
Nomenclature
A

Q

c*
AC
D
H
K

Ma
Q
R
Ra
t
U
u{
W

p

Ap
a
Ac

gas-liquid contact area
concentration of bulk liquid
equilibrium concentration
logarithmic mean of (C* - Co)
diffusion coefficient
height of weir

[m2]
[mol/m3]
[mol/m3]
[mol/m3]

[m2/s]
[m]

= liquid-phase mass transfer coefficient [m/s]
kL predicted from Eq. (2)
Marangoni number ( = A <j/fikU0)
liquid flow rate
enhancement factor ( = kL/kU0)
Rayleigh number ( =gApD1/2t3/2/n)
contact time of gas and liquid
time of onset of inter facial turbulence
velocity at the surface of source flow

gas absorption rate

density
Pi-Po
surface tension

( Subscripts )
c = critical value
cal = calculated value
exp
i
0

=experimental value

= inter facial value
= value in bulk liquid

[m/s]
[-]

[m3/s]
H
H

[s]
[s]

[m/s]
[mol/s]

[kg/m3 ]
[kg/m3 ]

[N/m]
[N/m]
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Permeability and apparent diffusivity within a heat pipe wick were measured over a wide range of moisture
content. Obtained data showed a strong dependence on the saturation of working fluid.

Byuse of the results, saturation distributions within wick were calculated for several kinds of heat pipes under
various operating conditions. Also, the capillary limit was predicted by taking account of the saturation-dependent
permeability and apparent diffusivity.

Fairly good agreement was obtained between predicted and experimental data of saturation distribution and
maximumheat transfer rate at the capillary limit.

Introduction
early 1960's.

Recently, they have been applied to other fields

Heat pipes were mainly developed for application such as energy conservation, heat recovery and solar
to temperature control systems of spacecraft in the
Received June 1, 1983. Correspondence concerning this article should be addressed to I

Shishido. I. Oishi is now with Asahi Glass Co., Ltd., Chiba 273.
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energy utilization.
The heat transfer rate of the heat pipe is basically

characterized by six simultaneous and mutually de-
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pendent processes: (1) heat transfer through container
wall and wick from the source; (2) evaporation of
liquid; (3) transport of vapor in the core from heating
section to cooling section; (4) condensation of vapor;
(5) heat transfer from the liquid-vapor interface to the
sink, through wick and container wall; and (6) return
flow of the condensate from the cooling section to the
heating section by capillary action in the wick. If one
of these processes is impeded for some reason, normal
heat pipe operation is disturbed and the heat pipe is
said to be at the maximumheat transfer limit, that is,
the so-called entrainment limit, capillary limit, sonic

limit or boiling limit according to cause. These limits
may be strongly dependent on wick material, working
fluid and operating temperature. For the low and

moderate temperature range form 200 to 500K, the
capillary limit restricts the maximumheat transfer
rate of the heat pipe with wick.
Cotter4) first proposed a fundamental equation for

predicting the maximumheat transfer rate at the
capillary limit. There have since been published many
works1 ~3'5'17'18) on the prediction of maximum heat
transfer rate at the capillary limit, all of which
assumed that the wick is fully saturated with working
fluid and has a constant permeability in accordance
with Cotter. However, near the capillary limit it has
been observed that the wick is unsaturated with
working fluid at the heating section.12'15* And some
researchers8'13'16* reported that the permeability is

strongly dependent on the working fluid. Hence, there
have been a few attempts at permeability measure-ment on the basis of different techniques.7'9~n'14)
These techniques are classified into two categories:

those applicable only to fully saturated condition and
to unsaturated condition, respectively.
In the former category, permeability is determined

by measuring either flow rate as a function of hy-
drostatic pressure or transient change of drying front
based on Darcy's equation. For a simple geometrical
wick, permeability is estimated by the well-known
Blake-Kozeny equation. In the latter category, per-

meability is determined either by measuring a pres-
sure profile throughout porous material or measur-
ing both saturation distribution and the relationship
between capillary pressure and saturation. The latter
method, however, takes very long experimental time
because of very slow liquid transfer rate under un-
saturated conditions. Thus a simple and rapid
measurement technique, especially under unsaturated
conditions, has been desired for a long time as a

commonobjective in the fields of soil science, drying
technology and heat pipe technology.

