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Mathematical Modelling of Bubble Nucleation in
Stout Beers and Experimental Verification

M. G. Devereux and W. T. Lee

Abstract—Bubble nucleation is a phenomenon observed in
many different physical situations from decompression sickness
(DCS) to champagne research. It is of vital importance to the
formation of a creamy head that is distinctive to stout beers. f
As stouts contain a lower quantity of dissolved carbon dioxide |
than other beers, nitrogen is also dissolved in the beer. This -
is necessary to produce the smaller bubbles required for a
creamier head and the relatively lower quantity of dissolved |
carbon dioxide prevents the slightly sharp acidic taste present
in other beers which contain more carbon dioxide. The problem
with using less carbon dioxide is that the stout beers need to
be initiated (the process of gas coming out of solution to form
bubbles) as this does not happen as easily for other beverages
which are solely carbonated. Canned stout beers are currently
initiated using a device know as a widget. A widget is simply a bubble —
hollow plastic sphere with a small hole in it. The widget initiates
the stout by releasing a jet of gas into the liquid when the can is !
opened. Widgets, while effective, have a number of drawbacks
including cost and the need for decontamination before it is
placed in the sealed can. A cellulose fibre array is investigated
as an alternative to the widget for canned stout beers. We
demonstrate experimentally that these fibres can initiate the
stout and develop a mathematical model to describe the growth |
of gas pockets within these fibres. I

cellulose —————

Index Terms—Bubble-Nucleation, Stout, Widget, Nucleation, Fig. 1. Cellulose fibre containing bubble composed of nitroged carbon
Cellulose-Fibres dioxide.

|. INTRODUCTION

A large amount of research has been done on the subjghis is due to the low solubility of nitrogen relative to carbon
of bubble nucleation in champagnes [1], [2], [3]. It has beedioxide. By referring to Table I, it can be seen from the values
observed that cellulose fibres are one of the primary nuclefthe Henry’s Law constants that nitrogen is approximately
ation agents for champagne and other carbonated beveragestimes less soluble than carbon dioxide. In fact just the
This is also a topic of interest for stout beers as a relativefyotion of pouring a carbonated drink and the presence of a
cheaper alternative may be found to the widgets currentdw stray cellulose fibres (from drying the glass with a towel
used to initiate stout beers. A can of stout beer is a sealed) in a glass is enough to initiate it.
container with both nitrogen and carbon dioxide dissolved e widget overcomes this problem by introducing a jet
in the beer and contained inside the widget. The purpose #fyoth nitrogen and carbon dioxide gas into the stout which
these gases is to give the creamy head that is distinctiveci@ aies many small bubbles which rise to the top to give a
stout beers. A mixture of both nitrogen and carbon dioxiq%amy head. However, the widget design has a number of
is used as this is the only mixture that will produce bubblgsoplems associated with it including cost and the need to
of an adequate radius for the desired head. An additionployygenate it to prevent spoilage of the beer. In this paper
benefit of using nitrogen in the place of some of the carbQf present the possibility of a cellulose fibre array as an
dioxide commonly found in other beers is that this preventsiarnative to the widget.

the formation of carbonic acid which gives a sharp or bitter It is easily observed that cellulose fibres in a carbonated

taste to other beers and_solely carbonate_d beverages. beverage produces a steady stream of bubbles [1]. When the
The main problem with the use of nitrogen is that if. . ; :
. e - ) .. _Tibres are first submerged in the stout beer, pockets of air are
is much more difficult to initiate (create bubbles in) nitro; o ' -
enated beers than regular beers which are solely carbon t[%a ped ms_ld(_a the f|pres. These pret_ams_tmg gas pockgts (seed
9 i bles) within the fibres, as shown in Fig. 1, are required for
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TABLE |
PARAMETERS USED INSIMULATIONS

DSLR Camera

Parameter Value Reference attached to Computer
r 22.00 x 107%m
A 14.00 x 105 m [1] Phototube
o 47.00 x 1073 Nm™! [5]
D1(COy) 1.40 x 1079 m? s~ 1
D3 (Ny) 2.00 x 107 m?s7! | I
H, (COy) 3.4x 10" 4*molm N1 Objective Lens
H; (N2) 6.1 x 107 molm—!N—!
T 278K Stout Beer
P, 1.00 x 10° Pa
P (COy) 0.80 x 10° Pa [6]
P2 (N2) 3.00 x 10° Pa [6]
Cellulose
Fibres

