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Weakly nonlinear shape oscillations of a viscous drop
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Abstract

We investigate nonlinear oscillations of viscous Newtonian liquid drops for their relevance for transport processes
across the liquid-gas interface. Theoretically we adopt the weakly nonlinear approach to account for the influence of
the nonlinear motion on the drop oscillation. The theory is in progress. Experiments show a different behaviour for
large and for small oscillation amplitudes, seen weakly in the oscillation frequency, but strongly in the damping rate.
Liquid material parameters deduced from the oscillations agree well with the expected values when amplitudes are
small.
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Introduction

Shape oscillations of drops have been of interest in science for basic interest and for their relevance for transport
processes since more than 140 years. In the appendix to paper [1], Rayleigh presented an analysis of linear shape
oscillations of an inviscid drop in a vacuum around a spherical equilibrium state. One result is the equation for
the angular frequency of oscillation of the drop deformed according to mode m assuming natural values m =
2, 3, 4, .... In[2, 3], Lamb generalised Rayleigh’s result by accounting for the drop viscosity and the density of
the ambient medium. The threshold Ohnesorge number Oh = p/(cap)'/? of the drop for the onset of aperiodic
behaviour is predicted. A further generalisation of the analysis of linear drop shape oscillations was achieved
in [4] by account for both the viscous and the inertial influences from the ambient medium hosting the viscous
oscillating drop. The important aspect of the initiation of the drop oscillations in a drop initially at rest was analysed
in [5, 6, 7] where Prosperetti treated the motion as an initial-value problem. He showed that the analyses of linear
drop oscillations by the normal-mode approach used in all investigations before may miss the fact that, in a range of
Ohnesorge numbers, oscillations starting aperiodically may turn into periodic with ongoing time. The most important
results of the here cited highlight papers are the angular frequency and damping rate of the oscillation, as well as
the shapes of the deformed drops in linear motion.

First computational investigations of nonlinear drop shape oscillations with large amplitudes are due to [8]. There-
after, [9] investigated nonlinear oscillations of inviscid drops and bubbles. They found shapes deviating from the
linear results, and angular frequencies decreasing with increasing oscillation amplitude (for a maximum prolate as-
pect ratio of 1.4 by approx. 5%). The sinusoidal dependency of the shape on time is lost with increasing oscillation
amplitude. Similar results were reported by [8] already.

The aim of the work in progress reported here is to extend the above investigations to a nonlinear description
of shape oscillations of viscous, Newtonian drops. We report the theoretical approach which is analogous to the
recently published weakly nonlinear stability analysis of a Newtonian liquid jet ([10]). Experimentally we look at the
influence of the initial amplitude on the shape oscillations of acoustically levitated drops. Liquid material parameters
deduced are compared to the expected values from the literature.

Theory - formulation of the problem

We study the weakly nonlinear shape oscillations of a viscous liquid drop as sketched in Figure 1. The drop is
assumed to be axisymmetric with respect to the azimuthal coordinate ¢ of the spherical coordinate system. The
liquid is treated as incompressible and Newtonian. The dynamic influence from the ambient air is neglected, i.e. we
treat the ambience as a vacuum, as will be discussed later in the paper. Body forces are not accounted for, since
the Froude number is large. The problem is formulated in spherical coordinates to account for its geometry.

The variables and equations of change are non-dimensionalized with the undeformed drop radius a, the capillary
time scale (pa3/o)1/2 and the capillary pressure o /a for length, time and pressure, respectively. Here, p is the liquid
density and o the air-liquid interfacial tension. The drop surface is described as a place where r,(¢,6) = 1+ n(t, 6),
with the non-dimensional deformation n against the undisturbed spherical shape (cf. Figure 1).

