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Abstract--Entrainment phenomena in capillary-driven heat pipes were studied and both analytical and 
experimental approaches were utilized to identify and better understand the parameters that govern the 
entrainment of liquid in operating heat pipes. A heat pipe experiment was conducted using a high 
power heat pipe, designed to verify the existence of the various modes of entrainment and measure the 
corresponding entrainment limits. In addition, entrainment limit data were theoretically verified using a 
computer model designed to predict the maximum performance for the given operating conditions. Entrain- 
ment was detected by various methods and classified into representative types according to the relative 
position of the liquid interface to the wick structure and the operating conditions. Results of the experiment 
were compared with those obtained from previous investigations presented by Cotter, Tien and Chung 
and Prenger and Kemme. From the comparison of the critical Weber number or vapor velocity, the 

effectiveness of previous aerodynamic simulations was also examined. 

INTRODUCTION 

As the heat input increases, the vapor velocity in 
operating heat pipes becomes high enough to cause 
liquid droplets to be stripped or torn off the wavy 
liquid-vapor interface and entrained in the vapor flow 
[1, 2]. This entrainment of liquid droplets limits the 
axial heat transport and is referred to as the entrain- 
ment limit. 

For  two-phase annular flow, numerous studies have 
been presented to predict the onset of entrainment. In 
general, the analytical approaches were made based 
upon the Kelvin-Helmholtz (K-H)  of Rayleigh- 
Taylor instability theories [3-5], and various semi- 
empirical criteria were proposed by incorporating the 
critical Weber number analysis or flooding cor- 
relations with the existing experimental data [6, 7]. 
However, the entrainment phenomenon in two-phase 
thermosyphons or heat pipes, especially the presence 
of entrainment in capillary-driven heat pipes, has not 
been studied extensively. Busse and Kemme [8] have 
even expressed doubts as to the possibility of entrain- 
ment in the capillary-driven heat pipes since wicking 
structures are likely to retard the growth of surface 
waves. 

It is even more difficult to predict the entrainment 
limit in heat pipes operating at an arbitrary tem- 
perature since the limit involves both the dimensions 
of the heat pipe and thermal properties of the working 
fluid. However, when the wick is fully flooded with 
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working fluid, the entrainment limit or critical heat 
transport can be estimated by utilizing the critical 
vapor velocities obtained not only from the instability 
criteria, but also the classical two-phase annular flow 
models mentioned above and performing an energy 
balance for the given thermal properties and gegmetry 
of the vapor flow. Several analytical or semi-enlpirical 
criteria have been proposed to predict entrainment 
from properly saturated wicks since Cotter [9] first 
introduced the instability concept for operatiOg heat 
pipes. The most popular analytical scheme is the 
Weber number criterion [10], which was derived from 
the force balance on a single wick pore. 

Although several analytical or semi-empiri~:al cri- 
teria have been proposed to predict the entrainment 
limit in heat pipes, most of these models hove not 
proven reliable. As noted by Peterson and Bage [2], 
the entrainment limit predicted from these models 
may vary by as much as a factor of 30. In addition , 
little experimental data are available to justify the 
validity for different wick geometries and ol~rating 
temperature ranges. 

Kemme [11] first performed a limited investigation 
to determine the performance limit of  gravity-assisted 
sodium heat pipes. Somewhat later, P r en~r  and 
Kemme [12] performed extensive experiments on the 

• . . I 
entrainment limit for gravity-assisted heat pipes using 
various working fluids and proposed a dimensionless 
criterion, but the study lacked instrumentakion to 
detect the onset of  entrainment. In parallel wi~h these 
heat pipe experiments, Matveev et al. [13] cofiducted 
a simple experiment to visualize the onset of entrain- 
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NOMENCLATURE 

A area of flow passage [m 2] 
Aw wick cross-sectional area [m 2] 
cc bulk specific heat of the condenser 

[J kg -I K -j] 
Cpc specific heat of the coolant 

[J kg -I K -j] 
d characteristic diameter [m] 
d, wire spacing [m] 
d2 wire thickness [m] 
dh.w hydraulic diameter of a wick pore [m] 
Dh duct hydraulic diameter or vapor core 

diameter [m] 
Dv dynamic pressure coefficient 
F~ liquid frictional coefficient 
Fv vapor frictional coefficient 
h film thickness [m] or enthalpy [J kg ~] 
hf flooding height [m] 
ht tilt height [m] 
kw wick thermal conductivity 

[ W m - '  K - ' ]  
K permeability [m 2] 
mc coolant mass flow rate [kg s ~] 
mE mass flow rate of entrainment 

[kg s-i]  
Mc bulk mass of the condenser [kg] 
M~, bulk mass of the evaporator plus 

adiabatic region [kg] 
N,d mesh number in the adiabatic region 

[m -I or in_ 1] 
N b mesh number of the bottom wick 

[m lo r in_ l ]  
Nvi dimensionless viscosity number 
P~ liquid pressure [Pal 
P~ vapor pressure [Pa] 
(APc)pm maximum permissible pressure [Pa] 
(APc)m~x pressure difference due to surface 

tension [Pa] 
AP~ pressure drop in the liquid [Pa] 
APv pressure drop in the vapor [Pa] 
qext extra heat addition [W] 
qc~p capillary limit [W] 

r~ capillary radius [in] 
r, inner radius of a heat pipe [m] 
rh,~ hydraulic radius of liquid channel [m] 
rv vapor core radius [m] 
Re duct Reynolds number of vapor flow 
Tc coolant temperature or bulk mean 

temperature of the condenser 
[K or ~'C] 

Tea bulk mean temperature of the 
evaporator plus adiabatic region 
[K or ~-C] 

ATe coolant temperature rise [K or ~C) 
U mean vapor velocity [m s ~] 
Uvc critical mean velocity [m s-~] 
We Weber number. 

Greek symbols 

2 
2c 
P 
Y 

P 
O" 

gas constant [J kg-  ~ K -  ~] 
wavelength [m] 
critical wavelength [m] 
viscosity of fluids [Pa s ~] 
kinematic viscosity of fluids [m 2 s ~] 
density of fluids [kg m 3] 
surface tension of the liquid [N m ~] 
tilt angle [rad]. 

