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Oscillatory flow in Pulsating Heat Pipes (PHPs) with t
arbitrary numbers of turns is investigated numerically.T
The PHP is placed vertically with evaporator sections ax
the top and the cuwlenser sections at the bottom. TheX
governing  equations, obtained by analyzing

time, s
temperature, K
displacement of liquid slug, m

dimensionless displacement of liquid slug

conservation of mass, momentum, and energy of th&reek Symbols

liquid and vapor plugs, are nondimensionalized and the
problem is described by eight nondimensionale
parameters. The numericablstion is obtained by d
employing an implicit scheme. The effects of theU
number of turns, length of heating and cooling sectiong,
and charge ratio on the performance of the pulsating

ratio of specific heats

charge ratio

dimensionless temperature
dimensionless temperature difference
effective viscosity, m?/s

density, kg/m3

heat pipe were also investigated. U dimensionless time
i phase of oscillation
NOMENCLATURE ¥ dimensionless angular frequency
Yo dimensionless inherent arlgufrequency
A dimensionless amplitle of pressure
oscillation Subscripts
Ac cross sectional area of the tube, m? c condenser
B dimensionless amplitude of displacement e evaporator
C integration constant h heating
Co specific heat at constant pressure, J/kgK i i" liquid slug or vapor plug
Cv specific heat at constant volume, J/kgK L left
d diameter of the heat pipe, m p plug
g gravitional acceleration, m/s2 R right
h heat transfer coefficient, W/m2K v vapor
H dimensionless heat transfer coefficient
hrg latent heat of vaporization, J/kg INTRODUCTION
L length, m
L* dimensionless length Pulsating heat pipes (PHPs) are made from a long
M dimensionless mass of vapor plugs capillary tube bent into many turns with the evaporator
my mass of vapor plugs, kg and condeser sections located at these turns [1]. The
n number of arns unique feature of PHPs, compared with the
P dimensionless vapor pressure conventional heat pipe [2], is that there is no wick
Pv vapor pressure, Pa structure to return the condensate to the heating section,
A dimensionless parameter defined by eq. (22) and therefore there is no counter current flow between
Ry gas constant, J/kgK the liquid and vapor. PHPs can be applied in a wide
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range of practical problems including electronicsoscillatory flow and heat transfer in a-shaped
cooling [3]. Gi et al. [4] investigated an "O" shaped miniature channel. The two sealed ends of thehalped
oscillating heat pipe as it applied to cooling a CPU of achannel were the heating sections and the condenser
notebook computer. Due to the simplicity the PHP  section was located in the middle of theshhped
structure, its weight will be lower than that of channel. The kshaped chanhavas placed vertically
conventional heat pipe, which makes PHPs idealvith two sealed ends (heating sections) at the top. The
candidates for space applications. effects of various nondimensional parameters on the
performance of the PHP were also investigated. The
Since the PHP was invented in the early ninetiesempirical correlations of amplitude and circular
limited experimental and analytical/numerical frequency of oscillationwere obtained. Zhang and
investigations on RPs have been reported. The Faghri [12] proposed heat transfer models in the
experiments mainly focused on some preliminaryevaporator and condenser sections of a PHP with one
results for visualization of flow patterns and open end by analyzing thin film evaporation and
measurement of temperature and effective thermatondensation. The heat transfer solutions were applied
conductivity. Miyazaki and Akachi [5] presented an to the thermal model ohe PHP and a parametric study
experimental investigation of heat transfer was performed. Both Shafii et al. [10] and Zhang and
characteristics of a looped PHP. They found that heafaghri [12] found that heat transfer in a PHP was due
transfer limitations that usually exist in traditional heatmainly to the exchange of sensible heat because over
pipes were not encountered in the PHP. The test resul®% of the heat transferred from the evaporator to the
suggested that pressure oscillation and the oscillatorgondenser s due to sensible heat. The role of
flow excite each otfr. A simple analytical model of evaporation and condensation on the operation of PHPs
selfexcited oscillation was proposed based on thavas mainly on the oscillation of liquid slugs and the
oscillating feature observed in the experiments.contribution of latent heat on the overall heat transfer
Miyazaki and Akachi [6] derived the wave equation of was not significant.
pressure oscillation in a PHP based on -ertfited
oscillation, in wlich reciprocal excitation between In the present study, an analysfsoscillatory flow in a
pressure oscillation and void fraction is assumed. TheHP with arbitrary number of turns will be presented.
also obtained a closed form solution of waveThe governing equations are first nondimensionalized
propagation velocity by solving the wave equation.and the parameters of the system will be reduced to
Miyazaki and Arikawa [7] presented an experimentalseveral dimensionless numbers. The nondimensional
investigation on tb oscillatory flow in the PHP and governing equationsra then solved numerically and
they measured wave velocity, which was fairly agreedhe effects of various parameters on oscillatory flow in
with the prediction of Ref. [3]. the PHP will be investigated.

