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Abstract. The gas adsorbed on the inner surface of a highly porous material like activated carbon or zeolite can 
be measured by slow damped oscillations of a torsional pendulum. The physical principles and the theory of this 
method are outlined. Formulas are given reldting the increase in mass due to adsorption to changes of the frequency 
and the logarithmic decrement of slow, damped rotational oscillations of the pendulum. Preliminary measurements 
of gas adsorption equilibria of nitrogen on activated carbon show that the ratio of the mass adsorbed m, to the mass 
of the adsorbent m s, can be determined by this method with mean absolute error ~ Im/mSl < 0.04%. 
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1 Introduction 

Adsorption phenomena provide an effective toot to 
clean gases and liquids, i.e. to remove for example 
hazardous and poisonous components from exhaust 
air and waste water (Brauer, 1985; Kast, 1988). For 
proper design of adsorption reactors, adsorption equi- 
libria should be known, describing the amount of mass, 
m, of a gas (or liquid) which at given temperature, T, 
and pressure, p, can be adsorbed on a mass, m s, of a 
porous adsorbent like activated carbon (AC) or zeolite 
(Sing and Gregg, 1983; Ruthven, 1984; Suzuki, 1993). 
Traditional measurement methods like microbalance 
gravimetry and volumetry only allow us to determine 
the quantity 

~2 = m - pV  "s, (1) 

i.e. the difference between the adsorbed mass and a 
buoyancy related product of the gas density, p, and a 
"volume", V ~s, of the adsorbate (a)-adsorbent (s) sys- 
tem realized by the gas-loaded porous solid. Since 
V ~'~ normally is unknown, approximations for this 
quantity are introduced, for example, the so-called 
Helium-volume of the adsorbent (Sing and Gregg, 
1983; Ruthven, 1984; Sing et al., 1985). How- 
ever, this assumption may lead to contradictions and 
thermodynamic inconsistencies, especially at higher 

* Dedicated to the memory of Joseph Kestin (1913-1993). 

pressures (p ~ 10 MPa) and low temperatures (T 
77 K), (Staudt et al., 1993). 

In order to measure m directly, we here propose an- 
other method using the inertia of mass and not its grav- 
ity as in microbalance technology or its extensivity as 
in the volumetric method: slow rotational oscillations 
of disks consisting of a porous adsorbent and being 
fixed to a suspension wire of known physical prop- 
erties. Indeed, by observing the frequency and the 
logarithmic decrement of damped oscillations of the 
pendulum in vacuum and in gas, m can be calculated 
without introducing an assumption on the "volume" of 
the porous disk! Also, as a side result, the kinematic 
viscosity of the gas can be determined with reasonable 
accuracy. 

The torsional pendulum with a dense disk moving 
in a viscous fluid has been developed by J. Kestin and 
coworkers (Kestin, 1980). Today it is used for vis- 
cosity measurements in gases (Michels et al., 1931; 
Vogel, 1972) and more recently in liquids (Krall, 1992; 
Krall et al., 1992). Its theory, especially the coupling 
of the smooth surface disk motion to the fluid flow 
is well established (Newell, 1959; Nieuwoudt et al., 
1975). However, the pendulum does not seem to have 
been considered for determining masses or changes 
of masses as they occur during adsorption processes 
in porous solids. Nevertheless, in literature there are 
other methods to determine adsorbed masses enjoying 
the same advantage of not requiring knowledge of the 
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volume of the adsorbent. We here only mention acous- 
tic techniques described by Yan and Bein (1992) and 
the piezoelectric method suggested by Ward and Buttry 
(1990). Both methods use high frequency oscillations. 
These however may cause microcavitation in the sur- 
roundings of the sample by which its damping prop- 
erties are changed considerably as is well known from 
viscosity measurements using piezoelectric transduc- 
ers, (Nieuwoudt et aI., 1975). Also, to fix the sorbent to 
the piezo-quartz, some glue is required which not only 
adds to the mass to be determined, but often changes 
part of the sorbent in an unreproducible way. 

