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DEVELOPMENT OF THE PHYSICAL
AND MATHEMATICAL MODEL OF

THE BAKING PROCESS OF THE DOUGH
PIECES IN BAKERY OVENS

Kovalyov A.

O6’ckmom docaiorcens € Qisuuna ma MameMamuuna MoOel, NPUSHAUEHT O ONUCY MENIOMACONCPEHECCHN S
gcepeduni nopucmozo mamepiaiy nio Yac eUNIKAmus. 3 Memoio nNidsUeHHs AKOCMI A 00HOUACHO20 SHUNCCHIS
EHEP2OCNONCUBANH Y BUPOOHULMEI, 4 MAKONC NOKPAUAHH MEXHIKO-eKOHOMIUHUX NOKASHUKIG PO6OmU neyell,
mpusarocmi i 6esnexu ixnvoi excnayamauii edemvcs YOOCKOHALCHHS KOHCMPYKYIIL NIYHUX Azpezamis, po3-
POOKaG HOBUX | ONMUMI3AUIs MeN0BUX pexcumis ix podomu. OOniero 3 HalbivwUx nPodieM ¢ 3a0aua no 3amini
3acmapinux KoOHCmpYKyitli neweti HoBUMU, 3 ABMOMAMUUHUM DE2YTI0BAHHIM MENT08020 PENICUMY BUNIKAHHSL, U0
3abe3neuumo 6UCOKY AKICMb XA10a NPU SHUNCCHIT GUMPAM NAIUBA, NAPU, CLCKMPOCHEP2Ii MaA J00COKUX PeCypCis.
Ockinvru saxicmo 6upobaenoi npooyKyii, 30Kpema CMaK, apoMam, NOPUCIICb, 2LAHeUD, 308HIUUHITL 6U2LA0 A THILT
NOKASHUKU XHL000YI0UHUX UPOOIE 8 3HAUNI MIDI 3ALeHCaAmb 610 KOHCMPYKUIL Niun020 azpezamy, meniosozo md
2izpomepmiunozo pexcumie pobouoi Kamepu, a maxoxic NPAsuILHoi 1ozo excnayamayii. Ili paxmopu eniusaiomo
Ha 6Mpamu NPu BUNIKAHHL, KT MOACYMb 3MiHIOamMuUCch 6i0 6 0o 12 %, w0 enausae na euxio xaiba. Y daniii pobomi
Hagedeno Qisuuny i Mamemamuymny Mooers NPoyecy GUNIKAHHA MICMOBUX 3420MOBOK 8 XJAI60NEKAPCOKUX Neuax
Ha npuxaadi po3pobrenoi asmopom npomucrosoi neui K-IIXM-25 (Ykpaina).

IIpusedena mamemamuuna mooeb NPoUeCcy GUNIKAHH XAI0aA 8 2A306UX KAHAIAX NEKAPHOL KAMEPU 3 6PAXYBAHHAM
Padiauitino -KOHEEKMUBHO20 MENL00OMIHY, MACOOOMIHY 3 BPAXYBAHHAM 66E0CHHS B00SHOL NAPU OIS 360.10IICY BAHHS
MICMoBUX 3a20Mo8ox ma mypoyienmuocmi 6azamopasiozo nomoxy. 3anrexcricmv mypoyienmuocmi bazamogas-
1020 NOMOKY CPHOPMYILOBARA HA OCHOBL 0cepednenux 3a Peitnorvdcom cucmemu pisnanv Einepa. Jlana modenw
00360151€ 3 OCMAMHBLOIO MOUHICIIO T OCMANLHICINIO 8PAXOBYBAMU MEXHOLOZIUHI PEHCUMU A KOHCTRPYKMUGHI
0COOIUBOCINI CYUACHUX KOHBEEPHUX XAIOONEKAPCOKUX nevell. A maxoic 0036015€ NPOGOOUMU WUPOKT NaAPaAMemPuY -
Hi QOCHIONCeHHS CNOAYUEH020 MENAO0OMINY 6 HUX 3 BUXO0OM HA KIHUCSUT NOKASHUK — SKICMb 20MOBUX 6UPODIE.

