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Abstract—In processing equipment in which falling films are employed, the break up of the film may be a

limitation on the effective use of the surface for transfer operations. A model has been developed which

enables the geometry of fluids travelling down the inside or outside of vertical tubes to be calculated. Once

the geometry of the film or rivulet flow has been found, the associated heat or mass transfer conditions can

be calculated. Flow geometries can be calculated for any flowrate and it is expected that this theory will be
of value in the optimisation of falling film equipment. © 1997 Elsevier Science Ltd.

1. INTRODUCTION

When a liquid flows down a vertical tube at a low
flowrate it may not be able to completely cover the
tube surface. The flow will comprise a number of
rivulets separated by unwetted areas or dry patches.
Predictions of the critical flowrate (F,), below which
it is not possible to maintain film flow, may be needed
in the analysis of heat and mass transfer equipment
in order to optimise the plant economics. With the
increasing interest in the use of low cost, low surface
energy materials such as plastics, relatively high
flowrates are required to wet fully the tubes. In these
systems, the ability to be able to calculate the mini-
mum wetting rate becomes more important, as the
use of high flowrates will usually result in significant
pumping costs.

In some theoretical studies of film breakdown, the
analysis starts by study of a force balance at the point
of liquid stagnation at the upstream point of a dry
patch [1]. In other studies the energies of film and
rivulet flows are examined, and it is assumed that a
stable flow configuration will exist at the minimum of
the total energy function [2, 3]. Much work has been
done on the hydrodynamics of rivulet flow [4, 5]. Also,
models have been presented in which the equilibrium
configuration of liquids flows are calculated [6], and
the behaviour of meandering rivulets has been inves-
tigated [7].

In this paper, a model describing the flow of films
and rivulets down vertical tubes is presented. This
work is based on the model of Mikielewicz and
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Moszynski [3] in which the minimum thickness of
a liquid film flowing down a plane solid surface is
calculated. There are three significant advantages of
the present theory. These are:

(1) The flows considered are flows down either the
inside or outside of tubes. Previous models consider
infinitely wide flat surfaces. By taking the tube cur-
vature into account the present theory is directly rel-
evant to many plant processes.

(2) The type of flow (film/rivulet) adopted by the
system can be calculated for any flowrate. With the
present calculation procedure, the process heat or
mass transfer conditions (that follow from the cal-
culated flow configurations) may be evaluated over
the complete flow range. This is particularly important
for industrial processes for which a plant optimisation
study is required.

(3) The assumption that rivulet flows (inside or
outside the tube) should be made up of congruent
rivulets is not required. The present theory is, there-
fore, completely general. However, the assumption of
identical rivulet geometries reduces computing times
significantly.

- The procedures presented in the following sections
for the calculation of rivulet/film fluid flow and heat
transfer characteristics are numerically exact and have
been developed from an approximate calculation
sequence previously presented by the authors [8]. As
in the previous paper, the results of the film and rivulet
model are used to examine the experimental results
obtained from experiments in which water was evap-
orated as it travelled down the inside of a 6 mm diam-
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NOMENCLATURE
a constant Greek symbols
A area o half angle subtended by rivulet at tube
b constant axis
c constant B angle (Fig. 1)
C,, C,, C; constants y surface tension
e element number Jo film thickness
E energy per unit length Oy thickness of tube wall
f rivulet flowrate Oy critical film thickness
F total flowrate 0 contact angle
g acceleration due to gravity u liquid viscosity
h heat transfer coefficient v rivulet number
k thermal conductivity p liquid density.
L natural coordinate
M number of d'iﬁ’erent rivulet angles Subscripts
n number of rivulets g gas
" number of elements ; node label
n outward no.rmal j node label
N shape function ' ‘ % node label
P maximum number of rivulets in tube K Kinetic
r distance from tube axis i liquid
R tubfe radius ' s solid
S radius of curvature of rivulet T total
T temperature w wall
Ty external tempe.rature b% for wetted parts of
AT  temperature difference tube
U overall heat transfer coefficient ¢ surface
w fluid velocity down tube * s
. . critical.
X cartesian coordinate
y cartesian coordinate
z cartesian coordinate Superscript
Z  number of distinct flow configurations. (e)  element.

eter nylon-12 tube of wall thickness 150 um. The
experimental programme which generated these
results was initiated to study the feasibility of the use
of plastic tubes in vapour recompression falling film
evaporators [9-11].

