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Abstract

Pulsating heat pipes (PHPs) employ to multiphase heat transfer between condensers and evaporators. The efficacy of PHP is
predominantly contingent upon the thermos-physical property exhibited by its working fluid. The exergy analysis of evapo-
rator, adiabatic and condenser system were performed to evaluate the efficiency and sustainability of energy conversion
processes, it was also seen that exergy loss of condenser was 1.01% higher than evaporator. Further, 2-D numerical simulation
of a cryogenic pulsating heat pipe (CPHP) was conducted and also numerical and experimental simulation was conducted,
where simulation results agreed with experimental results with 10% similarity. The simulation employs the volume of fluid
(VOF) model to capture the dynamics of two-phase liquid—vapor flow within the CPHP employing liquid acetone — Al,O;
as the working fluid. The diameter of the single turn is systematically varied, ranging from 1 mm to 2.5 mm, while maintain-
ing the filling ratio (FR) within the range of 25% to 75%. The evaporator temperature is adjusted within the span of 85 K to
115 K. The PHP exhibited best thermal performance at inner diameter of 2 mm among (1, 1.5, 2, 2.5 mm) and filling ratio
of 55% among (25%, 45%, 55%, 65% and 75%).

Abbreviations d Internal diameter

PHP Pulsating Heat Pipe c Surface Tension

CLPHP Closed loop pulsating heat pipe FR Filling ratio

AlLL,O;  Aluminum oxide g/s gram/second

BP Boiling point mm millimeter

LHv Latent heat of vaporization MPa Mega Pascal

D Diameter nm Nano - meter

o) Density of liquid VOF Volume of fluid

py Density of vapor Te Evaporator Temperature

pm Micro - meter Tsat Saturated Temperature

desic Critical diameter Te,i Temperature of working fluid before entering
Toax Maximum Temperature evaporator

Cp Specific heat capacity Tc,i Temperature of working fluid before entering
T, Temperature of working fluid exiting evaporator condenser

c Boltzman constant € Emissivity

CFD Computational Fluid Dynamics Evap Evaporator
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sion system, has been utilized for approximately 30 years. In
regards to its structure, the PHP can be described as a hollow
and winding pipe. Khandekar and Groll [1] is credited with
the development of these devices, which exhibit tremendous
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potential in various applications such as solar energy utiliza-
tion, waste heat recovery, aircraft thermal management, and
electronics cooling as shown in Fig. 1 [2]. PHPs are passive
cooling systems that operate with two-phase flow, providing
rapid heat transfer. They consist of 3—sections: the adiaba-
tic, evaporator section and the condenser. The condenser as
well as evaporator parts are thermally connected to a cold
sink and a heat source respectively, using thermal anchors.
Capillary tubing is employed to connect the condenser and
evaporator part, these are bent back and forth repeatedly.
There are three primary types of PHPs: Closed-loop with a
check valve, Closed Loop, and Closed-ended PHPs [3]. In
a CLPHP, a slug flow pattern is observed, characterized by
the presence of vapor and liquid slugs, as depicted in Fig. 1.
As vapor plugs move towards the condenser section, they
undergo a reduction in volume caused by re-condensation
and temperature influences, with certain vapor bubbles fully
transitioning into the liquid phase. Boiling in the evaporator
region results in the growth of existing vapor bubbles and
the formation of new ones. These expansions and contrac-
tions of the two-phase fluid generate pressure fluctuations
necessary for driving the flow. Fluids characterized by a
high (dP/dT), are considered preferable due to the substan-
tial pressure shift observed in vapor bubbles with only a
slight temperature adjustment at saturation levels [4].
However, the selection of the working fluid plays a cru-
cial role in determining the performance of a PHP. Selecting
a suitable working fluid that meets the operating temperature
range, heat transfer requirements, and compatibility with the
materials used in the PHP can be a challenge. Furthermore,
the availability and cost of the chosen fluid can also impact
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Fig. 1 Applications of PHP
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the practicality of PHP implementation [5, 6]. Further,
Zhang et al. [7] examined that it is simpler to start up a
working fluid with low surface tension, low dynamic viscos-
ity and high thermal conductivity. Acetone's low latent heat
and low surface tension make it simpler to dry out than other
working fluids [8]. The increased flow speed of nanofluids
in PHP was noted by Zhang et al. [9]. PHP can typically
start and run between 20 and 80% of the filling ratio. While,
high filling ratio prevents the production of vapor plugs and
impedes flow, whereas a low filling ratio makes it difficult
to cause oscillation of the operational fluid [10, 11].

