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Figure 1- Different components of the baking machine; a: upper heat exchanger, b: lower heat exchanger, c:
main chassis, d: baking bed, e: burner, f: chimney exchanger

soliiwul 5L8 s a5 A 5 5B S5 gug, b olgsls
3= oY aalive e oplha b U ey ke 4Lk
iy abidas JSb 5 ol b cliie (S5la Jase g0
08 in ado by H YL o et bbb (L
5o Bl3a € (A) JS8) 5k s canali ol
.@J‘b&iiﬁ‘)‘d&?@\)dwi@‘k

=S5 ) O iy dilae IS 5 B 5,85k 1
“Sle gl Oinpa b sl sl Slas 5 ol
e Y S g S al Y S el dlibas )8
=) S ad al (g9 sas sl ss0 5o Lol g Siw
Gos b > mdile (ls 5 (Ssom slassl s (B
ool swild gy 5 e o il s 4 (50 58
o slools plale Ly (su¥ 68 Judgsn S 51 SB 7 5a
Sad il e le WA Job 4 5 Sielie el
St s P 30311 4P 212 S il sie 50 65,

L S up San dadn sac A glols adale iy S
8 4 (LIS (gle sals s gl (38 55058 an LS o
) 9 oo JiSad SB g o (555 SRe Bl VY-
G oass soieSIA Gua Guia 3 Jaa slads (A
i sl S Bud w8 s SGA, 5 oSl iy,
e Ve kI L plasia LT s, oils! oL (Su S
9 DAY S (BA > a5l S 55
Lo 5L e 5850 s S S 51 S 5 £ 5 4o gane
9 (0o —0308M) disBs s Hea VE- - (S0 e s
OSA > ey 60 gdas b suldia) &l olS Vo ol g3
4880 50 590 8 AT G (deaas ol Hu el s
L5 LS50 il 51 (Sl e s (RAS (gl ol oo
S e o St b 58 S 5l iy S
o S o b (o g e b ol JED)
S 05550 s SN (5598 ey 5135 () o suldil
Vo Hlsi b (a5 5saS cal IG5 s LS) 5, 50l S



ay e SSS il ookl b Jgamme CatS iol38l gly aiitns e Syl b ylgd b oy cpible dawes

(AT JSd) el sa JS35 (B) o 0 (BS99
i olom sa 00 Ul il Ho Jase Gl Jadie
Cusaa gloa L lada a5 ol Jadie o)
olaala glols 50 ol Soloa Jase conlla 1y VY- -
olas o alise slacians B-Y K& o «S o g il
Sy 4 Jase 93 Ol (Js) L8 Lo ) sud suly
Y shols e 5 S b 8w Yl 1
W Jadie sue

S sladase o p giias JEI (5 5leudandd
Sl slo S plaml ails 50l Gwls (Fola Jas
a b 58 Galnlis oS il 5 s 5a ps e plalle o
“Jae 5o o8 e s 5 PRI PSS (s sk
Ol 9 e JLEDI wul 8 oud b (Sl sla
e s sladid sy (oo b B ol (5l Ladas
09 i b a gl o gem o lag] lide LIS Hu 158
Jot e s HSEAl 55 5 85 0 leh Ladase alb
=208 S ol ceal Yila Gl S5l s
Glos Al s 58 o i 158 cie s 2 55
2S00 e 5 Jane prhais sles 5 Jase JAls (sl sa
ol T by pblio (i bide LS 5y Juse ¢ shass
o o Sy ol S Hld sl Sl glos
ey i TLE el 5o s sols JLES) _8uls oy s
i aala ola) Bdy S (555 OIS,

sl iyl gk~ @Y Syl Jae 5land
(=0l sladase o astias JEB (g5 ludands alad)
Sllas slias (s 5 dlise Lwnia aaw 5 Jl a8
YL (o Jame (sia IS8 Gl nls sl e
COMSOL i3 ila ;s s e 5o A-Y St 3olls
4S 4 a5 g 4 &5 30 4 MULTIPHYSICS
9 @iy 5 AN Ko Gustens s slad Gl T olal
OoialS 5 oliwlae ol gprs Hobiie 40 oAy Sl
oloa Jase Gas spla cnlis 5l llaws alas e

