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

current Flow

Wlodziniierz 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:

describing the values of the minimum wetting Reynolds number Re . 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 Re mint

and the expe rimental ones Re . should be determined experimentally.
in in

Moreover , it has been found that the rotational motion of the wetting surface

brings abo ut a decrease in the values Re min in comparison with the Reynolds num-

bers ~~~~~~ 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 series1
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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 wo rk (13 it follows

that the value of the minimum wetting rate ‘1min in the case when the gas phase is

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

This stud y is a continuation of the investigations on minimum wetting rate

r ~~~~ in a two-phase flow and in particular refers to the minimum wetting rate

rmin of the inner surf ace 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 co untercurrent two-phase liquid-gas flow.

The dependence ~~~~ and more strictly corresponding to it , the Reynolds

numbe rs Remin were formulated from the following quantities : centrifugal acceler-

- -‘ ation a, absolute value of gas in w~ . extreme angle of wetting S and physical proper-

ties of density~ and viscosity~ fluids. Results of the theoretical considerations

2
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mad e it possible to establish the effect of centrifugal acceleration a on the minimum

values of Reynolds numbers Re min .

2. THEORETICAL MINIMUM WETTING RATES 7”mint

According to Hoble r [13 the total kinetic energy ek corresponding to the

velocity of the liquid layer in a vertical direction and of the ene rgy e~ of tensions

at the interfacial surface decides the minimum value of the unit wetting rate

in the case when the gas phase is immobile.

r
In this wo rk it is given that the 1mint value is also decided by the total of

the unit of kinetic energy e~ , corresponding to the velocity of the liquid layer in a

vertical direction in a countercurrent two-phase liquid-gas flow and the unit of

energy e0. resulting from the appearance of tensions at interfacial surfaces. Con-

sequently the energy deciding the value can be presented by the following

equation :
6 4+0,. ‘ (1)

2.1 UNIT KINETIC ENERGY ek

With attention to the small thickness of the liquid layer in relation to the

inner diameter of wetted pipes used in industry t2 , 3J, 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) .
3



In research work L43 the formula is given:

6
* AR.’3 x ”~+BR..._cR4a,- ’la , (2)

where
A = 

24,236 (2a)

B —. 1 b’.l2~’,w— 

512,102 g~ ~ (2b)

C = ~~~~~~~~~~~~~~ (2e)

I ~

describing unit kinetic ene rgy ek of theJiqui d laye r flowing off along4h e flat ver-

tical surface. The quantity W g denotes the average velocity of gas counted in

relation to the surface of liquid flowing off , equal to the total of liquid velocity w’c

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

equation
4V

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

(3)

whe re
3 2 gw ’

( a )16 ~,ge1
0,9086 ~~~~~ (3b)

given in work[4J.

4



Equations (2) and (3) are designated by the following assumpti on (4):

(a) the li quid 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 laye r of flowing liquid

does not occur;

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

and gas.

2 . 2  UNIT TENSION ENERGY en..

The image of tensions at interfacial surfaces in the case of centrifugal

acceleration is presented in Figure 1 [iJ . Energy E~ corresponding to the tensions

presented is described by the following tiJ

= 7~ (as..., 
— T) + P1a,_~ + F1u1..,. (4)

After establishing equilibrium of fo rces for the given assembly solid-liquid-

gas the equation [iJ is fulfilled

Considering the last equation in relation to (4) we get

(5)
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Bringing to thi s equation the concept: unit tension energy e~~ E~/F (J/m 2)

and the degree of surface covering by liquid x=F 1/F , after simple transformations

we get the equation

(0)

where
D = a~..,(1 — 0080), H ~3...3oo*0-f-a1_3.

V
The quantity,t appearing equation (6) denotes the shear stress at surface

being the result of the occurrance of centrifugal acceleration (Fig. 1) (iJ. Then~,

theoretical considerations conducted by Hoble r [iJ lead to the following

(7)
2

describing the value of stress t.

The thickness ~~ .of the laminar liquid layer is described by the equation

SI = 0,9086b~ 1,Re~ 
. (8)

given in work[43.

6



With attention to the onl y partial liquid covering of the wetted surface , the

local Reynolds number Ree,3~can be presented by the equation [53

(9)
I,. X176 Z

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 laye r of liquid covers the enti re wetted

surface evenl y, then x~~1, the value of the local Reynolds number Recj is equal

to average Reynolds number Re~ .

