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Abstract

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

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

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 prelimi-
nary results. The heat exchanger implementation contains 20 rows of finned heat
tubes in a staggered arrangement, with 49 heat tubes. The configuration was op-
timized to maximize efficiency (up to 66%) and minimize pressure drop (less than
150 Pa), and the experimental data showed a good level of agreement with the
model—relative difference less than 10%.

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

Nandy Putra, Trisno Anggoro, and Adi Winarta [3] state that hospital heating,
ventilation and air conditioning systems consume large amounts of energy. They
propose the use of high-pressure water heat exchangers (HPHEs) as an alternative
to minimize consumption. They conduct experiments to investigate the perfor-
mance of HPHEs consisting of several heat pipes with water as the working fluid,
arranged in rows. They experimentally determined the effect of inlet air tempera-
ture, the effect of air velocity and the influence of the number of rows of heat
pipes. They obtained results using six rows of high-pressure water heat exchangers
(HPHEs), an air velocity of 1 m/s and an evaporator inlet air temperature of 45°C.
They demonstrate that the total energy consumption in the implemented air con-
ditioning system, based on the annual heat recovery forecast for 8 h/day and 365

days/year, decreases significantly from 0.6 to 4.1 GJ/year.
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Ragil Sukarno et al [4] cite specific requirements related to thermal comfort
that made it necessary to create heat recovery systems using a heat pipe exchanger
(HPHE). They built an experimental apparatus with three, six, and nine rows of
heat pipes, arranged in a staggered configuration. They use the & 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 &NTU method can be used for the
analysis of heat recovery systems that apply air conditioning systems with HPHE.

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

Elcio Nogueira [6] applies the thermal efficiency method to the theoretical anal-
ysis of the thermal performance of a finned heat pipe heat exchanger (FHPHE),
used as an auxiliary device to control the temperature and quality of air condi-
tioning in operating rooms. The theoretical analysis performed is point-by-point
and distributed, divided into three aspects: analysis of the evaporator section,
analysis of the condenser section, and analysis of the heat exchanger in terms of
overall performance. It uses a theoretical-experimental study, which uses the con-
cept of thermal effectiveness (e-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 perfor-
mance of an individually finned heat exchanger (IFHPHE) used in an air condi-
tioning system. The relevant variables used to determine the results are the num-
ber of fins per heat tube and the number of heat tube rows. A theoretical-experi-
mental comparison demonstrates that the applied localized model can be used as
a comprehensive design and analysis tool for finned heat exchangers. Results ob-
tained for the Bejan number, which relates thermal and viscous irreversibilities,
show that fin numbers between 10 and 20 for 49 heat tubes provide a better cost-
benefit ratio. The absolute percentage errors obtained between the theoretical and
experimental values for the overall heat transfer rate and overall thermal efficiency
range from 2.0% to 42.1%.

2. Methodology

Analytical solution using the Thermal Efficiency Method. A comparison was

made between two specific types of finned heat exchangers. The theoretical for-
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mulations are explained through the expressions and equations below. When
there is a difference in formulation between the heat exchangers under analysis,
the representation for AFHPHE will be shown in red, and for IFHPHE in black.

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

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

eration systems; and it is efficient in applications requiring low temperatures.

i, - — 0.25
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Figure 1. Geometric representation and design of Individually Finned Heat Pipe Heat Ex-
changer—IFHPHE.

Figures 1(a)-(d) above are part of the IFHPHE design project, reported through
reference [1]. They represent the staggered configuration of the thermosiphons,

the dimensions, the thermosiphon regions and the fins.
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Figure 2. Initial design of AFHPHE.

Figures 2(a)-(b) above represent the initial design of the AFHPHE, with the
thermosiphons, the evaporator regions, the adiabatic region, the condenser region
and the 4 air outlet areas per region [2].

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

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

T, =17.0C; T, =30.0°C; T, =10.0°C (1)

Evin

The mass flow rates in the evaporator and condenser are within the range spec-
ified below.
0.12kg/s < m,, <0.20kg/s (2)

air

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

the expressions below.

