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APPLICATION OF THE CHOPIN ALVEOGRARH TO THE STUDY OF

STRUCTURAL RELAXATION IN DOUGH

ABSTRACT

A method, analogous to that used for extensograph, was developed
for the study of structural relaxation in bromated and unbromated doughe
using the physical dough %testing instrument, the Chopin alveograph .

A mathematical analysis of the alveogram, including a consideration
of the geometry of alveograph bubbles was carried out to establish a
fundamental measurement by whieh groups of alveograms may be analysed
for the construction of relaxation curves, This analysis revealed that
the pressure within a dough bubble is directly related to the thickness
of the membrane of the dough bubble, The pressure measurement, referred
to a constant sample deformation i.e. a constant membrane thickness,
was found to be a fundemental measurement suitable for the construction
of relaxation curves obtained from alveograms under a wide variety of
conditions,

Several other standard measurements ineluding the alveogram
maximum, square root of the volume, area under the alveogram curve,
extensibility and the work function were examined under a wide
variety of conditions., Only one of these measurements, the
extensibility, could be applied to the study of gtructural

relaxation in doughs.
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INNTRODUCT ION

The physical properties of bread dough are becoming increasingly
important as a criterion of flour quality. The elastoviscous properties
of dough are ubilized to assess flour absorption, baking strength and
optimum flour improvement. Equally significant is the fact that
information about the molecular structure of dough may be obtained by
a study of its physical propsriies,

A variety of mechanical dough besting machines have been designed
primarily to evaluate flour quality, One of these instruments, the
extensograph, measures the resultant of numerous dough properties by
recording a load-extension curve of a sample of dough which is stretched to the
breaking point. Rarly investigators compared the length, maximum height
and area of the load-extension curves to determine the baking strength
of different flours., However little basic knowledge could be obtained
from these curves because the mechanical properties measured by the
apparatus were not defined in meaningful fundamental units,

Dempster, Hlynka and Winkler {7) have devised a more basic
method of using the extensograph to study the physical changes taking
place in doughs. This method has mtroduced the following new concepts
into dough chemistry,

{a) & constant sample deformetion was iﬁtroduced as a common

basis of comparison for all samples.

(b) A reaction time was permitted for the reaction between

dough and other reagents used,

{¢) The dough was given structural activation in order to make

it possible to measure the effect of the reagent,

(d) A rest period was provided during which the dough was



allowed to "relax™,

These terms will be more fully defined in the ext of the thesis and
it 1s sufficient at this point %o state that the change in physical
properties of bromated and unbromated doughs were summarized in the
form of a structural relaxation curve which was then described by its
gpecific constants,

The object of this research is to investigate the possibility of
using another physical dough testing machine, the Chopin alveograph,
for the study of the structural relaxation process in bromated and
unbromated doughs. This apparatus measures dough properties by recording
the pressure reguired for the extension of a small sample of dough blown
into the shape of a bubble. There are two fundamental differences between
the alveograph and theextensograph., These are (a) the extensograph stretches
the dough in one direcfion whereas the aiveograph stretches the dough in two
directions {b) the extensograph stretches the dough at a constant rate which
is independent of the resistance of the dough to stretching, whereas the
rate at which the al&eograph bubble expands and stretches the dough must be
affected by the resistance of the dough to stretching. The alveograph,
unlike most physieal dough testing machines, is imitative of the actual
breadmaking »rocess. The two dimensional deformation of dough to form a
surface is comparable to the fermentation in bread dough in which the
liberated carbon dioxide causes small bubbles to be blown through the dough
structure.

The standard measurements made on the alveograph by early investigators
including Chopin (6), Scott Blair (17) and Potel (17) and others represented
a eomplex group of variables and are not significant in obtaining any

fundamental information in relation to molecular dcugh



structure, Because of the differences between the alveograph and the
extensograph it is reasonsble to expect that the alveograph will bring
out certain aspects in ths study of the structural relaxation in dough
that cannot be observed with a similar study on the extensograph.

A major part of this thesis will be devoted to a study of the
factors involved in applying the method of Dempsfer and co-workers
to the Chopin alveograph. A comprehensive examination will be made
of the conditions necessary for a constant sample deformation, reaction
time, rest period and strucbural activation in relation to the problems
they present as applied to the alveograph. The remainder of this thesis
will present a variety of illustrative results of structural relaxation

studies in doughs based on the alveograph.
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REVIEW OF LITERATURE

Fermentation in bread can be described as the transformation
of a dough from a homogenous mass to a light heterogeneous sponge-like
material, In this process the dough is transformed into a cellular or
porous structure which is brought about by the yeast through the liberation
of carbon dioxide gas into the cells, The carbon dioxide gas exerts a
pressure which inflates the dough by blowing many small bubbles,not of
wniform size or distribution, throughout its structure.

Realizing the need for a machine to study this phenomenon, Chopin {6)
invented an apparatus called the alveograph. This apparatus provides
a mechanical test on dough which corresponds, in a general way, to the
deformation which it would underge in forming a loaf,

An operational deseription of the alveograph is provided by
Chopin {6). A small dough sample is turned down into a thin membrane
on the alveograph., Air is forced under the sample causing the membrane
to be inflated into the shape of a bubble. The pressure changes taking
place during the expansion until the bubble ruptures are recorded on a
kymograph., A detailed description of the pressure=time curve (alveogram)
obtained, along with a full discussion of the apparatus, will be given
under the section entitled ®Materials and Methods®.

A summary of the procedurs followed by Chopin for preparing test
samples is related here. Three hundred and fifty gm. of flour is placed

in a mixer whieh turns at the rate of 50 revolutions per ainute at a
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temperaturs of 20°C, The dough is mixed for 20 minutes, placed
in a cylindrical mold and rested for 20 minutes at 20°C. It is
divided into eight separate samples and tested immediately.

In order to facilitate the dough mixing for test samples on the
alveograph, Chopin invented a dough mixing machine. This machine was
designed in such a way such that the force exerted in mixing the dough
is registered by a recording device, This force was assumed to be
a function of the relative plasticity of the dough and changes progres-—
gsively during long mixing periods. After the dough is mixed sufficiently
it is extruded through a narrow slot 6 mm. wide, The extruded dough is
then ready to be cub into an appropriate size used for the test samples,

Chopin describes a method for calculating the specific energy
of deformation W. He assumed that the total amount of work done from

the start of the bubble to the final rupbure could be represented by:
v

[
T=) Pav

©

where AV is an infinitesimal inecrease in volume

P = pressure of air inside the bubble
at that instant

V = final volume

T = work done

Chopin assumed that the specific energy of deformation along with
the coefficient of extension were sufficient to characterize the
viscoelastic properties of the flour. Chopin carried out an investigat ion
with differsnt flours in which he determined the coefficient of extension
and the specific energy of deformation. He found that the specific

energy of deformation varied considerably depending on the nature of the wheat,



Chopin proposed that a simple relation existed between the
ability which a flour possesses of being stretched into a thin
membrane and the specific loaf volume when this flour is baked into
bread,

During the course of his investigation Chopin determined the
f4enacity® and "coefficient of extension" of the dbugh using the
alveograph. The maximum pressure (in mm. HoO) was assumed %o be
proportional to the tenacity of the dough, The surface area of the
membrane at the time of rupture was btaken as a measure of the co~
officient of extension of the dough vrepresented by E. The volume of air was
represented by V. A number of experiments wers carried out to measure
the tenacity of the dough’(P in mme H20) and E, the coefficient of
extension which was assumed 0 be proporbtional to V. A simple relation

was found betwesen the loaf volume and the coefficient of exbtension &,

Vo = KJ?’

Vv -
where Vo = initial volume of dough
V = final loaf volume

X = a constant

This relation is a very general one as shown by the graphs plotted,
These graphs did not show a very good relationship. The egquation
implies that the difference between the specific volume of the bread
which may be obtained with a flour, and the initial specific volume
of this flour dough is proportional $0 the square root of the co-

efficient of extension of this dough.



Chopin found that the amount of water absorbed by a dough was
proportional to the tenacity P, such that a small value of P indicates
that a flour has a low absorpbtion, whereas a large value of P indicates
a flour with a high absorpbion,

Bailey and Le Vesconte {3) extended Chopin's work by carrying out
the following lines of research with the alveogfaph {a) the effect of
prolonged mechanicalfreatmsnt in mixing the dough (b} increasing the
proportion of Water’in the dough (¢) adding starch to the flour
(4) varying the hydrogen ion concentration of the dough {(e) treabting
the flour with chlorine (f) adding flour improvers (g) fermenting
with yeast {(h) correlating extensibility readings with the results
of baking tests of several flour samples,

The dough samples were prepared in the following manner: a 350 gi.
dough was mixed for eight minutes using a salt concentration of
1.4 gm. salt per 100 gm. offlour. The dough was then rolled to a
thickness of 18 mm, and let stand fér 25 minutes., Test pieces were then
taken from this dough and tested in the alveograph kept at a temperature
of 25°C, It was found by these investigations that the extensibility
of the dough was decreased appreciably by increasing the time of mixing
from eight minutes to sixteen minutes and continued to decrsase with
a longer period of mixing.