RV JUPR

2 i Soloa Jase 50 9 a5k Ol S sbles
L5 w58 518 (Pan iy Sl Gl 59 (S 5 YL Lo
S S e S 4 GG ) s 4 ol JU
Jola dlad ol snd suysl V U< Lo 4S5 sb oy lan
s alidas 5 a0 o dadio b 55 3l 0al )
Ladase adus Gad o S o s 5 oudd sulica s LaJase
g LT dladuse mhas (WU (slos Juls 0 0 s oo
o b aplad e 0 S 15 iy Sl 5 S0 b &
e ok sosb b dase woay cpals bl
23 a5 s sl o (658518 LSl e oS Wa
e 4 A S el e aul g sy ceale Jals
4 iy e <€ el 4a g Wb Gl sy JEDI e,
"o oA B S S e D13 T s, O
o= o Ladae (b 5 Los 58 b (pl b aS
i slia,u Y sgaa Gida Job po S wal
O slaciad alai cdg (adle Jals 5 Siws 555
SRS Sl e Al 0o x ¥ sbadl Ly il !
il SRS o e 4 T oAy 5 s S @dbe
=1k ¥ IS Galae gl Sola sladase ol ()
RIYRWL

S adige ok wls Ldass slal 5 ok Sou Bk )
S gols (bl 5u a3l 51 Ghas Gudia S o se
1o dan 5o € lha sd OB 5 aed (505,158 Yo
Some o 2l gle £ 5 48 S o g iy
Lo aboguy cnlnbs s o oy 5 nas ol sbe S
s=oloa adilal 5 ead sl (Sola ) s
2 bl S lls 5o o) ol 5o oS e S se
il Gl 5o (a5 Gl b edg Gaa 5o red 4alad
S a5l Gl wdg cage g 80 S @dl e YL o )la
23 9050 058 (e Ll g 50 b EA s
L oL oy glageale oy S e yala Js
el 5 9IS 0 aaliine st o)l

bidas (@) o0 8! S Ol (YL (Sola Jae
sl s (d)sms0n e (0) Sloe sladd o (B)suss5



VY Jlo /Y ojlous ¥V als / plie mlio sba yinghy d puis

C “5A3J34.E§M:b ‘sdejuy:asu;ﬁguleﬁdg:B le..ru_'ilJlﬁd_\._\.oAJ3|CJEGJJIJ;‘5LAJ_\,\A—YJS.J.‘:

Jaudio ouien g g Jadie f (29,8 iSugu gl € (a9 A dlibdas 0 (Sl sladd gl
Figure 2- Heat exchangers of the first design A: Upper heat exchanger B: Lower heat exchanger; a: inlet pipe, b:
inlet chamber, c: middle pipes, d: outlet chamber, e: outlet chimney pipe, f: burner and g: burner blower
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Table 1- Boundary conditions of momentum transmission model

Boundary condition Value or Condition

Inlet: Velocity u=u,
nu=0

=k E=¢&

n.(n+mn, )(Vu +(Vu)T)n - [paCfI'ZSkTO'5 /(In(évj)/ K, +C+)}uu =0

Wall: Logarithmic wall function ~ N.Vk; =0

£=Co"k**/(k;5,)
5\; — 5WpaCo.25kT0.5 /77

Y7
o,=hl2
u=u,

Outlet: Velocity nvk. =0
T =

nVe=0
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Table 2- Sensory attributes and their calculated weights and assigned scores by a sensory panel for the quality
characteristics of flatbread

Weight

Mean sensory evaluation scores (G)