Kmouosi cnosa: npomucrosa niv K-IIXM-25, padiayiiino-xoneexmuenuil meniomacoooMin, Mamemamuuna

Mo0enb npouecy suniKanus xaioa.
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1. Introduction

Baking bread is the most important process in the
production of bakery products. Taste, aroma, porosity, gloss
and other quality indicators of finished products is the
result of a number of physicochemical changes inside the
product during baking, which depend primarily on the
thermal regime of baking and steam humidification [1-3].
The oven is the main equipment of the bakery, it deter-
mines the type and capacity of the enterprise, the range
and quality of products. The oven is not only a thermal,
but primarily a technological unit, the main purpose of
which is producing high-quality products while ensuring
high technical and economic indicators — product output
with minimal energy costs. To ensure high-quality per-
formance of the furnace, it is necessary to use models of
a real system and conduct experiments based on a ma-
thematical model for analysis, design or redesign, control
and forecasting of a specific real process. This is relevant,
so many researchers have analyzed the baking process
in order to obtain an accurate mathematical model for
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modeling bread baking. So, the authors of [4] developed
a model for the process of baking a yeast dough and assess-
ing the influence of technological parameters. And in [5],
the authors made an analysis of heat and mass transfer
and changes in product quality during continuous baking
of cookies based on modeling of inductive furnaces. The
authors of [6] developed a model of bread baking using the
direct 3D numerical method at the micro scale based on
the analysis of the heat flux field during baking. But the
authors of [7] obtained the mathematical dependence of
the process of baking a dough biscuit. The authors of [8]
described the dependence of the heating of a cylindri-
cal dough piece. Thus, the object of this research is the
physical and mathematical models designed to describe the
heat and mass transfer inside the porous material during
baking. And the aim of research is development of a mathe-
matical model of the process of baking bread in the gas
channels of the baking chamber, taking into account ra-
diation-convective heat transfer, mass transfer, taking into
account the introduction of water vapor to moisten the
dough pieces and turbulence of the multiphase flow.
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2. Methods of research

The design of the K-BOM-25 baking oven developed
by the author (Fig. 1) includes the following components:
— an all-metal construction assembled from separate mo-
dules and insulated from the outside with mineral wool;

— gas channels in which bread is baked,;

— a movable bucket conveyor for moving dough pie-

ces (DP) in gas channels;

— input and output nodes of the furnace, including

the gas duct for the supply of green gas;

— steam humidification system;

— loading and unloading device.

That is, in the physical model of the baking oven under
consideration, the furnace-igniter unit is not considered,
and in accordance with this, the combustion processes
of the fuel also.

The environment of the gas channels of the baking
oven is considered to be two-phase, selective emitting and
absorbing, and is surrounded by diffuse boundaries and
consists of green gases and water vapor, which is used
to moisten the dough pieces.

B
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where p,; — the average density of the i-th phase, kg/m3;
o; — the volume fraction of the i-th phase in the flow
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Z(Xi =1[, p; — the density of the i-th phase, kg/m? 1 —

t 1e1 time,’s; V; — the vector of the speed of the i-th phase
averaged beyond Reynolds or Favre, m/s; V — Hamilton
operator, m™!; 7iz; and 77; — mass transfer rate from phase j
to phase i and vice versa, respectively (moreover), kg/(s-m?);
n — the number of phases in the stream.
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where p; — the partial pressure of the i-th phase, Pa;
w; and A; — the shear and bulk viscosity of phase i, re-
spectively, Pa-s;
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— stress tensor of the 2nd rank (or
the physical equation of state of

the medium that relates stress to
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exchange of momentum between
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Fig. 1. K-BOM-25 bakery oven:

1 — loading and unloading device; 2 — steam humidification system; 3 — full-metal construction;
4 — thermal insulation; 5, 13 — upper and lower heating channels; 6, 12 — upper and lower flues;
7 — firebox; 8 — mixing chamber; 9 — muffle; 10 — burner; 11 — baking chamber;

14 — bucket conveyor

Dough pieces and bread are considered wet capillary-
porous media with effective physical properties.
Dough pieces move with the bucket conveyor.

3. Research results and discussion

In the work, a mathematical model of the process of
baking bread in the gas channels of the oven’s baking
chamber, taking into account radiation-convective heat
transfer, mass transfer by introducing water vapor (with
water droplets) to moisten the dough pieces, is baked, the
multiphase flow turbulences can be formulated using the
system of Euler equations averaged over Reynolds [9, 10].
The equations written for each of the phases: continuity,

terphase surface velocity, m/s; F; —
the external mass force related to
12 the volume, N/m?