The sensible heat also plays a crucial role in dissi-
pating a significant amount of heat as the heat flux
supplied to the evaporation section is minimal. In such
cases, where the heat transfer rate is relatively small, the
majority of heat transfer occurs through the sensible heat
mechanism. Further, the ability to maintain the oscilla-
tion motion at a lower required heat flux is crucial for
the performance and effectiveness of the PHP. Therefore,
opting for a working fluid with lower viscosity can con-
tribute to enhancing the overall heat transfer efficiency
of the system [12, 13]. The results of Qu et al. [14] dem-
onstrated that among the tested working fluids such as
acetone, methanol and water, acetone exhibited the best
heat transfer performance in the PHP system. Despite the
low heat flux input, acetone proved to be the most effec-
tive choice in terms of facilitating heat transfer within
the PHP. The major portion of heat transfer is accom-
plished through the sensible heat of the liquid, while the
latent heat of vaporization plays a secondary role [15].
Liang et al. [16] investigated the thermal performance of
a cryogenic PHP and specifically examined the influence
of condenser temperature and filling ratio. The findings
demonstrated that a lower filling ratio led to a dry-out
phenomenon occurring at lower heat inputs. Zhang et al.
[17] conducted experiments taking FC-72, ethanol, and
water as working fluid, and found that the best fill ratio
for all three fluids was around 70%, with lower and higher
fill ratios resulting in lower thermal performance. At this
fill ratio, the mean temperatures in the heating section
were lowest and the thermal performance was highest.
In an experimental study conducted by Saha et al. [18],
two open PHPs were examined. The results of the experi-
ment indicated that the PHP with a 0.9 mm inner diam-
eter exhibited superior performance compared to the PHP
with a 1.5 mm inner diameter. It is worth noting that the
physical properties of the working fluid can influence the
impact of the inner diameter on the PHP's performance,
as highlighted by Rittidech et al. [3]. Specifically, it was
observed that a larger inner diameter resulted in improved
heat transfer performance for R123, while it led to poorer
performance for ethanol. Hybrid nanofluids, which are a
combination of base fluids and nanoparticles, are being
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increasingly explored for use in PHPs due to their poten-
tial to enhance thermal performance. The addition of
nanoparticles to the base fluid in PHPs can offer several
benefits such as improved thermal conductivity and heat
transfer coefficient, reduced thermal resistance and con-
trolled fluid flow. However, there are some challenges in
utilization of nanofluids such as particle agglomeration,
difficulty in nanoparticle dispersion [19-21].

Karthikeyan et al. [22] explored the use of nano-fluids,
specifically Ag-deionized water and Cu-deionized water,
within the range of heating power from 50 to 240 W.
Their findings indicated a noteworthy 33.3% increase in
the heat transfer capacity of the PHP when employing
nano-fluids compared to the utilization of pure deion-
ized water. Ji et al. [23] scrutinized the heat transfer char-
acteristics of the PHP utilizing Al,O5-water with vary-
ing particle sizes (80 nm, 50 nm, 22 pm, and 2.2 pm).
Their observations revealed that the initiation power of
the PHP decreased proportionally with the reduction in
particle size. Tanshen et al. [24] examined the thermal
resistance of the PHP employing nano-fluids containing
multi-walled carbon nanotubes (MWCNT) across four
mass ratios (0.2, 0.3, 0.05, and 0.1 wt%). The outcomes
they obtained suggested that the PHP attained its peak
inner evaporation pressure, and concurrently, the thermal
resistance of the PHP reached its minimum at a mass
ratio of 0.2 wt%. Changes in boiling performance in heat
pipes directly affect the surface properties, as indicated in
relevant literature sources [25-27]. The presence of nano-
particles in the base fluid does not significantly increase
the thermal conductivity of the working fluid. However,
the oscillatory movement of particles within the working
fluids may offer additional enhancement to the thermal
performance of the CLPHP.

From this comprehensive review, it becomes evident that
there are two significant research gaps noticed.

(a) No previous studies have explored the effects of ace-
tone- A1203 on the exergy and sustainability. These
analyses serve as contemporary tools for evaluat-
ing the effectiveness of systems, offering valuable
insights and conclusions.

(b) Additionally, there is a notable absence of research
investigating the optimum diameter and filling ratio
for acetone- A1203 fluid to get maximum performance.

The first section of the study evaluates the thermody-
namic analysis and sustainability analysis. The subsequent
section outlines the governing equations and computational
techniques utilized for the CFD analysis at various diam-
eter to analyze the flow characteristics within a PHP. Get-
ting optimum diameter, filling ratio was varied to get the
enhanced performance of PHP.

