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Abstract

Heat transfer in the evaporator and condenser sections of a pulsating heat pipe (PHP) with open end is modeled by
analyzing thin film evaporation and condensation. The heat transfer solutions are applied to the thermal model of the
pulsating heat pipe and a parametric study was performed. The results show that the heat transfer in a PHP is mainly
due to the exchange of sensible heat. The frequency and amplitude of the oscillation is almost unaffected by surface
tension after steady oscillation has been established. The amplitude of oscillation decreases with decreasing diameter.
The amplitude of oscillation also decreases when the wall temperature of the heating section is decreased, but the
frequency of oscillation is almost unchanged. © 2001 Published by Elsevier Science Ltd.

1. Introduction

The pulsating heat pipe (PHP) is a very effective heat
transfer device [1]. It consists of a relatively long and
thin sealed pipe containing both phases of the working
fluid. The inner diameter of the pipe must be sufficiently
small so that vapor bubbles can grow to vapor plugs in
the tube. The PHP is made from a long capillary tube
bent into many turns and the evaporator and condenser
sections are located at these turns. Compared with the
traditional heat pipe, the unique feature of PHPs is that
there is no wick structure to return the condensate to the
evaporator section, and therefore there is no counter
current flow between the liquid and vapor.

Both experimental and analytical/numerical investi-
gation on PHPs has been carried out by some re-
searchers. The experimental investigations mainly focus
on visualization of flow pattern and measurement of
temperature and effective thermal conductivity. While
most researchers suggest that slug flow is the dominate
flow pattern, Lee et al. [2] reported that oscillation of
bubbles caused by nucleate boiling and vapor oscilla-
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tion, and departure of small bubbles are considered as
the representative flow pattern at the evaporator and
adiabatic section, respectively. Although the accuracy
of the effective thermal conductivities is somewhat
questionable, the available experimental data can
provide some base for verification of the theoretical
model.

Dobson and Harms [3] performed a lumped param-
eter analysis on oscillatory heat pipes. The mathematical
model is given for a heat pipe with an open end, and
they mentioned that it can be applied also to the heat
pipe with a closed end. They assumed that the effect of
surface tension is negligible. They also assumed that
there is no heat transfer between the liquid and its sur-
roundings. The heat transfer coefficients between heated
pipe wall and the vapor was simply assumed.

Hosoda et al. [4] investigated propagation phenom-
ena of vapor plugs in a meandering closed loop heat
transport device (MCL-HTD). They observed a simple
flow pattern, appearing at high liquid volume fractions.
In such a condition, only two vapor plugs exist sep-
arately in adjacent turns, and one of them starts to
shrink when the other starts to grow. A simplified nu-
merical solution is also performed with several major
assumptions including neglecting liquid film which may
exist between the tube wall and a vapor plug. They also
neglected the effect of surface tension. The heat transfer
coefficients were estimated from an empirical equation
for convective flow.
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Nomenclature

Cp specific heat at constant pressure (J/kg K)
Cy specific heat at constant volume (J/kg K)
d diameter of the heat pipe (m)

h heat transfer coefficient (W /m’ K)

k thermal conductivity (W/m K)

K curvature (1/m)

L length (m)

i mass flow rate (kg/s)

P pressure (Pa)

0 heat flow rate (W)

R radius of the heat pipe (m)

r radial coordinate (m)

Re Reynolds number

R, gas constant (J/kg K)

s coordinate in meniscus (m)

t time (s)

T temperature (°C)

|4 volume (m?)

p velocity of liquid plug (m/s)

X axial coordinate (m)

Greek symbols
contact angle
liquid film thickness (m)
coordinate normal to the inner wall (m)
dynamic viscosity (kg/ms)
density (kg/m”’)
surface tension (N/m)
09 normal value of surface tension
(N/m)