Slow, damped oscillations of a linear oscillator, i.e. 
a sample adsorbent fixed to a spring, do not provide 
a useful technique, because the hydrodynamics of the 
surrounding fluid is to complicated to be taken into ac- 
count, which is not the case for rotational oscillations! 

The purpose of this paper is to outline the theory of 
measurement of the mass of a porous solid loaded with 
an adsorbed phase by slow, damped rotational oscilla- 
tions. In addition, results of preliminary experiments 
are reported showing that the ratio of the mass adsorbed 
to adsorbent's mass ( m / m  s) can be measured by this 
method with mean absolute error 3 Im/m s [ < 0.4 mg/g. 

2 Motion of  Pendulum in Vacuum 

Let us consider a simple rotational pendulum, Fig. 1. 
It may consist of a cylindrical disk, radius R, height d, 
made of a highly porous material like activated carbon 
or zeolite, and a suspension wire, length L, diameter 
2rw, fixed at the center of the plate. For mechanical 
stability a stem may be fixed below the disk, bearing a 
small mirror. Thus, by reflections of a laser beam the 
angular displacement or the amplitude cz = oe(t) of the 
pendulum can be detected. For further experimental 
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Fig. 1. Rotational pendulum. 
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details the interested reader is referred to the literature 
(Krall, 1992; Krall et al., 1992). 

The motion of the pendulum in vacuum is described 
by the equation 

J0o~ + R0& + Doee = 0. (2.1) 

Here 

Jo = f r2dm s = mSR2/2,  (2.2) 
am s 

is the moment of inertia of the "empty disk", R0 is the 
damping coefficient caused by internal damping of the 
torsional wire, and Do is the retarding moment related 
to the wire's length L, diameter, r,,, elasticity modulus, 
E, and its Poisson number,/x, by the relations 

Do = G J r w / L ,  

G = E/(2(1 + i,)), 

JTW = 7rr4/2. 

Experiments show that after fading away of initial 
disturbances the motion of the pendulum always can 
be described by a simple damped harmonic oscillation. 
For a proper time scale, t, and initial conditions, ~ (0) = 
~o, •(0) = 0, it reads 

oe(t) = oeoe -A'°~'t • [cos(o)ot) + A0 sin(w0t)]. (2.3) 

Here oe0 is the amplitude, Wo = 2~g/To is the angular 
frequency with To indicating the period of oscillation, 
and A0 is the logarithmic decrement defined by the 
relation 

c~(t) 
2Jr A0 = In - -  all t > 0. (2.4) 

o~(t + To) 

The quantities Wo and Ao are related to the pendu- 
lum's parameters Jo, Ro, and Do via the relations 

ao \2.-go/ 
AoWo = Ro/2 .  Jo. (2.6) 

Conversely, we have from Eqs. (2.5, 2.6) 

Do 
Jo = a)o2(1 + A2)" (2.7) 

From this equation the moment of inertia of the disk, 
Jo, and therefore its mass, m s, can be determined, if 
the retarding moment, Do, is known from calibration 
measurements and if a)0 and Ao have been experimen- 
tally determined. Typical orders of magnitude of these 



quantities being COo ~ 10 s and A0 --- 10 -4. Introduc- 
ing a dimensionless time variable by 

r = COot = 2zrt/To, (2.8) 

the equation of motion (2.1) may be rewritten as 

JoCO2(de(z)+2A0&(r)+(1 + A 2 ) a ( r ) )  = 0. (2.9) 

The dot now denotes the derivative to the variable v [ 
The solution, Eq. (2.3) 

a ( r )  = oeoe -zx°r - [cos r + Ao sin r] (2.3a) 

also may be represented via the Laplace transform 

de(s) = a ( r ) e  -st dr,  (2.10) 

as a contour integral in the complex s-plane: 

qfc+ieo (S + 2Ao) es r ds, (2.11) 0~0 

a(~:) = 2rCi Jc-iec (s + A0) 2 + 1 

where the path of integration has to be taken right to 
the poles 

s = - A o  -4- i, (2.12) 

of the integrand, i.e. such that C > -Ao .  Thus we 
can characterize the damped harmonic motion of the 
pendulum in vacuum by a single pair of complex con- 
jugated first order poles in the complex s-plane, the 
abscissa of which simply is the negative logarithmic 
decrement - A0 of the motion. 