2 Experimental setup and description
of operation of a PHP

The internal pipe diameter, represented by the Bond dimen-
sionless number (B, = (p; — p,)gd /o) plays a crucial role in
characterizing phase separation within the PHP device [28].
In Taylor bubble-rising experiments involving water boiling
in vertical tubes, it has been observed that when the bond
number is less than 2, the vapor bubble and the wall film
maintain radial symmetry due to the dominant influence of
surface tension over gravitational force [29]. PHPs exhibit
remarkable operational stability across various orientations,
allowing them to function successfully. The stability is attrib-
uted to the diverse flow regimes that can be observed in a
PHP, as depicted in Fig. 2. Under low heat loads, the vapor
phase diffuses into the liquid phase, leaving the nucleation
sites on the walls. As evaporation intensifies, the number of
small and micro-bubbles increases, with the smaller bubbles
migrating towards the core region. These bubbles engage in
interactions with each other and frequently merge, forming
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Fig.2 Single loop pulsating heat pipe model
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larger bubbles. With a continued rise in heat load, the dimen-
sions of these aggregations of bubbles progressively enlarge,
eventually resulting in the separation of the mixed-phase fluid
into alternating liquid segments known as slugs and vapor
segments referred to as plugs. When the capillary length is
larger than internal diameter of the pipe, the aforementioned
formations spread radially and occupy the pipe’s core space.
With increased energy input, the phase change intensifies the
turbulence and movement, making the segments unstable.
In such unstable conditions, the structures have a tendency
to break down into chaotic swirls, eventually forming small
droplets. This phenomenon gives rise to a flow regime with
enhanced heat transmission capabilities, known as annular
flow [30, 31]. Within such a regime, the flow field within The
PHP can be segmented into two clearly defined regions. The
core region comprises a liquid film wall layer along with a
mixture of dispersed liquid and vapor phase. Notably, signifi-
cant interactions occur between the wall and core regions in
this mode. At extremely elevated levels of core flux, droplets
carried along in the core flow have the potential to condense
into liquid masses, akin to vapor conglomerates. This conden-
sation process contributes to pressure instability [32]. PHPs
leverage these instabilities to generate a unique mixed-phase
flow, setting them apart from conventional heat pipes. The
fluid within the PHP is propelled along the serpentine tube by
a pressure gradient, which arises due to local variations in the
rates of condensation and evaporation. Pulsation is initiated
by the shifting direction of chains of slugs and plugs due to
an imbalance in the total force [33]. The areas of a PHP have
varying velocities due to expansion from liquid evaporation
and contraction from vapor condensation, respectively. These
localized motion fields have the potential to interact with each
other as waves and change in strength as a result.

A region exhibiting alike flow velocity and direction can
form if certain locations are connected as the heat load rises.
The circular flow regime, which enhances heat capacity
and can withstand a large heat load, tends to emerge in the
single-directional field [34]. The robust interactions of the
wall boundary layer also contribute to heat transmission. A
bubble traveling through the channel exhibits an unbalanced
head and a less orderly tail. The bubble having thin liquid
film is disrupted by the turbulence created in the wake zone,
leading to a local increase in the heat transfer coefficient.
This enhanced convection is primarily responsible for ther-
mal transfer that surpasses conduction within the solid wall
by orders of magnitude [35].

Figure 3 illustrates the experimental apparatus
employed in the present study. The condensation, adiabatic
and evaporation sections comprise a length of 50 mm
each. The pulsating heat pipe is constructed using quartz
glass having 6 mm outer diameter. For visualization pur-
poses, it has an inner diameter of 3.8 mm. The current
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PHP has a sufficiently small inner diameter, allowing the
working fluid, water, to spontaneously disperse as lig-
uid—vapor slugs. It is oriented vertically, with the bottom-
heating pattern. A heating wire, measuring 0.4 mm in
diameter, is wrapped around the surface of the evaporation
section. Additionally, a water cooler is submerged in the
condensation area. The water cooler's inlet temperature is
maintained at 25 °C, while a fix flow rate of 4.69 g/s is
prescribed. The current PHPs undergo evacuation to
0.079 MPa using a vacuum pump. Subsequently, water is
introduced into the PHPs through the injection entrance,
as illustrated in Fig. 3. In this study, different filling ratios
of 30%, 40%, 50%, and 60% are employed for the PHPs.
Furthermore, the heating power can be adjusted within the
range of 5W to 40W by modifying the output voltage. The
experimental setup depicted in Fig. 3 includes six T-type
thermocouples positioned on the outer wall of the PHP.
These thermocouples are specifically labeled as Te,; and
Te, for the evaporation section, Ta,; and Ta, for the adiaba-
tic section, and Tc, and Tc, for the condensation section.
Real-time temperature data is collected using an agilent
34970A data acquisition system, which is connected to a
computer and programmed to scan the temperatures at
intervals of 5 s. This continuous data acquisition enables
the determination of the experimental thermal resistance
(Rex) of the PHP. The average temperatures of the evapo-
ration and condensation sections are denoted as T, and T,
respectively. The input heating power is represented by Q
in the equation Rex = %

