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Abstract—The entrainment phenomenon in two-phase parallel flow has been studied from the standpoint
of wave instability theories, which are related to the exponential growth of unstable waves caused by
viscous interaction between the two parallel flowing fluids. Instability theories related to the Kelvin—
Helmbholtz and the Orr-Sommerfeld problems were reviewed and applied to predict the critical air/vapor
velocity at the onset of entrainment from a capillary structure. To compare the theoretical criteria with the
experimental results, entrainment observed in both air—water and steam—water situations were characterized
and classified into three major categories. As results of these comparisons, a modified theoretical criterion
based on the results of Miles was developed and used to investigate the effect of liquid depth on the critical
air/vapor velocity or corresponding Weber number for the given temperatures, and general trends of the
various criteria were examined as a function of vapor temperature.

INTRODUCTION

IN MosT operating thermosyphons and heat pipes, the
liquid flows in the opposite direction to the vapor
flow. At high thermal powers, the viscous shear forces
occurring at the liquid/vapor interface may inhibit the
return of liquid to the evaporator. As a result of the
interaction between the counterflowing liquid and
vapor, the liquid flow on the interface becomes stag-
nant or concurrent with the high velocity vapor flow.
Subsequently, capillary waves arise on the liquid
surface, and their amplitude may grow with increases
in vapor velocity.

With further increases in the vapor velocity, the
interfacial shear force may become sufficient to over-
come the liquid surface-tension force and to cause
liquid droplets to be stripped or torn off the wavy
liquid/vapor interface and entrained into the vapor
flow [1]. This entrainment of liquid droplets leads to
the partial or total stoppage of liquid flow or dry-out
and limits the axial heat transport, which is referred
to as the entrainment limit [2, 3].

To predict the critical air/vapor velocity at the onset
of entrainment from the wicked interface, Cotter [4]
first introduced the instability concept for operating
heat pipes, but this approach has not been well recog-
nized. The entrainment phenomenon in two-phase
parallel flow has been studied from the standpoint
of wave instability theories, which are related to the
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exponential growth of unstable waves caused by vis-
cous interaction between the two parallel flowing
fluids. In reality, the physical mechanisms for entrain-
ment and unstable wave generation are slightly differ-
ent, but the wave instability theories can be regarded
as a lower bound for the prediction of entrainment
onset air/vapor velocity since entrainment is a
subsequent phenomenon to the onset of unstable
waves.

The problem of wave instability was first inves-
tigated by Lord Kelvin [5], who was motivated to
predict the critical wind speed corresponding to the
generation of unstable water waves. It is sometimes
called inviscid Kelvin—Helmholtz (K-H) instability
since it is restricted to two-dimensional motion of
two inviscid parallel fluids with infinite vertical extent.
Hence, it does not agree with actual flow situations
associated with a wavy interface subjected to turbulent
shear flow. Thus, the theoretically predicted critical
air/vapor velocity for the onset of unstable waves is
significantly higher than the corresponding exper-
imental observations [6-9].

In 1925, Jeffreys introduced the ‘sheltering hypoth-
esis’ to explain the disagreement between K—H analy-
sis and experimental results and developed a viscous
K—-H instability including a viscous term for the lighter
fluid, which shows good agreement with experimental
observations.

In addition, Lamb [10] investigated the effects of
depth (in feet) as well as viscosity on the maintenance
of waves, and claimed that the possibility of pro-
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a  constant

A, vapor cross-sectional area [m?]

¢ wave phase speed [m s ']

C, sheltering coeflicient

¢,  specific heat of the coolant [kJ kg 'K ]

d,  wire spacing [m]

d, thickness of the wick [m]

D differential operator, d/0z

dn  element of the outward normal

dS surface area of the liquid element [m?]

dV  volume of the liquid element [m’]

£ disturbance function

F  equation of eigenvalues

Fr  Froude number

h liquid film thickness [m]

[ direction cosine in x direction

m  direction cosine in y direction

m  coolant mass flow rate [kg s ']

n  direction cosine in z direction

N, viscosity number or Taylor number

P,  pressure of the ith component of fluids
[Pa]

P basic solution of pressure distribution
[Pa]

P;  pressure of the ith component of fluids
in the basic flow [Pa]

P; fluctuation of pressure in the ith
component of fluid [Pa]

P, dimensionless static pressure

q.. entrainment limit [W)

r radius of curvature on the interface in
equations (6) and (7) [m]

r differential operator, Laplacian V2 in
equations (16) and (17)

Re Reynolds number

s growth rate of waves

T  temperature of fluids (K)

u, velocity vector of the ith component of
fluids f[m's ']

u;  perturbation velocity vector of the ith
component of fluids [m s ']

NOMENCLATURE

U, vector of the ith component of fluids in
the basic flow [m s~']

U,. eritical air/vapor velocity [m s}

4;  velocity function in equation (8) for the
ith component of fluids in x direction
[ms~]

U, liquid surface velocity [m s™']

v velocity component in y direction
[ms™']

w  velocity component in z direction
[ms~']

W, velocity function in equation (8) for the
ith component of fluids in z direction
[ms™']

We Weber number.

Greek symbols

«  wave number in the x direction [m ']
harmonic mean of o and f [m™']
wave number in the y direction [m™']
arbitrary disturbance in the z direction
[m]
zx component of rotation tensor [s ']
wave length [m]
critical wave length [m]
viscosity of fluids [Pa s]
kinematic viscosity of fluids [m?s ']
yz component of rotation tensor [s ']
velocity potential of the liquid flow
total viscous dissipation rate [J s ']
fluctuation in the liquid stream function.
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Subscripts
c critical values at the onset of instability
or entrainment
ith component of fluids
liquid
vapor
derivative with respect to time.

