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Minimum Wetting Rate of a Vertical Surface in a Two-Phase Liquid-Gas Flow
in a Field of Centrifugal Forces. I. Analysis of the Process for Counter-
current Flow

Wlodzimierz Sokol

Institute of Chemical Engineering and Technology at the Technical-Agricultural
Academy in Bydgoszcz

Published May 7, 1976

As a result of considerations the following equation is given:

B et S A
( M

Borga = 264
describing the values of the minimum wetting Reynolds number Remin related to
the wetting of the inner surface of a vertical pipe in a countercurrent two-phase
liquid-gas flow in the field of centrifugal forces. The value of the coefficient n
taking into account the deviation between the theoretical Reynolds numbers Remint

and the experimental ones Remin should be determined experimentally.

Moreover, it has been found that the rotational motion of the wetting surface
brings about a decrease in the values Re ;, in comparison with the Reynolds num-
bers Re?nin which are indispensable for covering the whole wetting surface in the

case of the absence of rotation,
1. INTRODUCTION

The problem of minimum unit wetting rate has been considered in a series
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of studies both in a theoretical and experimental way.

By this concept the minimum unit wetting rate defines such a wetting value
under which the whole covering of the wetting surface by a flowing liquid does not

occur,

From the theoretical considerations presented in research work [1] it follows
that the value of the minimum wetting rate r'min in the case when the gas phase is

immobile, is decided, among others, by the centrifugal acceleration a.

This study is a continuation of the investigations on minimum wetting rate
r?nin in a two-phase flow and in particular refers to the minimum wetting rate
rmin of the inner surface of a vertical pipe in a countercurrent two-phase liquid-

gas flow in the field of centrifugal forces.

In this work the process in which the flowing liquid wets the inner surface of
the vertical pipe while the gas flows from the bottom toward the top by the remain-

ing section of the pipe is called the countercurrent two-phase liquid-gas flow.

The dependence Fmin’ and more strictly corresponding to it, the Reynolds
numbers Rep,j, were formulated from the following quantities: centrifugal acceler-
ation a, absolute value of gas inw, extreme angle of wetting # and physical proper-
ties of density ¢ and viscosityy fluids. Results of the theoretical considerations
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made it possible to establish the effect of centrifugal acceleration a on the minimum

values of Reynoids numbers Re,i,.

2. THEORETICAL MINIMUM WETTING RATES T,mint

According to Hobler [ﬂ the total kinetic energy ey corresponding to the
velocity of the liquid layer in a vertical direction and of the energy ey of tensions
at the interfacial surface decides the minimum value of the unit wetting rate T"fnint’
in the case when the gas phase is immobile.

r

In this work it is given that the 7mint value is also decided by the total of
the unit of kinetic energy ek, corresponding to the velocity of the liquid layer in a
vertical direction in a countercurrentmw two-phase liquid-gas flow and the unit of
energy eg resulting from the appearance of tensions at interfacial surfaces. Con-
sequently the energy deciding the value 7'mint can be presented by the following

equation:

e =¢k+e'. b (1)

2.1 UNIT KINETIC ENERGY ey

With attention to the small thickness of the liquid layer in relation to the
inner diameter of wetted pipes used in industry [2, 3], the flow-off of liquid along
the inner surface of the pipe was handled as the flow-off of liquid along the vertical

flat wall [4].




) In research work [4] the formula is given:
3 6 = AM'@"”+BRO,—0W'D‘“', @)

where

1
34,236 b*ge. 0, (2a)

1 Prgw

B = :
512,102 g, ' (2b)
1
O = 6,368 ¥ 1000y (2¢)
2 \1/3
By = (_"e_
* \agl ’

describing unit kinetic energy e of the liquid layer flowing off alongthe flat ver-

tical surface. The quantity Wg denotes the average velocity of gas counted in
relation to the surface of liquid flowing off, equal to the total of liquid velocity w',

on the surface of the layer and the absolute velocity of gas Wb described by the

equation
_ 4y
T T
F The values of coefficient b, defined as the ratio of mean thickness s of

laminar layer of liquid in a countercurrent two-phase liquid-gas flow to the mean

equivalent thickness s,, are described by the equation

¥-Th -1 = 0, (8)
where ¥ i i, ”:
16 o.gs, : o
s, = 0,9085 9, Re;", (3b)
given in work [Q |
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Equations (2) and (3) are designated by the following assumption [4]:

(a) the liquid is distributed equally along the wetted surface by an ideal
spray;

(b) ‘after a starting path the liquid flow is developed, then the velocity
¥ profile in the fluid layer is stabilized;

(c) the flow-off of the liquid is laminar with the omission of surface undula-
tion, the liquid then flows as a layer of identical thickness;

(d) the phenomenon of detachment of drops from the layer of flowing liquid
does not occur;

(e) mass transfer does not occur nor does a heat transfer between the fluid

and gas.

