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The pulsating heat pipe (PHP) is essentially a two-phase heat transfer device for low heat power applications (heat sinks,
electronic cooling, etc.). Although it is a simple, cheap, and flexible structure, it is ruled by very complex physics, and a
robust, validated simulation tool is still missing. In the present work the basic numerical model by Holley and Faghri (2005)
has been updated with the latest fluid properties database and with the latest nondimensional heat transfer correlations in
order to make it suitable for different working fluids. Good agreement between numerical results and experimental data
coming from a single-loop PHP operating with ethanol is shown and, using a single “tuning” parameter, that is, the liquid
film thickness around a vapor slug, which needs to be further experimentally investigated, the final goal of building a design
tool for the PHP construction and implementation is getting closer.

INTRODUCTION

The sintered porous wick heat pipe technology is already
successfully implemented in many industrial thermal manage-
ment applications [1], but since the early 1990s a new type of
wickless heat pipe prototype has been introduced by Akachi and
co-workers [2—4]: the pulsating heat pipe (PHP).

It usually consists of a small-diameter meandering copper
tube that can be closed in a loop (CLPHP) or with closed ends
(CEPHP), evacuated, and then filled with a working fluid. Due
to the capillary diameter (usually between 1 and 2 mm) the
fluid fills the tube with an alternation of liquid slugs and vapor
bubbles. Once the device gets in contact with a heat source,
evaporation occurs and the fluid starts oscillating and circulating
chaotically, allowing heat to be transported to the colder zone.

Many experimental works in literature show that a PHP could
manage a wide range of industrial applications with the unques-
tionable advantage of being cheaper and more flexible.

Table 1 shows the comparison between the PHP and the
wicked heat pipes features.
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Yang et al. [5] showed the possibility of embedding the PHP
as an integrated structure or heat spreader, in order to provide a
higher overall thermal conductance to the host substrate. The in-
fluences of various operating parameters, including volumetric
filling ratio of the working fluid, input heat flux, and operating
orientation, on the thermo-hydrodynamic performance, were
investigated and a successful operation at all orientations with
respect to gravity was achieved.

Miyazaki [6] developed a series of flexible CLPHP for note-
book cooling able to dissipate heat from the central processing
units (CPUs) to the rear surface of the foldable display. The
wing type design with 1.2-mm channel diameter and 12 turns
achieved a thermal conductance of 3.5 W/K and a maximum heat
transport capability of 100 W, which are reasonably thought to
be of sufficient potential for such application.

Rittidech and Wannapakne [7] investigated a flat-plate solar
collector in conjunction with a CEPHP operating with R134a as
aworking fluid, suggesting that this solution represents a reason-
ably efficient and cost-effective alternative to the conventional
heat pipe solar collector system with the additional advantages
of corrosion-free operation and absence of icing problems dur-
ing winter.

Khandekar [8] analyzed two kinds of PHP-based heat ex-
changers: a temperature-controlled liquid—liquid module suit-
able for process waste heat recovery, and a heat flux-controlled
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Table 1 Comparison between wicked heat pipe and the PHP outstanding features

Wicked HP Pulsating HP

Temperature range

Radial heat flux

Axial heat flux

Total power (strong dependence from geometry)
Thermal resistance

Startup time

Wide, water: 30-230°C
Very high, up to 250 W/cm?
High, up to 600 W/cm?
Medium, up to 200 W per unit
Very low, down to 0.01°C/W
Fast, in the order of seconds

Medium, water: 50-160°C
Medium, up to 30 W/cm?
High, up to 1200 W/cm?

High, up to 3000 W
Low, down to 0.1°C/W
Medium, a few minutes

air-cooled module that can handle high-power electronics appli-
cations. Both the devices could reach a maximum heat through-
put of 800 W, and overall thermal resistances have been found
to be of the order of 0.2°C/W or lower.