Subscripts 
a adiabatic region 
ad adiabatic region 
c critical values at the onset of instability 

or entrainment 
cond conduction 
dr dry-out 
e entrainment limit or evaporator 
ea evaporator plus adiabatic region 
eva evaporator 
E entrainment 
1 liquid 
th thermal detection of entrainment 
v vapor 
vi visual detection of entrainment. 

ment and to verify Cotter's instability criterion using 
an air-water test channel interrupted by screen mesh. 
This type of aerodynamic simulation was more inten- 
sively studied by Kim et al. [14] to simulate the effects 
of both the vapor velocity and wick dimensions on 
the entrainment phenomenon in heat pipes. From the 
results of the parametric study, the measured critical 
air velocities for fine meshes (N/> 40) were found to 
be in good agreement with those predicted by the 
theoretical models [9, 15], but it was uncertain whether 
these models could be applied to operating heat pipes 
whose vapor velocity is not extremely high. 

For the present investigation, a copper-water heat 
pipe was constructed from copper tubes and a rec- 

tangular copper duct. The entire length of the heat 
pipe was approximately 2.16 m, which was long 
enough to apply a maximum power of 7.3 kW prior 
to dry-out. Entrainment was detected by various 
methods and classified into representative types 
according to the relative position of the liquid inter- 
face to the wick structure and the operating condition. 
A high speed video camera and image analyzer were 
utilized to visualize and classify the various modes of 
entrainment. 

The principal objective of the proposed research 
was to investigate the entrainment phenomena in 
capillary-driven heat pipes so that the entrainment 
limit for a given wick size and operating temperature 
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could be predicted more accurately during the design 
stage. Goals and tasks of the present investigation 
included (1) theoretical verification of the existence of 
entrainment using a computer model to determine the 
maximum heat transport, (2) entrainment charac- 
terization to  identify and describe the entrainment 
configuration and generation mechanisms in an 
operating heat pipe using flow visualization tech- 
niques, (3) development of a dimensionless empirical 
correlation proposed to predict the entrainment limit 
as a function of both vapor temperature and physical 
dimensions and (4) comparison of these data with 
analytical or empirical models developed in previous 
studies. 

SUMMARY OF PREVIOUS STUDIES 

To review the various entrainment or critical vel- 
ocity models in operating heat pipes, 12 previous mod- 
els were examined to investigate individual trends and 
any disparities in the general tendency of the models. 
In order to organize the previous studies, the entrain- 
ment was categorized into two types based on the 
relative position of the liquid interface and the wicking 
structure, i.e. wave-induced entrainment and shear- 
induced entrainment, as shown in Table 1. 

In the two groups of entrainment models, the wave- 
induced entrainment occurred when the wick struc- 
ture was fully flooded. The instability criterion [3], 
the modified flooding correlation for non-wicked heat 
pipes [7] and the roll-wave model [6] can be included in 
this category. The shear-induced entrainment resulted 
from the shear forces induced by high velocity vapor 
flows when the wick structure was properly saturated. 
Several analytical models such as the Weber number 
criterion [10], the instability criterion [9] and tbe 
entrainment limit criterion derived from flooding cor- 
relations [7], etc. were investigated to predict the 
entrainment limit in wicked heat pipes. 

The characteristic dimensions and significant ther- 
modynamic properties involved in the criteria are also 
presented to assist in this comparison. For the charac- 
teristic dimensions, the shear-induced models are 
associated with smaller dimensions than the wave- 
induced models. In particular, Prenger [12] and 
Prenger and Kemme [16] show the smallest values for 
the twelve models studied. For the thermodynamic 
properties involved in the criteria, all the models were 
found to be related to the surface tension and vapor 
density, but the liquid viscosity can be seen in only 
the roll-wave model proposed by Ishii and Grolmes 
[61. 

As shown in Table 1, 12 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 tend- 
ency of the overall models. For this purpose, critical 
Weber numbers were calculated for the chosen charac- 
teristic dimensions of the interface and the working 
fluid (water). A film thickness, h, of 4 mm was used 

as a characteristic dimension for the calculations of 
the wave-induced entrainment group, and the wire 
spacing for 40 x 40 copper mesh (=  0.53 mm accord- 
ing to McMaster-Carr (1991)) was utilized for that 
of the shear-induced entrainment group. Particuiarly, 
the hydraulic diameter, dh.w, in the Weber number 
criterion of Chi [10] was assumed to be the wire 
spacing, dl, of the mesh, and wire thickness was used 
for the characteristic dimension, 6, in the dimen- 
sionless correlations of Prenger and Kemme [16] and 
Prenger [12]. The hydraulic diameter of the vapor core 
Dh was assumed to be 15.2 and 19.2 mm for the Wave- 
and shear-induced entrainment, respectively. 

The critical Weber number is the Weber number 
corresponding to the onset of entrainment and is 
defined as the ratio of the inertia force to the surface 
tension force, i.e. the Weber number is expressed as 
W e  = pvU2~L/a, where L is the characteristic dimen- 
sion of the interface. For the entrainment limit models 
such as Tien and Chung [7] and Kemme [11], the 
critical vapor velocity can be estimated using an 
energy balance : 

Uv~ - qe (1) 
p.,Avhrs " 

In general, lower critical Weber numbers indicate that 
the onset of entrainment initiates at a lower ~,apor 
velocity for the given dimension and temperature. 
Since changes in the vapor temperature may cause 
the critical Weber number to vary due to property 
changes, the critical Weber numbers must be pre- 
sented as a function of the vapor temperature. 
However, the effect of changes in liquid properties on 
entrainment cannot be well described by the Weber 
number itself. Thus, the viscosity number was ~ntro- 
duced as N,~ = #l/~/(ptaXc/2n) to describe the stability 
of the liquid as the vapor temperature changed.i 

In Fig. 1, the critical Weber number, Wevo, is plotted 
as a function of the viscosity number, N,~ I cor- 
responding to the vapor (or saturation) temperature 
to show the individual trends of the various models. 
The solid and blank symbols are associated width the 
wave- and shear-induced models, respectively. Six 
models including Cotter [9] and Chi [10] show that 
the critical Weber number remains unchanged with 
decreases in the viscosity number. However, iOcreas- 
ing trends are observed by two models, the inst~ability 
model for the wave-induced entrainment [3] arid the 
turbulent roll-wave model [6]. Alternatively, decreas- 
ing trends were indicated by the four models including 
Tien and Chung [7] and Prenger [12]. In additirn, the 
overall trend of all the models indicates that thei wave- 
induced entrainment models are associated with 
higher critical Weber numbers than those fbr the 
shear-induced entrainment models except for th~ tran- 
sition model of Ishii and Grolmes [6]. This Overall 
trend may be reasonable since the characteristic 
dimension for the wave-induced entrainment !s gen- 
erally larger than for the shear-induced entrainment 
in capillary-driven heat pipes, as indicated it~ Table 
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Fig. 1. The critical Weber number vs viscosity number for various entrainment models. 

