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Abstract

This article presents a refined analysis of evaporator region of an axially finned
heat pipe heat exchanger (AFHPHE), which is being theoretically evaluated
for use in operating room air conditioning systems. The analysis provides an
unusually simple first-order transient model for a multi-thermosiphon bundle
heat exchanger. The objective is to provide an approximate theoretical predic-
tion of the first-order transient response of a heat exchanger with 49 closed
two-phase thermosiphons, with 30 axial fins in each thermosiphon, in the
evaporator region. The steady-state solution for the heat exchanger is already
well established, with theoretical experimental comparisons performed with
other similar heat pipe systems presented in the literature. The transient solu-
tion uses steady-state results of the working fluid and the heat exchanger to
validate the conclusions. The working fluid is the refrigerant R404a, widely
used in similar systems. The transient results presented are the temporal var-
iations in the heat exchange rate, working fluid temperatures, heat pipe wall
temperatures, and air outlet temperatures. Variations in the working fluid fill-
ing rates are simulated to demonstrate the consistency of the developed model.
Although the theoretical model appears logically consistent, its irrefutable val-
idation depends on future experimental results, which represents a significant
challenge.
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E. Nogueira

1. Introduction

The main objective of this work is to provide an approximate transient analytical
solution for the thermal characteristics of a heat exchanger with 49 finned axial
thermosiphons, using consolidated steady-state solution results. The system un-
der analysis is schematically represented below, Figure 1(a) and Figure 1(b), as

an initial proposal for the implementation of the heat exchanger.

(a) (b)

Figure 1. Initial design of a heat exchanger with axially finned heat pipes.

The analysis presented involves three main stages, focusing on the evaporator
region of the heat exchanger. The first analyzes the working fluid, in relation to
pressure and temperature, as a function of the filling rate. Next, a steady-state
analysis of the evaporator is presented, obtaining the thermal quantities of interest
for validating the following stage, which involves the variations of the thermal
quantities over time at the beginning of the heat exchanger’s operation.

Before presenting the analyses mentioned above, it is necessary to discuss de-
tails of some previously published works in the literature, which served as the basis
for what is presented in this article.

Hichem Farsi et al [1] present experimental and theoretical results for a two-
phase closed thermosiphon in transient regime. They develop a mathematical
model to obtain an analytical expression for the response time of the system under
analysis. They conclude that the presented model is a simple and efficient tool for
both transient and steady-state regimes. The theoretical analysis focuses on two
main aspects of the system: the evaporator wall and the working fluid, showing
good agreement with experimental results.

J. Kirk Storey [2] used a numerical model to represent the transient operation
of a thermosiphon. The model includes transient conduction in the vessel wall
and shear stress between the ascending vapor and the descending film in the ther-
mosiphon. The difference in the developed model reports to temporal changes in
the effective length of the vapor space due to the expansion and contraction of
non-condensable gases. The model assumes a quasi-steady one-dimensional va-
por flow, a transient one-dimensional flow in the descending liquid film, and tran-
sient behavior in the liquid pool in the evaporator. The model assumes transient
two-dimensional conduction in the thermosiphon wall. The governing equations

were developed and written in finite difference form. An experiment was con-
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ducted to validate the numerical model. The uncertainty obtained is on the order
of 2.3%.

Fernando H. Milanez and Marcia H. Mantelli [3] developed an analytical model
to analyze the thermal performance of a rectangular enclosure heated by two-
phase thermosiphons. They predicted the temperatures and thermal resistances
between the enclosure elements based on experimental data. The differences be-
tween the model and the experimental data range from 3.4°C to 7.6°C. They con-
cluded that the thermal resistances of the joints are difficult to predict and use the
model to estimate the relative importance of the three modes of heat transfer
within the enclosure. The results obtained demonstrate that the isothermal char-
acteristic does not lead to effective natural convection heat transfer. They show
that the usual approach of riveted joints is thermally inefficient.

R. Parand et al. [4] present a theoretical investigation of the transient behavior
of a thermosiphon. It uses a lumped transient model to simulate the heat pipe’s
response time. MATLAB is used to develop the lumped analysis model to estimate
the thermosiphon temperature, and the model is implemented using Simulink.
The paper states that the model can be used as a simple tool for modeling and
designing transient heat pipes, and that the results show general agreement with
numerical models available in the open literature.