In this paper, a new experimental technique is

presented for measurement of permeability and ap-
parent diffusivity within an unsaturated wick. Next,
by use of these results, saturation distributions within
180

the wick are calculated and compared with experi-
mental data obtained previously.15*
Furthermore, the maximumheat transfer rates at

the capillary limit are predicted and compared with
experimental data for several kinds of heat pipes
under a wide variety of operating conditions.
1. Measurement of Permeability and Apparent
Diffusivity within Unsaturated Heat Pipe Wick
1.1 Principle of measurement technique
Since the functional form of the permeability within

an unsaturated wick cannot be estimated in advance,
the permeability over a small saturation difference is
assumedto be a constant value:

K(S) = constant (1)
And a linear relationship between capillary pres-

sure and saturation is assumed:

Pc=a'+b'S (2)
Further, it is supposed that total pressure is uni-

form throughout the porous material, which is un-
saturated with working fluid, that is,

dx
(3)

The pressure balance among total, liquid and capil-
lary pressures is written as

P=P1 +PC (4)

neglecting gravity, and then saturation is related to

liquid pressure as
S=a+bP1 (5)

Nowlet us consider a sample of wick material
having volume V and height L, which is placed on a
membranefilter in a pressure cell. Suppose an initial
pressure in the cell of P and saturation of working
fluid in equilibrium with pressure P in the cell. At time
t=0, the pressure in the cell is increased by a small
amount AP. Due to this pressure increment, working
fluid will flow out of the wick until equilibrium is
attained.
In such a situation, the transient change of liquid

pressure relating to liquid flow may be described by
the following partial differential equation with initial
condition (for one-dimensional vertical flow in the
pressure cell)

dl^ =^ d2l± (6)
dt fib dx2

P1=AP at t=0, 0<x<L (7)

Since the drainage of working liquid occurs only at
the cell bottom through the membrane filter, the

boundary conditions are expressed by
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dx

=0 at x=0

W(t)= Wi-a<FiV-2bViVAP Y

(8)

K ^-±+-^P1=O at x=L (9)
8x Lm

where Kmand Lmrepresent permeability and thick-
ness of membranefilter respectively.

The solution of Eq. (6) with above initial and
boundary conditions is easily obtained, and it is
converted to the saturation distribution by use of Eq.
(5). By integrating the saturation distribution, the
liquid exhaust equation is expressed as follows:

_£ X2

ntW{l(A+ l)+an2
å  K 2*1

=A+B fj f(an)exp(-Cotn2t)n=l

where an are the positive roots of

A=awtanaM= KmL
XL

(10)

(ll)

and A, B and C are auxiliary parameters defined as

B= -2bWtVAP

K

C=
ubL2

(12)

These involve the unknownparameters a, b and K,
which will be determined in the following way.

Except for a very short time range, infinite series
(10) converges rapidly in a few terms.*

If we can measure the drainage data W(f) by

experiment, unknownparameters A, B and C in Eq.
(10) are determined so as to minimize the residual
defined by

Res(A9B,C)= £ {W(t)QXV-W(t;A,B,C)}2 (13)

Permeability within wick K can be calculated by
eliminating b from the determined parameters B and
C.

Furthermore, the apparent moisture diffusivity,
which is defined as

D= KdP<

can be calculated by

(14)

* By error analysis, we confirmed that series (10) was convergent
up to 5 terms in the lower saturation range (only 2 or 3 terms were
needed for the higher range).
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(15)

using the linear relationship between liquid pressureand saturation (Eq. (5)).

1.2 Experimental apparatus and procedure
The experimental set-up is illustrated in Fig.

Details of the pressure cell are shown in Fig.

1

2

Automatic control for experimental conditions (pres-
sure and temperature) and data acquisition (tran-
sient change of exhaust liquid) were supervised by a
BASICprogram on a micro computer (Commodore
CBM3016). Pressure was controlled by opening or
closing two electromagnetic valves, and temperature
was controlled by circulating water, provided from a
constant-temperature bath, through the jacket
around the cell. The water bath temperature was
maintained at constant temperature with an accuracy
of ±0.1K by means of a solid state relay and an
electric heater.

Weight of exhaust liquid was measured by an
electric weight balance at 5-second time intervals as
soon as drainage was caused by a step increase in
pressure (AP= 0.3-0.5 kPa).
Whenequilibrium was established between pres-

sure and saturation, drainage ceased and the com-
puter input the data into a floppy disk, subsequently
increasing the pressure yet again. This routine was
repeated until the pendular state was attained. After
all measurements, the data were transmitted to an-
other high-speed computer and used to determine

permeability and apparent diffusivity by the simplex
method.