In spite of its simple structure, the PHP working principles
are very complex and a complete and validated design tool has
not been developed yet. Looking at the present research litera-
ture, many attempts of theoretical modeling have been carried
out in the last two decades but only a few ones seem to be
suitable to a correct estimation of different PHPs. For instance,
recently Zuo et al. [9] proposed their last version of one dimen-
sional model for the thermal hydraulic simulation of a pulsating
heat pipe. Experimental validation is shown only for the thermal
performance over filling ratio, and it is not clear how a smooth
tube PHP model was validated since experimental data are for a
flat-plate PHP with embedded porous wick. Shafii et al. [10] pre-
sented a similar Lagrangian multiplug model with heat transfer
both for the CEPHP and for the CLPHP. Although the authors
consider many characteristic parameters, results show that grav-
ity has no significant effect on the performance of CEPHP in
top heat mode (i.e., with the heater in the upper part of the
PHP) and that the total number of vapor plugs always reduced
to the total number of heating sections, which is in contrast
with experimental evidence. Zhang and Faghri [11] proposed a
multiplug model of CEPHP and investigated the effect of the
number of turns on the fluid oscillation frequency. Recently
Sakulchangsatjatai et al. [12] considered one reviewed CEPHP
model embedding the worthy results by Shafii et al. [10] and
by Zhang and Faghri [11]. Furthermore, they added empiri-
cal assumptions on nucleate boiling frequency, bubble length,
and film thickness coming from an experimental visualization.
Qualitative and quantitative validation was given for evaporator
temperatures, inclination angles, and input heat fluxes; Khan-
dekar and Groll [13] suggested a lumped parameters model for
the CLPHP (single loop), but the assumption of homogeneous
fog flow seems more suitable for thermosyphons than for the
PHP. The numerical code by Holley and Faghri [14] represents
a good starting point for the creation of a most comprehensive
tool, even if it has been tested only for water as working fluid
and a only a qualitative validation is provided.

In the work here the model just described has been deeply
modified both in the input parameters (geometry, boundary con-
ditions etc.) and in the heat transfer subroutines, to achieve two
main targets:

heat transfer engineering

1. Let the model work with different fluids.
2. Simulate Khandekar and Groll [15] experiments and attempt
a quantitative validation.

The main objection moved to Holley and Faghri [14] is the
assumption of a porous wick deposited on the inner tube wall.
The PHP prototype developed by Zuo et al. [9] is one of the
few PHPs that combines the capillary effect of sintered metal
powder wicks with the thermally induced pulsating motion of
the working fluid and shows a maximum heat flux capability
of 220 W/cm?, but the very great majority of the pulsating
heat pipe prototypes and experimental apparatus are built with
smooth tubes.

The internal two-phase phenomena, such as the flow boiling
onset, slug and plugs formation, and the flow patterns at various
heat inputs, are different if the wick structure is absent and
the maximum heat flux capability of the evaporator surface is
always less than 30 W/cm?.

Elimination of the wick assumption in reference [14] and the
implementation of different working fluids led to a complete
reconsideration of the heat transfer modeling strategy.

NUMERICAL MODEL

The present work adopts the Holley and Faghri [14] one-
dimensional separated flow model as a starting scheme: The
tube wall control volumes are treated with an Eulerian approach,
while the fluid control volumes follow the liquid slugs and vapor
plugs, which are moving with respect to the wall and are always
traceable during the simulations.

The main assumptions are:

a. Spatial and time derivatives of density and viscosity are
assumed negligible. However, all the fluid thermophysical
properties are evaluated as functions of temperature in satu-
rated conditions.

b. The advection term is neglected in the momentum equation
for the liquid slug.

c. The model is one-dimensional (1-D) and only the axial flow
path direction is considered for momentum and heat trans-
fer, while heat transfer occurs in both the axial and radial
direction.
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d. The forward and backward menisci of the liquid slugs are
assumed to maintain a spherical meniscus shape with zero
contact angles at the wall.

e. Surface tension is evaluated at the vapor plugs temperature.

f. The pressure within each vapor plug is assumed uniform.

g. Vapor exists at saturated conditions; each vapor plug (VP) is
treated as an ideal gas and has negligible flow friction.

h. The liquid film that surrounds each VP is only considered
for thermodynamic purposes but does not play any role in
the hydrodynamics behavior.

The governing equations are listed next.

Momentum Equation for the i-th Liquid Slug

The momentum equation for incompressible flow in a circu-
lar pipe is:

Du; dP T
—— =pgcosh — — + — 1
P Dt pg dz + d M
where DD—”I’ = % + u,%—“z’ is the total derivative. By means of
assumptions (a) and (b), writing the slug velocity as
up = ml/pAcr (2)

and integrating along the liquid slug length, the momentum
equation turns into the following ordinary differential equation,
which is applied to each i-th liquid slug:

1

driy
[7 =Acr(APg _APU+APt)i| 3)

Note that the liquid slug is treated with a lumped parameter
approach. The liquid slug will be subdivided into a number ng
of smaller control volume only for solving the energy equation
(see energy equation for the liquid slug).