The effect of extensgibility by varying the absorption from 59
to 67% was investigated. Bailey and Ie Vesconte found that a dough of
67% absorption was too soft to be handled easily and resulfs obtained
showed a large variation. The extensibility was found to increase up
to an absorption of 64% at which point further incresse in absorption

gradually reduced the readings.



Starch was found to have a pronounced effect on the extensibility
of the dough. The extensibility of the dough was found to diminish
with incresasing starch concentration.

Bailey and le Vesconte measured the effect of pH on dough
extensibility., The dough was found to be most extensible at a pH
of 6,1 and the extensibility was lowered for a pH below 5 or above
P T
The effect of cerbtain chemical rsagents on the extensibility was
studied and it was found thatcalecium scid phosphate improved the
extensibility inerery case, phosphoric acid was noticeably detrimental
to0 extensibility and calcium sulfate, calcium peroxide and magnesium
sulfate lowersed the extensibility.

Bailey and Ie Vesconte assumed that fermentation would decrease
extensibility due to the fact that the hydrogen ion concentration
increased during the fermentation process. After carrying out an
investigation using different fermentation periods the assumption
appeared to be correct since the extensibility decreased with increased
fermentation time.

Scott Blair and Potel {17) describe the physical significance of
certain properties measured by the Chopin alveograph. These investigators
gave their views as to what occurs when a bubble is blown from a small
patty of dough., The air pressure required to blow the bubble is obtained
by the displacement of air by a rising water column and this pressure
is applied at a regular but decressing rate., Scott Blair and Potel
state that although the pressure appears to pass through a maximum there

is no reason to believe that the stress per unit area does not continue

to rise up to the Tinal rupbure. It has been experimentally shown that



the viscosity of flour falls with rising stress (structural viscosity)
but rises with increasing deformation {18). Scott Blair states that
the variation of viscosity during the production of the bubble is
complex but at the point of final rupture the viscosity may be defined
as the momentary shearing stress divided by the rate of change of
non=-recoverable deformation. Accordingly, the value of pressure P
could be correlated with the viscosity of the dough. Since the Type
of absorption of a dough determines the wviscosity of a dough, 1% can
be assumed that the value of P, being related to viscosity, is a
measure of the water-ab sorbing capacity of the flouvr,

These invesbigators give an account of the significance of the
square root of the volume {G) of the bubble, Scott Blair and Potel
divide the total deformation into two parts {a) recoverable deformation
(6%) and {b) non-recoverable deformation {6p).6 is defined as the

ratio of the shearing stress S to the shear modulus 7%.

i

where # = modulus

7

Therefore the lower the modulus the larger the value oféjE for a

0

viscosity

given stress, Also the higher the viscosity, the larger the stress
under a fixed rate of deformation. Consequently, the higher the
viscosity, the greater the proportion of elastic to total deformation.
Therefore a high value ofpgand a lowsn are the most significant

factors in producing a high value of G. Heton and Seott Blair (12)
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Aitken, Fisher and Anderson {1) made a study of the type of
alveograms obtained from various types of wheat flours, They
experimented mainly with two series of wheat, namely a series that
varied ~widely in both protein content and baking strength and a
ssries of wheat that was essentially the same in these respects.

Tests were also made with the extensograph and farinograph but these
results are not included in this review,

The tests were carried out using a fixed absorption (48%),

Dough containing 1 gm. salt per 100 gm. flour (1395% moisture basis)
was mixed for 6 minutes in the Pebtrin extractor. The dough was
extruded and cut into 5 dises of uniform size. The discs were
rested ih a constant temperature {25°C.) oven for 20 minutes and
then tested on the alveograph., Three meassurements were taken from
sach alveogram, maximum height (ceme.), maximum length {em.) which
measures extensibility of the dough, and the area under bthe curve.
The total work W in ergs was compubed from the relation K x C x S
where K is a constant (manometer correction coefficient), C i volume
associated with the volume of liguid in the gasometer, S the ares
under the curve, L the length of the curve in em. The error for the
average of five replicabe curves was found to be p 004 cem. for an
average length of 11 cm. and p 0.02 em., for an average length of 8.5 cme

After carrying oub numerous tests with the alveograph it was found
that as the protein content increases there is a regular increase in
length of the alveogram from 7.2 to 12.4 cm. and a regular decrease
in height from 10,0 to 7.9 cm. The work W, was found to increase from
%25 to 428 units, These investigators stated that the extensibility

of the alveogram is closely related to protein content.



Bennett and Coppock (5) describe a new technique by which the
Chopin alveograph may be utilized for detechbing the effect of improvers in
flour. Working on the assumﬁtion that the character of the dough may
be changed by manipulation of the dough they developed a new type of
moulding technique in order to bring out the effect of improvers on
flour dough using the alveograph. |

This technique may be summarized in the following manner: the
flour is made into a dough using 1 gm. salt per 100 gm. flours
The dough is mixed for seven minutes. The dough is placed in a
constant temperabture oven ab 26,7°C., for 3 hours. Four 20 gm.
balls are weighed and each ball is moulded by giving it 40
revolutions in 12 sec. on a special moulding unit which consists of
a smooth block of wood, a small nail, a biscuit cutter and a glass
funnel. The moulded ball is flattened into a disc to a thickness
of 0.5 cme The disces are placed on a shelf in a constant temperature
cabinet for 20 minutes before testinge.

Several improvers were tested using the new moulding btechnique
and times indicated. These improvers include potassium bromate,
ascorbic aeid, nitrogen trichloride (agene), chlorine dioxide (Dyox)e
?otassium.bromate samples tested by the standard method in concentration
of 0,002%, 0.,004%, 09006% showed very little differentiation between
the curves, However, doughs breated with 0,001%, 0,006%, 0.002%
bromate showed large differences in heights of alveogram curves when

sub jected to the revised moulding technique.



_.1‘5..

The effect of Agene and Dyox was noted after testing doughs treated
with these chemicals by both methods. It was found that under the standard
method doughs treated with Agene and Dyox tend to increase the height and
shorten the length of the alveograms. Doughs treated by the moulding
technique gave the same type of curve as the standard method only to a more
pronounced degree, Ascorbic acid shows little effect on the flour with
the standard procedure. However, the curves are progressively higher
with increase in concentration of ascorbic acid when the doughs were
subjected to the moulding technique.

Bennett and Coppock investigated the relation between time and
moulding in curves oﬁtained on bromated dough., It was found that the
bromate effect is noticeable only if a resting period before
moulding is allowed., Comsequently, doughs which do not have a resting
period and are not sub jected to moulding do not show the bromate
effect., These curves showed that the longer the resting
period before moulding the greater is the bromate effecto

Baking tests were also performed %o show the effect of potassium
bromate on bread, It was found that‘the greater the concentration
of bromate the greater the size of the loafo'

Historical accounts of the alveograph and its operation are
given by A. J. Amos and D, W. Kent-Jones (15), G. We Scott Blair (11)
and C. H, Bailey (4)s The accounts given by the above named do nob
add any new information to the work that has already been done in this
field and therefore only mention is made of them. A review of the
history of the alveograph is also given by a bulletin entitled ™A Review
of Methods Ffor Debtermining the Quality of Wheat and Flour for Breadmaking®

edited by the Agricultral Experiment Station, Kansas State College(16).
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A series of papers have been published concerning another
empirically designed dough testing instrument called the Brabender
extensograph, The work done by Dempster, Hlynka, Anderson and Winkler
{7, 8) on this instrument is, as will be seen later, pertinent to the
investigabtion to be carried out with the alveographe

The extensograph measuresthe resultant of a variety of physical
dough properties by recording a load-extension curve or extensogram as the
sample of dough is stretched at a constant rate. The time dependent
structural changss which take place in dough are demohstrated by the
exbensograms, For example, a short high extensogram is typical of a
freshly mixed dough stretched soon after mixing. On the other hand,

a long low exbtensogram is typical of a "rested® dough, i.s., a dough which
has been given a long period of time between mixing and testing,.

Dempster et al. {7) have devised a method by which the time
dependent changes in bromated and unbromated doughs can be observed,

These changes ars examined by plotting the load, recorded on
extensograms for a constant sample deformation, vs. rest period., The
curve obtained is a graphic representation of the relaxation process
which takes place in doughs and is therefore called a structural
relaxation curve,

The most significant factors which are necessary to obtain the
relaxation curves are : {a) a reaction time, i.e., the time between mixing
and shaping the doughs, {b) structural activation in shaping and
rolling the dough on the extensogfaph, {¢) a rest period, i.e, the time

between shaping and stretching the dough on the extensograph,
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The method developed by Dempster et al. for the construction
of relaxation curves will serve as a basis from which a method will
be developed for the structural relaxation study of bromated and

unbromated doughs using the alveograph,
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MATERIALS AND METHODS

The meterials used in this study consisted of one commercially
milled flour from a blend of Canadian spring wheats grades 1 and 2,
The absorption of this flour was 61.2%. This absorption, on a
14% moisture basis, was debtermined by the farinograph using a dough
consistency of 540 farinograph units, The ash content was 0044%0
The protein content was 1300% as determined by the Kjeldahl method {16)
recorded as nitrogen x 5.7 and corrected to a 14% moisture basis.

The principle underlying the use of the alveograph involves
the inflation of a dough membrane by air pressure into a spherical
bubble and the recording of the pressure changes taking place
during the inflation of this bubble.

