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ABSTRACT

Entrainment in thermosyphons and heat pipes was characterized in view of the interfacial stability
assoclated with the critical Weber number and the entrainment limit at the onset of liquud entrainment
from the liquid or wicked interface. Both literature review and theoretical analysis on the entrainment
models were perfonnéd in order to evaluate accuracy of the predicted value.

For this purpose, the models were categorized in two groups according to their entrainment
mechanism and interfacial configurations, i.e., the wave-induced entrainment and the shear-induced
entrainment, respectively. Thus, the twelve models (five models for the wave-induced entrainment
and seven for the shear induced entrainment) were examined to obtain individual trends and their
discrepancies from the general tendency of the overall models. As a result, the critical Weber
numbers and entrainment limits were calculated and represented as a function of vapor

temperature for the chosen characteristic dimensions of the interface.
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NOMENCLATURE

Ch empirical constants

d, wire spacing(m)

ds wire thickness(m)

d, w hydraulic diameter of a wick pore(m)

D, duct hydraulic diameter or vapor core
diameter(m)

E{ entrainment number

f. f,; hgud and vapor friction factor at the

interface .
g gravitational acceleration(m/s”)
h film thickness(m) or enthalpy(J/kg)

hy  latent heat of vaporization(J/kg)
L characteristic wick dimension(m)
q heat transport(W)

Q. dimensionless entrainment limit

t time(s)

U mean vapor velocity(m/s)

v dimensionless vapor velocity

ve  critical mean velocity(m/s)
e Weber number

INTRODUCTION

When the relative velocity between the
vapor and liqud 1s sufficiently large, the
unstable and  the
destabilizing effect appears in the form of a

interface  becomes
wave at the interface. As the velocity
increases, the enhanced wave action, together
with the viscous shear forces occurring at the
liquid/vapor interface may inhibit the return of
liquid to the evaporator. When this occurs, the
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heat pipe or the liquid-vapor flow system is
said to have reached the flooding limt
(Kutateladze and Sorokin, 1969 ; Dobran, 1985).

With further increases in the velocity, the
interfacial shear force may become sufficient
to overcome the liquid surface-tension force
and cause liquid droplets to be stripped or
torn off the wavy liquid/vapor interface and
entrained into the vapor flow. This
entrainment of liqud droplets leads to partial
or total dry-out and lhmits the axial heat
transport. This phenomenon 1s referred to as
the entrainment limit(Tien and Chung, 1979;
[vanovskii et al., 1982 ; Prenger, 1984).

Shortly after the invention of the heat pipe
by Grover et al.(1964), numerous approaches
to predict the onset of entrainment were
established using the instability criterion of
Kelvin(1871) derived from the Kelvin-
Helmholtz instability theories or the empirical
flooding correlations proposed by Wallis(1969)
and Kutateladze and Sorokin(1969). Later,
Tien and Chung(1979) presented a semi-
empirical criterion to predict the entrainment
limit for various types of heat pipes by
incorporating the characteristic wavelength of
the capillary flow into the flooding correlations.
In addition, Ishii and Grolmes(1975) proposed
the roll-wave entrainment model based upon
the roll-wave geometry commonly observed in
two—phase internal flows.

THEORETICAL BACKGROUND

In the two groups of entrainment models,
the wave-induced entrainment occurs when
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the wick structure 1s fully flooded. The
instability criterion(Kelvin, 1871 ; Drazin and
Reid, 1981 ; Carey, 1992), the modified flooding
correlation for non-wicked heat pipes(Tien
and Chung, 1979) and the roll-wave model
(Ishii and Grolmes, 1975) can be included in
this category. The shear-induced entrainment
results from the shear forces induced by high
velocity vapor flows when the wick structure
1s properly saturated. Several analytical
models such as the Weber number criterion
(Chi, 1976), the instability criterion(Cotter,
1967) and the entrainment limit criterion
derived from flooding correlations (Tien and
Chung, 1979) were investigated to predict the
entrainment limit in wicked heat pipes.