Kelvin 13} 
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P r e n g e r  1121 
l s h i i  e t  al, {6} T r a n s i t i o n  
I sh i i  e t  aL {6} T u r b u l e n t  
C o t t e r  {91 
K e m m e  {1 1 ] 
Chi {1 0] 
T i e n  a n d  C h u n g  171 
P r e n g e r  and  K e m m e  1161 
P r e n g e r  [1 2} 
Rice and  F u l f o r d  {15} 

1. A characteristic dimension, approximately 4 times 
larger was used for the wave-induced entrainment  in 
the present investigation. 

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. Model comparisons 
between Ishii and Grolmes [6] and Prenger [12] (for 
the shear-induced model) show significant differences 
in the trends. In general, the critical Weber number  
tends to increase very rapidly with increases in the 
viscosity number  for large values of the viscosity 
number,  but  the dependency diminishes as the vis- 
cosity number  decreases, thereafter the Weber number  
approaches a limiting value according to Hinze [17]. 
In this sense, the theoretical shear-induced model pre- 
sented by Prenger [12] seems to lack theoretical 
validity. This may be caused by the inappropriate 
geometry, i.e. the configuration of the interface shown 
in Fig. 1 is appropriate for the wave-induced entrain- 
ment, but  not  for the shear-induced entrainment.  
Also, the overall trend indicates that in most cases, 
the critical Weber number  does not  show significant 
variation except for Nv~ < 0.0007 regardless of the 
large difference in the predicted values. 

EXISTENCE OF ENTRAINMENT 

In operating heat pipes, the existence of entrain- 
ment is often affected by other performance limi- 
tations, such as the capillary limit and boiling limit. 
Entra inment  occurs only after the drag forces due to 
the high velocity of the vapor are large enough to 
tear liquid droplets off the liquid interface. Thus, the 
entrainment  will not  be reached if the heat transport  
prior to the onset of  entra inment  exceeds that of the 
other performance limits, i.e. the capillary limitation 
or the boiling limitation. 

As noted by Busse and Kemme [8], another necess- 
ary condit ion for the existence of entrainment  is that 
the wick be saturated with liquid. This implies that 
entrainment  can occur at the wet point : however, the 
possibility of entrainment  becomes less as the wet 
point is subjected to condensation. Thus, the inlet of 
the adiabatic region may be the most likely point 
for entrainment  when flooded and subjected to high 
velocity vapor flow. 

Because of these requirements, the present inves- 
tigation first theoretically investigates the capillary 
and boiling limitations, and then compares these 
theoretical results with experimental data. 

Capillary limitation 
To determine the capillary limit (or dry-out limit), 

pressure drops in both the liquid and vapor channel 
were investigated. A one-dimensional vapor flow 
model from Chi [10] was utilized to predict the vapor 
pressure drop, while the momentum equation for the 
liquid flow was simplified and solved to calculate the 
liquid pressure drop using previous investigations for 
wick permeability, 

(1) Vapor pressure drop. The vapor pressure gradi- 
ent can be written in an alternative form [10] : 

dP~ dq 2 
dx - F v q -  D~ ~ x  (2) 

where Fv and D,, are the frictional and the dynamic 
pressure coefficients, respectively, and are defined as 

(fvRev)/;v 
F,. = (3) 

2 2rh,v Avpvh~g 
/s 

D,r - d 2 2 " (4) 
,. pvhfg 

Also, the Reynolds and the Mach number  are ex- 
pressed in terms of q as 
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Rev = 2rh,vq (5) 
A~p.vhf, 

Mav= q . (6) 
Avpvhrgx/7~RvT~ 

If the Reynolds and the Mach number are less than 
2300 and 0.2, respectively, fvRe~ is equal to 16 (for 
circular passages) as is the case for laminar and incom- 
pressible flow and fl is equal to 1.33. For flow with 
large Reynolds numbers (Re~ > 2300) and Ma~ < 0.2, 
fl is very close to unity, andfiRe~ is no longer a con- 
stant value, wherefi corresponds to the Fanning fric- 
tion factor in incompressible turbulent vapor flows : 

0.079 
f ~ - ~  025" (7) 

/~e v 

Thus, the frictional and dynamic pressure coefficient 
in equations (3) and (4), respectively, can be rep- 
resented for incompressible turbulent vapor flow as 

Fv - 0.039/~ ( 2rh,vq ~3/4 (8) 

Avr~,vpvhfg \ AvhfglAv ] 

1 

Dv = 2 2" (9) 
p~Av hrg 

(2) Liquid pressure drop. Also, the liquid pressure 
gradient can be written in the form [10] 

dP, 
- -  = - F~q +_ p,g sin ~k (10) 
dx 

where F, is a frictional coefficient for the liquid flow 
and is defined as [10] 

P, 
F, = K, Awhfgp, " (11) 

Here, K, indicates the wick permeability, which rep- 
resents a property of the wick structure [10]. 

(3) Pressure balance in operating heat pipes. The 
fundamental mechanism that governs heat pipe per- 
formance is a result of the difference in the capillary 
pressure across the liquid-vapor interface, which is 
equal to the pressure difference between the liquid and 
vapor phase at any given axial position. For a heat 
pipe to function properly, the net capillary pressure 
between the wet point (where P, = P~ in the con- 
denser) and the beginning of the evaporator must be 
greater than the summation of all the pressure losses 
occurring throughout the liquid and vapor flow path. 
This can be expressed mathematically as 

(AP~)m,x /> AP~+APt+AP.L (12) 

where AP.I_ is the normal hydrostatic pressure drop 
and defined as 

AP.L = p,gdv cos ~. (13) 

Here, d~ and L, are vapor core diameter and total 
length, respectively and (APc)ma~ is the maximum 
capillary pressure derived from the Laplace--Young 
equation. If the local capillary radius in the condenser 

is neglected, (APe)max can be expressed a function of 
only the effective capillary radius of the evapok'ator 
wick (re.o) or 

2a 
(AP¢)~oa~ = - - .  (14) 

rc,e 

For the heat pipe illustrated in Fig. 2, the summation 
of the first two terms on the right side of eqt~ation 
(12) can be determined by integrating the prdssure 
gradients in the vapor and liquid phase, equations (2) 
and (10), respectively, from the wet point (at the end 
of the condenser) to the beginning of the evaporator : 

lJ' (ae  de, d 
A P v + A P ' =  \ d x  ~ x ]  "" ~ (15) 