2. FLOW MODELS

The liquid flow down the tube may comprise a
number of rivulets or a continuous film. For a given
flowrate, the configuration adopted is decided by con-
sidering the total (surface and kinetic) energy of all
the possible flow configurations in which the system
can exist. The configuration adopted is then assumed
to be the configuration with the lowest energy. This
approach can be used to examine flow systems both
inside and outside the tube. In this section, expressions
are obtained for the flowrate, surface energy and kin-
etic energy of the flows.

2.1. Film flow
The energies per unit length of liguid films of thick-
ness d, flowing down the inside and outside of a tube

are calculated. When considering flows down the
inside of a tube, the inside diameter of the tube is taken
to be 2R. For external flows, the outside diameter of
the tube, cylinder or wire is taken to be 2R.

A cylindrical polar coordinate system is used in
which the film flows at a velocity w in the direction of
the z-axis. The z-axis is coincident with the tube axis
and is the direction in which gravity acts. Under steady
state conditions, there is no flow in a plane per-
pendicular to the z-axis and the Navier—Stokes equa-

tions reduce to
10/ ¢
——(r——w>+ PE _o. )

Equation (1) can be integrated with the film boundary
conditions.

w=0 whenr=R
and

ow
E=O when r = C,

where
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C, = R—4, for internal flows
and
C, = R+ 9, for external flows.

This gives the film velocity profile

_P8 2 T R -r
w_zu[cllnR+ . @

2

The volume rate of flow down the tube (F) is given by

CZ
F= f 2nwrdr

(&

C2
=28l 4rciin s 4 2R —2CIP | (3)
8u R c,

where for internal flows C, = R and C; = R—§,. For
external flows C, = R+d,and C; = R.

The kinetic energy of the film per unit length of
tube is given by

CZ
E(film) =J npw’rdr
C3
=7tp3g2 Cir? 1l 2- cir .
g | 2 \"R) T2 "R
Ccir? RZCfrzl r R2C#r?
4 2 "RT 4
C%rt‘ r "4C% R4r2 r4R2 rﬁ C,
- r - LA
s PR e Te s tal @

The surface energy per unit length of the system is
given by

E,(film) = 2nRy;+21C, yy,. 3)

The total energy of the system per unit length of tube
is given by

ET = EK+E0-. (6)
Combining equations (5) and (6) gives
E; —2nRy, = Ex(film) 4+ 2nC, . @)

The left-hand side of equation (7) is the total energy
of the system minus a constant and is the function
that is used to compare the relative energies of the
film and rivulet configurations.

2.2. Rivulet flow

As in the theory of Mikielewicz and Moszynski (3],
the surface of the rivulet is taken to be a segment of a
circle. This is consistent with uniform surface tension.
The rivulet contacts the tube surface at an angle 0 (the
contact angle) and subtends an angle 2« at the centre
of the tube. Four types of rivulet can be distinguished
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and these are shown in Fig. 1. For external flows the
rivulets are always concavoconvex. For internal flows,
there are three possibilities for the rivulet geometry.
If o is greater than 6, then the rivulet is concavoconvex.
If & equals 6, a planoconvex rivulet exists and if 6
exceeds «, the rivulet is biconvex. The radius of cur-
vature of the tube surface is R and for all rivulet types
except planoconvex, the rivulet surface is part of a
circle of radius S. From Fig, 1, it can be seen that the
following relations exist between o, f and 6.

External concavoconvex rivulet

0=p—ua. (8a)
Internal concavoconvex rivulet

x>0 6=a—p (8b)
External
concavoconvex
rivulet

(a)

Internal
concavoconvex

rivulet

d Planoconvex
rivalet

(c)

Biconvex
rivulet

”»

5./
:\é .
@

Fig. 1. Rivulet geometries.
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Planoconvex rivulet

(@=0).
Biconvex rivulet
@>a0) 0=a+p. (8c)
For all rivulets except planoconvex
Ssinf = Rsina. )

For a given tube radius (R) the rivulet is completely
defined by the known value of € and the selected value
of o. The corresponding values of § and S may be
calculated from equations (8) and (9) above. The vel-
ocity distribution in the rivulet is obtained numerically
using the finite element method [12].