AT &R

Subscripts
c condenser

€ evaporator or environment
h heating
1

p

S

liquid
plug
sensible
sat saturation
v vapor
w wall

Wong et al. [5] presented a theoretical modeling of
the PHP. The liquid film between the vapor plug and
the wall is neglected, and the effect of surface tension
was not taken into account. The capillary heat pipe is
modeled under adiabatic conditions and there is no
heat input at any part of the heat pipe. The local heat
input is simulated as a sudden pressure pulse applied
to a vapor plug at the evaporator section. Despite
these over-simplifications, the propagation of pressure
wave in the capillary heat pipe is successfully modeled.
Shafii et al. [6] presented analytical models for both
unlooped and looped PHPs with multiple liquid slugs
and vapor plugs. Heat transfer due to exchange of
sensible heat is also considered in their model and
they concluded that heat transfer in both unlooped
and looped PHPs is mainly due to exchange of sen-
sible heat.

It appears that the existing theoretical model for
PHPs are oversimplified. None of the existing models
considered the effect of surface tension on the pressure
distribution and pulsating in the heat pipe. On the other
hand, none of the existing model correctly addressed the
heat transfer coeflicient between the working fluid (both
liquid and vapor) and the tube wall. In fact, most models
even neglect the existence of the liquid film between
vapor plugs and the tube wall. Thermal analysis of
pulsating heat pipe with open end will be presented in
this paper. The effect of surface tension and heat transfer
in the liquid film will be modeled, and effects of various
geometric and physical parameters on the performance
of pulsating heat pipe will be investigated.

2. Problem statement

A schematic of the pulsating heat pipe with one end
sealed and the other end open is shown in Fig. 1. The
evaporator section of the heat pipe is near the closed
end, and its length is Z,. The condenser section with a
length of L. is near the open end of the heat pipe, and
the adiabatic section with length L, is located between
the evaporator and condenser sections. When the
evaporator is heated, the vapor pressure is increased.
The liquid plug moves toward the open end since the
vapor pressure, p,, is higher than the environment
pressure, p.. As a result, the volume of the vapor slug is
increased and part of the vapor slug is exposed to the
cooled section of the heat pipe, where vapor is con-
densed to liquid. When the rate of condensation exceeds
the rate of evaporation, the vapor pressure will decrease.

L
Lo L | L L.
e Ll
Vapor plug Liquid slug
0 X 'Xl 2R
A
< Xp Ly

Fig. 1. Pulsating heat pipe with open end.
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When the vapor pressure, p,, is decreased to a value
below the environment pressure, p., the liquid plug will
be pushed back to the closed end. At this point, the rate
of evaporation again exceeds the rate of condensation,
which enables the vapor pressure increase and push the
liquid plug to the open end. This process is repeated,
and the oscillation of the liquid plug can be maintained
in this way. As the liquid slug moves toward the open
end of the pulsating heat pipe, the trailing edge of the
liquid plug leaves a thin liquid film on the pipe wall [3].
The evaporation and condensation over this thin liquid
film are the driving forces of pulsation flow in a PHP
with open end.
In order to model heat transfer and pulsating flow in
the heat pipe, the following assumptions are made:
1. The vapor is saturated and there is no temperature
gradient in the vapor region.
2. Heat transport in the thin liquid films is only due to
the conduction in the radial direction.
3. Inertia terms can be neglected for viscous flow in the
liquid films since the Reynolds number is low.
4. Shear stress at the liquid—vapor interface is negligible.
5. The interfacial thermal resistance is negligible
compared with the thermal resistance of the liquid film.

3. Heat transfer in the evaporator section

The physical model of evaporation in the evaporator
section is shown in Fig. 2. The continuity equation in the
coordinate system shown in Fig. 2 is

3 1 Q
= =—— (e — = 1
/o e 2nRp, (ml’ h’fg,c) M

where Q is the rate of heat through a given cross-section
due to phase change and is defined as follows:

sznR/' hh = 1) 4 2)
0 6

The revised latent heat of evaporation is defined as
hi‘g,e = hfg + 0.680p1(Th - Tv) (3)

to account for the contribution of the sensible heat.

For small Reynolds numbers (less than unity), an
assumption of a fully developed laminar liquid velocity
profile is valid.

1 dp

=—— (206 — i?). 4
Tl (2n0 —n*) 4)
Substituting Eq. (4) into Eq. (1), the continuity equation
in the liquid film becomes

_dn_ 3m o _9 (5)
dx 2an153 . h;‘g,e .