Substituting equations (2) and (10) into eqtiation 
(15): 

A P * + A P t = f ~ ' ( F v q - D v d q : + F ~ q + P ' g s i n $ )  d x ' - ~ x  

(16) 

The vapor frictional term, Fvq, becomes positive since 
the vapor is flowing opposite the direction of inte- 
gration, as shown in Fig. 2. In addition, using D~ given 
in equation (4), the integration of the second t+rm in 
equation (16) leads to zero since q is equal to zero at 
both ends of the heat pipe. Substituting equations 
(13)-(16) into equation (12), a relationship, rdferred 
to as the capillary limitation, can be obtained as 

2a 
(APe)pro - - plgdv cos ~O - p,gLt sin ~b 

rc,e 

= (Fv+FOqdx (17) 

where (APe)pro is referred to as the maximum per- 
missible capillary pressure. 

(4) Calculation of  the capillary limit. If the vapor 
flow is assumed to be one-dimensional and l$minar 
(Rev < 2300), both Fv in equation (3) and F, in equa- 

Liquid flow 

Fig. 2. Schematic illustration of an operating heat pipe with 
the maximum heat transport, q~,p. 
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tion (11) are constant. Thus equation (17) can be 
rewritten as 

fo " (APc)pm 
qdx - (F~ + FO" (18) 

For the case of  a uniform heat flux distribution along 
the evaporator and condenser sections, the right side 
of equation (18) can be integrated along the heat pipe 
as  

I L'qdx = (0.5L~+La+O.5L~)q~ap --- Lceq~p (19) 
) 

where qcap is the capillary limit and Lo~ is the effective 
length of a heat pipe for the given length of the con- 
denser, evaporator and adiabatic region. Hence, for 
the laminar vapor flow, the capillary limit, q~,p, can 
be explicitly determined from equations (18) and (19) 
as  

(/~Pc)pm (20)  
qcap -- (F~r + Ft )Le  ~ 

For one-dimensional turbulent flow, the capillary 
limit can no longer be determined explicitly since the 
vapor frictional coefficient, Fv in equation (8), is a 
function ofq. Substituting equation (8) into equation 
(17) yields 

h,v (APc)pm- 0.039/~2 / ~ ) / 2 r  ,,3,,4 

Avrh,~p~hfg 

Io" IL' × q7/4 dx+F~ qdx. (21) 
do 

For a uniform heat flux condition in the evaporator 
and condenser, q is represented as a function of x : 

X 
q=q~"PL-~ for 0 ~ x < L e  (22) 

q=q~,p for L ~ < x < L ~ + L ,  (23) 

L ~ - x  
q = q~ap L ~ -  for L e + L ,  ~< x ~ Lt. (24) 

Substituting equations (22)-(24) into equation (21) 
yields 

h,v (APc)pm_ 0.039P~2 /A~gg#,.)/2r \3.4 
Avrh.~pvhrg 

(l~Le+La+ 11 \ 7 ' 4 - ~  / Lc| q~p + F~q~,vL~r~. (25) 

Boiling limitation 
If the radial heat flux of the heat pipe at the evap- 

orator exceeds a critical value, vapor bubbles may be 
formed in the evaporator wick because the saturation 
vapor pressure corresponding to the wick-pipe inter- 
face temperature is higher than the local liquid 
pressure and is sufficient to cause nucleation [5, 10]. 
The bubbles may grow and become trapped in the 

wick, blocking the liquid return and resulting in evap- 
orator dry-out. This phenomenon, referred to as the 
boiling limit, differs from the capillary limitation in 
that it depends on the radial heat flux at the evap- 
orator as opposed to the axial heat flux. 

Determination of the boiling limitation is based on 
homogeneous nucleation in a superheated liquid and 
heterogeneous nucleation and bubble growth from a 
heated surface. This involves two separate phenom- 
ena, i.e. bubble formation and the subsequent growth 
or collapse of the bubbles, respectively. By performing 
a pressure balance on any given bubble and using the 
Clasius-Clapeyron equation to relate the temperature 
and pressure, an expression for the heat flux beyond 
which bubble growth will occur was developed by Chi 
[10]. This expression, which is a function of the cavity 
size, r,,, and the fluid properties, can be written as 

qb Pvhrgln (ri/rv) ~ -- (APc)m,x . (26) 

Here k,~ is the effective thermal conductivity of the 
liquid-wick combination for the wrapped screen wick. 
given in Chi [10], and ka and kw are the thermal con- 
ductivity of the liquid and wick, respectively. In 
addition, r~ and r, in equation (26) represent the inner 
radius of the heat pipe wall and the nucleation site 
radius, respectively. The nucleation site radius for 
conventional heat pipes can be assumed to be from 
2.54 × 10 7 to 2.54 × 10 -~ m according to Chi [10] and 
Dunn and Reay [18]. 

A model to predict the maximum performance 
A computer model was developed based upon the 

theoretical background indicated in equations (20) 
and (25). For the present investigation, the Mach 
number, May, was assumed to be less than 0.2, and 
was verified by the computation. Basic assumptions 
for the computation are : 

(1) The vapor channel is uniform in its cross-sec- 
tional area. 

(2) The mesh number used in the evaporator is 
fixed, i.e. Nev, = 100 and the mesh in the adiabatic 
region varies (N~d = 40, 80 and 200). 

(3) Nev~ ( =  100) is used for the calculation of the 
maximum capillary pressure, (APe) ..... if N~ is not 
larger than 100. 

(4) The wick permeability is estimated by Chi [10] 
for a composite wick (eight layers of bottom mesh 
(Nb = 24) and one layer of top mesh corresponding 
to Nad) using an effective mesh number : 

4 ×  N b + N a d  
Nen (27) 

5 

EXPERIMENTAL APPARATUS 

The heat pipe used in the current investigation was 
constructed from copper tubes and a rectangular cop- 
per duct as shown in Fig. 3. The entire length of the 
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Fig. 3. Detailed configuration and dimensions of the test setup for heat pipe experiments. 

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 ram. 
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, six viewing windows were 
installed for flow visualization of the wicked interface. 
The copper mesh to be evaluated was inserted into a 
slit, under which 10 layers of copper mesh (mesh num- 
ber 24) were installed to supply water to the evap- 
orator. Detailed dimensions for the screen mesh are 
listed in McMaster-Carr  (1991). To minimize per- 
ipheral dry-out of the evaporator, 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. 3. 