N, =49 default; N, =30 default (3)

where, by AFHPHE:
Ng =+/Nypy s Npp, =16 heat pipes 4)
Nier = Ng +(Ng +1.0) (5)

N,pr is the number of heat pipes per row.

Finally, the number of heat pipes is represented by Equation (6).
Npp = Nyppr *(Ng +1.0)+ N (6)

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

adopted is represented by the expression below.

ky =235 W/(mK) (7)
The internal and external diameters are different for both heat exchangers.

D,, =50.08 mm; D,, =50.973 mm; D,, =20.0 mm; D, =22.0 mm  (8)
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The lengths associated with the evaporator and condenser are different for both

heat exchangers.

L., =220.0 mm; L, =120.0 mm; L, =250.0 mm; L, =250.0 mm )
The fin thickness and fin height are defined by the expressions below.
Te, =4.0mm; AH_,, =18.0 mm; T, =0.8 mm (10)
The space between fins is obtained using the following expressions:
SPein = (Pap = Nen*Tein )/ (N +1.0); Spg, = 2.5 mm by definition  (11)

where,

Ppr=7D (12)

ext

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

Dgnenr = 9.0%( D,y +2*AH,, )mm; W,,. =200.0 mm by definition ~ (13)
The air intake area is expressed by:

Ay = (”Dszheu )/4 (14)

The air passage area is obtained using the following expression:

Asec,, = Ay, —(NHP* D2, /4)—(Ntot, *AH ., *T,, ) (15)
Asecair = (mair * DhEv )/( Reair*/uair) (16)

where,
Ntot., = NHP*N_, (17)

2.1. Equations for Evaporator
The hydraulic diameter in the evaporator is expressed by:

Dh,, = (4*Asec,, )/Phg, ; Dhg, = (4*W, ) / [2*(Wye + LBV )] (18)

where,

Phe, = NHP*P_, + Ntot,, *(2*AH ¢, + Trin )i LEVyeee = Ley = N ™ (T + SPeip ) (19)

effec

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

areas, namely:

Aroaiey = Al + Aty (20)
where,

AtrFin = LEV*NHP*(Z*AH Fin +TFin); AtrF = NFin*NHP*”*(DezxtFin - DiitFin )/4 (21)

in

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

hboil = 1'39*(kwater /I* )*|: HeatFqu *pwater *prater*l*/( pl *hlv *kwater ):|0l7

(22)
*(/DI /pv )021*(/uwater*cpwater/kwater )( o
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Heat flux is determined from the Pioro correlation [11] [12]:

HeatFqu = :U\Nater *hlv*l**(l‘o/csf )0133 *( PrWater )1l0/0.33 *(CpWater*(ATEvsat )/hlv

where,

(23)

)1.0/ 0.33

w2)

(29)

I, = [O‘Water/(g*(ﬂ — Py ))]

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

airin -T

sat

(25)

Evsat

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

NuairEv = 0'696*Re2\.i5rEv*Pr£i—36*[ Prair/(s'O*Prair ):|0'25 (26)
NU, ¢, = 0.1387*Rel"™ *Pr{“® (sp,,, /(Dext,,, — Dint,,, ))"‘296 27)

where,
Dext,,, =50.0 mm and Dint., =D, (28)

and,
ReAirE" - (4'0*mail' )/(”*DhEv*/uair )’ Redr = (Vairmax )/Vair ; (29)

Sp;, = 2.5 mm by definition
The heat transfer coefficient by air convection in the evaporator is obtained by:

hEv = Nl'jairEv*kair/Dext (30)

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

mLEvFin = \/ 2* hEv/(kFin *tFin )*PhEv (31)
’7EvFin = Tanh (mLEVFin )/mLEVFin (32)

The fin efficiency for the evaporator section is defined through Equation (32)
by 7o, [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].
ﬁ_Ev = A_trFin/AotEv (33)
nllvain = ﬂEvnEvFin + (1_ ﬂEv ) (34)

