the number of heat pipes equal to 49. Bejan’s
thermodynamic number, which uses results related to thermal and
viscous irreversibilities, demonstrated that one should look for the
relationship between thermal irreversibility versus total irreversibility and
that fin numbers between 10 and 20 for heat pipes equal to 49 provide a
better cost-benefit ratio. The absolute percentage errors obtained between
theoretical and experimental values, for an experimental number of fins
equal to 30, for the overall heat transfer rate and overall thermal

effectiveness range from 2.0% to 42.1%.
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1. Introduction

This work aims to apply the theory of thermal efficiency, based on the fin analogy and the second
law of thermodynamics, to determine quantities of practical interest related to finned heat tube heat

exchangers. The pioneering method advocated was initially applied locally in the evaporator and
Condenser. The results obtained locally were used for theoretical-experimental comparison using global

experimental results obtained for the heat exchanger under analysis'!..
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The heat exchanger under analysis consisted of individually finned heat pipes and was taken from
theoretical-experimental work, presented through reference!’!. The apparatus was designed so that the
configuration of the heat pipes is in a staggered formation. The number of heat pipes ranges from 7 to 49,
and the number of rows from 3 to 21. The number of fins per heat pipe ranges from 0 to 40 in the
theoretical model.

Gorecki et al.! perform modeling and present an experimental study on a heat exchanger used as
energy recovery in small air conditioning systems composed of individually finned heat pipes and R404A
refrigerant as the working fluid. Parametric calculations were performed, and it was concluded that 20
rows of finned heat pipes in the staggered arrangement guarantee efficiency close to 60%. The
experimental results showed a good level of agreement with the developed model. The heat pipes used
in the experiments are 1 mm thick copper tubes with an external diameter of 20 mm, with aluminum fins.
They used a computational model to obtain heat transfer rates, effectiveness, and pressure drop. The 20-
row heat pipes exhibited stable efficiency and acceptable pressure drop. They used 70 heat pipes in
staggered arrangements of four and three tubes.

Nogueira uses a theoretical model to calculate the thermal performance of heat exchangers with
individually finned heat pipes. The model is localized and applied individually to the evaporator,
condenser, and heat exchanger regions. The quantities used for performance analysis were the number
of fins per heat pipe, the number of heat pipes, the inlet temperatures, and the flow rates of hot and cold
fluids. Freon 404A refrigerant was used as a working fluid for cooling the evaporator and energy recovery
in the condenser. A comparison was made with global experimental data on the heat exchanger under
analysis. It obtained air velocity, Nusselt number, heat transfer rate, thermal effectiveness, and air outlet
temperature results. It demonstrated that the localized theoretical approach is consistent and can be used
as a comprehensive analysis tool for heat exchangers using heat pipes.

Fakheri® introduced the concept of thermal efficiency for heat exchangers, which is determined
using a factor called “the fin analogy number”. A dimensionless number makes it possible to characterize
different configurations of heat exchangers in a single functional formula based on the efficiency of an
insulated fin at the end and constant area. The physical parameters that characterize the dimensionless
number in question, the global heat transfer coefficient, and the relationship between the thermal
capacities of the means that exchange heat with each other makes it possible to determine the thermal
efficiency automatically and elegantly. The developed method brought a theoretical alternative to the
traditional Logarithmic Mean Temperature Difference (LMTD) and Number of Thermal Units (NTU)
methods, with the advantage of not requiring additional empirical parameters. Based on the second law
of thermodynamics, the analytical process has undoubtedly solved many practical problems.

Nogueira' uses the concept of thermal efficiency to determine the thermal performance of shell and
tube heat exchangers with external fins. The problem involves cooling machine oil using non-
spherical cylindrical nanoparticles of Boehmite Alumina. The main quantities used in the analysis are
the thermal effectiveness, the thermal and viscous irreversibilities, and the thermodynamic Bejan number.
It was determined that increasing the number of finned tubes from two to six tubes is cost-effective at
the expense of the high viscous dissipation caused by the oil in the annular region. The introduction of
nanoparticles shows a slight decrease in the Bejan number despite significantly improving thermal
performance.

Nogueira® applies the second law of thermodynamics to obtain outlet temperatures of the fluids in
a shell and tube heat exchanger. It uses the concepts of thermal efficiency, thermal effectiveness, and
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thermal irreversibility to get relevant results. Water flows in the shell, and a mixture of water and ethylene
glycol associated with nanoparticles flows in the tubes. Results for Reynolds number and heat transfer
rate are used to justify the output data, demonstrating that the flow regime significantly affects the thermal
performance of the heat exchanger.

Putra et al.' conducted an experimental procedure to analyze the thermal performance of heat pipes
in heat recovery to reduce electricity consumption. The heat exchanger consists of several tubular heat
pipes staggered in up to six rows. The fins were attached individually to each heat pipe. The experiments
showed a strong influence of the air inlet temperature in the evaporator and the air inlet velocity.