Karima Esmail Amori and Muhanad Latif Abdullah [5] experimentally and the-
oretically investigated the thermal characteristics of a closed two-phase heat pipe.
They fabricated a closed two-phase heat pipe, using Fluorocarbon FC-72 (C6F14)
as the working fluid, to examine the effect of inlet heat flux in the range of 250 -
1253 W/m?. They also analyzed a 70% fill rate under various tilt angles. They ex-
perimentally monitored the temperature distribution along the heat pipe, the inlet
heat in the evaporator section, and the outlet heat from the condenser. A mathe-
matical model was developed to investigate the steady-state heat transfer perfor-
mance. An analytical steady-state model is presented to determine important pa-
rameters in the design of a closed two-phase heat pipe. Parameters analyzed
through the theoretical model include temperature levels and heat transfer coeffi-
cients. Experimental and simulation results from this work showed good agree-
ment.

Davoud Jafari et al. [6] present experimental results and numerical simulation
of a two-phase closed thermosyphon (TPCT) in transient regime. The developed
model performs heat transfer analysis in the tube wall, vapor core, condensate
liquid film region, and pool region, aiming to maximize heat pipe performance
and analyze the possibility of Dryout and geyser boiling phenomena occurring in
the evaporator. In summary, they report that theoretical and experimental results
align well, demonstrating that the two-dimensional model effectively predicts sys-
tem behavior in transient and critical conditions such as Dryout.

Zhongchao Zhao et al [7] study the transient thermal performance of phase
change and heat and mass transfer in a closed two-phase thermosyphon using

computational fluid dynamics (CFD). Deionized water is used as the working
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fluid. The CFD model reproduces evaporation and condensation in the thermosi-
phon at different heating inlets. Variations in average wall temperatures indicate
that this thermosiphon reaches a steady state after 19 s.

Igor Cavalcante da Silveira [8] clarifies that heat pipes are devices capable of
transporting high rates of thermal energy over long distances, although there are
still few applications using heat pipes in Brazil. In this sense, he constructs an ex-
perimental system for analyzing the thermal performance of a thermosyphon sub-
jected to a heat flux of 1000 W/m?. Furthermore, he develops two mathematical
models to estimate the operating temperature of the experimental system. The
lumped analysis model is based on energy balance and the effectiveness method
(e-NUT) for heat exchangers. The steady-state solution model uses the heat dif-
fusion equation and employs the Generalized Integral Transform Technique
(GITT). Comparisons between theoretical and experimental models generally
show satisfactory results, and the experimentally obtained temperature profiles
allow for the definition of appropriate correlations for thermosiphon operation.

Elcio Nogueira [9] develops a theoretical model using the thermal efficiency
method to improve energy-saving in air conditioning systems. The model uses a
method localized to an individually finned heat pipe heat exchanger (IFHPHE)
and obtains results for overall thermal performance analysis. Comparisons with
experimental results show excellent agreement, demonstrating that the theoretical
approach is consistent and can be used for the analysis of heat exchangers that
utilize heat pipes.

Hao Liu et al [10] perform for the first time field tests of a flexible thermosi-
phon for geothermal using a super-long flexible thermosiphon made of corru-
gated tubing with a total length of up to 32 m. The developed equipment was field-
tested during drilling to evaluate its potential use in shallow geothermal explora-
tion. They investigate the seasonal dependence of local groundwater temperature
and air temperature, the corresponding thermal response, and its heat transfer
characteristics. They analyze the groundwater temperature recovery characteris-
tics during unidirectional heat extraction operation through a combination of
field tests and CFD simulation. They demonstrate that the analyzed device can
operate effectively, since the vaporization of the working fluid occurs throughout
the evaporator. They clarify that the use of corrugated tubing prevents the for-
mation of a very high liquid layer in the evaporator. They conclude that steady-
state analysis reveals that groundwater temperature plays the most important role
in thermal performance, followed by flow rate and cooling water temperature.
They recommend that the heat extraction rate be kept below 30 W/m? at the drill-
ing site, to ensure good sustainability.

Daniel J. Brough [11] states that high-pressure water-heat exchangers (HPHE:s)
can be effectively installed where traditional heat exchangers fail, and the heat flow
is considered “unrecoverable”. Heat recovery using HPHEs can increase energy
efficiency, decrease fuel consumption, and reduce emissions. The performance of

HPHEs depends on steady-state or average input values, and as such, it is im-
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portant to determine the transient performance of a heat exchanger. The simula-
tion methodology assists in visualizing transient energy recovery, aids the design
process, and provides greater confidence in the expected performance before
HPHE installation. Experimental validation ensures that the methodology can be
used in simulations of complete HPHE systems.