~ g

gressive waves is limited to the case of a uniform depth
that exceeds half of the wave length. Lamb’s work
was extended by Jeffreys [11] and Bondi [12] to cover
the case when the liquid is comparatively shallow (in
centimeters).

The stability problem for a thin film of liquid having
a linear velocity profile and bounded by a fixed wall
and a free surface was first investigated by Feldman
[13], who solved two Orr--Sommerfeld equations for
both liquid film and vapor flow having linear profiles.
However, results of the theoretical prediction showed
that the minimum value of the critical Reynolds num-
ber corresponding to instability of the liquid film was

significantly larger than that observed in experiments.
This problem was modified by Miles [14] and solved
asymptotically for large values of film Reynolds num-
ber in accordance with Heisenberg's criterion that
neutral disturbances having a finite wave number and
phase velocity for Re, = o are necessarily unstable as
Re, — 0.

The major objectives of the present study are first
to review important assumptions, basic equations and
boundary conditions incorporated in the derivation
of theoretical criteria and second, to compare the
theoretical results with those from both air-water and
steam—water experiments.
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viscous O-S instability [14].
BACKGROUND AND PREVIOUS STUDIES Vou,=90 2)
For convenience, wave instability theories of inter- , , 1,

est here can be classified into two types, Kelvin— w, + UV = — ;VP i A
Helmholtz (K-H) and Orr-Sommerfeld (O-S). These ) )
two types are both closely related to the entrainment ~From equation (2) and (3), we can obtain
modes observed in air-water and steam—water exper- AP =0 @)

iments.

K-H type instability

The ideal case of inviscid K—H type instability will
be discussed first. Initially, the interface between the
two phases can be assumed to be a flat horizontal
plane at z = 0, as illustrated in Fig. 1(a). The liquid
and vapor phases are moving in the x direction with
free-stream velocities U, and U, with respect to the
undisturbed interface. The analysis is restricted to
two-dimensional arbitrary disturbances {(x, t) and to
incompressible and inviscid fluids with infinite vertical
extents. With these assumptions, the basic equations
for the subsequent fluid motion in the two fluids
(i =1, 2, for liquid and vapor, respectively) are two-
dimensional forms of the Navier-Stokes equations,
from which a perturbation equation can be derived
by letting

u=U+u, P,=P+P (1

P;(i = 1)andu; (/ = 1,2) vanish as z goes to + o and

D
w; —C at

=D z=0. (5)

In addition, the force balance normal to the interface
becomes the Young—Laplace equation since the per-
turbation velocity normal to the interface is usually
small, and hence the contribution to the cor-
responding force -momentum equation is negligible.

P—P, =a<i+i>. (6)

" r
From the geometry of the interface,

1__@uexh 1 )
no [1+@/0x)?

Following the usual procedure of linear stability
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analysis, perturbation quantities such as velocities and
pressures are determined by defining them as

— (12,'(2), W,(Z)) eiax+.vr P = P‘(Z)eiax+x1
C: Aein_ﬂt. (8)

Substituting equation (8) into equations (4) and (5)
and using the given boundary conditions, an eig-
envalue relation for s in terms of « can be obtained by
eliminating 4.

s =

Uv)2 - [Ga3 + (pl
pl+pv

—p)gal(pi+p)}'?

o {azpipv(Ul -

_ ia(pl Ul + Pv Lrv)

9
ﬁl+pv ( )

For this case, s should have a non-zero real term to
satisfy the condition for an unstable interface whose
amplitude for the perturbation will grow with time,
ie.

Ui—U,| > ([UOH'(PW
1= Yy

pv)g/a](p1+pv))“2_ (10)
P1Pv

The right side of this inequality has a minimum value
at a critical wave number that is equal to

B ((px—pv)g>”2
ot =—
a

As a result, the interface will be unstable when
|U,— U,| is greater than U, derived from the right side
of equation (4) using the value o« given in equation

).
U - (2(p1 +m)>”2 (ff(px—pv)g)""‘
ve o ps

(1n

(12)

The critical wave length corresponding to the critical
wave number is obtained from the relation, 4, = 2x/e,.
By assuming ¢ =0 and p, > p, in equation (10),
Cotter [4] presented a different critical air/vapor vel-
ocity using equation (13) for the case of very short
waves, whose wave length was nearly equal to the wire
spacings of the capillary-wick, i.e.

Pl 1/2
Ao =2m
((m—m))
2no\'"?
U. =
Y \pve

Equation (14) was experimentally verified using an
air—water test channel by Matveev ez al. [15] and Kim
et al. [16].

As noted earlier, the theoretical critical air/vapor
velocity obtained from equation (12) is significantly
larger than those observed in experimental inves-
tigations. To better predict the critical air/vapor
velocity, Jeffreys [7] developed a modified K—H insta-

(13)
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bility theory by introducing the ‘sheltering hypoth-
esis’, which explains the effect of the velocity dis-
continuity due to vortices induced by boundary-layer
separation in the leeward direction of the liquid waves
[6, 8]. The regions sheltered from the main vapor
stream are contained within swirling eddies, which
cause enhanced vertical momentum and mass
transfer.