Figure 1 shows a photograph of the Chopin alveocgraph. For
purpoées of illustration this apparatus can be divided essentially
into three major parts:

(a) A dough press in which a patty of dough is pressed to a
thickness of 0,25 em. This press acts as a "bubble platform® or in
other words, a platfbrm from which the dough membrane is inflated
into a bubble, The photograph shows a bubble emerging from the center
of the dough press. A squeeze bulb on the left hand side of the
press is used to ralse the patty off the surface of the base
plate before expansion begins,.

{b) A glass burette I 1000 cc. capacity, from which air is
displaced by water to cause the expansion of the dough membrane.

This part of the apparatus appears directly behind the dough press



Fig. 1

Chopin Alveographs: a test dough is being expanded into a bubble
and the alveogram recorded.
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in the photograph. Two metal pillars hold the burette in position
and support, on a platform, a wabter boitle directly above the burette.
Water flows from the water bottle into the bottom of the burette
through a rubber tubs forcing the air from the burette. This burette
is Calibrated in units of square root of volume,.

{¢) The pressure recording unit, at the right in the photograph,
draws a pressure exbension curve of the bubble blowing process,

In operation, a patity of dough is placed on the oiled base platbe
of the dough press. A larger circular clamp is then placed over the
dough patty and screwed down unbil the dough éttains a bthickness of
0,25 emo The upper surface of this clamp consists of a removable
brass disc held in place by an annular screw. When the screw and disec
are removed after the clamp has been screwed down, the dough patty
is veady for the expansion into a bubble. The handle {shown below the
cabinet door in the photograph) controls thé water flow into the
burette and the air flow to the dough bubble, Normally the
handle is in position (1), When in this position the water in
the burette is adjusted to zero reading by varying the height of
the water bottle,s This lever is then turned to position {2). The
water bottle is placed on the bracket above the burette. The
mechanism of the revolving drum {right hand side of diagram) is

engaged, When the handle is turned to position {(3)



{opposite position (1)) the water rises in the burette causing air
to be forced under the membrane which -is inflated into a bubble,

The pressure extension curve is recorded on the drum which is set
into motion by releasing a brake the instant the handle is tumed to
position iB)e. When the membrane ruptures, the process is ended and
the handle is turned aiickly to position {4). The volume of the water
in the burette, which is taken as ecual to the volume of the bubble,
is recorded.

Figure 2 shows a typical pressure-extension curve or alveogram
obtained from a test made on the alveograph, Cerbain definite measurs-
ments connected with this curve have been reported in the literature,
These measurements have been used as indices of flour quality.

In Fig, 2, BC gives the length of the alveogram which is taken
as a measurs of the extensibility of the dough. The maximum height
of the curve AB, is taken as the initial tensile strengbth of the
dough, The height CD, is taken as the tensile strength at the time of
rupbure, The work function, derived froﬁ the expansion of the membrane,
is determined from a calculation of the area under the curve, The
work function is also known as the specific energy of deformation
of the dough and the square root of the volume as the coefficient of
extension of the dousgh,

Now that the operation of the alveograph has been described a
review of previous methods of using this apparatus will be given,

This review of methods will sexve as a starting point from which a

method that can be applied to the bromate study will be developed,
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Fig, 2

Some standard measurements
made on a typical alveogram,
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The first method adopted for use on this instrument was given
by Chopin {6). Amos {2) has described a method of using the
alveograph which was, for all intents and purposes, a summary of
that used by Chopin and which has become known as the standard method,
A description of this method is now given: a dough is mixed from 250
gn. of Tlour using a salt concentration of 1 gm. salt per 100 gm,
flour, A strip of dough is extruded through the slit of the Petrin
extractor, the dough is cut into sections which are rolled into
standard thickness {method of rolling not mentioned) and cut into
discs, Four discs are made from each dough and placed in a constant
temperature cabinet at 25°C. for 20 minutes., The disés are
tested on the alveograph in the manner described previously,

Bennett and Coppock (5) revised this ssandard mebthod in such a
way that the effect of bread improvers such as potassium bromaste
could be studied qualitatively by using the Chopin alveograph,
Previous to their work the effect of bread improvers could not be
shown on the alveograph curves using the standard meﬁhoda Curves
obtained from bromated doughs showed little or no differentation
from those obtained from unbromated doughs. Counsequently, using the
standard method, a study of the bromate effect could not be made,

The moulded method consisted of making a dough using 1% salt
concentration (flour weight) and a mixing time {using the Petrin
extractor) of seven minutes. The dough is removed from the mixer
and placed in a constant temperature cabinet kept at 26.7°C. for a

3 hour period. At the end of this period four 20 gm. dough balls
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— 30 ppm. (moulded)

50ppm. (standard)

Fig, 3

Alveograms showing the effect
of potassium bromate on doughs treated
by the "moulded" and standard methods.

Fig, 4

A set of alveograms given rest
periods of 0, 3, 5 and 10 min. showing
structural relaxatlon after a1 hr. reaction tlmes
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are scaled off and weighed, ZBach dough ball is moulded by
giving it 40 revolutions in 12 sec. on a specially constructed
moulding wnit. The dough ball is flattened between two oiled
glass plates to a thickness of 0.5 cme. The patty thus formed is allowed
a rvest period of twenty minubes., Figure % shows the effect of
the moulded technigue compared with the standard technique, The
upper curve was obtained from a dough containing 30 p.p.m. KBrOz
and treated by the moulded method., The lower curve was obtained
from a dough containing 50 p.po.. KBr03 treated by the standard method,

The investigations with bromate made by Bennett and Coppock
can best be understocd from a study of the basic rheological concepts
introduced by Dempster, Hlynka and Winkler (7). They have found,
using the Brabender extensograph for the bromate effect in dough,
a "reaction time"™ must be allowed. This factor may be
defined as the time which elapses between mixing and moulding
the dough., A reaction time is necessary so that the bromate will have
an opporbunity to react with the dough, since it has been shown that
the bromate effect is labtent, PFurthsrmore, the dough must ve mildly
manipulated by rolling or rounding to show the bromate effect, This
manipulation has been called structural activation by Dempster et al,
After the douzgh has been activated it is agllowed to Yrest®™ a cerbain time
before testing, This time is called a rest period and is defined as the
time between moulding and testing the dough. Dough sssumes an activated
or higher energy state after moulding., The time dependent physical changes,
which take place as the dough returns from a highly activated state to a
more stable stats of lower energy, are grouped under the term of structural

relaxation of the dough.
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The moulded method of Bennett and Coppock shows the bromate
effect for a flour under one set of conditions, namely at a reaction
time of three hours and a rest pericd of twenty minutes., To study
the structural relaxation of dough due to the bromate effect it
is necessary to test samples of dough ab a variety of rest periods
and reacbion timss. Consequently, a method whien will provide for a
variety of reaction times and rest periods is needed Ffor the study
of the bromate effect on the alveograph,

Dempster, Hlynka and Anderson (8) devised a method, which
includes the above requirvements, to study the bromate effect using the
Brabender extensograph., A method analogous to this has been adapted for
use with the alveograph. The method provides for essentially three
main factors (a) a reaction time (b) structural activetion of dough
and (c) a rest period. Certain modifications had to be made for
these three factors to be utilized for the bromste study with the
alveograph., These changes include {a) revised moulding method
(b) modification of alveograph apparatﬁs (e¢) a study of activation of
dough.,

No significant changes had to be made in reference to the reaction
time given to any particular dough sample, The reaction times used in
the extensograph method were adopted for use with the alveograph,

However, the apparatus used for activation of the dough samples
had to be modified., The appratus used by Bennett and Coppock consisted
of a glass funnel under which the dough was impaled by g small nail,
This funnel rotated on a wood surface around the circumference of a

circular cookie cutter. Doughs given toolong rest periods became
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soft and sticky and could not be rounded wniformly because they
would become attached to the side of the glass funnel in the moulding
process, To obtain the greatest unifommity in moulding for
dough under all conditions, the design for the rounding apparatus used
on the Brabender extensograph was adopted.

A photograph of the moulding apparatus used is given in Fig. 5.
The aprratus consists of a small metal box 5 cm. by 5 cm. open at
both ends enclosed in a metal ring 6.7 cm. in diameter, The dough
ball is tethered to a small nail at the center of a large metal ring
{inside diameter 12,8 cm. and outside diameter 16,6 cm.)., The metal
box equipped with a 300 gm. 1id is placed over the dough ball and the
box rotates within the large metal ring. The plate on which the ring
is placed, is kept at 30°C. by heat conduetion fthrough the metal from
a heated water bath. All other parts of the moulding apparatus are
temperature controlled at 30°C, in a constant temperature cabinet,

It was found that doughs given long rest periods (30-45 minutes)
became very extensible, blowing very large bubbles when tested on
the alveograph., The glass burette provided with the alveograph did
not have a large enough capacity to measure the volume of these
bubbles, For this reason a plastic water btight cylinder with a
capacity ofs2000 cc, was substituted for the glass burette. This
plastic cylinder is large enough 0 measure the volume of any size
bubbles of practical interest that can be inflated on the alveogré.phe
The original water reservoir (capacitysl000 cec.) had to be replaced

by a 2 quart jar of capacity:2000 cc,
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Fig, 5

4 photograph of the moulding apparatus showing metal box, weighted
1id and metal ring.
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To develop a sultable method to study the bromate effect
on dough with the alveograph it is necessary that no other form of
activation take place other than the moulding process. Consequently,
experiments were carried out to determine whether any activation
was caused from turning down a patty of 0.5 em. thickness to a thickness
of 0,25 em, in the dough press., This investigation was carried out
in the following manner: 100 gm. of flour was mixed for % minutes in
the GRL mixer {(1%). Twenty gm. were then scaled off, moulded and pressed
into a patty 0.5 cm. thick. The patty was then given a rest period
of one hour. During this period the structural activation due to the
mixing and moulding process had time to be, for all practical purposes,
completely dissipated., The same procedure was carried out for other
dough samples giving them secondary rest periods of 0, 3, 5 and 10 min,
in the dough press of the alveograph before testing.