Samples used were crushed fire brick (mean diam-
eter of about 200^m) and spherical glass beads
(mean diameter of about 150 /mi). Distilled water was
used for working fluid.
1.3 Experimental results of permeability and ap-
parent moisture diffusivity
Figure 3 shows the experimental data of permea-

bility within brick powder and glass beads. In this
figure, the results under fully saturated conditions
with brick and glass are also shown by rectangular
keys for comparison.
It can be seen from this figure that the permeability

has a strong dependence on saturation. In the higher
saturation range, there is no clear difference in per-
meability between brick and glass. On the other hand,
in the lower range the permeability within brick is
considerably smaller than that within glass.
Although the reason is not clear, it may be con-

sidered that the more irregular shape of brick particles
contributes to this difference.

The effect of temperature on permeability is not
clear in this figure because of scattering data.
The following empirical expression was obtained
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Fig. 1. Schematic diagram of experimental apparatus.

Fig. 2. Details of pressure cell.

for permeability within brick and glass, respectively:
2.7xlO"17exp(23S) 0.15<S<0.4

K(S) = for brick
8.1xlO~15exp(8.2S) S>0A

1.0x l0-16exp(225) 0.04<S<0.3

for glass
l.l x lO-14exp(7.5,S) S>0.3 (16)

The apparent moisture diffusivity is shown in Fig.
4. It can be seen that the moisture diffusivity also is
strongly dependent on saturation. Apparent diffusivi-
ties within brick show smaller values over the whole
saturation range compared with those of glass. In this
figure, small rectangular keys represent the data with
brick obtained by a steady-state drying technique at
roomtemperature.6)
Comparison shows a little difference between data
by the present method and those by the steady-state
method, mainly due to the difference in packing
method. It should be emphasized that the present
method needs only about 20 h per experiment through
a wide range of saturation, which is about 30 times
faster than the steady-state method.
From this figure, the apparent moisture diffusivity
can be correlated with saturation as follows:

182

Fig. 3. Relation between permeability and saturation
within wick.

Fig. 4. Relation between apparent moisture diffusivity
within wick.

D(S)=
1.3xl(T8exp(16S) 0.15<S<0.4

for brick
7.2xl(T7exp(6.1S) S>0A

1.2x lO-8exp(225) 0.04<5<0.3

for glass1.5x l(T6exp(6S) S>03 (17)
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2. Saturation Distribution within Heat Pipe Wick
2.1 Theory

In the heat pipe with wick, there exists the following
relationship among the pressures of vapor Pv, liquid P{
and capillary Pc throughout the wick:

Pv=P^Pc-pgh (18)

Differentiation of this equation with respect to x
leads to

dPv dPx dPc nQv
_E:=_!+-i_p0Sin© (19)

dx dx dx

For low and moderate temperature conditions

(200-500K), the vapor pressure drop in heat pipe is
substantially negligible:

^= 0 (20)
dx

In accordance with Darcy's law, Eq. (19) is re-
written as

^=_Z?L__^^) sin 0 (21)
dx pD(S) fiD(S)

where saturation dependences of permeability and

apparent diffusivity are taken into consideration.
In a similar way to Cotter,40 we assume uniform
evaporation in the heating section and uniform con-

densation in the cooling section. Then the longitu-
dinal flux of working fluid within the wick is expressed

by

0 x_±: far 0<x<Le (heating section)
hALe

Q
- for Le<x<L-Lc

m=<! nA
1 (adiabatic section)

Q L-x
----for L-Lc<x<L

hA Lc
(cooling section)

(22)

where Le and Lc represent the length of heating and
cooling sections respectively.

Average saturation S in the wick, which cor-

responds to liquid fill change, is given by
5 =4- [L S(x)dx=St (23)^Jo

neglecting the amount of vapor in the vapor space.
Solution of the ordinary differential Eqs. (21), (22)

and (23) gives the saturation distribution within the
wick.

2.2 Comparison between calculated and experimental
saturation distributions

The calculated results of saturation distribution

VOL17 NO.2 1984

Fig. 5. Saturation distributions within rectangular heat
pipe wick (brick).