The working fluids having minimum latent heat of vapor-
ization, lower boiling point and liquid specific heat can
begin pulsating very readily inside the pulsating heat pipe,
however, they are low energy carrier. Further, low dynamic
viscosity fluids experience lesser flow resistance resulting
strong pulsating effects due to high flow rate [33]. Table 1
shows the thermos-physical properties of water, acetone and
acetone-Al,0O; and it was observed that acetone-Al203 con-
sist of low dynamic viscosity, liquid specific heat and latent
heat of vaporization and that improves pulsating effects in
PHPs. The diameter is varied from 1 mm to 2.5 mm based on
bond no which shows the critical diameter 2.1 mm. Further,
investigation is performed order to get the optimum filling
ratio which is considered from 25 to 75%.

Uncertainty analysis involves estimating the true value
from the mean of repeated measurements. The errors
observed in the test data primarily stem from the heating
procedure and the subsequent recording of temperature
data. For a given parameter, six experiments were con-
ducted, and the average was used for error analysis. The
uncertainty associated with the total thermal resistance of
PHP can be estimated using Holman's square root rule as
shown in Eq. 1 [36].
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Fig.3 Experimental set-up
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Table 1 Effect of Al,O; on thermo-physical properties of working fluid

Working LHv (Hrg) Surface Boiling Liquid density, Thermal Liquid Dynamic (dp/dt)*g, Ref.
fluids Tension point (Ts  p, (kg/m>20%) conductivity, specific  viscosity X 10°
(6x10N/m °C) A (W/(MK))  heat,C,;  (y,x10°) (Pa/K, 80°C)
20% (KJ/kgK) Pa.s
20°C 20°C
Water 2257 72.8 100 998 0.599 4.18 1.01 1.92 [33]
Acetone 523 237 56.2 792 0.170 2.35 0.32 6.27 [33]
Acetone-Al,O; 516 24.8 - 798 0.206 2.32 0.28 - Present
@ Springer
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represent the uncertainties associated with these measure-
ments. Consequently, the comprehensive uncertainty of the
experimental findings can be described as following Eq. (2).

AR A(Tave e Tave c) )
— = — Y2 =+1.96% 2
R \/( o )=z 2

The change in thermal resistance (AR), when consid-
ered, reveals that the maximum uncertainty in the overall
heat input and thermal resistance in PHP falls well within
the + 1.96% range.

The total uncertainty value is + 1.96%, which falls within
the range reported by prior studies [37].

3 Exergy analysis

This is a thermodynamic approach employed to evaluate
the quality or usefulness of energy within a system. It takes
into account both the energy content and the thermodynamic
irreversibility in the system [38]. In the case of a PHP, two-
phase heat transfer passive device, it can be performing an
exergy analysis to evaluate the efficiency and losses within
the system. Here a single turn PHP with an adiabatic, evapo-
rator, and a condenser section. The exergy balance equations
for each section are as follows:

Evaporator section

The heat transfer in a PHP involves two main compo-
nents: liquid slug flow and vapor flow. The exergy change
in the evaporator section is given by Eq. 3 [3]:

To.i
AExy = mC,[(Te,i — Te,0) — To ln(#)}] 3)
The heat loss can be expressed as the sum of convective heat
transfer and radiative heat transfer as in Eqs. 4 and 5 [39]

AEx,; = AEx,, | + AEx,, 4)

AEXx,,; = hco X As X AT (3)

where, AEx, AEx . |, AEx.;,, AEx ;| are net exergy
change across evaporator, exergy loss through evapo-
rator, convective exergy loss and radiative exergy loss
respectively.

Radiative heat transfer in a PHP evaporator occurs
through thermal radiation between the evaporator surface
and the surroundings. The radiative heat transfer rate can
be estimated using the following Eq. 6 [39]

AEx,,; =06 XeXAsX (T;', - T;‘r) 6)

Adiabatic section

@ Springer

Since the adiabatic section does not involve any heat
transfer, the exergy change is only due to the fluid fric-
tion losses:

AEx_adiabatic = W_friction

where:

AEx_adiabatic is the change in exergy in the adiabatic
section,

W_friction is the work done against fluid friction losses.
It is assumed that the pressure drop is very less through-
out the adiabatic section therefore the losses in adiabatic
section is negligible.

