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ABSTRACT
This work compares two heat exchangers that use finned heat tubes: a crossflow finned tube
’ heat exchanger with individual fins (IFHPHE) and an axially finned tube heat exchanger with
parallel flow in the evaporator and counterflow 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 m®*h. The AFHPHE heat
exchanger is in the theoretical design phase and has the potential to be used in air
conditioning systems for operating rooms of 60 m?, with an air flow rate of 0.20 kg/s. The
method used for theoretical comparisons between heat exchangers is the thermal efficiency
method, and the main quantities obtained for comparison are velocities, Nusselt numbers,
thermal effectiveness, air outlet temperatures, pressure drops, and Bejan numbers in the
evaporator, condenser, 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 performance when AFHPHE is compared to IFHPHE
with 30 fins. When the simulations 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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RESUMO

Este trabalho compara dois trocadores de calor que utilizam tubos de calor aletados: um
trocador de calor de tubos aletados em escoamento cruzado com aletas individuais
(IFHPHE) e um trocador de calor de tubos aletados axialmente com escoamento paralelo no
evaporador e contracorrente no condensador (AFHPHE). O trocador de calor IFHPHE foi
projetado e implementado experimentalmente para operar em sistemas de ar-condicionado
de pequeno porte, com vazdes de ar na faixa de 300 a 500 m*h. O trocador de calor
AFHPHE encontra-se em fase de projeto tedrico e apresenta potencial para ser utilizado em
sistemas de ar-condicionado para salas cirurgicas de 60 m3, com vazao de ar de 0,20 kg/s.
O método utilizado para as comparacgdes tedricas entre os trocadores de calor foi 0 método
da eficiéncia térmica, e as principais grandezas obtidas para comparagao foram velocidades,
numeros de Nusselt, efetividade térmica, temperaturas de saida do ar, perdas de carga e
numeros de Bejan no evaporador, no condensador € no trocador de calor. O fluido de
trabalho utilizado foi o refrigerante R404a. A temperatura de saturacao foi de 17,0 °C, com
numero fixo de aletas para ambos os trocadores de calor, igual a 30 aletas, e 49 tubos de
calor como configuragdo padrdo. As comparagbes demonstram desempenho térmico
superior e desempenho viscoso muito semelhante quando o AFHPHE é comparado ao
IFHPHE com 30 aletas. Quando as simulacdes consideram 70 aletas para o IFHPHE, os
desempenhos térmicos tornam-se muito préximos aos do AFHPHE com 30 aletas.
Entretanto, neste ultimo caso, com 70 aletas, o desempenho viscoso é muito elevado e nido
deve ser implementado em situagdes reais.

Palavras-chave: Trocadores de Calor com Tubos de Calor. Tubos de Calor com Aletas
Individuais (IFHPHE). Tubos de Calor com Aletas Axiais (AFHPHE). Método da Eficiéncia
Térmica. Desempenho Viscoso. Numero de Bejan.

RESUMEN

Este trabajo compara dos intercambiadores de calor que utilizan tubos de calor aletados: un
intercambiador de calor de tubos aletados en flujo cruzado con aletas individuales (IFHPHE)
y un intercambiador de calor de tubos aletados axialmente con flujo paralelo en el evaporador
y flujo a contracorriente en el condensador (AFHPHE). El intercambiador de calor IFHPHE
fue disefiado e implementado experimentalmente para operar en sistemas de aire
acondicionado de pequefo porte, con caudales de aire en el rango de 300 a 500 m?¥h. El
intercambiador de calor AFHPHE se encuentra en fase de disefio tedrico y tiene el potencial
de ser utilizado en sistemas de aire acondicionado para quiréfanos de 60 m3, con un caudal
de aire de 0,20 kg/s. El método utilizado para las comparaciones tedricas entre los
intercambiadores de calor fue el método de eficiencia térmica, y las principales magnitudes
obtenidas para la comparacion fueron velocidades, numeros de Nusselt, efectividad térmica,
temperaturas de salida del aire, pérdidas de carga y numeros de Bejan en el evaporador, el
condensador y el intercambiador de calor. El fluido de trabajo utilizado fue el refrigerante
R404a. La temperatura de saturacion fue de 17,0 °C, con un numero fijo de aletas para
ambos intercambiadores de calor, igual a 30 aletas, y 49 tubos de calor como configuracion
estandar. Las comparaciones demuestran un desempefo térmico superior y un desempefio
viscoso muy similar cuando el AFHPHE se compara con el IFHPHE con 30 aletas. Cuando
las simulaciones consideran 70 aletas para el IFHPHE, los desempefios térmicos son muy
cercanos a los del AFHPHE con 30 aletas. Sin embargo, en este ultimo caso, con 70 aletas,
el desempefio viscoso es muy elevado y no deberia implementarse en situaciones reales.

