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Modelowanie	wpływu	kształtu	dyszy	nalewaka	na	
stopień	spienienia	w	procesie	nalewania

Wprowadzenie
Zrozumienie zachowania płynów podczas napełniania butelek, który jest często
ostatnim etapem produkcji, jest bardzo ważne. Do obliczenia problemu
napełniania została wykorzystana obliczeniowa mechanika płynów CFD (ang.
Computational Fluid Dynamics).

Cel i zakres pracy
Celem niniejszej pracy inżynierskiej była analiza procesu napełniania butelek.
Zakres pracy obejmował: przygotowanie modelowanej geometrii, naniesienie
siatki obliczeniowej, ustalenie warunków początkowych i brzegowych, wybranie
odpowiednich modeli oraz metod obliczeniowych.

Część teoretyczna
Omówiono szczegółowo proces powstawania pęcherzy, formowania piany oraz
opisano proces napełniania. Przegląd artykułów naukowych i odpowiednie
symulacje wskazywały możliwości występowania negatywnych efektów podczas
napełniania m.in. wyboczenie strumienia, rozpryskiwanie cieczy, porywanie
powietrza.

Wyniki
Rozważono pięć przypadków całkowitego napełniania butelki, w którym każdy z procesów
w mniejszym bądź większym stopniu wykazywał efekt pienienia. Poniżej zilustrowano
najbardziej korzystny przypadek dozowania płynu, w którym zjawisko powstania piany było
najmniejsze, a czas procesu najkrótszy. Butelka była napełniania strumieniem zmiennym
w czasie, przy użyciu dyszy wylotowej o największej średnicy.

Rys 2. Rozkład ułamka objętościowego wody. 

Wnioski
Celem poniższej pracy było ustalenie najkorzystniejszych warunków prowadzenia procesu
nalewania. Zmniejszenie średnicy dyszy nalewającej, powodowało większe pienienie płynu.
Z drugiej strony badano wpływ prędkości dozowania. Dla dwóch przypadków prędkość była
zmienna w czasie, a w pozostałych stała przez cały okres trwania procesu. Wykazano, że przy
początkowo małym strumieniu płynu, można było uniknąć znacznego rozprysku cieczy o dno
naczynia. W efekcie można było zwiększyć strumień cieczy zaraz po osiągnięciu wysokości
końcówki dyszy nalewaka, skracając przy tym czas nalewania. Ważne jest, aby podkreślić, że
dysza dozująca powinna znajdować się blisko dna butelki.
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Fig. 1. Illustration of films formed by a dodecahedral bubble, channels (Plateau bor-
ders) formed at the intersection of three bubbles, nodes formed at the intersection of
four channels, and scalloped triangular cross-section of a channel containing liquid.

provide continued protection against re-ignition of the pool. A sig-
nificant liquid loss by drainage decreases the liquid content of the
foam and can diminish the foam’s fire protection capacity. There-
fore, it is important to understand liquid drainage during the entire
period including the times for foam generation, foam application,
fire extinction, and prevention of re-ignition during the fire-out
hold time.

Another method of filling a container with foam is by inject-
ing gas into a surfactant solution from the bottom of the container
to form bubbles (sparging method). Examples of applications
employing this method include foam fractionation [6] used by
pharmaceutical and food industries for protein separation [7] and
froth flotation used by the mining industry for mineral separation
[8]. The gas bubbles rise to the surface of the liquid solution, form-
ing a foam bed above the liquid. At steady state, fresh foam is fed
continuously at the bottom of the foam column and is separated
into dry foam and liquid. The dry foam containing adsorbed solute
at the gas–liquid interfaces is removed from the top of the foam
column and the liquid (lean in solute) drains to the bottom of the
column due to the gravity. Therefore, the bulk of the foam moves
up and interstitial liquid moves down the foam column.

Most of the modeling and experiments have been performed
on liquid drainage from a stationary foam (free drainage) with low
expansion ratio. Leonard and Lemlich [6] pioneered modeling of
liquid flow through a foam fractionation column, which forms the
basis for present-day models. The foam was modeled as a network
of mono-dispersed, dodecahedral bubbles. In Fig. 1, an illustration
depicts a bubble shaped as a dodecahedron and the surrounding liq-
uid structures: films, channels, and nodes. The films are thin sheets
of liquid that separate two bubbles. The channels are thin liquid
columns formed at the intersection of three bubbles; the channels
are also known as Plateau borders [6].  The cross section of a channel
resembles a triangle with edges curved toward the interior (scal-
loped triangle) as shown in Fig. 1. The channels form a network
of pipes that allow liquid to flow through the foam. The junctions
where the channels intersect are called nodes, and four channels
meet at a single node.