For the problem at hand, the equation of continuity and the two components of the momentum equation in the radial
(r) and polar angular (#) directions read
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Figure 1. Sketch of the geometry of a liquid drop under deformation at mode 2.
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where Oh = u/(aap)l/Q is the Ohnesorge number, the characteristic dimensionless parameter distinguishing the
viscous from the inviscid case, with the liquid dynamic viscosity . The above set of equations must be solved sub-
ject to initial and boundary conditions. The kinematic boundary condition states that the material rate of deformation
of the drop surface equals the radial velocity component at the place of the deformed surface, i.e.,
Dn  0n  wueOn
r = T = _—— = 1 4
CE Dt T o T ae AT @
The first dynamic boundary condition states that the shear stress at the drop surface is zero, since the ambient
gas phase dynamic viscosity is very small, so that momentum cannot be transferred across the drop boundary
at an appreciable rate. The second dynamic boundary condition states that the stress normal to the drop surface,
composed from the flow-induced pressure and a viscous contribution, differs across the interface by the contribution
due to the surface tension. The zero-shear stress boundary condition reads

(A-T)xi=0 atr=1+n (5)
where the outward unit normal vector 7 is given as
1 =
n=-—=—VF with F=r—1-n7(60)=0 (6)
S (t,0)

and the viscous extra stress tensor in (5) is the one for the incompressible Newtonian fluid. The corresponding
normal stress boundary condition reads

—p+0h(ﬁ-r)-ﬁ+(ﬁ-ﬁ):o at r=1+n @)

We obtain the divergence of the normal unit vector in this equation as

o 1 2+3(32)° 1 9 o1 .
(V.n) = -~ 03 577~ 3snd 00 13;7 VE sin at r=1+4n9 (8)
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The initial imposed surface disturbance is governed by a Legendre polynomial of degree m with the amplitude 7.
With this assumption, volume conservation leads to the following expression for the initial non-dimensional drop
shape:

ra(0,0) = 1+n(0,0) = (9)
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As usual in weakly nonlinear analysis, the initial deformation amplitude is assumed to be small, i.e. 7o < 1.

For analyzing these equations in a weakly nonlinear form, the two velocity components and the pressure in the flow
field, as well as the deformed interface shape, are expanded in power series with respect to the small deformation
parameter rno. We therefore formulate the expansions of the flow field properties, e.g., u, and p as

Up = ur1n0+u,.2n§+... (10)
p = pimo+pamo+-... (11)

Furthermore, one important difference between the linear analysis and the present weakly nonlinear one is that the
boundary conditions are satisfied on the deformed drop surface, not on the undeformed spherical shape. For doing
this, but still allowing for the functions in the boundary conditions to be evaluated on the undeformed drop surface,
their values on the deformed shape are represented by Taylor expansions, such as, e.g., for u, and p,

ouy
Ur|r:1+n = Ur|r:1+ or n+... (12)
r=1
0
Plorpy = ot 50| nte (13)
r=1

Substituting these approaches into the equations of change (1) - (3) and into the boundary conditions (4), (5) and
(7), and representing the flow properties and their derivatives as given in (10) through (13), we obtain sets of first
and second order equations of motion, with the boundary conditions, consisting of all the terms with the deformation
parameter 7, to the first and second powers, respectively.

First-order equations
To obtain the first-order equations we collect all the terms in the above expansions with the parameter 7, to the first
power. The first-order continuity and momentum equations read
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For the boundary conditions of first order to be satisfied at » = 1 we obtain
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Furthermore, the initial conditions of first order are
87)1
m(0,0) = Py (cosf) and W(O’ 0)=0 (20)

Second-order equations
To obtain the second-order equations we collect all the terms in the above expansions with the parameter 7, to the
second power. The second-order continuity and momentum equations read
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The boundary conditions of second order at »r = 1 are

Urz — % = %% —m 8;;1 kinematic (24)
()% - g (a () 3% &
- 2 (r% (u;l) - %62;;1) %% zero shear stress
—p2 + 20h83;2 - (2172 + % cot 6 + %207]22) = m % - (26)
—20h |m 8;?;1 - %% (r% (ufl) + %Qggl )} - (217% + 2171% cot 0 + 2m %297721) zero normal stress
Furthermore, the initial conditions of second order are
12(0,0) = — 2m1+ - and %(o, 0)=0 27)

Solving these sets of equations will reveal the weakly nonlinear role of the viscous stresses in the drop liquid on the
shape oscillations of a Newtonian viscous liquid drop in a vacuum.