Hohne!” simulates through computational fluid dynamics (CFD) the heat and mass transfer
processes in a heat pipe to analyze thermal performance and save energy. It uses a homogeneous
multiphase model to simulate the heat pipe’s evaporation, condensation, and phase change processes.
He claims that there is reasonable agreement between the computational implementation and
experimental results from the literature. He is confident that using advanced computational models will
become analysis tools for heat exchangers using heat pipes.

Jouhara et al.”’! conducted a theoretical-experimental investigation of heat exchangers with
multipass heat pipes. The system consists of copper heat pipes in a staggered configuration to transfer
energy from a hot gas to water in the condenser. The experiment was carried out by changing the number
of passages in the evaporator through several deflectors for a single section of the condenser. They report
that changing the number of passes from one to 5 allows for a 25% improvement in the efficiency of the
heat exchanger. Two theoretical models were implemented, LMTD and e-NTU, to determine the heat
exchanger outlet temperatures. Theoretical-experimental validation demonstrated that the LMTD model
predicted the performance of the heat exchanger with a +15.5% error, while the maximum error obtained
through the e-NTU model was 19%.

Barrak states that energy consumption has increased mainly in developing countries, and energy
waste will also increase. He argues that air conditioning units are the primary energy consumers and that
energy recovery could be feasible if energy recovery units are attached to air conditioning units. In this
sense, he says, it is vital that researchers focus on energy recovery devices and that heat pipes are
promising devices for accomplishing this task.

Jouhara et al."”! recognize heat pipes as passive devices with no moving parts, more efficient for heat
exchange between two fluids because of their high thermal conductivity. Due to their thermal
superconductivity, they realize that adding heat pipes makes them ideal for industrial applications
requiring a high heat transfer rate. They state that the applications of heat pipes range from low-
temperature cryogenic applications to systems that work at very high temperatures. They point out that
implementing heat pipes as waste heat recovery can reduce the cost of the process, with lower energy
consumption, in several industrial sectors.

Abd El-Baky and Mohamed!'! claim that heat pipes are used for energy recovery in air conditioning
systems. In these cases, heat pipes, such as in hospital operating rooms, are intended to recover sensible
heat when the inlet and return air must not be mixed. They report using a fresh and return air current
system connected to a heat pipe heat exchanger in an energy recovery system. Estimate the optimal
effectiveness of the heat pipe heat exchanger and compare it with experimental data. They claim that the
results show a 48% increase in efficiency and heat transfer to the evaporator when the fresh air
temperature is raised to a convenient level. Furthermore, they claim that the enthalpy ratio increases to
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about 85% with the fresh air inlet temperature increase. They clarify that using heat pipes allows for
transporting much heat over a considerable distance without additional energy input to the system.

Sukarno et al.'” report that specific requirements related to thermal comfort in hospital operating
rooms require the development of efficient systems for air conditioning and that energy recovery in the
form of heat and that one method capable of accomplishing this task is the use of heat pipe heat
exchangers. They describe experiments with heat pipe heat exchangers having three, six, and nine rows
arranged in a staggered configuration, with four heat pipes in each row. They conduct theoretical analysis
based on the e-NTU model to predict the system’s thermal performance under study. They determine a
maximum efficiency of 62.6% in a system with nine rows of heat pipes. They conclude that the e-NTU
method can analyze energy recovery systems that apply heat pipes.

Abedalh et al." test a heat pipe heat exchanger in an air conditioning system to reduce energy
consumption. The tested heat exchanger consists of 40 copper heat pipes arranged in four rows. They
performed several experiments and determined the effectiveness and rate of heat recovery at different air
inlet velocities. The maximum level obtained for effectiveness was 64.6%, and the highest value of heat
recovered was 923.4 watts.

Amini et al." investigate the industrial heat storage process to reduce energy consumption. They
use phase change material (PCM) for latent heat storage. For the use of PCMs, which have low
conductivity, they used finned heat pipes loaded with water as working fluid incorporated in the PCM
volume. The evaporation section of the heat pipe is heated through the condensation of a steam flow,
which heats the tubes and the PCM tank, which has a melting temperature of 89 °C and a crystallization
point of 77 °C. The heat absorbed in the evaporator is discharged through the heat pipes to the PCMs in
the condenser. They conclude that the experiments carried out do not correspond to optimized conditions,
requiring further investigations to determine how the heat pipes should be incorporated into the idealized
heat exchanger to improve the phase change rate of the PCM.

Hakim et al.'" experimented with a finned U-shaped heat pipe heat exchanger (HPHE) in a vertical
configuration to reduce building energy consumption. They present results for the effectiveness and
dehumidification capacity of the U-shaped HPHE coupled to the heating, ventilation, and air
conditioning (HVAC) system. Demonstrate that two-row U-shaped HPHE increases the 39.9%
coefficient of performance over HVAC without HPHE and can reduce 21.6% relative humidity, which
results in energy savings for pre-cooling and heating. They conclude that the U-shaped finned heat pipe
is a solution for upgrading an HVAC system.