Condenser section

Similar to the evaporator section, the exergy change in
the condenser section can be expressed as per Eq. 7 [7]:

AEx, = mC,[(Te,i — Te, 0) — To ln(%)}] )
where:
The heat loss can be expressed as the sum of convec-

tive heat transfer and radiative heat transfer as in Egs. 8
and 9 [9].

AExC’1 = AExw,1 + AEme (8)
AEXx,, | = hco X Asc X AT 9)
where, AEx, AFEx,;, AEx,;, AEx, are net exergy

change across condenser, exergy loss through condenser,
convective exergy loss and radiative exergy loss respec-
tively. Radiative heat transfer in a PHP evaporator occurs
through thermal radiation between the evaporator surface
and the surroundings. The radiative heat transfer rate can
be estimated using the following Eq. 10 [40]

AEx,,; =0 X & X Asc X (T, = T}) (10)

The exergy efficiency of a PHP can be calculated by
comparing the actual exergy transfer in the system to the
maximum possible exergy transfer. The exergy efficiency
Nag, 1s defined as the ratio of the actual exergy transfer to
the maximum exergy transfer as given in Eq. 11 [39, 40]:

_ (Ex_out — Ex_in)
ag, = Ex_in_max

an

Sustainability Assessment Sustainable development requires
the resources to be used efficiently. Employing the exergy
analysis method proves to be a valuable tool for optimizing
advantages and utilizing resources efficiently. In this analy-
sis, the SI method directly related to exergy efficiency 77, is
used to improve and contribute to the sustainable develop-
ment as follows [41] as in Eq. 12:
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Figure 4 demonstrate the sustainability index and exergy
efficiency in terms of reference temperature. It can be
observed that exergy efficiency initially increased and fur-
ther rate of increment got decrease. This is due to rise in
exergy loss. In the given range of reference temperature, the
exergy efficiency is highest at 120 K of temperature.

The sustainability index also showed the similar pattern
of exergy efficiency and that confirms the resources can be
utilized efficiently.

In the evaporator, as the reference temperature rises, the
temperature difference between the working fluid and the
surroundings also increases. This larger temperature gradi-
ent results in higher heat transfer irreversibilities and, con-
sequently, higher exergy losses as shown in Fig. 5.

Similarly, in the condenser, a higher reference temper-
ature means a higher temperature difference between the
working fluid and the surroundings during heat rejection.
This increased temperature gap results in greater irrevers-
ibilities and higher exergy losses.

4 Simulation and modeling

Figure 6 illustrates a 2-D physical model of a single loop PHP,
where acetone — Al,O; serves as the operating fluid. The PHP
is positioned for bottom heating, and it has an overall length
span of 57 mm. In order to ensure that the dominance of surface
tension force over gravitational force is evident within the chan-
nel, which measures 1 mm, the calculation of the inner critical
diameter of the PHP involves the use of the Bond number (Eq. 1,
The inner diameter (D) of the CPHP must be smaller than the
critical diameter (D) for proper functionality). Thus, the current
CPHP model's inner diameter is set at 1 mm.

Fig.5 Exergy loss vs reference
temperature
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Fig.6 A mesh structure adopted in a 2-D CPHP model

To accurately account for the surface tension effect, a
quadrilateral mesh is favored over tetrahedral and triangular
meshes [42]. Accordingly, quadrilateral structured mesh has
been employed. Figure 6 illustrates the utilized quadrilateral
mesh in the 2-D PHP model. The thickness of the first layer
adjacent to the wall is set at 0.18 mm.

The flow dynamics in a PHP can be described as a two-
phase gas-liquid flow regime. This regime is characterized
by the presence of gas bubbles interspersed with liquid slugs
[43]. The VOF approach enables the modeling of the two-
phase flow by tracking the interface between the gas and
liquid phases. The VOF approach ensures that the distinct
gas and liquid phases within a PHP, characterized by bub-
bles and liquid slugs, are appropriately represented without
mixing or overlapping. The variables are integrated for each
introduced phase in the model, ensuring that the total sum of
volume fractions for all phases within a computational cell
equals unity. The properties and variables in a cell exhibit
either two phase mixture or single phase and that relies on
volume fraction values (Table 2).