Seven electric band heaters (maximum 
power = 7.24 kW) were installed on the outer surface 
of the evaporator to apply a uniform heat flux. The 
power to each heater was adjusted by means of indi- 
vidual variable power supplies. On the outer surface 
of the condenser, a 6 mm diameter copper coil was 
silver soldered circumferentially to reject the heat to 
the circulating coolant, as shown in Fig. 3. Two 

different temperatures of water, i.e. chilled water (7- 
10°C) and tap water (30--35°C) were used as coolants 
to adjust the operating vapor temperature. 

Internal temperature variations of the liquid and 
vapor and the coolant temperature were monitored 
using 39 T-type thermocouples installed along the heat 
pipe as indicated in Fig. 3. Twenty-four ther- 
mocouples were installed along the heat pipe, 12 in 
the liquid and 12 in the vapor region of the evaporator 
and condenser, every 150 mm to investigate axiaJ] tem- 
perature variations. In the adiabatic region, four thin 
sheath-type thermocouples were installed to measure 
the vapor temperature and three for the liquid tem- 
perature. Six thermocouples for monitoring the wall 
temperatures were installed on the outer top surface 
every 0.36 m and two thin sheath-type thermoc0uples 
for measuring the temperature rise of the coo la~  were 
inserted into the coolant stream at the inlet and ~outlet 
to the coolant jacket. The temperature difference 
between the inlet and the outlet of the coolarlt was 
used to estimate the axial heat transport. In addition, 
two pressure transducers, P. T. No. 1 and P. T. No. 2 
[pressure range: 0-0.4 MPa (abs)], were instailed in 
the middle and at the end of the adiabatic region, 
respectively. 

The 36 thermocouples (T. C. Nos 1-36) indicated 
in Fig. 3 were connected to the data logger, i Three 
three-channel strip chart recorders were intdrfaced 
with thermocouples, T. C. Nos 3, 8, 11, 23 aiad 29, 



1434 B.H. KIM and G. P. PETERSON 

and two pressure transducers, P. T. Nos 1 and 2, to 
investigate temporal changes in the operating con- 
ditions before and after entrainment. 

For the flow visualization at the onset of entrain- 
ment, a high speed video camera (shutter speed: 
1/4000 s) and an image analyzer with a strong back 
light (150 W flood lamp) were focused on the wicked 
interface in the inlet of the adiabatic region. To pre- 
vent condensation on the inner walls of the viewing 
windows, small stainless steel strip heaters were 
attached on the outer surface. Approximately, 20 W 
was supplied to each viewing window to eliminate wall 
condensation. 

Two rotameters (recommended flow rate: 0.063 
0.63 1 s ~ 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. In addition, a three-way valve was installed to 
evacuate and charge the heat pipe with working fluid. 
The flooding height in the adiabatic region was regu- 
lated by the on-off valve. A micro valve installed at 
the end of the condenser was used to remove non- 
condensable gases and control the operating con- 
ditions when the heat pipe was operating below atmo- 
spheric pressure. 

EXPERIMENTAL PROCEDURE 

Every run of the heat pipe experiment consisted of 
two processes, i.e. the startup process and the steady- 

state operation. The startup process was designed to 
avoid premature dry-out of the evaporator before the 
heat transport reached the entrainment limit, and to 
allow the heat pipe to be operated at a particular 
vapor temperature by balancing the heat input and 
the heat rejection. The facility used for charging is 
shown in Fig. 4 and the procedure was as follows: 
First, the heat pipe vacuum pressure was adjusted to 
about 0.01 torr by opening the micro valve at the end 
of the condenser. The heat pipe was then charged with 
purified water by switching the three-way valve. The 
liquid was allowed to flow into the heat pipe until the 
wick in the adiabatic region was properly saturated. 
After this, the coolant flowrate was set to a pre- 
determined value (typically 0.126 1 s ') and the band 
heaters were set to about 0.97 kW. For this typical 
procedure, the vapor temperature and pressure vari- 
ations during the startup process are shown in Fig. 5. 

Temperature and pressure variations during startup 
The two vapor temperatures (Tv, and T,.c) and 

vapor pressure (Pv0 were continuously recorded using 
a strip chart recorder. At the beginning of the exper- 
iment, the thermodynamic state of the working fluid 
in the evaporator was a compressed liquid. Prior to 
operation, the non-condensable gases which tended 
to accumulate in the condenser were evacuated using 
the micro valve shown in Fig. 4 so that the hot vapor 
in the evaporator can penetrate the condenser. The 
vapor temperature in the condenser inlet (T,.c) was 
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Fig. 4. Schematic diagram of the test setup for the heat pipe experiments. 
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Fig. 5. Variations of the vapor temperature and pressure at the certain location prior to the steady-state 
operation• 

much lower than Tva before removal of the non-  
condensable gases (shown by the sudden jumps in 
vapor temperatures at t ~ 40 rain). Hereafter, the heat 
pipe operation gradually approach the steady-state 
conditions at t ~ 60 min. 

As T~a and Tv¢ approached 110 and 100°C, respec- 
tively, the heat pipe began to operate in a steady- 
state mode and different steady-state conditions were 
obtained by increasing the heat input• With stepwise 
increases in heat input, the heat transport  and vapor 
temperature (T,~) finally reached the range where the 
entrainment  limit was to be measured. Once the vapor 
pressure (Pv0 becomes larger than the atmospheric 
pressure and the hot vapor fully penetrates the con- 
denser region, the only way to control the vapor tem- 
perature (Tva) and corresponding heat transport  is by 
varying the heat input• However, the micro valve was 
sometimes used to purge the noncondensable gases at 
operating vapor temperatures less than 70°C. 