Figure 4 shows a set of curves obtained for the dough samples
given secondary rest periods., The low curves are typical of a very
relaxed dough. This point is further emphasized by the fact that the
0, 3, 5 and 10 min, curves are very close together showing that the
activation of the dough caused by moulding has been dissipated,

A secondary rest period of 3 min. in the dough press was adopbed.
This rest period was chosen because "0 minute™ rest period gave a
slightly higher curve which indicates a slight activation, and for
longer rest periods of 5 and 10 min. the heights of the curves were
very similar to that of the 3 min., rest period, Thus no appreciable

activation was noted for secondary rest periocds of 3 min. or longer.
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The secondary rest period given to the dough is included in the
initial vest period {the period between moulding and testing the sample),

The thickness of the dough vatty was reduced from 0.5 cm. %o
0,25 cm. to reduce further any activation effeet in the dough when the
patty was turned down in the press,

Having made the adjustments just mentioned the method for using
the alveograph Tor the study of the bromate effect on dough may be
described,

One hundred gm. of flour are doughed using 1% NaCl by weight., The
dough ingredients {temperature conditioned at 30°C.) are mixed in a
specially constructed GRL mixer {13) for exactly % minutes., The dough is
removed from the mixer and placed in a constant temperature {30°C,)
humidity cebinet for a reaction time of 0, 1, 2, 3 or 4 hr. Doughs
are given a "O" hr., reaction time in which case they are activated and
then tested immediately after the appropriate rest period on the
alveograph. After the reaction time has elapsed one 20 gm. sample
is scaled off the dough, weighed and moulded, giving the dough 30
revolutions in 12 sec, on a specially designed moulding unit, The
dough is then flattened to a thickness of 0.25 cm., on an oiled metal
plate for 10 seconds by a large metal plate. It must be remembered
that the actual thickness of the dough patty is greater than 0,25 cme
due to the fact that although the dough may be initially pressed to
a thickness of 0.25 cm, when the plate is removed, the dough "springs®

back assuming a larger thickness, The patty is now placed in the
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humidity cabinet where it is given a rest period of 5, 7, 10, 20,
30 or 45 min.

Two minutes are allowed between the end of the reaction time and
the beginning of the moulding of the dough. The rest period begins
right after the dough is flattened into a patty. The dough patty is
removed from thecabinet at the end of the rest periocd, placed in the
alveograph apparatus and turned down to a bthickness of 0.25 em, Three

minutes later it is tested on the alveograph which is kept at a constant

temperature of 300(,



A MATHEMATICAT, ANATYSTS OF THE ALVEOGRAPH

One of the main objectives in this research is to debtermine
whether the alveograph is suitable for the study of struchtural relax-
ation in bromated and unbromated doughs by a method analogous to that
developed by Dempstex'gzﬁgi {7} for the extensograph. It is necessary
to show that a group of alveograms may be comparsd to each obther at
a constant sample deformat ion,

This section of the thesis is devoted to a mathematical analysis
of the dough bubble, a study of the expansion process and the signif-
icance of the pressurs recorded on an alveogram., An invesfigation
of these factors will disclose whether or not a group of alveograms
may be compared to each other at constant sample deformation.

The Tirst factor which must be considered in this analysis is
the geometry of the alveograph bubble, To understand the éxpansion
of a dough bubble it is imperative to know the dimensions of
differsnt sizes of dough bubbles which can be inflated on the
alveograph., These dimensions include the volumes and areas of
dough bubblss,

The second step is to examine more closely the actual process of
expansion of the dough membrane on the alveograph. This examination
will include such variables as the change in volum and the area of the
dough bubble with time. From an investigabtion of the variation of
the volume and area of a dough bubble with time, a ecalculation of the
variabtion of dough membrane thickness during the expansion process can
be obtained, The variation of membrane thickness is an important

factor which must be considered in the pressure changes which take
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place during bubble expansion,

&n alveogram is a graphical representation of the pressure changes
taking place in the expansion of a dough membrane., Because the
pressure is a fundamental measurement made on the alveograph, it is
necessary to determine its exact significance in relation to the
other variables which imnclude volume and area of the bubble but
more especially the thickness of dough membrane and the time variable,.

The study of the geometry of the alveograph bubble, the bubble
expansion process and the pressure variation during expansion serves
as a basis for the construction of relaxabtion curves which will be

deseribed in the coneluding porbtion of this section,

Geometry of the Alveograph Bubble

The alveograph bubble starts from a disc of dough 2.5 mm. in thickness
and 5.5, cm, in diameter, As the bubble is raised, its height above the
plate increases but the base remains the same since it is Tixed by the
dimensions of the apparatus. The alveograph bubble is actually a part
of a sphere or in other words a spherical section,

Figure 6 shows four spheres on a constant base plate which illustrate
the geometrical configurations as a bubble is blown on the alveograph from
the early sbtage of the process when a small spherical section is above
the base plate to a later stage when a large spherical section protrudes
above the base plate. The diagram shows that a small spherical sectioh
above the base plate is part of a sphere having a large radius. As the size

of the spherical section above the base plate increases, the radii
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Fig, 6

Four spheres illustrating the geometrical
configurations as a bubble is blown on the alveograph.
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of corresponding spherss becomes smaller and smaller until the
radius of the sphere becomes equal to the radius of the base plate,
The radius then begins to increase again for largsr spherical
sections above the base plate.

The radius is a funadmental measurement in the caleculation of
volumes and areas of spheres and spherical sections, However the
radius of a sphere cannot be measured directly and consequently it
is better expressed in terms of the obher geometrical factors
which may be measured directly as illustrated in Fig., 7. From
this diagram the height of the spherical section above the alveo-
graph base plate is represented by X. The perpendicular distance
of the base plate to the centre of the sphere is representsd by
r - X, The radius of the base plate 5.52/2 em., Therefore by use

of Pythagoras?! theorem we have the following relations

2 =(_....=....=5;52)2 + {r -x)°

_ T.62 + %2
7 X

T
For each distance X chosen arbitrarily a corresponding radius

can be caleculated, The heights of ths spherical sections wers chosen
to irdude gll sizes of bubbles which are of practical interest in
reference to the alveograph., The corresponding radii for these X

values were found to be in the range of from 2.7 to 7.9 cm. By

chooging arbibrary heights of spherical sections the corresponding



- 34 -

rig. 1

A diagram showing the geometrical consideration
necessary for the calculation of the radius of
a sphere from the height of a spherical section
above the alveograph base plate.
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sphere radii have been calculated and will be used in the evaluation
of areas and volumes of spheres.

Table I gives values for heights of spherical sections which
have corresponding radiil ranging from 2.77 cm. 50 7,87 ecme The
tobal volumes and areas corresponding to these radii are given in

Table I, These areas and volumes were calculated from the formulae:

(1) 8 =47 2

where S = total area of a sphere
(2) V=43%71

where V = total volume of the bubble

The evaluation of the area and volums of a dough bubble which has
been inflated on the alveograph may be described by referring to
Fig., 6. In this figure the section of the sphere above the base
plate (solid line) rspresents the dough bubble. The other section
of the sphere {dotted lines) is shown below the base plate. A whole
series of bubbles of varying sizes are thus built up on a consbtant
base plate,

There are two methods which must be used to calculate the area
and volume of a bubble namely: {a) for bubbles having a radius
smaller than the raiius of the base plate, the area and volume may be
calculated directly, {b) for bubbles having a radius larger than
the Tadius of the base plate the areas and volumes are obtained

by subtracting the area or volume of the spherical section below
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Total Areas, Volumes and Radii of Spheres Corresponding to
Spherical Sections of Constant Base and Varying Heights.

Height of Spherical Radius of Tobal Area of 1otal VolLumnse

Section = X Sphere = r Sphere = S of Sphere =V
Clle Cifle sz ° cmB °
0,50 7487 77865 2048,
0,60 6,65 55546 1235,
0,62 6045 52269 1127,
0,66 6,09 466,3 945,0
0,68 5,94 443,17 880,3
0,70 5.44 372,1 676 .0
0,80 5,16 334.4 576 .9
0,90 4,68 275.3 43005
1,00 4431 2335 33643
1.20 3,78 179 .8 226 ,8
1,30 3,58 160,9 192.6
1.50 3,29 136,0 1139
2,00 2,91 10605 103.5

2,50 2,71 9644 89,2
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TABLE II

Areas, Volumes and Radii of Small Spherical Sections of Constant Base
and Varying Height.