Fig. 6. Saturation distributions within rectangular heat

pipe wick (glass).

within the heat pipe wick are shown in Figs. 5 and 6
and compared with experimental data previously
measured with a rectangular heat pipe by use of an
electric capacitance technique.1 5)

Brick powder was used for wick material in Fig. 5
and glass in Fig. 6.

In both figures, saturation in the heating section
decreases with increasing heat transfer rate. The
opposite trend is seen in the cooling section. Froma
comparison between Figs. 5 and 6, it can be seen that

there is a shade of difference in the saturation distri-
bution within brick wick and glass wick in the heating
section. This is obviously due to the fact that moisture
diffusivity within brick is smaller than that within

glass.

Figures 7, 8 and 9 show the calculated and experi-
mental saturation distributions for a tilting cylindri-
cal heat pipe. Glass beads were used for the wick in
this heat pipe. Figure 7 shows the results at an incli-
nation angle of 90 degrees (that is, vertical and

bottom-heated mode), Fig. 8 at 0 degrees (horizon-
tal mode) and Fig. 9 at -25 degrees (top-heated

mode). From these figures, we can easily understand
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Fig. 7. Saturation distributions within cylindrical heat pipe
wick (bottom-heated mode).

Fig. 8. Saturation distributions within cylindrical heat pipe
wick (horizontal mode).

Fig. 9. Saturation distributions within cylindrical heat pipe
wick (top-heated mode).

that gravity substantially affects saturation distribu-
tion within the wick. Especially in vertical and bot-
tom-heated modeoperations, saturation in the cool-
ing section decreases to a considerable extent compar-
ed with the horizontal mode.
184

3. Capillary Limit in Heat Pipes
3.1 Prediction method
As is well known, the capillary limit occurs when
the wick is dried up in the heating section. Then the
phenomenon may be mathematically described by the
following boundary condition:

S(x = 0) = Sp (24)

where Sp represents the degree of saturation at the
pendular state.
By solving Eqs. (21), (22) and (24), we can predict
the maximumheat transfer rate leading to the capil-
lary limit.

3.2 Experimental apparatus and procedure
Cylindrical heat pipes of three different lengths

were fabricated and operated at several inclination
angles. Figure 10 is a schematic illustration of heat
pipes. Dimensions and operating inclination angles
are listed in Table 1. Each heat pipe consisted of
25 mmouter diameter and 22 mminner diameter glass
tube. To secure the vapor space, 200-mesh stainless

screen was inserted at about 3mmfrom the inner
wall, and wick material, that is brick powder, was
packed into the clearance betweenthe screen and tube
wall.

Working fluid used in this experiment was distilled
and purified water.15) The heating section, length of
which was 0.1 m, was contacted with a copper block
containing an electric heater. The cooling section,

length of which was 0. 15 m, was completely immersed
in a water chamber. Cooling water temperature was
maintained at 290 K. The vapor and outer-wall tem-
peratures were measured by use of 0.2mm ther-

mocouples of copper-constantan, locations of which
are illustrated in Fig. 10. These temperatures were

continuously monitored during a test and the capil-
lary limit was determined by the vapor temperature
excursion in the heating section.
3.3 Comparison of maximumheat flux leading to the
capillary limit
Figure ll shows the comparison of maximumheat
transfer rate between experimental results and pre-
dicted values by use of empirical relations of per-
meability and apparent diffusivity with saturation.

Predicted values based on constant permeability and
diffusivity are also indicated in this figure for
reference.
From this figure, it is found that the prediction of
maximumheat transfer rate at the capillary limit
provides considerably greater values than actual ones
if constant permeability and diffusivity are assumed.
However, if their saturation dependence are taken

into consideration, the prediction of maximumheat
transfer rate is in good agreement with experimental
results.
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Fig. 10. Schematic illustration of test heat pipes for

measuring capillary limit.

Table 1. Dimensions of test heat pipes and operating in-
clination angles

Total Adiabatic Inclination
length section angle
[mm] [mm] [degrees]

250 0 -90, -44, 0, 30, 60, 90

500 250 -44, -20, 0, 30, 60, 90

750 500 -27, -13, 0, 30, 60, 90

Fig. ll. Comparison between predicted and experimental

data of maximumheat transfer rate at the capillary limit.

C onclusion
A newmeasurementtechnique is presented for
permeability and apparent diffusivity within an un-
saturated heat pipe wick.