For viscous motion of the liquid flow, a viscous
dissipation term is included in the momentum per-
turbation equation given in equation (3).

w,+U-Vu' = — %VP’+v,Au’. (15)
1
Using the same procedure used for the inviscid K-H
analysis and assuming no tangential reaction on the
interface, a complementary equation in terms of { can
be obtained from the normal pressure balance at z = 0
as

0 g ’ -
[(at-Q-Ula +2wr? > +cr —C U <6—r>:l(: 0

(16)
where r is a differential operator,
o’ 62
o o
and
pc’ = %(pl—pv)+ar. (17)

The last term in equation (16) was introduced accord-
ing to the sheltering hypothesis and represents the
pressure exerted by air/vapor flow on the ascending
side of the wave. If { oc €@+ #*< then equation (16)
becomes

[(s+2va*)* 4 c*a* — Ule®)L

(18)

G 0
+ <2U1(s+2vl<i2) p”” U“)—C =0

Ox

where & = («*+ %" By neglecting the terms,
(s+v@)? and v@?, Jeffreys [7] obtained an eigenvalue
relation, F(s,a, §) = 0, by letting both coefficients for
{ and 0{/0x be zero. If the surface tension term in the
right-hand side of equation (17) is neglected for small
wave numbers, the unstable condition for the positive
s leads to an instability criterion in terms of the relative
air/vapor velocity, U, to the liquid as

27"1.‘] PPy Pv

Uz
Cs Pi

19)
Asindicated in equation (17), the surface tension term
is no longer negligible for the case of increased wave
number, which is observed in the finite depth of water
subjected to air/vapor blowing.

Jeffreys [11] extended the viscous theory applied to
the two infinite fluids to the case of uniform and finite
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depth k. For irrotational liquid flow, a velocity poten-
tial is obtained from Laplace’s equation.

(D*—r)$ =0
¢ = Ux+ Ae™ + Be™.

(20)
@n

Constants A and B are determined in terms of { by a
kinematic condition at the surface z = 0 and no slip

boundary condition at the bottom z = —#4, i.e.
o D¢
w—g—r(A—B) =Dy (22)

e "4—e"B=0. 23)

From these equations, the velocity potential in equa-
tion (21) can be obtained as

sa cosh&(z+h)

~ & sinh(ch) @4

sin (st —ax) cos ().
Using this velocity potential for liquid flow, a com-
plete calculation of the total viscous dissipation rate,
®, was presented by Bondi [12] according to the for-
mula given in Lamb [10].

2
O =4y ”J(ézwzﬂz)dVﬂh ”Q%;LdS

I m n
—4u1JJu v w|dS (25)
&n g

where /, m and n are direction cosines of the normal
to the surface and &, n and ¢ are rotation vectors.
The contribution of the last integral is negligible since
u = v = w = 0 at the bottom and vorticity is small on
the liquid surface. The second integral was calculated
by Jeffreys [11] as w@s’a® coth&h and the first
integral was obtained by Bondi [12] as ps’a’
J(0.55v)/(4sinh>ah).

In addition, the mean value of the pressure work
by the air/vapor was determined by Jeffreys [11] as
C.p(U,—¢)*saa?/4, where U, — c is the velocity of the
air/vapor flow relative to the crests and C; is the shel-
tering coefficient. Hence the wave will grow if the
pressure work done on the liquid is larger than the
energy dissipated given in equation (25). The criterion
for surface instability was proposed by Bondi [12] as

3 C,p (U, —¢)’saa’ = wis a’ coth @h

ps’a’
4 sinh? &h

L /(0.5sv)

where ¢ is obtained from equation (18), as

(26)

alc? = 5% = (;,”‘p”v F o )atanhah 27
1

P

If & is maintained constant, then equation (26) is more
likely to be satisfied as ¢ decreases or « increases. The
most unstable waves are two-dimensional and their
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wave number, «, approaches & according to Squire’s
theorem [17]. Thus equations (26) and (27) become

U ot 4pic [ o +\/ e 1 .
v T Copy | tanhak 2 J4sinh?® ah
(28)
1
e :< Sgh TPy >tanhah (29)
o 4} Pl

O-S type instability

An approximate determination of the instability
criterion for thin film flow was investigated for larger
values of Reynolds numbers in accordance with Hei-
senberg’s criterion that neutral disturbances having a
finite wave number and phase velocity for Re, = o
are necessarily unstable as Re; — oo [14]. The thin film
of liquid flow is assumed to be incompressible, two-
dimensional and laminar, and to be bounded below by
a wall and subjected to a parallel flow of less dense
fluid. Also, Miles [14] claimed, based upon exper-
imental data [18], that the most significant role of
the lighter fluid is to produce the mean shear flow
illustrated in Fig. 1(b) provided the density ratio to
the heavier liquid is very small and the kinematic
viscosity ratio is large. As a result, turbulent fluc-
tuations in the lighter fluid may not significantly
change the wave formation at the interface.

If the governing equations, equations (2) and (15),
are non-dimensionalized using reference quantities, 4,
U, and p, U}, the equilibrium flow shown in Fig. 1(b)
can be specified by dimensionless variables as

Uz)=z P=Py 1=1,=Re! (30)

where P, is dimensionless static pressure. This equi-
librium flow is superimposed onto small disturbances
expressed as

E(x, 1) = %7, 31

The perturbation velocity components in equation
(15) are defined by a perturbation stream function as

W(x,z,0) = P(2) E(x, 1) (32)
W=—y.,=—(DPE v =y, =iapE (33a,b).

Also, the displacement of any stream line (in par-
ticular the free interface or interface at z = 1) is given
by

¥ = (U—o).