Wenwen Zhang et al [12] developed a two-phase model where a set of six equa-
tions describes the two-phase flow, encompassing mass equations, momentum
equations, and energy equations. To obtain numerical solutions of the partial dif-
ferential equations, in a stepped mesh structure, they employed the second-order
Lax-Wendroff scheme in a discrete linear system, complemented by the inclusion
of a flow limiter. Small-scale TPLT tests were used to evaluate the accuracy and
reliability of the numerical method. Simulations were performed under two con-
ditions: filling rates of 45% and 64%. The model results show good agreement with
experimental data and provide information about the complex two-phase flow
that cannot be obtained through experiments.

Guo Li et al [13] present a transient thermosiphon model to meet thermal pro-
tection requirements. The objective is to build a simulation tool to capture the
transient characteristics of the thermosiphon. The results obtained demonstrate
good agreement with experimental results, remaining within a 10% error range.
The study investigated steady-state and transient initialization processes with var-
ious heat fluxes and filling rates and confirmed that a low filling rate can result in
a serious overheating problem in the upper region of the evaporation section.

Elcio Nogueira et al. [14] compare two heat exchangers that use finned heat
pipes, using refrigerant R404a. One uses radial fins in crossflow and the other uses
axial fins in parallel flow. The analysis uses the Thermal Efficiency Method to an-
alyze thermal irreversibilities and the second Law of Thermodynamics to analyze
viscous irreversibilities, using the Bejan number. They demonstrate that the axi-
ally finned heat pipe heat exchanger (AFHPHE) has potential for use in air con-
ditioning systems operating in surgical rooms and other systems.

Elcio Nogueira [15] publishes a book presenting applications of theories related
to heat exchangers. The theories developed relate to thermal irreversibilities and
viscous irreversibilities. It is a theory that encompasses the concepts usually ap-
plied in heat exchangers but breaks new ground by introducing the idea of Ther-
mal Efficiency. A new path with consolidated foundations and applicable to all
types of heat exchangers.

Wandong Bai et al. [16] state that closed two-phase thermosiphon (TPCT) has
great potential in solar thermal collectors, although research on this topic is lim-
ited. This study investigates the effects of condensation cooling, heating power,
and working fluid filling rate on the heat transfer characteristics of TPCT. They
develop a model based on the Lee equation, using Nusselt theory and the principle
of thermal balance. The results obtained indicate that the two-phase flow exhibits
intermittent boiling, continuous boiling, and annular flow modes under different

operating conditions. The two-phase flow patterns determine the temperature be-
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havior and overall heat transfer performance. This work contributes to the under-
standing of the mechanisms governing heat transfer, providing guidance for con-
trolling operating conditions in its application.

Fernando da Silva Almeida et al [17] report that there has been a notable inter-
est in new heat transfer technologies for building envelopes and that heat pipes
and thermosiphons deserve special attention among the technologies employed.
The study provides valuable information on the main applications, numerical
modeling approaches, performance parameters, and thermo-energetic applica-
tions. They state that the use of heat pipes and thermosiphons is promising for
improving thermal comfort in buildings. They note that there is a gap in the study
of these technologies, and that studies focus on applications in walls that take ad-
vantage of solar radiation. They state that there are gaps in the incorporation of
these technologies into building envelopes, such as internal partitions, floors, ceil-
ings, and shading elements, and that numerical modeling lacks validation through
real-world applications, and that full-scale studies are also scarce. They note the
need for research on alternative geometries for heat pipes to improve their adapt-
ability to buildings, as well as on lower-cost and environmentally friendly com-
mercial refrigerants.

Mohammad Khalili et al. [18] state that effective heat dissipation is crucial in
various thermal management applications in electronic systems, renewable en-
ergy, and heating and cooling systems. Closed two-phase thermosiphons have
been widely adopted in these fields. They present a design for a TPCT that incor-
porates a unique inner tube, cone-shaped in the evaporator. The innovation aims
to minimize vapor-liquid interaction within the main tube, enhancing greater heat
transfer efficiency. The proposed device is evaluated using water and ethanol as
working fluids. Results indicate that the ideal filling rate depends on the working
fluid. Water shows the best performance with filling rates of 55% and 85%, while
ethanol reaches its optimum at 70%. They demonstrate that increasing the heat
input reduces thermal resistance but also raises the operating temperatures of the
TPCTs under analysis. The TPCT incorporating an inner tube demonstrates a sig-
nificant improvement in thermal performance when using ethanol as the working
fluid.