Height of Radius of Area of Small Volume of Small
Section = X Sphere = r Spherical Section = Sg Spherical Sectioh = Vg

Clle Cile Cm2e sze
0,50 787 24,6 6,0
0,60 6,65 2560 Te2
0,62 6,45 25,1 To4
0,66 6,09 25,2 749
0,68 5,94 2503 867
0,70 5044 2504 8.4
0,80 5,16 2549 909
0,90 4,68 2604 11.1
1,00 4431 27,0 12,4
1,20 3,78 28,4 15,1
1,30 3058 2962 16,7
1,50 3029 31,7 19.6
2,00 2,91 38,0 2749

2,50 2077 43,5 37,08




the base plate from the total area or volume of the sphere, The
following describes the calculations of the volumes and areas of
spherical bubbles using the two methods,

Table IT gives the values for the heights of the spherical
sections and the corresponding radii of the spheres for each section.
The values for these areas and volumss of the small spherical
sections are given in this Table,

The volume of small spherical sections, Table II colum {4),
is obtained from the formula given in the Handbook of Physics

and Chemistry {14),
v, = 6 W (22 + 342

where Vg = volume of small spherical section

il

a = radius of the base of the segment.
The area of a small spherical section, Table II, column {3) is given

by the formula:

where Sg = area of small spherical section

it

r radius of sphere

X

It

height of sphericgl section,

The radius of a sphers cannot be directly determined and consequently
it is redefined in terms of the length of the base of the spherical
section and the heighﬁ of the spherical section, Bxpressing r in

terms of these factors the following expression for the ares of the
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spherical section is obtained:

/4 (4 %% + %)

Sg =
where Sg = the area of the small spherical section
C = the length of base of spherical sechion,

The values of the areas of small spherical sections are given
in Table III. Column {1) of the table gives the radii of spheres
between the range of 2,77 cm. 1o 7,87 emo The aréas of small spherical
sechbions and the total aveas of the spheres corresponding bo these
radii are given in columns {2) and {3) of the table., The area of the
large spherical section Sy (area of a bubble) is given in column {4)
of the table. The area of a bubble or large spherical section is
obtained by subtracting the area of the small spherical section Sg
from the total sres of the sphere S. Thus SL ®» S = Sgo

Table IV gives the volume of large spherical sections, Coluwmn {1}
gives the radii of spheres from 2,77 cm. t0 7,87 em. The total
volumes V of the spheres and the volumes of the small spherical
sections Vg corresponding to these radii are shown in columns (2}
and {3) of this Table, The volumes of the large spherical sections
(volumes of bubbles) with corresponding radii from 2,77 to 7.87 cm.
are given in column {4).

The volume of a large spherical section is obtained by subtracting

the volume of a small spherical section from the total volume of a sphere

ioee VI: = V = Vsa
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TABIE III

Arsa of large Spherical Sections of Radius 2,77 em. to 7.87 cm.

Radius of Total Arvea Area of Small Area of Large
ophere = v of Sphere = S Spherical Secbion = Ss Stherical Section = SL

Cllle sz ° cm2 ° sz o

2077 9604 43,5 5249
2,91 106,5 38 68,5
3029 13600 31,0 104,3
3,58 16049 37,1 123,8
3478 1798 36,1 143,7
4,31 23345 27.0 2065
4,68 27563 33,6 241,7
5,16 3344 32,9 3015
5044 372.1 32.3 339 .8
5,94 443,17 32,2 411.5
6609 4663 %201 43%4,0
645 522,49 3109 491,0
6.65 55506 31,8 523,.8

7.87 77845 24,6 7539
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TABTE IV

Volume of Large Spherical Sections of Radius 2,77 cm. to Radius 7,87 cme

Redius of Total Volume Volume of Small Volume of Iarge

Sphere = r of Sphere =V Spherical Sect ion = Ty Spherical Section = Vi
Clle Gﬂl}@ cm?’o C:m??e
2,717 8943 37,8 5165
2,91 103,5 2749 7506
3,29 14846 19 .6 129,06
3,58 19206 16,7 17509
3478 226 ,8 15,1 2110
4,31 33603 12.4 32369
4,68 4%0,5 11.1 419 .4
5,16 57609 9,87 56700
5o44 6760 8,41 667 .6
5,94 880.3% 8,16 872.1
6,09 945,0 T.92 93701
6045 1127, Tod4 1119,
6,65 1235, 7.20 1228,

7087 2048, 6,01 2042,
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Variation in Volume, Area and Dough Membrane Thickness

During the Bxpansion of a Dough Bubble in the Alveograph,

The varisbles involyed in the process of expansion of a dough membrane
include volume of a bubble, area of a bubble, the thickness of the dough
membrane and time, This section will consider time-dependent changes that
take place with these variables during this process and how the relation-
ship between time, volume and area of the dough bubble may be ubtilized
to determine the membrane thickness at any instant during the expansion
process,

One of the most important of these relationships is the volume
of the dough bubble vs. time., The most practical way of measuring
the volume of the bubble is by measuring the amount of air dis-
placed by the water in the c¢ylinder during the expansion process,

It is reasonable Lo assume that the volume of air displaced is
equal to the volume of water which enters the plastic c¢ylinder,
To verify this relationship the actual pressure changes taking
place during the expansion process must be considered {(a) using a
membrane in the alveograph apparatus (b) not using a membrane in
the alveograph apparatus.

A difference between the volume of air and volume of water
may arise from the compression of air within the dough bubble,
This air compression equals the atmospheric pressure plus the
air pressure within the bubble, The estimated maximum pressure
within Tthe bubble which can be recorded in an alveogram is
eguivalent to 159 mm, HyO or 11,7 mm. Hg. Therefore the total

maximum pressure isxx 740 + 11,7 = 751,77 mm. Hg,
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Now taking for example a volume of water of 100 ml, the volume of
the bubble corresponding to this will be

100 x 140~ 98,4 ce.

75107

Thus for the maximum case there is only a difference of 1061 in
the two readings. For the majority of alveograms the difference will
be one half or less of the value Tor the maximum case. This treatment
thus shows that for all practical purposes the volume of the bubble
nay be btaken as equal to the volume of water entering the cylinder.

The rate of flow with and without a dough patty in the apparatus
was tested to ascertain whether the back air pressure caused by the
membrane had an appreciable effect on the rate of water flow, Dough
patties used for testing the wabter flow with a membrane were glven
long and short rest periods {recording high and low pressures on
the kymograph)e

The method used to obtain the values for volume and time for the
graph is described as follows: Six stop watches are started instantaneously
when the water begins to flow in the burette, One watch is stopped after
each 100 cc. water has flowed into the burette. In this way the time
in ssconds is recorded for every 100 cc. wabter which flows into the burette
up to a velue of 800 ce, Volume=-time values were recorded for three
arbitrarily chosen rates of flow namely 25.1, 19.0 and 14,8 mlo/sec,

A graph (Fig, 8) was made for the three rates of low mentioned,
Examination of the plots reveals a linear relationship passing through
the ovigin indicating that the rate of flow is directly proporbtional to

time in this range. The open circle plots on the graph show the rate of
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Folume of air displaced in burette vs, time relationship
for the three rates of water flow 25,1,
19.0 and 14.8 ml./sec,
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Fig. 9

A plot showing the relationships between
volumes and areas of alveograph bubbles.
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flow without a membrane and the closed circle dots show the rate of
flow with a membrane. The difference, as shown by the graph9 between
rate of flow with and without a membrane is negligible,

Therefore it has been proved through direct calculation of the
air compression and experimental results obtained on the resistance
of a dough membrane to air flow with the alveograph that the volume
of water recorded at any time during the expansion process may be
used as a measure of the volume of the bubble,

The area of a bubble at any specific time can be determined
by plotting the areas of the bubbles already calculated against
the volumes of the dough bubbles, Then knowing the volume of a
dough bubble at any time the area can be found by resading it from
the plot of volume vs, area of bubble. This plot is shown in Fig. 9,

It is now possible to construct a graph of area vs. time
(Fig. 10) from which the area of the bubble at any specific time
will be obbtained directly., This relation is important for cal-
culating the thickness of the dough membrane at any time during
the expansion.

An alveogram is a record of the resistance offered by a dough
membrane during the expansion of a dough bubble, From first
principles it can be assumed that this resistance is a function
not only of the pressure built up within the bubble but also of
the thickness of the dough membrane. It is therefore necessary
in alveogram analysis to be able to calculate the thickness of a
dough membrane at any time during the eXpansion vrocess and 10

refer the pressure Lo unit thickness,
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A plot of area of an
alveograph bubble vs, time.
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This variable is determined according to the following manner:
An arbitrary distancs is selected slong the base of the alveogram.
This distance corresponds to a definite vims which can be destermined,
knowing the velocity of the revolving kymograph drum. Referring to
the area vs., time plot Fig. 102 the area of the bubble corresponding
to this parbicular time can be read from the grapho
The volume of the original dough patty befors expansion
divided by the area of the bubble at the specific time used, gives
the thickness of the membrane at that particular time. The volume
of the dough patty before expansion can be found from the relation:
v = % r°h
Vo= % x (éi;gi)z X 0,25 = 5.94 cm.’
where V = volume of patty
r = radius of patty
h = height of patty

Therefore the thickness of a dough membrane at time ¥E? =

5,94
avea of bubble at time ¥

Table v sumnarizes all data of area, volume and thickness of
dough membranes made in this section for the three rates of flow
1080 25,1, 19,0 and 14,9 ml./sec, Column {1) gives the arbitrarily
chosen distances along the base of the alveogram and column {2)
gives the time in seconds correéponding to these distances., Columns
(3) and {4) give the areas and volumes of dough bubbles, Column {5)

gives the thickness of dough membrane in mm,
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TABLE V

Area, Volume and Thickness of Dough Bubbles Corresponding to
Alveogram Base Lengths from 0,118 to 8.83% cm.