The different pressure terms on the right-hand side are re-
spectively due to:

Gravity force:

AP, = pgcosb 4)

where theta is the angle between the gravity vector and the flow
direction.
Adjacent vapor plugs expansion/compression:

APv = ([Ps'az(Tu)]j+l - [Psat(Tv)]j)/Ll (5)

Viscous shear:
f o
= —pu 6
2d (Y2 6)
where the friction coefficient is evaluated for the laminar and
turbulent regimes as follows:

AP,

f =64/Re; when Re; < 2000

1 2¢ 18.6
— =1.74-21o —+ — hen Re; > 2000
J7 0 (5 ay) v Rz

@)
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where Re; = %l’d is the Reynolds number related to each liquid
slug.

Liquid Slug Merge

The merging of liquid slugs is accounted for. If the spac-
ing between any two adjacent menisci is zero, the two liquid
slugs are combined in volume and the number of liquid slugs
is reduced by one. The mass flow rate for the combined slug is
determined by summing the momenta.

Vapor Plug Formation

Finally, the formation of new vapor plugs has been taken into
account only in terms of pure nucleation inside the liquid phase.
There are two possible criteria to generate new vapor plugs: (1)
a temperature criterion and (2) a pressure criterion.

In the first case the following procedure is implemented:

e The temperature of each liquid subvolume is compared to
the temperatures of the vapor plugs adjacent to the liquid
slug.

o If that temperature exceeds one or the other adjacent plug
temperatures, the corresponding grid is chosen as the location
where a new vapor plug is formed. The two newborn slugs
have the same mass flow rate.

e The temperature of the new vapor plug is set to the fluid
temperature at that location.

The other criterion for locating new vapor plugs is to com-
pare the saturation pressure associated with the liquid slug grid
boundary temperature to the pressure of the adjacent vapor bub-
ble boundary:

20 20
[Psat (Tl)]m > max |:<Pmt (Tv) + 7) 5 <Psat (Tv) + 7) j|
re ) Ye /)i

®)

If this condition occurs, a new vapor plug will be created,
and if there is sufficient vapor pressure in the plug, the plug will
grow; otherwise, it will collapse and the two adjacent liquid
slugs will merge again.

The Displacements of the Back Menisci Positions

The new position of each liquid slug is calculated through
the mass flow rate requiring the convergence of the following
equation with a suitable time step Dt:

i+ Ain I )
+

At
Az =
: 240 (Pl [T (260 + Azi)] 00 [T (200)]

)
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The initial estimate is:

At n+ Arni
Az = ( nTom ) (10)
24cr \ p1[Ti(2p,1)]
The back meniscus position is updated:
Zbi = Zbi + Az (11)

The forward meniscus is calculated by mean of the conser-
vation of mass at each time step.

Energy Equation for the i-th Liquid Slug

The following partial differential equation accounts for heat
storage and axial conduction within the fluid:

AT, 3T,
CpiPtAer—— = qu-sp + kiAo ——

12
ot 0z (12)

Each liquid slug is divided into ng grids and the temperature
for each grid is evaluated by integrating Eq. (12). The remain-
ing spatial derivative is determined using a first-order central
difference. Values of heat transfer between the wall and fluid
are interpolated based on the representative values of adjacent
grids.

Energy Equation for the Wall

Holley and Faghri [14] assumed that the internal tube surface
is covered by a thin wick and that the liquid film surrounding
each vapor bubble always filled the porous structure. Since most
of the prototypes and the experimental apparatus are built with
smooth tubes without any wick (this is also the most attractive
feature of the CLPHP with respect to the standard heat pipe),
the wick is not considered in the present work and the energy
equation for the wall is:

4, +kyA T, (13)
CpwPwAw—— = dexPex — Qu— wAw 5
pwl ar GexP qu—fpP 922
where
Gev evaporator zone
Gex =1 0 adiabatic zone (14)

hoo(Tso — T,) condenser zone

The entire wall tube is divided into n,, grids and the tempera-
ture for each wall grid is evaluated by integrating Eq. (13). The
remaining spatial derivative is determined using a first-order
central difference. Values of heat transfer between the wall and
fluid are interpolated based on the representative values of ad-
jacent grids.
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Energy Equation for the j-th Vapor Plug

The following partial differential equation accounts for the
heat storage within the entire vapor plug, for the heat transferred
between vapor and the tube wall qy.¢, and for axial conduction
with the neighbouring liquid slugs:

0 Psar (T))

= VA, — | H,
[(Zf,j Zh,j) ¢ 3t<

gﬁ) = qu_rDP(Zsj — Zb,j)

aT; aT;
+ kiAcr Z — kA —
z Zp,i j

15
Sz d 4>

Forward and backward first-order differences are used for
conduction at the menisci.

