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ABSnaACTS 

High intensity innand h m  cm affect xheofogical and fiinctionai properties of flour. 

Thexefore. the main objective of this rrsearrh was to investigated the potential of infhred 

radiation as an altemative method of impving bmd-making characteristics. Canadian 

Western Red Spring (CWRS) flou of a 13.1 % moisaire content and a protein content of 

13.8%. was exposed to infrand radiation usmg a 5 0  W Mareci lamp. The specific 

objectives weie to determine the effect of duee different infrand heating times (30.60 and 

1 0  s) on the consistency coefficient, fiow bebaviour inda. Viscoamylograph peak. Falling 

Number, dough mixing characteristics, gluten content, starch damage. insoluble giutenin. 

bakng priorniance and thanal transition recordecl by a Dinerential Suuining Calorimeter. 

The temperature distribution in a 6 mm layer of flou. was measUIiBC1 at two infared 

niensity levek wnmlled by a dstaace (100 aiid 70 mm) between the sample and the infiami 

iamp and by a rated voitage which was set at 120 and 60 V. S-e temperature dinerences 

of approximateiy 24 %2 were obemed at 120 s of ïnhmi kathg when the distance between 

the lamp and Bour mlke was changed h m  100 to 70 mm. Surface temperature differences 

of 52 OC were recorded when the lamp rated voltage was reduced f?om 120 to 60 V. 

For the rheologicd and fiuictional tests. a 2 mm layer of flou was placed at 70 mm 

away b n  the lamp which was operated at 120 V and exposed to infr;ired radiation for 30. 

60, anci IûS s mhing an average layer tempemm of 50.4 OC I 1.4.64.2 OC f 1.8.78.9 OC 

t 1 -5. respectively . 
lnfrared katiig did not have a signifiant effect on the starch pmperties as shown by 

the Viioamylograph pak, Falling Number. starch damage test, and the peak transitions of 



the fiour water mix in a Differential Scanning Calorimeter. The Falling Number did not 

change sigdbmiy even for the bngest infrared exposm of the fbur (105 s) in cornparison 

to the coml sample. The same trend was observeci in the Viscœmylograph tests in which 

the conmi tbw had a peak ai 786.7 B.U. ad tbe 105 s innared treated flour had it at 753.3. 

B.U. The change in the percentage of rlamaged starch was aiso veiy small from 26.0 % for 

the corn01 8our and 26.5 % for the flou exposed to infrared for 105 S. The water mixes at 

80 % ~noisture contmt nude with conml flour, and the three! nifraried treated flours showed 

one well defbd geiathbtbn pak beiweai 57.8 and 59 and ihne moR smaïi endothem 

peaks (70.5 to 72.9 "C, 77.6 to 85.1 OC and 89.5 to 94.3 OC). 'Ibese pdcs are more Uely 

to correspond to the melting of more stable siarch crystals. protein denaturation. and 

dissociation of the amylose-lipid complex, respectively. 

Iibnaied radPnion @&ady ai866cted the gLten propaies as seen fhm the changes 

occuriied in t l ~  Qugh mkbg characteristics. and the deaease in flour water absorption, wet 

gh~ten content ard baf vohime. nie dough mixiig characteristicS. measured in a Farinograph 

and Mixograph, showed that the infraied flou became more resistant to mBUng and over 

mioring. required longer t h e  to develop to an optimum consistency, and would hold longer 

fénnentatbn. As inîmd exposure thne irreased the dough developnem tirne, and stability 

increased, and the mixing tolerance index and the dough weakening angle decreased. The 

devebpamt time iiueased ahmst 10 % in the infrared treated f lou for 60 S. and increased 

fuirtier to 2040 m tk 5ur  exposed to nâcned fbr 105 S. The stability increased by 5 1.7.58. 

and 10%0 for the dough made with the flou treated with innared heat for 30.60, and 105 

s respectively. nie mixing tolerance index decreased by 20 and 35 % in the M a m i  treated 
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flour for 60 and 105 s respectively. Also the Qu@ weakening angle decreased by 1% and 

48 46 for the fiout exposed to mnand radiation for 00 and 105 S. respectively. 

Dough flow behaviour (flow behaviour index and consistency cœfficient) was 

determined in a capühry iheometer. The Qugh was pnpared in a pin mixer umil the 

optimum peak was obtahd anci tbe m u n t  of water was added accordng to the Dout water 

abmrpipn. 'Ibe caisistency coefficient (K) for the dough made with M a r d  treated flours 

irieased h m  40.5 t 3.99 (contrr,I flour) to 55.3 t 3.33 (105 s innaied treated flour). This 

increase m K is rnainly due to the faa that dwgh water content decreased as i .  

exposure time increased and the consistency cœfficient is vay  sensitive to dough water 

kvek. Aii &ugk exbiûited a mii-Newtonian behaviour with a fbw behaviour index between 

0.43 and 0.46 which was not significantly a€fiected by umared radiation* 

nie flou wet ginen content was rieducd fkom 35.7 % (conml flour) to 3 1.6% (105 

s inndnd aeMd fbur)- AU biieed characteristics but loaf volume were noticeably increased 

for ai l  the h fhed  treated flour. 



1 WOU iike to express my gratitude to my advisors. Ds. S. Cenkowskî, J. S. 
Towaîerd (DepaRII)alt of Biosystems h g h r h g )  and M. O. Scanlon (Department of Food 
Sc-) fw their supaviFion and encouragement through out this ~search. 1 wish to thank 
Dr. R CofeAgbbr riad his wife. Shila. for their advise, sug$estiom and fkiendship. 1 also 
want to extend my appreciation to aU the staff m e m h  of the Deparment of Biosystems 
Engineering f a  their technical suppo& 



DEDICATION 

To my family and Richard for king they way they an: 



TABLE OF CONTENTS 

TABLEOFCONTENTS .............................................. vii 

LISTOFTABLES .................................................. xiii 

2 LITERATUREREVIEW ............................................. 3 

.................................. 2.1 The Electmmagnetic Spectnim 3 

..................................... 2.1.1 Miareciradiation 5 

......................... 2.1.2 Factors affecting mfrared heating 7 

2.1.3 Advantages of infnued heating .......................... 1 1 

.............. 2.1.4 Application of innared radiation in agriculm 13 

2.2 Rheologicd Measurements .................................... 15 

22.1 Cap- rheometer .................................. 15 

vii 



...................................... 2.23 Falling Number 16 

.................................... 22.3 Viscoamylograph 16 

........................................ 2.2.4 Farinogiaph 17 

2.25 Mixograph ......................................... 18 

............................ 2.3 Baking and Functional Mea~urements 19 

. 2.3.1 Gain resea~~h labratory (GRL) Canadian short process method 19 

...................................... 2.31 Starch damage 19 

.................................. 2.3 3 Wet gluten content 20 

2.3.4 Spect~ophotometric method for measuring functional giutenin . . 20 

.......................... 2.4 Differential Scarmiag Calorimetry (DSC) 20 

....................................... 3 MAlERIALSANDMETHODS 23 

....................................... 3.1 Description of Sarnples 23 

............................................. 3.1.1 Flou 23 

...................................... 3.2 Experimental Apparatus 23 

3.2.1 Lamp ............................................. 23 

3.2.2Themiocouples ...................................... 25 

........................... 3.2.3 CapilMy extrusion rheometer 26 

3.2.4 DiBerential Scanning Caiorimeter (DSC) .................. 28 

....................................... 3.3 Experimental Methods 29 

.................................... 3.3.1 Moisture content 29 

.......................... 3.3.2 Capiilary extrusion rkometer 30 



........................................ 3.3.3 Farinograph 31 

......................................... 3.3.4 Mixograph 32 

................................ 3.35 Wet gluten content 32 

...................................... 3.3.6 Starchdamage 32 

...................................... 3.3.7 FallingNumber 33 

.................................... 3.3.8 Viioamylograph 34 

.................... 3.3.9 Canadian shost b k h g  process methoâ 34 

3.3.10 Spectropùotometric method for measuring functional giutenin . 35 

................. 3.3.1 1 Differential Scanning Calorimeter @SC) 36 

......................................... 3.4 ExperimentalDesign 37 

........................... 3.4.1 Specifying inûared treatment 37 

.................. 3.42 Rh801ogicd and fimaional measurements 39 

........... 3.4.3 Diffe~ential Scamiing Caioiimeter measurernents 40 

35 Calculations ............................................... 40 

35.1 Emitted radiation by the infmred lamp tungsten nlament ....... 40 
........................... 3 5 1  Energy absorption calculations 40 

............................... 3.5.3 Rheometer calculations 41 

............................................. 3.6Analysis ofData 46 

4 W S  ULTS ........................................................ 47 

.................................. 4.1 Specifying InfrarrdTreatment 47 

........................ 4.2 Rheological and Functional Measurements 55 



4.2.1 Capüiary heometer test ................................ 55 

........................................ 4.2.2 Farinograph 61 

......................................... 4.2.3 Muograph 62 

..................................... 42.4 Falling Number 66 

..................................... 425 Vkoamybgraph 66 

.................................. 4.2.6 Wet gïuten content 67 

4.2.7 Starchdamage ...................................... 68 

.......................... 4.2.8 Canadian short process method 68 

42.9 Spectrophotometric rnethod for measuring functional giutenin . . 69 

............. 4.3 Thermal Behaviour of Fiour-Water Mixtures on the DSC 70 

.................................................... 5 DISCUSSION 73 

5.1 Effect of Mared treatment on starch ............................ 73 
5.2 Effect of infraied trieatment on ghiten ............................ 75 

6 CONCLUSIONS ................................................... 86 
...................................................... REFERENCES 89 



LIST OF FIGURES 

Fig . 2.1 The electromagnetic spectnim (Vanzetti 1972) ......................... 4 

Fig . 2 2  Wien displacement law (Harxhn 1%0) .............................. 6 

Fig.2.3 Variation of absorprion of infbeâ energy with deph and source of radiation 

........................................ (SchumanandStaley1950) 8 

Fi . 2.4 Percent absorption of a 3-mm iayer of water at di&rent wavelengths (Schuman and 

Staley 1950) .................................................... 9 

Fi . 2 5  Relative interisit;es of three d i fbmt  sources of în€med emgy (Schuman and Staley 

.......................................................... 1950) -10 

Fig . 2.6 Superposition of en= curve of the infrand source and the absorption spectra of 

.......................... 3-mm thick layer (Schuman and Staley 1950) I l  

Fig . 3.1 Response of an innaied lamp to a voltage change (Anonymous 1994) ....... 24 

Fig . 3 1  Experimentaî setup for M a r d  treatments ........................... 25 

......................................... Fig . 3.3 Thennocouple assembly 26 

......................................... Fig . 3.4 Rheometer arrangement 27 

Fig . 35 Farinograph curve (Bloksma and Bushuk 1988) ........................ 31 

Fig 3.6 Mixograph cuve (Johnson et al . 1943) .............................. 33 

Fig.3.7 Viscoamylograph (obtained h m  manual Brabender Instruments . Inc .. South 

Hackensack,NJ.) .............................................. 3 4  

Fig . 3.8 Shear forces in a rheometer capilhry (Van Wazer et al . 1%3) ............ 43 

Fig . 4.1 Temperature distribution at various âepths in a 6 mm layer of CWRS flour placeci 



100 mm away fnmi infrared lamp whidi was operated at 120 V. . . . . . . . . . . . 49 

Fig. 4.2 Cornparison of the temperature distribution in a 4 mm thick Iayer of flour exposai 

to IR radiation, The innared hmp was operated at 120 V and 60 V and was placed 

70 mm away from fiou sdàce. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50 

Fig. 4.3 MoiSnire loss in a 2 mm layer of flm exposed to IR heating wïth refemnce to 

the tempetatute history at the bottom and surface of the 2 mm layer of flour. The 

lamp was operated at 120 V and placed 70 mm away h m  the flour surface. . . 54 

Fig.4.4 Shear stress vs. shcar rate in capilhry flou-water dwgh exmision for the control 

sample and the chgh prepand liom flour exposed to infrared radiation for 30,60, 

and105s. ....................................................60 

Fg.4.5 Vaification of the niodihd equation I l  agahst the results obtained at the conditions 

indicated in Fig. 4.4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 
Fig. 4.6 FarinogFaphs of CIkaS k avzaaged fmm top to bottom of increasmg infrared 

exposm tirne (Conml flow. 3O,6O, and 105 s) . . . . . . . . . . . . . . . . . . . . . . . 63 
Fig. 4.7 Mixographs of the conml fiou and the three infrared treated flous. . . . . . . . 65 

Fig. 4.8 Thermogram of CWRS fiour . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72 



LIST OF TABLES 

Table 4.1 Enagy absorprion (0 and its sumdard deviation in a 2 mm layer of flour placed at 

70mnd100mmaway~mtheiialindhmipwhrhwasopaatedat60Vand 120 

Vfor30s ..................................................... 51 

Table 4.2 Extrusion Force (N), and its standard deviatim at di&rent flow values (Q), of 

CWRS flour-dough made fbm flour exposeci to dinerem uinand treatmem tunes 

...... using a capiilary rheometer of 3.15 mm diameter and 101.2 mm lengtk 56 

Table 4.3 Pressure drop (AP) and Shear Stress (t) during exmision of control sample of 

CWRS fiourdough and three samples prepared from flour exposed to i&ared for 

three dinerent times (30, 60 and 105 s) ushg a rheometer capillary of 3.15 mm 

~ e t e r a n d l O l Z m m l e n  gth..................................... 57 

Table 4.4 Rabinowitsch-Momey correction factor (CF), flow bebaviour in&x (n). 

and consistency cœfficient (K). with their standard deviations for water-dough 

.. prepared ftom CWRS flour exposed to innared radiation for different times. 58 

Table 4.5 Values for the modified coefficients in Eq. 4.1 for doua prepared h m  the 

control and flour exposed to Uifared radiation for three different times (30,60, and 

105s). ..................................... . ~ . . . . . . . . . . . . . . . . 5 9  

Table 4.6 Farinograph indices far CWRS flou exposed to different infrared radiation times 

(30,60, and 105s) when the lamp was rated at 120 V and placed 70 mm away from 

thesample ..................................................... 62 

Table 4.7 Mixopph results for CWRS flou exposed to inbred for 30,6û and 1û5 s 



when the lamp was ratedat 120 V and placed at 70 mm away from the flour sudace. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .64  

Table 4.8 F'alling Number and its standard deviation of CWRS flour exposed to dEferent 

h û a d  rsdiation tims (30.60. and 105 s) whai the lame was operateci at 120 V and 

................................ placed 70 mm away h m  the sample 66 

Table 4.9 Amylograph pak and its standard deviation of CWRS flour exposed to different 

Pifnind iadiation tmw (30 30.60. and 105 s) when the lamp was operated at 120 V 

.............................. and placed 70 mm away from the fiour. 67 

Table 4.10 Wei giutm content ami its deviation of CWRS flour expsed to dinerent 

inhed ISdiatiDn tmies (30.60. and 10.5 s) wbai the lamp mis operated at 120 V and 

.................................. placed 70 mm away h m  the flou 67 

Table 4.1 1 Starch damage (96) and its standard deviation for CWRS fiouf exposed to 

infrand for 30.60. and 105 s when the lamp was operated at 120 V and pked 70 

......................................... mm away h m  the flour. 68 

Table 4.12 Baking results for CWRS flour exposed to idkami for 30.60, and 105 s when 

...... the lamp was rated at 120 V and placed at 70 mm away h m  the flour. 69 

Table 4.13 Percentage of insoluble glutenin for CWRS flou exposed to innared for 30.60. 

and 105 s when the lamp was rated at 120 V and placed 70 mm away from the flour. 