2. Methodology

2.1. Analysis of the Work Fluid

The numerical procedure used in this first stage of the work is presented below.
Considering that the saturation temperature is strictly valid at the liquid-vapor

interface, the approximate value of the axial pressure is obtained along the evap-

orator. From this information, the local temperature values are obtained using a

pressure-temperature table for R404a.
1)/’(L_/')=1)sat+pl*g*(L1’:'v_L_/') (1)
L, =FR=L, with L, =220 mm (2)
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AH <L, <Ly; AH =107 3)

P, (L /-) is associated with the pressure variation in the axial direction in the
evaporator; L, with the fluid height in the evaporator; P, is the saturation
temperature of the fluid at the liquid-vapor contact interface; p, is the specific
mass of the liquid at the local pressure; L; <L, is the length of the liquid por-
tion in the evaporator; FR s the filling rate defined a priori (50% < FR <100% ).

The values below are associated with refrigerant R404a.

3500 = Evaporator - AFHPHE
| Tsat=17°C - R404a
Pg,1=1001.025 Pa
3000 ==
FR=100%
FR=80%
7 FR=60%
FR=50%
m 2500 =
o
' -
L)
m 2000 =
1500 ==
1000 T T T T T T } T
0 0.05 0.1 0.15 0.2
Lf - m

Figure 2. Working fluid pressure in axial direction as a function of the filling rate.

Figure 2 represents the pressure variation along the axial direction in the evap-
orator occupied by the working fluid, as a function of the filling rate. The pressure
is maximum at the lower position of the thermosiphon and decreases as it ap-
proaches the liquid-vapor interface. The local pressure depends on the filling rate,
since the interface position is the reference for obtaining the local pressure. When
the filling rate is equal to 100%, the lowest pressure, P, , is found at the maxi-
mum axial position for the evaporator under analysis (220 mm). The same occurs
for lower filling rates, with the maximum position varying in the axial direction
(L, <220 mm ).

Figure 3 shows the variation of pressure as a function of temperature for R404a.
The local temperature of the fluid increases with increasing pressure, with the sat-
uration temperature having the lowest value, equal to 17°C.

The equation that represents the variation of the fluid temperature in relation

to P, asshown in Figure 3, is represented by Equation (4) below.
T, =-21.98107593+0.04480121903 * P, — 5.93743432210°° * Pf (4)
T, represented by Figure 4, is the local temperature of the working fluid in

the evaporator, associated with P, . The working fluid temperature is equal to the

saturation temperature at the maximum position occupied by the fluid, which is
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dependent on the filling rate. The first approximate average values for the working

fluid temperature (arithmetic mean), as a function of the filling rate, are high-
lighted.

50 e—

Pl —— Evaporator
Pv

T

40— +a=17.0 °C

30 =—

R404a

T, =-21.98107593 + 0.04480121903*P,-5.937434322 * 10° * P2
20—

Temperature - °C

T, =-21.64310461+0.04494449279"P,- 6.017530716 *10° * P2

800 1200 1600 2000 2400

Pressure - Pa

Figure 3. Temperature versus pressure (Thermodynamic Tables R404a).

70 o=
Evaporator

b T,..=17°C-P_,=1001.025 Pa

sat sat

60 =
FR100%
FR80%
FR60%
FR50%

50 =

44.02°C

40 = \40.70 °C

T.-°C

30 =

20 =

Figure 4. Working fluid local temperature in axial direction as a function of the filling rate.

2.2, Steady State Analysis—Formulation for Evaporator

The solution method is analytical. Initially, the Thermal Efficiency Method was
used to obtain steady-state thermal results in the evaporator of the heat exchanger.
Using the local values obtained, the average temperature along the length of the
evaporator can be approximately determined, considering the filling rate. These
average values obtained were considered the average temperature of the evapora-

tor in steady state. The procedure for obtaining average values for other quantities

DOI: 10.4236/msce.2026.143006

70 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2026.143006

E. Nogueira

of interest is the same as that used to obtain average temperature. Average values
are obtained through a numerical procedure called the trapezoidal rule, which is
slightly more precise than the arithmetic mean mentioned above.

The formulation presented for the evaporator of the AFHPHE in steady state
conditions is like that presented by Elcio et al. [14].

Equations (5)-(44) represent the operation of the evaporator in steady state,
under conditions of air inlet temperatures in the heat exchanger.

The saturation temperatures of the working fluid and inlets:

T,=170C; T,, =30.0C or T,, =250C (5)
The mass flow rates in the evaporator:
m,, =0.20 kg/s default (6)

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

Npp =49 default (7)

where, by AFHPHE:
N =Nyp,, Npp, =16 heat pipes (8)
Niypp = Ny +(N, +1.0) 9)

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

Finally, the number of heat pipes is represented by equation (10).
Nyp = Nypp #(N +1.0)+ N, (10)

The radial configuration with 49 tubes is represented in Figure 5 below. The
analysis, developed for application to heat exchangers, showed that the thermosi-
phons were arranged in a radially homogeneous and absolute manner. The ho-
mogeneous distribution of the tubes allows the average air velocity at a given axial
position, from the air inlet, to be the same in all tube sections, considering that
the air passage areas and heat exchange areas have the same configurations. These

conditions, when imposed, facilitate analysis along the heat exchanger.