Heat Transfer Between the Tube Wall and the Working Fluid

When the local Reynolds number related to the i-th liquid
slug is Re < 2000 and the liquid slug is heated or cooled by
means of sensible heat, the local Nusselt number is far from
being constant, and thus the thermally developing laminar flow
correlation by Shah [16] has been implemented:

hy =

k d\'" d
(l) 1.953 . (Re, Pr, —) when (Re1 Pr, —) > 333
d L. L. 6

() ) e (e )
— ) (4.364 + 0.0722Re; Pr; — ) when [ Re; Pr; — | < 33.3
d L, L
where L, is the thermal entry length and it is set equal to the
evaporator/condenser length.

For the transient/turbulent flow (2000 < Re; < 10,000) the
Gnielinski correlation [17] has been implemented:

— 103
hl:(’g) (//8) (Re; = 10°) Py -

d) |1 +127(f/8)12 (Prf/3 —1)

For the fully turbolent flow (Re; > 10,000) the Dittus—

Boelter correlation [17] has been used:
h = (lﬁ) 0.023Re¥Pr (18)

FAS 1

where n = 0.4 if Twa” > T'ﬂuid and n = 0.3 if Twall < Tﬂuid~
From the fluid mechanical point of view, the vapor plugs
are made of vapor only, while from the heat transfer point of
view, a thin liquid film is supposed to wet the inner tube surface
sourrounding the vapor plugs and no slip exists between the
phases (assumption h). Due to these hypothesis each vapor plug
is hence treated as a two-phase system in equilibrium where the
local vapor mass quality xyp is not calculated as the ratio of
mass fluxes but simply as the ratio of masses; xyp is then only a
function of the liquid film thickness 8 7;;,, and the fluid density,
which depends on the fluid temperature. If 31, is assumed
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Figure 1 Vapor mass quality over liquid film thickness for different fluid
temperatures (ethanol).

constant along the vapor slug, then the local vapor mass quality
can be calculated as follows:

ap = Vopy (T sar)
my Vv P (Tsat) + lel (Tsat)

(% - 8film)2 P (T sar)
I:(% - Sf'l‘lm)2 Pv (Tsat)] + {(%)2 - I:(% — Sfilm)z:l 01 (T_m,)}

19)

In Figure 1 the vapor mass quality has been plotted as a func-
tion of the liquid film thickness for different fluid temperatures.

If the liquid film thickness is defined, then the local vapor
mass quality can be also calculated by mean of Eq. (19) and feed
into the semiempirical correlations for the two phase heat trans-
fer (Egs. (20) and (21)). Even if 3 7, is a crucial parameter and
should not be a direct input for the code, it is also very difficult
to obtain experimental data. The last available measurements
by Han and Shikazono [18] for a 1.305-mm internal diameter
tube working with air and ethanol in adiabatic conditions show
that the valid range for 3, is between 1 and 100 wm. This
range has been taken as reference. In the present model the va-
por mass quality (i.e., the liquid film thickness) of each vapor
plug is assumed a priori on the basis of the following argument:
If a vapor bubble is passing through the evaporator zone then
the liquid film is subjected to relatively high temperatures and
undergoes evaporation. Under these conditions (high tempera-
ture and thin liquid film due to the evaporation process), a high
vapor mass quality x,, can be chosen for the vapor plugs that are
passing through the evaporator section. The opposite applies in
the condenser zone, so the lower average fluid temperature and
the thicker liquid films lead to a very low vapor mass quality
Xco-

For the time being the liquid film thickness must be treated
as a tuning parameter, which is chosen within a reasonable
range extrapolated from experimental data (Table 2): once
the average ranges of fluid temperature for each input heat
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flux [Tv‘,,,min : Tv,,,max]; are determined, the vapor mass qual-
ity ranges [Xup,min © Xup,max | are calculated with respect to these
temperatures using 3 fij; min = 1um and 8 fiz max = 100 wm.
The final vapor mass quality for the evaporating x,, ., and con-
densing x,, , vapor plugs have been chosen in between these
ranges, as shown in Table 2.

