MODELLING OF BREAD DOUGH AERATION DURING
MIXING: EXPERIMENT AL INVESTIGA TIONS USING
SCALE-UP MIXERS

N.L. Chin*?2and G.M. CampbelP
‘Depatment of Pocess and Food Engineering, Faculty of Engineering, 43400 UPMaSgr Selangor
*Satake Cené for Grain Pocess Engineering, Depanent of Chemical Engineering, UMISTnited Kingdom
E-mail: chinnl@eng.upm.edu.my

ABSTRACT
Aeration of bead dough during mixing in tee scales of\Wweedy-type mixers was studied using a model, which defines the

entrainment and disentrainment coefficients. The model describes dough aeration as a dynamic balance between the rates of

entrainment and disentrainment of air during mixing. Experimental investigatioespgeiormed by measuring the change
in density of dough in accounting its air content following a step change in headspaseepin the mixer halfway tbugh
mixing. Doughs madedm pemium grade quality flour wermixed for two minutes in the high speed mixers; tasspe
was then changed and mixing continued for ¢hierrtwo minutes. The density of dough samples taken followingetbsupr
change was meased using a double-cup buoyancy technique. The effects of both a segsénand a step dease in the
headspace mssue weke investigated. The value of the disentrainment coefficient veasegrfollowing a step deease in
pressue compaed with a step inease for all the tlee mixer scales, although tkewas not any clearénd obsered in the
three mixers scales. This confirmed the earliesuits of disentrainment enhancement whessque is educed midway
through mixing despite the difést mixer scales. The slight iease of entrainment ratio with mixer scale seems teeagith
the excessive aerationgilems in scale-up mixers used in the industr
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INTRODUCTION headspace pressure in the mixer halfway through mixing in
The breadmaking process consists of three major accounting the rate of change in air content in dough to achieve
operations: mixing, during which the dough is kneaded andsteady-state. Chin and Campbell [4] later continued
developed and air bubbles introduced; proving, during whichinvestigating the model by conducting mixings where a step
the yeast produces carbon dioxide gas causing the bubbles ttecrease in pressure was applied. As a result, the
inflate and the dough to rise; and baking, which sets the aeratedisentrainment coé€ients found were laer in the pressure
structure. In the modern no-time breadmaking processes, step decrease mixing than in a pressure step increase mixing.
mixing is the stage where the baker has most control over th&hey suggested that disentrainment enhancement could have
final bread textureAeration of the dough during mixing, in occurred in the former earlier
terms of the air content and bubble size distribution, directly  The pressure step decrease mixing is similar to the practise
determines the aerated structure and texture of the baked loaff pressure-vacuum mixing in the industrial no-time
and hence its quality and appeal. Baker and Mize [1] observedbreadmaking process known as the Chorleywood Bread
that bread produced by mixing under very high vacuum Process (CBP)lhe Chorleywood Bread Process was the first
contained few gas cell§hey demonstrated that yeast was no-time dough process introduced in England and now has
incapable of producing new gas cells during proving, and thatgained much popularity in other European countries and in
air bubbles occluded during mixing served as nucleation siteAustralia, New Zealand and Sowutfrica due to its advantages
for diffusion of carbon dioxide produced by yeast during in saving time and space [5-7]. In the CBFhigh pressure of
proving. Cauvain [2] similarly concluded that the aerated 2.5 bar is introduced in the initial mixing period before
dough structure created in the mixer could not be adjusted irpressure reduction to 0.35 bar at the end of mixing to reduce

subsequent dough processing stages. excessive air in the dough.
The extent of aeration of dough during mixing depends on  Process modelling of bread dough aeration during mixing is
the dynamic balance between the entrainment and envisaged to explain the air entrainment and disentrainment

disentrainment rates of afir entrainment and disentrainment processesThe question raised on whether the mixer size and
occur simultaneously during mixinglhe actions of the mixer  volume affect the disentrainment coefficients in pressure

blade during mixing, forming and deforming new dough change mixing processes, in particular in the pressure decrease
surfaces, results in air bubbles being entrapped and alsdirection is part of the objective in this studhis work on
removed.A model describing these physical processes wasTweedy scale-up mixers studies was also conducted to
introduced by Campbell and Shah [J]hey measured the investigate the excessive aeration, which is disentrained by
change in dough density following a step increase in theusing the pressure-vacuum mixing method in the industry
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Equation 7 indicates that the air content is proportional to