Figure 5. Thermosiphons with radially distributed axial fins for 49 heating pipes.
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The tubes and fins are made of aluminum, and the thermal conductivity adopted

is represented by the expression below.

ky =235 W/(m-K)

The internal and external diameters of the thermosyphons are given by:

D,, =50.08 mm; D,, =50.973 mm

int
The length associated with the evaporator is given by:
L, =L, ,whith L; function of filling rate EQ (03)

The fin thickness and fin height are defined by the expressions below.

Ty, =4.0 mm; AH,, =18.0 mm

The space between fins is obtained using the following expressions:

SpFin = (PHP _NFln Fm )/(NFm +1 0)

where,

by HP = ﬂ.D ext
The shell diameter is expressed using the formula below.

Shell_90*(D +2*AHFWL)

ext
The air intake area is expressed by:
A, = (”Dszhell )/4
The air passage area is obtained using the following expressions:

Asec,, = A,, —(NHP(zDZ, ) [4)~(Ntoty, * AH ., *T,,)

Asec,, :(m Dh, )/(Rea[rﬂa[r)

air

where,

Ntot,, = NHP* N

Fin Fin

The hydraulic diameter in the evaporator is expressed by:
Dhy, =4x Asec,, | Phy,
where,

Phy, = NHP* P, + Ntot,, * (2% AH ,, +Ty;,,)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

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

areas, namely:

ATotalEv = A Fm + AtrNHP

where,

Atry,, = L, * NHP*(2*AH , + T, )

(24)

(25)

The boiling coefficient is obtained through the Gupta and Varshney correla-

tion [19].
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0.7

Py =1.39 *(kR404a /Z* ) * I:HeatFlux * Pravta * CPravaa * l*/(p[ Iy, % kpaosg )j|

(26)
021
* (pl /p, )0'21 * (ﬂR4o4a * CPravaa /kR404a )

Heat,,, is determined from the Pioro correlation [20] [21]:
* 0.33 1/0.33
Heatp,, = Hyaosa * My, *1 % [(I‘O/Csf) * P”leéz?j} *(CPR4o4a * ATy [Ty, )/ :| (27)

where,

I =] opa/(g*(01 - A, ))]l/2 (28)

The saturation temperature difference across the evaporator is represented by
Equation (29).
AT =T =T (29)

Evsat airin sat

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

Nuy,p, = 0.696% ReSS, % Pri «(Pr,, [(5.0% Pr,, ) (30)

airEv air

where,
ReAirEv = (4‘O*mair )/(”*DhEv *luair) (31)
The heat transfer coefficient by air convection in the evaporator is obtained by:
hEv = NuairEv * kair /Dext (32)

The application of the concept of “Aleta Analogy”, conceived by Fakheri [22]

leads us to define the following parameters:

mLEvFin = (2hEv )/(kFintFin ) * PhEv (33)
77EvFin = (Tanh (mLEvFin ))/(mLEvFin ) (34)

The fin efficiency for the evaporator section is defined through Equation (34)
by 7., [15] [22]. 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 [23].
ﬁEv = AtrFin /AtutEv (35)
névFin = IBEvﬂEvFin +(1_ﬂEv) (36)

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

is given by Equation (37).

UOEV = l/(l/hboil + (Dext _Dint )/kW + 1/(’7;"vFinhEvair )) (37)
The heat capacity of the air in the Evaporator is givenby C,, .
CAir = maircpair (38)

The number of thermal units associated with air in the evaporator, NTU,, , is
given by Equation (39).
NTU,, =(Uog, * Ay, )/Cy, , where Cp, = C, (39)
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The dimensionless number, called “fin analogy”, Fa,, Iis represented by Equa-
tion (40) as defined by Ahamad Fakheri [22] and reported by Nogueira, E. [15].

Fa,, = NTU,, /2 for parallel flow (40)

The thermal efficiency associated with the evaporator is 7,,, [14] [21].
Ty, = (Tanh(Fay,))/(Fag,) (41)
&g, =1/ (1 (0, NTU ,, ) +1/2) (42)

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 the Equation (43).
QEV = (CEVATEvsat )/(1/(T7TEVNTUEV ) + 1/2) (43)

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

through Equation below.
T;zirout = 7Wairin - QEV /CEv (44)

After obtaining valid localized thermal quantities for the heat exchanger in
steady state, a procedure is presented for determining average values for quantities
of interest.