A cartesian coordinate system (x,y,z) is used in
which the rivulet flows at a velocity w in the direction
of the z-axis. Under steady state conditions in which
there is no flow in a plane perpendicular to the z-axis,
the Navier-Stokes equations reduce to

2 2
Tw ow . P8 _
ox* 8y M

(10a)

This equation is solved subject to the boundary con-
ditions

w =0 at the tube wall (10b)

and

0
w 0 at the free surface of the rivulet

e (10c)

where n, is the outward normal to the free rivulet
surface.

The rivulet is meshed using three-noded triangular
elements and, because of symmetry, only half the rivu-
let is modelled. A schematic diagram of an internal
rivulet is shown in Fig. 2. The finite element code used
for the calculations was written in FORTRAN. From
the calculated nodal velocities, the rivulet flowrates
and kinetic energies were calculated.

The fluid velocity down the tube at any point in an
element, w® is given by

w9 (x,y) = Nw;+Nw,+ N,w, an

~

Line of e
symmetry __{__ 1 ) ________. [.‘!:Z:;

-

Fig. 2. Meshing of half the rivulet using three-noded
elements.

where N are the element shape functions with the three
subscripts i, j, k referring to each of the nodes. The
total flowrate for each rivulet is given by

=3 .”w“’ dA. 12)
e=1
Using the expression [12]:
alblc!
LEIPLs =———"" 24 1
” LA =T (1)

where the natural coordinates L are identical to the
shape functions N, the rivulet flowrate can be obtained
from equations (11) and (12) as

(14)

W —

f= Zl A9w,+w;+w].

The kinetic energy of the rivulet per unit length of
tube is given by

Ee- ¥ H L PDv dA as)

e=1

using equations (11) and (13), equation (15) may be
expressed as

e
Ey = ‘ Y AW +wi +wi +w,»w,+ijk+wkw,-]-g.
e=1

(16)

If the flow configuration travelling down the tube is
made up of n rivulets, in which the vth rivulet subtends
an angle 20, at the tube axis, the total energy of the
system can be written as

ET = Vgl [EK]v +2R’Ysl ;1 a, +2‘ylg ;1 ﬁvSv

+2Ry, [n— i oc{|. a7n

Using Young’s equation [13, 14]:
Vg = Vatygcost (18)

it follows that equation (17) can be rewritten as

n

Er—2nRya = Y, [Exly+2 3. B.S
y=1

v=1

+2Ry, cosf [n — i a,]. 19)

v=1

Also, the total flowrate down the tube is given by

F=

™=

S 20

v=1

Equations (19) and (20) are general expressions for
the rivulet configuration flowrate and energy. If it is
assumed that the rivulets are congruent, equations
(19) and (20) become
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Er—2nRy, = nEx+2ny,,fS+ 2Ry, cos 8[n —na]
@1

and

F=nf. 22)

3. PREDICTIONS FROM THEORY

The theory of the previous section is used to model
the evaporation of demineralised water at 100°C flow-
ing down the inside of a 6 mm nylon-12 tube with a
water-tube contact angle of 50°. These values for the
water temperature, tube diameter (2R) and contact
angle () have been chosen because they represent the
parameters of a system for which experimental results
are available [8]. In the experiment, the heat for the
evaporation of the water was provided by steam con-
densing on the outside of the nylon tube of wall thick-
ness 150 pm. The tube length was 4.15 m and the
log mean temperature difference across the dropwise
condensate, tube wall and demineralised water was
0.52°C.

3.1. Calculation of the fluid geometry

Using the flow and energy equations for internal
film flow (3) and (7), together with the equations for
internal rivulet flow, (21) and (22), in which the rivu-
lets are assumed to be congruent, a graph of relative
energy per unit length of tube vs flowrate is
constructed. The mode of flow for any given flowrate
is then decided by referring to the graph and choosing
the configuration which has the lowest relative energy.

The tube radius is set at 3 mm and the appropriate
values of y,, p and u for 100°C water are chosen. The
water—plastic contact angle 6 is 50°.

3.1.1. Film flow. Values of §, over the range 0-200
um are chosen and substituted into equations (3) and
(4) to give values of F and Eg. This then allows cal-
culation of Er—2nRy, from equation (7). The result-
ing pairs of values for energy and flowrate may be
plotted on a graph.