2.2 UNIT TENSION ENERGY e,

The image of tensions at interfacial surfaces in the case of centrifugal
acceleration is presented in Figure 1 [1] Energy E, corresponding to the tensions
presented is described by the following [1]

E, = F\(0,_s—7) + F10, 3+ Fy0,,. (f)

After establishing equilibrium of forces for the given assembly solid-liquid-

gas the equation [IJ is fulfilled

Oy = 6y_30080+-0,_,.

Considering the last equation in relation to (4) we get
B, = Fi0, y~Fpw+Fyo,_, +’;(¢|-| 0080 +-0,_,). (ﬂ)
5
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Fig. 1. Image of surface tensions at interfacial surface in the case of wetted sarface ro-
tation g
1 — cialo stele - solid, 2 — clecz — liquid, §.~ gax — gas

Bringing to this equation the concept: unit tension energy e =E,/F(J/m?2)
and the degree of surface covering by liquid x=F;/F, after simple transformations
we get the equation

¢, =Do—ov+H, 6)

where

.D = 0’_'(1;008'0), H == 0’3_.'00804-0,_,. 2

T

The quantity £ appearing equation (6) denotes the shear stress at surface
being the result of the occurrance of centrifugal acceleration (Fig. 1) [1] Then,

theoretical considerations conducted by Hobler [1] lead to the following
eoss )
2

T =

4

describing the value of stress t.
The thickness ¢ of the laminar _liquid layer is described by the equation

8, = 0,9085b9, Rel} % (8)
given in work[4].




With attention to the only partial liquid covering of the wetted surface, the

local Reynolds number Rec’}can be presented by the equation [5] .

4T 4G 1
R’ =-——-=——=—Rﬂ. 9
(3] e o, z (3 ()

The Reynolds number Re, is calculated as if the entire surface were

covered by a layer of liquid, flowing with mass rate G.

It is easy to note that when the layer of liquid covers the enti re wetted
surface sm evenly, then x=1, the value of the local Reynolds number Reg, Lis equal

to average Reynolds number Re,.

Considering the equations (8) and (9) in equation (7) we finally get

T = 0,4127b 8% o, a ReXP =23

or
T = KRePo~8, (10)

where
K = 0,4127b4% g,a. (10a)

Using equation (10) with reference to (6) we may write

¢ = Dz~KRe\ 2P H., (11)

As already mentioned the total of the energy ek and g, decides the value of

r

Pmint- Considering equations (2) and (11) with reference to (1) the following

equation is obtained

¢ = ARs}* 2% { BRe,— O Re!* 2~ + Do — K Re*a'* + H, (12)




defining the whole unit energe e.

In order to illustrate this equation Figure 2 presents the values of factors

e-H for #=100, Wgph=10m/s and several Re., a and x.

The relative gas velocity Vg, occurring in the quantities B and C of this
equation are calculated according to the equation
wg= ng +W'c:

where

. _ go®*  Aegwje
W, = 2 —_
'le 8 "c

’

designated in research work [tﬂ—

The values for the drag coefficients Awere designated from the following
relations:
(a) for laminar gas flow (Reg, £2100)

86

(b) for turbulent gas flow (Re_, 2 2100)

gz
0,3441

~

A

where

w,. d
Re,, = __n‘_Q!, Vg = Wy + 10, ¢,
Mo
”e'. A it d = D,—28,,

given in research work[6] .




The calculation of the value e~-H was made for the water-air system, whose

physical properties are:

e = 998,6 kg/m®, g, =1,17kg/m?, g, = 1,09-10~ kg/ms,
7y =1,8:10"*kg/ms, o = 73,0510 N/m.

The inner diameter of the pipe N{ = 0. 03m was taken into calculation. The
absolute air velocity Wgh Was smaller than the velocity of the choking up of the pipe,
who:2 values were calculated on the basis of the equations given in research work
[7]. The values for coefficient b, occurring in the quantities A, B, C and K, were
determined by secant method [8] according to equations (3), (3a) and (3b). Results

of the calculations are graphically presented in Figure 2.