Attributes coefficients Baking Baking 24 h after 48 hafter 72 h after U
(P) method day baking baking baking diter
baking
Form and shape 4 A? 4.25 4.00 3.83 3.63 3.63
acceptability BP 4.33 4.04 4.25 4.00 3.92
Upper-level A 450 4.13 3.42 4.00 3.92
appearance 3 B 4.42 4.29 4.33 4.25 4.00
acceptability
Subsurface A 4.08 3.88 3.67 3.83 3.50
appearance 3 B 3.83 3.83 4.00 4.00 3.92
acceptability
Texture -porosity 2 A 4.25 4.06 3.79 3.63 3.63
intensity B 3.42 3.08 3.33 3.17 3.04
Texture - 5 A 3.83 3.71 3.25 3.17 3.17
hardness intensity B 3.33 3.73 3.54 3.54 3.29
Chew ability 1 A 4.50 4.13 3.83 3.58 3.67
acceptance B 3.58 3.33 3.25 2.92 2.58
Flavour, taste, 5 A 4.42 4.23 3.88 3.79 3.88
odour acceptance B 3.50 3.58 3.08 2.88 2.71

3 A: Indirect heat baking method; ® B: Conventional (direct heat) baking method
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Table 3- Specifications of the indirect flatbread baking machine designed in this study

Characteristics

Specifications

Length, width and height
Mass

Fuel consumption

Electric motor

Gearbox ratio

Power transmission system
Insulation

Baking bed

Baking bed diameter
Burner

Control system of the baking bed rotation speed

250, 250 and 180 cm

1700 kg

Natural gas

1.5 hp (three phase)

1to 64

Gearbox + pulley belt

40 mm thick rock wool

Cast iron plates with a thickness of 18 mm
220 cm

Iran radiator 1 155000 kcal/ h
Single-phase to three-phase inverter Ls brand
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Figure 8- Air velocity distribution in different parts of the selected lower heat exchanger
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Table 4- Air and surface temperatures of the upper
heat exchanger

Measuring  Air temperature in  Pipe surface

point the center of the temperature
pipe (°C) ()

6 310 865

7 410 950

8 320 796

Outlet pipe 200 560
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Table 5- ANOVA for parameter of bread baking

method and bread storage durations on the overall
quality index of the flatbreads

S.\v. df MS
Baking method 1 8.945%*
Storage durations 4 6.739**
Baking method x storage 4 1.445*
durations

Error 110 0.603

** P <0.01 and * P <0.05
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Figure 10- The effects of baking method and storage duration on bread quality index; A: Flatbread baked with