Palabras clave: Intercambiadores de Calor con Tubos de Calor. Tubos de Calor con Aletas
Individuales (IFHPHE). Tubos de Calor con Aletas Axiales (AFHPHE). Método de Eficiencia
Térmica. Desempefio Viscoso. Numero de Bejan.
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1 INTRODUCTION

Two finned heat tube heat exchangers are compared. One of the heat exchangers in
question, called Individually Finned Heat Tube Heat Exchanger (IFHPHE), was designed and
implemented experimentally [1]. The second heat exchanger, called 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.

Gorecki, 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 m?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 preliminary results. The heat exchanger implementation
contains 20 rows of finned heat tubes in a staggered arrangement, with 49 heat tubes. The
configuration was optimized 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, E. et al. [2] implement a theoretical model with axially finned thermosiphons,
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 second law of thermodynamics to determine thermal and viscous
irreversibilities. They present numerical and graphical results for the physical quantities of
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 demonstrate the expected physical consistency for all the quantities
analyzed. They conclude that the developed model presents promising results and should be
used in the experimental implementation of an air conditioning system for operating rooms.

Nandy Putra, Trisno Anggoro, 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 performance of HPHEs consisting of several
heat pipes with water as the working fluid, arranged in rows. They experimentally determined
the effect of inlet air temperature, 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
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°C. They demonstrate that the total energy consumption in the implemented air conditioning
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.

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
build an experimental apparatus with three, six, and nine rows of heat pipes, arranged in a
staggered configuration. They use the e-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 e-NTU method can be
used for the analysis of heat recovery systems that apply air conditioning systems with HPHE.

Imansyah Ibnu Hakim, Ragil Sukarno, 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.

Elcio Nogueira [6] applies the thermal efficiency method to the theoretical analysis 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 conditioning 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 concept of thermal effectiveness (¢-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.

Elcio Nogueira [7] applies a theoretical procedure to determine the performance of an
individually finned heat exchanger (IFHPHE) used in an air conditioning system. The relevant
variables used to determine the results are the number of fins per heat tube and the number
of heat tube rows. A theoretical-experimental comparison demonstrates that the applied
localized model can be used as a comprehensive design and analysis tool for finned heat
exchangers. Results obtained for the Bejan number, which relates thermal and viscous

([ = ___________________________[SEGL LSS S S S ) S S SRS S S S S
Engineering

ANALYSIS OF FINNED HEAT PIPES HEAT EXCHANGERS USING THE THERMAL EFFICIENCY METHOD: IFHPHE
VERSUS AFHPHE



M

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 formulations 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 Elcio Nogueira [...], based on work
published by Ahamad Fakheri [...], 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 efficiency, since this physical quantity, like thermal
effectiveness, measures the potential 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 control and safety; it is compatible with materials
commonly used in industrial refrigeration systems; and it is efficient in applications requiring

low temperatures.
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(1.a — 1.d) above are part of the IFHPE design project, reported through reference [1]. They

Figure 1

represent the staggered configuration of the thermosiphons, the dimensions, the

thermosiphon regions and the fins
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Figure 2
Initial proposal for AFHPHE

Figure 2 above represents the initial design of the AFHPHE, with the evaporator

region, the adiabatic region, the condenser region and the 4 air outlet areas per region [2].
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The analysis was divided into three aspects and regions of the device: evaporator,
condenser, and heat exchanger. The analysis related to the evaporator is more complete and
includes all the essential parameters so that the comparisons between 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 exchangers,

are the same.
Tsqr = 17.0 °C; Tgpin = 30.0 2C; Togin = 10.0 2C (01)

The mass flow rates in the evaporator and condenser are within the range specified

below.

k k
0.12 ?g < Mgy < 0.20?‘9 (02)

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

expressions below.
Nyp = 49 default; Np;,, = 30 default (03)

Where: by AFHPHE:

Ng = /Nypp, Nypp = 16 heat pipes (04)
NHPR = NR + (NR + 10) (05)

Nypr is the number of heat pipes per row.