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

= O,412Tb0~,~~aJf o I ’x 2l3

or
T = XR~

I3 X II , (10)

where
K = 0 ,4127b# ,e.a. (lOa)

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

= Dx — KRe~’&1’ + H. (11)

As already mentioned the total of the ene rgy e~ and e~.decides the value of

?‘mint~ 
Considering equations (2) and (11) with reference to (1) the following

equation is obtained

• = AR~~a * + Bk.5 — ~~~~~~~ + Dx — KP 4~x~ + H , (12)

7
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defining the whole un it energe e.

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

e-H for 8. iO 0, wgb : lOm/s  and several Re t, a and x.

The relative gas velocity Wg~ occurring in the quantities B and C of this

equation are calculated according to the equation

wg~ Wgb #W ’ci

where
• fte *~ _______we —  — — ,

2flc 8,i~
designated in research work E41.

The values for the drag coefficients A were designated fro m the follcwing

relations :

(a) for laminar gas flow (Re gz ~~2 10O)

86

(b) for turbulent gas flow (Re gz ~ .2l00)

0,34412
91

where
= , W , = W j  ± ~~~~~

“5

k.c~~e

Q~1g
given in res earch work (63 .

8 
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The calculation of the value e-H was made for the water -a i r  system , whose

physical properties are:

= 998,6 kg/rn5, e, 1,17 kg/rn5, ~~~~ 1,09.10 k kg/me ,
,
~,= 1,8.10 ’ kg/m a, c = 73,0i~•1o ’ N/rn .

The inner diameter of the pipe 1) 1: 0. 03m was taken into calculation. The

absolute air velocity Wgb was smaller than the velocity of the choking up of the pipe ,

who. ~ 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 [&3 according to equations (3), (3a) and (3b) . Results

of the calculations are graphicall y presented in Figure 2.

From Figure 2 which presents the equations

e— H = f (k e~, a, x, 0, ,cp.) -~~~~~~~~ e’— H =f ( R e , z, 0, ii’~ ),

it can be observed that for large values of Reynolds num bers Re c(Re9) ,  for example,

larger than 100 , the lowest values for the function e-H , (e 0-H), consequently the

smallest value for energy e (e0) occur when the wetted surface is completely covered

(x l) .  It is a different situation for small values of Reynolds numbers Re c (Re~~),

for example smaller than 40 , since the highest value of ene rgy e (e0) corresponds 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 S~ 10° and

W gb~~ lOm/ s  the tendency for tearing of the liquid laye r occurs approximatel y in the

following Reynolds numbers :

9 
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s — 0 , a.:—R4~ .aos,
a=SO m/e’, k., = .R~~~5~~~54 ,

a 100 m u ’, Re5 = R ,,, ~ 46.

The stretching of the liquid layer on the whole wetted surface should require

an additional supply of energy. THa results in the fact that the values Re~~, near

which the tearing of the liquid laye r can be expected , are closely connected with the

centrifugal acceleration a, with unchanged values for the remaining parameters.

The values Re~ :Re~~j iit in the field of centrifugal forces are lowe r in comparison

with the Reynolds numbers Re°~ Re°mint in the case when a.~ 0. Moreover , with

an increase in the value a the re occurs a decrease in Reynolds numbers Re~=Re mint

whereby the tendency appears for the tcaring of the laye r 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~~l ( 5). The

appearance of the ~~ minimum of energy e defines the condition de/ dx O.

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

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

case when x~~1. Justification of~~~ this statement is given in research work (4).

After Introducing to the derivative

11
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the value — 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

Re
94 

- . (13)

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

quantity K 0  and equation (13) takes the fo rm

(
3D+CRe

~~T 
(14)

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

num ber Re°mint in the countercurrent two-phase liquid-gas flow designated in

research work (4].

Theoretical Reynolds num bers Remint are calculated on the basis of

equation (13) for a water-ai r system at 20°C. for several angles of wetting. ~ and

velocity Wgb are presented in Figure 3, while in Figure 4 the values (Re °mj nt-
Remint ) /Re °mint 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 Remint in comparison with Reynolds numbers Re °mj nt
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 mint on the extreme

angle of wetting 9 and the appearance for the given acceleration a of a larger

reduction of the value Re m m
t .  

in relation to Reynolds numbers Re°mint ,  when

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 0

and a, a greater reduction of value Remj nt ,  compared with Re°mj nt , takes place

for greater gas velocities Wgb. Finally, Figure 5 presents a change in the value

Re°mj nt /Re mj nt  depending on acceleration a and velocity Wgb. 

— —  — —  __ 

. 

