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LIQUID HOLD-UP AND INTERFACIAL AREA 
IN HIGH-VELOCITY INJECTION SCRUBBERS 

Common knowledge on interfacial area in high-velocity scrubbers is characterized. Its incompleteness 
and ambiguity are pointed out. A new mathematical model of the liquid hold-up and interfacial area in 
injection serubbers is put forward, taking into account specific structure and dynamics of developing 
annular-dispersed flow. Some exemplary simulation results of the liquid hold-up and interfacial area are 
presented. The phenomenon of large interfacial areas developing in the liquid injection zone is explained. 

NOMENCLATURE 

A — cross-section area of the apparatus (m2), 
C — mass concentration of the liquid phase (kg/m3), 
4, d~ - droplet diameter, mean droplet diameter (m), 
DA — scrubber throat diameter (m), 
F — interfacial area (m2), 

— acceleration due to gravity (m/s2), 
т~ — single droplet mass (kg), 

— mass flow rate (kg/s), 
n — number of the apparatus cross-section examined, 
Nz = VC/Vo - liquid to gas flow rate ratio (m3/m3), 
t —time (s), 

— volume of the phase examined (m3), 
flow rate (m3/s), 

w, w — velocity, mean velocity  (m/s),  
x — distance from the liquid injection section (m), 
Z — liquid hold-up (m3/m3). 

GREEK SYMBOLs 

Sp — film thickness (m), 
— difference, increase, 

X — factor taking into account influence of film ripple on the value of interfacial area, 
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- viscosity (kg/(m • s)), 
p — density (kg/m3), 
гΡ — quantity in equation (6) (according to [29]) (kg/s), 
Тt  — interfacial shear stress (N/m2),  
ф  — quantity in equations (7) and (8) (according to [29]). 

SUBSCRIPTS 

A — apparatus, 
c — liquid phase or position in the throat axis, 
F — film, 
g — gas phase, 
K — droplets, 
o — initial conditions. 

1. INTRODUCTION 

Injection scrubbers are classified among the Venturi scrubbers. All scrubbers of 
this type have one common characteristics, namely that working liquid injection, its 
disintegration into droplets and transport along contact zone take place due to the 
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energy of the gas being cleaned (figure 1). A conspicuous advantage of these 
apparatuses is circulation of liquid without pumps and jets, which makes them 
unfailing and convenient in utilization. Determination of the interfacial area value 
and liquid hold-up in the working zone have fundamental significance for evaluation 
of heat and mass transfer processes in injection scrubbers. 

Scientific reports on interfacial area in the Venturi scrubbers are more than 
scarce and ambiguous. Some research results  [1]—[б]  are presented in the form of 
the products of mass transfer coefficients and the interfacial areas or unitary 
interfacial areas. Such data is not much useful in designing the cleaning processes. 
Because of a considerably varied manner of defining the mass transfer coefficients 
and unitary interfacial areas, the results presented in those papers are difficult to 
compare, and the final evaluation of their usefulness is practically impossible. 

Another group of publications presents results in the form of absolute interfacial 
areas [7]—[10]. The results are difficult to compare as they are directly connected 
with the apparatus geometry. The measured interfacial areas were changing within 
a wide range, from 0.1 m2  [7] to 350 m2  [8]. 

It seems that for comparison purpose, the most advantageous form of interfacial 
area presentation is unitary area referred to the apparatus volume. Research results 
expressed in this form are presented in papers [11]—[20]. 

In table 1, for comparison, ranges of unitary interfacial areas reported by various 
authors have been compiled. 

Table 

Values of interfacial areas related to the apparatus volume, 
quoted in publications 

Authors of the Literature Type of flow Range of interfacial 
publication position or apparatus area, m2/m3  

Two-phase flow 
directed vertically 
from the bottom 
upwards 

Horizontal annular 
-dispersed flow 

[15] Jet pumps, 
Venturi scrubbers 

[14] Vertical dispersed 
flow directed from 
the bottom upwards 

[13] Vertical annular-dis-
persed flow directed 
from the bottom 
upwards 

KASTURI and 
STEPANEK 

WALES 

NAGEL et al. 

400-1000 

400-2200 

110-1400 
1100-10000 

450-2650 

200-500 
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MAYINGER and NEUMAN [11] presented in the graphic form the characteristics 
of unitary interfacial area variation in Venturi scrubber at a high gas velocity in the 
throat, amounting to 80  m/s,  and liquid to gas flow rate ratio equal to 2.46.10-3  

m3/m3. From this characteristics it is evident that local unitary interfacial areas 
can reach very high values, even of the order of 105  m2/m3, though, obviously, mean 
area referred to the overall scrubber volume is usually two orders lower. 