Finally, the number of heat pipes is represented by equation (06).

Nyp = Nypg * (Ng + 1.0) + Ng (06)

The tubes and fins are made of aluminum, and the thermal conductivity adopted is

represented by the expression below.
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k —235W 07
w=235—0 (07)

The internal and external diameters are different for both heat exchangers.
Dine = 50.08 mm; D,y = 50.973 mm; D, = 20.0 mm; D,y = 22.0 mm (08)

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

exchangers.

Loy = 220.0 mm; L.y = 120.0 mm; L., = 250.0 mm; L., = 250.0 mm (09)
The fin thickness and fin height are defined by the expressions below.

Trin = 4.0 mm; AHp;, = 18.0 mm;  Tgyp = 0.8 mm (10)
The space between fins is obtained using the following expressions:

Sprin = (Pyp — Npin * Trin) /(Npin + 1.0) ; Sppin = 2.5 mm by definition  (11)

Where:

Pyp = mDext (12)

The shell diameter and channel width are expressed using the formulas below.
Dspent = 9.0 ¥ (Dpyt + 2 % AHgj,) mm; Wyp = 200.0 mm by definition (13)

The air intake area is expressed by:

2
TDspen
4

Agir = (14)

The air passage area is obtained using the following expression:
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_ Doy’
Asecqiy = Agyr — | NHP - (NtOtFin * AHpp * TFin) (15)
mairDhEv
Asecyiyy =—— (16
“r Reair Hair )
Where:
Ntotg;, = NHP * Ngip, (17)

2.1 EQUATIONS FOR EVAPORATOR

The hydraulic diameter in the evaporator is expressed by:

Asecqir B 4 * Wyg
PhEv ’ Ev 2 % (WHE + LEveffec)

Dhg, = 4 * (18)

Where:
PhEv = NHP * Pyp + Ntotg;, * (2 * AHp;p, + TFin); LEveffeC

= Lgy — Npin * (Trin + SPrin) (19)

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

namely:
Arotaigy = Allpin + Atryyp (20)
Where:
Atrgip = Lg, * NHP * (2 * AHp;y, + TFin); Atrpp
_ Npin * NHP * 10 % (DezxtFin - DizntFin) 21)
4

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

both heat exchangers.

0.7
L

kwat
hpoi = 1.39 * ( Wla er) * [HeatFlux * Pwater * CPwater *

*

* <_v)
p

—-0.21

P * hlv * kwater

prater)

kwarwe

(22)
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Heat flux is determined from the Pioro correlation [11;12]):

1

0.33
1.0 1.0 ATgysat (0.33
Heatpp, = Uwater * hiw * L * ( C f) * PrWater(0'33) * (CpWater * hlvsa ) (23)
s v

Where:

L = [M 9 (24)

g* (p — py)

The saturation temperature difference across the evaporator is represented by

equation (25).
ATgysar = Tairin — Tsat (25)

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

0.5 0.36 Pray \**°
Nugirgy = 0.696 * Reqjrpy ~ * Prgir " * (W) (26)
. alr
Nugirgy, = 0.1387 Re3;718 pr/3)( 2Prin 0.296 (27)
atrEv ' ar ar *Dextpi, — Dintgiy
Where:
Dextpi, = 50.0 mm and Dintpiy, = Doyt (28)
and,
4.0 x My, Vaity,ex
Regirpy = ; Regr = ; SPrin = 2.5 by definiti 29
€AirEv T * DhEv * Ugir €ar Vair PFin mm by eflnl lon ( )

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

hgy, = Nugirgy * ——
Ev airEv Dext

(30)

The application of the concept of “Aleta Analogy”, conceived by Fakheri [8] leads us to

define the following parameters:
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_ 2hgy
mLEvFin - ] ] PhEv (31)
katFm

NEvFin =

Tanh(mLgyrin)

(32)

MLEyFin

The fin efficiency for the evaporator section is defined through Equation (32) by Mevrin
[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 Elcio Nogueira [13].