3.1.2. Rivulet flow. In these calculations for the
plastic tube-water system, the rivulets are all found
to be biconvex, i.e. 8 > «. For biconvex rivulets, the
value of § can be calculated from the known value of
0 and assumed value of o using equation (8c). The
corresponding value of the rivulet radius of curvature
may then be found from equation (9). From the values
of 6, « and R the rivulet geometry is completely
defined.

Half the rivulet was meshed using 400 three-noded
triangular elements (Fig. 2) and the Poisson equation
(10a) was solved for the flow down the tube subject
to the boundary conditions (10b) and (10c). Checks
to ensure that the mesh was sufficiently fine with 400
elements were carried out by repeating some of the
flow calculations using 1600 elements. From the
resulting nodal velocity vector, the rivulet flowrate
and kinetic energy were calculated from equations
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o (rivulet half angle) [deg]

Fig. 3. Effect of changing angle « on rivulet flowrate.

(14) and (16). The variation of the calculated rivulet
flowrates and kinetic energies, for this system as a
function of the rivulet half angle «, are shown in Figs.
3 and 4.

Once the functions f(«) and Ex(x) have been cal-
culated, the energy vs flowrate curves may be found
from equations (21) and (22). A value of n is chosen.
Then, from the known value of # and selected value
of a, the quantities f and S are found. The values of
Eg and f for the selected value of « are found by
interpolation of the data set used to construct the
graphs of Figs. 3 and 4.

The values of n, Ex, 7, B, S, R, 0, a and f are
substituted into equations (21) and (22) to give values
of the energy, Er—2nRy, and total flowrate F. New
values of « are chosen and the new values of relative
energy and total flowrate are calculated. As in the
film calculations, the pairs of values for energy and
flowrate are plotted on a graph.

New values of n are then chosen and the cor-
responding energy-flowrate curves are constructed.
For the plastic tube water system presently under con-
sideration, the graph of Fig. 5 results. The property
values used for water (100°C) in these calculations
were p = 958.12 kg m™>, u=283.1 uNs m~? and
7 = 58.78 mN m™'. In order to make this graph
easier to read, only the configurations containing odd
numbers of rivulets are shown. It can be seen from
this graph that configurations containing more than
15 rivulets would be expected to have energies much

1000 —
. 0 = 50°
g = Internal tube diameter = 6 mm
e
s
S 20500
28
2=
= =
i

I 1 | |
(V] 4 8 12 16 20

o (rivulet half angle) [deg]
Fig. 4. Effect of changing angle « on rivulet kinetic energy.
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0 0.3 0.6 0.9 12 1.5
Flowrate [m® s™! x 106)

g &
K

Relative energy per unit length
of tube [uN] (E; - 2aRYy, )

Fig. 5. Relative energy vs flowrate for specified conditions.

Table 1. Values of critical film thickness from three models

0, (um)
0
Contact Exact Approx. Plane
angle calc. for tube calc. for tube wall
(degrees) (this paper) [8] [3]
30 122 127 128
50 157 162 156
70 182 186 177

higher than any of the ground state configurations
over the range of flowrates considered.

For flowrates above approximately 0.8 x 10~° m?
s~! the film has the lowest energy and will therefore
be the favoured configuration. As the flow is reduced
from ~0.8x107% m® s~! towards zero, the number
of rivulets making up the ground state configuration
decreases.

A graph of the type shown in Fig. 5 was constructed
for two further plastic—-water contact angles, 6 = 30
and 70°. From these graphs the variation of the critical
film thickness J, (the thinnest film it is possible to
sustain) with contact angle is calculated. The results
of these numerical calculations are shown in Table 1
and they are compared to the critical film thicknesses
obtained for the same system using the approximate
model previously presented by the authors. Also
shown in the table are the values of 8, for 100°C water
films travelling down a plane wall using the model of
Mikielewicz and Moszynski [3].

The present model is also used to calculate the criti-
cal flowrates (the film flowrates when 8, = d,) and
the rivulet configurations that would be expected to
exist if the flow were reduced to just below the critical
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flowrate. The results of these calculations are shown
in Table 2. It can be seen that, for rivulet con-
figurations that exist at flowrates just below the critical
flowrate, the ratio of wetted tube area to total tube
area is in the range 0.36-0.4.