Solutions

First-order solutions

We describe the two-dimensional flow field in the drop by the Stokesian stream function . Introducing it into the
first-order linearised momentum equation by the definitions

1 oy 1 oy

Url =~ 5 5no 90 and  up = rsind or (28)
and taking the curl of the resulting equation, we obtain the fourth-order partial differential equation
1 8 2 2
— = 2
(o3~ 2) (B20) =0 (29)
with the operator [11]
o> sinf 9 1 0
2 e — R —
Es = or? + r2 90 <sin€ 89) ) (30)
The resulting stream function ¢ consists of two contributions 1 + 2 [12] represented by the proportionalities
1 o< r™ T sin? 0P, (cosB)e ™" and  1hy o< qrjm(gr)sin® 0P, (cos §)e” *m! (31)

where P}, (cos #) is the first-order derivative of the Legendre polynomial P,, with respect to its argument and j,, is a
spherical Bessel function of the first kind and order m. In its argument we have defined ¢ = \/a./Oh. The radial
and angular components of the velocity vector follow as derivatives of the stream function.

Ury = — |:Clm7'm_l + C2mq‘]mq(7fr):| m(m + 1)Pm(COS e)e_O(Mt (32)
and
_ m—1 jm(qr) . . / —amt
Ug1 = Cl'm (m + 1)7" + CQ'mq (m + 1)7 - ]Yn+1(qr) S me (COS 9)6 ) (33)

respectively. The two integration constants C, and C are determined by the first-order kinematic and zero shear
stress boundary conditions and read

ﬁloém
m(m + 1)

Chn =
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The pressure field is obtained by integration of one component of the momentum equation as
p= —Cim (m + 1)Oém7"mpme_a7nt . (35)

The characteristic equation for the complex angular frequency a.,, is now found from the zero normal stress bound-
ary condition of first order (26) and reads

amo __2m*-1) L 2mim=1) [} 20m 4 Djs1 /g (36)
aZ, @? — 2qjm+1/Jm q? 2jm+1/Jm — q
1/2

where we have denoted a,,,0 = [m(m — 1)(m + 2)]/~. The spherical Bessel functions are taken at the value ¢ of
their arguments. The equation is identical to the results of [2] and [13].
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Second-order solutions
The general solution for, e.g., the second-order pressure is sought as a sum of two contributions

p2(r, 0,t) = p21(r, 6, t) + paa(r, 6,1t) (37)

where subscript 21 indicates the solution of the second-order equations system including non-linear first-order term
products, and subscript 22 the solutions of the homogeneous system.

The contributions to the second-order solutions with subscripts 21 are first determined. Considering the second-
order equations of motion (21)-(23) we see that it is convenient to eliminate the second-order velocities from the
momentum equations using the continuity equation (21) to obtain a differential equation for the second-order pres-
sure p21. The resulting equation reads

ig 2 8])21 1 g sin@ (9])21 _ _ig 2 8u,«1 % 8u,«1 _ Lgl
r2 or (T or ) + rsin 6 00 ( r 00 B 2 Or ro\ or * r 00 T (38)
1 0 Ougr w1 Oupr ~ UriUgr \ .
~ rsinf 00 [(u“ or + r 80 + r ) St 9] (39)

which we re-formulate into the compact form

Apay = —div [ (7 - V) 7] (40)
In this equation, #; represents the first-order velocity field. With the Lamé identity, equation (40) becomes

Apar = —div [65%/2 ;R (6 x m)} (41)
which, for our present flow field, may be re-written as

Alpa +177/2] = f%div {%w} (42)
This is a Poisson equation for the modified pressure Pa; = pa1 + @; /2 [10]. The structure of the solution in terms
of its dependency on the polar angular coordinate and on time is determined by @; and the products of first-order
terms on the right-hand side of equation (42). Both groups of terms contain exponential functions of —2a,t. In
solving the Poisson equation, the exact general homogeneous solution is first determined, and a particular solution
is obtained by approximating with a polynomial function the terms on the right-hand side of the equation for a given
value of mode m of the initial deformation, which contains products of spherical Bessel functions of different orders.
The approximation is needed, since an exact form of the particular solution seems to be out of reach. Increasing
order of the approximation raises the accuracy of the approximation. The complete solutions of second order for all
the flow field variables remain to be found.

