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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
established. Mathematical modeling applies to the thermal efficiency method to determine
quantities of thermal interest, and the second law of thermodynamics, with an emphasis on
the Bejan number, to determine thermal and viscous irreversibilities. 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 condenser,
demonstrating the expected physical consistencies for all analyzed quantities. To consolidate
the heat exchanger theoretical design and the applied theoretical model, a comparison is
presented for the air outlet temperatures and effectiveness, using theoretical-experimental
results obtained for the radial-fin heat exchanger, in the evaporator, and the condenser. The
comparisons made demonstrate that the axially finned tube design presents better 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.

" Universidade do Estado do Rio de Janeiro (UERJ). E-mail: elcio.nogueira@uerj.br

2 Centro Universitario de Volta Redonda (UniFOA). Centro Universitario DomBosco Resende (AEDB).
3 Universidade do Estado do Rio de Janeiro (UERJ).

4 Centro Universitario DomBosco Resende (AEDB).

Expanded Science: Innovation and Research
EVALUATION OF THE THEORETICAL DESIGN AND MATHEMATICAL MODELING FOR DETERMINATION OF THERMAL AND
VISCOUS IRREVERSIBILITIES IN AXIALLY FINNED TWO-PHASE CLOSED THERMOSYPHON HEAT EXCHANGER



\

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

RESUMO

Trocadores de calor que utilizam termossifées tém sido empregados ha décadas em diversas
aplicagdes nas industrias aeronautica, militar, nuclear e eletrénica. Uma aplicagao que tem
despertado interesse recente, apesar de ter sido proposta por volta de 1992, é o conforto
térmico em sistemas de ar-condicionado. Neste artigo, apresenta-se um projeto de trocador
de calor que utiliza termossifées com aletas axiais (AFTHE). O projeto atual utiliza como
referéncia um trocador de calor com tubos de calor aletados radialmente, cuja analise tedrica
e experimental ja se encontra bem estabelecida. A modelagem matematica aplica o método
da eficiéncia térmica para a determinagao de grandezas térmicas de interesse e a segunda
lei da termodindmica, com énfase no numero de Bejan, para a determinagdo das
irreversibilidades térmicas e viscosas. Resultados numéricos e graficos sdo obtidos e
apresentados para as seguintes grandezas fisicas: velocidades, numeros de Reynolds,
numeros de Nusselt, coeficientes de transferéncia de calor por convecgdo, numero de
unidades de transferéncia de calor, taxas de transferéncia de calor, fatores de atrito, quedas
de pressao e numero de Bejan. Os resultados sao utilizados para analises tedricas do
evaporador e do condensador do trocador de calor, demonstrando as consisténcias fisicas
esperadas para todas as grandezas analisadas. Para consolidar o projeto tedrico do trocador
de calor e o modelo tedrico aplicado, apresenta-se uma comparacao das temperaturas de
saida do ar e da efetividade, utilizando resultados tedrico-experimentais obtidos para o
trocador de calor com aletas radiais, no evaporador e no condensador. As comparacgdes
realizadas demonstram que o projeto com tubos aletados axialmente apresenta melhor
desempenho térmico com menor area de troca de calor do que o projeto com tubos de calor
aletados radialmente, para as mesmas condi¢cdes de entrada. O projeto proposto apresenta
resultados promissores e deve ser utilizado na implementacao experimental de um sistema
de ar-condicionado para salas cirurgicas.

Palavras-chave: Trocadores de Calor. Tubos de Calor com Aletas Axiais. Método da
Eficiéncia Térmica. Irreversibilidades Térmicas e Viscosas. Numero de Bejan.