........................................................... - 6 9  

Table 4.14 Telllperatures, y, for Orset 00). Peak r p ) ,  and Completion uc). and enthalpy 

change (AH) and their standard deviation for flou-water mixtures at 80% (w/w) 

made with control flour and flou exposed to infkued radiation for three different 

xiv 



times(3O,~,andlOSs) .........................................- 71 
Table 4.15 Tempaatun and standard deviation for the second, third, and fourth transitions 

of flour-water mixes at 8@% (wlw) made with control flour and the three hfiared 

treatedflom (30,60,and 105 s) . . . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . , . 71 



1 INTRODUCTION 

Wheat is ctassified on the basis of its suitability for mandixturing yeast leavened 

bread, h o  two group. mg ard weak @omeratrz 1988). S n w g  wheais form a gluten with 

good &as-raainig propertks, aad a Qugh with exceiient handling poperties. The ptential 

bmd mahg characteristics of flour made from weak wheat are poor. Weak wheat flours 

have a giuten with poor gas-ntainiag properties, and yield a dough with Merior handling 

qualities. 

Flow is one of the mwt widely used intemediate products fiom wheat and the main 

inigredian m the niainifactun of kad The final poperties of bread are highly infiuenced by 

the functional properties of fiour which depends on factors such as wheat variety, 

environmental conditions for growing and storing, mülirig prpcess. and the chernical 

popeaies of fbur (MaiBot amiPatton 1988). Fkwquantyor its suitabiüty for aad making 

can be daermeied by measuting the rheological pperties of Qu@. These properties give 

information about flowabilty of dough, mixllig characteristics, flou strength. viscosity, and 

enzyme activity. Information about gluten content, starch damage, starch gelatinization and 

protein denaturation is also important. The above properties are deennineci from the 

Farinograph, Mixograph, capiliary heometer. Viscoamylograph peak, F a h g  Number, wet 

gluten content, starch damage test and thermal transitions of a flour-water mixture. - 
Micronidon (mnaied heating) m e r s  energy to the sudace and subsurface layer 

of the matenal and has a deep effet on the molefular structure of the material (Oinzburg 

1969). Good nsulis were obraind usmg hfhd radiation for masting cocoa bans and nuts, 



peeling apples, conditionhg grains, drying alf'alfa and bans (Ghzburg 1969). It was also 

founâ that inn;nd radiation speeded up the maturation m e s s  of freshly milled flour and 

impved its baking characteristics (Ginzburg 1%9). 

Beause iin.and radiation is b w n  to &ect textural and functionai ptoperties of the 

innared treated material (Cenkowski and Sosulski 1997). this research was undertaken to 

iavestigate the potential of infrarrd radiation as an alternative method of impoving flour 

bread-making chanicteristics. The spcinc obmves weie: 

- Detexmine the temperature distribution in a deep layer of fkur and define three 

intensity leveis of mfrarrd treatment. 

- hvestigate the effea of the inframi treatments on the flow characteristics of Qugh 

(comistency coefncient and flow behaviour inda), saength of the flou, mixfng 

characteristics of dough, wet gluten content, viscmity. starch damage, amount of 

insoluble glutenin and baking cbaracteristics. 

- Study the effect of ï&md heat on the thermal transitions (gelatinization and 

denaturation of protein) 



2.1 TlœEkWmqpücSpcariim 

In6ared rays maire up part of the electromagnetic spectnim which is presented as an 

arrangement of the radiation bands by wavelength or fkqyency. Figure 2.1 shows the 

spectxai dipntnition of tbe electroiiia$naic radiation. The audio frequency waves are located 

at the right aid ofthe chan fbbwed by the radio waves (long, medium, short and millimeter 

waves), and then the innared region. At the high m e n c y  end of the infrared region the 

visible üght hquencies an fbbwed by ulaaviolet and then as the energy content increases, 

x rsiys, y rays and cosmic rays (Vameai 1972). Fmm th& fi- it is noted that there is a big 

dineraice in kquency, wavelength and energy content but a l i  the radiation is similar in that 

it transports eaerBy and travels with the same speed (the sped of light), obeying the laws 

of reflection, refktïon, diffracticm and polarization. uifrared radiation is not in any way 

fbdamentaUy dinerent from other onds of eIectromagnetic radiation, but is an example of 

where the mtemction with matter is dominateci by thermal processes. It is common to =fer 

to Miami radiation as the heat region of the spectrum owing to the fact that heated objects 

radiate energy in the hfkared range. 

nie na;ned region which extads h m  a wavelength of approximately 760 nm to IO6 

nm can be divided àio ttiree ngiotl~= near idkueû (760 nm to 1350 nm wavelength), middle 

hfhred (1350 m to 40.000 nm), and the far M a m i  that extends up to lb nm wavelength. 

These divisions and their upper and lower Iimits are arbitrary. 



Fig. 2.1 The e1ectromagnetic spectrum (Vanzetti 1972) 
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2.1.1 IntiaiPd radiation 

hîhred radiation can be generated either ôy gas-nred sources or by electric -p. 

The gas-innared kmps produce longer wavelmgths vaxying h m  3000 nm to 5000 mi, 

whenas those produced by electric larnps are between 1ûûû nm and 2500 m. 

The emined en- from the source follows the radiation law as given by Planck 

(1959) and the Win displacement law. Planck's law relates the amount of energy emitted 

fiom a black body to its temperature for any range of wavelengths. This law d e e s  the 

specüai distrîbition of the radiant energy cuve for a biack-body at a panicular temperature 

and when Wtten in the foîiowing form determines emitted radiation h m  a source. 

Where W, - emitted radiation. W I (cm2 pm) 

C, - 3.74 x l(r wpm4/cm2 

G- 1.4388 pmK 

T - absolute temperature. K 

A - wavelength. pm 

Equation 2.1 descrifi the rate of en- emitted at each wavelength. The summation of 

these energies over the wavelength gives the total energy radiated by the source (Mohsenin 

1984). Planck3 eqmtbequation can be integrated to obtain total energy irradiateci in a certain band 



of the spectmm. 

WAVELENGTH - MICRONS 

Fig. 2.2 Wien displacement law (Harrison 1960) 

Fq. 2.2 represents the Wien displacement law, which shows that as the temperature 

of the source increases, the energy (ara under the curve) increases pmportionally to the 

power of the abhite tempranue, and the peaks shif i  to shoner wavelength (the shorter the 

wavelength the higher the energy content). The Wien displacement iaw states that the 

poduct of the peak wavelerigth and tempeme is equal to a constant (Tocid and Ellis 1982. 

Mills 1992). 



Where : &, - wavelength of maximum monochn,matic emissive power, p 

T - temperature of the black body, R 

Marai aiagy b m  a source trammittecl to a prcxluct mua p s  thiough a medium 

that in most cases is air containhg carbon dioxi& and water vapour. Air, simüar to other 

diatomic gases, is characterized by such a minute absorbing capacity tbat, for al l  practical 

putposes in heat radiation it is transparent (Ginzburg 1%9). Since CO, has higher peak 

absorption bands (2400 to 3000 nm, and 4000 to 4800 nm) than the Quartz lamp (peak 

maximm at 1 150 nm at 100 % rated voltage) it is largely transparent to ïn€med radiation. 

Water vapour absorbs a certain amount of radiation as its maximum peaks at 1400 m. 

W b  ianaftd m q y  OiPiges upon physiml matter, the portion of it ihat is absorbed 

produces one primary effect: it increases the energy content of the atomic and subatomic 

particles of which physical matter is ma& resulthg in a temperature rise. 

2.13 Factors atrecting ialrared heathg 

Mohsenh (1984) stated that the m ~ t  important factors affecting innared heating are 

the penenaiing popenies of the innand radiation, the variation of absorbed energy with the 

wavelength of the energy source, and the spectrai energy of the source. The percentage of 

energy absorkd at different kyers in a niaterial varies according to the source of energy used. 



Fi. 2.3 shows that wim a 1 LaO K source, the absorption in the material is hi@ and 

a Me portion of the a#gy is absorbed very near the sdace of the materiai. Aimost 90% 

of the energy is absorbeci in 1 mm of deph causing a non unifonn heating over deph. As 

the energy of the source increases. the energy produced is less strongiy absorbed by the 

material and therefore pawraies deeper into the m e r i a l  For instance, with a 3500 K source 

almost 50% of the energy is absorbed over 3 mm of depth. 

Fig. 2.3 Variation of absorpion of innared energy with deph and source of radiation 
(Schuman and Staley 1950) 

The variation m the energy absorbed by the material, depending on the wavelength of 
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the hfÏared source, is another important concem in infiareci heating. A s  seen in Fia. 2.4. in 

a 3 mm hyer of water, wavelengths longer than 1400 cm are completely absorbed. while 

absorption draps sharply for wavelengths Less than 1400 nm. Therefore. selection of an 

inf iad source with the desirable emissive characteristics is an important factor. 

Fi. 22. Percent absorption of a 3-nw layer of water at different wavelengths (Schuman and 
Staley 1950) 

The kt important factor to consider in infrared heating is the spectrai energy of the 

source. Fig. 2 5  depicts the spectral energy of three sources of hfmed energy. The total 

energy for each source is the same. To utilw ùinared energy economically, it is necessaiy 

to use a broad band of wavelengths ('ohsenin 1984). 



Fig. 2.5 Relative intensities of three different sources of infrared energy (Schunan and 
Staley 1950) 

Headley (1965) and Mohsenin (1984) suggest the foiiowing steps when applymg 

inhred radiation to dryimg: 1) determine the absorption spectra of the material. 2) choose 

a heat source most suitable for the material. and 3) superimpose the energyume of the 

source over the spectral absorption of the material Fig. 2.6 shows this pmess for a 3 mm 

water £iim and an Uifrared source of 2200 K Notice that for wavelengths above 1400 nm 

water absocbs aimost aii the energy avaüable Born the source. which is 65 % of the total 

energy of the 2200 K source. The same procedure should be followed for the dry matter in 

the product. In doing this. the energy source should be selected such ihat the energy peak 

of the nnared source would correspond, as much as possible. to the peak absorption of water 

in the material and not to its dry matter. 



WAVELENG'ïEiS, MICRONS 

Fg. 2.6 Superposition of energy curve of the ùifrared source and the absorpion specm of 
3-mm thick layer (Schuman and Staley 1950). 

Ginzburg (1969) stated that the seleaion of the temperature of radiation generator 

depends mt only on the opical popenies of the material but alço on its thicbiess. For diying 

diin materials. the radiation maximum of the pnerator should be in the range of maximum 

absorption of the thin hyer of the material. For thick materials, the optimum range of 

specttum would be one in which the material has not only the maximum tmnsrnittance but 

also the least reflection, 

2.13 Advantages of infrired hepting 

Ginzburg (1%9) has performed a great deal of research on infrared heating. From 



his investigations he concludeci that 

- tk mst impo~ant advamage of the maared beating is the eijmination of resistance 

to heat wnsfa tfin>ugh the mnvectjon or coaQiction coefficient. This improves heat 

m e r  efficiencies. saving more t h e  and energy, and enables better conml of 

surface temperature. 

- the density of the heat applied to the surface of the material subjected to infrared 

radiation is much greater (some 20 to LOO times) than in conveaive heating. At 

the sarne time as a resuit of the interaction of the electromagnetic waves with the 

irradiated substana, some of the inperted energy is absorbed by the substance, M e  

some of it is radiateci by the material itseif in the fonn of secondary electromagnetic 

wves. It k known that the enagy lmk of molecules m solid bodies depends on the 

energy levels in the eiecaon sheUs of the atoms. the oscillahg and rotating 

movements of atoms inside the molecuie. nie energy, imparteû to the substance by 

the electromagnetic waves. changes the energy condition of the molecules of the 

material, and becomes transfo& into kat. 

- Mimd rays rnay be capable of penetrating into the deph of the material depending 

on the pmperties of the treated materials, and the temperature of the radiator. 

- M a m i  rays have a deep eff& on the molecular structure of the material. When the 

fkqency of the irida radiaiion is cbse to the value of the fkquency of the natumi 

oscilIati011s of the atoms in the material (resonance). then the amplitude of the 

onparteci vibrations of the atoms is incRased At the same tirne the coefficient of the 

energy absorption (the selectivity) is also inc~~ased, 



- the temperature gradients obtained when infrared radiation is appüed to a thick 

material are! much greater than in the ordmary convective drying (50 - 250 OUcm). 

It was theorized by some Russian reseachers that innined rays contribute to a change 

m the body structure and the directionai disposition (orientation) of the mo1ecular chahs in 

rnatetial of plant ongin, (vegetable and fnrit) and in fat and water enabiuig an intense 

preheating of the body (Gbburg 1%9). Headley (1%5) also stated that when a molecule 

is subjected to i n h e d  radiation whose nawal fiequency corresponds to a particular 

fiequency in the emitter spectrum. some of the radiant energy is absorbed. This absorbed 

energy reinforces the naniral moleculat motion of the molecules. and energy is released in 

fom of hea 

ûther advantages of infand heating are better contml over the heating sudace and 

instant heat on and off (Ginzburg 1%9). 

2.1.4 Applicaîion of iahnipd radiation in @culture 

Giraàirg (1969) summarized some of the work done by Russian researchers on the 

application of hfhd radiation on agicultural products. He stated that good results and 

=me benenCial e f f i  were obtained applying infrared rays on roasting coca, conditionhg 

grains. and drying seeds and fleur. 

Infkared radiation improved the aroma and tlavour and changed the structural and 

mechanical properties of the cocoa beans. making it easier to remove the capsule. and 

decreased the amount of energy iequired for then grmdOlg by irreasing their brittleness. The 



application of M u x i  radiation also enabled a continuous masting process which takes Little 

imie and pvides a good quaüty product. Application of h h r e d  rays to conditioning wheat 

resulted in higher yield of flour. and irnpved the bread balong propenies. Germination 

capacity of saQ such as beans and alnilfa were i m p v d  by drying hem with h h e d  

radiation. Quite often these seeds acquire lower germination capcity after behg dried by 

convective methods (Ginzburg 1969)- 

Inaand lSdjatjDn speded up the matumtion of fiesMy miiled flou and improved its 

baking characteristicS. Tbe specinc volume of the b m û  ma& with the flour inmaseci after 

exposure to M a m i  for 6 minutes. The expriment described ôy Gbburg (1%9) used 28 

hmps of 250 W each (14 above and 14 below) placed in a tunnel. The distance of the lamps 

fmm the samples couid be a d . t e d  fiom 100 to 400 mm. nie 5 mm thick layer of flour in 

the idkami mament reached a temperame of 70 - 74 O C .  

Applying Mmed radiation to flou made h m  grain infested with eurygaster (an 

insect frwi the Penunomidae femily) improved the bmd-baking poperties of the flou 

(Ginzburg 1%9). The flou used had a 19.6% moisture content and reached 7CPC after 6 

minutes of Uifrared exposure. Eight kmps of 500 W each were placed 200 mm away from 

the flou sample which was 5 mm thick 

Assebergs and Powrie (1956) obtained good results using infrared radiation to peel 

apples, as the weight losses of the apples were about 2 5 %  compared to 15 to 18% lost by 

mecharhl peeling machpies. niey used a heat sourçe of mund 1520 9: and exposure times 

of 9-30 S. 