Disbanee Along Bsass Ares of Dough Volume of Thickness of

of Alveogram Time Bubble " Dough Bubble Dough Membrane
Cillo 25 mlo/sece cm@2 chB Mifle
0,118 0.2 sec, 28 5 2,12
0,295 0.5 32 12 1,86
0659 1 42 25 1.41
1,10 2 57 50 1.04
1.77 P 73 75 0,81
2,36 4 87 100 0,68
2,95 5 103 125 0,58
4,22 7 1%2 115 0045
5,33 9 157 225 0,38
5,89 10 170 250 0,35
7,26 12 190 300 0,31
8,46 14 218 350 0.27
8,83 15 228 %75 0,26

19,0 ml./sec,

0,118 0.2 27 4 2.20
00295 005 30 7 1098
0659 1 37 17 1,61
1,10 2 45 29 1,32
1.77 3 69 55 0,99
2,36 4 73 15 0,81
2095 5 85 94 0,70
4,22 7 107 131 0056
5033 9 128 170 0,46
5,89 10 142 169 0042
7026 12 157 225 0,33
8,46 14 178 265 0033
8,83 15 183 283 0032
14,8 ml,/sec,
0,118 042 26 2 2,28
0295 0.5 28 6 2,12
0,59 1 34 14 1.75
1,10 2 45 . 29 1.32
1.77 3 54 44 1,10
2,.%6 4 64 58 0.93
2,95 5 7% 73 0,81
4,22 7 97 117 0,61
5633 9 107 132 0.56
5,89 10 117 147 0,51
7626 12 133 1717 0.45
8,46 14 143 207 0042
8,83 15 155 221 0.38
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Fig. 11

Thickness of dough membrane vs. time.
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Tt is now possible to draw a graph of thickness of membrane vs. time
Fig, 11, From this graph, the thickness of a dough membrane can be
determined for any arbitrarily chosen time,

The Significance of Pressure in the Expansion of

a Dough Bubble in the Alveograph.

An alveogram measures the pressure changes btaking place during
the expansion of a dough bubble., Since the pressure is a fundamenbal
measurement made on the alveograph it is necessary to investigate the
significance of the pressure in relation to the geometry of the
alveograph bubble durihg the expansion process,

Tt is now possible to refer the pressure within the bubble to unit
thickness at any time during the expansion process. An ofdinary
alveogram can be transformed in terms of resistance of the dough
{ pressure/unit thickness) ®/d vs, time. The transformation of an .
alveogram is done in the following way: the pressures are recorded
from the alveogram for the distances along the base used in the cal-
culation of the membrane thickness. XKnowing the thickness of membrane
corresponding to these distances the resistance f%) may be determined,
Figure 12 shows the resistance vs. time plot for rest periods of 5, 7,
10 and 20 min. under the conditions of 1 hr. reaction time and O p.p.u.
KBr03°

Fxamination of the resistance vs., time plot reveals that the
vesisbance caused by the dough membrane rises continually until
membrane rupture, The plot clearly shows that the maximum displayed

on an ordinary alveogram has no significant meaning,
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A plot of the transformation of a typical alveogram taking
into consideration the thickness of a dough membrane,
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The resistance vs, time plot dees not reveal whether this set of
curves is a family of curves. It is necessary to test these curves
to ascerbain whether or not they belong toone family in order to be
able to make a further analysis of alveograms,

Certain standard plots were tried bub the only significant plot
which could be used to establish whether a set of alveograms
belonged to one family of curves was the resistance x time vs.
time relationship. Figure 1% shows this plot for O pe.p.m. KBrO3
and 1 hr, reaction time and the partially straight line plots
obtained suggest there is a very approximate reciprocal relatién-
ship between the resistance and the time,

It was decided to substitube the area of the bubble for the
time factor, such that resistance x area would be plotted against
area, for two reasons: {1) the time factor does not take into
consideration the original area of the dough patty before expansion
takes place while the resisbance x arsa vs. area plot accounts for
the original avea of the dough patiy shown by a definite inbtercept on
the x-axis, {2) The rate of change in area of the bubble is more
fundamental to the expansion process than time due to the fact the
ares 18 inversely proporbional to the thickness of the membrane.
Figure 14 shows a set of curves plotted for 1 hr. reaction time
and O p.pemm, KBT03 and the linearity of these plots reveals that
these curves all belong to one definite family. The transformations

made on aleogram curves cover a range of 0,59 to 8,83 cm. along
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The resistance to extension x time vs. time
transformation of a typical alveogram.
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the base of the alveogram. This range sufficiently covers the most
important section of the alveogram and for all practical purposes
the remminder of the curve may be neglected,

The linearity of these plots holds over a large portion of the
curve with the exception of the short range in the vicinity of the
intercept, i.e., at the beginning of the expansion process. This
deviat ion from linearity might be attribubted to two factors:
{a) The first stages of expansion are not uniform and it might be
assumed that a symmetrical spherical section is not immediately formed
at the beginning of expansion which might cause a deviation in the
linearity of the curves,
{b) In the standard precedure a few cc. of air are injected under
the patty to raise it off the base plate so that when expansion begins
the patty will not stick to the base plate., This factor might cause
a slight variation in the true pressure and consequently cause a
small initial deviation in the linearity of the plots.

An understanding of the significance of the slope of these plots

is necessary in making a fundamental alveogram analysis. The slope

may be expressed as resistance X arsa or simply as resistance %%)ﬂ
area
Thus it may be stated that the pressure measured at any point
along the straight line plots is referred to uhit thickness or in
other words the resistance caused by 1 cm.2 of dough membrane, 1 mm.

in thickness, In the special case where d = 1 the slope may be

determined directly in terms of pressure,
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For the purpose of comstructing a relaxation curve it is necessary
to measure bthe resistanee;§ at only one point on the straight line
plots., This arbitrarily chosen point corresponds to a certain
definite thickness of dough membrane and all curves are analysed
at this thickness, This may be chosen in two ways:

{1) It may be chosen so that it will be equal to unity in which
case the resistance may be designated directly in terms of pressurs.
(2) A constant thickness “d¥ may be chosen., A constant value

of the thickness will not affect the relabive magnitudes of the
pressures recorded and thus for practical purposes the resistance
may be measured directly at a fixed membrane thickness.,

It is now possible to comstruct relaxation curves directly from
alveograms by a method analogous to the method used by Dempster et _al
{7) for extensogram analysis., A constant membrane thickness of
0,74 mmo, corresponding to a distance of 2 cm. along the base of
an alveogram, was arbitrarily chosen for alveogram analysiso The
pressure recorded atbt this deformation 1s measured along the are
of the kymograph directly in terms of the height of the alveogram
{mm.)e. To obtain a structural relaxation curve the pressure values

obtained from a set of alveograms are plotted against rest period,
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EXPERIMENTAL, AT.VEOGRAM DATA

This thesis may be divided essentially into two main sections,
The first section involves the mathematical analysis of the alveogram
leading ultimately to a method by whieh groups of alveograms can be
analysed, The second section involves the application of the method
of analysis to alveograms obtained under a wide variety of conditions,

The conditions under which doughs were tested include wreaction
times of O, 1, 2, 3 and 4 hr., rest pedods of 5, 7, 10, 20, 30 and
45 min., bromate concentrations of 0, 10 and 30 p.v.m. and rates of
flow of 14,8, 19,0 and 25 ml./sec, A wide selection of
alveograms was thus obtained which could be used for testing the
validity of the method of analysis under many different sets of
conditions.

Since the method for analysis of alveograms has already been
deseribed in the previous section it is now pessible to show, from a
wide selection of alveograms, that the study of the structural
relaxation of bromated and unbromated doughs can be carried oubt in
an analogous manner to that developed by Dempster et al in the analysis
of extensograms. The applicability of the method proposéd by Dempster
et al to the alveograph is demonstrated by {a) proving the validity
of the straight line resistance x area vs. area plots under varied
conditions {b) the comstruction of structural relaxation curves and

their hyperbolic characterization,.
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Sets of alveograms for a variety of rest periods and

reaction times and O p.p.m. potassium bromate.
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An examination of alveograms treated under many different conditions
will also be carried out to determine the significance of the standard
measuremnents which have been made on an alveogram, These measuremenbts
inelude the alveogram maximum, the square root of the volume of the dough
bubble, extensibility (length of an alveogram), area under the alveogram curve
and the work function,

Structural Relaxation in Bromated and Unbromated Doughs

A Study of the Resistance x Arsa vs, Area Plot Under a Wide Variety

of Conditions., It has been shown in the previocus section that the

resistance that é dough bubble offers to extension is inversely
proportional to the area of the bubble. The investigation of the
structural relaxation process in dough is carried out under many
different conditions including variations in rest period, reaction
time and bromate concentration. It is therefore necessary to test
the validity of the plot of resistance X area vsS., area, showing
that the resistanceel _ 1 under a wide variety of conditions by
determining the goodnesgri? £it of points on the graph.