RESUMEN

Los intercambiadores de calor que utilizan termosifones se han empleado durante décadas
en diversas aplicaciones en las industrias aeronautica, militar, nuclear y electronica. Una
aplicacion que ha despertado un interés reciente, a pesar de haber sido propuesta alrededor
de 1992, es el confort térmico en sistemas de aire acondicionado. En este articulo se
presenta un disefio de intercambiador de calor que utiliza termosifones con aletas axiales
(AFTHE). El disefio actual utiliza como referencia un intercambiador de calor con tubos de
calor aletados radialmente, cuyo analisis tedrico y experimental ya se encuentra bien
establecido. La modelizacion matematica aplica el método de la eficiencia térmica para
determinar magnitudes térmicas de interés y la segunda ley de la termodinamica, con énfasis
en el numero de Bejan, para determinar las irreversibilidades térmicas y viscosas. Se
obtienen y presentan resultados numéricos y graficos para las siguientes magnitudes fisicas:
velocidades, numeros de Reynolds, numeros de Nusselt, coeficientes de transferencia de
calor por conveccion, numero de unidades de transferencia de calor, tasas de transferencia
de calor, factores de friccion, caidas de presién y numero de Bejan. Los resultados se utilizan
para analisis teoricos del evaporador y del condensador del intercambiador de calor,
demostrando las consistencias fisicas esperadas para todas las magnitudes analizadas.
Para consolidar el disefio tedrico del intercambiador de calor y el modelo teérico aplicado,
se presenta una comparacién de las temperaturas de salida del aire y de la efectividad,
utilizando resultados tedrico-experimentales obtenidos para el intercambiador de calor con
aletas radiales, en el evaporador y en el condensador. Las comparaciones realizadas
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demuestran que el disefio con tubos aletados axialmente presenta un mejor desempeno
térmico con una menor area de intercambio de calor que el disefio con tubos de calor
aletados radialmente, para las mismas condiciones de entrada. El disefio propuesto presenta
resultados prometedores y deberia utilizarse en la implementacion experimental de un
sistema de aire acondicionado para salas quirurgicas.

Palabras clave: Intercambiadores de Calor. Tubos de Calor con Aletas Axiales. Método de
la Eficiencia Térmica. Irreversibilidades Térmicas y Viscosas. Numero de Bejan.
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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 conditioning systems for
surgical rooms, which require strict specifications for temperature, air flow, relative humidity,
and number of air changes per hour.

Ragil Sukarno and colleagues [1] 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.

Figure 1
Ragil Sukarno et al. [1]

TEv,out

H. Jouhara and collaborators [2] 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 (¢-
NTU). They highlighted the importance of heat exchangers in waste energy recovery.

Grzegorz Gérecki and collaborators [3] presented a theoretical-experimental study of
a finned heat pipe heat exchanger for small air conditioning systems, showing that finned
heat pipes are a viable alternative to conventional exchangers.

Anwar Barrak [4] discussed the rising energy consumption in tropical countries and
the importance of energy recovery to improve thermal performance. He highlighted that heat

pipes are an excellent alternative for energy recovery and can improve fresh air quality.
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Nandy Putra and colleagues [5] 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 [6] 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. [7] 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 filling rates, with the evaporator exhibiting different flow
and heat transfer characteristics 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 applicability of the
numerical model is validated by the experimental results.

H. Eshwar, U.C. Arunachala, and K. Varun [8] 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 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 operation, the HP can be used in isothermal applications where cost is not a
significant concern.

Elcio Nogueira [9] 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 number of fins per tube, number of tubes,
inlet temperatures, and fluid flow rates. The theoretical results were compared with
experimental data, showing excellent agreement.

Another study, Nogueira [10] reviewed concepts of thermal and viscous
irreversibilities, using the second law of thermodynamics and the Bejan number to analyze

the thermal and viscous performance of heat exchangers. The "Thermal Efficiency Method"
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was applied to obtain quantities such as thermal effectiveness and thermal and viscous
irreversibilities.

Nogueira [11] also developed an innovative theory for analyzing heat exchangers,
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), (2.b) and (2.c).

Figure 2

(2.a) (2.b) (2.c)

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 Elcio Nogueira,
develops a new design for the heat exchanger, without fins, highlighting the vertical,
diametrically symmetrical air outlets in the evaporator 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 sections.
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2.1 MATHEMATICAL MODEL DESCRIPTION OF THE AFTHE

In this section we present the mathematical formulation for solving the performance
of the heat exchanger under analysis, through the Thermal Efficiency Method, which uses
the concept called “Fin Analogy” by Ahamad Fakheri [12].

The saturation temperature of the working fluid (H20) is defined using equation (01).
Tsqr = 27°C (01)

Tsat=27°C
(01)

The air inlet temperature at the evaporator varies between 30°C and 45°C, according
to equation (02).