Regarding the boiling/evaporation heat transfer, the Gungor
and Winterton [19] general correlation is used:

X 0.75 0 0.41
L:| <_> (20)
1- Xev Pov

is the boiling number, x,, = x,,., is the vapor

hy = hy !1 + 3000B0"%¢ + [

—_ A
~ |mlH,
mass quality ‘of‘ tkllve heated vapor plugs and #; is the single-phase
(liquid) convection coefficient evaluated for the different flow
regimes (Egs. (16)—(18)).

With regard to the condenser zone the standard correlation for
convective condensation by Shah [20] has been implemented:

where Bo

3.8x%76 (1 — x.0) "™
(P/Pcrit)

heo = [(1 — xe0)"¥ + ] 1)

where x., = X, ¢, is the vapor mass quality of the cooled vapor
plugs.

In light of the hypothesis described already, the heat transfer
subroutine is set as follows.

For the liquid slugs:

— If Twan < Thuia set boiling heat transfer correlation (HTC)
(Eq. 20) with x,, = 0. This is a limit condition where the
liquid slug is assumend under incipient boilig so it is still
completely liquid but heat input rate plays an important role.

— If Ty < Tyuiq setsingle-phase liquid HTC (Eqgs. (16)—(18)).

For the vapor plugs:

— If Tyan < Thuia set boiling HTC (Eq. (20)) with x,, chosen
with the help of Eq. (19).

— If Tyan < Thuia set condensation HTC (Eq. (21)) with x,,
chosen with the help of Eq. (19).

Fluid Properties, Input Parameters

Dedicated subroutines for the fluid properties of interest in
Saturated COHditiOH Cp,l (Tsat); Cp,v (Tsat); Hl (Tsaz‘); Hv (Tsat);
kl (Tsut); ku (Tsal); 9] (Tsat); Wy (Tsut); Psat (Tsur); Pcr; P1 (Tsut);
00 (Tsa); 61 (Tsar); Tyar (Psar) have been implemented for five
different working fluids with the NIST REFPROP 8.0 [21]
within the temperature ranges listed in Table 3. The input pa-
rameters (geometry, initial conditions, boundary conditions and
computational parameters) have been set in order to simulate
the single closed loop PHP shown in Figure 2 and they are listed
in Table 4.

vol. 33 no. 14 2012
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Table 3 List of the working fluids temperature ranges implemented in the
numerical code

Fluid T min (°C) T max (°C)
Ethanol —18 202
FC-72 2 152
Methanol -53 197
R123 -73 167
Water in
Cooling
Copper -——
blocks Baoci )
Water out ~ELE,
1
Copper tube
Silicon tube
(OD:31D: 2)
Glass tube 2 @
(OD:41D: 2) 8|8
Copper tube
Silicon tube i !
Flat el 3
heaters 1|
Copper
-5 I... block

All dimensions in mm, Nol to scale

Figure 2 Scheme of single closed loop PHP built by Khandekar and Groll
[15].

Table 4 Code input parameters that are constant for every simulation

Input parameter Value
Tube thermal conductivity 400 (W/mK]
Tube specific heat capacity 389 (J/kgK)
Tube density 8960 (kg/m?)
Internal tube diameter 2 (mm)
External tube diameter 3 (mm)
Inner surface roughness 5 pm
Evaporator section length 40 (mm)
Condenser section length 40 (mm)
Adiabatic section length 190 (mm)
Filling ratio 0.6 (—)
External cooling temperature 20 (°C)
Initial temperature (fluid and tube) 30 (°C)

Initial number of Liquid Slugs and Vapor Plugs
Heat inputs

6(—)
14.8,32.1, 44.2 (W)

Computational time step 0.0001 (s)
Number of grids for the wall domain 460 (—)
Number of grids for the liquid domain 225 (—)
Convergence criterion 0.001 (—)

NUMERICAL MODEL VALIDATION

Khandekar and Groll [15] built the single closed loop PHP
experimental test rig shown in Figure 2 in order to investigate

heat transfer engineering
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-

SLUG

Figure 3 Single closed loop PHP thermal-hydraulic investigation by Khan-
dekar and Groll [15].

the effect of the heat input rate on the PHP hydrodynamics
and performance (Figure 3). In particular, they observed the
fluid motion and flow pattern through the transparent CLPHP
zone and measured the temperature trends in the evaporator and
adiabatic sections. As the heat rate input is increased the flow
oscillation is more active (cases A and B); then a net circulation
of the fluid is more evident as well as flow reversals (case C). A
further increase in the heat rate input leads to a transition of the
flow pattern from complete slug flow to annular flow (cases D
and E). In such final condition, liquid and vapor are separated
and the device operates more likely as a thermosyphon than as
a PHP.