2. Methodology

The system under analysis was experimentally evaluated and published by Gorecki et al.''l. The
schematic diagram of the equipment can be found in Figure 1 of the work mentioned above. It consists
of heat pipes with individual fins IFHPHE).
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08 Individually Finned Heat Pipe Heat Exchanger
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Figure 1. Thermal effectiveness versus fin number in the evaporator section.

The saturation temperature of the working fluid (R404A) in the heat pipe is represented by Equation

(D).
Tsar = 17.0 °C fixed by definition

The saturation pressure of the working fluid (R404A) can be obtained through Equation (2):

Pogr = 614.1316315 + 17.18802462T,,, + 0.3276728108T2,,

(M

@

Equations (3)—(21) represent the properties of the working fluid (R404A) as a function of the
saturation temperature. All properties were taken from literature tables valid for the element under

analysis, and the numerical determination through polynomials was obtained through graphic software.

p; = 1148.516119 — 2.934024895T,,; — 0.0425519003T2,, 3)
py, = 29.62609253 + 1.088373933Ty,; + 0.002241182059T2,, )
+0.0003618637607T3,,
h; = 200.2774524 + 1.356658428T,,; + 0.00586628846T2,, ®)
h, = 368.3562439 + 0.5331782112T,,; — 0.0005307756065T2,, ©)
—6.00920366107°T3,
hy =h, — Iy @)
Table 1 presents the properties of the working fluid (R404A).
Table 1. Properties of the working fluid (R404A) at saturation temperature.
Tsatc>C pl% pv% hl _]/kg hv _]/kg hlv _]/kg
17.0 1086.34 50.55 225.04 376.97 151.94
Pgqe = 1001.02 Pa )
w
k = 0.0863 — 9
R4041 mK €)
kR4-04-17 = 0.01346 (10)
Cpraos = 1530 (11)
CPraosavy = 870 (12)
Hraoa = 1.28107* (13)
Hraosy = 1.22107° (14)
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u l
VRaoal = R0 (15)
PRr404l
URao4
VRaoay = ——— (16)
PR404v
Praoa; = 1086.34 17
kraoal
a = (18)
A0 1041 C P04l
kraoav
a = (19)
Raotv P404v CPaoav
VR4041
Prraom = = (20)
dRa04l
VR404v
Prraoay = 2D
HR404v
The number of rows of Heat Pipes (HP) is defined by Equation (22).
Nyows = 3 default; 3 < Npgys < 21 (22)

Equation (23) represents the total number of heat pipes in the heat exchanger, and the number of

fins Nr;, considered in the evaporator or condenser is defined by Equation (24). Equation (25) represents
the volume flow rate of the air.

N,

NHP = ;WS (3+4); 7<NHP <49 (23)
Npin = 30default; 0 < Ngy < 70 (24)
370.0m3 3700 . 550.0 95

Vair =deefault; mSVair Sm (25)

The properties of the air, dependent on the inlet temperature Tair;,, can be obtained by the following
Equations (26)—(29). All properties were taken from literature tables valid for the element under analysis,
and the numerical determination through polynomials was obtained through graphic software.

Equation (26) is represented by thermal conductivity, and the dynamic, absolute viscosity of air
characterizes Equation (27). The specific heat of air represents Equation (28). The density of the air is
represented by Equation (29).

kqir = 6.91744186 10™°Tair;, + 0.02462173663 (26)

Hair = 1.95483621 107> + 2.735058039 10~ °Tair;, + 2.309587479 10719

27

Tairf — 4.505882353 10~ 3Tair?, @7

CPair = 1003.728948 + 0.06727399886 = Tair;, + 3.565918367 10~° 28)
Tair?, + 8.222222222 107" Tair},

Pair = 1.219135515 — 0.002152770329T air;, — 3.64047479 10~ "Tair?, 29)

+1.705882353 10~°Tair?,

Table 2 presents air properties at the reference temperature.

Table 2. Air properties at the reference temperature.

Tairg, °C k.. — l R k_g R k_g Cp... — ——
air mK Hair ms Pair m3 Pair kgK
30.0°C 2.67 %107 1.98 x107° 1.15 1005.77
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“ .

Vair = —— (30)

ailr

kair
Agir = ——— (€2Y)

“r paircpair
Equation (32) represents the Prandtl number associated with the air.
Vair

Pryir =

) (32)
ailr

The surface tension for water, represented by oy qter , i given by Equation (33)!%.

Owater = 0.07275(1 — 0.002(K — 291)) (33)

where K is saturation temperature in Kelvin.