3.2. Calculation of heat transfer
Once the fluid geometry that is expected to exist at
each flowrate has been calculated, the associated heat
transfer coefficients for the systems may be calculated.
3.2.1. Film heat transfer. In order to calculate the
overall heat transfer for coefficients for the evap-
orator, the equation

1d d
m("’d—gﬂ

is solved for the plastic tube-water film system, where
the tube of thermal conductivity k., spans the radial
distances R and R+, The falling film of thermal
conductivity k, extends from R—§,to R. A condensing
heat transfer coefficient h exists on the outer surface
of the tube wall at R+ 9,,.

If an overall heat transfer coefficient U is defined in
terms of the inside surface area of the tube (2nR x tube
length), then it follows from equation (23) that the
overall heat transfer coefficient for the system U is
given by

o [(_R O\ R _(R+d,
=\RFo. )n T, ™"\ "R

R R \T'
+Eln<R_50)] .24

For the plastic tube evaporator presently under con-
sideration, R =3 mm, k, =03 Wm™' K~! and
k, = 0.681 Wm~' K ~!. The condensation outside the
tube is dropwise and an appropriate value of A is
approximately 55000 Wm~2 K ~'. With these data,
the overall coefficient for the system may be calculated
as a function of the film thickness J, (and hence as a
function of the film flowrate).
3.2.2. Rivulet heat transfer. The equation

(23)

o*T  0*T

—+——==0 25
ox*  0y? @3)
is solved using the finite element method for the sector
in which there is water in contact with the tube. A

Table 2. Critical conditions

Contact Number of Half Wetted to Critical
angle 6 rivulets angle of total tube flowrate
(degrees) formed rivulets (°) area, X (m*s~!x10%
30 4 16.4 0.36 0.36
50 6 11.9 0.4 0.77
70 7 94 0.37 1.19
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schematic diagram of the system is shown in Fig. 6.
As in the fluid flow section, the domain is meshed with
triangular elements and the code used for solution was
written in FORTRAN.

A condensing heat transfer coefficient 4 was present
on the outside surface of the tube with an associated
external temperature of 7,. The nodes on the rivulet
free surface were fixed to a temperature To—AT.

The tube wall and water had thermal conductivities
k., and k,, respectively. For the plastic tube evaporator
under study AT took the value 0.52°C. A value of «
was chosen to define the geometry and equation (25)
was solved over the domain. From the nodal tem-
perature solution vector, the heat flow Q passing
through the tube wall was calculated. A heat transfer
coefficient U,(a) for the part of the tube in contact
with the water was then found by dividing the heat
flow Q by both the overall temperature difference AT
and the wetted area of the tube. Use of the inside area
of the tube to define the coefficients ensured con-
sistency with the procedures used to find the overall
heat transfer coefficients for the falling film system.

The heat transfer performance of the whole tube,
including the non-wetted parts, was then obtained by
evaluating an overall heat transfer coefficient for the
system U from the equation

2no
U=, [566}

where « is the rivulet half angle expressed in degrees
and n is the number of (congruent) rivulets in the
tube.

(26)

3.3. The variation of the heat transfer coefficients with
Sflowrate

The change in heat transfer performance of the
plastic tube evaporator discussed in the previous sec-
tions was obtained by first calculating the geometry
of the ground state flow configurations that were
expected to exist across the flowrate range. Once the
geometries of the flows were established, the associ-
ated heat transfer properties were calculated.

The results obtained using this procedure are shown

Tube
wall

Rivulet

Fig. 6. Finite element system for heat transfer calculations.
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3x 8=30° |6=50° |8=70°
by € = = =
‘3 s 1000}
2
g
=
L I ]
0 0.5 1.0 1.5

Flowrate [m> s™! x 109}
Fig. 7. Theoretical coefficients for film and rivulet flow.

in Fig. 7. The graph displayed shows the dependence
of U on flowrate for film and rivulet flow (with 8 = 30,
50 and 70°). It can be seen that, for each contact angle
as the flow is reduced from a stable film condition to
a flow just below critical, there is a large reduction in
the value of the heat transfer coefficient. Also, it can
be seen that the critical flowrate reduces as the contact
angle decreases.

The experiments performed with the plastic tube
evaporator correspond to the situation in which
0 = 50°. A comparison of the experimental and cal-
culated coefficients is presented in Fig. 8. At the high-
est experimental flowrate the film Reynolds number
was 2300 and, in the tests, the amount of water evap-
orated in the tube was always less than 2.5% of the
flow introduced at the top of the tube [§].