Headley and HaU (1963) used an infrared source to dry shelied corn. They used an 



irdraRd lamp with a maximum intensity of energy between 1OOO to 1150 rm, supplied by a 

375 W iamp. The prochict was placed 30.48 cm h m  tk ceme of the lamp and was vibrated 

m the innaffd field by an orbital sander. They concluded that vibration of the product in the 

iimared fields provides a maris of utüjzing high intensities of energy without visible damage 

of the product. 

Rheobgy is the s c b  tbat deals with &formation of objects under the Muence of 

appied forces (Lewis 1987). Defolmation can be flow and hence involves the ppexties of 

viscosky or consista1cy or ehstif or plastic. Doua dwological poperties. which &pend on 

dough stnicaire. povide information on dwgh behavim, and mechanical handihg 

popenies. Fmm this. Mers could conaol the quality of the fimshed bread (Blokma and 

Bushuk 1988). 

2.2.1 Caplllory rhmeter 

In this methai, a liquid is forceci through a fine bare tube and the viscosiîy of the 

liquid is detellILined h m  the measured volumetric flow rate, applied pressure and tube 

dimensions (Van Wazer et al. 1%3). 

Mackey and OfOli (1990) used a capillary rheometer to mame the apparent viscosity 

of whok wheat flour-dough at 0.330.0.337.0.385 and 0.436 g of water per g of starch. dry 

bis,  using lengiNdiameter ratios ranghg from 2 to 16. They found that shear rate by itself 



is insunicient to accuraely mode1 the viscosity of whole wheat flour since the correlation 

coefficient ob*iined in the regression analysis was 0.46. 

Sanbaiiagopdan (1995) determineci the effect of compaction on the flow properties 

of wtieat &ur-water &ugh. nie rtreobgical pperties of the dough were determineci using 

Farinograph, Mixogragh, Ahreograph, Amylograph and fieometet capiiary. He found that 

the rfieobgjcai characteristics of ttie c~mpeaed fkwr wexe not significantly dinerent m m  the 

non-compacted flour in the xange of shear rate of 7.8 s-' to 782.5 5'- 

233 F.IpiyNumber 

The Falling Number is defined as the time in seconds to stir and aUow the stiler to 

fan a masumi distam through a hot aqueous flour gel undergohg liquefaction. It is baseci 

on the rapid gelatinization of a flou suspension and subsequent measurement of the 

degradation of starcb paste by oramylase (Ghaly et al. 1973). The aamylase is an 

endoenzyme which aaacb linkages within the molecuiar structure of rnacrorn01ecuies. It 

appears that a-amylase hydrolyses the 1.4 a- glucosidic linkage within the starch molecules 

at random points (Hoseney et al. 1986). 

2.23 vii0411llyIograph 

nie Amrican Association of Ceml Che- defines the hylograph as a recordhg 

viscorneter that may be used primady to determine the effeft of a-amylase on viscosity of 

fbur as a fbnctbn of teaqerature. Tbe Vkcoatnybgraph records the viscosity changes which 

occur m a Bour-water suspension being subjected to a unifom increase in temperatufe. The 



viscosity tends to Omease as the starch gelatinizes, whiie the iiquefying action of a- amylase 

has an opposite effect (Pyler 1982). Tbe Amylograph mults are m good correlation with 

those of the FaMg Number. 

2.2.4 F-b 

The Farinogtaph c w e  (farinogram) îs obtaind when a flour-water system is &ed 

by the action of two blades which are connecteci to a lever and d e  system and to a pen 

which traces a cwe .  The pen records the resistance that the dough offers to the mixng 

bh&s during a prolongeci and relatively gentle action (Shuey 1975, Bloksma and Bushuk 

1988). As the flou-water paste is mixed, the system becomes more mistant to extension, 

that is, the Farinograph cuve height inmases. This p e s s  continues only up to a specîfic 

point, afier which the doua becomes 1- resistant to extension giving a mixing pak 

(Faubion and Hosmy 1990). As the miiriag action continues. the &ugh stans breakhg 

dom which is indicated by the point at which the c m e  stans to descend 

The Farinograph cwe indicates two important physical dwgh properties. the water 

absorption, and a general profile ofthe mixuig behaviour of the dwgh or the tolerance of the 

dough to mectianral mDUng abuse (Shuey 1975). The water absorption of the flour, which 

is the amount of water requireâ for a dough to have a definitive consistency, must be 

detemineci before the Farinograph can be p ~ o &  The dough consistency is defhed as 

the height of the middle of the band registend in the Farinograph m e  and it is explesseâ 

in insuurnent relateci uni& (B.U.) (Bloksma and Bushuk 1988) 

nie macing characteristics of a flou aie giuten quaiity meaçurements (Hiynka 1%4) 



and are &teTmined thmu@ the airival tirne, devebpmmt tirne, stabüity and &inp tolerance 

index. These indices indicate the awwnt of work input nquired to deveiop a ciough to 

optimum cievebpment and how much additional mixing cm be imparted to the dough before 

ït begh to break ciown (Kunert and D'AppoIonia 1985). 

22.5 Mixogmph 

nie Mixograph masurrs the rate of Qugh developnen, the maximum mistance of 

the Qugh to mixllig, and the chmion of resistance to mechanical over-mixing (Kunen and 

D'Appobnia 1985). The dough is mixed by four vertical pins attached to a mtating mixing 

kad which revoives ttirough the Qugh in a p- mtbn =und three or four other fmed 

pins in the walL hung tbe iiitial ascmt of the m e .  water is king brought into contact and 

absorbed by die pmtem and the starch, and because of tk folding and stretching action of the 

mhhg pins. the dough begins to be developed. As the dough develops, the force rtquired 

to move the pins thxwgh the daigh increases to a maximum elasticity or minimum mobiüty. 

This point corresponds to the top of the cume. Beyond ihis point, mechanicd degradation 

of the dough causes an increase in mobility resulting in the c w e  sloping downward and 

tailing off. 

Lamour et al (1939) compaied the protein content and the ùaking quaiity of hard red 

spring wheat us& the Mixogra@. It was concMed that the greatest value of the Mixograph 

test. hiowing patein content, was to identiQ the type of flour. The curves esmbiished 

qualitative differences between fiours that were or were not different in bakhg quality. 

Johnson et al. (1943) performed a systematic and statistical analysis relating 



Mixograph characteristics to bakuig results. Peak height, width and weakening angle were 

positively comlated with protein content and loaf vohne. The authors found that the 

Mhograph characteristics teaded to dkc t  b&@ stmigth of a flour, as a muit of the above 

correlation. 

23 -and F u n c ü d  Mo~lsuroments 

23.1 Grain rrsesrch Irboratory (GRL) Canadiin short pmee~s wtbod 

nie GRL-Canadian Short Process method is used for untreated flou experimentally 

or c o ~ i a l l y  miiled wheat for the production of yeast raised bread (Grain Research 

laboratory, Canadian Grain Commission. Wdpeg, MB). It pvides a test for the baking 

performance of flours under the conditiom of high speed mixing. short fenoentation and 

typicai farmuiation used by Cariadian bakeries. 

23.2 Starchdamage 

Starch damage can be determineci by the Farrand method (Farrand 1%4). Fanand's 

method is based on the principle that darnaged starch exhibits a higher water absorption 

capacity. and that the increase in absorption capacity is comlated with the rate of attack by 

the aaym a - arlliyhse. This mthod assumes that al1 fbur contains the necessary acivating 

level of & amyhse, so the rate of production of nducing sugars in the presence of a massive 

Qse of a- amylase (1.500) d6cient to overshsQw any riaturaly occurring a- amylase in the 

flou should cornlate with the level of starch damage. 



233 Wet gluten content 

nie wkat Bour protein can be mughly divided h o  two aactions: the soluble fiaction 

and the imiuble M o n .  The soluble ftaction caritains several giobuüns and an abundance 

of albumin. The insoluble fiaction, named gluten, is obtauied h m  flour by gentle washing 

with a sait solution until most of the starch is removed (Knight 1%5). 

This mthod developed by Sapirstein and Jobon (19%). uses spectrophaometnc 

procedures to determine msOlubie ghtenin content of flou in propanoVDIT extracts by 

ultraviolet absorption at 21 4 nm. The authors found a high &gree of correlation behween 

insoluble giuterùn protein absorbane and m0rùig developnent tunes (R2 - 0.78), and work 

mput to peak dnnbpnait tim m2= 0.98). There was also a high correlation with Kjeldahl 

protein detexmination (R2 = 0.98). 

2.4 Differenîial Scannhg CPlorimetry @SC) 

The DSC is a diffeTeMial thermal system that detemines the enthalpies of any process 

by measuring the differential heat flow quired to maintain a sample of the material and an 

Piert resaaice material at tk saiae tempenmue. A tberxnogram is o W e d  by registering the 

heat that is absorbeci or liberated by a material when it undergoes a change of state, such as 

mehing h m  one crystalline hm to another. or whenever it reacts chemicaily (McNaughton 

and Mortimer 1975). 



When the starch granule is heated in the presence of water, an order-disorder phase 

transition occurs. Whai sufncimt water is present, this transfomation, cailed 

" g e ~ n " ,  rwults in near solubiiization of the starch. Gelatinization entaüs the loss of 

crystalliiity of the granule as manved  by the loss of birefringence. an uptake of heat as the 

conformation of starch is altered, hydration of the starch accompanied by swelhg of the 

p u l e ,  and a decrease in the relaxation tirne of the water molecules (Donovan and Mapes 

1980). 

El.hsum (1980). and Wootton and Bamunuarachchi (1979) measured the eff't of 

kating rate on gehtinization. Eliasson's expriment was carried out on wheat starch-water 

mk at 5046 and heating rates of 5,10, and 20'Umin. She concluded that the ratio between 

the athaPy of the fiRt anci second peak is independent of the heating rate. In Wooaon and 

Bamunuarachchi's expriment, wheat starch was mixed with water at a 1 to 2 d o  and 

tieated at 8,16,32Oc/min. They f m d  that when the heating rate was mcreased, the heat of 

gelatinizatian decreased. The faster the starch was heated, the lower the enthalpy of 

gelatinizatîon. Thus, the time whîch the starch takes to pass through the gelatinization 

temperature was of crucial importance. They aiso iomd that as the heating rate increases. 

the gehtinization temperanite range becomes broader. When the heating rate was increased, 

the endothermic range was decreased. 

Eliasson (1980). and Woonon and Barnunuarachchi (1979) a h  detennined the 

influence of water content on the gelatinization of wheat starch. In Eliasson's expriment 

wkat starch was mixed wïh water at 30,35,45,45, and 60 % and heated at a scanning rate 

of lOOC/rnin. Tlree e n d o m  wen obse~~ed at water contents between 35 and 60%. The 



temperature of the fim endothem transition did not Vary signijïcantly with water content. 

The temperature for the second and third transition, however, was related to the water 

content. When the water content decreased, the endotherm shifted towards higher 

temperature. The tamition enthaipy of the first endotherm and the water content were 

rehted hearly up to a water content of 7û% (w/w). Extrapolation of the enthalpy to zero 

gave a 33% minimum wata content necessary for gelatinization of wheat starch. This value 

is m a good agnemn to Wanton and Barnunuarachchi (1979) who found that 32 96 (w/w) 

is the minimum water content necessavy for the wheat starch to gehtink 

Wootton and Bamumamchchi (1979) measund the effm of starchfwater ratio on 

gelatinization on wheat, maize. waxy maize and amylose-maize starch with water to dry 

strnch mtns of 0.5.0.75,l.O. 1.2!5,15,1.75 ami 2.0 ushg a heating rate of 16 'Umin. They 

bund tbaî tbe misîure content and the beat of gelathkation were linearly related (r - 0.99). 



3.1 Description of SMples 

3.1.1 Fiour 

Flour made Cariadian Western Red Spring (CWRS) wheat wth a 75% extraction 

rate, a moiaure content of 13.1 % wb*, a protein content of 13.896, and a wheat particle size 

idex of 57.6% was used. The fkmr was milled at the Grain Resuvch Laboratory, Canadian 

Grain Commission, Winnipeg m). 

3 3  Expeiimental Apparatus 

3.2.1 Lamp 

The lamp used was the T3 quartz inaar# i iamp (Research Inc., Minneapolis, M N  

Mode1 No. 057541-001) rated at 500 W and 120 V. Lamp wattage almost aiples as the 

vohge ir aubled. The lamp has a tungsten filament wire with a peak emission wavelength 

of 1150 nm and 1580 rn at 120 V and 60 V, respectively. The tungsten wire is supponed 

by a tantalum disk dong its length to pievent contact with the quartz glas envelope, and is 

enclosed with an inert gas to prevent orùdation. Fig. 3.1 shows the infrared lamp's 

characteristics and response to voltage. The voltage of the lamp was vaned with a variable 

(Gemmi E-, Toronto, ON, Modd No. mP2A86). For practiical purposes. 

tk lamp rating is Qscribed in tenns of suppiied voitage (120 V and 60 V). The infrand lamp 

radiates 8 W 0  of the availabIe energy in less thaa one second after king Nmed on and cools 

d o m  much faster than low wavelength infared emitters (Anonymous 1994). 
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Fig. 3.1 Infrared lamp (Anonymous 1994) 

Fg. 3.2 shows the expritnentai set up for infrared treatrnent. The infrared lamp was 

siniated horaOntaiiy over the sampie. A shutter made of wood and covered with aluminium 

foil was plaoed between the lamp and the flou sample and could be easily swung out. The 

shutter eraured that the exposure of the sample to infrard radiation was insiantaneous, that 

the wann up tirne of the lame did not need to be considered, and that the flour was rapidly 

shielded from the infrared radiation at the end of exposure. 
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Fig. 3.2 Experimental seaip for inaand treatments 

3.2.2 Thermoeouples 

Therm~couples. type T (copper - constanan), co~ected to a &ta acquisition systern 

(Hewlea Packad, AvonQk PA, Mode1 No. 3421F) controlled by a cornputer were used to 

rneasure the tetnperanire. The T thermocouples have a useN range of -250 O C  to 340 OC and 

good stabiiity. nie T üiennicouples were checked in boiüng water with a standard mercury 

themorneter. The themacouples readings were very close to the mercury themorneter and 

had a standard deviation between 0.1 OC. Holes were drilled in the bottom of the wooden 

box. and thermocouple wires were inserted and glued at different heights (Fig. 3.3). 
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Fig. 3.3 Thermocouple assembly 

3.23 CaplllPry extrusion rhcometcr 

A capillary extrwbn rheometer simiiar to the one used by Shama et al. (1993) was 

used to measure the Bow parameten of the dough made h m  conml flou samples and the 

3 infrared treated fleurs. The meorneter arrangement consisted of a cylinder-plunger and a 

capillary arrangement (Fig. 3.4). 
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Fig. 3.4 Rheomerer arrangement 



The cylinder was made of bras with an inside diameter of 19.1 mm and a length of 

136 nim. A hollow bras capiîlary tube with an inside diameter of 3.15 mm and a length of 

101.2 mm was smwed into the bottom part of the cyîinder. A stainiess steel plunger with 

a close fit m the cylpder and a length of 191.5 mm was used to p sh  the Qugh through the 

cylinder. The working length of the plunger was the same as the 136 mm height of the 

cylinder. One end of the plunga was screwed into the l a d  tell of the ATS Universal 

Testhg MachPie. The cyIinder was supporteci by a colla to avoid buckling due to excessive 

pessure exmed on the c y W r  side waik. The supporting collar, made of channel hn. had 

a diameter of 27.6 mm. The supponing collar and the rheometer arrangement were placed 

under the crosshead of the univasal testing machine so that the plunger could siide dom 

inside of the cylinder containhg the dough. 