The assumed constant for the surface-fluid combination represents Equation (34)!"¢.
Cyp = 0.006 (34)

The mass flow rate of air at the inlet of the heat exchanger M. is defined by Equation (35).

air

Mgy = paiTVair (35)

The localized analytical approach is subdivided into the evaporator, the condenser, and the global
Finned Heat Pipe Heat Exchanger (FHPHE).

2.1. Equations for the evaporator section of the heat exchanger

In the evaporator region, the cooling of the heated fresh air, the inlet temperature of heated fresh air
varies between 20 °C and 50 °C. The inlet volume flow rate of fresh heated air in the evaporator region
varies between 0.1078 m*/s and 0.1528 m?/s.

The formulation to simulate the heat exchange process in the evaporator is established through
Equations (36)—(87).
The fresh air inlet temperature in the evaporator region, defined by Equation (36), is represented by
TEv,,.
TEv;, = 30.0 °C default; 20.0°C <TE;, <50.0°C (36)
The estimated heat transfer coefficient for the boiling process, initially presented by Rohsenow!®
and related by Jouhara et al."” is given by hy;;.

1/2 3
9(p, — pu)> < Cpy )
hpor = by (L L) (EP ) o (37
boil Uiy ( vater Csf hlvPTl sat
ATgysat = TEVin — Tsqe (38)

The outside and inside diameters of the heat pipe are represented by D.,; and D;,; are given by
Equation (39), Equation (40)™".

Deye =22.0 1073 m 39

D,, =20.010° m (40)

The thermal conductivity of the heat pipe material (Copper), represented by Equation (41), is given

ky = 235.0 (41)

LEv, illustrated by Equation (42), is the length of the heat pipe evaporation section and WHE,

represented by Equation (43), is the shell’s width.
LEv = 250.01073 (42)

7
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WHE = 200.0 1073 43)
tpin = 0.81073 (44)

The thermal conductivity of the fin material (Aluminum) is given by kg;y,.
kgin = 401.0 (45)

The effective heat exchange length associated with the heat pipes in the evaporator is obtained by
LEvff... The thickness of a fin represented is given by tp;,. The space between fins, defined through

Equation (46), is provided by Sprin.
SPrin = 2.5 1073 by definition (46)
LEVeffec = LEV — NFin(tpin + SPrin) 47
The hydraulic diameter of the heat exchanger in the evaporator region is given by Dhg,. The
Reynolds number associated with air, represented by Equation (49), is provided by Re ;.

4AWHELEv
Dhgy = I (48)
Z(WHE + LEveffec)
Mgy
Re, ., =——2T 49
Cair D hgylair 9
Equation (50) represents the effective area occupied by the air in the evaporator.
Mgi-Dh
Asecyy =—2F (50)
R €air Hair
The air velocity in the evaporator is represented by V ;..
mair
vV,., =—3 51
“rA S€Cair Pair ( )
Dextgi, = 50.01073 (52)
D intgyy =Dyt (53)

The effective heat transfer area in the evaporator Atryp, associated with heat pipes, is established by
Equation (55). The effective heat transfer area associated with the fin system, Atrg;,, and the total heat
transfer area, Arqeq1, are represented by Equations (54), Equations (56).

T

Atrpin = NFinNHP (DextZ;, — D intf;,) (54)
Atryp = NHPTDgyi (LEVv — NFinSpgin) (55)
Arotar = AtTgin + Atryp (56)

. V.,
Vair_  =—2" 57
v (57)
dr = 24.01073 assumed (58)

Vair,

Regr =————— (59)

Vair

The Nusselt number for the air, as reported by Gorecki et al.!V is represented by Nug;,. The
convection heat transfer coefficient associated with air in the Evaporator is given by hg;,..

Spg
Nu,. =0.1387 Re%*® pr3 Fin 0.29
oo (DextFm - DintFin) (60)
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_ Nuair kair

i = ik o1
2hg,i
MLpip = —= Fin (62)
kFintFin
The fin efficiency for the evaporator section is defined by fg;,"".
Tanh(mLgy,)
) = e i) (63)
NFin m LFin
Atrpin
B ATotal (64)

The efficiency associated with the set of fins in the evaporator, weighted by the area of heat exchange
of the fins, is represented through ng;,.
Nrin = BNrin + (1 — B) (65)
The global heat transfer coefficient associated with air in the evaporator, Uog,, is given by Equation
(66).
1

Uo., =
& 1 + Dext - Dint + 1 (66)

Pyt kw 77lFin h,;,

The heat capacity of the air in the evaporator is given by Cy;;.

Cair = MairCPair (67)
Cev = Cair (68)
The number of thermal units associated with air in the evaporator, NTUg,,, is given by Equation (69).
UOEUATotal
NTUg, = —— 69
B = (69)

The dimensionless number, called “fin analogy”, is represented Faas defined by Fakheri® and
reported by Nogueira.