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

is given by Equation (35).
UOEV = ]/[]/hboil + ( Dext - Dint )/kW +]/(77lévFin hEv ):| (35)
The heat capacity of the air in the Evaporator is given by C,; .
CAir = rﬁaircpair (36)

The number of thermal units associated with air in the evaporator, NTU_,, is

given by Equation (37).
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NTU Ev — (UOEV*AOIEV )/CEV ; CEv =C (37)

air

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

Fag, = NTUq, /2.0 for parallel flow (38)

The thermal efficiency associated with the evaporator is 7., [8] [9].

e, = (Tanh( Fa,, ))/(Fa,, ) (39)

ey = ]7/[]7/(77TEV NTUq, ) + 1/2] (40)

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

gion Q. is given by Equation (41).
QEV = (CEVATEvsat )/|:]7/(77TEV NTU Ev ) +]7/2:| (41)

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

by the equation below.

Tairout = Tairin - QEV /CEV (42)
IrrevTEv = In (Tairin /Tairout ) (43)

Irrev.

e, is the thermal irreversibility in the evaporator.

The rate of thermal entropy generation is represented by Sgen,, .
Sgen,,, = Irrevy, *C,, (44)

The pressure drop across the evaporator is represented by Equation (45).
ApEv = FricEv*( I‘Ev/DhEv )*|:(pAir*VA2irEv ) / 2]! ApEv = 2 va Nrowspairvairmax (45)

where, Fric,, and f_, are the friction factors in the evaporator.

-0.927)

Fricg, = 0.31/ Re%2,; f,, =0.7465*Re{**® (X, /dr)’ (46)
X, = Dextg,, (47)

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

Irreve, = In(Py, /Py, ) (48)
where,
Pey = Py +APg, and Py, =Py (49)
The rate of viscous entropy generation is represented by Equation (47).
Sgen,e, = Irrev,g, *C, (50)
The Bejan number [14] in the evaporator is represented by Equation (51).
Be., = Sgen., / (SgenTEv + SgemEV) (51)
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2.2. Equations for Condenser

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

Arcs = Leons *Nip *( Pap = Nein *TFin) (52)
The heat exchange area in the condenser is represented by Equation (53).
Aotcd = ArFin + Arcd (53)

The Reynolds number associated with the air flow inside the condenser is rep-

resented by Equation (54).
Re s = (4.0%mM,, )/(7* Dyey * iz ) (54)
The air velocity inside the condenser is represented by Equation (52).
wirca = (Reinca Har )/ Dica (55)

Dycs = 4* AseC,, /Phy ; Dh, = (4*WHELCU . ) /[ 2*(WHE + LCd .. ) | (56)

\Y

Ph., = NHP*P,, + Ntot,,, *(2*AH,, + Ty, )

(57)
LC getrec = Leg — N *(TFin + SpFin)

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

T

airin

ATCdsat =T

sat

(58)

The condensation coefficient in the condenser is represented by Equation (59).
Y4
hCond = 0943*[(pl *(IDI - pv )*hlv * g *k:/ater )/(/uwater * LCd *ATCdsat )j| (59)

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

NU,cq = 0.696* Rejic,* PI’O»'%*[PI’a"/(S.O* Pr,;, )]o.zs :

air

(60)

air

NUy;cq = 0.1387* Reg}7ls* Pr” (SpFin/( Dext,,, —Dinty, ))0-2%

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

reported in [9].

hey = NUeq Ky, /Dext (61)

air
The application of the concept of “Aleta Analogy”, conceived by Fakheri [9]

leads us to define the following parameters:
Mlcgrin = \/2*th /(kFin *tein ) * Prcg (62)
Meorin = TaNh (mLCdFin )/mLCdFin (63)

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

by Ncarin -

Bea = AﬁtrFin/AotEv (64)
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77ICdFin = Beallcarin T (1_ Pea ) (65)

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 (65).
UOCD = ]/[]/hboil +(Dext - Dint )/kW +]7/(77ICdFinth ):| (66)

The global heat transfer coefficient associated with air in the condenser, Uo.,,

is given by Equation (66).
CAir = rﬁaircpair (67)
The heat capacity of the air in the condenser, C,; , is given by Equation (67).
CCd = Cair (68)
NTUCd = (UOCd *Auth )/CCd ; CCd = Cair (69)
The number of thermal units associated with air in the condenser, NTU,, is

given by Equation (69).