Lee et al. [8] reported that the oscillation of bubbles is PHYSICAL MODEL

caused by nucleate boiling and vapor oscillation, and

the departure of smallubbles are considered to be theA schematic of the pulsating heat pipe under
representative flow pattern at the evaporator andnvestigation is shown in Fig. 1. A tube with diameder
adiabatic section respectively. Hosoda et al. [9]and length2nL is bent inton turns with the two ends
investigated propagation phenomena of vapor plugs in sealed. The evaporator sections of the PHP are at the
meandering closed loop heat transport device. Theypper portion and each of them has a lengthnofrhe
observed a simplflow pattern appearing at high liquid condenser sections with length are located at the
volume fractions. In such conditions, only two vaporlower portion of the PHP. The adiabatic sections,
plugs exist separately in adjacent turns, and one of theincated letween evaporation and condenser sections,
starts to shrink when the other starts to grow. Ahave length ofL.. The wall temperatures at the
simplified numerical solution was also performed with evaporator and condenser sections aseand T,
several major assumptions including neglecting liquidrespectively. The liquid slugs with uniform leng2hy

film which may exist between the tube wall and a vaporare located at the bottom of the PHP [7,10]. The
plug. Shafii et al. [10] presented thermal modeling of adocation ofeach liquid slug can be represented by the
vertically placed unlooped and looped PHP with threedisplacementy, which is zero when the liquid slug is
heating sections and two cooling sens8. The exactly in the middle of the turns. When the liquid slug
dimensional governing equations were solved using ashifts to the right, the displacement is positive. When
explicit scheme. They concluded that the number othe liquid slug shifts to the left, the diapement is
vapor plugs is always reduced to the number of heatingegative. The operation of the PHP is accomplished by
sections no matter how many vapor slugs were initiallyoscillation of the liquid slugs due to evaporation and
in the PHP. Zhang et al. [11] nemcally investigated condensation in the vapor plugs.
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Governing equations The energy equation of the vapor plugs is obtained by
applying the first law of thermodynamics to each plug

The momentum equation for the liquid slug in Fig. 2

d(m,c,T,, dm, 2 8 o
can be expressed as (m,c,T,) —eT,, M, A adx dx.§ (3
dt todt 4 cdt dt -
) ) + :
Equation (3) can be rearranged as
Heating
Section aT. dm/‘ pdz éd)ﬁ d)ﬁ b (4)
. Vi — RT . 7~ - -1
M gt g P f;ea at <
A
Sanaie It is assumed that the behavior of vapor plugs in the
¥ evaporators can be modeled using ideal gas law
Cooin PallL- L) +x]2d*=m R]T,, (5a)
, p2AL- L)+x- x5 d*=mRT,, i=23.n (5P)
B i=1 i=2 i=3 i=4 i=5
pv,n+1[(L - Lp) - Xn]%d 2= nl/,n-*—leTv,nﬁ-l (50)
Fig. 1 Pulsating heat pipe
Substituting eq. (5b) into eq. (4) to elirate vapor plug
pui, Tvi, Mvi pressurepy, yields
pv.i+t, Tvirt, mvie1 & &dx dx., @
pvi1, Tvi1, M1 \ dT. dm,, m,; Ry Ty, "'ea B dtlg (6)
m,C, = v,i = - ¢ :
Heating Lot Codt [2(L- L)X - %]
A Section i.e.
N A T A d
Ldm, 11T, gl XK @)
Adiabatic m, dt g-1T, dt  [(2L- L)) +X - X_4]
2% Section whered =pft, is the specific heat ratio of the vapor.
_______ Integrating eq. (7), a closed form of the mass of the
vapor plug is obtained
4 Cooling
Section R
m, =CTZ Y 2(L- L) +%- ], i=23.n (8)
N - Similarly, the masses of the first and last vapor plug are
1
Fig. 2 Heating and cooling sections m, =CTE(L- L,)+x] (8a)
1
d?x o =CToOL(L-L)- (8b)
ZALPr?Té = (P - Puis)A - 25,0A% - Zml_ptp @) M Tl )= %]