NTUV1 + C**
Fa = — for cross — flow (70)
The thermal efficiency associated with the heat exchanger is ny!'!.
_tanh(Fa) o
= (7D

The thermal effectiveness related to the heat exchanger is g7,

1
TTTT T C (72)
nNTU 2
The heat exchanger’s thermal efficiency depends on two fundamental parameters: NTU e C* = % .
For the physical conditions under analysis C* = 0.0. Then,
Fag, = NTZU Ev (73)
NrEv = % (74)
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1
ErEy = 1 1 (75)
NreyNT Uy + 2
The heat transfer rate between the air and the heat pipe in the evaporating region is given by Q..
. CEUATEUSCUI
Qpv = —7 1 (76)

reoNTUg, 2
After passing through the evaporator, the outlet air temperature is represented through Equation
(77).
Cey
X = Dextpin, (78)
fEv, represented by Equation (79), is the friction factor associated with the flow rate in the evaporator.

In this work, for the configuration under analysis and some fins equal to 30, the coefficient value was
conveniently adjusted to 0.7465.

TEVoye = TEViy — (77)

X
f., =0.7465Re,, (0319 (=) 09N (79)
dr
Apgy , represented by Equation (80), is the pressure drop in the evaporator.
Apgy = 2fgyNrowsPair V AiTmax (80)
The thermal irreversibility in the evaporator is represented by Equation (81).
O—TE'U =in TEvout

The entropy generation associated with the thermal field in the evaporator is represented by
Equation (82).

SgenTEv = 07gyCpy (82)
P, g, is the outlet pressure in the evaporator.
Prey = Patm + APy (83)
TEvi, — TEVy
Rhg, = 84
B TEvin - Tsat ( )

Oy 18 the viscous irreversibility in the evaporator.
Patm

O =Rh g, In(

) (85)

2Ev

The entropy generation associated with the flow field in the evaporator is represented by Equation
(86).

Sgenva = UvaCEv (86)
The thermodynamic Bejan number in the evaporator is represented by Equation (87).

Sg enTEv

BeEv = (87)

SgenTEv + 5.‘g enfEv

2.2. Equations for the condenser section of the heat exchanger

The air conditioning is sucked through the exhaust pipes and passes through the heat pipe condenser
region. The saturation temperature of the working fluid is higher than the temperature of the air

10
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conditioning, which varies between 0 °C and 15 °C. The inlet volume flow rate of the air conditioning in
the condenser region varies between 0.1028 m’/s and 0.1472 m?/s!!).

The formulation used to simulate the heat exchange process in the condenser is established through
Equations (88)—(113).
The air temperature at the condenser inlet, TCd;,, is represented by Equation (88).
TCdi,, =0.0°C; 0.0°C <£TCd;, <15.0°C (88)
Equation (89) represents the temperature difference between the condenser’s air and the working
fluid.

ATcqsar = Tsar — TCdip (89)
The condenser section’s length is represented through Equation (90).
LCd = LEv (90)
Equation (91) represents the effective length of the condenser for the heat exchange.
LCdeffec = LCA — Npin(tpin + SPFin) €2y
The hydraulic diameter in the region of the capacitor, Dh¢4, is represented by Equation (92).
Dhey = AWHELCd o fec ©2)

2(WHE + LCdrfec)

The Reynolds number of air in the condenser region, Re,;;,, is represented through Equation (93).
Mgy

Re,, =——2 93
Cair Dheallair 3)
The airflow area in the condenser, Asec,, , is given by Equation (94).
mairD th
Asecyiyy =——— %94
o R €air Hair
The condensation transfer coefficient in the heat pipe is provided by hconq, as reported by Nogueira®.
—p)h agk?
he,, = 0.943] Lo (o — P )N, 9Ky ]]1/4 95)
(14, LCAAT,)
1
Uo,, =
< 1 + Dext — Dint + 1 (96)
hCond kW 77Fin hair
Equation (96) represents the global heat transfer coefficient.
Cair = MairCPair 7
The air’s heat capacity in the condenser’s region is characterized by Cq4.
Ceca = Cair (98)
Equation (99) represents the number of thermal units associated with the heat pipes in the condenser
region.
UocqaA
NTUCd — Ccd4*Total (99)
Cea
The dimensionless parameter called “fin analogy” in the condenser region is represented Facq.
NTU,
Facg = > cd (100)

Equation (101) represents the thermal efficiency associated with the condenser.

11
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tanh(Facy)
= - =7 101
Ntca Facg (101)
Equation (102) represents the thermal effectiveness related to the condenser.
1
Erca = 1 1 (102)

MrcaNTUcq * 2
The heat transfer rate between the air and the heat pipe in the condenser region is characterized by
Equation (103).
Q- — CCdATCdsat
Ca 1 1 (103)

—+
NrcaNTUcq 2

The air outlet temperature in the condenser is represented through TCd ;.