AERATION MODEL RECAPTURE the mixing pressure, relative to atmospheric pressure, and
Following Campbell and Shah [3], the mass balance of air independs on the balance between the rates of entrainment and
the dough, based on 1 tof gas-free dough, is: disentrainment.
UL, (1)  Whent=0,V, =V, and whert = o, V, = V.. Equation 6 is a
dt ' first order diferential equation with the solution:
where mis the mass of air in the dough (9 e dougs MiS
the air mass flow rate into the dough, & cnm® . e gough M, IS V,(t) =V, + (Vo - Vo) ¢ (8)
the air mass flow rate out the dough, & N .. e wugh @Ndt
is time (S). where V,, and V,, are the initial and final steady-state air

contents, respectivelfFollowing a step change in headspace
Using the ideal gas lathe mass of gas in the dough,has a pressure during dough mixing, the air volume in the dough will
corresponding volume/, (Cm?,, CN° .. .. saugy When measured  change exponentially from the initial steady-state air content,
at atmospheric pressure: V,, to the final steady-state air conte¥if,. The volumetric air
content at time, V,(t), is related to its densitp(t), by:
P VoM, )

RT =P 4 9
V. (1) o0 )

ma:

where P,,isthe atmospheric pressure (N m?), Risthe universa

gas constant (J mol* K+), T is the absolute temperature (K), M,, The disentrainment coefficient, k is therefore obtained by fitting

is the molecular weight of air (g mol™) and V, is the volumetric an exponential curvein the experimental data of the graph of the

air content in dough (Cm?,, CMT° e gougn) - inverse of dough density following a step change in headspace
pressure. Knowing the steady-state air content, the entrainment

Entrainment of air into the dough occurs when dough surfacegoeficient, v, is then calculated from Equation 7.

come into contact, entrapping a volume of air during mixing.

The volumetric entrainment cdiefent of air, v, is derived MATERIALS AND METHODS

from the ideal gas law and it is proportional to the air massA. TWEEDY MIXERS

flow rate into the dough: Three scales of Tweedy-type mixer were used, known asthe
Tweedy 1, 10 and 35 based on their approximate dough capacity

M= PVM, 3) in pounds, representing a range from laboratory to pilot plant
RT scale. Figure 1 shows the top view of the Tweedy 1 mixer bowl

with blade attached and Table 1 shows the dimensions of the

wherev is the volume of air entrained per unit volume of gas- three mixers. All mixers consist of a verticaly aligned
free dough per second (&M.oyainea CMges e qougnS) aNd P is cylindrical mixing bowl, with a central anti-clockwise rotating
headspace pressure (Nm spindle. The mixer blade is attached with the spindle and
mounted on a horizonta octagonal base with two vertical helical

For disentrainment, the air mass flow rate out of the doughpaddies. The dough forms a single mass between the impeller

is assumed to be proportional to the mass of air in the dough:
kP,..V.M

h=km= —2ma’w 4)

m,= Km, RT

whereKk is the disentrainment coefficient (0, asranea 9 ar indougn S°)-
Substituting Equations 3 and 4 into 1 gives Equation 5 and
converting to volume basis gives Equation 6:

d P.mM, | P

dt ~ RT |P., (5)
Figurel: The
d b Tweedy 1 mixer bowl
V, |
- :[P v- k\/aJ (6) and blade
o Table 1: Dimensions of the mixing bowl of three Tweedy-type mixers
At steady state, dV,/dt= 0 and V, is the volumetric air content Tweedy 1 Tweedy 10 | Tweedy 35
at geajy-gate; Bowl diameter (mm) 140 306 429
Bowl height (mm) 126 296 408
= P X Mixing volumes (g flour) 380 4000 11000
\A
Pam K (7) Blade Speed (rpm)
Loaded 733 360
Unloaded 747 383 ~ 383
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and the bowl wall, to which three baffles are attached. The dough
mass rotates around the chamber being kneaded between the
impeller and the wall in the process.