Ly L.
<
Vapor plug
e— |
x¢ o | >
(@)
L. L.

o
N
o]

(®)

Fig. 2. Heat transfer models for the evaporator (a) and con-
denser (b).

The pressure in vapor and liquid phases have the fol-
lowing relationship:

pv_M:O—K_pdv (6)
where the curvature is
~3/2
o Fof (o’ /+ 1
T dx? dx R—-96

<o arcan (2] o

and the disjoining pressure is [7]

P = iR, In { (%)] ®

where a = 1.5336 and b = 0.0243.
It is assumed that the pressure in the vapor phase is
constant. By differentiating Eq. (6), we have

d d
— D= (oK —pa). ©)
Combining Egs. (5) and (9), one obtains
d 3w . 0
— (oK — pg) = n——|. 10
&K TP = <m" T (10)
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The boundary conditions of Eq. (10) are:

gzo, x=0, (10a)
&0 [, x, <L

=4 R =0, 10b
d? { 0. x>l (10)
5:50, .)C:Ll7 (IOC)
g:tana, x=1L, (10d)

where 0y is the non-evaporating film thickness calculated
by Khrustalev and Faghri [8]

sat (Th) — v/ Tn/ Ty K
50:3.3{lexp [p (7o) = w/hto
a

legTh

+1In (p:(VTh) %)] }Ub (11)

and ¢, in Eq. (10b) is the liquid film thickness at x = 0.

The liquid film thickness can be found from the nu-
merical solution of Eq. (10). However, a simple method
is proposed here. Assuming the liquid film thickness can
be expressed as

5= Cy+ Cix + Cox* + Csx® + Cax*. (12)

Substituting Eq. (10a)-(10d) into Eq. (12), the coef-
ficients in Eq. (12) are found to be

Co = Oy, (lza)
C; =0, (12b)
1
Cy = { M xp < Lp, (12¢)
07 Xp > Lh7
4(85g — Oy) — 2C,L% + L te
G = (50 51) fz 1+ 1tdIlOC’ (12d)
Ll
_ -5 2 _
C4 _ 3((30 blr) +Lf2Ll L1 tan o ) (126)
1

Integrating Eq. (10) in the interval of (0,L,), an equation
about ¢, is obtained

511' (50_511')
R,T,bIn [ 2 __ 90— %)
Pifs b“(éo)”(R—éo)(R—éu)

6L, tano — 12(5p — dy)
_ iz
T

3y / b 0 i
= 3 in . 1
27Rp; Jo & " h;‘g‘e 13

The mass flow rate of liquid at x = 0 is determined by an
overall energy balance

Myjn = o (14)

fg.e

x=Ly

Eq. (13) can be solved for the liquid film thickness at
the transition point, J,. As soon as the liquid
film thickness at the transition point is obtained, the
liquid film thickness is calculated by Eq. (14). The
total heat transfer amount for the entire thin film is
then

L]l

Q.1 = 2nRk(T, — T,) 5 dx. (15)
0

For the case of x, > Ly, Q. is all of the heat added to the
evaporator section due to evaporation. When x, < Ly,
evaporation at the meniscus must be calculated. The
thickness beyond transition point is calculated by
Khrustalev and Faghri [9]

8 =03y — (R—0y) +\/(R—0y)* + 5% (16)

The heat transfer in the meniscus region is then

R—0y 1

Qe = 2nRky(T;, — Tv)/ 3 ds (17)
0

and the total evaporative heat transfer for the evap-

orator is

Qevp = Qel + Qe2~ (18)

4. Heat transfer in the condenser section

The analytical solution of complete condensation by
Begg et al. [10] indicates that there is a point in the tube
where the liquid film thickness is at its minimum. Be-
yond that point, the liquid film thickness increases
sharply and the tube is blocked by liquid quickly. It is
assumed therefore, that the liquid film in the condenser
section is divided into two regions: a thin film region and
a meniscus region (see Fig. 2(b)). These two regions are
separated by a transition point, x = x,, and the curva-
ture of the liquid film in the meniscus region is assumed
to be constant.