TCdgue = 22 + TCdy (104)
Cea
f ca, lllustrated by Equation (105), is the friction factor associated with the flow in the condenser.
X
f., =0.7465Re (%) (d—t)<-°-927) (105)
r
Apca, represented by Equation (106), is the pressure drop in the condenser.
Apca = 2fcalNrowsPairV Ailmax (106)
The thermal irreversibility in the condenser is represented by Equation (107).
TCd;p
= 107
orca = In(7e ) (107)

The entropy generation associated with the thermal field in the condenser is represented by Equation
(108).

SgenTCd = 0r¢caCca (108)
P54 1s the outlet pressure in the condenser.
Pyca = Patm + Apca (109)
TCdy, — TCd oyt
Rhey = 110
« TCdin - Tsat ( )

Ofcq 1s the viscous irreversibility in the condenser.

P
Oq =Rh ¢y In(—I;‘““) (111)

2Cd

The entropy generation associated with the flow field in the condenser is represented by Equation
(112).

Sgenfca = 9fcaCea (112)
The thermodynamic Bejan number in the condenser is represented by Equation (113).

SgenTCd

Becy = - (113)

SgenTCd + Sgenfcd

2.3. Equations for individually finned heat pipe crow-flow heat exchanger (IFHPHE)

The cooling and energy recovery set to form a heat exchanger, with a fresh air inlet with a
temperature above 17 °C and a cooled air outlet below 17 °C. The total heat transfer rate in the air

12
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conditioning process is equal to the sum of the heat transfer rates in the evaporator and the condenser
Qca, according to Equation (114). Equation (115) represents the maximum transfer rate, Quqy, in the
heat exchanger, which C,,;,, is the smallest of the thermal capacities of the air involved in the process.
Equation (116) represents the heat exchanger’s effectiveness in air conditioning.

Qirnpre = Qgv + Qca (114)
Quix = Cirin (TEV;, = TCl,) (115)
EIFHPHE = —QIFHPHE (116)
QMax
ApipupHE = APEv + APca (117)
OTHPHE = OTEv t OTCa (118)
OfHPHE = Ofgv T Ofca (119)
Beypyg is the thermodynamic Bejan number associated with the heat exchanger.
OTHPHE
BeHPHE = (120)

OTHPHE T OfHPHE

3. Results and discussion

The thermal effectiveness in the evaporator section is analyzed for two air mass flow rates, within a
borderline range for the air conditioning system 1it,;,- = 0.1699 kg/s, in Figure 1 The variables used in
the analysis are the number of fins per heat pipe and the number of heat pipes. Effectiveness decreases
with increasing airflow and increases with the number of fins and heat pipes. For example, for multiple
fins equal to 40 and heat pipes equal to 49, the thermal efficiency reaches a value close to 80%. When the
number of heat pipes equals 21, the thermal effectiveness reaches 40% for the smallest flow rate. The
thermal effectiveness is relatively high in all analyzed situations, and it is what is expected for a well-
dimensioned heat exchanger.

The heat transfer rate in the evaporator, Figure 2, has the same trend as the effectiveness in
qualitative terms. However, the maximum value for the heat transfer rate occurs for the highest mass
flow rate of air due to the highest heat capacity. The highest observed heat transfer rate is for NHP = 49
and Ng;, = 40, as expected.

The thermal irreversibility of the Evaporator is represented in Figure 3 and shows a growth trend
similar to that of thermal effectiveness in qualitative terms. The most significant thermal irreversibility is
observed for NHP = 49 and N, = 40, with a value close to 0.45 for lower airflow. A high value for
thermal effectiveness is expected for heat exchangers.
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20005 Individually Finned Heat Pipe Heat Exchanger

Evaporator - Freon R404A
T.=17°C

Tair, =30 °C
m,,=0.1186 kgls
1600 m,,=0.1699 kgls — — — — — —

NFin

Figure 2. Heat transfer rate versus fin number in the evaporator section.
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Figure 3. Thermal irreversibility versus fin number in the evaporator section.

The air outlet temperature in the evaporator region is represented in Figure 4 for an air inlet
temperature equal to 30 °C and a Freon saturation temperature equal to 17 °C. The temperature decreases
with an increasing number of heat pipes and the number of fins. The lowest air outlet temperature is
obtained for the most downward airflow over-analysis. The lowest value corresponds to approximately
19 °C, for NHP = 49, Ng;, = 40 e my;, = 0.1186 kg/s.

Figure 5 shows the pressure drop in the evaporator region as a function of the number of fins per
heat pipe, the number of heat pipes, and the airflow. As expected, the increase in air flow significantly
increases the pressure drop in the Evaporator. The highest value obtained for the pressure drop in the
Evaporator corresponds to approximately 120 Pa, for NHP = 49, Ng;,, = 40 e 1y, = 0.1699 kg/s.