Cases A, B, and C were simulated with the numerical code,
while cases D and E were not simulated because the system
does not behave anymore like a PHP: The slug flow regime is
no longer present and all the liquid phase resides in one of the
vertical branch while the vapor phase resides in the other. For
each case the maximum tube wall temperature (Figures 4-6) and
the total liquid momentum (Figures 7-9) are plotted. The end
time is set to 200 s for every simulation, since for all the simula-
tion cases the transient conditions have a shorter duration. The
numerical results obtained with ethanol compares well with the
PHP thermal-hydraulic behavior: Table 5 shows the mean maxi-
mum tube temperature percentage difference between measure-
ments by Khandekar and Groll [15] and the simulations output

80 - : :

~
o

60

Temperature [°C]

30 i | i

0 50 100 150
Time [s]

Figure 4 Numerical results: maximum tube temperature (case A, ethanol).

(Color figure available online.)
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Figure 5 Numerical results: maximum tube temperature (case B, ethanol).
(Color figure available online.)

values. Case D represents the transient situation between slug
and annular flow regimes and it is also the limit case for the pre-
sented numerical model where the slug flow regime is assumed
a priori. This fact also explains the higher error percentage be-
tween experimental data and numerical results for case C.

In one of his most recent works on the single closed loop
PHP, Khandekar et al. [22] analyzed the spectral content of
each quasi-steady-state pressure signal. He concluded that the
dominant frequencies of flow oscillations are in the range of
0.1 to 3.0 Hz. For this reason the fast Fourier transform (FFT)
analysis with a sample frequency of 20 Hz has been performed
on the total liquid momentum (Figures 7-9), which is directly
connected with the fluid pressure variation in time. Table 6
shows that the dominant frequencies for the three simulated
cases with ethanol are within the experimental range.

Finally, in their experimental work, Yang et al. [23] demon-
strated that as soon as the slug flow regime is maintained, the
internal thermofluidics observed in a two-phase loop is also
observed in a multiturn CLPHP. Furthermore, they also showed
that the multiturn CLPHP thermal resistance can go down
to 0.1 K/W, which is a very attractive value for engineering
solutions. For this reason the present numerical model, which
is able to simulate the thermofluid characteristics single loop
closed PHP, may be the first validated step for the creation of
a multiturn CLPHP design tool.

100
o
© 80
-
©
@
& 60
@
'—
40| ]
0 50 100 150 200
Time [s]

Figure 6 Numerical results: maximum tube temperature (case C, ethanol).
(Color figure available online.)
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Figure 7 Numerical results: total liquid momentum (case A, ethanol).
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Figure 8 Numerical results: total liquid momentum (case B, ethanol).
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Figure 9 Numerical results: total liquid momentum (case C, ethanol).

Table 5 Mean maximum tube temperature percentage difference between the
experimental data by Khandekar and Groll [15] and the simulations output
values

T, max (€xp.) Tw,max(num~) Error
Case A (14.8 W) 74.8°C 68.9°C —7.8%
Case B (32.1 W) 83.8°C 88.9°C 6.2%
Case A (44.2 W) 84.2°C 96.5°C 14.7%
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Table 6 Mass flow rate dominant frequencies for the three simulated cases
with ethanol

Dominant frequencies (Hz)

Case A (14.8 W) 2.54
Case B (32.1 W) 2.30
Case A (44.2 W) 2.24

The model input parameters were then set on the basis of
the good results obtained with ethanol and the same simulations
were carried forward with the fluids listed in Table 3.