Neglecting disjoining pressure, the liquid film thick-
ness in the thin film region of the condenser section
satisfies

ohty.pr d [ 5dK 51
— — |0 — | =k(T, - T. < ds, 1
e dx{ dx] bt~ 1) [ s (19)
where
h’f&C = hgg + 0.68cp1(TV —T). (20)

Since the variation of the liquid film thickness in the
condenser section is very small [10], the curvature of the
liquid film is expressed as

Cd 1
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Substituting Eq. (21) into Eq. (19), one can obtain

—thgpl 5 @ + 71 @
31 dv* (R - 5)2 dx

= k(T, - T.) /Séds. (22)

0

The boundary conditions of Eq. (22) are:

gzo, x=0, (22a)
gzm x=0, (22b)
g:o, x =L, (22¢)
ng_lé", x =L (22d)

Assuming the liquid film thickness can be expressed as
5 = CO + Cl(x — L2) + CQ(X — L2)2 + C}(X — L2)3
+ Cy(x — Ly)*. (23)

Substituting Eqgs. (22a)—(22d) into Eq. (22), the liquid
film thickness is

B 1 1 2 3
0= 0 +R— 5 {z(x L,) +3L2 (x = Ly)
1 4
a1 (24)

At point x = L,, Eq. (22) must be exactly satisfied

ohipy |p(do, 1 do
|\ @ wk—ordr )|,

Ly

—h(r-T) [ ds (25)
0

Substituting Eq. (24) into Eq. (25), an equation of
transition thickness is obtained

ahgpy 53 B /L3 1
3 |R=on =k(T, - T.) | 5ds. (26)

Eq. (26) can be solved for liquid film thickness at the
transition point, d,.. As soon as the liquid film thickness
at the transition point is obtained, the liquid film
thickness is calculated by Eq. (24). The total heat
transfer for the entire thin film is then
Ly 1

Q.1 = 27Rk(T, — T¢) 3 dx. (27)
0

The liquid film thickness beyond transition point is

calculated by

0 =0y — (R—0y) +\/(R—dy)* + 5. (28)

The heat transfer amount in the meniscus region is then

R—0¢ 1

ch = ZﬂRkl(Tv - TC)/ S ds (29)
0

and the total condensation heat transfer amount for the

condenser is

Qcond = ch + Qc2~ (30)

5. Vapor plug and liquid slug

The mass of the vapor plug increases due to evap-
oration at the evaporator section, and it decreases due to
condensation at the condenser section. The continuity
equation for the vapor is expressed as

dmv _ Qevp _ Qcond
dr hy hy

fg.e fg.c

(31)

The energy balance for the vapor phase is

d(myey Ty) _ dm, , dx,
T = d[ C'p"vT 7pv7TR $ . (32)
Eq. (32) can be rewritten as
d7, dm, 5 dx,
MyCy v o d R,T — pymR a (33)

The vapor pressure is determined using ideal gas law
pvxpﬂtR2 = myR,T,. (34)

The momentum equation for the liquid plug is written
for the entire liquid plug, both in the heat pipe and in the
surroundings.

du o
mpld_tp = (Pv —m —pe) nR? — 27IR[(L —xp)‘[p +Lefe].
(35)

The effect of surface tension on the motion of the liquid
plug has been included in the momentum equation. The
shear stresses, 7, and 7., can be calculated by using friction
coefficients recommended by Dobson and Harms [3].

The evaporation and condensation heat transfer
modeled in the preceding sections accounted for heat
transfer from the evaporator to the condenser due to
phase change. Another mechanism of heat transfer that
needs to be considered is that due to sensible heat ex-
change between the liquid slug and the tube wall. When
part of the liquid slug is located in the evaporator sec-
tion, heat is added to the liquid slug in the form of
sensible heat. When the liquid slug is moved to the
condenser section, the sensible heat absorbed at the
heating section is transferred to the wall of the con-
denser section. Since the liquid slug oscillates in the heat
pipe at a very high frequency, the contribution of sen-
sible heat is expected to be very important.