For the cntical velocity models such as the
Weber number criterion(Chi, 1976) and the
instability criterion(Cotter, 1967), the entrainment
limit can be estimated using an energy
balance equation,

de — vavhngvc (1)

Wave-Induced Entrainment

When the wick structure is flooded due to
the overcharge of working fluid or increased
vapor velocity, the instability criterion (Kelvin,
1871) from  Kelvin-Helmholtz  instability
theories, the flooding correlations(Wallis, 1969 ;
Kutateladze and Sorokin, 1969, Tien and
Chung, 1979) and the roll-wave entrainment
model(Ishii and Grolmes, 1975) can be utilized
to predict cntical velocities.

1) Instability Criterion for the Free Interface
In reality, the physical mechanisms for
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Perturbed interface

Unperturbed interface

Fig. 1. Configuration of perturbed interface in
linear analysis of the inviscid
Kelvin-Helmholtz instability(Carey, 1992)

entrainment and unstable wave generation are
slightly different, but the wave instability
theories can be regarded as a lower bound for
the prediction of entrainment onset air/vapor
velocity since entrainment 1S a subsequent
phenomenon to the onset of unstable waves.

For the 1ideal case of inviscd Kelvin-
Helmholtz type instability, the Interface
between the two phases can be assumed to
be a flat horizontal plane at z=0, as
illustrated in Fig. 1. The critical air/vapor
velocity 1s derived as

2(101+ pv) }1/2{ 0'(40[_*_ pv)g}lm (2)

U, — {
‘ o1 o’

2) Entrainment Limit Criterion Derived from
Flooding Correlations
Tien and Chung(1979) modified the
Kutateladze flooding correlation by means of
between the
phenomenon in heat pipes and the flooding

the analogy entrainment

phenomenon in counterflowing liquid/vapor
flow system and proposed a flooding
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correlation by recognizing the absence of
gravity (le, for a horizontal heat pipe) and
the presence of capllary  structure

characterized by h. The corresponding critical
heat transport is expressed as

g. = 2 Ah, (/WY o7+ 0,2 (3)

where 1s the total cross-sectional area of
the flow passage.

Prenger (1984) developed a physical model
to predict flooding in gravity-assisted heat
pipes by means of both a force balance and
stability analysis at the interface, as shown in
Fig. 2.

An entrainment criterion can be expressed
In dimensionless form using a dimensionless
heat flux Q. and an entrainment number E;,
which: were introduced by

Q. = Vor E}\? (4)

where Q. is defined as

e e B e T e e e e S T e R N

LWL

Fig. 2. Configuration of the liquid/ivapor interface
in vertical counter current flows(Prenger,
1984)
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OF — q — p

Qe va v Uv hfg ‘OvA vhfggfz (5)
and

E = 49 _ __0 (6)

va%.h pvhfgh

3) Rol-Wave Entrainment Model

[shii and Grolmes(1975) proposed the roll-
wave entrainment model based upon the
roll-wave geometry commonly observed in the
flooding situation of two-phase internal flows,
as shown in Fig. 3. The final form of the
inception criterion mn the transition regime
was proposed by Ishii and Grolmes (1975) as

> 11.78N,*® Re, '3 for N,;<1/15 (7)

> 1.35Re 1? for N;<1/15 - (8)

For the range where the fim Reynolds
number exceeds about 1500 to 1730, the film
flow becomes completely rough turbulent and
the dependence of the hquid friction factor f;
on KRe diminishes. Assuming a cntical

F, = —f Fg_ll

(s) SIDE VIEW

w

{b) TOP VIEW

Fig. 3. Force balance on a roll-wave segment;
from Ishii and Grolmes(1975), (a) side
view, (b) top view
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Reynolds number of 1635, Ishu and Grolmes

(1975) proposed an inception criterion for the
rough turbulent regime as

S = NS for N,<1/15 9)

. =0.1146 for N, > 1/15 (10)

Shear-Induced Entrainment

As the vapor velocity increases, the surplus
liquud above the wicking structure is camed
downstream by a wave propagation or liquid
entrainment into the vapor stream. Once the
wicked surface is exposed to the vapor
stream, the unstable liquid interface tends to be
stabilized by the periodic interruption of the
capillary structure. In this sense, Busse and
Kemme(1980) have expressed doubt as to
whether entrainment actually occurs in a
capillary-drniven heat. pipe, since the capillary
structure would most likely retard the growth
of any surface waves. However, for
wavelengths, A, which are small compared to
the hydraulic diameter of a wick pore, dhw,
Busse and Kemme(1980) recognized that the
damping effect of the capillary structure
disappears and entrainment may become
possible.