The equations below are associated with the average temperatures at the heat ex-
changer, along the axial direction in the evaporator region (Equations (45)-(49)).

The air temperature along the evaporator in the axial direction, as a function of

the filling rate FR, is obtained by the expression represented by T , Equation
(46) below.
L;, =FR*L,; 05<FR<1.0;defined in Equations (3) (45)
Ty = Op J(Ulsy * Aus *(L, /11, (46)
T'. is the temperature of the air in the axial direction. 7, is dependent on
the L, position.
AHm<L, <Ly ; AH =10 by definition, (47)
ULy, =1/(/hypy + (Do =D, ) [y ) (48)
where, U/, ,the global hate transfer coefficient, is associated with L, .
O = Op =0 *((Len— L, ) /L) (49)

QEvf it is the rate of heat transfer, by definition, varying from the evaporator
inlet to the position. L,; 0<Q;, <0, .

When L, isequal to Ly, at the surface of the working fluid, the pressure
equals P

sat *
T, =T, —(Q'EV #((L L, )/L;V))/Cm,, with AH <L, <Ly, (50)

T, isthe temperature on the wall of the heat pipe in the axial direction.

From the determination of the temperature profiles 7,;7, and TT'ai,,,QEVf ,
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the average temperatures, defined by T7},,;

Ty,

n

.« and T. . are obtained
through numerical integration.

The final expressions for 7,37, , and Q, . aredescribed below:

Wmed > 7:/ziroutme

T = ZT +((7+7,,)/2) (L, /Ly, ) withAH <L <Ly (51)
Ty ZT +((Tyy +T,)/2)*(L, Ly, ) with AH <L, <L~ (52)
az)outmed Z air ( airl + 7:1'1)2 /2) (L/ /Lév) Wlth AH < Lj < LI,SV (53)

QEvmed = IfQEvf + ((QEV/'I + Q.E\gfz )/2) * (Lf /L;Ev) with AH < L, < Ly, (54)
im

T,,,T,,,T,, and Q‘Evfl are obtained for L, =AH .

T,,,Ty,,T,,, and QEsz are obtained for L, =L, .

2.3. First-Order Transient Analysis—Formulation for Evaporator

The system’s base response time is obtained through the parameter 7, as a function
of Equations (55)-(56) below.

T= hboil * AtDtEv /CEV (55)

With C,, defined previously [Equation (39)].

t = At *7; with 0 < At <5 by definition (56)
L

Tft (t):T;irin +(Tfmed _nirin)*[l_e Tj (57)
_t

th (t) = T;zirin +(TWmed _T;zirin)*[l —er J (58)
_t

T;zirt (t) = T;zirin + (T;zirtmed - 7:zirin ) * [1 —¢ ! J (59)

. . _t
QEv (t):QEvmed *(Lf/l‘év>*(l_e TJ (60)

The T, airinlet temperature is selected as the reference because it is prede-
termined. The reference value for the heat exchange rate is equal to zero, since
there is no heat exchange between the working fluid and the air temperature at

the initial instant.

3. Results and Discussion
3.1. Steady State Regime

3.1.1. Local Results of the Physical Parameters of Interest as a Function
of the Filling Rate
Figure 6 presents values for the heat exchange area as a function of the filling rate

of the working fluid. For FR = 60%, the heat exchange area is 8 m? while the max-
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imum value evaluated reaches approximately 14 m* These results will be im-
portant for the analysis that follows.

Figure 7 presents result for the local heat transfer rate exchanged between fluids
as a function of the volume fraction of the working fluid. Higher air inlet temper-
atures increase heat exchange. The heat exchange rate between fluids is higher for
lower filling fraction values and decreases significantly for higher values, although

larger exchange area values are superior for higher filling fraction values.

14—

~ Evaporator
% | Tsat=1 7°C
(3°]
D
} =
< 12 e
| S
(<]
(@] .
<
(3]
=
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L
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® v T v | v | v 1
60 70 80 90 100
FR%

Figure 6. Heat exchange area versus working fluid filling rate.
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Figure 7. Heat transfer rate versus filling rate.

Figure 8 justifies the apparent contradiction regarding the heat exchange area,
since the air outlet temperature, for small filling fraction values, tends towards the

air inlet temperature, allowing for greater heat exchange between the air and the
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working fluid. Conversely, as the filling ratio increases, the outlet temperature de-
creases, tending towards the fluid saturation temperature.