Consider the fluid volume fraction in a cell, denoted as
ag, representing the volume percentage of the fluid labeled

fluid) and interface between two fluids. Depending on
the value of ag, appropriate variables and properties are
assigned to every control volume within the domain. Fur-
ther, it is postulated that phase transition transpires at the
saturation temperature when transitioning between the vapor
and liquid phases. Equation (13) represents mass conserva-
tion equation [44].

d(a,p,)

0 + V.(a,p,0,) = mlvvl_ m (13)

The interphase mass transfer is described as in Eqs. 14

and 15 [44].
Here, T, > T, (for evaporation)
m=r a (Tl_Tsat) 14
fA 1P1 —Tsat (14)
If, T,,,> T, (for condensation)
m= P (Tl B Tsat) 15
=Tt -7 (15)

sat

where, r indicates relaxation factor,

The relaxation factor, denoted as 'r,' is set to a default
value of 0.1 s-1 to ensure the interface temperature remains
in proximity to the saturation temperature of the working
fluid [45]. Throughout the domain, the momentum equation
(Eq. 16) is computed, the momentum equation’s outcome is
influenced by the volume fractions of each phase [46].

a(pv)
ot

+V.() = —VP + V.[u(V5 + V)] + pg + F..0
(16)

Surface tension emerges due to the cohesive forces
among molecules present in the fluid. These surface forces
become dominant, particularly in mini channels. The CSF
model is employed for surface tension modelling in FLU-
ENT. Incorporating surface tension into the VOF formula-
tion introduces it as a source term in the momentum equa-
tion. The volume force acts on the surface are given by
Eq. (17) [47].

a,p,k Vo, + a;pk Va,

" " . .- Fvol =0y 1 (17)

as "qth.". There are three possible conditions: ag=1, ag=0 5( p,+p)

and 0 <ag <1 are indicated as full cell, empty cell (for gth

Table. 2 Numerical simulation Items Content Items Content

matrix
Multiphase model VOF Implicit /Explicit Volume Fraction Geo-Reconstruct
Viscous model k-epslion Model 2D transient
Energy and Momentum and Upwind second Order Mesh Quadrilateral
Pressure interpolation PRESTO First layer thickness 0.18 mm
Gravitational acceleration -9.81 m/s 2, Y axis Modeling of surface CSF

tension force
@ Springer
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The curvature (k) is mathematically represented as fol-
lows: k, = ~% k, = &
M e, T Ve,
Further, the Eq. (18) shows the energy equation con-
tributed among phases [48]. Where, Sh exhibits the energy
source due to phase change. It is acquired by multiplying the

latent heat by the rate of mass transfer such as

Sy =—hpypmy, =hym,

%(pE)+ V.((pE + P)) = V(K.VT + (V) + S, (18)
The two terms of Eq. (18) in right side are the sum of
energy transfer through viscous dissipation and conduction.
In Eq. (19), the temperature (T) and energy (E) are con-
sidered as mass-averaged variables in volume of fluid (VOF)
model [47].

E= avvav + alplEl (19)

a,p, + a;p;
where, Ev and E, are depends on specific heat of phases and
shared temperature as in Egs. 20 and 21.

Ev = Cv,v(T - Tml) (20)

El = Cv,l(T - Tsat) (2])
The properties K, p and p are common to all phases, as
presented below:

K =aKy+aK, p=a,p, +ap, p=a,u+amu

5 Results and discussion
5.1 Validation of model and grid sensitivity test

The results of laboratory research on a PHP were compared
with previous simulations to verify the accuracy of the
current numerical method [28]. The geometry used in the
laboratory investigation is completely consistent with that
of the numerical study, with a filling ratio of 55% and hav-
ing ethylene glycol as working fluid. The thermal resistance
measured in the laboratory study differs from that in the
current numerical study by less than 5% as shown in Fig. 7.
The concordance between the simulation and experiment
findings shows that the current numerical simulations can
accurately represent the two-phase liquid/vapor flow in the
oscillatory heat pipe. Where Q and Te represents the heat
input and evaporator temperature.

Moreover, based on our current understanding, the
quantity of grids exerts a somewhat indirect influence
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Fig.7 Fluid temperature vs time (Evaporator and condenser) at FR (42%)

on the outcomes of numerical simulations. Four distinct
grid numbers— 75,623, 55,545, 22,323 and 38,432—
are employed to assess grid independence and meet the
requisite criteria. Throughout the testing, all parameters
remain constant, except for the grid count. When utilizing
grid numbers 75623 and 55,545, as depicted in Fig. 8, the
simulation results demonstrate nearly identical consistency,
with a relative variance of approximately 1%. Consequently,
due to the numerical precision and computational efficiency,
grid number 55545 is selected for use in this study.