Fagy = NTU,, /2.0 for counter flow (70)

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

hes = (Tanh (Fag, ))/(Fag, ) (71)
The thermal efficiency associated with the condenser is 77, -
Ers =Y[Y (s NTUy ) +1/2] (72)
The thermal effectiveness associated with the condenser is &, .
Qes = (CesAToga )/[ V(s NTU ) +1/2] (73)

The heat transfer rate between the air and the heat pipe in the condenser region
Q., is given by Equation (73).

Tairout = QCd /CCd +Tairin (74)

After passing through the condenser (heat recovery), the outlet air temperature

is represented through Equation (74).

Thermal irreversibility in the condenser is obtained using Equation (75) below.
IrrevTCd = In (Tairin /Tairuut ) (75)

The rate of thermal entropy generation in the condenser is represented by
Equation (76).
Sgen,, = Irrevyg, *Cg, (76)

-0.927)

Fricg, =03YRES, | T, =07465%Rel ™ (X, /ar) ™ (77)

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

Apgy = Fricg, *(LCd /Dth )*[(pAir *VAzier )/2:|; Apgy =2y N s 0 VAl (78)
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The pressure drop across the condenser is represented by Equation (78).

The pressure at the evaporator inlet is represented by Equation (79).
Fea = Pacy + APy (79)

By definition:
Prca = Pam (80)

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

Irrevye, = In(PZCd /PlCd ) (81)

The rate of viscous entropy generation in the condenser is represented by Equa-
tion (82).
Sgen,, = Irrev,q, *Cq, (82)

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

Begy = SgenTCd/(SgenTCd + Sgenvca ) (83)

2.3. Equations for Finned Heat Pipe Heat Exchanger— FHPHE

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

Qrvpre = Qe +Qug (84)

Quax = Corn (Tevin = Tegour) (85)
Errpve = Qevpre /Onax (86)
APppre = AP, +APgy (87)
Orupue = Orey + Orcg (88)

Oipre = O ey T 0 tca (89)

Bepre = O-THPHE/(O-THPHE * O tnpre ) (90)

Be, e is the thermodynamic Bejan number associated with the heat ex-

changer.

3. Results and Discussion

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

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

The standard parameters for both heat exchangers under analysis are saturation

temperature of the working fluid (R404a) equal to 17.0°C; mass flow rate variation
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between 0.12 kg/s and 0.20 kg/s; number of fins equal to 30; inlet temperatures in
the evaporator and condenser equal to 30.0°C and 10.0°C, respectively. In some sit-
uations, presented, the number of fins is defined as equal to 70 fins for the IFHPHE,

with the objective of comparing performance in relation to the number of 30 fins.

3.1. Evaporator

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

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

12—
Evaporator
- IFRPHE AFHPHE
T.=17°C
10~ T,,,,=30°C

airin

012 0.14 . 0.16 0.18 0.2
m,, - kg/s

Figure 3. Air velocity in the evaporator.
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160 = N, =30
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Figure 4. Nusselt number in the evaporator.

Figure 5 presents the result for the heat exchange areas. The heat exchange area
of the IFHPHE is smaller than the heat exchange area of the AFHPHE despite
having a greater length. The difference in this case is the diameter of the heat pipes,
which is almost double the value. Even with a fin count of 70, the difference is
significant and should be reflected in the thermal performance of both heat ex-

changers.