3.2.4 DldFerentiPl Samdng Caiorimcter @SC) 

The thermal transitions of CWRS flour were measured using a Perkin Eùner. 

Norwalk, Cï. DSC 7 instrument Under the control of the cornputer. the DSC 7 is 

programmed h m  an initial to a final temperature which embraces transitions in the sample 

material such as mlting. glass transitions, solid-state transition. or crystaiikation. The DSC 

7 records the heat fiow to or h m  the sample as it is S C ~ W ~  over a linearly changing 

temperature range. It aliows scanning rates of O. 1°C/min to 500 O Umin in steps of 0.1 

OC/min. A slower scamiing rate improves the peak resolution while faster scanning rates 

improve the sensitivity. 

In the DSC 7. the reference and the sample have individual heatea which makes 



possible the use of the ''NU Balance " phcipie (McNaughton and Mortimer 1975). The 

DSC is designeci to keep the teiapennuie of the sample and the reference material at the same 

tempI;nue by ushg two coatrol loops. One is for average temperature control so that the 

tempmm, TT, of the sampie ami nPnmce may be incnased at a predetennined rate. which 

is recorded The second loop ensues that if a tempera- clifference develops between the 

sample amri tk nfeience (because of exothemk or endothermic reaction in the sample), the 

power input is adjusted to nmove this cM&mce. Thus. dic temperature of the sample holder 

is always kept the same as that of the reference holder by continuous and automatic 

adpisunent of the heater power. A signai, proportional to the ciifference between the heat 

input to the sample and that to the reference. is fed into a recorder. 

Calibration. Calibration for temperature is accomplished by rumiing high puity 

standaid ami refaare niaterialp with known tempenuuns and energy transitions. The DSC 

falibïation used was compaiBon of the TempemumiAm wim a refeiaice mateu  Iadium, 

used as a refennce material, has a melting point of 156.6 OC and is recommended when the 

DSC is operated in a temperature range of 50 OC to 2W°C (McNaughton and Mortimer 

1975). 

3 3  Expe~nta îMahods  

33.1 Moisme content 

The mohm content of the fbur was detariiiied by mthod 44-15A of the Amencan 

Association of Cereal Cbemists (AACC 19û3). In thîs me- 3 grams of flour are dried in 

a convection oven at 130 OC for 1 hour. An infrand analyser (Dickey - John, Auburn, IL, 



Instalab 800) was used as well to detennine the moisture content. The infiared analyzer 

aIbwed W cmamrem which kilttated d a  aminaton of misture content just before any 

m e r  testhg of fiour samples. 

Dough used m the capiiiary fieorneter was prepared in a pin mixer (Mode1 CB 1284 

New Port, Muzeen and Blymthe Ltd) (Hiynka and Andetson 1955). nie  amount of water 

added to Mur was detemhed by the Farinograph water absorption. The clou& was mixed 

untiî it reached the opimum mixiog the  which is the time required by the Qugh to reach 

the maximum elasticity befbre it star& bnakiig down. The rheometer test was conducted 15 

minutes after the Qugh was priepand. 

The insi& wall of the cyloder was lubncated manually with oil to d u c e  ftiction 

€mwm the wallo of tk cylivCer ami tk dough. A vsual inspection was made to ensun that 

the cylinder was completely coated with oil. The cylinder was filled with &ugh which was 

pushed Qwn usmg a rod so that ttme were no air gaps in the cyünder. In some tests air gaps 

were still in the dough so the results were discardeci. The dough was extruded at a plunger 

speed of 5.0 mmlmin, 10.0 mm/min, 20.0 d m i n ,  50.8 mmhnin, 100.1 mm+mh, 200.7 

mmlmin, 350.5 rnm/min, and 500.4 mm/& The experiments were conducted with and 

without the capüiary set up. The force required to extxude the dough at selected plunger 

speeds was neordtd by the ATSCCUTM software (Applied Test Systems, hc.. Butler, PA). 

Four nuis each were conducted with and without the capillary. 



The water absorption, the aaival tirne. the development the.  the stabüity and mixing 

tolerance index were measured usmg a Farinograph (Brabender Instrument Inc., South 

Hackensack, NJ.) by foliowing Mettiod 54-2 1 recommended by the AACC (1983). The 

mer absoqxbn is the amount of water Aqurrd to yield a dough of determinecl consistency 

(500 Bnibada Units). The dough developnent t h e  is the interval. to nearest 05 min. from 

fint addition of water to that point in maximum consistency range immediately before fîrst 

indication of wealrenng. 'Ihe mixiig tokance idex is the ciifference in B.U. fkom top of the 

nim at peak to the top of curve measund 5 minutes after peak is reached nie stability is 

the tirne difference, closest to 05 min, between the point where the top of the c i w e  fmt 

intersects 500 B.U. iine (Amval tirne) and the point where the top of the ciirve leaves 500 

B.U h e  (Fig. 3.5). 

f Arrivai 
t h e  Mbdng 

StabiTity toierance 
I t , [ index C - i i : / ( 5 m n  after peak) 

Fig. 3.5 Farinograph curve (Blobma and Bushuk 1988). 



3.3.4 Mixograph 

The mRing tirne to pak development (MDT) or peak cime, work input to peak 

(\KIP), peak height. doua development angle (right of peak) were determined with a 

cornputeMd 2-g Mixograph (Natiotai Manufacturing Division, TMCO, Lincoln, NE) 

following the poceclun 54-40 of the AACC (1983). Those indexes were computed us@ 

Mixsawt software- The niUùng time to peak development is the t h e  required for the peak 

to nach the maximum height (min) or poim of minimum mobility (DF) (Fig. 3.6). The peak 

height ir the heigtn h m  the base h e  to W cenm of the cuve at nmchum plasticity (FO) 

(Mixograph units). The &ugh weakening angle is the angle fomied Mth the rangent drawn 

(ON) at the top of the peak of the cum and the Iiie paraleihg the genetal slope of the c w e  

beyond the paL (OW. Fi- 3.6 shows a typical Mixograph curve. The water absorption of 

the flour was adjusted to 63 % at 14% moisane content w.b. for aii the flou testeci. 

3.35 wet gtum eoaent 

The wet gluten content of the conml flour and the hfhmd treated flour was 

detemiined in the Glutomatic 2100 (Falling Number AB Huddinge/Sweden) ushg ICC 

(1980) Standard 137. 

33*6 Starch 

The starch damage of the control flour and the flou treated with innared radiation 

for 30. 60, and 60 s was determined with the Fairand Method (Farrand 1964). In this 

method the starch damage is expressed in arbitrary units as a percentage of the total starch. 



Fig 3.6 Mixograph c w e  (Johnson et al. 1943) 

33.7 F a n g  Number 

The falling Number of the conml flou and the flou exposed to infrared heat was 

assessed m a Falling Number 1400 machine (JWing Number AB HuddingedSweQn) 

folbwhg Method 107 as outliaed by the ICC (1980). The falling Numkr is defined as the 

tmie m seconds to stir and albw the stiner to fall a measured distance through a hot aqueous 

flour gel undergoing liquef'action. 



33.8 Viio~~lllylograph 

A rapid Amylograph test was used to detetmine the height of the gelatinitaton 

maximum which is obtained afkr running the test for 10 minutes Ftg. 3.7). The 

Viscoamylopph Mode1 3059166 type VAV was used (C.W. Brabender instruments, Inc., 

South Hackensack, N J.). 

Fig. 3.7 Viscoamylograph (obtained h m  manual Brabender Instmments. Inc., South 
Hac kensack, NJ.) 

33.9 Canadian short baking pmess  method 

Canadian short pmess baking was conducted to determine the baking properties of 



the flour (Grain Research Laboratory, Canadian Grain Commission, Winnipeg, MB). The 

tests were conducted at the Grain Commission Laboratory. Hour (200 g at 14% moisnue 

basis), water (varies according to the maximum consistency according to machinability of 

dough), sucrose (4%). sait (2.4%). yeast (3.090). shonening (3.0%). potassium bromite 

(30 ppm). ammnium pbospbaie (0.01%). niait (0.6%). whey (4%). and ascorbic acid (375 

ppa) were mixed at high speed in a ncording dough mixer. The dough formed was rested 

for 15 min, munded men tims. med another 7 min, and pIaceâ in a gnssed fermentation 

bowl in a cabiit at 30 O C. Then, the âough was p f e d  for 70 minutes according to the 

poofing rate of the conml sample at 37.5 OC and a relative humidity of 83 %, and baked 

for 30 min at an oven temperature of 204 OC. The loaf volume was determined after 30 

minutes of cool@ 'Ihe next &y, the loaf was evaluated by an expert h m  Grain R-h 

Laboratory, Canadian Grain Commission, Wepeg. MB. for appearance, c m b  structure 

and colour. 

33.10 Spectrophotomebic method for measuring hinetionai glutenin 

The amount of insoluble glutenin in propanol / cüthiothreitol (DIT) for the control 

kur and the three bdked treated fleurs was detemiiied by ultraviolet absorption at 2 14 nm. 

mur samples (50 mg) were extracted twice with 1 mL 5090 (vh) L-propanol (solution 'A') 
m 

- *  

for 30 min at 23OC in a microcentrifiige tube with intermittent vortexing and centrifugeci for 

3 min. The residue obtained was washed with the same solution for 1 mim and cenaifuged 

for 3 min at 2200 g-hm. The residue, free of monomeric protein and soluble glutenin, was 



reûuced wnh 0.1 mL of the solution 'A' containhg 0.08 M Tris-HU, pH 75 and 1% (w/v) 

of MT (ductant sohtion 'B') for 1 h at 60 OC. After 1 hour reduction, 0.9 mL of 50% 1- 

propanol was added to the mature and cen-ged for 5 min. An aliquot (0.lmL) of the 

supernatant was diluteci with 0.9 mL 50% 1-propanol. F Ï ,  0.1 mL was taken and 

sunilarly diluted to meastue absorption at 214 nm (Saphtein and Johnson 19%). 

33.11 Diffemntid Scandng Cabrimeter (DSC) 

Fbursamph of appoximately 8 g each were pbced and weighed in DSC aiwninum 

caps. water was added with a syriage until the fîour reached 8û% (wlw) moisaire content. 

nie &Our-water manires, wejghing between 40 ami 45 mg. were tightly seaied with a domed 

iici and placed in the le& pWum-iridium sample ceiL An empty sample pan and lid were 

placed i~ the reference cell Flou-water sampies were prepand at 80% moisme content 

because water in excess of the water binding capacity must be present if the starches are to 

go under gelatinization when heated (Wootton and Barnunuarachchi 1979). Collison and 

Chilton (1974) observed that gelatinization was completed if the starch with a moisture 

COMent of 55 % or above was heated Whereas Wwtton and Barnunuarachchi (1979) stated 

that even at a moisture content of 67%. the gelathbation energy was stül increasing with 

moishue content. Samples were heated from O to 170 OC at a heating rate of 10 

This heating rate was chosen because higher rates i n c ~ e a ~ e  thermal iags, giving measured 

temperatures that are e~oneously high (Donovan and Mapes 1980). The onset (T,), peak 

(T& and completion (Tc) temperatures were calculateci for the gelatinization process. The 



peak temperature was determined for the other transitions. The enthalpy of each transition 

was also calculated. Three tests wem nin for each flour. 

The experimeats conducted with the infand lamp were giouped ïnto two sections. 

In the fkst pan, tests were conducted to detennine the size of the micronized sample, the 

tempmme distribution in a 6 mm layer, the distance between the lamp and the sample, the 

kmp rated voitage, and the sample thickness. In the second set of experiments, the CWRS 

fbur was arposed to Mami rays fw 3 Merent length of tirne* Fiour from these treatments 

was subjected to rheobgid, chemkal, Wcing ami DSC analyses. AU the expeIriments were 

carried out by placmg the flour in a wooden box under the inftarrd lmp- 

The size of the micronid sample was detennined by measuring the surface 

temperature of the flou placed 100 mm fimm the infrared lamp which was operated at 120 

V. The surfàce temperature of the b u r  was measured by inserthg 9 thennocouples into the 

sampk m a square grid formation and sening them at an equal distance. Wooden boxes with 

dimensions of 90 mm x 30 mm, 90 mm x 50 mm, 60 mm x 60 mm and 60 mm x 50 mm 

were used niese dimensions were chosen m an aaemp to maximlle the energy generated 

by the lamp and because the intensity of mdiation in a quartz hmp is greatest dong the axis 

and decreases on bth  sides of the axîs (Ginzburg 1969). It was found that the most W o m  

ternpertaire distribution abng one plane was obtained for a sample of 60 mm x 50 mm. The 



wooden box of such dimensions was chosen and used in m e r  experbnents. 

The temperature distn'bution ia a 6 mm flots layer was detefmined. Three 

thermDcouples per layer were p k e d  at the sudàce. at 1. 2. 3. and at 6 mm deph- The lamp 

was operated at 120 V and placeci 100 mm away frwi the sample. 

'Ihe efféct of the distance between the lamp and flou on the temperature dynamics 

was studied. The distance between the flour and iamp was reduced to 70 mm and the 

temperature of the sample was measured at its surf&e, at 2. and at 4 mm deph by placing 

three thermocouples per layer. The lamp was operated at 120 V. Preümmaiy experiments 

showed that a distance less than 150 mm and larger than JO mm should be used since at 50 

mm tk cmtre of the fbur sudke bum m 75 S. and at 150 mm the flou surface oaly mched 

100 OC after 240 s of heating. A distance of 70 mm was set for m e r  experiments. 

The effect of the larnp operating voltage on the temperature distribution was also 

arsessed nie vohge of the lamp was changed to 50 % and the temperatm distribution of 

the mur was detam0lied at the surf&ce. at 2 mm and at 4 mm &pih in the sample placed 70 

mm away h m  the lamp- 

The amount of energy absorbed in a 2 mm layer was determineci using the Eq. 3.1. 

The flour layer was exposed to innared rays in a 50 x 60 x 2 mm wooden box which was 

phced at two ddkrent distances k m  the lamp (70 mm and 100 mm) which was operated at 

60 V and 120 V. The temperature at 2 mm deph was measured after 30 S. and the mass of 

the 2 mm iayer was calculated as the avemge weight of the sample before and afker nâared 

ueatment. 

The CWRs fbur was exposed to hbmd radiation for 30.60, and 105 s in a 50 x 60 



x 2 mm wooden box. The average temperianire between the surface and the bottom 

temprahtre was determine& A 2 mm hyer was chosen to mmimize the moisttue distribution 

variation. Also the 2 mm hyer was used because strong absorption resuits in hi@ 

coIy'Rntration of the emgy at die sur&ce or at PoQct depth less than 3 mm (Headley 1%5). 

nie iamp vokage and the dstana betw&n the lamp and fiour were set at 120 V and 70 mm, 

respe*iveiy. The limiting factors in selecting the innand treatments were the possible heat 

damage to the fbur proteins ami tk browning of the flour. The moisnire content of the three 

iiaared amnmts were determinexi &er irradiation. Thre!e teplkates were nui for each type 

of flour. 

3.4.2 lüdo@cai and finactionai mersurements 

The effects of three idrami matments (30, 60 and 105 s) on the rkological 

propsies, Whg chasacteristics, ghteri conwnt, starch damage and pncentage of insoluble 

glutenin content of flw in propanoVDïT were studied on CWRS flou. The consistency 

coeficient and fiow behaviour index was determineci using a capiUary extrusion rheometer. 