From the graph it can be seen that there is good
agreement between experiment and theory for film
flows above 2 x 10~® m® s . The model correctly pre-
dicts a reduction in heat transfer coefficient as the flow
reduces to zero. However, the experimental
coefficients display a gradual decrease to zero from
approximately 2 x 107° m® s~! whereas the calculated
coeflicients display a step change at a critical flowrate
of 0.77x107% m® s~'. It is possible that this dis-
crepancy arises because the real flows do not always
remain in the ground state configuration. It may be
that for flows in the range of 0.5-2x107° m?® s~!
that the energy differences between rivulet and film
configurations are low enough to allow transition
between states. This would give rise to a gradual rather

8 =50°
Internal diameter of tube = 6 mm

1 | 1 ]
1] 1 2 3 4

Flowrate [m® s! x 105]

Heat transfer coefficient

Fig. 8. Theoretical and experimental heat transfer

coefficients.
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than sudden change in the heat transfer—flowrate
function.

3.4. Generalised model for fluid flow

The fluid flow calculations for the plastic tube evap-
orator were performed with the assumption that if
there were more than one rivulet in the tube, then each
rivulet would have the same geometry. This assump-
tion is not required. The first stage of a generalised
calculation sequence requires calculation of the two
functions Ex(x) and f(«). After this, an upper limit to
the number of rivulets in the tube (P) is chosen to-
gether with an upper limit to the rivulet half angle
(ttmax)- The angle range O to «,,,, is then suitably dis-
cretised with M values of « (including zero).

With a maximum of P rivulets which may adopt
any of M angle values, it can be shown [8] that the
number of distinct flow configurations Z is given by

_ (M+P-1)!

T PM-D! @7

The generalized procedure requires the evaluation of
the total energy and flowrate of each of the Z con-
figurations using equations (19) and (20). The con-
figurations are then sorted into narrow bands of
flowrate. In each of these bands, an energy cor-
responding to the film flow configuration must also
be provided. The configurations in each flow rate band
are then sorted by energy and the geometry adopted
over each flow band is taken to be the one with the
lowest energy. A more detailed account of this pro-
cedure has previously been presented by the authors [8].

4. DISCUSSION

A model has been developed which enables the
geometry of fluids travelling down either the inside or
outside of vertical tubes to be calculated. This model
will be useful in the analysis of many plant processes.
A significant advantage of the theory is that the type
of flow adopted by the system can be calculated at
any flowrate. Once the flow geometry of the system is
known, then the associated heat and mass transfer
conditions can be calculated. It is expected that this
theory will be of value in many plant optimisation
studies in which wettability effects are important.

The flow configuration that the system adopts is
decided by calculating the total energy of all the poss-
ible flow configurations in which the system can exist.
At a given flowrate, the system is assumed to adopt
the configuration with the lowest energy. However, it
should be noted that there may be occasions when
the system is not able to adopt the lowest energy
configuration.

Consider a group of » rivulets in their ground state
travelling down a tube in which the rivulet flow is
diminishing because of evaporation. At some point
down the tube, if the tube is long enough, calculations
will show that the lowest energy state will be provided
by a system of n—1 rivulets. In this case however, it
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will not be possible for the n—1 rivulet system to
form and the system will continue in a higher energy
configuration.

There may be other situations in which the system
is not able to adopt the lowest energy configuration.
Further work is needed to investigate whether systems
can in fact adopt their minimum energy configur-
ations.

When the results from the plastic tube evaporator
were compared with results from the model, it was
found that the experimental heat transfer coefficients
varied smoothly with flowrate and did not exhibit a
sudden change between film flow and rivulet flow. A
closer agreement between the model calculations and
the experimental data could probably be obtained by
assuming that there may be circumstances in which
the system can exist in excited states.

This model is applicable to all surface materials and
once the liquid viscosity, density and surface tension
are known, it only remains for a measurement of the
surface-liquid contact angle to be made. The model
described in this paper has been developed from an
approximate theory previously presented by the
authors. It can be seen from Table 1 that the approxi-
mations made were reasonable for the systems con-
sidered. The approximate values of J,, were found to
be within 5% of the exact values over the contact
angle range 30-70°.
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