The viscous irreversibility in the Evaporator shows a growth trend similar to the pressure drop, as
seen in Figure 6. The highest value obtained for the thermal irreversibility in the Evaporator corresponds
to approximately 60%, for NHP = 49,Ng;,, = 40 e mg;,- = 0.1699 kg/s. High viscous irreversibility is
detrimental in terms of cost for a heat exchanger.

The number of fins per heat pipe and the number of heat pipes in the evaporator region significantly
affect the value of the Bejan number, Figure 7. The smallest value for the Bejan number is observed for
NHP =49, N, = 40 e my;, = 0.1699 kg/s, numerically, approximately equal to 0.4. The highest
value observed for the Bejan number corresponds roughly to 0.9 for heat pipes without fins and lower
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airflow due to lower viscous irreversibility. The lower number of heat pipes, NHP = 21, and higher
number of fins enable a high cost-benefit ratio above 0.7.

Individually Finned Heat Pipe Heat Exchanger
28 — = Evaporator - Freon R404A

26 —

o =~ NHP=21
. 24 —
NHP=21
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= i
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] 1186 kgls - :
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™~ NHP=49
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Figure 4. Air outlet temperature versus fin number in the evaporation section.
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Figure 5. Pressure drops versus fin number in the evaporation section.
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Figure 6. Viscous irreversibility versus fin number in the evaporation section.
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Figure 7. Bejan number versus fin number in the evaporation section.

The thermal effectiveness in the condenser section is analyzed for two air mass flow rates, within a
borderline range for the air conditioning system, that is, 1,;- = 0.1186 kg/s e iy, = 0.1699 kg/s,
in Figure 8. The variables used in the analysis are the number of fins per heat pipe and the number of
heat pipes. Effectiveness decreases with increasing airflow and increases with the number of fins and heat
pipes. For example, for some fins equal to 40 and heat pipes equal to 49, the effectiveness reaches a value
close to 70%.

The heat transfer rate in the condenser, Figure 9, has the same trend as the effectiveness in qualitative
terms. However, the maximum value for the heat transfer rate occurs for the highest mass flow rate of air
due to the highest heat capacity—the highest observed heat transfer rate for NHP = 49 e Ng;, = 40.

The air outlet temperature in the condenser region is represented in Figure 10 for an air inlet
temperature equal to 0.0 °C and a Freon saturation temperature equal to 17 °C. The outlet temperature
increases with an increasing number of heat pipes and the number of fins. The highest air outlet
temperature is obtained for the lowest airflow over-analysis. The highest value corresponds to

approximately 13 °C, for NHP = 49, N, =40e m,;, = 0.1253 kg/s.

Figure 11 shows the pressure drop in the condenser region as a function of the number of fins per
heat pipe, the number of heat pipes, and the airflow. As expected, the increase in air flow significantly
increases the pressure drop in the Evaporator. The highest value obtained for the head loss in the
Evaporator corresponds to approximately 120 Pa, for NHP = 49 ,Ng;,, = 40 e mg;,- = 0.1795 kg/s.

The number of fins per heat pipe and the number of heat pipes in the condenser region significantly
affect the value of the Bejan number, Figure 12. The lowest value for the Bejan number is observed for
NHP =49 e Ng;, = 40 and m,;,- = 0.1795 kg/s, numerically, approximately equal to 0.4. The
highest value observed for the Bejan number corresponds roughly to 0.95 for heat pipes without fins and
lower airflow due to lower viscous irreversibility. There is less heat exchange without fins, but the relative
weight between thermal irreversibility and total irreversibility is high.
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Figure 8. Thermal effectiveness versus fin number in the condenser section.
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Figure 9. Heat transfer rate versus fin number in the condenser section.
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Figure 10. Air outlet temperature versus fin number in the condenser section.
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Figure 11. Pressure drops versus fin number in the condenser section.
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Figure 12. Bejan number versus fin number in the condenser section.

Figure 13 presents theoretical and experimental results for the heat transfer rate for the heat
exchanger under analysis. The experimental data have shown when compared with the theoretical results,
demonstrate that the number of fins in the heat exchanger is between 10 and 40 fins and that the observed
theoretical trend is compatible with the experiment since the total transfer rate of heat tends to grow with
the number of rows, and with the number of fins. The thermal effectiveness tends to be the maximum
possible when the number of fins is equal to 40, and the number of heat pipes is equal to 49 since, in this
case, the heat transfer rate coincides with the maximum value (Figure 14).

When comparing the total theoretical pressure drop with experimental results, it is evident that the
number of fins in the original heat exchanger is equal to 30 fins, as shown in Figure 15. However, the
theoretical value results from the stipulated coefficient in the friction factor Equation (79), Equation (105),
and once again, the theoretical results obtained are consistent with what is expected with the total
pressure drop when increasing the number of fins from 10 to 40.