Figure 9 shows values for the wall temperature of the thermosiphons, along the
radial direction and as a function of the filling rate of the working fluid. The sur-
face temperature of the thermosiphons shows intermediate values between the
working fluid temperature, Figure 4, and the air outlet temperature, Figure 8,
tending towards the saturation temperature of the working fluid, when the possi-
bility of heat exchange between the fluids decreases.

32—
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T..=17°C
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FR=80% —————
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28 w—
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Tairout -°C

20 ==

(o] 0.05 0.1 0.15 0.2

Figure 8. Air temperature profile along the axial direction as a function of the filling rate.
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Figure 9. Temperature profile in the heat pipe wall as a function of the filling rate.

3.1.2. Average Values of Quantities of Interest as a Function of the Filling
Rate

Figure 10 shows average temperature values for the working fluid, obtained from
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the numerical integration of the working fluid temperature profiles presented in
Figure 4. The values obtained by integration are very close to the values obtained

through the arithmetic means, demonstrating the consistency of the procedure

performed.
44—
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Figure 10. Average temperature profile of the working fluid as a function of the filling rate.
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Figure 11. Average air temperature profile as a function of the filling rate.

21

Figure 11 presents average values for the mean air temperature as a function of
the filling fraction of the working fluid and the air inlet temperatures. The tem-
perature profiles used for the numerical determination of the average values are
shown in Figure 8.

Figure 12 presents average values for the mean air temperature as a function of
the filling fraction of the working fluid and the air inlet temperatures. The tem-

perature profiles used for the numerical determination of the average values are
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shown in Figure 9.
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Figure 12. Average temperature profile of the heat pipe wall as a function of the filling rate.

3.2. First-Order Transient Regime

The simple first-order transient model assumes, in a first approach, the following
hypotheses: lumped analysis, ripple-free time constant, negligible axial conduc-
tion, absence of dynamic occurrence between vapor and film, and negligible con-
densation.

The boundary and initial conditions are prescribed temperature on the ther-
mosiphon wall, with air temperatures considered to be 25°C and 30°C. For the
analysis of the variation in the heat transfer rate, an initial value of zero is imposed,
since initially there is no heat exchange between the fluids.

The transient model adopted for the heat exchanger analysis in this work is
feasible and appropriate, since the local values of the physical quantities of interest
were determined and validated for steady-state conditions [13]. Furthermore, the
heat exchanger under analysis exhibits perfect axial and radial homogeneity, al-
lowing the equations applied for different filling rates to be used for a multi-ther-
mosiphon bundle.

The main results obtained through the analysis carried out in this work are rep-
resented below. Figures 13-16 present results for transient regime, using average
values of the physical quantities obtained and presented previously. The results
obtained for average fluid temperatures, average tube wall temperatures, and air
outlet temperatures use air inlet temperatures as references. Conversely, the ref-
erence temperature for the heat exchange rate is zero, since there is no heat ex-
change at the beginning of the process.

Figure 13 presents result for the average temperature of the working fluid as a

function of the system response time. The parameters used in the analysis are the
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filling rate of the working fluid and the air inlet temperatures (30°C for solid line
and 25°C for dashed line). After 5 response times, as expected, the results converge
to the established results for the previously determined average media values.
Note that the system response times depend on the heat exchange area (EQ. 55)
and, logically, depend on the filling rate of the working fluid.
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Figure 13. Response time of the average temperature of the work fluid.
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Figure 14. Response time of the average temperature on the wall of the heat pipe.

Figure 14 presents result for the average heat pipe wall temperature as a func-
tion of the system response time. The parameters used in the analysis are the fill-
ing rate of the working fluid and the air inlet temperatures (30° for the solid line

and 25° for the dashed line). After 5 response times, as expected, the results con-
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verge to the established average values previously determined. Note that the sys-
tem response times depend on the heat exchange area (EQ. 55) and, logically, on
the filling rate of the working fluid. A relevant fact to observe is that for a filling
rate of 60% and an air inlet temperature of 30°, the system presents a critical result,
indicating that under these conditions the heat exchange has reached its operating
limit. The result indicates that for higher inlet temperatures, the working fluid
filling rate must be higher.
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Figure 15. Response time of the average temperature of the air.

Figure 15 presents result for the average air outlet temperature in the evapora-
tor as a function of the system response time. The parameters used in the analysis
are the filling rate of the working fluid and the air inlet temperatures (30° for solid
line and 25° for dashed line). After 5 response times, as expected, the results con-
verge to the established results for the previously determined average values. Note
that the system response times depend on the heat exchange area (EQ. 55) and,
logically, depend on the filling rate of the working fluid.