Measurement of entrainment limit 
The heat transport  at the onset of  entrainment  was 

calculated by measuring the temperature difference 
(ATe) of  the coolant flow between the inlet and outlet 
of the coolant circuit. However, the temperature rise 
may be affected not  only by the convective heat trans- 
port, but  also by the other heat transfer terms illus- 
trated in Fig. 6. For  control volume B in the 
condenser, the energy and mass balance equations for 
a steady state are 

M c  dTc c d~- = mvhv - mlhi + mEhl + q~ona -- qout = 0 

(28) 

dMo 
dt = rnv--tfi~+rnE = 0. (29) 

The steady-state energy equation for control volume 
A comprising the evaporator and adiabatic legion 
becomes 

d T .  
M e a c e a  - ~  = qin + q*xt -- qto~ -- qco,~O -- rhvhv 

+#~lhl-rhEht = 0. (30) 

The global energy equation for the heat pipe including 
both control volumes can be expressed as 

qin + qext = qtoss + qout. (31) 

F rom either equations (28) or (30), a simplified ¢+ nergy 
balance can be derived using equations (29) an~ (31) 
if mE is nearly zero : 

qout = qcond+pvAvUvhr+ = m~ep, AT~. (32) 

The conductive heat transfer term, q¢o,d, can bei deter- 
mined experimentally from the plots that show vari- 
ations of  the heat rejection, qo,t, with respect t6 time• 
The heat rejection was observed to very slowly 
increase and remain constant  (less than 0.2 k w  in 
most cases) until  the hot vapor flow reached the con- 
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Fig. 6. Schematic illustration of various heat transfer terms in operating heat pipes. 

denser. This is probably due to the fact that the heat 
rejection sensed by the coolant is negligible and the 
conductive heat transfer, qco,~, is dominant. In 
addition, the axial temperature gradient indicated by 
the difference in the average radial wall temperature 
between the evaporator and condenser should be at a 
maximum just before the vapor temperature at the 
condenser inlet (T. C. No. 23) starts to increase. This 
is reasonable since the mean radial wall temperature 
and the mean bulk temperature in the condenser tend 
to increase abruptly as the hot vapor starts to con- 
dense on the inner wall and interface. Instead, the 
evaporator wall temperature increases slowly unless 
the heat pipe is subjected to the dry-out limit. For 
the present investigation, the conductive heat transfer, 
q~o,d, was neglected since qcona << pvAvUvhfg. 

In addition, if the heat loss from the viewing win- 
dows is assumed to be approximately equal to the heat 
addition (q~xt ~ 0.2 kW) from the window heaters and 
back lights, the effective heat transport contributed 
by the vapor flow (or entrainment limit), qe at the 
onset of entrainment could be determined from exper- 
inaental data for ATe, as 

qe = pvAvUv~hrg = rhccp~AT~ (33) 

where coo (= 4.18 kJ kg ' K -~) is the specific heat for 
the coolant, and Av and Uv~ represent the cross-sec- 
tional area for the vapor flow and the critical vapor 
velocity at the moment of entrainment. 

CHARACTERIZATION AND DETECTION OF 
ENTRAINMENT 

Before examining the thermal detection of the 
entrainment for different initial flooding and tilt 
heights, it is necessary to characterize the modes of 
entrainment in heat pipe experiments. Three major 
modes of entrainment were observed. These were (1) 
wave-induced entrainment, (2) pulsating entrainment 
and (3) intermediate entrainment. 

Wave-induced entrainment. This type of entrain- 
ment 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 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 inter- 
face as shown in Fig. 7(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 [19-21 ]. 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. 

Pulsation entrainment. This is a mixed mode of 
wave-induced and intermediate entrainment and 
occurs when the wick is fully flooded and is subjected 
to a higher vapor velocity than that of wave-induced 

AIR/VAPOR ENTRAINED DROPLETS 

WAVE CRES.~ 

LIQUID DEPTH h 

(a) Wave-hxluced entriL, Iment 

AIRNAPOR ENTRAINED DROPLETS 

P~ WAVE CREST / 

LIQUID DEPTH h WIRE SPACING d I 
(b) ]ntcrmediale entrainment 

Fig. 7. Various entrainment modes observed in the heat pipe 
experiment; (a) wave-induced entrainment and (b) inter- 

mediate entrainment. 
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entrainment. The liquid is entrained as a form of  per- 
iodic bursting caused by the interaction of surface 
waves and the shear force developed at the interface. 
The wave-induced entrainment becomes suppressed 
as the heat transport increases, but this mode lasts 
until the intermediate mode appears. 

Intermediate entrainment. This type of entrainment 
was the most frequently observed shear-induced 
entrainment in steam-water experiments and occurs 
when the capillary-wick is covered with a relatively 
thin liquid film, whose depth is assumed to be so small 
that short waves propagate in the form of traveling 
waves as shown in Fig. 7(b). The thin liquid film is 
bounded by a fixed wicking structure and a free 
surface. Traveling waves (large disturbances) of rela- 
tively long wave length are formed due to the hydro- 
dynamic instability of the liquid and grow unstable, 
when the phase velocity is larger than the interfacial 
liquid velocity [22]. Entrainment is observed as a form 
of periodic splashes induced by the shearing forces 
applied to the large disturbances. 

Thermal detection of the intermediate entrainment 
Entrainment limits corresponding to the inter- 

mediate mode were measured as functions of both the 
mesh number and the operating vapor temperature. 
For  this parametric study, heat pipe experiments with 
both zero tilt and no initial flooding (i.e. hf = ht = 0) 
were performed for three different mesh sizes, 
N~d = 40, 80, 200. In addition, chilled water (Tci= 8-  
10°C) was used as a coolant for most cases and the 
coolant flowrate was varied from 0.025 to 0.25 l s-  
to control the vapor temperature. The coolant tem- 

perature was also changed by using tap water 
(Tci= 30-35°C) to obtain higher vapor temperatlires. 
Temperature fluctuations with and without the i~ter- 
mediate entrainment are compared in Fig. 8 unddr the 
typical operating conditions. 

In addition to visual detection using the high speed 
video camera and the image analyzer, a new techrlique 
based upon pressure and temperature fluctuations in 
a saturated two-phase system was introduced to ther- 
modynamically detect the onset of interme~liate 
entrainment. Four thermocouples (Nos 3, 8, 11~ and 
23) in the adiabatic section (shown in Fig. 3) ~ere 
used to continuously measure temperature ifluc- 
tuations using strip chart recorders. For  the cape of 
no entrainment, there is no significant fluctuation in 
either Tva or T,a when compared with the entrainment 
case. If entrainment occurs near the inlet of the adia- 
batic region, the downstream local vapor pressurf will 
tend to decrease. As a result, the local saturation ,~apor 
temperature detected by T. C. Nos 8 and 11 will also 
tend to decrease simultaneously, as shown in Fig. 8. 
Fluctuation of the liquid temperature (T. C. No.i 3) in 
the middle of the adiabatic region implies not only a 
change in the corresponding saturation vapor tem- 
perature following entrainment but also penetration 
of the colder liquid into the middle of the adia~batic 
region due to both the capillary suction of the reCeded 
wick and the hydrostatic head developed by the Waves 
in the condenser. 