From Figure 2 which presents the equations
o~H =f(Re,, & 2, 0, w) oo H =Jf(Re;, , 0, w,),

it can be observed that for large values of Reynolds numbers ReC(ReOC), for example,
larger than 100, the lowest values for the function e-H, (e9-H), consequently the
smallest value for energy e (eo) occur when the wetted surfaée is completely covered
(x=1). It is a different situation for small values of Reynolds numbers Rec(Re%),
for example smaller than 40, since the highest value of energy e (€0) co rresponds to
a complete covering of the surface (x=1). It should be expected that in a range of
40 to 100 the system will aim at a tear in the liquid layer so as to result in achieving
for the given case, the smallest energy value. As an example for #=10° and
Wgh = 10m/s the tendency for tearing of the liquid layer occurs approximately in the

following Reynolds numbers:
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Fig. 2. Values of function ¢ — H ocalculated from equation (12) for 8 = 10°, wp, = 10 m/s

and several Re,, # and a
- = ~am0, —.—« @ = 50 m/s*, —— a = 100 m/s*
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e =0, &: = % o 08,
¢ =00m/s*, Re, = Reyy, = 4,
a=100m/s*, Re, = Reyq = 46.

The stretching of the liquid layer on the whole wetted surface should require
an additional supply of energy. This results inthe fact that the values Re,, near
which the tearing of the liquid layer can be expected, are closely connected with the
centrifugal acceleration a, with unchanged values for the remaining parameters.

The values Re,=Rep, iyt in the field of centrifugal forces are lower in comparison
with the Reynolds numbers ReoC = Reomint in the case when a=0. Moreover, with
an increase in the value a there occurs a decrease in Reynolds numbers Re .=Remint
whereby the tendency appears for the tearing of the layer of liquid previously cover-

ing the whole wetted surface.

Tearing of the layer of liquid covering the whole wetted surface can be
expected when the system reaches the lowest value of energy for 0{x<£1 (5). The

appearance of the #@ minimum of energy e defines the condition de/dx=0.

The unstable condition of the liquid layer answering to the theoretical value

of Reynolds number Re is defined by the smallest value of energy e in the

mint’

case when x=1. Justification of @ this statement is given in research work [4]

After introducing to the derivative

11




Ll

% = ARO:I.U-.,"‘";ORO:“ﬁ-‘”'FD— %KBG!"@"" =0
the value 8 x=1 and using the index mint with the Reynolds number to emphasize

that it is a theoretical minimum Reynolds number value, the following equation is

obtained

3D +ORf K e
Regy = R"‘f“; Begios )" (13)

-

In the case where there is no centrifugal force, consequently when a=0, the

quantity K= 0 and equation (13) takes the form

3D+ CRef} 1\
R‘-h\‘( 24 ’

and thus the very same as the equation defining the theoretical minimum Reynolds

(14)

number Reomint in the countercurrent two-phase liquid-gas flow desi gnated in

research work [4].

Theoretical Reynolds numbers Re,int are calculated on the basis of
equation (13) for a water-air system at 20°C. for several angles of wetting. @ and
velocity wgb are presented in Figure 3, while in Figure 4 the valugs (Reomint’

Re int) /Reomim are given depending on acceleration a for these same parameters.
It can be stated that the rotational movement of the wetted surface brings

about a decrease in the value Repint in comparison with Reynolds numbers Reomint

necessary to cover the whole wetted surface in the case of no rotation (a=0).

12
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Evident also is the strong dependence of the value Re, i+ on the extreme
angle of wetting @ and the appearance for the given acceleration a of a 3l larger

reduction of the value Re in relation to Reynolds numbers Re” when

mint’ mint’

a= 0, on surfaces indicating smaller angles of wetting 8, with unchanged values for
the remaining parameters. Moreover, it can be noted that with given values of &

and a, a greater reduction of value Re compared with Reo :+, takes place
g 88 P mint p

mint’
for greater gas velocities Wab- Finally, Figure 5 presents a change in the value

Reomint/Remint depending on acceleration a and velocity Wab-

g .
i I 12
gs : , : ‘;V
- =
2 e L
; e — )

1
o:oozoosooooosoosoorooaoosooroooapmq

Fig. 5. Dependence of values Bo.',m/Bo.m on centrifugal soceleration a for several gas
velogitiea wyy and angles ¢
'“[w.]ﬁ—- 5 — -~ wl0

It can be noted that the greatest change of the quotient Re® t/Re

min mint

takes place with an increase in acceleration a on the surfaces indicating the small-
est values of the angle of wetting @. Moreover, it is worth noting that the values