Figure 16 presents result for the average heat exchange rate as a function of the
system response time. The parameters used in the analysis are the filling rate of
the working fluid and the air inlet temperatures (30° for solid line and 25° for
dashed line). After 5 response times, as expected, the results converge to the es-
tablished results for the previously determined average values. Note that the sys-
tem response times depend on the heat exchange area (EQ. 55) and, logically, de-
pend on the filling rate of the working fluid. It is observed that the heat exchange
rates converge to higher values when subjected to higher inlet temperatures.

Figure 17 shows the values of 7and the total time for the system to reach steady
state, using the inlet temperatures and the filling rate of the working fluid in the

evaporator as parameters. The maximum response time, 719 seconds, corresponds
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Figure 16. Response time of the average heat exchange rate.
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Figure 17. Response time for steady state versus filling rate.

to a temperature of 30°C and FR = 100%. The minimum response time, 154 sec-
onds, corresponds to a temperature of 25°C and FR = 60%.

The time required for the system to reach steady state is summarized in Table
1 below.

Table 1. System response time for air temperature and fluid filling rate.

Air intake temperature Working fluid filling rate System response time
30°C 100% 11.98 min
25°C 100% 4.28 min

DOI: 10.4236/msce.2026.143006 82 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2026.143006

E. Nogueira

Continued
30°C 80% 9.58 min
25°C 80% 3.48 min
30°C 60% 7.18 min
25°C 60% 2.57 min

4. Conclusions

The objective of this work is to determine the transient response time of a heat
exchanger with 49 finned thermosiphons.

To achieve the proposed objective, a well-established procedure was used to
determine the average physical quantities of interest in steady state. The physical
quantities analyzed are the heat transfer rate, the air outlet temperatures, the
working fluid temperatures, and the thermosiphon wall temperatures.

The analysis involves varying the filling rate of the working fluid in the evapo-
rator. The fluid used in the simulation is R404a, frequently used in refrigeration
systems.

The variations in the filling rate used for analysis are 60%, 80%, and 100%. The
system response time was determined for air inlet temperatures of 30°C and 25°C.

As expected, the first-order transient response determined for the system to
reach steady state depends on the filling rate of the working fluid and the inlet air
temperature in the heat exchanger. A higher filling rate, regardless of the inlet
temperature, results in a longer time required to reach steady state. A higher air
intake temperature, regardless of the filling rate, results in a longer time required
for the system to reach steady state.

The conclusion obtained during the heat exchanger analysis is related to the
filling rate of the working fluid: the limit on the filling rate, for an inlet air tem-
perature of 30°C, is 60%, because of the maximum wall temperature threshold
(Figure 14).

Although the theoretical model appears logically consistent, its irrefutable val-
idation depends on future experimental results, which represents a significant

challenge.
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Nomenclature
Asec cross-section area, [m?]
Atr heat transfer area, [m?]
Cp specific heat, J/(kgK)
thermal capacity, [W/K]
Cin minimum thermal capacity, [W/K]
, hydraulic diameter, [m]
Fa fin analogy
h coefficient of heat convection, [W/(m? K)]
k thermal conductivity, [W/mK]
K Kelvin
ky thermal conductivity of the tube, [W/mK]
ki thermal conductivity of the fin, [W/mK]
L vertical or horizontal length, [m]
m,, mass flow rate of the air, [kg/s]
Ng, number of fins
Nu Nusselt number
Pr Prandtl number
Q actual heat transfer rate, [W]
maximum heat transfer rate, [W]
Re Reynolds number
T temperatures, ["C]
Uo global heat transfer coefficient, [W/(m? K)]
Subscripts
boil ebulicio
cd Condenser
Cond Condenser
eftect effective
Ev Evaporator
ext external
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HP
H
in
int
out

sat

Greek Symbols

T ™ ™ R

<

ér

r
AT

Acronyms

FHPHE
Ev

cd
NHP
NFin
Nrows

NTU

heat pipe
horizontal
inlet
internal
outlet

saturation

thermal diffusivity, [m?/s]

the relationship between areas

density of the fluid, [kg/m’]

dynamic viscosity of fluid, [kg/ms]
kinematic viscosity of the cold fluid, [m?/s]
thermal effectiveness

thermal efficiency

a difference of temperatures, [°C]

Finned heat pipe heat exchanger
Evaporators

Condenser

Number of Heat Pipes

Number of Fins

Number of rows

Number of thermal units
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