Figure 16 presents results for the thermodynamic Bejan number related to the heat exchanger. The
highest cost-benefit ratio is associated with the lowest number of fins per heat pipe, equal to 10. However,
fins equal to 10 correspond to the lowest heat transfer rate, as shown in Figure 13. There must be a
compromise between the number of fins and the outlet temperature of the air. Figure 10 shows a more
significant number of fins and a greater number of heat pipes, allowing for a higher outlet temperature.
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It is evident that there must be a compromise with all the analyzed factors, and a satisfactory cost-
benefit ratio, thermal irreversibility versus total irreversibility, must be sought. In this sense, it is
concluded that fins between 10 and 20 for heat pipes equal to 49 provide a better cost-benefit ratio.

The results obtained individually and globally are adequate and consistent concerning the expected
values for all the quantities analyzed. The global results for the heat exchanger, obtained through the
results presented individually for the evaporator and condenser, demonstrate that the theoretical model’s
implementation strategy can contribute to improving the heat exchanger acting locally. For example, the
number of fins used on the evaporator need not be the same for the evaporator. Figures 13 and 14 show
theoretical-experimental comparisons for fundamental quantities related to the heat exchanger. The
values of the absolute percentage deviations obtained are between 2.0% and 42.1%, with an average
deviation equal to 22.5% for effectiveness and 15.9% for the heat transfer rate.

2500 — Individually Finned Heat Pipe Heat Exchanger
IFHPHE - Freon R404A

Qmax
T.=17°C

2000 Tair,,,,=30.0 °C

Tairg,,=10.0°C

| vu=0.1028 m¥is

*Experimental values Figure 8 [1] NFin=40

NFin=30

NFin=20

NFin=10

QIFHPHE -W

Figure 13. Heat transfer rate for the heat exchanger versus the number of rows.

4 Individually Finned Heat Pipe Heat Exchanger
| IFHPHE - Freon R404A NFin=40
f Tou=17°C
Tairg,,,=30.0 °C *Experimental values Figure 9 [1]
Tairg,,=10.0 °C
1 Vu=0.1028 m¥s

Figure 14. Effectiveness of the heat exchanger versus the number of rows.
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Figure 15. Total pressure drops versus the number of rows.
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Figure 16. Bejan thermodynamic number for heat exchanger versus the number of rows.

4. Conclusion

The thermal and viscous irreversibility in the heat exchanger, composed of individually finned heat
pipes, is analyzed for two air mass flow rates within a borderline range for the air conditioning system,
that is, Mg, = 0.1186 kg/s e mgy;, = 0.1699 kg/s. The variables used in the analysis are the number
of fins per heat pipe and the number of heat pipes.

The main results obtained through the theoretical analysis were:

*  The number of fins per heat pipe and the number of heat pipes significantly affect the value of the
Bejan number, and a satisfactory cost-benefit ratio, thermal irreversibility versus total irreversibility,
must be sought.

* A compromise between the number of fins and the number of heat pipes with the outlet temperature
of the air.

*  The highest cost-benefit ratio is associated with the lowest number of fins per heat pipe, equal to 10.

*  Considering the air outlet temperature, the number of fins between 10 and 20 for heat pipes equal to
49 for the Evaporator and Condenser provides a better cost-benefit ratio.

*  The values of the absolute percentage deviations obtained are between 2.0% and 42.1%, with an
average deviation equal to 22.5% for effectiveness and 15.9% for the heat transfer rate.
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The recommended individualized procedure proved consistent and can be used to improve the
thermal-hydraulic performance of a finned heat tube heat exchanger. Refining the model and determining
the exact number of fins that allow the best cost-benefit ratio is possible in the study under analysis.
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Nomenclature

Asec cross-section area, [m?]

Atr heat transfer area, [m?]

Cp specific heat, [ké_l(]

C thermal capacity, [%]

Crnin minimum thermal capacity, [%]

Crmax

Dy, hydraulic diameter, [m]

Fa fin analogy

h coefficient of heat convection, [%]

thermal conductivity, [%]

K kelvin

ky thermal conductivity of the tube, [%]
kpin thermal conductivity of the fin, [%]
L vertical or horizontal length, [m]
Mair mass flow rate of the air, [i—g]

Ngin number of fins

Nu nusselt number

Pr prandtl number

0 actual heat transfer rate, [W]

Ormax maximum heat transfer rate, [W]
Re reynolds number

T temperatures, [°C]

Uo global heat transfer coefficient, [——]
Subscripts

boil ebulicdao

Cd condenser

Cond condenser

effect effective

Ev evaporator

ext external
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HP heat pipe

H horizontal

in inlet

int internal

out outlet

sat saturation
Greek symbols

. .. m?

a thermal diffusivity, [T]

B the relationship between areas

o density of the fluid, [-]

h dynamic viscosity of the fluid, [%

2

v kinematic viscosity of the cold fluid, [mT]
Er thermal effectiveness

Ny thermal efficiency

AT 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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