3 Motion of Pendulum in Gas 

If the motion of the pendulum takes place in a viscous 
fluid, i.e. a gaseous atmosphere or a liquid at constant 
pressure and temperature, its equation is 

Ji i ( t )  + Ro6t(t) + Doa(t)  = m( t ) .  (3.1) 

Here 

J = { r2(dm s + dm)  (3.2) 
Jm S + m  

is the moment of inertia of the porous disk consisting 
of the mass of the adsorbent, m s, and the mass of the 
molecules adsorbed, i.e. the adsorbate, m. Assuming 
the disk to be quasi-homogeneous, i.e. the ratio 

dm 
/z - - -  - const., (3.3) 

dm s 
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to be a (temperature and pressure dependent) constant, 
Eq. (3.2) in view of Eq. (2.2) can be rewritten as 

J = (1 +/X)Jo. (3.4) 

Conversely, we may calculate the key quantity, /z, 
from this relation if J and J0 have been determined ex- 
perimentally, i.e. by observing the pendulum's motion 
(cp. Eq. (3.36)). 

The quantity M(t) ,  in Eq. (3.1) is the torque exerted 
by the fluid flow on the pendulum. Physically this is 
caused by the internal friction of the fluid, i.e. in New- 
tonian fluids to which we here restrict, by the velocity 
gradient in the fluid's flow perpendicular to the surface 
of the porous disk. Basically, the torque, M(t), is an 
unknown quantity. However, since the motion of the 
disk and the fluid flow caused by it are strongly cou- 
pled systems, in addition to Eq. (3.1) there should be 
a relation between a and M rooted in the equations 
of motion of the fluid and in the shape and physical 
properties of the porous disk. Assuming the density, 
p, of the fluid to be constant, the equations of motion of 
the fluid are the well known Navier-Stokes-equations 
(Landau and Lifschitz, 1966), 

1 
Otv~ + v~O~v~ = - - O ~ p  + vAv,~, a = 1, 2, 3 

P 
(3.5) 

complemented by the continuity condition 

0~ v, = 0. (3.6) 

Here 0t = O/Ot and 0~ = 0/0a,  a = 1, 2,3 in- 
dicate partial derivatives of time t and space coordi- 
nates x~ respectively; v~ = v~(.8_, t) is the velocity 
field and v = const, is the kinematic viscosity of the 
fluid. The symbol, A = 0~ 0~, is Laplace's operator. 
The summation convention is applied. To facilitate dis- 
cussion we restrict to slow motions of the pendulum, 
i.e. we only consider low Reynolds numbers flows, 
i.e. Re = (cooR2/v) --+ 0 and also exclude secondary 
flows. This condition can be realized experimentally 
by considering only "thick" disks (cp. Eq. (3.14)) 
and by adding auxiliary plates above and below the 
disk (Michels et al., 1931; Vogel, 1972). Hence, in 
Eq. (3.5) the nonlinear term v~O~v~ can be neglected. 
Also we assume in view of the fact that the fluid ba- 
sically is in an equilibrium state at constant pressure 
and temperature, that pressure gradients in the fluid 
possibly induced by pendulum's motion dissipate very 
quickly, i.e. in time intervals much shorter than those 
characterizing the fluid flow itself (27r/coo). Hence, we 
can neglect the pressure gradient term in Eq. (3.5), too. 
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Finally we assume the velocity field to be rotationally 
symmetric, only having a component in the azimuthal 
direction. Therefore, introducing cylindrical coordi- 
nates we have 

v_. = rf2(r, z, t )~  (3.7) 

with ~2 being a function of the radial coordinate, r, the 
z coordinate in the direction of the torsional wire, and 
time, t, but not of the azimuthal coordinate, go, the unit 
vector of which being directed perpendicular to the 
radius vector is indicated by ~. Introducing Eq. (3.7) 
into the reduced Navier-Stokes equations Eq. (3.5) 

Otvc~ = vAv~, c¢ = 1, 2, 3, (3.8) 

we get a single equation for the ~-direction: 