AtrFin

By = T (33)
totEv

TIIEvFin = ﬂEvnEvFin + (1 - ,BEv) (34‘)

The global heat transfer coefficient associated with air in the Evaporator, Uo, , is

given by equation (35).

1

Uopy =—4—p——D

int 1 (35)
+ +
hboil

474 m’lstin hEvair

The heat capacity of the air in the Evaporator is given by C,;,-.
Cair = MairCPair (36)

The number of thermal units associated with air in the evaporator, NTU, , is given by

Equation (37).

NTUg, = =222 | ywhere Cp, = Copr (37)

Ev

The dimensionless number, called "fin analogy," Fag, is represented by Equation (35)

as defined by Ahamad Fakheri [8] and reported by Nogueira, E. [9].

NTUg,
2.0

Fag, = for parallel flow (38)
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The thermal efficiency associated with the evaporator is 1z, [8;9].

_ tanh(Facy)
NrEvy = TEU
1
ETEv = ; 4 l
NegyNTUgy -~ 2

M.

(39)

(40)

The thermal effectiveness associated with the heat evaporator is erg,.

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

Qg is given by the Equation (41).

. CEvATEvsat

QEU = 1 1
— 4=
NreyNTUg, ~ 2

(41)

After passing through the evaporator, the outlet air temperature is represented through

Equation below.

QEv
Tairout = Tairin — C
Ev
Tairin
Irrevrg, = log
airout

Irrevrg, is the thermal irreversibility in the evaporator.

(42)

(43)

The rate of thermal entropy generation is represented by Sgenyg,,.

Sgenrgy, = Irrevrgy, * Cgy

(44)

The pressure drops across the evaporator is represented by equation (45).

L ok Vs 2
ApEv = FriCEv * ( Ev ) " (pAlT AirEv
DhEv 2

Where:
Fricg, and fg, are the frictions factor in the evaporator.

L e —eee [ N S W S

Engineering

): Apgy = 2fEyNrowsPairV AiTmax (45)
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€airEv r

Viscous irreversibility in the evaporator is obtained using equation below.

P.
Irrevyg, = log( 2Ev> (48)
PlEv
Where:
Pigy, = Py, + Apgy, and Pypy, = Py (49)

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

Sgenyg, = Irrevyg, * Cpy (50)

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

SgenTEv

Sgenrg, + Sgenyg,

BeEU =

D

2.2 EQUATIONS FOR CONDENSER

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

(52).

A¢rca = Leona * Nup * (Pup — Nrin * Trin) (52)
The heat exchange area in the condenser is represented by equation (53).

Atorca = Atrrin + Atrca (53)

The Reynolds number associated with the air flow inside the condenser is represented
by equation (54).

R _ 4.0 mair 54
€aircd = 7 * Dneg * Hair (54)
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The air velocity inside the condenser is represented by equation (52).

_ ReAier * Uair

Vairca = T Dy (55)
Dh — 4+ Asecair ) _ 4WHELCdeffec (56)
cd hea ' 47 2(WHE + LCdgysec)

Phcq = NHP * Pyp + Ntotp, * (2 * AHpip + Trin); LCdgesfrec

= Lcg — Npin * (Tpin + SPrin)  (57)

The saturation temperature difference across the condenser is represented by

equation (58).

ATcasat = Tsat — Tairin (58)

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

1
pr * (pl _pv) * hlv *d *kwater ok 3[4

h = 0.943 =
Cond Uawter * Leca * ATcasat

(59)

The Nusselt number associated with the air in the condenser is represented by

equation (60).