The flour water absorption and dough m g  characteristics were measured with a 

Farinograph and a Mixograph. The viscosity and a - amylase content was deterrnined in an 

Amylograph and a Falling Number instrument, respectively. Starch damage was assessed 

n>Ibwiog Fairaad's m<hod nie bafvoLim, appearance, crumb sauctuxe and colour were 

evaiuated tlnough the GRL Canadian Short Process Method Wet gluten content was 

deterrnined in a Glutomatic machine. The percentage of fiinctional glutenh was found by 

measuring the absorbante at 214 mn of a dilute aliquot of polymeric glutenin. 



DSC measurements of the control flour and the three i .  treated flow- water 

mixtures were conducteci to gather some information on starch gelatinization and protein 

-IL lnfOTllliitjDn on starch gelatinization was oùtained by d e t e r e g  the ptocess's 

enthaiw which indicates the amount of thermal energy hvolved in this m e s s  and by 

masuring the temperame at which starch gelatinizes. Information on denaturation 

temperame was obtauied by ncordllig the temperature at which pmtein d e n a m  

3.5 CIllCUIBLtiom 

3.5.1 Eaiitted radiation by the i d r a d  Liip hqpten filament 

The monochromatic radiation htensity of ihe tungstm filament emitting relatively as 

mch eriergy as a b k k  body was pndicted using Planck's law mat ion  2.1). The emitted 

radiation by the tungsten füament at wavelengths of 1150 and 1580 nm was calcuiated. The 

peak temperature for the tmgsten filament was also detennined foilowing Wien's 

displacement law (Equation 2.2). It is assumeci that the tungsten filament emits radiation 

folbwing the kws of radiation for blac k bodies (Headley 1%5, Pemn and Sorenson 1 %2. 

Hall 1%2). 

3.52 Energy absorption caiculaîions 

The energy absorption in a 2 mm iayer over 30 s of infrared heating was calculated 



for the flou samples placed at two dinerent distances nbm the lamp (70 mm and 100 mm) 

and at two different kmp rated voltage (5090 and 100%). The effect of two variables, the 

distance between the lamp and the flour, and the lamp rated voltage on the infrard energy 

h r p t b n  was determined under these conditions. The energy absorpion was calculated at 

30 s of inaand heatiag beuiuse of the srnaIlest moisture content change and the highest 

increase in temperature. 

The energy absorption was caiculated= 

Q = m C, AT 

Where Q - energy. W 

m - mass of the 2 mm fiau layer. kg 

C, - specific heat of flour, Wfkg K 

AT- temperature gradient CT, - To ). K 
To- initial temperature of flou 

Tm= temperature of flour at 30 s of inftared heating 

The specisc heat coefkient of the Bour was taken as 1.8 Ulkg K (Rahman 1995) and 

assumed to be constant over the inftami heating p e n d  

3.53 Rheotœter dcuiations 

For the rheometer calculatims the follow assumptions were made (Heldman 1975): 

(1) The doua exhibi no szippage at the wali. and is incompressible. The lubrication 



used on the wall of the cylinder did not influence the capillary performance as the 

capiilary was n a  lubricated. 

(2) The dough velocity has no radial or tangential compnents, and the dough viscosity 

is not influenced by pmswe. 

(3) The flow is laminar (the Qugh was made to flow through the cyhdrical tube at 

dciently low value of Reynolds number). and is steady. 

(4) The measurernent is conducted under isotherrnal coaditicms. 

(5 )  The cylinder is sufficiently long that end effizts are negügiile. 

For the capiiiary rheometer test, the assumpion that the pperties of the dough are 

independent of the has to be also made. However* the dough is an uwtable complex 

colloidal system that changes its physical characteristics cominuously (Pyler 1982). 

Thenfore, ihis assumption may na appïy completely. However, the tests were always 

p r f o d  in the same tmie ihm (15 minutes after the dough was made) and lasted the same 

the .  Therefore. the error generated was the same size. 

To measure the fbw behaviwr of a Liquid using the capühy meorneter the equation 

of motion of a dough was used Thû equation is an expression of stress in ternis of velocity 

gmcümts (Van Wazer et ai. 1%3). Whai a shearing force îs applied to the sudace of a fluid 

(Fii.3.8). a force tending to resist the flow is generated and is equal to the force tending to 

move the cylindrical column in the dhction of flow, as follows: 



Where : r: = shear stress, k Pa 

Ap - applied pressure resuiting in the movement of the fiuid through the tube 

(prrssu~e ciifference baween the ends of the capülary), kPa 

r - variable distance h m  the cenm of the tube at which the shear stress (T) 

resuits, m 

L - length of the capiiJary. m 

Fig. 3.8 Shear forces in a rheometer capillary (Van Wazer et al. 1%3) 



A shearing force is defined as one which would aUow molecules to slip pst one 

another aiong a @en plam. nie shear force pr unît area of the plane on which it acts is the 

shear stress. Because the shear stress and the shear rate Vary with radius, it was necessary 

to cahilate both of them at the same point in the capiUary. The shear stress at the centre of 

the capiiky is zero and becoms maximum ai  the waU (Van Wazer et aL 1963). Therefore, 

the most coIlveNent bcation for nie9ourag shear stress is at the wail. The shear stress at the 

capiiiary Wall is: 

Where : t, = shear stress at the wall, kPa 

R - radius of the capiuary, m 

L - length of the capiiiary, m 

Shear rate is a measiue of the extent to which fluid molecules slip pst one another 

during flow. The shear rate varies with radius and the mode of variation depends on the 

vebcity disaibution, whkh in tum is determineci by the nahm of the fluid (Van Wazer et al. 

1963). A mie rate of shear at the capülary wail is possible using the assumptions mentioned 

above. The shear rate at the wall is a more difficuit quantity to determine ffom the 

expersnanal data Thedbre, to cahilate the true shear rate at the waîî, the Rabinowitsch - 

Mooney coefficient was applied (Van Wazer et al. 1%3). The true shear rate is calculated 

h m  the vohurwif fbw rate of the fluid and then muitiplied by the Rabinowitsch - Mooney 



factor. 

The volumeaic fbw is calcuIateck (Sharma and Hanna 1992) 

When + volumetric flow rate, m3/s 

A- cross sectional area of plunger. m2 

V- speed of piunger, mls 

The apparent shear rate for Newtonian fluids is calculatexi as floledo 1991): 

Wheiie y - shear rate, al 

R- radius of the capiiiary. m 

The Rabinowitsch - Morny coefficient was calculate& 

Where: CF - Rabinowistch - M m e y  coefficient 

45 



n - is the slope of the plot of log shear stress vs log shear rate (flow 

behaviour index) 

The corrected (at the waU) shear rate was calculateci as: 

Y , = Y ~  

'Ibe b w  behaviour iidex (n) and the eonsistency cœfficient (K) can be calculated ushg the 

power law mode1 (Toledo 1991). 

Where: t - shear stress, kPa 

y, - shear rate at the wall, s-' 

K = consistency coefficient, Pa s " 

3.6 Anolysis of Data 

A Completely Randomized Design was chosen since flour can be considered a 

homogenous niatexiaL The flour was divided into samples or batches to which the infaRd 

treatment was applied. 

Analysis of vaMnce (ANOVA) and Duncan's Multiple Range Test (DMRT) were 

conducted for aU tests using SAS version 6.1 t (SAS ïnstitute Inc.. Cary, NC). 



4 RESULTS 

4.1 Spceiiying inlrucd Trcitment 

The sample siEe (ma of exposure) was determined by measuring temperature 

distribution at the surface of the sample. Sampie sizes of 90 mm x 30 mm. 90 mm x 50 

IMI, and 60 mm x 60 mm, showed surface temperature dineremces of up to 23% betwan 

the hottest and coldest ponts of the fbur sampk. Highest temperatures were recorded at the 

mer wkms  bwest tempaanues were observeci at the edge of the sample. A sample size 

of 60 x 50 mm showd tempaahire ciifferences less than 1040, and this size was chosen for 

M e r  testing. 

Foiiowing the methodology developed for this test. a 6 mm dap layer of flour was 

piaced m the 60 x 50 mm box and exposed to infrared heat. The lamp was operated at 120 

V and piaced 100 mm away h m  fbe sampk. Fi* 4.1 shows the temperature distribution for 

the sarnpie exposeci to iafrared at various locations f b m  the suiface of the flour. The data 

points a~ averages of three readings and the vertical bars ùdicate standard deviations. 

Symbols without the standard deviation bars indicate that the size of the symbol is greater 

than the size of the vertical bar (standard deviation). Temperature Merences between the 

surface and 1.2 , 3 ,  and 6 mm depth after 180 s were in the order of 13.26.27, and 38 OC. 

respec tively. 

Tests to &termine the effect of distance between the flou and the lamp on 

temperature dywnics were conducted The flour was placed 70 mm away Born the lamp 



(120 V). Reducing the distance between the hmp and the sample fmm 100 mm to 70 mm. 

hcreased the rate of temperature change at different depths. Pariinilarly, the dynamics m 

surface temperature changes were greatly affecte& For instance, after 120 s of innand 

expusure, surface temperatures reached 74.1 OC f 3.9 and 98.8% t 3.7 for flour piaced at 

100 mm and 70 mm, respeetively h m  the lamp. Temperatures at the 2 mm deph were 

48.8y t 1.4 and 6SlT + 1.1 for mur placed at 100 mm and 70 mm, respectively, h m  the 

iamp. This is observed by compa~g Fig. 4.1 and 4.2. Because of the low 

thermoconductivity of the flou the original depth of flour (4 or 6 mm ) did not have a 

signincant e f f ~ t  on temperature distribution in the 2 mm layer. There were significant 

ciifferences between the temperature at the surnice and at 2 mm depth for either Lamp 

placement distance (70 mm and 100 mm) @MRT p - 0.05). 

nie eina of changes in the rated voliage on tempature dymmics in the flour sample 

was also tested nie lamp was lated at 50% (60 V) and placed 70 mm away fnmi the fleur. 

Fi. 4.2 compares flou temperature in the samples where the inn.ared lamp was operated at 

100 % (120 V) and 50 % (60 V) of rated voltage. 

Decreasmg the voltage of the lamp to 60 V not only decreased intensity of the lamp 

but also shiftcd the peak emission wavelaigth h m  1 150 m to 1580 nm (Fig. 3.1). This 

d e d  m a cechlaion m severity of the treatment of the surface layer, and a decrwise in the 

rate of temperature change at different depths. in which the surface temperature particularly 

was greatly affected (Fig. 4.2). Surface temperature after 120 s of hfrared heating in the 



sample where the lamp was rated at 60 V was 46.1v t 2.9 whereas this temperature reached 

98.g°C I 3.2 m the sample in which the lamp was rated at 120 V. The voltage effm, 

detemineci by measuring the temperature at surEdce and at 2 mm deph, was signifîcantly 

different (DMRT p - 0.05). 

Exposure Time, s 

Fig. 4.1 Temperature distribution at various depths in a 6 mm kyer of CWRS flour piaced 
100 mm away from inûared hmp which was operated at 120 V. 
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Exposure tirne, s 

Fig. 4.2 Cornparison of the temperature distribution in a 4 mm thick layer of flour exposed 
to IR radiation. The infnued lamp was operateci at 120 V and 00 V and was placed 70 mm 
away fiom fleur suiface. 

nietempennireofthenuigstaifilamrrwhnithelanipwasratdat 120V(A= 1150 

nm) and 60 V (A - 1580 nm) were 2520 K and 1834 K respectively. These temperatures 

were cabcuhted using Eq. 2.2. The monochromatic emissive power of the tunpten filament 



when the lamp was rated at 120 V and 60 V was 924 Watt/p cm' and 1.88 Wattlpm cm2 

respectively. The emissive power was detennined for the two peak temperatures ushg Eq. 

2.1, 

In an ammp to detaniSie the enect of distance between the lamp and the flour, and 

iarnp opera- voltage on en= absorption, the energy absorbeci into the 2 mm flour layer 

was detemineci using (Eq. 3.1) in fiou samples placeci at two clBenmt distances h m  the 

iamp (70 mm and 100 mm) which was operated at two dinam rated voltages (60 V and 120 

V) as incbted in Table $1. nie energy absorption values are the avenige of t h e  readings. 

Enagy absoibed hto the 2 mm layer hcreased apwimirtely tbree times when the distance 

between the fiour and lamp was reduced fbm 100 tnm to 70 mm. Changing the iamp rated 

voltage to 60 V nxhced the energy generated by the lamp, so the energy absorbeci into the 

2 mm layer decreased from 124.3 J f 16.3 to 40.7 J f 1.24. A closer cornparisan in t e m  

of radistioa aiergy nacbiig tbe siirtice would be to compare the emgy absorption whai the 

lamp was at 100 mm and operated at 120 V venus the expriment when the lamp was at 70 

mm and operated at 60 V. 

Table 4.1 Energy absorption (0 and its standard deviation in a 2 mm layer of flou p l a d  at 
70 mm and 100 mm away h m  the iafr<tred lamp which was operated at 60 V and 120 V for 
30 S. 

- - - - -  - - - - - -- 

Experimental conditions (Distance between lamp and flour and lamp operated voltage) 

100mm- 120V 70mm-6ûV 70 mm - 120 V 



Analysis of variance for the t h e  experiments (70 mm-120 V, 70 mmaO V, and 

100 mm-120 V) showed that distance between the lamp and sample surface was the 

variable that affected flour temperame the mat.  It was aiso found mat the 70 mm - 120 

V expriment conditions had the major effezt on the tempenitue of the flour foilowed by 

the 100 mm -120 V, and 70 mm - 60 V. 

Flow samples (60 mm x 50 mm x 2 mm), phced at 70 mm from the lamp, were 

exposed to infrared radiation for 30.60, and 105 S. The innand lamp was operated at 120 

V in an attempc to use mfrand eaergy efficiently. HHeadley (l%S) suggested that idmeci 

utilization energy could be impved substantially if the inaand emiaer used has a peak 

intensity wavehgth that conesponds with the wavelength at peak water absorption and low 

dry mater absoqtkity of the sample. Innared absorption by water is almost 10040 at 

wavebgths bnger than 1400 nm, and only 10% at wavelengdis l e s  than 1OOO nm. Starch 

and protein, the flow dry matter, have the lowest peak absorption at 8000 nm and 5800 nm 

respeçtively. At weleagthr less tban 2000 m, the energy absorption is less than 45% and 

30% for dry starch and dry gluten respectively (Headley 1965). According to this, the T3 

quartz Iamp shouid be operated at 50% of the rated voltage because the lamp peak 

wavelength is 1580 nm and infmred absorption by water is almost 10000. However, at this 

peak wavelength, the energy under the curve is very low as the energy under the c w e  

decreases as the rated voltage decreases. Therefore, the best alternative was to use the lame 

rated at 100%. Increasing the voltage to 20% would not be a good choice because the 

hmp peak wavelength is 890 nm. At th& peak wavelength, the flour surface layers would be 

overheated and infrared absorption by water would k less than 10%. 



Inhared expoeure the detemhed the temperature reached by the sample. Average 

tempemm betafeai the surface and 2 mm deph was calculateci for each treatment. In the 

most severe nâaFed aeamieni, Bwr was exposed to infrared rays for 105 s and reached an 

average temperature of 78.9 OC f 1.5. For the intermediate infrared treatment, flow was 

exposed for 60 s and reached an average temperature of 64.2 OC + 1.8. For the miid 

neamieni, the e x p a m  tmie was 30 s and the flour reached an average temperatune of 50.4 

OC t 1.4. 