Light Source

bubble breaks off from the main body of the gas pocket. This
bubble then floats up to the top surface of the liquid. As
not all the gas in the pocket leaves the fibre, a seed bubple , ¢ omaiic diagram of experimental setup.

is retained and the process can repeat as long as there is

sufficient gas left dissolved in the stout. Liger-Belair et al [1]

describe the conditions required for a cellulose fibre to retaifenry’s law, Laplace’s law and the ideal gas equation:
a gas pocket within the lumen (the cavity within the cellulose

fibre) of the fibre for the case that the fibre is in a container Ac; = Hy (Pl — ﬂ) , (3)
the carbonated liquid is being poured into. N1+ Ny

Our proposed alternative to the widget would consist of Acy = Hy <p2 _ ﬂ) 7 (4)
an array of cellulose fibres of approximately three square N1+ Ny
centimetres. Our research suggests stout could be initiated Ps = Py + 2_07 (5)
(create gas bubbles) using such an array of fibres in the 30 r
seconds it typically takes to pour a glass of stout. We present L (N1 + No) RT (©6)
a mathematical model which predicts that cellulose fibres nr? Pg ’

will produce the bubbles for the unique mixture of gasegherep; is the partial pressure of dissolved carbon dioxide,
found in stouts. The prOdUCtion of these bubbles is Verifi% is partiaj pressure of dissolved nitrog%, is the pressure
experimentally. Details of the experimental setup are givej, the gas pocket given by the Laplace |aty,is atmospheric
discussed and several of its advantages outlined. We afs@ssure and is surface tension and is the radius of the

propose an alternative means for investigating bubble nfpre. Using these equations (1) and (2) can be rewritten as
cleation in fibres for carbonated drinks, such as champagne,

2
which can be very difficult to observe due to the speed of the a1 _ <47TT Dy + 2(N1 + NQ)RTDH) «
bubbling process and the large number of bubbles produced. dt A rPpA
PN,
H (P — — 7
«1 M+M> @)
[I. MATHEMATICAL MODEL dNy (472D, N 2(N1 + N2)RT Do "
dt A rPpA
Lee et al [7] develop a two gas model for the number of Py N,
moles of gas molecules present in a bubble based on a model Hy <P2 - m) (8)
for champagne by Liger-Belair et al [1]. In this model, the
rate of change of the numbers of carbon dioxida )(and I1l. EXPERIMENTAL METHODS
nitrogen (V) molecules in the gas pocket are given by The formation of bubbles in stout beers was verified
dN, 2 Acy Acy experimentally using the setup shown in Fig. 2. A standard
— =4nr*Dy——— 4+ 27rzD1; — 1 . . . :
dt Ry HemraliL A @) biological compound trinocular microscope was used to
observe the fibres. A trinocular microscope was used as
dN, Acsy

dive _ 4W2D2% 4 272Dy =2 ) this gave the option of attac-hing a single-lens reflex (SLR)
dt A A camera by means of a specially fitted phototube.

as the gases diffuse both through the cellulose fibre wallsA Canon 550D Digital single-lens reflex (DSLR) camera
and through the hemispherical caps of the bubbles. Usings used for these experiments. Not only does this give us
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the advantages of a standard digital camera but this paaticul
model allows the recording of the 1080p standard of videc
at 25 FPS or 720p at50 FPS. 1080p video is composed of
stills of 1920x 1080 pixels. These videos can be decomposec
for analysis using MATLAB. This camera can be attached to__
a computer and the fibre can be observed in realtime usini
a computer monitor and recorded where necessary. A scal
is obtained by imaging a standard length.

An array of fibres is secured to the base of a transparen
biological specimen observation container and this is placec -
on the stage. Uninitiated stout is gently placed into the
container using a dropper and a fibre suitable for observatiol
is recorded. The method for obtaining uninitiated stout is now
described.

As all cans of stout contain widgets if we were to simply
open one as a person normally would, the stout would be
initiated and the gas lost from solution. Therefore, a mean:
of opening the can while retaining as much of the gas in
solution as possible is necessary. This is achieved by piercin
the can with a pin and allowing the gas to exit the widget at a
rate which does not initiate the stout. For safety purposes an
to aid in regulating the rate at which the gases leave the car
a putty-like adhesive (such as Blu-Tack) is first placed over
the area to be pierced. Once the pressure inside the widg:
and can is the same as the ambient pressure, it is possible
open the can while retaining most of the nitrogen and carbor
dioxide dissolved in the liquid.