As a first attempt to predict the
entrainment hmitation in an operating heat
pipes, Cotter(1967) applied the hydrodynamic
instability concept to horizontal wicked heat
pipes and derived an expression for the
critical wavelength in terms of the air/vapor
velocity. By assuming g=0 and p1>> pyv In
equation (2), an expression for the critical
air/vapor velocity can be obtained as
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_ [ _2m0
ch T ( Iov/.lc) (11)

Equation (11) was experimentally verified
using an air-water test channel by Matveev
et al. (1977) and Kim et al. (1993). The heat
transport corresponding to this critical velocity
can be determined by means of the energy
balance given in equation (1),

1/2
210, ) (12)

de — Avhfg( L

Kemme(1976) proposed a model to predict
the entrainment hmut for gravity—assisted
sodium heat pipes using screen wicks by
including a buoyancy force term in the
entrainment equation derived by Cotter(1967).

1/2
10 = A {5250 + pigD))} (3

where i1s a turbulent flow factor, which
varies from 1.11 to 1.234 for the laminar flow
regime (Busse, 1973) and is 2.2 for turbulent
flow regime (Olson and Eckert, 1966). For the
wavelength, A, associated with the hqud
interface, Kemme(1976) used a slightly different
characteristic dimension, the wire spacing plus
the diameter of the wires. If the buoyancy
force term in equation(13) is neglected, this
model appears to be smmlar to Cotter's
original equation except for the flow factor.

Chi(1976) presented a method to predict the
entrainment limit for capillary-wicked heat
pipes by means of a force balance similar to
that presented by Ishii and Grolmes (1975) as

L 1 L va%dh,w
e = = p (14)
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The maximum heat transport based upon
the critical velocity can be determined using
the energy balance given in equation(1).

1/2
000 ) (15)

de — Avhfg( dh N

As noted earlier, Tien and Chung(1979)
proposed an entrainment limit equation for
honzontal non-wicked heat pipes, presented in
equation(3). By means of the same analogy
used by Cotter(1967) and Kemme(1976),
equation(3) can be applied to the entrainment
Iimit for the horizontal wicked heat pipes by
replacing the characteristic dimension of the
film flow, A with the characteristic dimension
of the capillary structure, L.

g. = A by (o/ L) (o + 0772 (16)

Kemme(1981)
experiments using gravity—assisted heat pipes
with screen wicks, and a semi-empirical
model was proposed by correlating the
theoretical model obtamned from the force
balance  with  the  experimental data
investigated. The model assumes that a

Prenger and performed

uniform liquid layer 1s formed along the
circunference of the wicking structure and

VAPOR

LIQUID =— M

WALL

Fig. 4. Force balance on the liquid layer
(Prenger and Kemme, 1981)

210

the liquid is returmed axially along the heat
pipe, as shown m Fig. 4. Finally, the semi-
empirical correlation becomes

Q. = V2r/QE!? 58 (17)

If equals unity, this equation 1s identical
to the Kemme's criterion(without ©gDr)
presented in equation(13).

As noted earlier in equation (29), Prenger

(1984) developed a theoretical model to predict
flooding in gravity-assisted heat pipes.

vi=(25) " 18
010

where & represents the characteristic
dimension of the wicking structure as
presented by Prenger and Kemme(1981). By
means of mass and energy conservation, the
heat transport can be expressed 1n terms of a
dimensionless entrainment criterion can be
obtained as

1/2
Q=47 (51) B (19)

Another approach to predict the entrainment
limit for heat pipes with fine meshes was
proposed by Rice and Fulford (1987), who
assumed that the only pressure difference(4P)
between the liguud in the mesh and the vapor
1s the kinetic head of the flow. The cntical
heat transport corresponding to this vapor
velocity can be determined from an energy
balance equation.