These infhred treatments caused losses of moistue in the flour. Fig. 4.3 shows 

moisture contents of the flou after 30, 60, and 105 s exposure to i .  treatment. 

Moisture content of the fbur expsed to hfhred kat for 105 s was nduced from 13.1% to 

1.3 96. The measured moisture content of the fiour and infrand exposure time were 

essentiagvlineadyniateddmiq ~~ 105sttiatttrflourwasexposedtouinaredheathg 
(R2 - 0.99). GenetaUy. drying characteristics foiiow an exponential fiuiction (layas et al. 

1991); but because the flour exposure tirne was short, this relatiomhip was assumed to be 

hear. The effect of infrared heat on heological pmperties and thermal transitions of the 

CWRS flou was &termineci in the infhred treatments &fined above. 

Inûared bathg had a sigaiSçan efkct on average temperature and m o i s e  content 

of the fbur (ANOVA, p r 0.001). Average temperature meam obtained at 3 4  60, and 105s 

of in€iared treatment were signincantiy different from each other and &om the average 

temperature of conîml (DMRT, p < 0.05). Moisture content obtained after 30, and 60 s of 



nnaied aeamient were s@n&amiy daferent fiam each other and h m  the control. (DMRT. 

p - 0.05). 

, .- O O mm depth 

Fig. 4.3 Moisture loss in a 2 mm iayer of flour exposed to IR heating with reference to 
the temperahne hstory at the bottom and surface of the 2 mm layer of flour. The lamp was 
operated at 120 V and placed 70 mm away fiam the flou surface. 



4.2.1 Capillsy rheometer test 

Fïow properties, flow behaviour indar and consistency coefficient of dough made 

with control flour, and 30, 60 and 105 s infrsired treated flour, were detennined in a 

capiiiary meOmter. F i  water contents of the dough made with the conml flour. and the 

flour exposed 30.60 and 105 s to M m e d  were 472,469,464 and 45.3 96 respcaively. 

Each dough had different water content because infrared treatment nduced flour water 

absorption fiom 63.1% (contml fbw) to 57.296 for the 105 s idhred treated flour. Doughs 

wae prepand folbwing the Farinograph water absorption because this value is close to the 

amount of wata added to malce bimd and anects the Qu@ mechanical development and the 

pas retention pmperties of Qu@ (Hiynka 1964). Dough could have baai prepand at the 

same water content but Uiis was mt the choice since CWRS flou is miniy used for b m d  

Results of the extrusion tests for doughs prepared h m  conml flou and flou 

exposed to three infrared radiation thes (30,60, and 105 s) are shown in Table 4.2. The 

corresponding forces with their standard deviations required to extrude the dou@ through 

the capiiiary are shown in columns 3 to 6. Each force is an average of four readings. Dough 

made with the 105 s innared mted flour required the highest force to push it through the 

capilîary. 

Based on data shown in Table 4.2, shear rates, pressures dmp and shear stress were 
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caCcubted (T'able 4.3). As the ma hegd speed incmsed. volumetric flow rate and pressure 

drop incnased for al l  doughs tested. With mcreases in volumetxic flow rate, shear rate also 

increased. In the shear rate range anaiyzeû (7.8 to 782.5 s"), dough made with flour 

exposed to iiaared br  105 s exhoïed the largest sbear stress. This indicated that this fiou 

dough required higher shear stresses to enable the mo1ecuies to slip past one another at the 

shear rate analyzed. The 60 s innared treated flou exhibited the second highest values. 

Table 4.2 Extnision Force (N), and its standard deviation at different flow value% 0, of 
CWRS flour-dough made fimm fbur ex@ to different inframi m e n t  tirnes using a 
capiUary rheometer of 3.15 mm diameter and 101 3 mm length. 



Table 4.3 Pressure drop (bP) and Shear Stress (r) during extrusion of contml sample of 
CWRS flou~dough and three samples prepand fhm flour exposai to infiiired for three 
dinaent tims (30,60 and 105 s) ushg a iheomer capiiiary of 3-15 mm diameter and 1012 
mm length. 

TaMe 4.4 shows RabWwitsch - Mooney oomction Ertor (CF). fïow behavi0u.r index 

(n) and comStency coefFicient for Qugh made with the conml flour and fiour exposed 

to diftkrent naared heating penods. The Rabinowitsch-Mooney correction factor Bq. 3.6) 

was calcuhted h m  the log-log pbt of shear rate and shear stress and was used to calculate 

the corrected shear rate. The log-log shear rate-shear stress was highiy conelated (R2 

-0.98). 

Flow ôehaviour index and consistency coefficient wen determined h m  the log-log 

plot of corrected shear rate vs shear stress. Flow behaviour index b the gradient of the 

straight me, whereas the consistency coefficient is the antilog of the intercep value. 



Table 4.4 Rabinowitsch-Mooney correction factor (CF), flow behaviour index (n). 
and consistency coefficient (K). with tIieir standard deviations for waterdough 
prepared from CWRS flou exposed to mfnind radiation for Merent times. 

Means with the sam letter for a cohunn an not signïficaaîly different (DMRT, p4.05) 
n 4  

lnfrared heating produced an overaU effect on the comister~y coefficient means 

(ANOVA p a 0.010). But only the srposure of LOS s was signir~cantly different from the 

conml flou (DMRT, p - 0.05). Consistency coeficient of the flou increased as inniind 

exposure tirne incrieased. This incnase was 9.6,17.0 and 36.6 % for the 30.60, and 105 s 

of infrared exposure, respectively vable 4.4). 

h h e d  heating did not have a simcant effect on the flow behaviour index. Only 

the exposure time of 105 s was significantly Werent fÎom the control flour, and the three 

exposure times were not significantly digerent fmm each other (DMRT, p - 0.05). 

Shear stFess aid shear rate data were coneîated by a two parameter power law mode1 

(Eq. 3.8) (Fig. 4.4). The chsical a p p c h  in describing mattiematically the ~htionship 

between shear stress and skar rate as indicated by equation 3.8 was not perfectly cornlateci. 

The simulation results over predicted the shear stress in ai l  experiments for the shear rate 



above 30 s". To correct this ineniciency, Eq. 3.8 was rnodined to the following form: 

Where: 

K, - modified consistency coefficient, 

n, - modifieci fiow behaviour index, 

Cm - modifieci Rabinowitsch-Mooney correction factor, and 

Ç - correction factor 

The modifieci correction factors are obtained using a '%est fit" approach (Cenkowski et al. 

1996). The veriiïcation of mis approach is shown in Fig. 45. nie modifiai coefficients 

used are shown in Table 4.5. 

Table 4.5 Values for the modifieci coefficients in Eq. 4.1 for doua prepared from the 
conml and flow exposed to infrared radiation for three ditferent t h e s  (30,6û, and 105s). 

Coefficients Innared treated flour for 

Means with the same letter for a column are not significantly different (DMRT, p c 0.05). 
n = 4  



4 
a contro~ 
O 30 s IR exposurc 
o 60 s IR exposure 
o 105 s IR exposure 

---- simulation, control 
- simulation, 30 s 
- simulation, 60 s 

O 206 S00 6W 

Shear rate, l/s 

Fig.4.4 Shear stress vs. shear rate in caPllary flour-water dough extrusion for the control 
sample and the dough prepared Born flour exposed to uifrared radiation for 30.60. and 

O 200 400 600 800 

Shear rate, i ls 

Fig. 4 5  Verifkation of the modifi.ed equation 4.1 against the results obtained at the 
conditions indicated in Fig. 4.4. 



4.23 F.rinogPph 

Water absorption, development tirne. amival time, stabiiity. and rnixing toleance 

index (M-TL) of the contml fbur and the tlnee i n b x î  tmted 5urs are shown in Table 4.6. 

The farinogrsuns of control fiour and three innared treated flous, organized in order of 

incresing infrand expsure time h m  top to bottom, are shown m Fig. 4.6. 

I d h m d  exposure time significantiy affected the water absorption of the flour. 

(ANOVA, p s 0.0001). The three innared treatments poduced effects on the water 

absorption that di&red siflcantly h m  each other and from the control flour (DMRT, p 

- 0.05). Redu*ion in water absorption capacity due to infmred treatment was 1.5.3.7. and 

9.3 % for the flou trieated at 30,60 and 105 s, respectively. 

Infrared treatments did not have any effect on the Farinograph &val time. The 

control flour had an arriva1 thne of 3 minutes, similar to that of the bûared treated fiours. 

Whred exposure time had a signifiant effect on development time of the dough 

(ANOVA, p s 0.0001). However, only expsure time of 60 s or longer were signifîcantly 

cüflkrent from the conml fleur (DMRT, p - 0.05). Development time was increased by 7 

C/C in flou exposai to infr;ired for 60 s and 20% for flou exposed for 105 S. 

Innrired radiation had a highly signincant effect on stab'ility of the dough (ANOVA, 

p 5 0.0001). The efkt of the 30 s treatment on stability was not signincantly different h m  

the effect of the 60 s treatment (DMRT p c 0.05). Innared radiation increased stability of 

the dough by 5 1.7% and 58% for the 30 and 60 s treatments and by IWO for the 105 s 

treatment. 

1nfr;ired heating dec~eased significantly the mixing tolerance index of the dough 



(ANOVA, p 4.0015). However, this eEect was not significantiy different h m  the control 

Bout for exposure tirne l e s  than 60 s (DMRT, p - 0.05). The M.TJ. decreased by 20% in 

flou treated for 60 s and 35% in flou treated for 105 S. 

Table 4.6 Farinograph indices for CWRS Bour exposed to merent 9inarrd 
radiation times (30.60, and lû5s) when the lamp was mted at 120 V and placed 70 
mm away h m  the sample. 

Water absorption (%) 63.1 A 62.1 60.8 572 

Am'val Time (min) 3.0 A 3.0 A 3.0 A 3.0 A 

Developman T i e  (min) 75 7.5 8.0 B 9.0 A 

Stability (min) 14.5 22.0 23.0 ' 29.0 A 

Mixing Tolerance Index 29.0 A 29.0 A 23.0 ' 19.0 

B.U : Brabender Units 
Means with the sarne lener for a row are not signif~cantly dinerent (DMRT, p0.05), n=2 

4.23 Mixograph 

Table 4.7 shows the mixing time to peak development (MM?. work input to peak 

m), peak hem right of peak (dm@ weakening angle) for the controi flou doughs and 

for three doughs made with flour exposed to infrared rays for 30.60. and 105 S. 





Fig. 4.7 shows the Mixograph curves of flour anangeci in order of incrieashg infrared 

treatment time h m  top to bottom. Fïour water absorption was adjusted to 63 % at 14% 

moishue content for al1 flou tested. 

Miami katkg proQced dgnübmt e f f i  un the mUiag time to peak development 

of the flour Qu@ tested (ANOVA, p s O.ûûû1). but exposure time of 30 s was not 

significantiy di&nm h m  the contml flour (DMRT. p - 0.05). Peak times of the fbur 

heated Mth mnand imeased by 1.8. 6.6 and 5 1.8% for the 30, 60 and 105 s innlaed 

exposun time respectively. - 

h b m d  treatmn did mt have a signincant efféct on the peak height (ANOVA, p s 

0.139). Inaared rays had a sipnincant effect on worlr input to peak (ANOVA, ps  0.000 1). 

Ali the exposure the means with the excepion of 30 s were sigrMcantiy different h m  the 

contml @MRT. p - 0.05). 
Table 4.7 Mkograph results for CWRS flou exposed to inhiind for 30.60 and 105 s 
when the lamp was rated at 120 V and piaced at 70 mm away h m  the flour sudace. 

Properties I n f i a d  Treated flour 
Conml 30s 60s 105 s 

Mwng t h e  to peak development (min) 4.42 450 4.71 6.71 A 

Work input to peak ( % Tq * min) 138' 136' 161B 2 M A  

Peak height 0 47.4B 47.7" 50.5 A 48.5 AB 

-- - 

MU: Mixograph Units. 
Means with the same lener for a mw are not sipnincantly Merent (DMRT, pr 0.05). n-3. 



Fig. 4.7 Mixographs of CWRS flour. Each of the times in the envelope and mid line 
report is represented graphically as a vertical line which overlays the data. These lines are 
identified by two letter codes at their bases. The syrnbols used for the envelope: left of 
peak (TL), peak (TP), right of peak (TR), curve tail (TT), time (W. Symbols used for 
the middle line: left of peak (ML), peak (MP), right of peak (MR), curve tail ('IT), and 
time (TX). 



Miami exposure t h e  deçreased signincantly the right of peak (ANOVA, ~ ~ 0 . 0 0 % ) .  

AU the exposure time niearrs wth the excepion of 105 s were not significântly dinerent h m  

the contml flou (DMRT, pû.05). 

4.24 FWng Number 

FalIÏng Numbers for the control flou and the three infbed treatments are shown in 

Table 4.8. M a r e d  treatment did not have any effect on the a- amylase activity. even when 

the fleur reached an average temperature of 78.- 5 1.5. 

Table 4.8 Faiîing Number and its standard deviation of CWRS flour exposed to Merem 
infrared radiation hes  (30,60, and 105 s) when the lame was operated at 120 V and 
placed 70 mm away h m  the sample 

Control lnfrared Treated 
30 s 60 105 s 

- -- 

M a s  with the same letter are not significantly different (DMRT. p = 0.05). n-3 

43.5 Viscoamylogriph. 

The Viscoamylograph mults for conml flour and the three infrared treated flours 

are show in Table 4.9. Infrared heating up to 105 s did not have a signifiant effect on 

Amylograph viscosity. 



Table 4.9 Amylograpb peak and its standard deviation of CWRS flour exposed to different 
innared radiation Urnes (30 U), 60. and 105 s) when the lamp was operated at 120 V and 
piaced 70 mm away h m  the flour. 

-- . 

Control Infiared Treated 

Peak height (B.U.) 786.7* r 24.94 776.7A I 17-00 763.3A I 17.00 753.3A t 9.43 
-- - . 

Means wüh the same letter are not s ignif idy dinerent (DMRT, p - 0.05). n-3 

4.2.6 Wet gluten content 

Wet gluten values for control flou and the three infrared wted flous are shown 

in TaMe 4.10. 'Ihere was a siBnificant eff- nom the innared ûeatment on the flou gluten 

(NOVA, p s 0.005). By comparing the ueatment means using the Duncan Multiple Range 

Test (DMRT) it was observed that gluten in the control flour was signincantly different 

h m  the giuten of the three M a m i  mated flours, although gluten contents of flou exposed 

for 30 and 60 s were not siiificantly diffe~ent. Wet gluten percentage fedllction due to 

iriadied radiation was 5.3% in flours exposed for 30 and 60 S. and 11.5% in flours exposeci 

for 105 S. 

Table 4.10 Wet gluten content and its standard deviation of CWRS flour exposed to 
different infrared radiation times (30.60. and 105 s) when the lamp was operated at 120 V 
and placed 70 mm away h m  the flou 

Control h û a d  Treated 
30 s 40 105 s 

Wet gluten content (%) 35.7 * I 0.41 33.8 î 0.25 33.8 t 0.40 3 1.6 t 0.29 

Means with the same letter are not significantiy different (DMRT. p = 0.05). n-3 



Starch damage vahies nK comi mur and the dPee mfrarad m t e d  flou aie shown 

in Table 4.1 1. This test @es an estimated proportion of total starch that is damaged 

(Farrand, 1%4). h h e d  radiation did not have a signifiant effe*. on the percentage of 

starch damage. 

Ta& 4.1 1 Starch damage ('A) and its standaid devi;ition for CWRS fbur exposed to innrand 
for 30,60, ami 105 s whai the lamp was operatedat 120 V ami phced 70 mm away from the 
flour. 