Figures 15, 16, 17, 18 show sets of alveograms and the corresponding
resistance x area v8, area htransformations for dough samples treated
under the following conditions, 0 and 10 p.pem. KBrOB, 0, 2 and 4 hr,
reaction time, and 5, 7, 10, 20 and 30 min., rest periods. The trans—
formations cover the most important part of the alveogram curve {from 0.8
to 8.8 cm., along the base of the alveogram) and for all practical
purposes the rest of the curve may be neglected,

4n analysis of the data shows that all the graphs are linear with

all points very close t0 the curves proving definitely that the area



- B

O
=

A
3

H
=

Figo 17 .

Sets of alveograms for a variety of rest periods
and reaction times and 10 p.p.m. potassium bromate.
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of the bubble is inversely proportional to the resistance under a wide
variety of conditions, A direct consequence of this relationship is
that a group of alveograms belongs to a definite family of curves for
a wide selection of conditions. It can now be safely assumed that a
set of alveograms are comparable to one another at a constant sanmple
deformat ion.

Structural Relaxation Curves, The establishment of the fact that

a set of alveograms are comparable at a constant gample extension makes
it possible to study the structural relaxation process in bromated

and unbromated doughs. The mebhod used for this study is analogous %o
that used by Dempster et al {7) for the extensograph and has been
deseribed in a previous section,.

Doughs were given reaction times of 0, 2 and 4 hr., rest periocds
of 5, 7, 10, 20,30 and 45 min. and bromate concentrations of 0, 10 and
30 popoms potassium bromate. The resistance was measured directly in
terms of alveogram height (mm.) at a constant sample extension cor-
responding to a base lengbth of 2 cme. along the alveogram.

Structural relaxation curves were constructed in which the rest
period was plotted against resistance for the various sets of conditions
mentioned, The data were selected in such a manner as to show the
structural relaxation process in bromated and unbromated doughs for g
wide variety of conditions, Figure 19 shows the structural relsxation
curves for 0, 1, 2 and 4 hr. reaction times and 0, 10 and 30 pep.m.
potassium bromabte,

These plots show that for O p.p.m. potassium bromate there is

very little differentiation between the 0, 2 and 4 hr. reaction time curves.
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Structural relaxation curves for 0, 1, 2, and 4 hr. reaction times and
0, 10 and 30 p.p.m. potassium bromate.,
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However for doughs treated with 10 and 30 p.p.m. potassium bromsbe
it is found that doughs increase in their resistance to extension
as the reaction time and bromate concentrabion inerease,
More quantitative information about the effect of potassium
bromate dough may be obtained by the characterization of relaxation
curves as suggested by Dempster et al {10) in the analysis of extensograms,
The equation of an equilateral hyperbola referred to ifs asymptotes
as axes can be used to characterize structural relaxation curves., The
squation of an equilateral hyperbola, referred to its asymptotes as

axes, and having as asympbtotes the line t = O and R - Ry = 0 is

R -Ry) ~Cc=0 (1)

A more useful form of this equation is:

Rt = Ryt + C {2)
where R = resistance to extension of a dough at a rest period t.
Ry = the asymptotic resistance (the resistance approached at
infinite rest period)
C = the rslaxation constant

Two constants are thus necessary to define relaxation curves, namely
the asymptotic resistance R, and the relaxation constant C. Equation (2)
shows that a plot of resistance x rest period vs., resistance is linear,
The intercept at the axis gives the relaxation constant C and the slope
gives bthe asymptotic resisbance RAQ

The experimental data were therefore plotted as the product of
resistance x rest period vs, rest period to obtain the rate constant €

and the slope gives the asympbtotic resistance RAQ
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Figure 20 shows a set of plots of resistance x rest period vs. rest
period for O, 10 and 30 p.p.m. pobtassium bromate. Regression lines were
calculated for these data and are shown as solid lines on the plots,
These lines are extrapolated {dashed lines) to the 6rdinate axes, The
intercept giving the relaxation constant C was calculated from the
regression equations,

The progressive changes taking'place in the dough as a result of the
bromate reaction can be followed by plotting the relaxstion constants
against reaction times as shown in Fig. 21 where relaxation consbtants are
plotted for reaction times of 0, 1, 2, 3 and 4 hr, and O, 10, and 30 p.p.l.
pobassium bromate.

The relaxation constant gives a measure of the time taken for a
dough to "relax™ such that a dough giving a high relaxation constant
is very slow to relax whereas if a low relaxation constant is recorded
the dough relaxes rapidly. Figure 21 shows that the rate of relaxation
for the O p.p.m. potassium bromate curve is quite rapid and increases
with increase in reaction time as illustrated by the negative slope,

For 10 and 30 p.p.me. potassium bromate the relaxation rate is progressively
slower and the time taken for the dough to Prelax® increases as the
reaction time incresases,

The most significant conclusilon that can be drawn from this bromateA
study with the alveograph is the faet that the alveogram analysis, which
includes the construction of relaxation curves and their hyperbolic

characterization, can be treated in a strietly analogous masnner to the
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analysis of extensograms proposed by Dempster et al. A further study would
have to be made to determine the advantages or disadvantages of the one

instrument over the other.

Significance of Other Alveogram Constants

Variation of Dough Membrane Thickness at Alveogram Maximum, Perhaps

the most important standard measurement made with the alveograph 1is the
maximum height on an alveogram. This measurement, described by Chopin as
jndicating the tensile strength of a dough, is used extensively in
routine dough besting with the alveograph for the determination of
breadmaking quality of flour.

Because of the importance which has been placed on the alveogram
maximum, an analysis of data was carried out to determine the variation of
thickness of dough bubbles at the alveogram maXimum.

The variation of dough membrane thickness at the alveogram maximum
was examined for sets of alveograms obtained from dough samples sub jected
t0 a wide variety of conditions including different bromate concentrations,
reaction times, rest periods and flow times, Tables VI, VII and VIII
illustrate the variation in dough membrane thickness of dough bubbles at
alveogra . maximum for bromate concentrations of O, 10 and 30 p.p.m.
KBrO3, reaction times of 0, 1, 2, and 4 hr., rest periods of 5, 7, 10,

20, 30, 45 min. and flow times of 25,1 ml./sec., 19,0 ml,/sec, and
14,8 ml./sec. Column (1) in each table gives the rest period for
individual alveograms and columns (2) to {5) give reaction times for

sets of slveograms,
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Table VI

Variation of Dough Membrane Thickness at Alveogram Maximum
with a Flow Time of 25,1 ml./sec.

0 PoDPolle KBrO3

Rest Period 0 Hr, 1 Hre 2 Hro 4 Hre
mine e e Mo Mille

5 0,68 0,81 0.81 0,81

7 0,81 0,81 0.81 0.81

10 - 1,04 1,04 0,81 0,81

20 1,04 1,04 0.85 1,04

30 1,04 1,04 0.85 1,04

45 1,04 1,04 1,04 1.04

lo pop ome I@I‘OB

5 0,81 0,81 0,68 -

7 0,81 0,81 0,81 0,81
10 0,81 0,81 0,81 0,81
20 0.84 1,04 0,84 0,81
50 1,04 1,04 1,04 0.92
45 1,04 1,04 1,04 0,92

30 DoePelio KBrO3

5 0,68 - - -
7 0,68 0,81 - -
10 0,92 0,81 0,68 -
20 0.92 0,92 0,68 -
%0 0,92 1,04 0,80 -

45 0.92 1.04 0,80 -
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Table VII

Variabion of Dough Membrane Thickness at AlveogrambMaximum
with a Flow Time of 19,0 ml./sec,

O pop olllo KBI’OB

Rest Period 0 Hr. 1 Hr, 2 Hr, 4 Hre
mine MM e M e mns
5 0,81 0,81 0,70 0,81
7 0,81 0,81 0,70 0.81
10 009 0,81 0699 0,99
20 1.06 0,99 1.32 1.32
30 1,06 1.32 1.32 1,32
45 1,06 1.32 1.32 1,32

10 popeme KBTOB

5 06,99 0,81 0,70 -

T 0,99 0,81 0,81 -
10 0,99 0,81 0,81 0,81
20 0699 0.99 06,99 0,81
30 1,32 1.32 1,32 1,32
45 1.32 1.32 1.32 1.32

30 pepolie KBIOB

5 0,86 - - -

7 0,86 0,70 - -
10 0,86 0,70 0,70 -
20 0,92 0,81 070 -
30 0,92 0.99 0699 . 0,70

45 0,92 0.99 0,99 0.70
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Table VIIT

Variastion of Dough Mewbrane Thickness at Alveograph Maximum
with a Flow Time of 14.8 ml,/sec.