Substituting equation (33a,b) into the governing
equations (2) and (15), the Orr—Sommerfeld equation
and perturbation pressure and shear stress can be
obtained from Lin [19] as

(U—c)(D*¢p—o’ )
= (iaRe) ™' (D*¢— 202D +o* )

(34

(3%
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P = [(Ul—c)m»— 2 ?
— (lxRe)) " (D*¢— ozzqub)} E (36)

T = Rey (u,+v,) = —Rel " (D?p+a’P)E. (37)

There are four boundary conditions. Two of them are
no-slip conditions at z = 0 and the others are the result
of a normal pressure balance and a no-shear-stress
condition at the interface, z = 1.

W=v=0 atz=0 (38a,b)
— P +2Re v, = (1/We) .~ (1/F{ ©=0
atz=1 (38¢c,d)

where We, and Fr represent the Weber and Froud
number for the liquid. Substituting equation (33a, b),
(34), (36) and (37) into equation (38a, b, c, d), yields

¢=D¢p=0 atz=0 (39a,b)
@ = (1—c)Dp—¢—(iaRe) (D’ ¢ — 30> Do)

o? 1 i B
_<V_VE+E)(1_C) =0 atz=1 (3%)

D p+aldp =0 atz=1. (39d)

Four linearly independent solutions to equation
(35) were obtained by Feldman [13]. Substituting the
asymptotic solution proposed by Lin [20] into equa-
tions (39a)-(39d), an eigenvalue relation can be
obtained. In the case of Re, = o0, the relation leads to

2

ISR AL A U
acotha(l—c)* —(1—c¢) <We|+Fr>—0' (40)

The roots, ¢, of equation (40) are obtained as

ol < 1+ {1+4[(«?/We,) + (1/Fr)]acoth a})

2occotha
41)

The flow is stable if 0 < ¢y < 1, which implies there
can be no energy transfer between an inviscid shear
flow and a traveling wave disturbance [23]. These
roots correspond to the positive radical in (0, 1) if and
only if

2

J) = weotha— 1 — 2 2 <.

We] Fr (42)

By examining f(«), Miles [14] found that We, < 3isa
sufficient condition for stability as Re, goes to infinity.

DESCRIPTION OF EXPERIMENT

Two different experiments have been conducted;
air-water [16] and the present steam—water exper-
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iment using the heat pipe in Fig. 2. For the air—water
experiment, the critical air velocity at the onset of
entrainment was measured by a laser diffraction par-
ticle sizer, which is devised to detect water droplets in
the air stream. Because it is very difficult to directly
measure corresponding vapor velocity in the steam—
water experiment, the critical vapor velocity was
indirectly calculated using an energy balance equation
(21],

U Gec

ve = 43
vavhfg ( )

where g.. is the heat transfer rate (W) at the onset of
entrainment, and A4, and hg, are the vapor cross-
sectional area (m?) and latent heat of vaporization (J
kg™"), respectively. The uncertainty in the estimation
of the critical velocity may be regarded as that
involved in entrainment limit measurements, which
will be discussed in equation (44). In the present
steam—water experiments, the heat pipe was placed on
a horizontal plane and entrainment limit measure-
ments were performed without tilting.

Steam—water experiment

The heat pipe used in the current investigation was
constructed from copper tubes and a rectangular cop-
per duct as shown in Fig. 2. The entire length of the
heat pipe was approximately 2.16 m, long enough to
apply a maximum power of 7.24 kW prior to dry-out.
Both the evaporator and condenser were made of 0.76
m long copper tubes with an inner diameter of 76 mm.
The adiabatic section was fabricated from a 0.64 m
long rectangular copper duct. The vapor flow section
of the adiabatic region is 25 mm wide and 15.7 mm
high, and the liquid flow section is 25 mm wide and
12.7 mm high.

In the adiabatic region (test section), six viewing
windows were installed for flow visualization of the
wicked interface. The copper mesh (mesh number 40)
to be evaluated was inserted into an axially-machined
slit, under which 10 layers of copper mesh (mesh num-
ber 24) were installed to supply water to the evap-
orator. To minimize peripheral dry-out of the evap-
orator, several layers of fine copper mesh (mesh
number 100) were inserted between the inner wall of
the evaporator and a large mesh (mesh number 4),
which functions as a plate spring to maintain the gap
as illustrated in Fig. 2.

Internal temperature variations of the liquid and
vapor and the coolant temperature were monitored
using thirty-nine T-type thermocouples installed
along the heat pipe as indicated in Fig. 2. Twenty-
four thermocouples were installed along the heat pipe,
twelve in the liquid and twelve in the vapor region
of the evaporator and condenser, every 150 mm to
investigate axial temperature variations. In the adia-
batic region, four thin-sheath-type thermocouples
were installed to measure the vapor temperature and
three for the liquid temperature. Six thermocouples
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THERMOCOUPLES

PRESSURE GAGE

FiG. 2. A detailed configuration and dimensions of the test set-up for heat-pipe experiments.

for monitoring the wall temperatures were installed
on the outer top surface every 0.36 m and two thin-
sheath type thermocouples for measuring the tem-
perature rise of coolant were inserted in the coolant
stream at the inlet and outlet of the coolant jacket. The
temperature difference between the inlet and outlet
of the coolant was used to estimate the axial heat
transport. In addition, two pressure transducers, P. T.
4#1and P. T. #2 (pressure range: 0-0.4 MPa (abs)),
were installed in the middle and at the end of the
adiabatic region, respectively.

Two rotameters (recommended flow rate: 0.063—
0.63 1 s7' and 0.032-0.32 1 s '), and a water meter
(totalizer) were serially connected to the outlet of the
coolant circuit to accurately measure the coolant flow
rate. At the end of the condenser, a three-way valve
was installed to evacuate and charge the heat pipe
with working fluid and a micro valve was also attached
in order to slowly degas non-condensable gases and
control operating conditions when the heat pipe was
operating below atmospheric pressure.