( 3 22 ) 3t~2 = V 3 2 q- -Or -I- 3 [2. (3.9) 
r 

Here Or = 3/Or and O z = 3/3z indicate the respec- 
tive partial derivatives. The boundary conditions (BC) 
of the fluid flow are: 

1) On any fixed surface, e.g. the cover of the instru- 
ment or the auxiliary plates above and below the 
disk we have 

a = O. (3.10) 

2) On pendulum's surface we have 

f2 = &(t) = to0&(3). (3.11) 

We now introduce dimensionless coordinates 
r Z 

~ = ~ ,  O = ~ ,  (3.12) 

by using the characteristic length 3 of the system de- 
fined by 

3 2 = & .  (3.t3) 
O) o 

Also we would like to mention that assumption Eq. 
(3.7) on the velocity field predominantly holds for 
"thick disks", i.e. if the inequalities 

d>>~,  R>>3 (3.14) 

for the height, d, and the radius, R, of the disk hold. 
Introducing the Laplace transform with respect to 

the dimensionsless time r, 

SS(s, ~, o) = s2(r, ~, ~).  e -'~ dr ,  (3.15) 

the boundary value problem Eqs. (3.9-3.11) can be 
reformulated as 

sh ( s ,  ~, rl) - ~ ( 3  = o, ~, , )  

=(O~+3O~- ~ +  O~)(2(s,~, q) (3.16) 

f2 = 0 . . .  on fixed surfaces (3.t7) 

f2 = coo(s& - uo) . . .  on pendulum's surface. 

(3.18) 

Finally, let us introduce a reduced angular velocity, 
w, by the equation 

h(s, ~, rl) = ~Oo(S&(S) - Oto)W(S, ~, ,) .  (3.19) 

Assuming the fluid to be initially at rest, i.e. f2 (3 = 
0, ~, 0) = 0, the boundary value problem Eqs. (3.16- 
3.18) can be recast to 

s w = ( O ~ + 2 3 ¢ + O 2 ) w ,  (3.20) 

w = 0 . . .  on fixed surfaces, (3.21) 

w = 1 . . .  on pendulum's surface. (3.22) 

Now the fluid flow formally has been decoupled from 
the pendulum's motion since Eqs. (3.20-3.22) do not 
include any quantity referring to it. The solution is a 
formal mathematical problem not pursued here. There 
are already solutions available in literature referring to 
various types of geometry (Kestin and Wang, 1957; 
Krall et al., 1992; Nieuwoudt and Shankland, 1975). 
The coupling between the fluid flow and pendulum's 
motion formally is described by Eq. (3.19), the key- 
relation connecting the Laplace transforms of the an- 
gular velocity (2 and the amplitude of the pendulum 
&! Note that the auxiliary field w also depends on the 
Laplace variable s, i.e. w = w(s, ~, rt)! 

The retarding torque exerted by the fluid on the pen- 
dulum generally can be represented as a surface integral 
of the velocity gradient, i.e. in view of Eq. (3.7) by 

M(t) = -rt for2(n_rOr + nzOz)f2d f , (3.23) 

or, after introducing reduced coordinates Eq. (3.12) by 

M(t) = -rt83 fo* ~2 n(~ 3~ + _G73n)S2 d~.  (3.24) 

Here r] is the dynamic viscosity of the fluid; the quan- 
tifies n . . .  indicate unit vectors in the respective direc- 
tions . . .  and d f  = 32dG is a vectorial element of 
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the disk's surface, 0 and 0", in cylindrical and reduced 
coordinates, respectively. 

Introducing the dimensionless time coordinate, z = 
COot, and applying Laptace's transformation to Eq. 
(3.24) we get after inserting Eq. (3.19) for the Laplace 
transform of the torque 

~/(s) = --~783o9o(S&(S) - Ceo)W, (3.25) 

with 

W = f0* ~2(~0~ -1- Ht/0q)t°dS" (3.26) 

This quantity is a characteristic numerical constant 
of the pendulum. It can be calculated by integrating 
the solution function w(s,  ~, rl) of the boundary value 
problem Eqs. (3.20-3.22) on the surface, 0", of the disk 
as indicated in Eq. (3.26). It should be noted that the 
integral exists as long as the surface, 0*, is continuous, 
i.e. even if it is non-analytic but of fractal character 
(Mandelbrot, 1977). 