whereA="d] /4 is the cross swheré ¢ie th@ integfatiod sonstaht. Substitutiy wds.e .
(8a, 8, 8b) into gs. (5a,b,c), the pressures of the vapor

Equation (1) can be rearranged as plug are
d’x 32, dx g P = Pyin (2) ACR, %5

+24%5A L 9y = Pim Pvia _ 4G - C_ 9
dtZ d2 dt Lp 2r?|_p pv,i - mz Tvg| 1, |—1,2,--n ( )

w h e rigtheseffective kietic viscosity of the liquid.
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The masses of the vapor plugs increase due to

1
5Tv,i @ 2(L- L) +X - %,

evaporation and decrease due to condensation M
My C'lo~+ 2(L- Lp)
dm, _ (T, - T L) T, - Tk L) (10) AT L x
dt hy hyy . m, _(; To 9 2L-L,)
where,Ln. and Lnhr are lengths of evapator sections
that are in contact with the vapor plug, dnd andLcr P, _&T,; & =

are lengths of condenser sections that are in contacp, {;ﬁoB

with the vapor plug (Fig. 2).

By defining
L 6L- (L, +x.,) Lo+x,2 L. +L, (11a)
hL_I, 0 L +X;. <L +L _Tv,i P_R/,i M _rTl/,i x_)ﬂ e_Lp
L CeL-(Ly-x) L-x2 L +L, (11b) q‘_To 'R " my "X, L
UL 0 L,- X% <L +L,
. Bl (Ly+xy) Ly+x <L (11c)  €ds. (1516) become
oL 0 L, +%.,2 L,
L eL-(L - %) Ly-x <L (11d) M, C/;gl Xy U
oR ~ | 0 Lo-% 2L, & 2(1- ey
1.
P X - X .
. . . =ge G+ ZiZ 28 i=23.n
Nondimensional governing equations ¥ 21-o ¢ y
2ol X, @

In order to nondimensionalize the governing equationsm
a reference state of the PHP needs to be specified. At
this reference state, the pressure and temperaff all

of the vapor plugs areopand To, respectively. The R
displacement of all of the liquid plugs at the reference
state ares=Xxo. According to eq. (9), the constarisfor

_~n

n+l Qn+1 ez 2(1 e) i

:qiﬁ , 1=12,.n+1

different vapor plugs are the same and can be expressddfining dimensionless time as

(15b)

(15¢)

(16)

17

(18a)

(18b)

(18c)

(19)

Introducing thenondimensional variables to eq. (2) and

as
s v 14 :%zt (20)
C =C= ’ij pOTO 9 (12)
R eq. (2) becomes
The masses of the vapor plugs at the reference state arg ™
s luiX FAR Ry, i=12.n (D)
Moy = 22— pl(L- L)+ %] (132)
RgT 5 . :
(13b) w h e roandAr are two dimensionless parameters
Mo, = (L-L), n=23.n defined as
2RgT
13
Mones =Lf%po[(L- L)- %] (3e) o ed' A _ pdt (22)
0 CoLm 2r,L L2

The average mass of the first and last vapor ghigs

_ Mg ¥ Mg _ pd? (14)
= 0t = L-L dm,
m 2 2RT, Poll- L) = Mo, T (Lot *Lr)(@e- ) - Ho(L +LR)(G - 4.)
Substituting eq. (12) and (14) into egs. (8a, 8, 8b,9)  \where
2 ..1 2 2
m, 8T, 0 L-L,+x (15a) HC:4th'|6d _4hRTd g=k g=
m ¢l g 2(L-L,) Pohiy 7, Pohiy2, To To
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The dimensionless lengths of vapor plug in the heating NUMERICAL SOLUTION
and cooling section in eq. (23) are