indirect heat, and B: Flatbread baked with direct heat
(different letters indicate a significant difference at 5% probability level)
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Introduction: In most countries, especially developing and underdeveloped countries, bread has
high nutritional importance. Bread provides 40 to 45% of bioavailable carbohydrates, is an
important source of proteins, and plays an important role in the digestive system (Aminpour and
Shariatzadeh, 2013). The average per capita global consumption of bread is 60 to 70 kg. Large
quantities of bread are wasted every year because different factors affect the number of waste
products include flour quality, bread production technology, and the storage condition of the bread.
Among the factors affecting the quality of the flatbread, technological factors including the source
and method of heating the dough and the type of baking bed are very important. Those factors affect
the quality and staleness of the bread and the amount of energy consumed per ton of the produced
flatbread. All of these issues depend on how heat and mass are transferred. At present, for the
baking of the flatbread, direct heat transfer of the burner (torch) to the dough is utilized in the
Iranian bread industry. The use of the direct heat method in baking causes non-uniform heat
distribution and non-uniform baking of the flatbread. Also, it causes the deposition of some
chemical compounds such as benzopyrenes on the surface of the bread due to incomplete
combustion of fuel and gases from the burning process of fossil fuels. At present, the change in the
structure of bread production from traditional methods to industrial methods is one of the most
important factors in the production of safe and standard bread while improving its quality. The
objective of this study was to improve existing systems and developed the new flatbread industrial
baking machine to increase product quality, product storability and reduce the bread contamination.
Material and methods: The design and construction of the oven were performed based on the
existing machine in the bread industry. The final dimension of the bread baking machine was 250
x250 cm, a height of 160 cm. Rotary bread baking machine with an indirect heating system was
designed and heat exchangers of the machine were simulated. Simulation process was carried out in
the COMSOL MULTIPHYSICS 3.5 software environment. The geometric shapes of the heat
exchangers were drawn in three dimensions and discretized using tetrahedral elements. The
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momentum transfer equations solved numerically in the prevailing computing domain. Direct
analyzer (UMFPACK) were used by the means of a PC unit with 16 GB of RAM. Turbulent
isotropic diffusion and isotropic diffusion (Tuning parameter) were assumed as 0.25 and 0.5,
respectively. The uniformity of airflow velocity inside the exchangers and the distribution of heat
on the dough on the baking bed were investigated. After achieving the most effective design, the
exchangers were constructed and installed inside the baking machine. A rotary baking bed was
constrained with cast iron with a diameter of 220 cm and a thickness of 18 mm that was able to
rotate horizontally. A three-phase electric motor with a speed of 1400 rpm and a power of 1.5 kW
was used for the rotation system of the bed and carousel assembly. Two heat exchangers with an
optimized shape were constructed with SS310 coupled with 2 burners. Bread baking experiments
with the developed machine and the existing conventional machines were conducted to evaluate the
sensory and staling characteristics of the produced flatbreads from different baking machines.
Results and discussion: The simulation results indicated that the air velocity in the center of the
middle pipes of the upper exchanger with a standard deviation of 0.05 was in the range of 1.552 to
1.72 m/s, which means an acceptable uniformity. In the lower heat, there was a relatively uniform
air distribution. The experimental validation of the developed simulator indicated that there is good
agreement between the measured and predicted air velocity. In the top exchanger, R? and RMSE
were 0.9 and 0.36, respectively and in the top exchanger, they were calculated to be 0.97 and 0.218,
respectively. The results indicated that the sensory qualities of the bread produced with the indirect
heating system in the present study as well as uniformity of baking and sensory acceptability were
superior compared to the bread produced from the conventional industrial machines with direct
heating systems (with a total sensory score of 5.09 vs. 4.54). Mold was also observed in a few
breads, with direct heating samples, after 168 hours of storage. However, no significant changes
were observed in the quality of the bread cooked by direct heating methods after 48 hours of
storage, and this type of flatbread lasted more than 168 hours without mold. It should be noted that
mold is one of the most important quality deterioration factors and its weight in the quality
assessment of the bread is greater than the other quality evaluation factors even though it has not
been included directly in the evaluation standards. If the bread becomes moldy, it will be unsafe for
consumption and fully wasted. Accordingly, the flatbread produced by the indirect heat was the best
choice for long-term storage purposes and the reduction of food waste. Another feature that was
evaluated in the bread was the uniformity of baking of all parts of the flatbreads. One of the main
problems with the industrial direct heat baking machines is the fact that the outer edges of the
flatbread burn due to the inadequacy and somehow incompatibility of the exchangers with the
baking space, the dimensions of the flatbread, and incorrect design of the heat exchangers. The
flatbread baked with indirect heat and the newly designed exchangers was very uniform with no
signs of burning in the outer edges of the bread.

Conclusion: In general, the results of the current study indicated that the use of the simulation
tools, the design and manufacturing of the new exchangers and uniform indirect heating of the
baking bed resulted in the production of higher quality bread which could be stored for a longer
period of time while reducing the food waste. Also, bread prepared using the new machine was free
of any contaminants such as PAHSs.

Keywords: Conservation laws of momentum, Flatbread, Heating system, Industrial backing,
Sensory evaluation, Simulation