5.2 Effect of internal diameter

The viscous force and surface tension are directly affected
by internal diameter of PHP. Where, bond no limits the

1.8 - Grid No
22323
g 167 38432
< 1.4 55545
Py 75623
0 1.2
c
8
©» 1.0+
3
¥ 0.8 -
©
g 0.6
o
£ 0.4
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0.0 T
Grid Number
Fig. 8 Grid independence test ( Q=45 W)
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maximum diameter for sustained liquid slugs [1]. The criti-
cal diameter of a pulsating heat pipe is presented in Eq. 22

o

d -
glp—»py)

crit — (22)

The critical diameter for a pulsating heat pipe (PHP) with
acetone-Al,O; as the working fluid can be calculated using
the eq. 2. The critical diameter comes out to be 2.1 mm.
When the diameter of the PHP (Pulsating Heat Pipe) chan-
nels is smaller, the capillary forces tend to be stronger. As a
result, there is an increase in liquid-vapor phase separation
and the formation and growth of bubbles are promoted. This
phenomenon has been distinctly observed in the PHP illus-
trated in the Figs. (9 and 10). When the channel diameter is
closer to the critical diameter (D,;,), the PHP exhibits better
slug-plug characteristics, leading to an improvement in over-
all performance. However, the minimum diameter to which
a PHP can be reduced depends on several factors, including
the properties of the working fluid, surface tension, fluid
viscosity, channel geometry, and the desired operating con-
ditions but there is no universal minimum diameter for a
PHP [49] (Fig. 9).

Though, the figures show that the benefit of reducing the
total thermal resistance, achieved by expanding the range
of movement, is maintained up to a 1 mm internal diameter.
The longer periods of standstill indicate a decline in surface
tension forces beyond this point. The most noticeable dif-
ference is that the tiny internal diameter has more short bub-
bles than the large internal diameter. However, the smaller
diameter leads to increased thermal resistance within the

0.10

Fig.9 Volume liquid fraction vs time value (D: 2.5 mm and 2 mm)
(left to right)

@ Springer

PHP, as heat transfer area decreases while the flow resist-
ance increases as shown in Fig. 10. The rationale of above
is also suggested by study [50] (Fig. 11).

It was also observed that capillary became more influ-
ential with decrease in internal diameter. A decrease in
diameter enhanced capillary action due to increased surface
tension effects, which may aid in overcoming gravitational
forces, thus facilitating better fluid circulation. In contrast
to other inner tube sizes, the lower thermal resistance value
was also found for an inner diameter of 2 mm and this result
is align with studies [51].

5.3 Effect of filling ratio

The transient fluid temperature variation as well as pres-
sure drop with time in evaporator for FR 25%-75% at
evaporator temperature Te =105 K is shown in Figs. (11,
12, 13, 14, 15, 16, 17, 18, 19 and 20). It's also presumed
that this filling ratio remains consistent over time. and
flow is incompressible since small temperature varia-
tion. Figure 12 illustrates the T,,, graph acquired at 0.25
FR. The oscillations observed in T,,,, over time exhibit a
similar nature across various filling ratios. Yet, deviating
from the norm, an intriguing trend emerges for a filling
ratio of 0.55, as depicted in Fig. 13. It was observed that
At a filling ratio of 25%, there exists a greater abundance
of vapor plugs within the evaporator. Therefore, the time

010
0.00

Fig. 10 Volume liquid fraction vs time value (D: 1.5 mm and 1 mm)
(left to right)
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Fig. 11 Temperature Vs Time
graph for Fill ratio 25%
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averaged temperature of the acetone-Al,0j; in the evapo-
rator section is notably elevated. In Figs. 12, 13 and 14,
with the increase in filling ratio from 45 to 75%, there is a
corresponding decrease in the time-averaged temperature
difference of the working fluid. This phenomenon is pri-
marily attributed to the higher.

quantity of liquid slugs presents at increased filling ratios
(45% to 75%), accompanied by a higher circulation velocity
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Fig. 12 Pressure vs time graph for fill ratio 25%

of the slug flow. Since, the filling ratio determines the
amount of working fluid available for heat transfer (Fig. 15).

A higher filling ratio allows for a larger amount of work-
ing fluid, resulting in higher heat transfer capability. This is
because a larger volume of working fluid can absorb more
heat before reaching a critical temperature [2]. It is worth to
note that the temperature gradient with time decreased with
increasing filling ration.
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Fig. 13 Temperature vs time graph for Fill ratio 45%
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Fig. 14 Pressure vs time graph for fill ratio 45%

However, after FR =55%, the maximum temperature also
increased. At a constant filling ratio, the temperature gradi-
ent of the working fluid (the temperature difference between
condenser and evaporator) rises proportionally with the
improve in heat input. Nevertheless, when the filling ratio
was elevated at a constant heat load, the fluid temperature
gradient reduced. Hence at high heat input situation, high FR
is more suitable to avoid dry out in a PHP (Fig. 16).