We now consider the Laplace transform of the equa- 
tion of motion Eq. (3.1). It formally can be solved to 
give the Laplace transform of the pendulum's ampli- 
tude 

&(s) = (2A0 + s)o~o ÷ ,~l(s)/Jco 2 (3.27) 
(S q-0A) 2~-0 2 

Here the abbreviations 
(.0 

0 = - - ,  (3.28) 
O)0 

09 2 Do (R0) 2 
-- J 2-7 ' (3.29) 

Ro 
Ao9 = ~-)-, (3.30) 

and the initial conditions a(0) = el0, &(0) = 0 have 
been used. Introducing for the Laplace transform of 
the torque i17/, expression Eq. (3.25) and taking the 
inverse Laplace transform, the pendutum's amplitude 
can be represented by the integral 

ao ~( 20A + F j  + s ~r 
. . . . . .  e" ds, 

~Y(r) = ~ d  (S + 0A) 2 + F j s  + 02 

(3.31) 

with the abbreviations 

F - -  
W r/33 

- - ,  (3.32) 
Jo COo 
Jo 

j = - - .  (3.33) 
J 

Note that the auxiliary quantities A and ® defined 
by Eqs. (3.28-3.30) can be written as functions of the 
(unknown) parameter, j ,  via Eqs. (2.6, 2.7) as 

®2 = (1 + A~)j - (A® j )  2, (3.34) 

A® = A0j. (3.35) 

Since experiments show, that the pendulum after 
an initial period--which is of order of magnitude of 
2To = 47r/wo--always exhibits a damped harmonic 
oscillation with angular frequency roe and decrement 
AE we have for the 1.h.s. of Eq. (3.31) with ~ = COot 

o~E(r) = o~oe -zx~°~ • [cos(®er) + AE sin(®er)],  

(3.36) 
O9E 

®e = - -  (3.37) 
O90 

or likewise for the Laplace transform 

Olo(S + 2AE®~) 

= ( ,  _ ( s  - 
(3.38) 

with the first order poles 

se ~ = ( - A s  ± i ) ® E .  (3.39) 

Comparing Eq. (3.38) with (3.31), one recognizes 
that the denominator of the integrand also must vanish 

± given that F(s)  is analytic in se ~ which can at s = s E, 
be concluded from Eqs. (3.26) and (3.32). Hence we 
have the working equation(s) 

(s~ + e / , )  2 + j t ~)~E + = o. (3.40) 

Introducing Eq. (3.39) in (3.40) and observing that 
F(s)  generally will be a complex quantity, i.e. 

F(s-~) = F1 ± i Fz, (3.41) 

we get from the real part the equation 

(1 2 2 - AE)® E + j O E ( A E F ~  + F2 + 2AoAs) 

- j (1 + Ao 2) = 0, (3.42) 

and likewise from the imaginary part the relation 

- 2 A e ® e  + j(2Ao + F1 - AeF2)  = 0. (3.43) 

In deriving Eqs. (3.42) and (3.43) from (3.40) the 
auxilary relations Eqs. (3.34) and (3.35) have been 
used. 
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Applying in view of Eq. (3.40) the residue theorem 
to Eq. (3.31) and comparing the result with Eq. (3.36) 
we get the relation(s) 

' F  ± ~ ( 2 A ® + s ~ + j  (sE)) : t : (AE+i ) .  (3.44) 

The real part and imaginary part of the relations lead 
to 

jF1 = 2(AeOE -- A®), (3.45) 

F2 = 0, (3.46) 

which combined with Eqs. (3.42), (3.35) and (3.37) 
yield for the ratio of the moments of inertia 

j =  J 0  1 +  A2 (W~o)2 
J 1 + A-------~ . (3.47) 