30°C < Tyipin < 45°C 02)

The air inlet temperature at the condenser varies between 18°C and 26°C, according

to equation (03).
18°C < Tyipin < 26°C (03)

The air mass flow rate varies between 0.02 kg/s and 0.15 kg/sec, according to

equation (04).

k k
o.oz?g < iy < 0.15?9 (04)

Table 1 shows the properties of the working fluid as a function of the saturation

temperature equal to 27°C.

Tabel 1

Working Fluid Properties (H20)
Tsat Psat P Py hl hv hlv
°C Pa kg/m® | kg/m3 | J/kg J/kg J/kg
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27.0 | 91.53510% | 819.38 | 0.075 | 111.55 | 2563.19 | 2451.64

Geometric and physical quantities for the heat exchanger are explained through
equations (05) and (24).

Dint = (2.0 * 25.40) mm (05)

The internal diameter of the heat pipe is represented by equation (05).

Dext = (2.0 * 25.40 + 0.893) mm (06)

The external diameter of the heat pipe is represented by equation (06).

Pyp = 1 * Dext (07)

The perimeter of the heat pipe is represented by equation (07).

Pyp — Npin * Trin
Ngin + 1.0

Esprin = (08)

The space between fins is represented by equation (08). The number of fins is

represented by Ng;,, and Tg;, represents the fin thickness.

Npin = 25 (09)
Trin = 4.0 mm (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.

Nypp = 9 by def ault; 1< Nyp, =16 (11)
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The number of tubes in the main diagonal of the heat exchanger is represented by

equation (12) [see Figure 2].

Nypr = Ng + (Ng + 1.0) (12)
Where:

Ng = \/Nupp (13)

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

Nyp = Nypr * (Ng + 1.0) + (Nz — 2.0) (14)
The total number of fins in the heat exchanger is represented by equation (15).

Nrotrin = Nyp * Npin (15)
The fin height is represented by equation (16).

Hpip = 18.0 mm (16)
The diameter of the heat exchanger shell is represented by equation (17).

Dshenr = Nupr * (Dext + 2.0 * Hpyp) (17)

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

Lg, = 220.0mm; Lyg = 120.0 mm; L-; = 120.0 mm (18)

It is assumed that the heat pipes and fins are made of copper, with thermal conductivity
shown below [Equation (19)].
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w w
kW = 3800ﬁ’ kFin = 3800ﬁ (19)

Equation 20, represented by oy,,:. and reported by Goérecki, G. et al. [3], is the surface

tension for water:

Owater = 0.07275 * (1.0 — 0.002 * (K — 291)) (20)

Where:

K is saturation temperature in Kelvin.

The air passage area at the heat exchanger inlet is represented by equation (21).

D 2
AEntyg = 1 * %” m? (21)

The height of the heat pipes is represented by equation (22).

Hpp = Lgy + Laa + Lcg (22)

The volume occupied by the heat pipes is represented by equation (23).
Volyr = Hyp * AEntyg (23)

The value 0.006 [Equation 24], constant for the surface-fluid combination, was
originally presented by Rhosenow [13] , valid for the copper-water pair, and reported by H.
Jouhara et al. [14].

Cs; = 0.006 (24)
2.2 EVAPORATOR

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

evaporator.
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Table 2

Air properties as a function of evaporator air inlet temperature

Tairin

Pair kair CPair P14, Hair Dair Xair

°C | Kg/m? | W/(m K) | J/(kg K) Pa.s m?/s m?/s
30.0 | 1.219 | 2.67 102 | 1005.77 | 7.47 10" | 1.98 10° | 1.63 10° | 2.18 10°
35.0 | 1.219 | 2.70 102 | 1006.12 | 7.41 10" | 1.99 10° | 1.63 10-° | 2.20 10°
40.0 | 1.219 | 2.74 102 | 1006.48 | 7.35 10" | 2.00 105 | 1.64 105 | 2.23 105
45.0 | 1.218 | 2.77 102 | 1006.84 | 7.30 10" | 2.01 105 | 1.65 105 | 2.26 105

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

The hydraulic perimeter of the heat exchanger is represented by equation (26).
Pryp = Nyp * Pup + Nrotpin * (2.0 * Hin + Trin) — Nrotrin * Hrin

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

Dppp = p
hHp

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

A¢rpin = Npin * Ngp * Lgy * (2.0 * Hpip + TFin)

The heat exchange area associated with the heat pipe assembly is represented by

equation (29).