Experiments, materials and methods

For investigating experimentally the damped oscillations of drops of Newtonian liquids the technique of acoustic
levitation was used [15]. The levitation of individual drops was achieved using an ultrasonic levitator. The device
suspends the drop in a fixed position contactlessly and allows various physical processes to be investigated without
any influences from contacting mechanical parts.

A syringe with a thin needle was used to produce the drops of the test liquids. The diameters of the drops were
in the range between 1 mm and 3 mm. A high-speed camera was used to record the images of the levitated drop
under back-light illumination at framing rates up to 4 kHz. The resolution of the acquired images was 300 Pxl/mm
with the uncertainty of +£2 Pxl.

Oscillations of the levitated object are excited by amplitude-modulating the ultrasound near the resonance frequency
of the base mode m = 2. The oscillation amplitude during the excitation was around 10% of the equilibrium drop
radius. After the modulation is switched off, the drop performs damped oscillations. During the experiments, the
carrier signal driving the acoustic transducer was always active. The experiment yields the drop radius and both the
angular frequency and the damping rate of the drop shape oscillations. For further details the reader is referred to
[15, 16, 17].

The experiments were performed with aqueous glycerol solutions. The solutions were prepared in demineralized
water with different glycerol mass fractions. The dynamic viscosity n* of the solutions was measured with a capillary
viscometer and the surface tension o* with a pendant drop tensiometer. The density of the solutions was determined
by weighing a known volume of the test liquids. The liquid properties measured at the temperature of 24°C are listed
in Table 1 and are in good agreement with values known from the literature [14].
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Table 1. Properties of the aqueous glycerol solutions at 24°C.

Glycerol mass fraction Density Surface tension Viscosity
w [wt. %) p [kg/m?] 0" [N/m] u* [mPas]
20 1045 +£1% 0.069 +4% 1.62 +1%
30 1068 +1% 0.067 +4% 2.23 +1%
50 1121.5 +1% 0.065 +4% 5.25 £1%
65 1161 £1% 0.063 +4% 11.75 £1%

From the recorded images of drop shape oscillations the height and width of the drop as functions of time are
obtained. The oscillation shown in Figure 2 was obtained for a 20 wt.% solution drop with the equilibrium diameter
of 2.05 mm. The time-dependent distance y(t) between the north and south poles of the drop, that is the height of
the drop, and equivalently the width of the drop, are represented by a function y(t) = yo + A cos(az it + @o) - e~ *27F,
which is a general description of a damped oscillation [17]. In this function, yo is the equilibrium height (or the
equilibrium width of the drop), as,; is the angular oscillation frequency, ¢ is time, A the oscillation amplitude at time
t = to from which on the data is modeled, ¢ is a reference phase angle and a2 is the damping rate of the
fundamental mode m = 2. The oscillations were fitted in both directions of deformation, as shown in Figure 2(right).
As results of the measurements, the average values for the frequency and the damping rate were obtained. In the
case of large deviations between the values obtained in the equatorial and polar directions, the measured results
were discarded. The first and the later parts of the oscillation were fitted separately, as shown in Figure 2(left). The
first part corresponds to large-amplitude (LA) oscillations and, the later to small-amplitude (SA) oscillations. The
complex angular frequency as = as, . + iz ; = ag,, 427 - f for the large a5 and small o5 amplitude oscillations
is therefore known.
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Figure 2. Damped oscillations of a levitated 20 wt.% aqueous glycerol solution drop. (Left) Drop height as a function of time with
the fitting curves for the large-amplitude (LA) and for the small-amplitude oscillations (SA). (Right) Normalized oscillation
amplitudes as functions of time, with the fitting curves.