RADHAKRISHNAN and  MITRA  [14] discovered that local unitary interfacial area 
in the liqiud disintegration zone reached the value of 25000 m2/m3, and for the 
whole system it ranged from 450 to 2650 m2/m3. 

To sum up: so far there has been no perspicacious model of interfacial area in 
injection scrubbers. Such a model should enable one to calculate local values of 
liquid hold-up and interfacial area, separately for droplets and film. It should also 
take into accuont hydrodynamic conditions of operation and geometry of 
apparatus. 

2. MODELLING OF INTERFACIAL AREA 
IN THE SCRUBBER THROAT 

Modelling of interfacial area development process in injection scrubbers calls for 
exact calculation of local liquid hold-up values, and especially of liquid appearing in 
the form of droplets. Hold-up of droplets in a part of the scrubber throat between 
sections n and n + 1 amounts to 

V(п; п +1) 
ZR(п; п+1) = V4(n;n+1) 

and of the film 

ZF (n; П  +  1)  = 
VF( n;  

п; п +1 А( ) 
It can be written that 

V(n;n+1) VR(п)dt 

and 

VF(n; п  +  1)  : TF(fl)AtF (fl; п  +  1). 

Moreover, taking into account that the time of film movement between sections 
n and n + 1 is 

dtF(n; n + 1) = 
x(n + 1) — x(n) (5)  

wр(п ) 

and that dx = x(n + 1)—x(n) can be calculated by means of eqn. (6) ([29]) 
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whereas F(П)  by making use of eqns. (7)—(9) ([29]) 
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a series of simulation experiments has been carried out in order to investigate 
variation of local liquid hold-up in the form of droplets and film. Exemplary 
simulation results are presented in figure 2. 
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Fig. 2. Exemplary simulation results for local hold-up 
values of liquid droplets and film 

Absolute local interfacial area in each of the examined parts of the throat consists 
of the area developed by droplets and film 
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F(n; п  +  1)  = F(n; п  +  1)  + F F(n; п  +  1), (10) 

where 

бVк(п; п +  1)  
F кΡ( п; п  +  1)  = 

ак(п)  
and 

FF(n; n + 1) =  [DA  — 2 Ьг( п)] • [x(n + 1) — x(n)] x(n). (12) 

The value of x(n) >_ 1 allows us to include a growing influence of film ripple on 
interfacial area. 

At the present stage of knowledge on the subject, it is not possible to evaluate 
precisely local values of the factor x(n);  however, on the basis of the papers by 
TAKAHAMA and others [21] as well as those by UEDA and TANAKA [22] on 
amplitude and frequency of film ripple in annular-dispersed flows, it can be estimated 
that the values of the amplitudes range within 0.25-1.5 SF, and the frequencies within 
20-100 Hz. In these conditions (taking into consideration velocity of wave 
movement), the factor x, taking account of an increase of interfacial area as a result 
of its ripple, can range from 1.00005 to 1.0032. Validity of such an estimation has 

Fig. 3. Exemplary simulation results for the absolute interface area  
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also been confirmed by the authors of the latest papers [23]—[25] on the film 
structure in annular-dispersed flows. Additionally, bearing in mind that SF  « DA, it 
becomes obvious that exclusively interfacial area developed by film depends 
practically on the diameter and length of the scrubber throat. Thus interfacial area 
developed by film in that part of the apparatus between sections n and n + 1 can be 
considered as cylindrical surface and expressed by a simplified dependence 

F F(n; п  +  1) 7CD A [х(п  +  1)  — x(n)]  (13) 

and the modelling of liquid hold-up in the form of film becomes a by-issue. 
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Fig. 4. Exemplary simulation results for the unitary interface area 
related to the scrubber volume 

A result of hold-up of droplets and interfacial area developed by them, however, 
should be approached in a totally different manner, as the local values of these 
parameters change within very wide limits. 

On the basis of the mathematical model of axial movement of droplets presented 
in paper [29] and taking into consideration eqns (3), (11) and (13), the simulation of 
variation in interfacial area developed by droplets and film was carried out. 
Exemplary results of such experiments are shown in figure 3. In figures 4 and 5, there 
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Fig. 5. Exemplary simulation results for the unitary interface area 
related to the liquid volume 

a —  for the film, b — for the droplets 

are presented simulation results of variation in unitary interfacial areas for film and 
liquid droplets related respectively to apparatus volume and liquid volume. These 
areas can be described by the following equations: 
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3. AN EXPLANATION OF LARGE INTERFACIAL AREA PHENOMENON 
IN LIQUID INJECTION ZONE 