4.0 * Asecypp

Dext?
Asecyyp = AEntyg — | Nyp * T ———

Atrgy = Lgy * Ngp * (Pyp — Npin * Trin)

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

- NTotFin * HFin * TFin)

(25)

(26)

(27)

(28)

(29)
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Atotev = Atrrin + Atrew (30)
The Reynolds number associated with the air flow inside the evaporator is represented

by equation (31).

R 40 x1hg, 21
Cairy = T * DhHP * Ugir ( )

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

_ Regirpy * Hair
VAirEv -

(32)

DhHP

The Reynolds number associated with the air flow at the evaporator inlet is

represented by equation (33).

R _ 4.0 * My, 33
Cairnt = T * Dgpen * Uair (33)

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

ReAirEnt * Ugir

(34)

Vairent = D
Shell

The saturation temperature difference across the evaporator is represented by

equation (35).
ATgysar = Tairin — Tsat (35)
The estimated heat transfer coefficient for the boiling process, h,,,,;;, equation (36), was

represented by Gupta and Varshney correlation [15], depend on the Heatg,,,,, described by

Pioro correlation [16], equation (37).
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L

* —————————————————
prhw*kwater

k ater
hboil = (Wl—:) *1.39 * [HeatFlux * Pwater * CpWater ] #x 0.7 (pl/pv) #x 0.21 *

(UWater * M) *x (_0-21)

kWater
(36)
1.0 1.0 ATEvsa 1.0

Heatpp, = Uwater * hlv * [, [(C_sf) % 0.33 Pryater ** (E) * (CpWater * :lv t) o (E)]
(37)

Where:

L= [ e ... (ﬂ) (38)

g* (o1 — pv) 2.0

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

Tair

NuairEv = 0.696 * ReAirEv % 0.5 * Prair *x 0.36 * (50*—Pralr

) w% 0.25 (39)

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

kair

hg, = Nug ¥ ——
Ev air Dext

(40)

The application of the concept of “Aleta Analogy”, conceived by Fakheri [12] leads us

to define the following parameters:

_ 2hgy
mLEvFin N . PhEv (41)
Fin'Fin
Tanh(mL i
NEvFin = il i (42)
MLEyFin

The fin efficiency for the evaporator section is defined through Equation (42) by 7,

[6].

AtrFin
By, = 2t (43)
totEv
771’;"vFin = .BEvnEvFin + (1 - ,BEV) (44)
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The efficiency associated with the set of fins in the evaporator, weighted by the area

of change of the fins 7, .. , is represented through Equation (45).

1
Uogy = —  Dext—Dint |, 1
hpoil kw

(45)

T
NEvFin"Evair

The global heat transfer coefficient associated with air in the evaporator, Uog,, is given

by Equation 45.
Cair = MyirCPgir (46)
The heat capacity of the air in the evaporator, C,, , is given by Equation (46).

Cey = Cair (47)

Uog,. A
NTUEv _ EvC totEv ( 48)
Ev

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

Equation (48).

2E for parallel flow (49)

FaEv =

The dimensionless number, called "fin analogy," Fag, is represented by Equation (49)
as defined by Ahamad Fakheri [12] and reported by Nogueira, E. [9; 10; 11].

tanh(Fa,
Mppy = ) (50)
The thermal efficiency associated with the evaporator is g, [9; 10; 11].
1
ETEv = SR S (51)
NteyNTUEy 2
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The thermal effectiveness associated with the heat evaporator is erg,.

. CgpAT
QEU — Ev1 Evsatl (52)
2

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

0O, is given by the Equation (52).

QEU (53)

Tairout = Tairin — C
Ev

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), below.

Tairin )

Tairout

Irrevyg, = log( (54)

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

SgeTlTEv = ITT@VTEU * CEU (55)

031 y
ey = Reyjryp ** 0.25 (56)

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

LEv ) " (pAir * VAirEv ** 2-0>

Apg, = Fricg, * (D > (57)

hEvV

The pressure drops across the evaporator is represented by equation (57).

The pressure at the evaporator inlet is represented by equation (58).