Figure 2(right) presents the normalized non-dimensional oscillation amplitudes as functions of time and shows
that the oscillation amplitude in the polar direction is always higher than the oscillation amplitude in the equatorial
direction. The reason for this difference is due to the difference of the axial and radial forces of the acoustic field.
What is termed the amplitude of the oscillations of the drop in the present context is defined as the amplitude in the
polar direction.

For the drop oscillation shown in Figure 2, the following values are obtained. The oscillation amplitude in the first
part of the motion is about 11.6% of the equilibrium drop radius, and in the last part about 6.9%. The measured
complex angular frequencies are a5 = 155! + 27 - 113Hz and a5 = 7s™' + i2r - 113.8 Hz. The measured
complex frequency as has an uncertainty of £10% in the damping rate, and of £1% in the oscillation frequency.
This follows from the analysis of the fitting results of the function for the drop height or width to the measured data.
The oscillation frequencies for both the SA oscillation and the LA oscillation are nearly the same. However, the
damping rate in the case of LA oscillation is nearly double the value of the SA oscillation.

From the measured complex angular frequency, the surface tension o and the dynamic viscosity p of the drop
liquid are determined [1, 2, 18]. This so-called oscillating drop method for measuring material properties of the
drop liquid relies on the linear theory, which is expected to hold if the initial oscillation amplitude is less than
10% of the equilibrium drop radius [18]. The surface tension o of a drop liquid determines the drop oscilla-
tion frequency and the liquid dynamic viscosity p determines the damping rate. The values are calculated as

3mpV f2 QG2
= 4 = 44
7 m(m —1)(m+2) (“3) u (m—1)(2m+1) (44)
Equations (43) and (44) are valid for drops with small Ohnesorge number (Oh < 0.1), as pointed out by Prosperetti

[7].

This work is licensed under a Creative Commons 4.0 International License (CC BY-NC-ND 4.0).



ILASS — Europe 2019, 2-4 Sep. 2019, Paris, France

Results and discussion

With each of the glycerol solutions, at least 5 oscillation experiments were performed. Measurements were con-
ducted at atmospheric pressure and a room temperature of 24°C. The measured complex angular frequency is first
compared to the results provided by the characteristic equation (36) by introducing the non-dimensional complex
angular frequency = a2 /a2,0. The comparison presented in Figure 3 shows that the complex angular frequency
extracted from the last part of the oscillation, i.e. small-amplitude oscillations, is in good agreement with the results
obtained from the characteristic equation. On the other hand, the complex angular frequencies extracted from the
large-amplitude oscillations exhibit large deviations from the calculated values. The deviation is more pronounced
for the damping rate (Figure 3 right) and less for the oscillation frequency (Figure 3 left). For the non-dimensional
oscillation frequency (Figure 3-left) no clear distinction between the SA and LA cases can be made. The rea-
sons for this could be the uncertainties of the liquid properties entering the equation for the dimensional form of
amo = [m(m — 1)(m + 2)o/pa’] and the error of the measured oscillation frequency. The difference between the
non-dimensional damping rates for the SA and LA cases (Figure 3-right) increases with the Ohnesorge number.
The threshold oscillation amplitude of 0.07a separating the LA and SA cases is set between the minimum oscillation
amplitude extracted from the first part of the motion and the maximum amplitude extracted from the last part of the
motion. The results presented in Figure 3 are expected, since the characteristic equation (36) is a result of the linear
theory.
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Figure 3. Measured (points) and calculated (solid line) non-dimensional complex angular frequency 2 versus the Ohnesorge
number. (Left) Angular frequency, (right) damping rate. Comparison of the results for the large-amplitude (LA) and
small-amplitude (SA) oscillations. The threshold oscillation amplitude separating the LA and SA cases is set to 0.07a.