The oscillatory flow in a pulsating heat pipe is

U= L, _€l-(e+X,,) e+X._,21-L, (25a)  described by egs. (1B9), (21) and (23) with initial
neT L '} 0 e+ X, <1- L, conditions specified by egs. (32). It is noted that eq.
- . 21) is an ordinary diffeential equation of forced
L - (e- -X. 21- (
Log = I“_‘R =‘1el (eo ) e i <1 tﬁ‘ (25b) vibration. If the vapor pressure difference between the
b A ) two vapor plugs at two ends of the liquid slug is
Lk = cL :$Lc - (E+ Xi—l) e+ Xi—l < Lc (25C)
oL 0 e+X, 2 L P - P,, = A coswt (33)
o= ber =$L2 -(e- X)) e- X, <L, (25d)
L 0 e- X; 2L, the analytical solution of eq. (21) can be obtained and it
will have the followng form [11].
where
X, =B coswt - /,) (34)
L=k ok (26) ,
L L However, the amplitude and angular frequency are

unknowna priori and the pressure difference between
The system is described by nine nondimensionathe two vapor plugs depends on heat transfer in two
parametes including the number of turng, and the vapor plugs. The amplitude and angular fregy of
parameters defined in egs. (22, 24 and 26). If theyressure oscillation must be obtained numerically. The
reference temperature is chosen to be the avera@e of results of each time step are obtained by solving the
and T, the dimensionless temperature of heating andlimensionless governing equations using an implicit
cooling sections is scheme. The numerical procedure for a particular time

step is outlined as follows:

%.=1+Q ¢.=1-Q (@7)
1. Gusss the dimensionless temperatures of all vapor
where plugs,di
2. Obtain the dimensionless vapor pressie from
T, (28) eq. (19)
Q_TT 3. Calculate the dimensionless displacement of liquid

slug, X, from eq. (21)

Calculate the mass of the vapor plugls, using eq.

(23)

5. Calculate the nondimensional temperature of the
vapor plugsdi, from egs. (18a, b, c)

6. Compared obtained in step 5 with the guessed

values in step 1. If the differences meet a tolerance

go to the next step; otherwise, steps 2are

repeated until a converged solution is obtained

At this point, the number of dimensionless parameters‘}'
that describe the system are further reduced to eight.

Initial conditions

The reference state of the PHP is chosen to be the initial
stak of the system. The initial conditions of the system

are

_ L (29) The time step independent solutiohthe problem can
X=Xy, =0, 1=12.n be obtained when time step ggU =" @hich is then
P =1, t=0, i=12..n (30) used in all numerical simulations in the following
g =1, t=0, i=12..n (31) section.
M=2e Ko 420 (32a) RESULTS AND DISCUSSIONS

2 2(1- ¢
M, =1, t=0, i=23.n (32b)  Figure 3(a) shows the comparison of the liquid slug
1 X, (32¢) displacement obtained by the present model Hre

M =5' - o)’ £=0 model of Zhanget al.[11], who studied oscillatory flow

in a U-shaped miniature channel. The present result is
obtained by set the number of turn n=1. It can be seen
that the agreement between the results obtained by the
present model and Ref. [11§ excellent. Figure 3(b)
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shows the comparison of the liquid slug displacements
obtained by the present model and the model of Shaf
et al. [10]. The results of Sha#i al's model [10] was
obtained by using the following parametelg=0.1m,
Ls=0Om, L=0.1m, 1,=0.2m, d=3.34mm, F123.4°C, 121
Tc=20°C, and k=h=200W/m2K The present results 11
were obtained by using the corresponding =
nondimensional parametensi?=1.2x10% A =1.2x10°,