0.5 0.36 Pra  \"*°
Nutarca = 0696 + Reapca® «Pray"** + (55—)
1
1 S o
Nugircq = 0.1387 Reg;/'® Pra(ii)( PFin 10296 (60)

Dextgy, — Dintgpip

The condensation transfer coefficient in the heat pipe is provided by hamd, as reported

in [9].

k..;
hea = Nugirca * 5o~ (61)

The application of the concept of “Aleta Analogy”, conceived by Fakheri [8] leads us to

define the following parameters:
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2hca

Prca (62)

MLcgrin =
carin kEintrin

_ Tanh(mLcgrin)

Nearin =~ (63)

mLcdFin

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

NcdrFin-
A rFin
Beq = A (64)
totCd
Nearin = BeaNcarin + (1 = Pea) (65)

The efficiency associated with the set of fins in the condenser, weighted by the area
of change of the fins 771'%.”, is represented through Equation (65).
1

1 Dext=Dint 1
T T ,
heond kW nearinhca

Uoca = (66)

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

Cair = MyirCPgir (67)
The heat capacity of the air in the condenser, C,,, is given by Equation (67).

CCd = Cair (68)
Uoca«Atotca

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

Nzlgc‘i for counterflow (70)

FaCd =
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The dimensionless number, called "fin analogy," Fa., is represented by Equation (70)
as defined by Ahamad Fakheri [8] and reported by Nogueira, E. [9].

__ tanh(Facq)
Nreca = ——F_

(7D

Facg

The thermal efficiency associated with the condenser is nr¢q-

Erca = % (72)

74__
NtcaNTUcq 2

The thermal effectiveness associated with the condenser is e7¢4.

. CcaAT
QCd — Cd1 Elisat‘1 (73)
NrcaNTUcq 2

The heat transfer rate between the air and the heat pipe in the condenser region Q¢4

is given by the Equation (73).
Toirout = 24+ Tyirg 74
airout — CCd ailrin ( )

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

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

Tairin ) (75)

Irrevyrcq = log (T
airout

The rate of thermal entropy generation in the condenser is represented by equation

(76).
Sgenrcq = Irrevreq * Ceq (76)
_ 0.31 X
Fricca = —— 575, fea = 0.7465 Reg, ~°319 (Chy-0927 7
€aircd T

The friction factor in the condenser is represented by equation (77).
([ ______________________= ____________________________[SEGL LSS S S S ) S S S SRS S S S S
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>; Apca = 2fcaNrowsPairV AilTimax (78)

L¢g Pair * Vairca’
Apeq = Fri ( )
Pca = Friccg x| * < >

hcd

The pressure drops across the condenser is represented by equation (78).

The pressure at the evaporator inlet is represented by equation (79).

Picqa = Paca + Apca (79)
By definition:
Pyca = Patm (80)

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

PZCd)
Pica

(81)

Irrevycq = log (

The rate of viscous entropy generation in the condenser is represented by equation

(82).
Sgenycq = Irrevycq * Ceq (82)
The Bejan number in the capacitor is represented by equation (83).
Sge
Becy = genrca (83)

SgenTCd + SgenCd

2.3 EQUATIONS FOR FINNED HEAT PIPE HEAT EXCHANGER - FHPHE
O método tedrico para obtengao das equagdes abaixo, validas para o trocador de
calor, denominado de método localizado, utiliza os valores obtidos individualmente no

evaporador e condensador, conforme procedimento preconizado nas referéncias [6;7].

Qrupre = Qpv + Qca (84)
QMax = Cmin(TEvin - TCdout) (85)
0
EIFHPHE = % (86)
Max
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ApirupnE = APEy + APca (87)

OTHPHE = OTEv T OrCa (88)

OfupPHE = OfEv T Ofca (89)
_ OTHPHE

BeHPHE - OTHPHEtYOfHPHE (90)

Beypyg is the thermodynamic Bejan number associated with the heat exchanger.

3 RESULTS AND DISCUSSION

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

Comparisons are made for 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 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 situations, 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 are the frontal areas of the pipes
and fins. Although the AFHPHE has heat pipes with approximately twice the diameter, the air
passage 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.
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Figure 4 presents 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 velocities, approximately double.

Figure 3

Air velocity in the evaporator
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Figure 5 presents 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 exchangers.

Figure 5

Heat exchange area
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The number of thermal units (NTU) of the AFHPHE, represented in Figure 6,v
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 although 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.

Figura 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 reflected 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 results 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, reflecting the observed values for thermal
([ ______________________= ____________________________[SEGL LSS S S S ) S S S SRS S S S S
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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 performance.