— — _

t —  —— - -

~~~~~~~~~~~~~~~~~

— —
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0 100 200 300 400 500 600 700 800 900 1000

PIg. 5. Dependence of value. J~L1~,/Re.~ ,1~ on centrifugal acceleration a for eevorsl gas
ve~~ ltlés ie~~ se.d angles I

— — — .1•

It can be noted that the greatest change of the quotient Re°mj nt /Re mj nt

takes place with an increase in acceleration a on the surfaces indicating the small-

est values of the angle of wetting 9’ . Moreover , it is wo rth noting that the values

Re mint can even be several times smaller than the K— Reynolds numbers Re °mint ,

with these same values of the remaining parameters. With greater velocities Wgb

the values of the theoretical minimum Reynolds numbers Re mint 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

~~~ 
~~~~~~~~~~~~~~~~~~ (16)

consequently the sam e 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 workEl) .

p
3. ACTUA L MINIMUM WETTING RATE Y min

Considerations are presented which are irrespective of the appearance of

phenomena bringing about a deviation of the minimum wetting rate fro m the theo-

retical value, and the Reynolds number Remj nt 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 laye r is not identical on

the whole wetted surface.

Introducing the concept of the ratio of irregular wetting n , defined as the

relation of actual thic~(ness 5mj n ’ ~.of the liquid layer at the place of its tearing to

the theoretical thichness 5min’ when wetting is ideal , then flxs mj n lsmin and

using in this equation the following:

15
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= o,oos~o9,~~L,~,
•mIa O,0086b~,,R.~~

given in research work l~~3, we get

(11)

The number Re min ~tis the local mini mum Reynolds number in the thinnest
place of the layer , and Remin is the mean minimum Reynolds num ber .

The tearing of the liqui d layer is the most probable in the spot where it is
the thinnest. However , the value of * the local minimum Reynolds number Remj n k7~
is not known, but the Remin value can be determined on the basis of the known
equation (2),

Consequently, let us express the local minimum Reynolds number Re min )~
by the equation

(18)

obtained from the equation (17).

Assuming that theoretical equation (13) governs each part of the laye r of
liquid flowing along the surface and using in that equation dependence (18), finally,
we get

(19)

16
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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 Remin.

Defining n we get 0<n~<1 , then the wetting irregularity causes an increase

in the value Re min in comparison with the theoretical Reynolds numbers Remj nt .

Other phenomena also appear which bring about a devi ation in the expe ri-

mental results from theoretical predictions and at that , acting in the opposite

direction consequently decreasing the Re m in values in relation to Remint. We

can include in them , among others , vibration of the apparatus , undulation of the

liquid laye r in a vertical direction , etc. [1, 4 , 9, 10) .

Int roducing to equation (19) addit ional 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
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The manner of expe rimental determination of the value of coefficient n is

presented in research 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:

1. The dependence~~~~j~ was formulated , and also the Reynolds numbers

which closely adhere to it , from the following quantities: mean accele ration a,

absolute gas velocity wgb. extreme angle of wetting B and ph ysical properties of

flows of density9 and viscosity ~ , obtaining as a result of the considerations the

following equation

j8D+CP4k~—IR4~j~0\”~
94 J -

which describes the values of the theoretical minimum Reynolds numbers Re mint
in the case of rotation of the wetted surface.

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

several times decrease of the Remin t values in comparison with Reynolds numbe rs

Re°mj nt when there is no rotation. Mo reover for given acceleration a, a greater

18
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decrease in the Remint value in relation to Re°mint occurs on the surfaces

indicating smaller extreme angles of wetting~ when the values of remaining para-

meters are unchanged .

At given values of angle Ø and acceleration a, a greater decrease in Rey-

nolds numbers Remint in comparison with Re°mint takes place for greater gas

velocities wgb.

3. Consideration of the deviation in theoretical values of Re mint from

experimental Reynolds numbe rs Remin lead to the equation

= 
(3D + n 4

~J R4~t,~
_ n XR .~ .)3!1, 

. (20)

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

F 
the deviation alread y mentioned.

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

the velocity of gas wg~~O. takes the form

Re
~~~~~~~~~ 2*’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

H
_ _ _  _  _  _



V 
-

~ 
_ _ _ _ _  —-—-----

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

to the equation

R 51 2s ~A J
describing the values of minimum Reynolds numbers Re°mj n in a countercurrent