Evaporator
IFRPHE AFHPHE
15 T..=17°C
Tairin=30c'C
NE Ngi,=30
L N, =30
g o N
(41 Fin™
o
L
4 e—
° T | — —
0.12 0.14 0.16 0.18 0.2

m,, - kg/s

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

The number of thermal units (NTU) of the AFHPHE, represented in Figure 6,
surpasses the value obtained for the IFHPHE. This result can be explained by the
larger heat exchange area of the AFHPHE. It is important to emphasize that alt-
hough the Nusselt number is higher in the case of the IFHPHE, which reflects a
higher value for the convection heat transfer coefficient, the predominant factor
in determining the overall coefficient is the boiling coefficient, and this parameter

is the same for both heat exchangers.

1 —
0.98 ==
Evaporator
- IFRPHE AFHPHE
u>J T,.=17°C
w Di96= Tairin=3ooc
N, =30
N, =30
094 D=3t
» Npp=70 =====
0.92 T 1 T T T 1 T 1

0.12 0.14 . 0.16 0.18 0.2
m,,, - kg/s

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

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

formance.

18:2. =~ Evaporator
i IFRPHE AFHPHE
18 et
T, =17 °C
] 1. =17.0°C Sl
T,.:,=30.0 °C Tain=30°C

airin

Nri,=30

-°C
5
|

Evout

17.4 =i N, =30
Nri,=30

Bl =70 i

Figure 8. Outlet temperature.

Figure 9 presents the result of the pressure drop in the evaporator. The pressure
drop in the evaporator is lower for the AFTHE heat exchanger with 30 fins. This
result reflects a lower evaporator velocity. The difference decreases with increas-
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ing flow rate. For an upper limit value of 0.20 kg/s, the pressure drops become
closer, but the loss in the AFTHE is still lower. The higher-pressure drop observed
by 70 fins in the IFHPHE reflects the greater number of fins. However, it should
be noted that the pressure drop obtained for the AFTHE is only in the internal
flow between the heat pipes and the shell. Pressure drop at the heat exchange out-
let was not implemented, as this aspect is still under study and analysis. This im-

portant aspect will be discussed further in the analysis ahead and in the conclu-

sion.
160 =
Evaporator
7 IFRPHE AFHPHE
120 =
o~ T..=17 °C
.g n Tairin=3ooc
2 Ng,=30 Ng;,=30
1 g0 = Nin=30
- Ny =70 =====o
(11}
(2 -
<
40 =)
. LB LB LB 1
0.12 0.14 0.16 0.18 0.2

m,;. - kg/s

Figure 9. Pressure drops.

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

tional.
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Figure 10. Bejan number.

3.2. Condenser

In this section, we begin the analysis and evaluation of the results obtained for the

condenser region for both heat exchangers.

Condenser
Ll IFRPHE AFHPHE
- T, =17°C
>3 ~~~~*~§ Tairin=1 0°C
- e S~ - NF|n 30
0.8 = g -
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O o7 Ng=70 =====
w
0.6 ==
0.5 ==
- T T T | T ] T |
0.12 0.14 0.16 0.18 0.2

m,, - kg/s

Figure 11. Effectiveness.
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Figure 12. Temperature.
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Figure 13. Pressure drops.

Only parameters relevant to objectively assessing the condenser’s thermal and
viscous performance were analyzed, as some overlap with those of the evaporator.
The effectiveness of the condenser is represented in Figure 11. The effectiveness

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

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

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

Condenser
IFRPHE AFHPHE
N
515 e ~-—-_‘~~-
Ng,=30 :-s-“~~~ x100
Ng;,=30 Tsat—1 7 oC -
- T [ —— Tairin_=10 C
&) N, =30
QD os—
| - _—————— e — e ———————
0.2 . I T I ' I y |
0.12 0.14 . 0.16 0.18 0.2
m,, - kg/s

Figure 14. Bejan number.