760 Y. Zhang, A. Faghri | International Journal of Heat and Mass Transfer 45 (2002) 755-764

Since the liquid slug is assumed to be incompressible,
the entire liquid slug oscillates with the same velocity, vp.
The temperature distribution in the liquid slug can be
obtained by analyzing heat transfer in the liquid slug.
On the moving coordinate system, x;, that rides on the
liquid slug, the problem can be described by the fol-
lowing equation:

0Tim O Tim | 4hs

picpi—, - =k +7(TW = Tim), (36)

a o
where T, is the wall temperature of the tube. It is equal
to heating section temperature, 7, for the portion of
liquid located in the heating section. For the portion of
liquid located in the cooling section, the wall tempera-
ture is equal to the cooling section temperature, 7.

The initial and boundary conditions of Eq. (36) are

Tm=T., t=0, 0<x <L, (37)
T = Toat, x1= 07 (38)
Tim = T;:? x; = Le. (39)

The liquid slug velocity, v,, is not a constant, and
therefore the Reynolds number of the liquid slug varies
in a wide range that covers laminar, transition, and
turbulent flow. The heat transfer coefficient in the lam-
inar regime is obtained by using analytical solution [11].
The heat transfer coefficients in transition and turbulent
regime are obtained by using empirical correlations in
the literature [6].

The heat transferred into the liquid slug due to single
phase convection is

= foLh_xP ndhe(Th — Tim)dxi,  xp < Ln, 40
th {()7 Xp > Lh~ ( )

The heat transferred from the liquid slug to the tube wall is
Le

0x :/ (T — To) d. (a1
0

The FORTRAN code has been written based on the
above model. The code include four major parts: (1) lig-
uid slug and vapor plug motion, (2) evaporation, (3)
condensation, and sensible heat transfer in the liquid slug.
An explicit finite difference scheme was employed to solve
the governing equations of the vapor plug and the liquid
slug. An implicit scheme with non-uniform grid [12] was
employed to solve transient heat transfer in the liquid
slug. The time step independent solution of the problem
can be obtained when time step is 0.0001 s, which is then
used in all numerical simulations in this paper.

6. Results and discussion

The present model is used to simulate the pulsating
heat pipe with the following parameters: L, = 0.15 m,

L,=0,L,=02 m, T, = 120 °C, and 7, = 20 °C. The
variations of liquid slug location, x,,, vapor pressure, py,
and the vapor temperature, 7,, with time are shown in
Fig. 3. It can be seen that the oscillating vapor pressure
due to thin film evaporation and condensation makes
the operation of pulsating heat pipe possible. Steady
oscillation is established after # = 0.5 s. The variation of
average mean temperature of the liquid slug is shown in
Fig. 4. It can be seen that steady oscillation of average
mean temperature is not established until £ = 5 s, which
is much longer that the time to achieve steady oscillation
of PHP.

The heat transfer due to latent heat and sensible heat
is shown in Fig. 5. It can be seen that the contribution of
sensible heat on the total heat transfer amount is sig-
nificantly larger that of latent heat. The average heat

0.2 T T T T T T T T T

Eous 1
0

L L L L L s s ! L
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1

x10
15 T T T T T T T

T :

[} 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9 1
120 T T T T T T T

__100F b

s

= 8o

.
) o1 02 03 04 05 06 07 08 09 1
t(s)

pv(Pa)

Fig. 3. Slug location, vapor pressure and temperature by
present model.

45 T T T T T T T T T

Tem(°C)

251

b

20 .
[ 1 2 3 4

L L
6 7 8 9 10

5
t(s)

Fig. 4. Average mean temperature of liquid slug.
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0.2 T T T T T T T T T

Eois
£

o

8 o = v w s o o
¢ Z ¢

Qevp Qeond

Ques Qos
3

0
95 . . . 9.7

t(s)

Fig. 5. Contribution of latent and sensible heat on heat transfer
in PHPs.

transferred due to evaporation and condensation for one
period of the heat pipe operation is 1.11 W. The average
sensible heat transfer for the same time period is 18.05
W, which represents an overall contribution of 90% (see
Table 1). It can be concluded that heat transfer in a PHP
is mainly due to the exchange of sensible heat. The role
of the evaporation and condensation on the operation of
PHPs is mainly on oscillation of liquid slug and the
contribution of latent heat on the overall heat transfer is
not significant. The effect of sensible heat on film evap-
oration and condensation are considered by using re-
vised latent heat defined in Egs. (3) and (20). Fig. 6
shows the effect of sensible heat correction on the per-
formance of PHP with one open end. It can be seen that
the sensible heat correction has very little effect on the
overall performance.