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

- 
OZ NACZ E NI A — SYMBO LS

a — pu~sp~i-- m~ ‘~~~-4kewe ni /st
centrifugal acceleration

I - stesunek &~~nI0J ~ .L~,1.A -. i.~~~~j war.tw-~ si~~~ —w --j.raepipwIe
~~~ “~daisj genbe4ei isatçpe.sj .~ratio of mesa thickness . of laminar acceleration In two-phase flow to mean

equivalent tM~.fri ess a, -

d — ehktywu &edai~a iery a w ugI~-1—~t—4.ee .n~~~aj pubedul wamw~ci.~~ .plywaj~eej -

eflsctive diameter of pipe taking Into account equivalent thlebnes. of
liquid layer

D1 — ws-.. ~~~~ dfsan,ea—rur~ r aaucj- m
inner diam eter of wetted pipe

• — eningla pe.ypadsjqu es jedac.Ui, 1 ..,shai .rae.a.ej J /m’
energy corresponding to unit surface area

— e.-’g1~ ~~~~~~~~~~~ an -~ dne.tk~ pewlerachni .r.ussn$,gdy .— 0 J im’
ener gy corre sponding to unit surfaoe ares , when a — 0

J
( nergy

F — oalh.wila p-ewLackiiia - ‘•-nae- mt
overall wetted surface area

— pasriesashal. arosace.. in1
wetted surface area

— p .s4u..sL.... ..sismuve* uit
not wetted surface ares

g — pssy-pI--- -~, ally sl~*kadsl rn /a’
acceleratIon due to gravity

0 — p~~~eH urr e~ uy kg/s
me.. dow rate of liquid

a — ~‘ p4h.y.alb k~...kepjfi~-correctional coefficient
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a — fssd.J.a giib.~~ ‘miai’a.l w.rstzl’ r19i~’— m
mean thiebase. of lsminar liquid layer

— Li”.’-- n’aáó i~~ I_$..5~~_.V.t.iT ilsisy m
local thickness of Ismlnsr liquid Iaynr

V - .p.qâbü~ .,b,~tdit- - g~~~ m1/s
volumetric flow rate of p.

w — ‘ndni pr qdk’-” linivws rn /s
average linear ‘velocity

a — .ta~:..a psinyci. pew~~~~bal ii.uq-
ratio of surf ice covering by liquid

F — j.daaa*ke’ws ast$eal P~~~~~4ft kg/rn..
unit wetting rate

F’ - jadsaMbewe eatq&eate as.anie~-g4 n~~.4 kg/in s
unit wastIng rate , when a — 0

F ° - j.dnu.1&vwv ....t ~Ieuie ~~~~~~~~~~ w ~~~~~~~
}
y~~4m ‘.‘lusujm (~~ -0) kg/msnult wetting rate in one pb~~e flow (.,~ — 0)

— 1VpLU41~ d,..miuaa kg/rn .
dynamic viscosity

— i~~t,,~ay ~~~~~~ ~~~....e, J1..~~ Iy h a  j~~~.,L , J ~ uis *_..igo rn
qulvaleat linear dimeaulso fur free flow -

8 - — ~kqt .he~~ j’ vwiIi~aIa pewsweeknf
extreme angl, of iretti ig 

- - - .

A — .ipIls.y *s* ap.aen h~*au1iw igs -

drag coefficient
_ _  

kg/rn5

—
a — nr.p~g L pe .....~...I. in_A N/rn

sur face tension
— ~~~~~~~ .tysa e-de~~e**fl) N/rn

shear stress at surface

~~ODULY BIZWYILL&BOWu - DWgN~IONL S GROUPS

— — limbs Reynoldas d ecay - -

liquid Reynolds number -

— limbs Reyuoldaa d ecay. gdy a — 0

liquid Reynolds number, when a = 0 -

- 
41’1a15 

— minimalna limbs Reynoldas decay

minimum liquid Reynolds number

____ — mirnmalna liesbs Reynoidsa d ecay, gdy a — 0
‘I.

minimum liquid Reynolds number, when a —  0

- 
____ - minimalna lieaba Rcynoldas decay din prueplywu j ednofasowego

— 0)
minimum liquid Reynolds numbe r for one.phase liquid flow (w. 0)

____ - autepens limbs Reynoidsa gain

— equivalent gas Reynolds number
21
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C — :~~~~ .i , lb .J.. ~~ -r*re to lIqtM
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4 - w ’~~ -~ ~~~~~~ ) _ -

denote. local vain.. - 
0 - 

- 
~~ -— trn- -p -wa-I 41 — ~~~aloa

denote. minimum values 
-
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