Thermal detection of entrainment

Detection of the onset of entrainment was com-
plicated by the fact that various modes of entrainment
changed with changes in the flooding height in the
adiabatic region. To classify entrainment for the
different liquid film thicknesses, a high-speed image
analyzer and a high-speed video camera with a shutter
speed, 1/4000 s, were used to record the onset of
entrainment. These optical techniques, while quite
good, encountered problems when the inner wall of
the viewing windows were contaminated by the splash
from the wavy interface.

Four thermocouples and two pressure transducers
were used to continuously measure both the tem-
perature and pressure fluctuations using strip chart
recorders at the onset of entrainment. The best
locations of the thermocouples and pressure trans-
ducers were determined by the experimental obser-
vation that the inlet of the adiabatic section may be the
most favorable location for entrainment. This results
from not only the reduction of the cross-sectional area
(higher shear stress in the developing region) in that
location but also periodic flooding of the wick (i.e. the
wet point tends to oscillate between the inlet and the
middle of the adiabatic region) due to the build-up of
the hydrostatic head in the condenser. This can be
explained by a previous investigation [22], which
investigated the pressure distribution in a gravity-
assisted heat pipe. Another theoretical idea to support
this observation can be drawn from the fact that any
interface subjected to a blowing boundary is more
susceptible to the formation of interfacial vortices
than that under a suction boundary condition. For
instance, the inlet of the adiabatic region usually has
a cosine velocity profile due to a high radial Reynolds
number {25].

If entrainment occurs near the inlet of the adiabatic
region, the onset of entrainment was detected ther-
mally by monitoring temperature fluctuations of both
liquid and vapor at several representative positions
using strip chart recorders. If the conductive heat
transport is neglected, the corresponding entrainment
limit can be determined by measuring the temperature
rise of the coolant and the expression

q = mc,AT (44)
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where ri and ¢, are coolant mass flow rate and specific
heat, respectively. In general, the maximum con-
ductive heat transport corresponds to the heat trans-
port sensed by the coolant just before the hot vapor
reaches the condenser, and was experimentally mea-
sured as about 0.2 kW (4% of 5 kW, which was the
typical heat transport at T, = 110°C).

The experimental uncertainty for the measurement
of the entrainment limit can be derived from the indi-
vidual uncertainties in the flow rate and temperature
measurements,

e 0T, =1.0 K or 67T,/T, = 0.75%—thermocouple
uncertainty

® dm /. = 0.05 or 5.0%—specified error limit of the
flow meter by the manufacturer

Thus, the uncertainty in the calculation of the entrain-
ment limit is about 5.1 (= ./(5*+0.75%))%. If the
uncertainty due to the contribution of the conductive
heat transfer is 4% (i.e. geona/q. = 4%), the exper-
imental uncertainty for the measurement of the
entrainment limit was assumed to be below the
maximum uncertainty of 9.1%.

Another significant uncertainty is involved in the
measurement of the liquid film thickness, 4. In reality,
it is very difficult to control 4 independently from the
other operating conditions of a heat pipe. However,
the instantaneous, mean liquid depths at the onset of
the individual modes of entrainment were found to be
nearly constant based upon local configurations of
the liquid film recorded by the image analyzer, even
though the film thickness was not uniform along the
adiabatic region (since higher flooding near the con-
denser). Typically, uncertainties of the optical
measurement might be associated with the flatness of
the wick, the rise of the liquid surface contacting the
inner side of windows and the optical calibration.
Thus, the uncertainty involved in 4 was estimated to
be less than 10% in the sub-millimeter range.

CHARACTERIZATION OF ENTRAINMENT

Before the theoretical criteria are compared with
the experimental data, it is necessary to characterize
entrainment in both the air-water and steam-water
experiments. Three major modes of entrainment were
observed. These are (1) wave-induced entrainment,
(2) intermediate shear-induced entrainment (or inter-
mediate entrainment) and (3) fully shear-induced
entrainment (or shear-induced entrainment). The con-
figurations for each of these are illustrated in Fig. 3
and the three modes are described below.

Wave-induced entrainment

This type of entrainment typically results from roll-
waves, which occur when the wick is fully flooded
and subjected to increased air/vapor velocity. It was
frequently observed in the steam-water experiments
when the heat pipe was highly overcharged but rarely
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in the air—water experiments since the wick was not
normally maintained in a fully flooded condition.
When the wick is flooded, roll-waves are established
at the interface as shown in Fig. 3(a). The stability of
this wavy surface may be affected by the interaction of
three major forces, surface tension and gravitational
forces which tend to stabilize the interface and the
viscous drag forces which tend to destabilize it. At the
leeward side of the surface, air/vapor pressure tends
to be lowest due to the swirling vortices induced by the
boundary separation [6-8]. This may cause pressure
asymmetry with respect to the wave crest. As a result,
liquid bulges are formed and become detached by the
air/vapor stream. For the present investigation, the
criteria derived from the K-H type instability (equa-
tions (12), (19) and (28)) were utilized to predict the
onset velocities.

Intermediate entrainment

This type of entrainment is an intermediate stage
between the wave-induced and pure shear-induced
entrainment. It is the most frequently observed shear-
induced entrainment in steam—water experiments and
occurs when the capillary-wick is covered with a rela-
tively thin liquid film, whose depth is assumed to be
so small that only short waves can propagate in the
form of traveling waves as shown in Fig. 3(b). The
thin liquid film is bounded by a fixed wicking structure
and free surface. Traveling waves (large disturbances)
of relatively long wave length are formed due to the
hydrodynamic instability of the liquid and grow
unstable when the phase velocity is larger than the
interfacial liquid velocity [14]. Entrainment is
observed as a form of periodical splashes induced by
the shearing forces applied to the large disturbances.
The viscous K~H instability with finite depth (equa-
tion (28)) and the O-S instability by Miles [14] were
applied to the critical air/vapor velocity at the onset
of entrainment.