R E S U L T S  A N D  D I S C U S S I O N  

The results obtained in this investigation include: 
(l)  theoretical analysis of the effects of the heai pipe 
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geometry and operating condition of the maximum 
performance determined by the computer model to 
verify existence of entrainment and (2) physical 
interpretation of the behavior of the entrainment limit 
with variations in both vapor temperature and mesh 
number and derivation of a dimensionless empirical 
correlation corresponding to the experimental data. 

Prediction of the maximum performance usin# the com- 
puter model 

Using the computer model, a preliminary cal- 
culation was performed to determine an optimum 
vapor channel diameter for a particular mesh number 
(Na~ = 40) and saturation vapor temperature 
(Tv = 102°C), since the vapor channel diameter of the 
heat pipe in Fig. 3 is not axially uniform. The result of 
the preliminary calculation showed that the capillary 
limit was found to have a maximum at Dh ~ 19 mm, 
which is nearly the same as the hydraulic diameter of 
the vapor channel in the adiabatic region. 

Three performance limits, qcap, q~ and qb, are pre- 
sented in Fig. 9 as a function of the vapor temperature 
for three different mesh numbers, N,d = 40, 80 and 
200. As noted earlier, qcap for Tv > 60°C tends to 
decrease with increases in the mesh number, but shows 
increases in the predicted value as the mesh number 
becomes larger than 80 since the contribution of 
(mPc)ma x tO qcap becomes more significant. However, 
q~p for N,d = 200 becomes larger than for N,d = 40 if 
Tv becomes less than 60°C since (APc)ma x becomes 
more dominant as the surface tension force, a, 
increases. The boiling limit with r. = 2.54 × 10 -7 (m)  

is independent of the mesh number in the adiabatic 
region and tends to decrease with increases in the 
vapor temperature since p~ in equation (26) rapidly 
increases but cr decreases with Tv. However, as shown 
in Fig. 9, the capillary limit, q~,p, was found to be 
more important than the boiling limit unless the vapor 
temperature is larger than 160°C. Based upon this 
observation, the dry-out limits obtained by the heat 

pipe experiment are less likely to be associated with 
the boiling limit than the capillary limit since the 
measured vapor temperatures are below 140°C. 

The capillary limit is also compared with the 
entrainment limits predicted by |shii and Grolmes [6] 
and Cotter [9] and shows an intermediate value of the 
two limits. Besides the observation that the entrain- 
ment is larger than qcap, it can be deduced that the 
entrainment mode described by Cotter [9] cannot exist 
in heat pipe experiments. 

Experimental results 
The critical heat transport at the onset of the inter- 

mediate entrainment was measured for different mesh 
sizes by varying the coolant flow rate. The heat trans- 
port was calculated from equation (33) where the 
coolant temperature rise, ATo was measured by ther- 
mocouples, T. C. Nos 35 and 36. The mean vapor 
temperatures in the adiabatic region were obtained by 
averaging the four vapor temperatures measured by 
T. C. Nos 8-10. 

Complete data sets of the heat pipe experiment for 
the case of zero tilt and no initial flooding are pre- 
sented in Fig. 10. The heat transport at the onset of 
entrainment and dry-out are presented as a function 
of vapor temperature for different mesh numbers. 
General trends show that the entrainment and dry- 
out limit tend to increase as the vapor temperature 
increases, which is consistent with the results cal- 
culated from the computer model as indicated in Fig. 
9. This trend can be explained by the significant 
increase in the vapor density as temperature increases, 
i.e. the vapor density at Tv = 60~C is approximately 
18 times larger than that at Tv = 14ff:C. More heat is 
required for a liquid at higher temperatures to vap- 
orize at the same rate. 

To verify the existence of the intermediate entrain- 
ment in the present investigation, the complete data 
set was compared with both the theoretical capillary 
limit obtained by assuming the hydrostatic head, h~, 
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Fig. 9. Prediction of the capillary limit as functions of both vapor temperature and mesh size. 
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Fig. 10. Comparison of experimental data with theoretical predictions. 

is equal to 40 mm. The effect of the hydrostatic head, 
hs, on the increase of qcap is theoretically the same as 
the favorable tilt height whose effect can be explicitly 
determined, but the effect of h~ is not. However, for 
the heat pipe experiment, the contribution of h~ on 
qcap is supposed to gradually increase with increases 
in the heat transport. An approximate range of h~ 
was presumed to be 0-40 mm, which was indirectly 
calculated by multiplying a proportionality factor t o  

the flooding height measured (3-4 mm) at the inlet of 
the condenser when the heat transport approaches 
that of the dry-out limit. 

As shown in Fig. 10, for each mesh, most of the 
dry-out data are below the theoretical capillary except 
the case where Na~ = 200 and T~ > 120°C. In both 
Cotter [9] and Prenger and Kemme [16], the entrain- 
ment limit, q¢, was calculated for the case that 
N~d = 40 and both models were developed based on 
the shear-induced mode. Instead, both the inviscid 
K - H  [3] and the transition roll-wave model [6] are 
supposed to predict the wave-induced entrainment so 
that the entrainment limit, q~, was calculated by 
assuming the liquid interface was about 4 mm above 
the mesh wick. Comparison of the experimental data 
with these four models shows that all of the exper- 
imental data are below the two models designed to 
predict the shear-induced entrainment, which is 
acceptable because the experimental data were 
measured based on the intermediate entrainment. 
Also, the experimental data are above the transition 
roll-wave model but slightly below the inviscid K - H  
model. This implies that the inviscid K - H  model tends 
to overestimate q¢ corresponding to the wave-induced 
entrainment, so it is not appropriate to predict q~ for 
the intermediate entrainment. 

To investigate the effect of vapor temperature on 

the stability of the liquid interface, the critical Weber 
number, W e v c ,  and viscosity number, Nv, are intro- 
duced and defined as 

2 p~ U~o2c #l 
W e v c  - - -  Nvi  - (34) 

(7 x/p,aZ~/2x 

where 2c is the critical wavelength derived fro m the 
Rayleigh-Taylor instability [4] and Nv~ represents the 
stability of a liquid interface. The critical ~/apor 
velocity, Uv~, corresponding to the measured entrain- 
ment limit was calculated from equation (1). Using 
these two parameters, the entrainment l imit  data 
shown in Fig. 10 can be represented as shown in Fig. 
11, in which W e v c  is presented as a function of Nvi for 
the three different meshes. The critical Weber number 
tends to increase slightly as Nvi decreases (or Tv 
increases). This implies that entrainment is supposed 
to be retarded as T, increases even though the liquid 
becomes more unstable. 