R can even be several times smaller than the <- Reynolds numbers Reomim,

®mint
with these same values of the remaining parameters. With greater velocities wgb

the values of the theoretical minimum Reynolds numbers Re,int change more

quickly with a change in acceleration a, when values of the remaining parameters

14




are unchanged (Figure 5). It is worth adding that equation (13) for Wg = 0 (then

C =0) takes the form

o - (25

(15),
consequently the same as Hobler's equation defining the theoretical minimum Rey-
nolds number Re*mint in the field of centrifugal forces in a one-phase flow, given
in research work[l].

r

3. ACTUAL MINIMUM WETTING RATE J .

Considerations are presented which are irrespective of the appearance of

phenomena bringing about a deviation of the minimum wetting rate from the theo-
retical value, and the Reynolds number Re, ;¢ closely corresponding to it and
determined by equation (13). As was previously stated, equation (2) was determined
by assuming the appearance of a uniform thickness of the wetted liquid layer. In |
practice, as a result of undulation in the liquid surface, irregular distribution of the

liquid through sprayers, etc., the thickness of the liquid layer is not identical on

the whole wetted surface.

Introducing the concept of the ratio of irregular wetting n, defined as the
relation of actual thicKHness Smin’ll(’f the liquid layer at the place of its tearing to

the theoretical thichness sy,i,,, when wetting is ideal, then n=smin,11/5 and

min
using in this equation the following:

.

15




Yming = 0,908509,Rell, ;,
P o,ooasu..kgﬂ.

given in research work [4], we get

» = ()

Reva 5

The number Remin Lis the local mini mum Reynolds number in the thinnest

place of the layer, and Rep ip is the mean minimum Reynolds number.,

The tearing of the liquid layer is the most probable in the spot where it is

the thinnest. However, the value of @ the local minimum Reynolds number Remin,lz

is not known, but the Remin value can be determined on the basis of the known

equation [2],
e
R‘-h » % .

Consequently, let us express the local minimum Reynolds number Re in § 7/

by the equation _1
Rewny = W Rog, CEORERE |

obtained from the equation (17).

Assuming that theoretical equation (13) governs each part of the layer of

liquid flowing along the surface and using in that equation dependence (18), finally,

we get

- -

4 4 Y ¥
Boyy, = (22AN OB W K Be (19)
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The high exponents with the n quantity appearing in this equation indicate
the very strong influence of the ratio of wetting irregularity on the values of the

minimum Reynolds numbers Rep,i,.

Defining n we get 0{n¥1, then the wetting irregularity causes an increase

in the value Repin in comparison with the theoretical Reynolds numbers Remint.

Other phenomena also appear which bring about a deviation in the experi-
mental results from theoretical predictions and at that, acting in the opposite
direction consequently decreasing the Re, ;, values in relation to Re, . .. We
can include in them, among others, vibration of the apparatus, undulation of the

liquid layer in a vertical direction, etc. [1, 4, 9, 10].

Introducing to equation (19) additional coefficients which consider the effects
which favor surface wetting, would be pointless since practically it is very difficult
to isolate them. In this regard the n quantities are considerably extended, giving
it a character of adjustment considering the appear ance of all the phenomena

bringing about the deviation of theories from practical cases.

Unfortunately the n values cannot be established theoretically but must be
determined experimentally for the given liquid-gas system, with the manner used

of distributing the liquid along the wetted surface [11-15] .

17

=T

R —

ponreeges




The manner of experimental determination of the value of coefficient n is
presented in reaearch work [16] . In the cited work equations are also given
which describe the n values for the wetting process of the inner surface of a
vertical pipe in a countercurrent two-phase liquid-gas flow in the case of the

absence of rotation of the wetted surface.

4. CONCLUSIONS

On the basis of the considerations carried out the following conclusions

can be set forth:

/'7

1. The dependence mmin was formulated, and also the Reynolds numbers
which closely adhere to it, from the following quantities: mean acceleration a,
absolute gas velocity Wab» extreme angle of wetting @ and physical properties of
flows of densityq and viscosity ) , obtaining as a result of the considerations the
following equation

3D+ O R}, — K Rell3, \*
Repyiny '( 24 ¥

which describes the values of the theoretical minimum Reynolds numbers Re

mint
in the case of rotation of the wetted surface. k

2. It was shown that the rotation of the wetted surface brings about even a

several times decrease of the Re int values in comparison with Reynolds numbers

Reomint when there is no rotation. Moreover for given acceleration a, a greater

18




decrease in the Rep,i ¢ value in relation to Reomim occurs on the surfaces
indicating smaller extreme angles of wetting § when the values of remaining para-

meters are unchanged.