Analysing the results of simulation experiments one could make an attempt at 
explaining a phenomenon of very large absolute and unitary interfacial areas 
developing in a relatively small part of the throat, directly behind the liquid injection 
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Fig. 6. A comparison of the physical experiment results with 
the droplet movement simulation results obtained 

from different formulas describing the drag coefficient 

section. In order to do that, it is necessary to quote the simulation results of axial 
movement of droplets in that zone presented in figure 6 and published in paper [29]. 
It is not difficult to notice that the acceleration of droplets near the injection section 
is much lower than it might result from calculations taking account of the drag 
coefficient recommended, e.g. by HEs ETH [26], AzzOFAкDI [27] or BAYVEL [28]. 
Bearing in mind the principle of movement continuity for dispersed phase that can 
be expressed as 

MR  = СкΡ(n)•wK(n)•А  = Ск(n± 1)w(n± 1)•A = const, (18) 

it can be written that 

Ск  ~  1 (19) 
wK  

and 

Z
Kw 

 
К  

Thus small axial velocities of droplets are accompanied by their high concentration 
in the gas core and high values of liquid hold-up. 

A detailed analysis of characteristic division of the liquid stream into droplets 
and film [29] demonstrated that in the initial part of the throat, right behind the 
liquid injection section, fraction of droplets in the total liquid stream is very high, but 
as a result of intensive droplet deposition on the walls the fraction quickly decreases 
and at the distance as short as 2-3 DA  from the liquid injection section it reaches 
a minimal value. It reduces decidedly local interfacial area values. 

(20) 
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Therefore it can be declared that in the case of injection scrubbers (also in other 
Venturi scrubbers) there are some objective causes for development of much larger 
interfacial areas in the initial zone (adjoining the injection section) than in the other 
parts of the throat. The causes are as follows: 

— small initial velocities of droplets, implying their large local concentrations in 
the gas core and high local values of liquid hold-up, 

— intensive deposition of droplets on the throat walls, considerably reducing 
interfacial area in farther parts of apparatus. 

The phenomenon discussed here was perceived before by MATRozov and 
FILATOV [7] in 1975 and by MAYINGER and NEUMANN [11] in 1979, who carried 
out measurements of interfacial area in Venturi scrubbers using a chemical method. 
Both Soviet and German researches, not being able to investigate in detail the 
mechanisms of interfacial area development (the investigative method applied had 
rendered it impossible), tried to explain the occurrence of so large interfacial areas in 
the liquid injection zone by suggestion that the cause is to be found in the very 
process of liquid disintegration. Meanwhile, the results of physical experiments 
presented in paper [29], the mathematical model set forth above as well as the 
simulation research allow us to draw a conclusion that the reached values of 
interfacial area are related to specific dynamics of the developing annular-dispersed 
flow. 
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ZATRZYMANIE CIECZY I POWIERZCHNIA KONTAKTU FAZ 
W WYSOKOPRĘDКОŚСIОWYСH PŁUCZKACH INIEKCYJNYCH 

Scharakteryzowano dostępne dane o powierzchni kontaktu faz w wysokoprędkościowych płuczkach. 

Wskazano na ich fragmentaryczność  i niejednoznaczność. Zaproponowano nowy model matematyczny 
zatrzymania cieczy i powierzchni kontaktu faz w iniekcyjnych płuczkach, uwzględniający specyficzną  
strukturę  i dynamikę  rozwijającego się  przepływu pierścieniowe-dyspersyjnego. Przedstawiono przy-

kładowe rezultaty symulacji zatrzymania cieczy i powierzchni międzyfazowej. Wyjaśniono fenomen 

rozwijania dużych powierzchni międzyfazowych w strefie iniekcji cieczy. 

ЗАДЕРЖИВАНИЕ  ЖИДКОСТИ  И  ПОВЕРХНОСТЬ  КОНТАКТА  ФАЗ  

B  ВЫ  СОКОСКОРОСТНЫХ  ИHЪЕKЦИОНHЫX РАСТВОРАХ  

Охарактeризованы  дocтyпные  данные  на  тему  поверхности  контaктa фаз  в  высоиоскоростиых  

растворах. Указана  вх  фрaгментарность  и  неоднозначность. Предложена  новая  математическая  
модель  задерживания  жидкости  и  поверхности  контaкта  фаз  в  инъекционных  растворах, учатыва-

ющая  специфическую  структуру  и  динaмику  развивающегося  иниииичио-дисперсионного  течения. 

Представлены  пpимерные  peзультаты  имитации  задерживания  жидкости  и  межфазовой  поверхно-

сти. Выяснен  фeномен  рaзвития  боль  пих  межфазовых  поверхностей  в  зоне  инъекции  жидкости. 