Pigy = Pygy + Apgy (58)
Where:
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Pygy = Patm (59)

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

P
Irrevyg, = log (PZEU) (60)

1Ev

The rate of viscous entropy generation is represented by equation (61).
Sgenyg, = Irrevyg, * Cgy (61)
The Bejan number in the evaporator is represented by equation (62).

SgenTEv
Sgenrg, + Sgenyg,

BeEv = (62)

2.3 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
Tuirin Pair kair Cpair Pr Uair 19air Agir
°C | Kg/m® | W/(m K) | J/(kg K) Pa.s m?/s m?/s

18.0 | 1.219 | 2.59102 | 1004.94 | 7.64 10" | 1.97 10° | 1.61 105 | 2.11 10
20.0 | 1.219 | 2.60 102 | 1005.08 | 7.61 10" | 1.9710° | 1.61 10° | 2.1210°°
22.0 | 1.219 | 2.61102 | 1005.22 | 7.58 10" | 1.97 105 | 1.62 10 | 2.1310°°
240 | 1.219 | 2.63102 | 1005.36 | 7.55 10" | 1.97 105 | 1.62 10" | 2.1410°°
26.0 | 1.219 | 2.64102 | 1005.49 | 7.52 10" | 1.98 105 | 1.62 10 | 2.16 10°°

The heat exchange area of the heat pipes in the condenser is represented by equation
(63).

Atrca = Lcona * Nup * (Pyp — Npin * Trin) (63)

\
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The heat exchange area in the condenser is represented by equation (64).

Atotca = Atrrin + Atrca (64)

The Reynolds number associated with the air flow inside the condenser is represented

by equation (65).

R _ 4.0 * mair 65
Cairca = T * DhHP * Uair ( )
The air velocity inside the condenser is represented by equation (66).
Rejirca * Uai
VAier — Aircd * Hair (66)

Dyup

The saturation temperature difference across the condenser is represented by

equation (67).

ATcasar = Tsar — Tairin (67)

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

Py * (pl - pv) * hlv *g* kwater *x 3) - <1> (68)

h = 0.943 *
cond ( Hawter * LCd * ATCdsat

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

equation (69).

Pr,;
Nugircq = 0.696 * Reipcq ** 0.5 * Prg;, +* 0.36 * (ﬁ) % 0.25 (69)
. alr

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

hca = Nugirca * ——
cd aircd Dext

(70)

The application of the concept of “Aleta Analogy”, conceived by Fakheri [12] leads us

to define the following parameters:

_ 2hgy
MLcarin = |7— —Pnca (71)
kFlntFm

_ Tanh(mLcgrin) (72)

Ncdarin =
mLcdrin

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

Ncarin-
A rFin
Beq = 2t (73)
totCd
Nearin = Bealcarin + (1 — Bea) (74)

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

of change of the fins 7, .. , is represented through Equation (75).

1
UOCd = 1 Dext—Dint 1 (75)
hcond kw

I
Ncarincd

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

Cair = MairCPgir (76)
The heat capacity of the air in the condenser, C ., is given by Equation (76).

Ceca = Cair (77)
NTUCd — UOCd*AtOth (78)

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

NZUOC" for counterflow (79)

FaCd =

The dimensionless number, called "fin analogy," Fa, is represented by Equation (79)
as defined by Ahamad Fakheri [12] and reported by Nogueira, E. [9;10; 11].

tanh(Facg)
Nrca = Tdm (80)

The thermal efficiency associated with the condenser is 1r¢q4.

1

€r¢d = — T 1 (81)
NtcdNTUcq 2
The thermal effectiveness associated with the condenser is e7¢4.

. CcdATEvpsa

Qca =~ (82)

1
nrcaNTUcq 2

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

is given by the Equation (82).
Toirout = 24+ Tyirg 83
airout — CCd ailrin ( )

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.

Tairin ) (84)

Irrevrcq = log (T '
airout

Expanded Science: Innovation and Research
EVALUATION OF THE THEORETICAL DESIGN AND MATHEMATICAL MODELING FOR DETERMINATION OF THERMAL AND
VISCOUS IRREVERSIBILITIES IN AXIALLY FINNED TWO-PHASE CLOSED THERMOSYPHON HEAT EXCHANGER



\V4

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

(85).
SgenTCd = Irrevycg * Ceq -
Fric., = 0.31 "
T Regircq *+ 0.25 (86)
The friction factor in the condenser is represented by equation (86).
L ir * Vai 2.0
Apcg = Friccq * ( cd ) " (pAlT * Vairca ** ) o
Dnca 2

The pressure drops across the condenser is represented by equation (87).