Shear-induced entrainment

As the air/vapor velocity continues to increase, the
capillary wicking structure is no longer covered with
a thin liquid film, thus the liquid menisci are held
on the wick as shown in Fig. 3(c). In this case, no
disturbance with a wave length larger than the wire
spacing is likely to propagate or grow due to the
wicking structure, which tends to retard the growth
of any disturbance. Hence, entrainment is entirely
characterized by the viscous drag force and resisting
surface tension force in the individual liquid ligaments
held on the wick. This type of entrainment is typically
observed in the air-water experiments and not in the
steam—water experiments using heat pipes, since it is
very hard to obtain the required vapor velocity [5].

RESULTS AND DISCUSSIONS

The critical air/vapor velocity at the onset of
unstable waves was determined by the instability cri-
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teria and compared with experimental data cor-
responding to the onset of various entrainment modes,
classified as indicated in Fig. 3. First, the critical air/
vapor velocities were calculated from the various
instability criteria and the results compared with those
from the air-water and the steam—water experiments.
Comparisons are presented in terms of liquid film
thickness to determine the effect on both the entrain-
ment configuration and the critical velocity. The tem-
perature dependence of the various instability criteria
are also investigated using the viscosity number (N;)
and compared with data resulting from the steam-
water experiment.

The critical air velocity was obtained using proper-
ties of both air and water at 25°C, while the critical
vapor velocities for both wave-induced and inter-
mediate entrainment were calculated using property
data of the saturated water corresponding to 110°C.
In addition, the mesh size employed for both the

experimental and theoretical calculations was 40 x 40,
resulting in a wire spacing and thickness of 0.58 and
0.28 mm, respectively, as shown in Fig. 3.

Calculation of critical vapor velocities

For the finite depth of the liquid associated with
Bondi’s model, the critical vapor velocity (saturated
water at 110°C) was numerically computed using
equations (28) and (29), and presented in Fig. 4 as a
function of the wave number, a. The individual curves
corresponding to different values of depth show one
minimum point and the path connecting the points
constitutes the critical vapor velocity defined as the
minimum velocity at which unstable waves occur.

For a thin liquid film shown in Fig. 1(b), Miles
[14] suggested that We,, < 3 was the sufficient stability
condition. Thus, the critical liquid Weber number
becomes
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(45)

where We, indicates the critical liquid Weber number
corresponding to the onset of the instability. For this
case, the air/vapor velocity must be determined by
equation (45) to obtain the critical vapor Weber
number. To do this, the shear stress at the interface
was assumed to be continuous and the shear stress on
the liquid surface was equated with the frictional shear
stress induced by air/vapor flows

Py U
Ti :fi7U3 :#1—1

; (46)

where f; is the interfacial Fanning friction factor for
wavy annular flows and can be determined by Wallis
[24] as

(47)

300k
fi= 0.005<1+ )

h

Here, D, is the hydraulic diameter of the air/vapor
flow. The friction factor, f;, shows a significant depen-
dency on # for the region, 0.01 mm < 4 < 10 mm.
From equations (45) and (46), U, can be eliminated
and U, is obtained as

NN /(l)
T o o)

By introducing dimensionless parameters, equation
(48) can be expressed as

(48)

23
Wevc =7 N\'l
fi

where We,. and N,; are the critical vapor Weber num-
ber and viscosity number, respectively and defined as

(49)

U,2h
We,. = p"__“__ N, = _”1__.
o J(iah)

If both We,. and N,; in equation (49) are expressed in
terms of A, defined in equation (13) instead of 4, then
equation (49) can be rewritten as

(50)
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(51

61 (A\"
We, = \/<E>ZNW- <I>

VUVCZA"’C
ve T p— Nw = #{‘ .
g Vpiai/2m)

where

We (52)

Comparisons of various instability criteria

In Fig. 5, the critical air/vapor velocities obtained
from both the instability criteria and the two exper-
iments are presented as a function of the liquid film
thickness. For large 4 (>0.1 m), the critical velocity
predicted by equations (28) and (29) [12] approaches
1 ms™', which is nearly identical to the experimental
results of Jeffreys [7] and Ursell [9], but is significantly
smaller than that from the inviscid K-H criterion in
equation (12). This is apparently caused by the inap-
propriate assumptions (no viscous dissipation and
long gravity wave for infinite fluids) and implies that
the inviscid K—H criterion tends to overestimate the
critical velocity corresponding to the onset of unstable
waves. As a result, this expression is not valid for
use in predicting the lower limit of entrainment onset
velocity.

When / has an order of magnitude ranging from
2.5 to 10 mm, the critical vapor velocity calculated
from Bondi [12] is approximately 50% lower than
the experimental data for the onset of wave-induced
entrainment. This large difference implies that the gen-
eration of unstable surface waves is not a sufficient
condition for entrainment from a finite depth of wavy
interface.

The reason for this difference between the two criti-
cal velocities may be induced by the sheltering
coefficient, C,, which is suggested to be 0.25 by Bondi
[12] (in Jeffreys [7], it ranges from 0.229 to 0.329) and
has the same physical significance as the friction factor
in wavy liquid film. Clearly, this factor plays an impor-
tant role in determining the pressure work in the left
hand side of equation (26). However, C, = 0.25 has
still not been verified for the case of a finite depth
since it was originally introduced to obtain the critical
air velocity with 4 = co as seen in equation (19).
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Therefore, it may be possible to obtain larger critical
velocity than that obtained by Bondi [12] if a smaller
sheltering coeflicient can be incorporated in equation
(26). A 50% decrease in C, leads to an increase in the
critical velocity of approximately 40%.