0 pop.mes KBrOz

Rest Period 0 Hr, 1 Hr, 2 Hro 4 Hr,
mine Mo 1111109 IiMe IiMe

5 0,70 0,72 0,61 0,72

7 0,70 0,72 0,61 0,72

10 0,81 0,81 0,81 0,81

20 0.9% 1,10 0,93 1,02

30 0.93 1,10 0,93 1,02

45 0,93 1,10 0,93 1,02

10 Dopomms KBI‘OB

5 0,61 0,76 0,61 0,61
7 0,61 0,76 0,61 0,61
10 0,61 0,76 ' 0,74 0,61
'20 0.9% 1,10 0,93 0,81
30 0,93 1,10 0.93 1,10
45 0,93 1,10 1,10 1,10

30 p.pom. KBrO3
5 0475 - - -

17 0,75 0,61 - -
10 0,75 0,61 0,76 -
20 0,93 0,81 0,76 -
30 0.93 . 0,81 0,76 0,61

45 0,93 0.9% 0.93 0,61
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These results show thabt the maximum variations in membrane thickness
are: 0,68 to 1,04 mm, {Table VI), 0,70 to 1.32 mm, (Table VII), and 0,61
t0 Lo04 mmo (Table VIII), A significant conclusion that may be drawn
from these results is that there is a large variation in the menbrane
thickness at the alveogram maximum for alveograms selected for a wide
variety of conditions., Consequently aveogram msxima cannot be used
as a basis of measurement for relaxation curves,

The dabta also show that the variations in membrane thickness increase
as the flow time inersases, It is noted that the pressure variations,
result ing from choosing the alveogram maximum instead of a constant
membrane thickness, are quite large.

The Significance of the Square Root of the Volume and the Extensibility

The square root of the volume and the extensibility of an alveogram
have been used by Chopin and other investigators to determine flour
quality. These two standard measurements are related to one another in
that as the volume of a dough bubble increases the extensibility of
an alveogram incrsases. Barly investigators wrongly assumed that
the square root of the volume was also proportional to the surface ares
of the bubble. From first principles it can be shown that a more
complex funection exists between theses two factors. The square root of
the volume is represented by a 3/2 power of the radius and the surface
area of a bubble by a second power,

The extensibility and the square oot of the volume were examined
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for a wide selection of alveogram data to determine whether these
measurements could be applied to the study of the structural
relaxation of bromated and unbromated doughsS.

The resulbs obbtained for the extensibility and squars root
of the volume in the relaxatioh study differ widely and thus it
is necessary to discuss these two factors separately.

Plots were made of the sguare root of the velume vs.. resisbance
for the conditions 0, 4 hr. reaction time O p.p.m. potassium bromate,
4 hr, reaction time 10 p.p.m. pobtassium bromate and 2 hr, reaction
time 30 p.p.m. pobassium bromate as shown in Fige 22, The
majority of these plots show a general relationship indicaing
that the square root of The volume may be a function of the
resistance, This assumption is further substanbiated by the
rest period x square root of the volume vs., rest period
structural relaxation plots (Fig. 23) for the same conditions
for rest periods of 5, 7, 10, 20, 30 and 45 min., These plots
show a very good linear ralationshipa However, it is very
doubtful whether the square root of the volume can be applied
to structural relaxation sbudies because there is little ox
no differentiation between the curves for a wide variation in
reaction times and bromate concentrations.

The variation of bromate concentrations and reaction
times thus appears to have no effeet on the square root of ths

volume measurement.
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Plots {Fig. 24) were also made of extensibility vs. resistance
for the conditions 0, 4 hr, reaction time O pe.p.m. potassium bromate,
4 hr, reaction time 10 p.p.m. pobtassium bromste and 2 hr. reaction
time 30 p.p.m. potassium bromats. These plots indieate that a
general relationship may exist between the extensibility and the
resistance, This relationship is supported by the structural
relaxation plots of extensibility x rest period vs, extensibility
for the following conditions: 0, 2, 4 hr, reaction time 0 and 10
PoPelle potassium bromate, and 0, 2 hr, reaction 30 p.p.m., potassium
bromate, These plots (Fig. 25) show a very good linear relation-
ship and what is more significant there is a steady dowmward
displacement of the curves which increases for inéreasing reaction
times and bromate concentrations., The extensibility is therefore
found to decrsase with increasing reaction time and bromate
concentration,

A summary of these remlts indicates that the square root
of the volums cannot be applied Ho structural relaxation studies,
On the other hand the extensibility is found to be a fundamental
measurement which can be used in the study of the structural

relaxation of bromated and unbromated doughs.

The Significance of the Area Under an Alveogram Curve and the

Work FPunction. Two standard measurements which have been used

in the evaluation of flour quality are the arsa under an alveogram
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curve and the work function. The area under the alveogram curve
{measured with the aid of a planimeter) and the work function are
related through the equation used for the calculation of the

work function where:

whers W = work function

¢ = manometer constant
5 = grea under the curve
L = length of curve,

These two measurements were examined for a wide selection of

alveogram data to determine if they have any practical application

in the study of structural relaxation of bromated and unbromated

doughs at a constant sample deformation. The graphs constructed

are not presented in this discussion because they do not serve to

illustrate any definite trends or relationships between the factors

involved, However the results obtained will be briefly summarized.
Plots of resistance vs. area under the alveogram curve and

also the work function were made for the following conditioms 0, 2,

4 hr, reaction time, O and 10 p.p.m. potassium bromate, 0, 1, 2 hr,

reaction time and 30 p.p.m. potassium bromate. The random scatter

of points on the graphs indicated no direct relationship between the

resistance and the area under the alveogram curve or the work function,

Purthermore, there appearsd to be no definife trend between the curves

for wide variations in reaction times and bromate concentrations,

The structural relszation plots of rest period x area under curve vsSe
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rost period and rest period x work function vs. rest period
gubstant iated these findings., In the case of the area and the
work function it was noted that only a very approximate straight
line relationship existed and no definite trend between the curves
for various reaction times and bromate concentrations was found.
It may therefore be concluded that the work function and the
area under the alveogram curve camnot be applied to the study of
structural relaxation at a constant sample deformation. No

fundamental significance of these measurements could be established,
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GENERAL DISCUSSION

Before the present study was underbaken the alveograph was used
primarily to evaluate flour quality, This evaluation was carried oub
by a comparison of certain standard measurements made on alveograms
obtained from different typés of flour, These measurements included
the maximum height of an alvé@gram, the area under the curve and the
exbensiblity,

The present investigation constitubted the first systematic
attempt to derive data from the results obtained with this empirically-
designed instrument, which can be used quantitatively to yield information
about the structural relaxabtion process which takes place in bromated
and unbromated doughs.

A major part of this thesis was devoted to showing that the alveograph
is a suitable instrument for the study of structural changes occuring in
dough. An examination of the geometrical considerations (volume, area
and thickness of dough bubbles) involved in the operation of the alveograph
as well as the pressure measurement recorded by this instrument revealed
that structural relaxation curves could be counstructed for sets of alveograms
measured at a consbant sample deformation. These curves give a quantitative
measure of the time dependent changes taking place in bromatéd and unbromated
doughs or in other words they relate structural changes taking place in dough.

Certain standard measurements including the alveogram maximuwg, area
under the curve, extensibility, the work function and the square root of
the volume of a dough bubble were tested to see if they were findamental
measurements which might be used in the constructlon of relaxation curves.
The exbtensibility was found 0 be the only other measurement beside

the resistance which might ve used in the construction of relaxation
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curves., It was found during the course of the investigation that
the area of a dough bubble is a fundamental measurement. The volume
being directly related to the area can also be considered as a
fundamental measurement, However, it has been shown that the
resisbance is a more reproducible measurement than the volume or
extensibility and therefore the resistance measurement is
preferred for the construction of relaxation curves.

Because the alveograph inflates a dough into a surface
ie0. @ btwo dimensional deformation which is highly imitative of
the formation of small bubbles in the structure of a fermenting
dough, it may be as well, or better suited for assessing the‘
physical properties that take place in dough as the Brabender
extensographe.

Now that a method for using the alveograph to show the physical
changes in dough has been developed further research may be
carried on with this instrument to examine the elastoviscousv

properties of dough under a wide variety of conditions,



CONCLUS TONS

The object of this investigation was to develop a method of
studying structural relaxation in dough using the Chopin alveograph
as the dough testing instrument. An account of the main conclusions
obtained from the investigation will now be given®

A method, analogous to that used for extensograph studies, was
introduced for the study of structural relaxation of dough using
the alveograph, This method provided for a reaction time, structural
activation and a rest period.

In order that alveogram curves may be directly comparable to one
another, a constant sample deformation was introduced for alveogram analysise
The measurement used for the deformation was the pressure recorded
referred to unit dough membrane thickness, The linearity of the plot of
resistance X area Vs. area tested under a wide variety of conditions
showed that pressure is directly related to dough membrane thickness,
This plot also revealed that a set of alveograms belong to one family
of curves,

Structural relaxation curves, for a wide variety of conditions,
can be constructed from alveograms by plotting the resistance (recorded
as height of alveogram curve in me) at a constant sample deformation
vs, rest period. These relaxation curves can be further characterized
by the equation of an equilateral hyperbola referred to its asymptotes
as axes,

The extensibility was found to be a fundamental measurement which

can be used in structural relaxation studies,.
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Other commonly used measurements including the alveogram
maximum, square root of the volume, area under the curve and
the work function were tested under a wide variety of conditions.
No fundamental significance was found for these measurements and
furthermore it was found that they could not be applied to

gtructural relaxation studies.
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