Fy =-0.5p,0, (Vg -V, ) X
x(VxV,)

— lifting volumetric force, N/m?, g — index of heating gases;
p — water vapor index with the inclusion of water droplets;

F,.=05 Ve 4V,
omi — V- apps TT_TT
— attached volumetric force, N/m?;
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conservation of momentum, kinetic turbulent energy and _Zn:K" (\7- _‘7_) K Vo — Mei Vo 3)
its dissipation and energy conservation: a7/ v JE
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where &; — the mass turbulent kinetic energy of the i-th phase,
J/kg ., izpiCukZ,-/si — turbulent viscosity of the i-th phase,
Pa-s; g; — the dissipation rate of the turbulent kinetic energy
of the i-th phase, J/(kgs); G, = u,y,-V\i’,-(V\i’,- +\7,-V), Pa/s;
Cii=2, Cy=2mn;;/(1+n;) — coefficient associated with the
dispersion of drops [2]; 6, — a constant; 6z, G, Cy, Cie, Cog,
Cs. — the parameters (constants) of the k—e model,
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where (:) — the double scalar product operator;

— mass enthalpy of phase i, J/kg; ¢,y — the mass isobaric
heat capacity, J/(kg-K); T,.,; — reference temperature, K;
qi=—0[l;cpi) ] VA(T) — the heat flux density vector
of phase i (or the physical equation of state of the me-
dium connecting q with VT), which takes into account
heat transfer for flow turbulence account, W/m?% A; — the
thermal conductivity of phase i, W/(m-K); Q;i=-Q; —
the heat transfer intensity between phases j and i (with
Qii=0), W/m?

h; at ;> 0;
" by at g <0

— enthalpy on the interphase surface (during evaporation,
this may be the vapor enthalpy at the temperature of
water droplets), J/kg; S; — volumetric heat source from
chemical reactions, W/m?;

In

j 1,dQ—4mn Loy (T, )]dv

Q=4n

— bulk density of the radiation heat flux of the selective
emitting and absorbing medium of the i-th phase, W/m?;
v — the radiation frequency, Hz; K,; and n,; — the selec-
tive absorption coefficient (m~!) and the refractive index
of the i-th phase, respectively; Q — solid angle, sr; Iyy; —
Planck function, W-s/(m?sr).

The spectral radiation intensity of the i-th phase
(W-s/(m?sr)) I; for the direction s in the solid dQ can
be represented as the dependence:

[z,'i (S) = Im' (SO)eXp(_J Km’ds)"’_
s0

+_[ Lo Ky eXp(—J- Kvids,,]ds,, (6)
s0 s’

where sy corresponds to the boundary of the medium.

For solid structural elements of the furnace and dough
pieces move together with a bucket conveyor, the system
of equations (1)—(5) is simplified to the heat equation
of the form:

@_v [M(T)VT(X)]+4q.,

Xm (0,4,2,0) O X (4,y,2) € X (2,y,2) €Q, (7)

where g, — the volumetric heat source associated with
loading the DP and unloading the baked bread (BB) from
the oven, W/m?, the specific power of which is determined
from the system of equations:

Tpp
J. Cp(pp) (T) dr
0
VDP ’
Tpp

J Cp(BB) (T)dT

q.= (8)

—Mpp

o 000000
’
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where pp,mz; — the mass flow rate of the DP/BB in
the loading and unloading unit, respectively, kg/s; cppp),
cypy — mass heat capacity of the DP/BB, respectively,
J/(kg-K); Vpp, Vg — volume of DP/BB, respectively, m%
X (x, y, z) — the Cartesian coordinate system of the solid
elements of the furnace, including the fixed — Xy moo (%, %, 2)
and the moving part, which refers to the bucket conveyor
and dough pieces — Xy moo (X, Y, 2, T); Veono — the conveyor
speed vector along with the bread that is baked, m/s;
Q — the calculated area of the baking oven.

The coefficient of exchange of momentum between
the phases in equations (2)—(5) depends on the selected
model of hydraulic resistance, Reynolds number, viscosity,
etc. and is determined depending on the physical state
of the phases interacting: liquid-liquid or liquid-gas, or
gas-gas. So, for example, the coefficient of exchange of
momentum between water droplets p and gas g can be
determined as [4]:

oL, 0
K, = g‘ci"p”f, 9)
P
where
Pud;
" A8y,

— the relaxation time of water droplets, s; d, — diameter of
water droplets, m; pop=pe/(1 — 0,,)*5 — effective dynamic
viscosity of a gas-liquid droplets, Pa-s; o= pe/(1 — 04,) > —
hydraulic resistance function; Cp — the coefficient of hy-
draulic resistance.