B. DOUGH FORMULA TION AND MIXING
CONDITIONS

Flour used was of Warbutons quality, premium grade
(Warbutons DTH), priory frozen and thawed before using. The
flour water absorption was characterised using Brabender/ICC
Method at consistency of 584 FU. Table 2 shows the
characteristics of the flour. The dough formulation is shown in
Table 3.

Table 2: Characteristics of flour used

Moisture content (NIR) (%) 13.9
Protein Content (NIR) (%) 12.0
AlphaAmylase (cu/g) 0.12
FCG -0.20
Hagbeg 380
Water absorption (%) 59.1
Development time (Min) 4.2
Stability (Min) 5.4
Table 3: Dough formulation
% based on flourweight

Flour 100

Salt 2.0

Improver 0.25

Water 59.1

The standard deviations of mean from six dough density
measurements per mixing were not shown in the graphs because
they are smaller than the symbols (<0.0001 g cm?®), and that it
suggested sufficient samples used.

The gas-free dough density was determined by mixing
doughs at various headspace pressures and extrapolating to zero
absolute pressure [9].

RESULTS AND DISCUSSION
A. DOUGH DENSITY FOLLOWING
PRESSURE CHANGESAND
DISENTRAINMENT COEFFICIENTS

Figure 2 shows the inverse dough density versus time
following pressure step change at tirne,0 for theTweedy 1,
10 and 35 mixers. Each experiment showed a clear exponential
curve as the inverse dough density attained a new steady-state.
As expected, the inverse density changes more rapidly to
steady-state in a pressure step decrease mixing for all the
mixers. The dotted lines show the critical and final inverse
densities expected from the single pressure experiments
illustrated in Figure 4The expected final densities agree well
with the final densities of the pressure step change experiments
except for the 15-30"Hg abs in theveedy 35 which was
significantly lower

The experimental data was fitted with exponential curves to
find the disentrainment cdéfient, k, (following Equations 8
and 9) which was defined to indicate the air mass flow rate out

0.88

A 30-45"Hg abs
® 45-30"Hg abs (a)
0.87 | A 15-30"Hg abs
0 30-15"Hg abs| )
R*=0.9768 P =45"Hg abs

The mixers were loaded with watdollowed by the dry
ingredients.The mixer bowl was then sealed with its lid, and
the mixing commenced. Experiments were carried out in both
pressure step change directions, increase and decrease. In t
pressure step decrease mixing (30 to 15"Hg abs and 45 t
30"Hg abs), doughs were mixed for 120 seconds before a rapit
decrease in mixing pressure for another 120 secahadsit 13
time intervals were taken within the 120 seconds and a separa
dough was mixed each time. In the pressure step increas
mixing (15 to 30"Hg abs and 30 to 45”"Hg abs), doughs were
mixed for 120 seconds before a rapid increase in mixing
pressure for another 160 (or more) secoddmut 14 time
intervals were taken within the 160 (or more) seconds and &
separate dough was mixed each time. Only vacuum pressure
could be applied to theweedy 35The gas-free dough density
was obtained by mixing doughs at various pressures for 12(
seconds to find its gas-content.

C. DOUGH DENSITY MEASUREMENT

Dough density was measured as described by Campbell et al.
[8] using a double cup system placed on a Precisa Electronic
Balance 125A (Precise Baances Ltd., UK). For each mixing
trial, six samples of dough, each of about 10 g, were weighed in
air and then immersed in xylene; from the difference in weights
and knowing the density of the xylene, the density was
calculated as:

M,

p = pxylene

my; - r-nxylene (10)

42

Dough density' (cm® g')

Dough density' (cm? g')

R?=0.9798
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coeficients for the pressure step decrease is significantly
(c) higher than the step increase as discovered previousiyhd].
disentrainment coétients also seem to decrease for the step
increase but increase for the step decrease with increasing

. 0.86 1 R*>=09804

i a mixer scale.

g 0.85

ERY TR SO SO P =307Hg abs B. GAS-FREE DOUGH DENSITY

5 Figure 4 shows the dough density mixed at various pressures
w5 083 for the three Tweedy mixers. The gas-free dough density was
8 s determined by extrapolating the density-pressure linear