] At given values of angle@ and acceleration a, a greater decrease in Rey-
nolds numbers Re, i, in comparison with Reomint takes place for greater gas

velocities Wgh.

3. Consideration of the deviation in theoretical values of Remint from

experimental Reynolds numbers Remin lead to the equation

( oy 3s
Reg, =(3D+”.QR;':§'A ' K Regld, , L ey

in which the quantity n takes into consideration the phenomena which bring about

the deviation already mentioned.

4. Equation (20) describing the minimum Reynolds numbers Re for

min’

the velocity of gas Wg= 0, takes the form

Re 3D —n'K Retl} \¥s
e 2n* A ) .

consequently the same as Hobler's equation describing the minimum Reynolds

numbers Re*min in the field of centrifugal forces in a one-phase flow.

19
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5. Equation (20) when there is no rotation of the wetted surface is reduced

to the equation

Res “((w*“‘o(m.'...w' L
e 208 A ) ?

v oot 0 .
describing the values of minimum Reynolds numbers Re min 10 @ countercurrent

two-phase liquid-gas flow without rotation of the wetted surface.

OZNACZENIA — SYMBOLS

a — prayepiessenia odizodkewe m /st
centrifugal acceleration -

] lumk—ﬁmjmhmmmmm

ratio of mean tlnokneu s of laminar acceleration in two-phase flow to mean
equivalent thickness o

d —*Wmmhﬁh&nmm

clecsyapkywajaes m -
effective dllmetei of pipe taking into account equivalent thiakneu of
liquid layer

D, — weowngtTINi-SIédnica Tury ErESTRMe)- m
inner diameter of wetted pipe 2

¢ — onergin—preypadajees-—ne-jednostky powierzchni-srascanej ! J/m®

energy corresponding to unit surface area
¢ ~ energia_praypadajaca na jednesthe—powierrchni-srassenej, gdy. o =0 J /m?
energy corresponding to unit surface ares, when a = 0

E — eneagia- J
energy

F — ocalkowite—powierschuia-srassane- m?
overall wetted surface area

F, - powierschuia—sroszoma- m?
wetted surface area. ¢

F, — powierschninnicsrcasvne m?
not wetted surface area 7

g — prsyspiesseniesily—oigtkodei m/e®
acoeleration due to gravity

G — pegdhodé_masonaoicesy kg/s

muss flow rate of liquid
”n -
correotional cocfficient

20




e :
mean thiokness of laminar liquid layer

looal thickness of iaminar liquid layer

;A
volumetric flow rate of gas 2
PN :
average linear velocity
g . ; :
ratio of surface covering by liquid
r —;
unit wetting rate
e — ' X i
unit wetting rate, when ¢ = 0
re - j
upit wetting rate in one phage flow (wy = 0)
n — Jepkoéé—dynemiezna
dynamio viseosity
6, — )
equivalent linear dimenaion for free flow
8 - i

extreme angle of wetting :
1 — wepéblesynnik—opera—bhydraulicsnogo
drag ocoefficient ;

density
.onrheo tension

Mt_ stress at surface

.

MODULY BRZWYMIAROWE - DIMENSIONLESS GROUPS

Reo, = i".'. — licsba Reynoldss cieesy
liquid Reynolds number

BRe? = -‘{—. — liecsba Reynoldsa cieczy, gdy a = 0

(]

liquid Reynolds number, when ¢ = 0

Repin = -‘LE'— — minimalna liczba Reynoldsa ciecsy
minimum lignid Reynolds number

0 4% . %
= - — minimalna liesba Reynoldsa cieczy, gdy a = 0
e

minimum liquid Reynolds number, when ¢ = 0

® ”
Botyg = AT8n  _ inimalna liesbs Reynoldsa cieczy dla prseplywu jednofasowego

e
(wgs = 0)
. minimum liquid Reynolds number for one-phase liquid flow (wg = 0)
Reyy = -'-'-%'—1 — sastqposa licsba Reynoldss gazu
— equivalent gas Reynolds number
21

mb/s

m/fs

kg/m-s
kg/m-s
kg/m's

kg/m's

kg/m®

‘N/m

N/m
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deaotes absolute value
refers to liquid
refers to gas

refers to kinetic values
denotes local values

INDEKSY - INDICES

ssassse—vrartedeimmninimalne
denotes minimum values :
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