Figure 8

Outlet temperature
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Figure 9
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Figure 9 presents result from 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 increasing flow rate. For an upper
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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 pressured drop obtained for the AFTHE
is only in the internal flow between the heat pipes and the shell. Pressure drop at the heat
exchange outlet was not implemented, as this aspect is still under study and analysis. This
important aspect will be discussed further in the analysis ahead and in the conclusion.

The Bejan number in the evaporator is represented in Figure 10. The Bejan number
reflects the relative influence of viscous irreversibility on the overall performance 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 IFHPHE, 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 maximum flow rate under analysis. For a 50%

condition, the performance is exceptional.

Figure 10

Bejan Number
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3.2 CONDENSER

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

Only parameters relevant to objectively assessing the condenser thermal and
viscous performance were analyzed, as some overlap with those of the evaporator.

The effectiveness in the condenser is represented in Figure 11. The effectiveness of
the AFHPHE is exceptional for 30 fins, due to its larger heat exchange area. 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 temperatures
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 temperatures approach the saturation temperature of

the working fluid for low flow rates and decrease with increasing flow rate.

Figure 11
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Figure 12
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Figure 13 presents result of 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
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pressure drop results are close to the pressure drop of the IFHPHE with 70 fins and maximum

flow rate.

Figure 14
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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 for AFHPHE.

3.3 FHPHE

In this section we present results related to the overall performance of heat
exchangers.

Figure 15 presents theoretical and experimental results for thermal effectiveness
obtained for IFHPHE and presented through reference [7]. The results are valid for the lowest
air flow rate, approximately equal to 0.12 kg/s.

Figure 16 presents theoretical and experimental results obtained for heat transfer 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.
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Figure 15

Effectiveness teorico versus experimental [7]
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Figure 16

Theoretical and experimental heat transfer rate [7]
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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
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experimental results for 30 fins coincide with the simulated 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]
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Figure 18 presents result for overall effectiveness of both heat exchangers 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 IFHPH with

70 fins is slightly superior to that of the AFHPHE, across the entire flow range.

Figure 18

Overall thermal effectiveness for heat exchangers
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Figure 19

Bejan number for heat exchangers
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Figure 19 presents results reflecting the overall performance of the heat exchangers,
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 drops 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
corresponds to 70 in the IFHPHE, the overall performance is very low, not justifying the
configuration.

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 relation 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. The prototype represented in Figure ... is not feasible,
since four air outlets are impractical, despite being a diametrically homogeneous and

aesthetically very well-conceived design for the AFHPHE.

4 CONCLUSION
Comparisons are made between two finned tube heat exchangers: an individually
finned tube heat exchanger (IFHPHE) and an axially finned tube heat exchanger (AFHPHE).
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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) Ts,; =
17.0 °C, 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 numbers,
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 imposed 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 values 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 extremely 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 passage area compared to the
AFHPHE.

When analyzing Bejan's figures, which include thermal and viscous performance, the
comparisons are very favorable for AFHPHE, with high thermal performance 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-benefit 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 validated.

5 NOMENCLATURE
Asec. cross-section area, []

2
Atr _ heat transfer area, [
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J
Cp — specific heat, [ K |
w
C _ thermal capacity, [ K ]
w
min — minimum thermal capacity, [ X ]
e
Dy _ hydraulic diameter, [ ]
Fa _ fin analogy
.
h — coefficient of heat convection, [mzK]
.
k — thermal conductivity, [mK]
K - Kelvin
.
Ky _ thermal conductivity of the tube, [ X |
.
ki _ thermal conductivity of the fin, [mK ]
L — vertical or horizontal length, [ ]
. kg
Mair _ mass flow rate of the air, [ 5 ]
NFI‘" — number of fins
Nu — Nusselt number
Pr — Prandtl number
Q_ actual heat transfer rate, [/’
O _ maximum heat transfer rate, [V’
Re _ Reynolds number
T — temperatures, [l
w

Uo — global heat transfer coefficient, [ 7K ]
Subscripts
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boil — ebulicdo
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

l

o« —thermal diffusivity, S

]

B — the relationship between areas

kg
p — density of the fluid, [ m’ ]
k:
£
u — dynamic viscosity of fluid, ™%

[—1]

v — kinematic viscosity of the cold fluid, S

£ )
T _ thermal effectiveness

Tr _ thermal efficiency

AT _ 3 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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