The critical Weber number tends to decrease ps the 
mesh number increases. This is consistent wil~h the 
trend of the entrainment limit data indicated in Fig. 
10 but is quite different from those of  Cotter [9] ~hown 
in Fig. 9. This discrepancy in the trends may be c~aused 
by the difference in entrainment modes involved 
in both experimental data and theoretical results. 
The present experimental data were obtained by 
measuring heat transport at the onset of intermediate 
entrainment. Instead, Cotter's model may be ai more 
appropriate one to predict the onset of the ~hear- 
induced entrainment observed in air-water exper- 
iments [14]. For  the shear-induced entrainment, ilarger 
heat transports or vapor velocities are required to 
entrain liquids. However, for the intermediate entrain- 
ment, the onset heat transport or vapor v+locity 



1440 B.H. KIM and G. P. PETERSON 

E 
2; 

° °  

2 

1.5 

101 

8 
7 
6 

5 

4 

3 

2 

1.5 

1 0  0 

O O 

Mesh n u m b e r  

0 40 
= 80 
× 200 Tes t  c o n d i t i o n :  

t~y = h t  = 0 mm 

. . . . . . .  i , I  , i , I J t J I I I 

5 . 5  6 7 8 9 1 0-3 

N~i  : Viscosi ty  Number 
Fig. 11. Critical Weber number vs viscosity number for different mesh sizes, 

1.5 

becomes lower as waves formed on the thin liquid film 
are less retarded by the wick structure as the mesh 
number increases. 

Dimensionless correlation 
If mesh dimensions are also taken into con- 

sideration for this parametric study, the critical Weber 
number can be expressed by three independent terms, 
Nvi, 2c/dl and Dh/d2. This results in a functional 
relationship of the form as 

?c y (Dhy (35) Wevc = c,N:~ \d, ] \ ~ ; "  

If the three sets of experimental data shown in Fig. 
I I are substituted into this equation, the unknown 
constant and exponents can be determined using a 
least-squares method. As a result, the dimensionless 
correlation for the critical Weber number can be 
expressed as 

Wevc = 10 ~"63Nvi°744 (2:'~ -°5°9 (Oh'~ °276 
~d, ] \a2/I • (36) 

For a fixed value of Nv,, We~c tends to decrease as 
2¢/d~ increases (or mesh number increases), which is a 
physically reasonable trend. However, We~c shows a 
contradictory trend for Dh/d: because Wev¢ tends to 
increase with increases in the term Dh/d2 (or increases 
in the mesh number). However, the individual effects 
of the dimensionless mesh dimensions, 2c/dj and Dh/d2, 
may not be consistent with the trends of the exper- 
imental data shown in Fig. 12. If the combined effect 
of the two terms is taken into consideration, We~ 
must decrease as ,42 decreases since the corresponding 

larger decrease associated with the term (2c/d0 ~.509 
overrides the increase of (Dh/d2) °276. 

The measured critical Weber number, We m, is nor- 
malized by the critical Weber number predicted from 
equation (36), We~, and is presented in Fig. 12 as a 
function of Nv~. The experimental data and empirical 
correlation show fairly good agreement and are within 
+20%. 

SUMMARY AND CONCLUSIONS 

Entrainment phenomenon in capillary-driven heat 
pipes has been investigated experimentally and ana- 
lytically to identify and better understand the par- 
ameters that govern the entrainment of liquid in 
operating heat pipes. For this purpose, a heat pipe 
experiment was conducted using a specially designed 
high power heat pipe with observation windows in the 
adiabatic section. 

The heat pipe experiment was first designed to verify 
the existence of the various modes of entrainment and 
second, to measure the corresponding entrainment 
limits. Parametric studies were performed using the 
computer model developed based on equation (20) 
and (25) to investigate the effects of the mesh number 
in the adiabatic region (Nad) and vapor temperature 
(Tv). Three performance limits, qcap, qe and qb are 
presented in Fig. 9 as a function of the vapor tem- 
perature for three different mesh numbers, N,d = 40, 
80 and 200. Both the entrainment limit [9] and the 
boiling limit [10] were found to be larger than the 
capillary limit, which implies that the maximum per- 
formance of the heat pipe may be more likely to be 
limited by the capillary limit. Also, qcap for Tv > 60'~C 
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tends to decrease with increases in the mesh number 
but shows increases in the predicted value as the mesh 
number becomes larger than 80 since the contribution 
of (APe)max to qcap becomes more significant. 

Entrainment in the heat pipe experiment was classi- 
fied into three major modes, i.e., wave-induced, pul- 
sating and intermediate modes, according to not only 
the flow visualization experiment, but also the tem- 
perature fluctuation patterns at the onset of the indi- 
vidual entrainment modes. 

As shown in Fig. 10, comparison of entrainment 
limit data with four models shows that all of the exper- 
imental data are below the two models [9, 16] designed 
to predict the shear-induced entrainment and above 
the transition roll-wave model [6], which predicts the 
wave-induced entrainment. This appears reasonable 
since the experimental data were measured based 
upon the intermediate entrainment. 

As shown in Fig. 11, trends of the critical Weber 
number versus mesh number are quite different from 
those of the aerodynamic simulation investigated by 
Kim et al. [14]. The critical air velocity was found to 
increase with increases in the mesh number (i.e. the 
critical Weber number increases as the mesh number 
increases), while the critical Weber number in Fig. 
11 shows the opposite trend. This discrepancy in the 
trends may be caused by the difference in entrainment 
modes at which both critical velocities are determined. 
The preceding analysis indicates that results of the air- 
water experiment, which are supposed to accurately 
predict the onset of the shear-induced entrainment 
like Cotter [9], may not be an accurate method of 
determining the critical vapor velocity or the entrain- 
ment limit of capillary-driven heat pipes. 

To investigate the stability of the liquid interface, 
the experimental data were presented in terms of the 
critical Weber number based on 2c vs the viscosity 
number. Results shown in Fig. 11 indicate that Wew 
tends to increase slightly with decreases in g v i  similar 

to what was observed in Fig. 1. Also, a dimensionless 
correlation for the critical Weber number was 
developed using the experimental data shown in 
Fig. 12 : 

We~ = 1 0 - 1 " 1 6 3 N v ~  0"744 ( ~ c ~  - 0 " 5 0 9  { O h ~  0'27fi 

\ d , )  \ d 2 ]  " 

This correlation was found to approximate the exper- 
imental data within + 20%. 
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