Numerical results are resumed in only two plots: Figure 10
shows the mean maximum tube temperature in quasi-steady-
state conditions and Figure 11 shows the PHP equivalent thermal
resistance obtained with the following equation:

Req = (Tw,max - Tw,min)/Q (22)

In general the equivalent thermal resistance is in inverse pro-
portion to the heat input level, even if it is evident from that
the thermal performance is reaching an asymptotic threshold
(Figure 11). From this point on, the PHP begins to work more
likely as a thermosyphon and its performance is no longer en-
hanced by the heat input increase.

In most practical applications the evaporator temperature
should be maintained under a certain threshold, and from this
point of view it seems that the refrigerants fluids (FC-72 and
R123) are working worse than alcohols (Figure 10). Actually
the reason for such behavior is to be found in the actual temper-
ature working range (i.e., cooling medium temperature). In this
condition, the performance of the PHPs operating with refriger-
ants is of course lower if compared to ethanol and methanol,
which are also favoued by their lower density, higher ther-
mal conductivity, specific heat, and surface tension (Table 7).
It is very likely that for applications at lower temperatures

#-ETHANOL
@ FC-72

4 METHANOL
A-R123

o>

Temperatures [°C]

49[0 15 20 25 30 35 40 45
Heat Input [W]

Figure 10 Numerical results: mean maximum tube temperatures in pseudo-
steady state conditions. (Color figure available online.)
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Figure 11 Numerical results: mean equivalent thermal resistances in pseudo-
steady state conditions. (Color figure available online.)

Table 7 Saturated liquid properties evaluated at T = 27°C

Fluid o1 Cpl hp, k; m o]

Ethanol 783.82 2596.7 919,700 0.16469  0.00104 0.02154
Methanol ~ 784.51 2546.1 1,166,200 0.20018  0.00052 0.02210
FC-72 1687.6  1049.7 92,096 0.057737 0.00064 0.01091
R123 1459.1 1021.9 170,600 0.075902 0.00040 0.01495

FC-72 and R123 may become more suitable and have higher
performances.

CONCLUSIONS

A numerical model of a pulsating heat pipe has been imple-
mented with different working fluids properties and a novel non-
homogeneous thermodynamic approach has been developed.
The basic constitutive element of a PHP (i.e., the single loop
built by Khandekar and Groll [15]) has been simulated and the
following conclusions can be drawn:

e The error percentage on the mean evaporator maximum tem-
perature between numerical results and the experimental data
is within the 15% despite the lack of information about the
liquid film thickness that surrounds the vapor plugs in the
different zones of the PHP.

e The FFT analysis that has been performed on the numerical
results related to total liquid momentum, which is directly
connected with the fluid pressure variation in time, confirms
that the oscillation dominant frequencies are in the range of
0.1 to 3.0 Hz.

e The same PHP geometry and working conditions have been
simulated for methanol, FC-72, and R123, and the model
shows satisfactory qualitative and quantitative results.

e The present numerical model can be adapted to perform sim-
ulations also on multiturn CLPHP, which are proved to be an
attractive solution for many industrial thermal management
issues.
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NOMENCLATURE

iw-o gg.sh»mw(m as gg:>

area, m>

boiling number

specific heat, J/kg-K
diameter, m

friction factor

gravity acceleration, m/ s
heat transfer coefficient, W/m2-K
specific enthalpy, J/kg
thermal conductivity, W/m-K
length, m

mass, kg

mass flow rate, kg/s

Nusselt number

tube internal perimeter, m
pressure, Pa

linear pressure drop, Pa/m

Pr Prandtl number

g heat flux, W/ m?

Q  heat input, W

R  ideal gas constant

Re Reynolds number

R.; equivalent thermal resistance, K/'W
r radius, m

t time, s

T  temperature, °C

T  mean steady-state temperature, °C
V  volume, m?

u fluid velocity, m/s

x  vapor mass quality, kg,/kg,
Z axial direction coordinate, m
Greek Symbols

d thickness, m

¢ surface roughness, m

| dynamic viscosity, Pa.s

p density, kg/m?

o surface tension, N/m

0 inclination angle, deg

t shear stress, N/m?

Subscripts

b back liquid slug meniscus
c capillary

co condenser/condensing

cr  flow cross section

crit critical

ev  Evaporator

ex  external
f front liquid slug meniscus
g  gravity

heat transfer engineering

film liquid film

i liquid slug index
J vapor plug index
l liquid phase

lv  liquid—vapor
min minimum

max maximum

sat saturated condition
v vapor phase

vp  vapor plug

w  tube wall

w-f  wall to fluid

0 initial condition
oo cooling medium
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