Leonard and Lemlich [6] described the liquid flow within a
channel by considering forces due to gravity, gradient in liquid
(capillary) pressure along the height of the column, and viscous
resistance to liquid flow due to friction at the gas–liquid interface
(channel walls). The magnitude of viscous resistance was  assumed
to depend on surface viscosity, an adjustable parameter used to
specify mobility of the channel walls. Also, Leonard and Lemlich
[6] assumed that the orientation of the channels with respect to
gravity follows a random distribution. They showed that the liq-
uid velocity inside randomly oriented channels is 1/3 of that inside

vertical channels. More importantly, Leonard and Lemlich [6]
showed that the channel’s cross-sectional area depends on the local
liquid volume fraction, ˛, and predicted the liquid drainage from
the bottom of the foam column.

Ramani et al. [9] considered the time-dependent drainage of
films into nearly vertical channels inside a stationary foam bed.
They used the momentum equation of Desai and Kumar [10] for
flow through a channel with an equilateral triangular cross sec-
tion. The model predictions of Ramani et al. [9] compared well
with experiments on standing foam bed containing the surfactant
sodium dodecyl sulfate (SDS) with Ex ≈ 8 and bubble diameters less
than 7 × 10−4 m.  Podual, Kumar, and Gandhi [11] later included the
effects of channel orientation with respect to gravity into the free
drainage model for stationary foams. Ramani et al. [9] showed that
the bubble shape (dodecahedral vs. tetrakaidecahedral) has only a
slight effect on drainage predicted by the free drainage theory.

Bhakta and Ruckenstein [12] considered drainage during filling
of a fractionation column by feeding fresh foam from the bottom of
the column. They considered the moving boundary effect of the ris-
ing foam front and showed that the unsteady behavior results in a
significantly reduced drainage rate as compared to the quasi-steady
behavior of the fractionation column after it was filled. Because
fresh foam is injected from the bottom of the foam column, the
liquid volume fraction is fixed at the bottom of the foam bed dur-
ing filling. The drainage characteristics are different from those
employing a top-injection method, where liquid volume fraction
at the surface of the foam bed is fixed during filling. There are
also quantitative differences between drainage in a fractionation
column employing LoEx foams compared to HiEx foams.

Verbist et al. [13] reviewed free-drainage models which view
liquid flow through stationary foam as flow through porous
medium with permeability, k. The permeability characterizes
foam’s internal geometry, which depends in general on the local
liquid fraction that depends on position and time. These models
combine Darcy’s empirical solution for the momentum equation
with the continuity equation. Based on foam stability calculations
[14], the liquid is assumed to separate from the foam and form a
separate phase above a critical liquid fraction; this critical value
is used as the boundary condition at the foam/liquid interface. In
several drainage models [15–17],  ̨ is specified at the foam/liquid
boundary as 0.26, which is the calculated critical value represent-
ing void fraction of close-packed spherical bubbles. Induction time
is the time it takes to reach the critical value of the liquid fraction
(0.26) at the bottom boundary of the foam column. Verbist et al.
[13] modeled forced drainage, where fresh liquid is fed at a speci-
fied velocity at the top of a dry foam bed. The forced drainage model
describes the propagation of the liquid front through the stagnant
foam bed. Koehler [18] included viscous resistance to the flow in the
nodes due to mixing and bending in addition to that experienced
in the channels. Based on an energy balance, they showed that
the permeability, k, is directly proportional to the liquid fraction
for channel-dominated flow and is proportional to the square root
of liquid fraction for the node-dominated flow. Saint-Jalmes et al.
[19] have shown from forced-drainage experiments that foams can
drain both at the channel- and node-dominated extremes as well
as an intermediate regime where the viscous resistance to flow
in channels and nodes is comparable. They identified values of
a dimensionless parameter (comparing surface and bulk viscous
friction) that mark the transitions between the drainage regimes.

Magrabi et al. [16,17] measured free drainage rates and liquid
fraction profiles for AFFF and another fire-fighting, low expan-
sion, stationary foam. These foams were made using compressed
air to obtain relatively uniform bubble size (133 !m)  distribution,
which are significantly smaller than those observed in the present
work for HiEx foams. They show that the measured drainage rates
are in good agreement with the channel-dominated free-drainage

Rys. 1 Struktura pęcherza 
powstającego przy 
formowaniu piany. 