We have also tried to reproduce this experiment for car-
bonated soft drinks but found it very difficult for a number of
reasons. Carbonated drinks are very easily initiated so eve
the task of transferring the liquid to a fibre array can be
difficult without premature bubble formation. Also, due to the
large number of bubbles produced when the carbonated be
erage comes in contact with the fibres, it is nearly impossible
to observe bubble formation from individual fibres. There is
also the problem of bubbles splashing onto the objective o
the microscope due to bubbles floating on the surface of ths
liquid.

If one was to attempt this experiment with champagne
it would be nearly impossible due to the relatively high
pressure of approximatel§ bar [8] of dissolved carbon
dioxide. The bubble production rate would be far too high
and individual fibres could not be observed due to foam af: 3: Selected stills showing bubble growing inside thedarof the fibre

. .. and detaching when it reaches a critical length. The width of the entire frame
bubbles on the surface. From all this we conclude that it iSapproximately270 um.
easier to study nucleation in stouts than it is in champagne

and other carbonated liquids because of the slow growth rates

of the bubbles. Stout beers may prove to be a useful moggible is measured frame by frame using MATLAB. Initially
system in which to study nucleation in carbonated liquidsthe video must be decomposed into stills. Then each image is
individually read in by MATLAB and converted to a binary

. image (to aid in edge detection). The length of the bubble in
A. Experimental Results each frame is then measured in pixels which is then converted

Fig. 3 shows eight selected stills from a video showing metres using the scale calculated earlier.

the entire cycle of a bubble inside the lumen of a fibre. The At the end of each bubble cycle (detachment) there is no
bubble grows from a seed bubble and detaches while leavigigtinct boundary at the ends of the bubbles so this length
a new seed bubble behind. The newly formed bubble outsideapproximated by setting it to the initial value for the seed
the fibre will float to the top of the stout and the cycle repeatfibble in the next frame. This does not affect the overall

IV. RESULTS

with the remaining seed bubble. results due to this happening for only one frame per bubble
) growth cycle. Fig. 4 shows this analysis performed on thirty
B. Video Analysis seconds worth of video. This length of time was chosen as

Fig. 4 is a plot showing the length of the bubble containdtiis is the typical amount of time allocated to allow a head
in the lumen of the fibre shown in Fig. 3. The length ofo grow on a pint of stout.
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Fig. 6. Numerical solutions of equations (7) and (8).

in Fig. 6 gives a bubbling rate of approximately 2 bubbles
per second. The difference here may be due to a number
of factors. Our simulations assume that the partial pressures
of nitrogen and carbon dioxide aBéar and(.8 bar respec-
tively. In reality, the process of opening the can and allowing
the stout to be exposed to the atmosphere suggests that the
Fig. 5. Image showing Plateau Rayleigh instability type abgaristic just actual values of these parameters could be significantly less.
before the bubble detaches. Also in question is the parameter measured by [1] on a
fibre of a much smaller radius using carbon dioxide. The

C. Plateau Rayleigh Instability Before Detachment width of the boundary layek around the fibre may be much
larger then we have used here.

Of particular interest is the shape of the bubble just before
it detaches in Fig. 5. This image suggests the bubble under-
goes a Plateau Rayleigh type instability just before it is about V. CONCLUSION
to detach. The Plateau Rayleigh instability is responsible for
the breaking up of a stream of water (e_g, from a tap) into USing a mathematical mOdel, it has been prediCted that
droplets due to the existence of tiny perturbations in tif€llulose fibres can be used to nucleate bubbles in stout beers
stream. containing a mixture of carbon dioxide and nitrogen. This

The exact means by which a bubble detaches frommpdel can be used to predict the rate of bubbles produced
cellulose fibre is still in question and the nature of thér different parameters such as the radius of the fibre. The
conditions to be met just before detachment unknown. THisoduction of bubbles is also verified experimentally and the
phenomenon will be investigated further in the future. videos are analysed to give the bubble production rate. It is
also observed from Fig. 5 that the bubble appears to undergo
a Plateau Rayleigh type instability just before it detaches.

D. Numerical Solution of Mathematical Model : ; :
o i This could be of use in more accurately modelling bubble
The parameters: and the initial quantity of gas areyetachment.
measured and calculated directly from the stills shown in
Fig. 3. The system of ordinary differential equations (ODES)
given by equations (7) and (8) is solved numerically using REFERENCES
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