Hence, we have in view of Eqs. (3.3) and (3.4) 

rn _ 1 + A0 a co___~o - 1. (3.48) 
m '  1 + A~ \ w E /  

This relation allows to calculate the mass, m, of gas 
adsorbed in the mass, in s, of porous solid forming the 
"empty" disk from the measured frequencies and loga- 
rithmic decrements of the pendulum's oscillations per- 
formed in vacuum (wo and Do) and in the gaseous 
atmosphere (wE and Ae) respectively. It should be 
emphasized that in this method no buoyancy correc- 
tion is needed and, hence, no numerical value of any 
kind of "volume" of the porous solid is introduced. 
Indeed, the concept of "volume" of the disk is only 
needed in a marginal sense, namely to make sure the 
surface integral W defined by Eq. (3.26) exists, its nu- 
merical value however being irrelevant for determining 
the adsorbed mass, m[ Once this quantity is known it 
may be introduced in Eq. (1) to determine an equiv- 
alent volume, V ~s, of the adsorbent and adsorbate by 
additional gravimetric measurements! Let us finally 
note that once the auxiliary quantity, W, defined by 
Eq. (3.26) has been calculated numerically, the kine- 
matic viscosity, v, of the adsorptive can be determined 
from the same measurements (w0, A0, o)E, and AE) 
via relations (3.32, 3.35, 3.45, and 3.47). 

4 Preliminary Experiments 

To check the sensitivity and accuracy of the proposed 
method, experiments with a torsional pendulum de- 
signed in our laboratory were performed. The diameter 

of the disk was 2R = t2 cm, its thickness, d = 1.5 cm. 
The disk was connected to a torsional wire (Goodfel- 
low, P t / W )  of diameter, 2rw = 0.13 mm, and length, 
1 = 20 cm. It also was provided with a stem to sta- 
bilize it and to bear a small mirror to reflect a laser 
beam. Using pairwise photodiodes, optical signals 
were recorded allowing to calculate pendulum's fre- 
quency and decrement. The inaccuracies of measure- 
ment of pendulum's amplitude ~ot = +0.05 ° and of 
time resolution 3t = :t: 10/zs, led to error bounds of the 
frequency &o = -t-5 x 10 .5 s -1 and of the decrement 
8A = -t-5 × 10 -4. According to these error bounds, 
the average error of the mass ratio has been dtermined 
via Eq. (3.48) by 

m 

This is two orders of magnitude greater than can 
be achieved by gravimetric measurements with to- 
day's microbalances. However, it should be empha- 
sized that the proposed oscillometric method does not 
contain systematic errors! These, in principle, cannot 
be avoided in gravimetric or volumetric measurements 
of adsorbed masses due to the fact that the buoyancy 
related volume of the sample generally is not known 
(cp. Eq. (1))! Also it should be mentioned that the ac- 
curacy of oscillometric measurements can be improved 
by at least one order of magnitude by increasing the di- 
ameter of the pendulum and the length of the torsional 
wire and by improving the pendulum's stand. 

Measurements of adsorption equilibria of nitrogen at 
T = 292 K on activated carbon Norit R 1 in the range 
p < 0.5 MPa are shown in Fig. 2. The symbols (t3) 
indicate the mass adsorbed per unit mass of adsorbent 
which has been measured with the rotational pendulum 
(mgp). Simultaneously, we have taken gravimetric 
measurements with a microbalance (Mettler AT 201). 
These led to reduced masses 92 = m - p V ~s repre- 
sented by symbols (O).  A "geometric" density of the 
nearly cylindrical AC-pellets has been determined as 
pS = 650 g/l, corresponding to a specific volume of the 
sorbeut of V s = 1.54 cm3/g. Using this as an approx- 
imate value for the volume V a~" ~ V s in the defining 
Eq. (1) for f2, we have calculated a microbalance mea- 
sured mass of the adsorbate by toMB = 92 + P V  s = 
m + p ( V  s - V~S). Its values are symbolized by (A). 
Table 1 below includes the basic data of the measure- 
ments, namely the adsorptive's pressure, p, density, 
p, the rotational pendulum measurements, mRp, the 
reduced mass, 92, the approximative buoyancy term, 
p V  s ,  the microbalance measured mass, toMB, and the 
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Table 1. Basic data of gas adsorption equilibria measurements of nitrogen (N2) on activated carbon (Norit R 1) at T = 292 K. 