Data obtained show that both permeability and
apparent diffusivity have a strong dependence on the
saturation of working fluid.

VOL. 17 NO. 2 1984

In is confirmed that maximumheat transfer rate at
the capillary limit is predicted with good accuracy by
considering saturation dependences of permeability

and apparent diffusivity within the heat pipe wick.
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Nomenclature
A = cross-sectional area of wick [m2]
D = apparent moisture diffusivity [m2/s]
g = gravitational acceleration [m/s2]
h = latent heat [J/kg]
K = permeability [m2]
L = thickness or length [m]

m = mass velocity [kg/m2s]
P = pressure [Pa]
Q = heat input [W]
q = heat flux [W/m2]
S = saturation of working fluid [-]
t = time [s]
V = volumeof specimen [m3]
W = volume of exhaust liquid [m3]
x = depth or distance M

© = inclination angle [deg]
jj. = viscosity [Pa- s]
p = density [kg/m3]

<F = moisture content [kg/m3]

(Subscripts)
C = cooling section
c = capillary
cr = critical point
e = heating section
/ = initial state
/ = liquid

m = membrane
p = pendural state
v - vapor
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FLUID RESISTANCE ON A DISK OSCILLATING
SINUSOIDALLY IN A LIQUID AT REST

Masatoshi MINAMIZAWAand Kazuo ENDOH
Department of Chemical Process Engineering, Hokkaido University, Sapporo 060

Key Words : Fluid Mechanics, Agitation, Oscillation, Drag Coefficient, Added Mass, Power Number

An experimental investigation was performed to study the fluid resistance acting on an oscillating disk over a
wide range of Reynoldsnumbers.Data werereduced by the methodof Fourier analysis to obtain average values of
the added-mass and drag coefficients over one cycle of oscillation, i.e., kav and CDavrespectively.
The relationships between these coefficients and the modified Reynolds number, d2co/v, were found to change

between two regions of d2co/v9 where the flow pattern induced by the disk also changed. In the Reynolds number
region where inner circulations are induced exclusively, kav and CDav decreased with an increasing d2co/v and kav
was independent of the amplitude of oscillation. In the Reynolds number region where inner and outer circulations
coexist, kav was dependent only on the amplitude ratio, a/d; CDav was almost independent of d2co/v and correlated
well with a/d, provided d2co/v>200. The maximumforce on the disk during a cycle of oscillation was also
examined. Empirical equations for the added-mass, drag and maximumresistance coefficients were presented for
each region.
The average power number, NPaw9 was defined and correlations for NPav were theoretically derived from those

Introduction
It is well known that the fluid forces on bodies in

unsteady motion in fluids tend to exceed the average
forces that may be expected from the laws of drag
under steady conditions. This increase in force is

induced by the inertia force due to the added mass
and by an increase in the drag force due to the history
of motion.
In a previous paper on the resistance of fluid to an

oscillating circular cylinder,7) correlations between

the added-mass coefficient or the drag coefficient and
oscillating parameters were proposed experimentally.Although some experimental approaches3'8'9) have

been made for the fluid resistances exerted on oscillat-
ing disks, these investigations have been restricted to
cases where Reynolds numberswere large. Feware
known which study in detail the relation between fluid
force and flow field induced by a body over a wide

Received December2, 1982. Correspondence concerning this article should be ad-
dressed to M. Minamizawa, Central Laboratory, Japan Metals & Chemicals Co., Ltd.,
1719, Ohmama-machi, Yamada-gun, Gumma 376-01.

186

range of Reynolds numbers.
The present investigation was undertaken with the

aim of obtaining correlations for the added-mass and
drag coefficients over wide ranges of oscillating con-
ditions. The maximumforce on the disk during a
cycle was also examined.

1. Experimental Apparatus and Procedures
The apparatus and the experimental procedure

were the same as those described in the previous
paper.7) A disk was forced to oscillate in a direction
normal to the plane of the disk in a viscous fluid by
meansof a scotch-yoke mechanismwhich converted
rotary motion into sinusoidal translation. The force
on the disk was measured by a transducer with strain
gauges. The signal from the transducer was passed
through an amplifier with a low-pasS filter of 10Hz
and was recorded on a pen-oscillograph. Mixtures of
millet jelly and water were used as test fluid, their
concentration being varied to provide a range of
Reynolds numbers.

Ranges of experimental variables are shown in
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