The pressure at the evaporator inlet is represented by equation (88).

Pica = Pzca + BPca (88)
By definition:
Pyca = Patm (89)

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

PZCd) (90)

Irrevycq = log (P .
1

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

(91).
Sgenycq = Irrevycq * Ceq (91)
The Bejan number in the capacitor is represented by equation (92).
S
Begy = genrcq (92)

S'genTCd + S'genCd
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3 RESULTS AND DISCUSSION
3.1 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 presents the average air velocities for the two configurations considered 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.

Figura 3

Air velocity at the evaporator inlet versus mass flow rate
0.5 mm—
= DShell=614 mm
DShell=789 mm

47 HP

29 HP

V. -mls

v T v T T T
o 0.04 o -Ooagls 012 016

Figure 2 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 4 shows a cross-sectional representation of the finned heat pipes
arranged symmetrically inside the shell for the 29-heat pipe configuration. The radial

configuration is designed to achieve homogeneous air distribution inside the heat exchanger.
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Figure 4

Average air velocity inside the evaporator versus air mass flow rate

Figure 5
Evaporator Reynolds number versus air mass flow rate
50000 ==
40000 =
47 HP
29 HP
30000 =
=
[« ] p=
oz
20000 ==
10000 ==
© v | v T v | v 1
(o] 0.04 - 0.08 0.12 0.16
m_, - kg/s

As expected, the Reynolds number in the evaporator, represented in Figure 3,
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 4, presents results like those obtained and represented in

Figure 5, as it is strongly dependent on the Reynolds number.
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Figure 6

Evaporator Nusselt number versus air mass flow rate
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Figure 5 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 and the saturation temperature of
the working fluid.

The number of thermal units in the evaporator is represented in Figure 6, as a function
of the air inlet flow rate and for the maximum temperature, equal to 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 boiling coefficient.

Figure 6 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 thermal 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 working fluid fill ratio of 50%, demonstrate that the 47-

finned heat pipe configuration has great potential for use in air conditioning systems for
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thermal comfort. Even for the 29-tube configuration, the results presented, for a fill ratio of

60%, are extremely promising.

Figure 7

Boiling heat transfer coefficient versus air inlet temperature
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Figure 8

Number of thermal units versus air mass flow rate

Lev =220 mm
1 T, =45°

airin

8 — FRatio

NTU

The heat transfer rate in the evaporator, for an air inlet temperature of 45°C, is
represented in Figure 8. The results obtained reflect what was observed for thermal
effectiveness, with higher values for a greater number of heat pipes and higher 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.
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The air outlet temperature is represented in Figure 9. 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.

Figure 9

Thermal effectiveness versus air mass flow rate and with filling fraction as a parameter
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Figure 10

Heat transfer rate versus air mass flow rate and with filling ratio as a parameter
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Figure 11
Air outlet temperature versus air mass flow rate and with filling ratio as a parameter
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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. [1], and a comparative theoretical study, through the
Thermal Efficiency Method, carried out by Elcio Nogueira [9].

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 comparison, 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 m?; for 47 axially finned heat pipes,
with 25 fins per tube, the total heat exchange area in the evaporator is 0.27 m?; in the case
of radially finned heat pipes, the total heat exchange area in the evaporator is 0.39 mZ2. 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 exchange area.

The results and analyses presented for thermal performance, in the evaporator,

validate and demonstrate better thermal performance for the current configuration.
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Figure 12
Air outlet temperature versus air mass flow rate for radial and axial finned heat exchanger
configurations
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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 friction. However, it can be seen that the velocity
(Figure 2) 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 configuration.
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Friction factor versus air mass flow rate
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Figure 14
Pressure drops versus mass flow rate
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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 velocities in the heat
exchanger, since the larger the number of tubes, the larger the air passage area.