1/2
L ) (20)

Qe — Avhfg( dl
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SUMMARY OF MODEL COMPARISON

As shown in Table 1, twelve models(five
models for the wave-induced entrainment and
seven for the shear-induced entrainment) were
examined to determine the individual trends
and deviation from the general tendency of
the overall models. For this purpose, critical
Weber numbers and entrainment limits were
calculated for the characteristic

dimensions of the interface and working fluid
(water).

chosen

Table 1. Summary of various models

Groups Models ol pl ol wl A
Kelvin(1871) : Eq.(2) | OO O] - |Length
Tien & Chung(1979) : i
B0 3) 01010 A
Wave- | Prenger(1984) : Eq.(4) Ol - Of - h
induced | Ishii & Grolmes(1975)
: Turbulent Eq.(7) O1010|0] b
Ishii & Grolmes(1975) p
. Turbulent Eq.(9) 010|0]C di
Cotter(1967) ' Ea12) 1O -1O] -1 h
Kemme(1976) ' Eq.(13)| O| -|O| - | 4
Chi(1976) :Eq.(15) |O| -|O| - | 4
Tien&Chung(1979) : )
induced | Prenger & Kemme B _
(1981) : Eq.(17) e %
Prenger(1984) :Eq.{19) | O O1O| - | &
Rice & Fulford(1987) : ) i

Note

1. The symbol, o, indicates that the corresponding
parameter 1s included in the model.

2. h and A. represent the film thickness and the
critical wave length, respectively

3. d and db are the wire spacing and the thickness
of screen meshes, respectively.
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A film thickness, A, of 4 mm was used as
a characteristic dimension for the calculations
of the wave-induced entrainment group, and
the wire spacing for 40X40 copper mesh was
utilized for that of the shear-induced
entrainment group. Particularly, the hydraulic
diameter, dhy, in equation(15) (Chi, 1976) was
assumed to be the wire spacing, dj, of the
meshes, and wire thickness was used for the
characteristic dimension, ¢ in eguations (17)
(Prenger and Kemme, 1981) and (19) (Prenger,
1984). The hydraulic diameter of the wvapor
core Dy was assumed to be 152 mm and 19.2
mm for the wave-induced and shear-induced
entrainment, respectively.

The Critical Weber Number

In Fig. 5, the cntical Weber number, ey, 1S
plotted as a function of the viscosity number,
N, corresponding to the vapor(or saturation)
temperature to show individual trends of the
various models. The solid and blank symbols
are associated with the wave-induced and
shear-induced models, respectively. Six models
including Cotter(1967) and Chi(1976) show that
the critical Weber number remains unchanged

—

— @ Kelvin{187 1)

1 —m—~ Tien&Chung(1979)

{ —&— Prenger(1984)

+ 1 — 1 —ishii{1975): Transition
'DJ:EEDCDD-EIQZEJWC]-—U----- o--g  -0-0 {-®-— 'Shll(1g75) turbulent

10F

g [e®egse e e o0 o | - o~ Cotter(1967)
§> + ¢ ®e —0O-- Kemme(1976)
1 M&'&'&—A..._a A A A a A | ___&___ Chi(1976)

3 +

{ - v Tien&Chung(1979)

1 —<C-- Prenger&Kemme(1981)
1 —+— Prenger(1984)

1 - %-— Riced&Fulford(1987)

5 r’+
¥
L ¥
GPOOD OO0 00 0O o—OTd
+ ;o
(1!

1E-3

N

Q.4 L 11 |

vi

Fig. 5. The critical Weber number versus vapor
temperature for various entrainment
models
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with decreases in the wviscosity number.
However, increasing trends are observed by
the two models, the instahility model for the
wave-induced entrainment(Kelvin, 1871) and
the turbulent roll-wave model (Ishii and
Grolmes, 1975). Instead, decreasing trends are
identified by the four models including Tien
and Chung (1979) and Prenger (1984). |
The overall trend shows that the order of
magnitude of the cntical Weber number varies
from 0.1 to 20, and individual trends are not
consistent  with respect to the vapor
temperature change. Model comparisons
between Ishii and Grolmes (1975) and Prenger
(1984) (for the shear-induced model) show
significant discrepancies in their trends. In
general, the cnitical Weber number tends to
increase very rapidly with increases in the
viscosity number for large values of the
number, but the dependency
diminishes as the viscosity number decreases,
thereafter the Weber number approaches a
limiting value according to Hinze (1955). In
this sense, the theoretical shear-induced model
presented by Prenger (1984) seems to lack
theoretical validity. This may be caused by the
inappropriate geometry, 1e., the configuration
of the interface shown i Fig. 2 i1s appropniate
for the wave-induced entrainment but not for
the shear-induced entrainment. Also, the
overall trend indicates that in most cases, the
critical Weber does not show significant
variations except for N, <0.0007 regardless
of the large difference in the predicted values.