Starch damage ($6) 26.P I 0.00 ZSJA I 0.70 26.0' t 0.00 26 .SA r 2.12 

Means with the same letter are not signüicantly different (DMRT, p < 0.05), n-2 

4.28 Caxmdian short process metbd 

Lmfvoiumes. bread appearance, crumb structure and colour scores for breads made 

with control fbur and the three infi.ared treated flours are shown in Table 4.12. These values 

are one singie reading. Innared radiation did not decrease the loaf volume of breads made 

wah 80- diat were exposed to innared for 30, and 60 s, and slightly decreased loaf volume 

for the biead made with 8wr treated fw 105 s whrh was reduced by almost 9%. Total score 

(crumb stnicture and colour) for bread made with flour treated with hfhrd for 30 s 

miproved substanially (20%) compared to the control flour. Total score for bread made with 



flou tfeated with infrared for 105 s decreased by 5%. 

Table 4.12 Baking remlts for CWRS flour exposed to ulfrared for 30.60, and 105 s when 
the lamp was rated at 120 V and placed at 70 mm away h m  the flou. 

ControL Infrared Treated 

Volume (ml) 1050 1065 1040 960 

A ~ ~ e a m c e  72 7.8 7.5 7.5 

Crumb Structure 6 5  6.8 7.2 6.5 

Crumb Colour 8.2 8.5 75  8.2 

TotalScore 74 89 78 71 

42.9 Specbopbdometric method for measwhg Ltactiod g l u t e ~  

Innared radiation did not have a significant effect on the percentage of insduble 

giutenin in propanoVDTï on the infrared wted flour. 

Table 4.13 Percentage of insoluble glutenin for CWRS flour exposed to infrared for 30.60, 
and 105 s when the lamp was rated at 120 V and placed 70 mm away fiom the flou. 

Control flou 1- Treated Flou 

Insoluble glutenin (%) 21.62 A 21.65 A 21.40 A 23.30 A 

Means with the same letter are not significantly dinerem (DMRT, p < O.OS), n-2 



4 3  Themai Behaviour of FIour-Water Mintuies on the DSC 

Flour water mixtures at 8096 (wlw) moisture content made with control flom and 

three uinmed treated flom exhibiteci one weii defined gelathhtion peak and three s d  

peaks transitions when heated fkom O to 100 OC at a h&g rate of 10 'Clmin in the DSC. 

These pealrs shouid mainly represent tbe thermai esnsitiolls of stalcb and @uten since they 

are fbur main compoaen~ ( 8040 for starch and 9 to 18% for protein). Some lipids are also 

prisent in as samin percentage but thennographs of separated wheat lipids do not give peaks 

(Elliason and Hegg 1980). ûSa, peak and coqlete temper5itlîres for the gelatinization peak 

and enthlpy dahsaws of the control fiou and the three infraied treated flours are shown 

in Table 4.14. Inhared tieamia* iieither bad a signin*nt effea on geiatinization temperature 

nor on the enthalpy change. 

Table 4.15 shows temperame for the second, third and founh peaks. Infand heat 

did not af&t significanily temperaanes for the second and fourth peak transitions. The third 

transition temperatures were significantly affected by infrared radiation (ANOVA, p s 

0.028). However, only exposure time of 60 s or longer was signif~cantly different h m  the 

contml flour. (DMRT, p - 0.05). Fig. 4.8 shows a thermogram. 



Table 4-14 TemperatUres* OC. for <)irpet (?'O), Peak pp) ,  and Completion Vc), and enthalpy 
change (AH) and theïr siaadard deviatim for flour-water mixtures at 8090 (w/w) made with 
control Bwr aiid fiou exposed to i&rd radiation for three different times (30.60. and 105 
s)- 

Meam with the sem Ietter for a column are not significantly different @MRT. p.0.05), 
n - 3  

Table 4.15 Tempenmue and standard deviation for the second, thid, and fourth 
m i t i o n s  of flou-water mixes at 80% (w/w) made with conml fiour and the diree 
hfkued treated flom (30, 60. and 105 s). 

- - - 

Flow Temperature Transitions (peak temperatures) 

Means with the same letter for a column are not significantly different (DMRT. p - O.OS), 
n-3. 



Fig. 4.8 T h e r m o ~  of CWRS flour 



5 DISCUSSION 

5.1 Effect of b h m d  trorrtmew on stanh 

Inaand radiation did not have a signifiant e f fm  on the suscepliility of starch to 

hydmiysis by the a-amylase action as the F- Number, the Vixoamylagraph peak. and the 

amount of damged stairh weie mt signiScaatiy a f f î  by the infrand treatment, nor were 

the DSC peaks associated with starch affectecl by infrared miment. 

'Ihe Falïiug Number m m  the a- amylase activity whidi depends on the amoum 

of aizyme pnsea and on tk ~usapoiaËy of starch to hydroiysis (Shuey 1975). The amount 

oferaymepresentmtheCWRS fburwasquite bwnOmthebeghmingas shownbythehigh 

Falling Numbers obtained (betwan 538 and 5 14). nieSe values are even higher than the 

acœptaôk muge of200-300 fbr wbat used in ii pmiuction of leavened bread (Mailhot and 

Patton 1988). The suscepti'b'i of starch to hydrolysis by a- amylase was not affected by 

innared radiation (Table 4.9 and 4.1 1). 

In a simüar manner, M b t d  trament did not significantly affect the rate at which 

starch geiatinizes nor the rate at which the a-amylase liquefiers starch as the maximum 

viscosity of the 8wr paste (Amylograph peak) was not âffected. The percentage of damage 

starch exhibi  by the fbur fidi into the range of a North Amencan bread flour (15 to 30 %) 

(Fanand 1%4) and was not funtier increased by the innared treatment. Simüar resdts were 

obtained by Ghaiy et al. (1973) who measured the eEect of heat induced damage in wtieat 

as a consecpet~ce of sputed bed Qying. They found that heat treatment did not have any 

effect on the a-amylase activity and on the suscepibiiity of starch to hydrolysis. 

Fmtkr support for the Vioamylogxph result is provided by the DSC resuits (Table 



4.14 and 4.15). Starch gelatïnization properties seems not to be significantly affecteci by 

nifr;ued radiation, This is concluded fbm the characteristics of the fim m i t i o n  peak 

shown in the thennogram of the Qour water mix Big. 4.8). 

Gelatinization characteristics were obtained from the onset. peak and completion 

te- and pocess aiihapiy. The gelatinization peak tempemure, obtained around 57.8 

to 59 oc, was not signiucantly fieteci by infiami radiation. Similar results were obtained 

by Jovanovkh et al (1992) and Ghtasi et ai (1983) who reporteci gehtinization peaks at 62 

and 61°C in fiour-water mùctms at WO and 66 % xespectively. Although the flowwater 

mixtures used in this expriment were at 8090, the cornparison between samples is valid 

since the temperature of the nrSt transition does not vary significantly with water (Eliasson 

1980. Wootton ami Bamuiuar#:khi 1979). The onset. and completion temperature as weii 

as the pmces aatialpy were aiso not signincantly affécted by infhred radiation. Thaefore, 

ît can be concLded thst M a d  dici not sigriilrantly affect the amyloe-amylopcth 

arrangement, and the molecular and physicai structure in s m h  as gelatinization 

characteristics whkh tesug h m  the amylose-amylopectin arraignment (Medcaif 1%9) were 

not signifiant aected by infrared rays. 

The second and fourth pak transitions obsewed in the thermogam showed that the 

fusion of more stable starch ciystals (Jovanovich et al. 1992) and the dissociation of the 

amylose lipîd cornplex (Kugimiya et al. 1980) were not significantiy affected by infiad 

radiation. 'Ibe third peak obtaïned in the themograph corresponds to protein denaturation. 

The second peak oavned betwan 70.5 and 72.9 OC and conesponds to the fusion of more 

stable starch qstals. Jovanovich et al. (1992) reporteci this transition at 80 OC in flour-water 



màtures at 6046. The discrepamies in temperahire are due to tk daferences in water content 

m the samples. The higher the moisture content the lower the temperatwle of the peak 

transition (Eliasson 1980, Woottan and Bamunuarachchi 1979). 

nie kurth p i c ,  occunhg around 89.5 to 94.3 OC, comsponds to the dissociation 

of the amylose üpid cornplex (Kugimiya et al. 1980). Similar results were reported by 

Jovanovkh et ai. (1992) and Ghiasi et al (1983) who found the amylose-lipid peak near 118 

OC and at 1 0 ° C  in flow-water mixtures at 60 and 66% respectively. The ciifferences m 

te- üetween Jovamvich et ai. (1992) and Ghiasi et al. (1983) experiments and the 

resuits ieponed in this experiments are due to the fact that this peak mmsition depends on 

the water content. The hi* the water content, the lower the tempemm transition 

(Eliasson 19û0, Wootton and Bamunuarachchi 1979). 

5.2 E1Erctdinaucdtrrrtmmtoadpta 

Innaied radiation bad a sipnincant effixt on $luten as dough rnixing characteristics 

and Farinograph water absorption were significantly affected in the infr;ued treated flou. 

Physid properties of dough, megsuffd m the Farinograph and Mixograph, are in large extent 

attributable to its gluten @oguchi and Hlynka 1%7). The effect of infrared heat on gluten 

could be also observed by the decrease in wet gluten content and the increase in insoluble 

glutenin in pn,panoVtYrr as innarad exposuie time increased 

nie tbur water absorpion demasxi as Uifrmed exposiire time increased However, 

the water absorption for the 30 and 60 s infrand treated fiour still fa11 into the optimum 

range (60-64s) @en by the bead indusay. The reduction in flou water absorption is rnost 



likeiy due to the enect of i&md kat on gluten water imbibhg capacity. Absorption levels 

of fbur are hfîueaad by gotein content. as the most important factor, starch condition, the 

gesare of anior constituents such as dextrins, pentosans and celidose. The water soluble 

prote& have no water imbibing ppert ies  (KiynLa 1%4) whereas giuten has a relatively 

constant watePimbibing capacity (about 2.8 times to dry gluten content). Gluten present in 

the idhed tre!ated fbur for 6û. and 105 s was affecteci as these £leurs reached temperames 

of 64.2 OC t1.8 and 789OC t 1.8, respectively. At these tempetatures gluten is aükcted 

(Schofield et al.1983). Starch was not signincantly affected by innared radiation as shown 

by starch damage test and the DSC resuIts. Other flou compounds such as ceiIulose and 

dextrîn may have beai affiected by innand heat but their influence is minor because of the 

small awnmt present in flour ('Hl- 1964). 

Control fbw-dough ami Qugh made with the infiand treated flours exhibited non- 

Newtonian behaviour in the s k  rate range of 7.8 to 782.5 s-'. T'ose results are m 

agreement with Bhattacharya and HiiiHia (1986) who stated that food clou@ are non- 

Newtonian in nature. Dough flow curves were shaped concave downward on the shear 

stress-rate axis. This shape denotes pseudoplastic behaviour in which dough appean to 

becorne less viscous as the shear rate increases. Sïmiiar results were obtained by Sharma et 

ai. (1993) who found that wheat flou dough had a pseudopiastic behaviour at shear rate 

range of 9 to 5 0  s-'. 

The effect of uiorared radiation in the flou absorpion capacity may be mapily 

responsible for the Urrease in the consistency coefficient or apparent viscosity (Mohsenin 

1984). nie m e r  content of the doughs made with the innared treated flou for 30,60, and 



105 s was 46.9.46.4 and 45.3%. respeciiveiy. nie Qugh water content decreased as ùinared 

exposun t h  bmased because i .  radiation decnased the flow water absoipion and 

the amount of water adQd to the Qugh was deteTmined by the flour water absorption. 

Dough consisteucy coefficient incnases dramaticaliy with decnase in the amount of the 

water m the &ugh (Sharina and Hanna 1992). For instance. a 10 46 decrease in water 

content aaised an Sicrease of 95% in the consistency coefficient, and a 5 % water decnase 

produai a 74 46 iiciases in th& caefücient. The resuits obtained for the Qugh made with 

flou exposed to infrared for 30. 60, and 105 s showed that these mamients caused a 

decrease in &ugh water content of 0.3.0.8 and 19% and an ianease in the consistency 

coefficient of 9.6, 17 and 36.6% flabIe 4.4) mpectively. Denatumi gluten may have also 

contributeci to the mcnase in the consistency coefficient as seen in the Qugh made with the 

inâared treated fburs. Deriaturation of protein incrwises the viscosity of solutions (Neurath 

et aï. 1944. Bhattacharya and Hanna 19û6). Infraied m a t e -  fiou reached tempetanires at 

which gluten dannnation occm (between 50 and 65 00 (Alsberg and Grifnng 1927). The 

CWRS flour reached temperatures of 50 OC + 1.8. 64.2OC + 1.8 and 78.9' C + 1.8 when 

exposed to infrared radiation for 30.60 and 105 s respectively. Consistency coeficient. 

which increased as înfhd exposure t h e  hcreased. reflects the viscosity of a fluid and can 

be used to asses the dough handling pperties (Sharma and Hama 1992). Therefore, 

bakeries have to take this &O comidaation when designhg the pumpmg system. However. 

the coiisîstency coefkient obtained for the innared tceated flou might not apply completely 

as bakeries use a yeast dough containhg other ingredients besides water which af&ct the 

consistency coefficient as this depends on dough composition (Sharma and Hama 1992). 



Flow water absorption and loaf volumes were positively relateci. The 30 and 60 s 

inf iad  treated fiours which had high water absorption values gave high loaf volume. Flow 

treated with ùifrared for 105 s had the lowest water absorption and the lowest luefvolume. 

Tbey me two aspects r e w  to mbhg characteiincs. F'itiy. those MUrograph and 

Farinograph indices that date to dough development duMg mixing (&val t h e  and 

developmen time for the Farinograph and mixing the to peak developnent 0, work 

input to work (WIP) and peak height for the Maograph). Seconâiy, those indices relating 

to stabiriry. to breakdom of the doua upon continueci mairig (stabiiity and M.TJ. of the 

Farinograph and dough weakening angie of the Màogaph). Both of these aspects rn 

aûkted by hihed treatment in ways that are dependent on changes in giuten functionality. 

Dwgh niade with hûami trieated fbur requiied langer mixmg time to develop to an 

optimum, un be mixed for longez time before it s*uts to breakdom (dough development 

tme ami mühg tim to peak devebpmerit). becarne more mistance to mùnig, over mixing, 

mechanid abuse and wouid hold longer fermentation @king tolerance index. dough 

weakening angie, and stability). Arriva1 the was not sigd5cantly moâified by infiareci heat 

(Table 4.6). It is important to point out that doughs had dinerent water content since the 

flour water absorption was reduced by innared heat. The control flour had the highest 

absorption value (63.1%) and flou treated with innared for 105 s had the lowest value 

(57.1%). MixÎng time to peak development, which incteased as h h e d  exposun time 

increased is simüar to the dough development and the longer the peak t h e ,  the more the 

dough requires to develop to an optimum consistency (Shuey 1975. Johnson et al. 1943). 

Sirniiar resuits were reporteci by Neufeld and Walker (1990) who measured the mBUng 



characteristics of gluten sampîes heated at 110 OC for various time (25 to 10 hr) and found 

that the muing time increased as the heating tirne increased 

No chemicai analyses were conducteci to &termine the effm of i n f h d  on gluten 

structure. However, it ir suspecteü tbat tbe imease in the dough developrnent time i s  mainiy 

caused by the decnare in the degiee of interactions between ghitenin and g M i n  due to 

@utenin denaturation by heat During mixmg, ghitenin desegregates. depolymerizes and 

reaggregates with gliadin forming a viscous-elastic gluten (Mecham 1980. Belik et al. 