R*=0.9559

o o© P=15"Hg abs relationship to zero absolute pressure. The Tweedy 1 and 10
ol 4R80T e, gave almost identical regression, with p, of 1.2603 g o, The
0.80 : : : : Tweedy 35, unexpectedly gave ahigher p, of 1.2742 g cm?®. The
0 50 100 150 200 250 most likely explanations for the anomalous Tweedy 35 result is
Time (s) that steady-state was not achieved in the 120 s mixing. This is
Figure 2(c) suggested by the deviation of this inverse density calculated at
Figure 2: Inverse dough density change following step changein relevant mixing pressures from Figure 4 with the inverse final
pressureat t = O for the (a) Tweedy 1, (b) Tweedy 10 and (c) density for the 15-30"Hg abs in Figure 2(c).
Tweedy 35. Dotted lines show the critical and final inverse
densities expected from the single pressure experiments C. ENTRAINMENT COEFFICIENTS AND
RATIO

Table 4: The disentrainment and entrainment coefficients, and the entrainment ratios Following Equation 7, Figure 5

Tweedy 1 Tweedy 10  Tweedy 35 shows a plotted Figure 4 with V, as
- - — the y-axis and P/P,,, as the x-axis.
Disentrainment Coeficients, k (s%) . .
Step decease The dope, vik is percgved as the
30 — 15"Hg abs 0.03494 0.04233  0.05164 volume of entrained ar & steady-
45 — 30"Hg abs 0.03079 0.04388 state mixing which can be physically
Step increase |abelled as the entrainment retio. The
15 — 30"Hg abs 0.01293 0.00886 0.00968 entrainment  ratios  observed
30 — 45"Hg abs 0.02179 0.01123 increased with mixer scaleand thisis
Entrainment Ratio (CM® 4, €M 11 fec doug) 0.0561 0.0575 0.0692 in agreement with the gpplication of
Entrainment Coefficients, v (s?) vacuum mixing a the end of mixing
Step decease to reduce the excessive aeration
30 — 15"Hg abs 0.00196 0.00177 0.00357 problems in larger mixers. The
45 - 30"Hg abs 0.00237 0.00252 entrainment ratio and coefficients for
Step decease all three mixers at both directions of
15 — 30"Hg abs 0.00073 0.00051 0.00067 pressure step Chgnge during mixi ng
30 - 45"Hg abs 0.00122 0.00065 are dso presented in Table 4.
0.10 L.30 * Tueedy 1V =-0.002174x + 1.2603
O Tweedy 1 R? =0.9943
@ Tweedy 10 O Tweedy 10Y =-0.002175x + 1.2603
0.08 4 [ O Tweedy 35 1.25 R2=0.9919
_ Tweedy 35 y =-0.002772x +1.2742
2 R =0.9891
_0.06 - & 1.20
~0.04 - S; 115 |
a
0.02 ’-Ei 110
15-30 30-45 45-30 30-15 0 20 40 60 80 100
Step change ("Hg abs) Mixing Pressure ("Hg abs)
Figure 3: Disentrainment coefficients, k following step changesin Figure 4: The disentrainment and entrainment coefficients, and the
pressure for Tweedy 1, 10 and 35 entrainment ratios

of the dough during the mixing process koftware package

called GraphPad Prism 3.0 (GraphPad Software, Inc., U.S.AJCONCLUSIONS

was usedThe disentrainment cdéfients found are illustrated Theresults of the investigation of bread dough aeration mode
in Figure 3 and tabulated ifable 4.The disentrainment  during mixing in scale-up mixers confirmed that the process of
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Figure 5: Plot of V, versus P/P,,, to find the entrainment ratio, vk

bread dough aeration during mixing could be modelled in terms
of the dynamic balance between the rates of entrainment and
disentrainment of air. The mixer scale does not affect the
disentrainment coefficients greatly but they were higher
following a pressure step decrease during mixing compared with
a step increase. This suggests that reducing the pressure during
mixing enhances the disentrainment mechanism and gives
implications of shorter residence time or higher air turnover rate
in dough during such mixings. This adso gives a plausible
explanation of a lower air content in doughs mixed with the
application of a pressure reduction. The dight increase of
entrainment ratios with mixer scale provides explanation to the
currently observed excessve ageration in large mixers which is
resolved by drawing partial vacuum at the end of dough mixing.
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