viscosity

The Cntical Heat Transport
In Fig. 6, the entrainment limit 1s plotted as
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Fig. 6. Entrainment limit versus vapor
temperature for various entrainment
models

function of the vapor temperature to predict
the individual and overall trends of the
various models. The predicted entrainment
limits vary from 0.3kW at 290K to about 30
kW at 490 K. It is evident that all the models
show increasing trends in their entramment
limits with increases in the vapor temperature
except the shear-induced model by Prenger
(1984), which turns out to be less reasonable
in its trend with respect to the wiscosity
number.

The increasing trends may be contradictory
to the fact that the interface becomes more
susceptible to increases in the vapor
temperature due to the decrease in the
viscosity number, as noted earlier. However,
those trends can be explained by the
significant increase in the vapor density as
the operating temperature goes up. The
vapor density of a saturated water at 450K
is about 360 times greater than at 290 K.
This increase mn the vapor density causes
significant reductions in the vaponzation rate,
which results in decreases in vapor velocity.
Therefore, more heat is required to maintain
the vapor velocity above or equal to the
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cntical velocity for a given vapor temperature.
In addition, the shear-induced entrainment
models show larger entrainment limits than
the wave-induced entrainment according to
the overall trend since the wave-induced
entrainment models have smaller vapor
velocities when compared to the shear-induced
entramnment. Particularly, the shear-induced
model presented by Rice and Fulford(1987)
predicts the largest entrainment limit, while
the smallest value of the entrainment is
obtained by the semi-empirical model of
Prenger and Kemme(1981). For the wave-
induced entrainment models, the lowest
entrainment limit 1s predicted by the transition
roll-wave model(Ishii and Grolmes, 1975).
Also, the largest entrainment limit is obtained
by the turbulent roll-wave model. These
comparisions indicate varlation ranging from a
factor of ten for the wave-induced

enfrainment to four for the shear-induced
entrainment.

CONCLUSIONS

Various entrainment or critical velocity
models to predict stability of the wicked
interface In operating heat pipes were
examined to investigate individual trends and
their discrepancies from the general trend. In
order to organize the previous studies, twelve
models were selected and categorized in two
groups according to their entrainment
mechanism, 1e., the wave-induced entrainment
and the shear-induced entrainment.

For this purpose, critical Weber numbers and

el 2¥oi{ L X|(Solar Energy) Vol. 18, No. 3, 1998

entrainment hmits were calculated as a
function of the vapor temperature for the
given characteristic  dimensions of the
interface. The critical Weber number was
presented in Fig. 5 as a function of the
viscosity number. The overall trend shows
that the order of magnitude of the critical
Weber number varies from 0.1 to 20, and
individual trends are not consistent with
respect to the vapor temperature change. For
the entrainment hmit shown in Fig. 6, it is
evident that the models show increasing
trends in their entrainment limits as the vapor
temperature increases, but these comparisions
indicate varation ranging from a factor of ten
for the wave-induced entrainment to four for
the shear-induced entrainment. Although many
of the analytical models predict entrainment
from the capillary wick, it 1S necessary to
conduct a combined analytical and experimental
investigation because entrainment phenomena
in operating heat pipes has not well
understood yet.
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Abstract

Entrainment in thermosyphons and heat pipes was characterized in view of the interfacial stability
associated with the critical Weber number and the entrainment limit at the onset of liquid entrainment
from the liquid or wicked interface. Both literature review and theoretical analysis on the entrainment
models were performed in order to evaluate accuracy of the predicted value.

For this purpose, the models were categorized in two groups according to their entrainment
mechanism and interfacial configurations, i.e., the wave-induced entrainment and the shear-induced
entrainment, respectively. Thus, the twelve models (five models for the wave-induced entrainment
and seven for the shear induced entrainment) were examined to obtain individual trends and their
discrepancies from the general tendency of the overall models. As a result, the crtical Weber
numbers and entrainment limits were calculated and represented as a function of vapor

temperature for the chosen characteristic dimensions of the interface.
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