\
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Figure 15

Bejan number versus mass flow rate with working fluid filling ratio as parameter

L:,=220 mm
00908 — 47 HP
29 HP——™——~
= FRatio
m 100%
@ 0996 — 80%
m 60%
50%
NN N\
v N
NN
0.994 - LYY
AN
LY Y
[ Y
= N
A
N
L)
0.992 L] l L | l 1 l 1
0 0.04 0.08 0.12 0.16

m,, - kg/s

The results for the evaporator's Bejan number are presented in Figure 15 for the two
configurations under analysis: 29 and 47 axially finned heat pipes. Initially, 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.

3.2 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.
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Figure 16
Average air velocity in the condenser versus air mass flow rate
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Figure 17

Heat transfer coefficient by condensation versus air input temperature
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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.
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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 passage area, are reflected in lower
velocity values.

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 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 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 parameter 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 performance 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
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is explained by the larger heat exchange area. The superiority of the 29-tube configuration

can be explained by the heat exchanger configuration, which in the condenser is counterflow,

which has superior thermal performance to the parallel flow configuration, as in the

evaporator.

Figure 19

Comparison of condenser outlet air temperature versus air mass flow rate for radial and

axial fin configurations
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The results presented for the Bejan number in the condenser are represented in 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.
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Figure 20

Bejan number in the condenser versus air mass flow rate

: [

0.98 ==

Be,,

0.97 =

0.96

L] I L] I L L]
o] 0.04 0.08 012 016

m,, - kg/s

3.3 CONSIDERATIONS ON THE CURRENT AFTHE CONFIGURATION

The air outlet configurations in the heat exchanger under analysis, represented in
Figures 2.a, 2.b, and 2.c, are highlighted in the last one, as it more functionally encompasses
the first two. Despite this, it cannot yet be considered definitive for two reasons: four air
outlets, despite resulting in a completely symmetrical and functional 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

results and was the subject of comparison in this work.

4 CONCLUSION

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. Furthermore, a
comparison is presented between two distinct heat exchangers with very similar physical
characteristics in terms of air mass flow rate, air inlet temperatures, 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.

\V4

Expanded Science: Innovation and Research
EVALUATION OF THE THEORETICAL DESIGN AND MATHEMATICAL MODELING FOR DETERMINATION OF THERMAL AND
VISCOUS IRREVERSIBILITIES IN AXIALLY FINNED TWO-PHASE CLOSED THERMOSYPHON HEAT EXCHANGER



The work used for comparison consists of radially finned heat pipes. Furthermore, the results
used for comparison 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 theoretical-
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 Bejan number
obtained for the two configurations under analysis: 29 and 47 axially finned heat pipes. The
Bejan number ultimately represents the relationship between 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 theoretical 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.

In summary, the current theoretical project presents promising results and should be

used in the experimental implementation of an air conditioning system for surgical rooms.

5 NOMENCLATURE
Asec. cross-section area, [ ]

Atr _ nheat transfer area, ["72]

.
Cp — specific heat, [F8 K |
w
C — thermal capacity, [E]
/4

Conin _ minimum thermal capacity, [E]
o Co

Cmax
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D, _ hydraulic diameter, [ ]

Fa _ fin analogy

w
h — coefficient of heat convection, [m]
W
k — thermal conductivity, [ "X ]
K - Kelvin
.
k

¥ — thermal conductivity of the tube, [ "X |
w

ki _ thermal conductivity of the fin, [mK]

L — vertical or horizontal length, [ ]

kg
Mair — mass flow rate of the air, [ 5]

N.. .
Fin — number of fins

Nu _ Nusselt number

Pr — Prandtl number
0 _ actual heat transfer rate, 7]

O — maximum heat transfer rate, 7]
Re _ Reynolds number

T — temperatures, [ €1
w
Uo _ global heat transfer coefficient, [mz—K]
Subscripts
boil — ebulicdo
Cd — Condenser
Cond - Condenser
effect — effective
Ev — Evaporator
ext - external

HP — heat pipe
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H - horizontal

in — inlet
int — internal
out — outlet

sat - saturation

Greek symbols

m2
@ — thermal diffusivity, T
B — the relationship between areas

kg
p — density of the fluid, [;]

5
u — dynamic viscosity of fluid, "%
m2

v — kinematic viscosity of the cold fluid,
€7 _ thermal effectiveness

I _ 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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