The Bejan number in the evaporator is represented in Figure 14. The results
obtained demonstrate a superior overall performance for the AFHPHE compared
to the IFHPHE. The performance of the IFHPHE for 70 fins is equal to 40% of the
maximum possible performance. Considering the pressure loss value, this result

is significant and reflects the exceptional superiority of AFHPHE.
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3.3. FHPHE
In this section, we present results related to the overall performance of heat ex-
changers.
2500 Individually Finned Heat Pipe Heat Exchanger
IFHPHE - Freon R404A
T,.=17°C
2000 Tairg,;,=30.0 °C
Tairg,,=10.0 °C
V,,=0.1028 m*/s  *Experimental values Figure 8 [1] NFin=40
ows Exp. . NFin=30
S 1500 .
! NFin=20
w
g *
o
i
o 1000 NFin=10
500

N

rows

Figure 15. Theoretical versus experimental effectiveness [7].

] Individually Finned Heat Pipe Heat Exchanger
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Tairg,,;=30.0 °C *Experimental values Figure 9 [1]
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Tairgy,=10.0 °C
08  V,=0.1028 ms
Nrows Exp.
2w NFin=20
*
w 0.6
E
T NFin=10
L
w
0.4
0.2
0
0 4 8 12 16 20
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Figure 16. Theoretical and experimental heat transfer rate [7].

Figure 15 presents theoretical and experimental results for thermal effective-

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

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

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

Individually Finned Heat Pipe Heat Exchanger

. IFHPHE - Freon R404A

NFin=40

*Experim ental values Figure 10 [1]
{ T,&17°C
Tairg,;,=30.0 °C
Taircy,=10.0 °C
V,,=0.1028 m%/s

Fin=30

NFin=20

80 —

NFin=10

40 —

Apieypue = P2

N

rows

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

Figure 18 presents the result for the overall effectiveness of both heat exchang-
ers analyzed. The thermal performance of the AFHPHE is significantly superior
to that obtained for the IFHPHE, for 30 fins, across the entire flow range. The
thermal performance of the IFHPHE with 70 fins is slightly superior to that of the
AFHPHE, across the entire flow range.

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

Considerations regarding pressure losses at the air outlets in the evaporator and
condenser for the AFHPHE must be explicitly stated in this context, since they
were imposed during the simulations, despite being realistic and oversized in re-
lation to the heat exchanger design. These constraints were necessary during the
simulation phase because the prototype’s outlet design is still in the theoretical

and experimental design phase, seeking the lowest possible viscous dissipation.
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4. Conclusions

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

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

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

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

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

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

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

Through the comparisons carried out, the superior overall performance of the
AFTHE is demonstrated. However, the ideal configuration for the heat exchanger
needs to be finalized so that the conclusions presented can be experimentally val-
idated.
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Nomenclature

Asec: cross-section area, [ m?]
Atr : heat transfer area, [ m?]

J
Cp : specific heat, [ ——
p:sp [ koK ]
C : thermal capacity, [%]

C,., : minimum thermal capacity, [%]

D, : hydraulic diameter, [ m ]

Fa: fin analogy

h : coefficient of heat convection, [ZiK]
m

k : thermal conductivity, [ﬂ]
m K

K : Kelvin

k, : thermal conductivity of the tube, [ﬂK]
m

Ke;, : thermal conductivity of the fin, [ﬂK]
m
L : vertical or horizontal length, [ m ]

. .k
m,;, : mass flow rate of the air, [—g]
S

N

Nu : Nusselt number

fin - Number of fins
Pr: Prandtl number

Q : actual heat transfer rate, [ W ]

Q,,, : maximum heat transfer rate, [ W ]
Re : Reynolds number

T: temperatures, [C]

]

Uo: global heat transfer coefficient, [2—K
m

Subscripts

boil: ebuli¢do

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
2

« : thermal diffusivity, [m—]
S

£ the relationship between areas

p: density of the fluid, [%]

4 dynamic viscosity of fluid, [ ﬁ]
ms

2
v : kinematic viscosity of the cold fluid, [ m—]
S

& : thermal effectiveness
7, + 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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