p/MPa plmg/cm 3 mRp/mg/g f2/mg/g p VS lmg/g mMB/mg/g &nl% 

0.0773 0.8916 9.50 7.828 1.37 9.20 3.3 
0.1036 1.1950 12.56 10.72 1.84 12.56 0.01 
02215 2.5550 26.30 19.87 3.94 23.81 10.4 
0.3196 3.6886 32.31 26.76 5.68 32.44 0.4 
0.4161 4.8040 39.42 32.17 7.40 39.57 0.4 
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Fig. 2. Gas adsorption equilibria of nitrogen (N2) on activated car- 
bon (Norit R1) at T = 292 K. 

relative deviation, 8m = ImRp -- mMBI/mRp. AS one 
can recognize from both the figure and the table, the co- 
incidence of  mRp and m MB is fa i r - -excep t  one measure- 
ment taken 0.2215 MPa where oscillations seemingly 
have been disturbed during the measurement period of 
nearly 30 minutes. Further measurements are under- 
way and will be reported in a forthcoming paper. 

Nomenclature 

Do retarding moment  of  suspension 
wire kg m 2 s -2 

d height of  disk m 

df vectorial element of  the surface 
of  the porous disk m 2 

E elasticity modul of suspension 
wire kg m -1 s -2 

F 

J 

JTW 

Jo J = 7  
J0 

L 
M(t)  

m 

m S 

R 

Ro 

Re 

FW 

r, z, 99 
S 

:t: 
S E 

t 

To 

v a s  

uel 

W 

Xa 

OgO 

& 

A 

numerical constant of  

pendulum defined by Eq. (3.32) 1 

moment of  inertia of  porous 
disk loaded with adsorbate kg m 2 

moment of  inertia of  
suspension wire kg m 2 

ratio of moments of inertia 1 

moment of inertia of porous 
disk in vacuum kg m 2 

length of  the suspension wire m 

torque exerted by the gas flow 
on the pendulum kg m 2 s -2 

mass of adsorbate g, kg 

mass of  porous disk kg 

radius of  disk m 

damping coefficient of  
pendulum in vacuum kg m 2 s -1 

Reynold 's  number of  gas flow 1 

radius of  suspension wire m 

cylindrical coordinates m, m, rad 

Laplace variable 1 

Laplace coordinates of poles 

characterizing pendulum's  

motion in the gas 1 

time coordinate s 

period of oscillation of 

pendulum in vacuum s 

buoyancy related volume of  

adsorbent and adsorbate m 3 
velocity field of  gas flow m s - I  
numerical constant of  
pendulum defined by Eq. (3.26) 1 
space coordinates m 
angular coordinate of  the 
pendulum rad, Deg. 
initial amplitude of  the 
pendulum rad, Deg. 
Laplace transform of angular 
coordinate ~ rad, Deg. 
Laplace operator m -2 
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2~A 

2~rAo 

= (v/O~o)l/z 

= zt~ 

0 
O = o~/Coo 

tx = m / m  s 

Iz 

I) 

P 
= r /8  

"g = O)ot 

f2 (r, Z, t) 

f2 -- m ~ p V  as 

(i) 

6Oo 

logarithmic decrement of 
pendulum's damped 
oscillations in gas 1 
logarithmic decrement 
of pendulum's damped 
oscillations in vacuum 1 
characteristic length 
of pendulum-gas system m 
dimensionless height 
coordinate 1 
dynamic viscosity of gas kg m -1 s -1 
ratio of angular 
frequencies 1 
ratio of mass adsorbed 
to mass of adsorbent 1 
Poisson number of 
suspension wire 1 
kinematic viscosity of 
gas m 2 s - I  

density of adsorptive kg m -3 
dimensionless radial 
coordinate 1 
dimensionless time 1 
auxiliary velocity 
function s -1 
difference between mass 
adsorbed and buoyancy 
term g, kg 
angular frequency of 
pendulum's oscillation 
in gas s -1 
angular frequency of 
pendulum's oscillation 
in vacuum s -1 
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