As the liquid content within the PHP steadily diminishes
(accompanied by a corresponding increase in vapor volume),
the heat transfer experiences an initial boost owing to the
heightened movement of vapor plugs. Nonetheless, con-
currently, the quantity of sensible heat transfer undergoes
a continuous decline as a result of the diminishing liquid
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Fig. 15 Temperature vs time graph for fill ratio 55%
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Fig. 16 Pressure vs time graph for fill ratio 55%

content. Therefore, an optimum point exists at a specific
filling ratio (here, FR =55%). The rationale of above study is
also suggested by [52] Since, PHPs rely on capillary forces
to transport the working fluid between the condenser and
evaporator section (Fig. 17).

Capillary forces are generated by the interaction between
the working fluid and the inner walls of the tube. A lower
filling ratio may result in reduced capillary forces due to a
smaller amount of fluid available for generating these forces
[53] (Fig. 18).

Figures 12, 13 and 14 shows the pressure drop with time,
and was observed that filling ratio having 75% exhibited on
average highest pressure drop among all filling ratio. This is
due to higher filling ratios generally lead to higher pressure
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Fig. 17 Temperature vs time graph for fill ratio 65%
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Fig. 18 Pressure vs time graph for fill ratio 65%

drops due to increased frictional resistance between the
working fluid and the tube walls. This can impact the fluid
flow rate and the overall system performance [54]. However,
maximum pressure drop was seen for 25% filling ratio at
initially small duration. It occurs due to gas entrainment:
The gas plugs formed in slug flow can get entrained with
the liquid slugs (Fig. 19).

As the PHP operates, these gas plugs can become dis-
lodged from the liquid slugs, creating gas bubbles that
travel through the system. The movement of gas bubbles
along with the liquid slugs contributes to the overall pres-
sure drop [55] and frictional effects: Slug flow introduces
a high interfacial area between the liquid and gas phases.
This increased interfacial area leads to increased frictional
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Fig. 19 Temperature vs time graph for fill ratio 75%
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Fig. 20 Pressure vs time graph for fill ratio 75%

effects as the liquid and gas flow past each other. Frictional
pressure losses occur due to the shearing forces between the
two phases, resulting in additional pressure drop [56]. It is
worth to note that the time averaged working fluid tempera-
ture difference (thick straight lines) evaporator decreases as
FR is raised from 25 to 75%.

Additionally, there is an increased number of vapor plugs
within the evaporator depicted in Fig. 20 when FR =25%.
Consequently, the time-averaged temperature of the working
fluid within the evaporator section is significantly elevated
as there in [57]. The time-averaged temperature differential
of the working fluid decreases in Figs. 15, 16, 17, 18, 19,
and 20 as FR increases from 45 to 75%. This shift is pri-
marily attributable to the greater presence of liquid slugs at
higher filling ratios (45% to 70%) and increased circulation
velocities of slug flow.

6 Conclusion

The pulsating heat pipe utilizing an Acetone — Al,O; mix-
ture, single turn tube, and cylindrical geometry demonstrated
successful operation across various diameters and fill ratios
under closed PHP valve conditions. The following conclu-
sions are drawn from the study.

1. Increasing the diameter in a pulsating heat pipe involves
a trade-off. While it can enhance heat transfer area and
fluid flow dynamics, there's a limit beyond which capil-
lary forces may become less effective. Therefore, PHP
showed highest performance at 2 mm internal diameter
among (1 mm, 1.5 mm, 2 mm and 2.5 mm)
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2. In mixtures, the inhibition of phase transitions can sig-
nificantly delay the onset of dry-out in the PHP, even
when operating at low filling ratios (25%, 45%), while,
Due to the reduced flow rate, the heat transmission capa-
bilities of the PHP with acetone-Al203 mixtures are less
effective at higher filling ratios (65 and 75%).

3. As the temperature increased, the exergy efficiency also
increased linearly. However, it became nearly constant
at higher temperature. Sustainability index also showed
similar trends to exergy efficiency.

4. Exergy loss was lower for evaporator than condenser for
a range of temperature. This is due to low temperature
difference in evaporator, which can contribute to lower
exergy losses.

7 Future scope

Investigate the implementation of optimal PHP configura-
tions in real-world scenarios, considering external factors
such as fluctuations in temperature. Evaluate the reliability
and enduring stability of continuously operating PHP sys-
tems. Extend the investigation to explore the potential for
enhancing optimization through the utilization of diverse
nanoparticles and alternative working fluids. Enhance the
practical applicability of PHP technology by assessing its
scalability and adaptability across various industrial sectors.
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