A second explanation for this difference may be
that any growing wave with half of its wave length
larger than 4 (this A/2 is referred to as the critical
depth) is likely to be decayed [10] even though the
pressure work by air/vapor is larger than the energy
dissipated as indicated in equation (26). However, as
discussed earlier, the depth of liquid (&4 mm) at the
onset of wave-induced entrainment is smaller than
about 7 mm, that is half of the wave wiength for the
given depth (4 mm) according to Bondi’s results (given
in equations (28) and (29)) [12]. This implies that a
portion of the propagating long waves may be decayed
so more pressure work (or higher air/vapor velocity)
is required to create such an unstable wave that will
not decay but grow and eventually result in entrain-
ment.

For the region 1 < h < 10 mm, extrapolation of
Bondi [12] to the point (A ~ 1 mm) shows good agree-
ment with the critical velocity calculated from equa-
tion (48) which becomes less valid with increases in 4
since the assumption of a linear liquid velocity profile
does not hold. However, the validity of Bondi’s pre-
diction for the region (A ~ 1 mm) needs to be physi-
cally examined in view of Lamb’s hypothesis that the
possibility of a progressive wave is limited, theor-
etically, to the case of uniform depth, provided the
depth everywhere exceeds half of the wave length [10].

Thus, the physical validity of Bondi’s results based
on Jeffreys’ modification [11] to extend equation (12)
to the case of a finite depth should be limited to the
region where 2 > A/2 (h > 2.5 mm), as shown in Fig.
5. However, the trends of the extrapolated curve could
be acceptable since more pressure work (or higher
air/vapor velocity) is required to raise such an
unstable wave that will not decay but grow and
eventually result in entrainment for the region, & < 2.5
mm.

For the region with # < 1 mm, the critical air/vapor
velocity was determined by equation (48) and com-
pared with experimental data, which were classified as
intermediate and shear-induced entrainment as shown
in Fig. 3(b) and 3(c), respectively. As indicated, the
theoretical critical vapor velocity corresponding to the
onset of unstable waves approaches the entrainment
onset vapor velocity measured in the steam-water
experiments. This is a slightly different trend from the
case of wave-induced entrainment associated with the
fully flooded wick in Fig. 4(a). This implies that once
any propagating wave is initiated and starts to grow
satisfying the instability condition (¢ > 1), it eventu-
ally results in entrainment since increased interfacial
shear stress becomes high enough to tear liquid bulges
formed by swirling vortices off the leeward side of the
broken waves.

The most significant uncertainty in this comparison
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may be the thickness of the fluctuating liquid film
which was optically measured using an image analy-
zer. Accurate measurement of this thickness may
require advanced techniques. For further discussion,
detailed dimensions of the mesh (40 x 40) were exam-
ined and compared with the measured film thickness.
The results show that the measured film thickness
(0.2-0.3 mm) is smaller than the wire spacing (0.58
mm) and is nearly equal to the mesh thickness (0.28
mm). In properly saturated meshes subjected to high
velocity vapor flows, this measured film thickness may
be a reasonably acceptable dimension.

With further decreases in the liquid film thickness
due to the high inertia force of air/vapor flows, the
liquid surface recedes from the mesh wick and is held
on to the wires as shown in Fig. 3(c). For this case,
the theoretical air velocity is compared with the exper-
imental data from the air—water experiments [16] as
shown in Fig. 5. The liquid film thickness cor-
responding to the experimental data is not a measured
value but an estimated one based on the theoretical
prediction according to equation (48).

The order of magnitude of the estimated film thick-
ness is 0.1 mm, which is smaller than that for the
intermediate entrainment and shows an acceptable
trend. For the air-water experiment, the validity of
equation (48) was not completely recognized since it
is very hard to measure the liquid film thickness for
this limiting case as shown in Fig. 3(c). However, the
correlation between the experimental results and the
values predicted by equation (48) is acceptable if the
effective film thickness for the case is assumed to be
approximately half 6f the wick thickness (d,). It
should be noted that the validity of equation (48) for
this limiting case remains unjustified for the present
study.

If 7 goes to zero, the problem can no longer be
solved by equation (48) based on the O-S type insta-
bility [14] but can be approximated using spray and
atomization theories, since any propagating wave may
be decayed by the mesh according to the Lamb’s and
Busse and Kemme’s hypotheses [10, 22].

In Fig. 6, the critical vapor Weber number (We,.)
calculated from equation (49) is presented as a func-
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tion of liquid depth, 4, for the thin film region (4 < 1
mm). As shown, the trend is nearly the same as that
for the critical velocity versus liquid depth indicated
in Fig. 5. However, it is even more clear that equation
(49) may not be a good indicator of the critical vapor
Weber number for the wave-induced entrainment in
the region with # > 1 mm as discussed earlier.

Temperature dependence of instability criteria

In Fig. 7, general trends for the critical vapor vel-
ocities (U,.) predicted by various instability criteria
are represented in the variation of vapor temperature
and compared with data from steam-water exper-
iments. As shown, Cotter’s criterion given in equation
(14) shows the highest value of critical vapor velocity
and constitutes an upper limit in the prediction. For
this limiting case, U, was calculated by putting A, = d,
(wire spacing of 40 x40 mesh) into equation (14).
As noted earlier, this case corresponds to the shear-
induced entrainment in Fig. 3(c), hence the trend
looks reasonable since this type of entrainment is
induced by very high velocity vapor flows, which can
usually be seen in air-water experiments but rarely in
steam—water experiments using capillary-driven heat
pipes.