Another improvement of the present model is that
the effect of surface tension on the momentum balance
of liquid is taken into account by considering the ca-
pillary pressure —g/(R — d;) as indicated in Eq. (35).
Fig. 7 shows the effect of capillary pressure on the lo-
cation of the liquid slug, vapor pressure and vapor
temperature of the pulsating heat pipe. It is clearly seen

that the effect of capillary pressure on the performance
of the pulsating heat pipe is negligible. On the other
hand, the surface tension is very important for the thin
film thickness in both the evaporator and condenser
sections. The effect of surface tension on the perfor-
mance of the pulsating heat pipe is shown in Fig. 8. In
addition to the results for the surface tension at its
normal value, o(, the results with doubled and halved
surface tension are also shown in Fig. 8 for purpose of
comparison. It can be seen from Fig. 8(a) that the curves
of x, shifted to the right with decreased surface tension
and to the left with increased surface tension. However,
the frequency and amplitude of the oscillation is almost
the same after steady oscillation is established. Fig. 8(b)
shows the effect of surface tension on vapor pressure. It
is seen that the vapor pressure slightly decreases with
increasing surface tension. The effect of surface tension
on the vapor temperature is shown in Fig. 8(c). It can be
seen that the vapor temperature decreases with increas-
ing surface tension. Fig. 9 shows the liquid plug loca-
tion, vapor pressure and temperature for the PHP with
an initial liquid plug location of x, = 0.1 m. It is seen
that pulsating flow can be established when the liquid
slug is initially located in the evaporator section. The
frequency and amplitude of oscillation for x,0 = 0.1 m is
same as that for xp = 0.15 m. The phase differences of
oscillation for x,0 = 0.1 m and x, = 0.15 m is about .

The effect of diameter on performance of PHPs is
shown in Fig. 10. It can be seen that the curves of x,, p,
and T, shifted to left with decreasing pipe diameter. In
addition, the amplitude of oscillation decreases with
decreasing diameter. The effect of pipe diameter, how-
ever on the frequency of oscillation is insignificant. The
effect of the diameter on vapor pressure is shown in Fig.
10(b). The amplitude of the pressure curve decreases
with decreasing diameter. The amplitude of the tem-
perature oscillation is increased with decreasing tube
diameter.

The effect of evaporator section temperature on the
performance is shown in Fig. 11. It can be seen that
steady oscillation can be established and maintained
when the wall temperature of heating section is de-
creased to 110 °C. The amplitudes of oscillation for

Table 1

Total heat transport rate and contribution of latent and sensible heat transfer
Cases Latent —a/(R — ) o d Ty Oewp Ohs [} Ons/ 0

heat in Eq. (34) (N/m) (mm) (°C) W) (W) W) (%)

1 It Yes ao 3.34 120 1.11 18.05 19.16 94.2
2 hig Yes ay 3.34 120 1.14 18.83 19.97 94.3
3 It No ay 3.34 120 1.11 12.18 13.30 94.3
4 hi, Yes 20, 3.34 120 1.23 19.71 20.93 94.1
5 hi, Yes ao/2 3.34 120 1.01 16.55 17.56 94.3
6 hi, Yes ay 3.34 110 0.97 14.05 15.02 93.6
7 I Yes ao 1.67 120 0.47 6.13 6.60 92.9
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0.25 T T T T T T T

T T

— — — with sensible heat correction
0.2 ——— without sensible heat correction -

p.(Pa)

pv(Pa)

05 L L ' n L L L L L

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9 1

120 T T
?100 r
=
= 8ol
60 L L L L s L L L L
0 0.1 0.2 03 0.4 0.6 07 08 09 1

05
t(s)

Fig. 6. Effect of sensible heat correction on PHP performance.