1986). The t h e  mcphed for this disaggregation and mggegation depends on the degree 

of interaction between glutenin and gliadin (Dupuis et ai. 19%). Cultivars that have more 

aggiegated %ÿidni-glutenm in the flour couid mquire les  mixing for optimum developnent 

and vice versa. Sapirstein and Fu (19%) stated that piiadin-@utenin interactions m smng 

wheats would be lower than m weak wheats. It is suspected that giutenin pperties were 

aitemi in the flou exposed to infrared radiation, since its properties start being afEected by 

heat at 55 % (Schofield et al. 1983), and the innared mted flou for 60 and 105 s reached 

higher temperatures (64.2 OC 21.8 and 78.9 OC t 1.8 respectively). The effect of M h e d  

radiation on glutenin could be also observed h m  the changes in the mixing characteristics 

of the infiared treated flom (Biea and Huebner 1980). Glutenin contained in the & h e d  

treated flours would not interact with gliadin as much as the glutenin in the conuol fIour 

would do. Giiadin acts as a plastcizer by weakening the munüil interaction between the 

gluten aggregates (Fu 1996). 

It is also suspected that the increase in glutenin size due to aggregation with itseif 

might contnaite to exphin the Im9se in minng tiw observed in the infrared treated flours. 



Wheat &ur pmteins have a strong tendency to aggregate (Fu. 19%) and this susceptibility 

to aggqatbn ic ednirrai ôy kat ( N d  et ai. 1944). Schofield et al. (1983) stated that 

heat induceci changes in giutenin appears to mvolve diaitnde and sulphydryl interchange 

reactions and the effeet of these reactiom is to incr#ise the molecular size of the glutenin 

aggregates. Gliadins do not appear to be affected by heat at the lower temperatures but at 

temperatures pater than 70 OC also undergo chernical changes, again involving SH group 

reactions. JeanjeSn et ai. (1980) also studied the changes that mur in gluten when heated 

at 100 OC and they suggested similarly that protein aggregation occurs thmugh clhifide 

formation. Weegeis et al. (1994b) fowd a high degree of aggregation of glutenin after 

heatiig. Tispe to peak devebpnent &pends largely on the size, structure and concentration 

of giutaiii poïpms and ratio of gliadin to @utenin (MacRitchie 1992). Gupta et al. (1993) 

speculated that the average molecuiar size of gluten in s m g  gluten is larger than in weak 

giuta S m g  wfieats generaily have a longer mixhg time than weaker ones (Pyler 1982). 

nie ma mticaible e- of imared ncatmed on the mining characteristics of flou 

was the increase in stability of the dough, which increased 100 % on the flour exposed to 

i&md for 105 S. The resistance to mixing and mechanical abuse and fermentation thne is 

directly rehted to stability (Pyler 1982, Shuey 1975). It is important to point out that the 

cormol flou had a high stability (14 minutes). Simüar results were obtained by Kent-Jones 

and Amos (1%7) who found that the aédition of 0.7 46 of highly overheated flou (heated 

at 82 C for 10 hours) to ordinary fbur increased the stabiiity of the dough rendering it more 

elastk and las irlined to fbw. As the bfrared exposure time incTeaSed the mixllig tolerance 

index decmmd, and the b u g h  weakening angle became larger (Table 4.7). Flow with low 



MT1 have a good tolerance to mixing whüe dough with high MTï's are sensitive to mixing 

and especially to over mixing (Shuey 1975). The -ter the dough weakening angie is. the 

more rapid breakdom occurs (Pyb 1982). Stronger fbm have a smaller cbugh weakenuig 

ana- 

It seems to be that mnared heat gave to the CWRS flour some characteristics of 

snwg fbur. Infnned heat increased development tirne and stability, and decreased maùig 

tolarnre index of the dough. The first two indices are positively rehted and the k t  one is 

negatively related to dough strength (Pyler 1982). Smng flom are the preferred raw 

material for the pmâuction of bread. A flair might be too strong for bnad making. such a 

fbur an be used in blendr to m v e  weaker flans (Bloksma and Bushuk 1988). It seems 

to be tbat hfhd raâiation bas a similar effect as adding GLU-R ftactions to fiour and 

replacing gliadin by a HMW fiaction (glutenin). Fu (1996) faud that these fiactions 

increased the DDT and WIP of the Qughs at ecpivalents ieveIs of protein enrichment. 

Preston et ai. (1975) stated that replacing gliadin by a HMW fiaction (glutenh) imprwed 

the strength of mïxing cwes  for synthetic dough consisting of gîiadin. glutenin and starch. 

The effm of infiad radiation on gluten functionality could be also observed fkom 

the decreased in wet gluten content in the flou exposed to infrared cays for 60 and 105 S. 

These results are expected since gluten is affecteci by heat at temperatures above 55' C 

(Cook 1931, and Schofield et ai. 1983) and the M a m i  treated flours reached temperatures 

of 64.2 OC I 1.8 and 78.9C I 1.8. Si* iesults were obtained by Swanson (1939) who 

found that heating wheat at 70 and 100 OC decreased the amount of gluten. It is suspected 

that the decrease in wet gluten content is mainly due to the reduction of the gluten water- 



imbïbing capacity caused by denaturation as mentioned early. Gluten imbibes water that 

oiakes up for Zn of the wet giuten rmiss (Knigtn 1%5) and its propnies are affecteci by heat 

at 55 OC. 

Vilastic properties of giuten obtamed firom fiour treated with innared for 105 s 

were aliaed by hhcired heat. Gluten obtahed h m  flour exposed to infrated for 105 s was 

less elastk than the conml fburand it did mt extend as much as the conml flour gluten did 

This was observed h m  stretchïng the giuten. No tests were performed to masure elastic 

popnies of Goadpi and glutenin are responsible for the visco-eiastic properties of 

gluten Hydrated giutenin ê mire elastic than gliadlli, and hydrated güadin is more extensive 

üian giutenin (Xngiett 1974). The temperature mched by the flou after 105 s of  i n h d  

heat was 789 I 1.5. At thir tempniaue not only glutenin but gliadin is afEected by heat 

(Cook 193 1. Schofield et al. 1983). Gluten might be denaturakd by this stage. 

nie nairs obraiied in tk DSC on protein deriaan*ion are not very conclusive. The 

thennograph showed a peak (3rd peak) around 77.6 and 85.I0C that is most h l y  due to 

denaturation of protein. The ANOVA analysis showed that temperature was significantly 

affec ted by ùifrared radiation. However, the standard deviation was very high (2.3 and 3.1 

for tk 60 and 105 s treated flou respectively). Results obtained on gluten denaturation by 

other researchers are also nos vw conclusive. Some authors like Arntfield and Murray 

(198 1). Schofieki et al (1983). ami Hoseney et al. (1986) found that wheat gluten gives only 

extremely smaii or no denaturation peak when heated h m  30 to 130 O C in a DSC. 

Whereas, Eliasson and Hegg (1980) found that isolated wheat protein gave two peaks (88.4 

and 101 OC) at 63% moistuie content. 



The amount of f i u i c t i d  glutenin, determimi by the amount of insoluble @utenin 

increaseâ as the Mmed exposure time iIrreased (Table 4.14). This is consistent with the 

work of Sapirstein and Johnson (1996) who found a high de- of comiation between the 

amount of nisolubie glutenin and Mixograph development thne. ana work input to peak. 

However. the irraise in ~ L i b J e  glutenh m the innared treated fioun was not signiücantiy 

different m m  the conml flou. It is important to caisider that the experiments were done 

only in duplicated. 

h h e d  treated flou exhibited Farinograms comsponding to strong flours. Flours 

tbat show curves correspoading c s m g  flous u s d y  give high loaf volumes (Pomeranz 

1988). However; this was not always the case with infrand treated flou. The 30 and 60 s 

nn.dnd treated fbur exhibited Fasinograph cwes  that correspond to stmng flours and gave 

loafvohurvrc smiilar to that of the coml fbur. However, fkm treated with infrsired for 105 

s showed a Farinograph airve for a smng flour but gave the lowest 1& volume. This 

behavior might be explaineci by the different rote play by giiadin and glutenin on dough and 

on the bread Ming characteristics, and by the diErence in sensitivity to heat shown by those 

proteins. Water soluble proteins do not appear to play an important nile in bread making 

(Inglett 1974). GluteMi û responsible for the moring requirements of dough which are 

described by the Farinograph and gliadin conmls the loaf volume potential (Bietz and 

Huebner 1980). lnfrand exposure of up to 60 s seems to affect glutenin since the mixing 

characteristics of the dough w m  changed, and it might have not affected gliadin shce 

mai<mnun avemge ternperanin: ceacheci by the sample was 64.2 OC f 1.8, and the loaf volume 

was no t affected. However, when ïnfhmi treatment lasts up to 105 s, the flour reached 



78.9 OC r 1.5, temperature at which güadm is affected by heat and glutenin may be locked 

into a denaturalizied stage on cooling due to sulphydiyv-de inenhange between 

exposed gilwp (Schofield et ai. 1983). This is demonstrated by the deciease in loaf volume 

(Table 4.12). Glutenia is the nst pmteh to be atlécted by heat (Cook 193 1) whereas gliadin 

is unaltered by heat up to 75 OC (Schofkld et al. 1983). Simiht tesuits were obtained by 

Ghaly et al. (1973) who found that severely heated samples gave typical strong flom and a 

poor ba€ volume (42% of the control value). 'Ibis might k also explained by the fact that 

there is a low correlation between the principal Farinograph characteristics and Ioaf volume 

(Geddes et al. 1940, ancl Johnson et al. 1943). 

The decmsed in volume seen in the 105 s i&ared treated flou Vable 4.12) may 

idicate a deterioration of the gluten quaüty snte alteration of the properties of heated gluten 

can be cmasmû by the demase m loaf volume of Qugh (Pence et al.1958 and Ghaly et al. 

1973). Similar resuits were obtained by Schofield et al. 1983 who famd a dec~ase in lm€ 

volume of appcoximately 44% in wet gïuten samples heated in a water bath at 7S°C. nie 

baking test used by the authors was a long fermentation procedure. 

Crumb characteriîtrs (cobur and structure) and bread appeamce were scored higher 

in the infrared treated flours for 30 and 60 s than the conuol flou (Table 4.12). Infiared 

treaunent less than 105 s seem to make the ceii walls in the bread thinner as the value for 

m m b  structure ~Iates to the thickness of the ceU walls, the thinner the ceil wall the higher 

the score (Kiibom and T i k  1981). Those charactristw were slightly decFeased on bread 

made with flour treated with hftareà for 105 S. Information on the type of crumb expected 

could be derived h m  the peak height of the Viscoamy1ograph (Pyler 1982). mour with a 



hi@ viscosity peak wiiî $ive a "dry crumb" where as a low viscosity peak causes a moist, 

soggy crumb. Viosity peaks obtained for the conml and innared treated fiours feu into 

the intemediate level m e e n  753 and 786 B.U.). 



6 CONCLUSIONS 

nie tempaanne disaibution of a deep CWRS flou hyer msed to mfrand radiation 

and the effect of three innand treatments on the consistency coefficient, now behaviouc 

index, Qugh mixing characteristics, Viscoamylograph pe& Faüing Number, wet gluten 

content, starch damage, flour ùaking performance, insoluble glutenin m 

propoVDitbio~ito1, and flou t b e d  transitions were studied and the following 

conclusions were derive 

Reduchg t k  between the famp and fiour from 100 mm to 70 mm iacreased 

the rate of temperature chauge at diffemnt de-, in particulatT the dynamics of the surface 

tempaanoe changes were gready affected. Decreasing the lamp rated voltage h m  120 V 

to 60 V caused a reduction an the severity of the trieatment of the sucface and a d e c m  in 

the rate change at different deph. 

Starch was mt afkcted by the infrand Ûeatment as shown by the d t s  obtained in 

the Viscoamylograph. F a b g  Numôer and starch damage tests and the peak msitions 

observeci in the DSC. 

Gluten was the min flour compound affecteci by infrared radiation as the dough 

mocing characteristics, the flour water absorption, wet gluten content and the bread bakhg 

characteristics were dtered by this treatment. 

Inn-and radiatjOn seems to have a striengthening effect on the CWRS flou as dot@ 

development the,  stability, mixirig tirne to peak development, and work input to peak 

increased, and mixing toIerance index decreased as inf iad exposure increased 

The rmst noticeable eftèct of hbred on the maing characteristics of the dough was 



die incmse in stabilay. It was increased by more than 50% for the dough made with the 30 

cnd60snnaredtnaiedfburaadby100%iithedoughniadewiih~ourexpsedto i n .  

rays for 105 S. This meaw that ïnfhred treated flour would have more resistance to mixing 

and mechanical abuse, and wouid aiiow longer famntation. 

nie flou water absoipion capacity was significantiy reduced by inn.and radiation. 

The awt exposed to infrarrd rays for 105 s endecf having a flou water absorption capacity 

of 57 96. lhis is a derrimental efféct fiom the baker's point of view. 

The dough consistency coefficient incnased as infrared exposure i n c d  

However, doughs wae prepmed at dabaat water content anâ coosistency coefficient is very 

sensitive to diffemces in the amount of water in the dough. The Qughs made with the 

control and ttie iiaared aested fbur behaved as a non-Newtonian fluîd with a pseudo plastic 

behaviour in the shear rate range of 7.8 to 7825 s-l. 'ibis bebaviour was not significantly 

aected by infhred raâiation. 

FUIICtiorial ghitenïn expressxi as the amount of insoluble giutenin in 

pmpanoVDithiothreito1 was not significantly affectecl by the inaared treatment. 

Loaf volumes seem not to be significantly affecteci in the flou exposed to infrared 

radiation for 30 and 60 S. However, loaf volume for the flou treated with infrared for 105 

s decreased The appearance, c m b  structure and colour and totai score were noticeably 

impved in the infrared treated fiour for 30 and 60 s , and slightiy increased for the 105 S. 

The DSC thennograms showed that gelatinization peal<. as weii as the other two 

peaks (fision of mie stable siarrh crystals and the dissociation of the amylose Lipid complex) 

were not s@&an@ W e d  by i&md radiation. These peaks occurred beiween 57.8 and 



59 OC, 70.5 and 72.9 OC. 89.5 and 94.3 OC, nsptively. 

The following recommendatiom are suggested for fiinire research: 

MM and mdbm h h e d  tmtmnt (30 and 60 s) in wbich the flou reaches avexage 

temperature of 64.2 OC + 1.8 and 78.9 '(3 15 seems to incnase the overail strength of the 

flour and impove bread baking cbaracteristics such as appeafance, c m b  structure and 

cobur. 'Ibaefore, ninher studies should be conducted on the effwt of infrared radiation on 

fbur of bwer grade and tk mur should mt m h e d  an average temperature higher than 78.9 

OC because at this temperature gluten pmperties are negatively affecteci. 

Tests performed on gluten showed that its properties were affixted by infrared 

radiation. However, the mechaniSm of this effect was not imrestigated m this rwxrch. 

nierehre, cheaiical atmlysk sbould be conducted to detamiiie tlie effect of ianand on giuten 

structme. nie efnect of Miami radiation on gluten properties should also be examined more 

closely. Tests such as alveograph and extensiograph shouid be conducted. 
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