Next, we analyze the results of the oscillating drop method using equations (43) and (44) for the cases of small and
large-amplitude oscillations. Table 2 presents the data for the damped drop oscillation shown in Figure 2. As noted
in the previous section, the oscillation frequencies for the SA and LA oscillations are nearly the same. Therefore,
the surface tension obtained by equation (43) is nearly the same for both cases and is close to the value o from
pendant drop tensiometry. The absolute deviation between the values from the two methods is about 4%, which
is of the order of the uncertainties of ¢*. In contrast, the damping rate for the LA oscillation is nearly double the
value of SA, which doubles the value of the dynamic viscosity obtained by equation (44) against the LA case. The
deviation between the values obtained by the oscillating drop method and capillary viscometry is around 6% in the
case of SA oscillations, and around 105% in the case of LA oscillations.

Table 2. Data for the 20 wt.% glycerol solution drop oscillation shown in Figure 2. The equilibrium drop radius is 1.025 mm, the
corresponding inviscid eigenfrequency is a2 o = 27 - 115Hz, and the Ohnesorge number is 0.006.

f s,y Im(€2) Re(Q2) Ala o I
(Hz] (1/s] (-] (-] [%] [N/m] [mPa s]
Small-amplitude 113.8 7 1.02 0.01 6.9 0.072 1.52
oscillations
Large-amplitude 113 15 1.013 0.022 11.6 0.071 3.33
oscillations

The average values of surface tension and dynamic viscosity of the investigated aqueous glycerol solutions obtained
by the oscillating drop method are presented in Table 3. The values of surface tension o obtained by equation
(43) for both small and large-amplitude oscillations are in excellent agreement with the values " from pendant
drop tensiometry. The reason is that the oscillation frequencies for SA and LA oscillations are nearly equal. The
maximum absolute deviation between the oscillating drop method and the pendant drop tensiometry is within 4.7%
which is of the order of the uncertainties of ¢*. The values of the dynamic viscosity 1 obtained by equation (44)
show strong dependency on the oscillation amplitude. The absolute deviation between the methods decreases with
increasing glycerol mass fraction.
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Table 3. Surface tension o and dynamic viscosity 1. of aqueous glycerol solution drops from equations (43) and (44). Results of
SA and LA oscillations with corresponding absolute deviations between values from the oscillating drop method and from Table 1.

Glycerol SA oscillations LA oscillations
mass Surface Dynamic Surface Dynamic

fraction tension viscosity tension viscosity

w [wt.%] o [N/m] (lAU‘) u [mPas] ('ﬁ—fl) o [N/m] ('ﬁ—f') u [mPas] (‘ﬁ—f')
20 0.069 (< 1%) 4 (48%) 0.068 (1.5%) 3.75 (132%)
30 0.068 (< 1%) 3.3 (48%) 0.066 (1.4%) 4.56 (105%)
50 0.068 (4.6%) 5.58 (6.8%) 0.067 (3.7%) 8.53 (53%)
65 0.064 (1.6%) 11.84 (< 1%) 0.062 (1.5%) 15.9 (35%)

Conclusions

The present study lays the framework for the weakly nonlinear theory of Newtonian drop shape oscillations. The
oscillating drop method was used to demonstrate the limits of validity of the linear theory of drop shape oscillations.
According to Becker et al. [18], the linear theory is expected to hold if the initial oscillation amplitude is less than 10%
of the equilibrium drop radius. Our experimental results show, however, that, even for an initial oscillation amplitude
around 7% of the equilibrium drop radius, large deviations from the linear theory can occur. These deviations are
more pronounced in the damping rate, while the oscillation frequency is practically unaffected by the initial amplitude.
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Nomenclature

A oscillation amplitude [m] U1

a equilibrium drop radius [m]

f damped oscillation frequency [Hz] y(t)
Jms Jm+1 spherical Bessel functions [1] Yo
m mode number [1] Am=0m,r+iQm,;
n outward unit normal vector Qim0
Oh Ohnesorge number Qm,r
p pressure [Pa] A
P, Legendre polynomial n
D1, P2 1st-, 2nd-order pressure m

r, 0, ¢ spherical coordinates I

Ts drop shape p

t time [s] o
Ur1, Ur2 1st-, 2nd-order radial velocity T
ug1, Uh2 1st, 2nd-order polar velocity ©®o
1% drop volume [m?] )
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