0.25 T T T T —r—

+ + + without —a/(R — 6e)
with —c/(R—6s)

E L
£
0.16 &

0.1 L L L L L s L L L
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

x10°

60 . . . . . . . . .
05 06 07 08 09 1
t(s)

Fig. 7. Effect of the capillary pressure in liquid momentum
equation on performance of PHP.

0 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 0.9 1

Fig. 8. Effect of surface tension on PHP performance.

05
t(s)

Fig. 9. Effect of initial slug location on PHP performance.

liquid plug location, vapor pressure, and vapor tem-
perature are decreased when the evaporator section
temperature is decreased. The frequency of oscillation,
however is almost not changed after steady oscillation
has been established. Fig. 12 shows the effect of the
evaporator length on PHP performance. The length of
the evaporator section is increased to 0.2 m, but the
initial plug location remains at x, = 0.15 m. It can be
seen from Fig. 12(a) that the steady oscillation is es-
tablished after + = 0.5 s. Compared with the results of
xp0 = 0.15 m, the average value and amplitude of the
oscillation of x, is increased since the volume of the
vapor is larger.

The total heat transport rate of a PHP with open end,
O, which includes the contribution of both latent and
sensible heat, is a very important parameter for a PHP.
For the cases investigated in the parametric study, the
total heat transport rate as well as the contribution of
latent and sensible heat transfer are listed in Table 1.

T
-——d =3.34mm
o2t ——d=167Tmm

0.6
t(s)

Fig. 10. Effect of diameter on PHP performance.
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0.25 T T T T T T T T T

Ty=110°C
02} - Ty=120C |

Fig. 11. Effect of evaporator temperature on PHP per-
formance.

The evaporative and sensible heat transfer rate listed in
Table 1 are the average heat transfer for one period after
steady oscillation is established. The maximum differ-
ence between average condensation heat transfer rate,
QOcond>» Which are not listed in Table 1, and the average
evaporative heat transfer rate, Qp, is less than 2%. The
average heat transfer rate to the condenser section due
to sensible heat, Q.;, and that from the evaporator
section, O, agreed very well (maximum difference less
than 1%) which means that the PHP is operated at a
steady oscillation condition.

It can be seen from Table 1 that, for most cases,
the contribution of sensible heat on the total heat
transport rate is over 90%, which is significantly larger
that of latent heat for all cases investigated. The total
heat transport rate, O, is increased by 10% if the
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Fig. 12. Effect of heating section length on PHP performance
(Ly = 0.2 m, x5 = 0.15 m).

latent heat is not corrected by Egs. (3) and (20). The
effect of capillary pressure term —qg/(R — dy,) in Eq.
(35) on the overall heat transfer rate is negligible. The
overall heat transport rate increases with increas-
ing surface tension. The overall heat transfer rate is
decreased with decreasing the evaporator section
temperature. When the diameter of the PHP is re-
duced by half, the overall heat transfer decreased from
19.16 W all the way to 6.60 W since both cross-sec-
tional area and the area for heat transfer is signifi-
cantly reduced.

7. Conclusion

Heat transfer models in the evaporator and con-
denser sections of a pulsating heat pipe with one open
end are developed by analyzing thin film evaporation
and condensation. Heat transfer in a PHP is due mainly
to the exchange of sensible heat. The role of evaporation
and condensation on the operation of PHPs is mainly on
the oscillation of liquid slugs and the contribution of
latent heat on the overall heat transfer is not significant.
The effect of capillary pressure on the momentum
equation of liquid slug is studied and the results show
that its effect is negligible. The frequency and amplitude
of the oscillation is almost unaffected by surface tension
after steady oscillation has been established. The am-
plitude of oscillation is decreased with decrease of di-
ameter of the pulsating heat pipe. The amplitude of
oscillation is decreased when the wall temperature of the
heating section is decreased, but the frequency of oscil-
lation is almost unchanged.
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