Similarly, the modified K-H criteria from equation
(19) constitute a lower limit in the prediction of the
critical velocity. For this calculation, the critical rela-
tive vapor velocity (U;) is assumed to be the same as
the critical vapor velocity (U,.) with 0.3 used for the
sheltering coefficient, C,. However, the inviscid K-H
significantly overestimate the critical velocity cor-
responding to the onset of unstable waves in the same
manner as indicated in Fig. 5.

In addition, as indicated in Fig. 7, U, decreases for
all the criteria as vapor temperature increases. One
reason for the reduction in U, can be explained by
the fact that the vapor densities in the denominators
of equations (12) and (14) tend to significantly
increase (for instance, p, at 450 K is approximately
250 times larger than that at 295 K), which com-
pensates for the decrease in vapor velocity required to
maintain a constant inertia force. Another factor may
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be due to the decrease in liquid viscosity (e.g. in equa-
tion (19)) or viscosity number (Taylor number)
defined as N,; in equation (50).

The decrease of vapor velocity at higher tem-
peratures does not imply reduction in the interfacial
shear stress (in equation (46)) or pressure work (in
equation (26)) since the vapor density tends to sig-
nificantly increase and compensate for the reduction.
Thus, it is hard to determine whether or not a vapor/
liquid system will become more unstable and result
in earlier instability with temperature increases, even
though the liquid is certain to become less stable due
to the decrease in the viscosity number N,;.

To accurately determine trends of various insta-
bility criteria with temperature change, the critical
vapor Weber number (We, ) defined in equation (52)
is plotted in Fig. 8 as a function of the corresponding
viscosity number (N,; defined in equation (52)) for
different ranges of liquid film thickness 4.

Similar to the trend shown in Fig. 7, Cotter’s cri-
terion is close to the upper limit in the prediction of
We,., while the viscous K-H [7] is near the lower
limit. However, We, versus N,; in Fig. 8 indicates that
Cotter [4] and the inviscid K-H [5] are insensitive to
variations in the viscosity number, and the modified
K-H tends to increase slightly with decreases in the
viscosity number. The reason for these trends may be
explained by the fact that all these models are less
dependent on viscous dissipation than either Bondi
[12] or Miles [14].

Results show that We, from equation (51) tends to
decrease as N,; decreases. This implies that the increase
in p,/o in the expression of We,, is not large enough
to compensate for the reduction involved in the term,
UZ. Also, this indicates that / is the most significant
parameter in the prediction of We,.. As h decreases,
We,. from equation (51) approaches the value deter-
mined by Cotter [4] in equation (14), and, for very
thin liquid films (A = 0.1 mm), both show fairly good
agreement at lower N, At & = 0.3 mm, the exper-
imental data corresponding to the intermediate mode
of entrainment are accurately predicted by equation
(51) and the values of We,, are approximately 10.
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For larger 4 (> 2.5 mm), the instability criterion in
equation (28) and (29) [12] was employed to deter-
mine We, at the onset of instability. The results in
Fig. 8 show that We, tends to increase significantly
as N,; decreases due to temperature increases. This
implies that increase in p,/o in the expression of We,,
are large enough to compensate for the reduction
involved in the term, UZ2. It indicates that We,_ tends
to decrease and approaches the value predicted by
the modified K-H criterion as 4 increases. This is
reasonable since Bondi’s criterion actually becomes
identical to equation (19) as & goes to . However,
as shown in Fig. 5, the experimental data cor-
responding to the wave-induced entrainment are
shown to be much greater than predicted by Bondi’s
instability criterion for liquid depths ranging from 4
to 8§ mm.

CONCLUSIONS

Instability theories related to the Kelvin—Helmholtz
and the Orr-Sommerfeld problems were reviewed and
applied to predict the critical air/vapor velocity at the
onset of entrainment from a capillary structure. To
compare the theoretical criteria with the experimental
results, entrainment observed in both air-water and
steam—water situations were characterized and classi-
fied into three major categories.

As a result of these comparisons, a modified theor-
etical criterion based on the results of Miles [14] was
developed and used to investigate the effect of liquid
depth on the critical air/vapor velocity or cor-
responding Weber number for the given temperatures.
General trends of the various criteria were examined
as a function of vapor temperature variation. The
important results indicate the following.

(1) Critical air/vapor velocities determined by
equation (48) show fairly good agreement with exper-
imental data for the intermediate mode of entrainment
in steam-water experiments when the liquid film thick-
ness approaches the wick thickness. For the air-water
experiment, the validity of equation (48) was not com-
pletely established since it is very hard to measure the
liquid film thickness for the limiting case shown in
Fig. 3(c). However, experimental results were also
well predicted by equation (48) if the effective film
thickness for the case was assumed to be approxi-
mately half of the wick thickness (d,).

(2) As h decreases, We, from equation (51)
approaches that determined by Cotter [4] in equation
(14), and, for very thin liquid film (k ~ 0.1 mm), both
show fairly good agreement at lower N,;. At h = 0.3
mm, the experimental data corresponding to the inter-
mediate mode of entrainment are accurately predicted
by equation (51) and the values of We,. in terms of A,
are approximately 10.

In the present analysis, only one mesh size (mesh
number 40) was examined. However, the effect of
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mesh sizes on both the film thickness and the resultant
critical Weber number may be another topic worth
investigating as a future study.
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