U=0. 165H=3080, Ly'=0.5, L'=0.5 and n=2. It *1

can be seen that the resultbtained by using the N
present model agreed very well with the results t

obtained by Shafii et al.'s model [10], which employed (&) Dimensionless temperature of vapor plugs

dimensional parameters and was applicable only t
PHPs with two turns. The phase of the oscillation of ¢ o
two vapor plugs are the sanfer the frst several 121 L
peri ods. Steady oscillati L er
which time the amplitudes of oscillation for the two |~ 5 TR AT
liquid slugs are the same. The phase difference for th= °°1
oscillation of the two |
means that the oslation of the liquid slug in the PHP
with two turns is symmetric after steady oscillation is
established. The amplitude and circular frequency fo “000 002 004 006 008 010 otz o014
oscillation in a PHP with two turns are the same ac . ) ) t

those for a khaped channel. At the parametersFlgAD|men5|onless temperature and mass of the
specifed above, the amplitude and circular frequency?@pPor plugs (n=2)

of oscillation for bothn=1 and n=2 are B=0.31489,

¥ = 5 9 Trespegtively.

0.8

— =1
0.8
Present
0.6 1 = Zhangetal. [11]
0.4 A _
X
0.2 1
<
0.0 1
-0.2 4
0.4 -0.6 . . . . . . .
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
0.6 : : : T T T T t
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
t (a) Dimensionless displacement of liquid slugs
(a) Comparison with Zhang et al. [11]
0.8
—— i=1, Present
0.6 1 i=2, Present
i=1, Shafii et al. [10]
0.4 i=2, Shafii et al. [10]
02 4 x c
><’ 3
0.0 1 {
024 Y
0.4 4
0.8

T T T T T T T
.06 : : : : : : : 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 t

t (b) Dimensionless temperature of vapor plugs

(b) Comparison with Shafii et al. [10]
Fig. 3 Comparison of the present results with Zhang egiq. 5 pisplacement of liquid slugs and dimensionless
al. [11] and Shafii et al. [10] temperature of the vapor plugs=@)
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Figure 4(a) shows the dimensionless temperature of
three vapor plugs. The maximum temperature of the
vapor plug can exceed the heating wall temperature of
PHP due to compression of the vapor plug. The
variations of the dimensionless temperaturesrsf &nd
third vapor plug become identical after steady
oscillation is established &t = 0 .. Fig@re 4(b) shows
the variation of dimensionless mass of the vapor plugs.
The mass of first and third vapor plugs were different at
the beginning but they are idtical after steady
oscillation is established. The mass of the second vapor
plug is twice of that of first or third vapor plugs after
steady oscillation is established. The history of vapor
plug temperature and mass further indicated that the
oscillatiors in the PHP with two turns are symmetric.
The differences between the oscillations in PHP with
one or two turns can be observed before steady
oscillation is established. After steady oscillation is
established, the oscillation in the-dbaped channel is
same as that in the PHP with two turns.

Figure 5 shows oscillatory flow in a PHP with three

turns. The time required to establish steady oscillation
for the PHP with three turn is longer that for the PHP
with two turns. Upon steady oscillation is estdiid,

the dimensionless displacement of the first and thirdtig. 6 Displacement of liquid slugs and imensionless

liquid slugs become identical, which means thetemperature of the vapor plsign=4)

oscillation is symmetric for the PHP with three turns.
Figure 5(b) shows the dimensionless temperature of the

vapor plugs for the PHP with three turnhe  Table 1. Amplitude and circular

dimensionless temperatures of vapor plugs of odscillatory flow in PHPs

number are identical once steady oscillation is
established. The dimensionless temperature of vapor
plugs of even number are also identical upon steady
oscillation is established but their phase dédfeze with

odd numbered vapor plugs is The amplitude and
circular frequency of oscillation are same as those of
n=1 and 2. Figure 6 shows oscillatory flow in a PHP
with four turns. The time required to establish steady
oscillation for the PHP with four turns is abdit= 0, 1 3
which is longerthan that for PHP with three turns. The
dimensionless displacement of the odd numbered liquid
slugs become identical upon steady oscillation is
established. The dimensionless displacement of the
even numbered liquid slugs are also identical after
U=0. 1igure 5(B) shows the dimensionless
temperature of the vapor plugs for the PHP with four
turns. Similar to the case with three turns, the phase
difference between odd and even numbered vapor plugs
is also . The increase in
to four did not result in any changes in the amplitude
and circular frequency of oscillation.
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