;38

TECHNOLOGY AUDIT AND PRODUCTION RESERVES — Ne 3/3(47), 2019



I55N 2226-3780

CHEMICAL ENGINEERING:
REPORTS ON RESEARCH PROJECTS )

The Reynolds number of a two-phase medium is de-
termined by the ratio:

_ Py ‘Vp _Vg‘dp
Megr '

Re (10)

The coefficient of hydraulic resistance is determined
depending on the Reynolds number:

24 Re<1:
ﬁat e<l;

24 3

Re 1+0.1Re% | at 1<Re<1000;
cp={Re (11)
.2

6
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where [ =(1-0,)% Arr=(0/(gAppe))"> — wavelength of
the Rayleigh-Taylor instability, m; ¢ — the coefficient of
surface tension, N/m; g — the acceleration of gravity, m/s%
Ap,y — the density difference between the phases p and
g kg/m’.

The initial conditions for the system of equations
(1)-(6) at 1=0:

Vi:();pi:(); T, =T
ki =ki; & =¢;

— J0. — 0
L,=D; o,=0"

(12)

where i=1,n — the phase index in the stream; T;°, k?, €} —
initial temperature (K), mass turbulent kinetic energy (J/kg)
and its dissipation rate (J/(kg s)); L — the initial length
of the zone of water vapor in the gas channels of the
baking oven, m; 0o — the volume fraction of water vapor
together with droplets of length L.

The boundary conditions for the system of equations
(1)—(8) with:

— in the inlet sections of the furnace, parameters are

set for green gas (i=g) and water vapor (i=p), mass

flow rate and DP temperature:

{n-vl- =V T=T0 tip = sl Top =T (13)

ki=ki"; e =€, oy =0,

where n — the vector of the external normal to the surface
of the input furnace sections; Vi” — normal speed, m/s;
Tj» — temperature of gas phases, K; mj, — DP mass flow
rate, kg/s; Tjn — DP temperature, K; k" — mass tur-
bulent kinetic energy, J/kg;, e — rate of its dissipation,
J/(kgs); o — volumetric part of the i-th phase at the
entrance to the furnace;

— in the outgoing sections of the oven, parameters are

set for the mixture (14), gas phases and mass flow rate,

as well as the temperature of the baked bread (15):

P =0, (14)

— out « 3y — pout . —_ out «
o =0 gy =mgh; Tes =TEY,

]"l_:]“’_uul; 5
ko= pout: g. = gout (15)

where ppir — the overpressure of the gas mixture, Pa;
Tewt, o, mys, Tge, ke, e — temperature (K), volume
fraction of the i-th phase, BB mass flow rate (kg/s),
BB temperature (K), mass turbulent kinetic energy (J/kg)
and its dissipation rate (J/(kg s));
— at the contact boundary between solids, the condi-
tions for absolute contact are set:

{T}=0;
(16)
{n-q}=0,
where {T}=T"-T"; {n-q}=n*-q*—n"- q7; «*+» and «—» means to
the left and right of the contact boundary; q=-MT)V-T —
the heat flux density vector; n — the vector of the ex-
ternal normal to the surface of the body;
— at the contact boundary between the multiphase
medium of the furnace, DP and the fencing of the
gas channels, the adhesion conditions for each of the
gas phases and the interface conditions in terms of
temperature and heat flux density are set:

1=0; (17)
. [n-(-0A(T)VT)-n-q, |~ gs =n-(~Ayy (T)VT),

where n — the number of phases in the stream;

qnzoc,T nZe Iy, —¢€, I Iin,l,i(sn)dﬂ]dv

=0 sn>0

— the resulting radiation flux of the i-th phase, W/m?
g, — the spectral blackness of the surface of the gas chan-
nels of the furnace;

i (e (T )= 1y (7))
FDP(BB)

qn =

— surface heat flux density associated with mass transfer on
the DP surface (moisture exchange due to condensation/
evaporation of moisture), W/m?; hy, — the heat of the first-order
phase transition for water (condensation/evaporation), J /kg;
Meonds Merqy — Mass flow rate of water during condensation
and evaporation, respectively, kg/s; T, — average integral
DP/BB surface temperature, K; Fppgpy — DP/BB surface
area, m?; lesr — the effective thermal conductivity of the
DP/BB, W /(m-K);

— at the boundary of the contact of the fencing of the

furnace with the surrounding air, boundary conditions

of convective type are set:

n-[-A(T)VT |=a(T)(T-T,), (18)

where oo — the heat transfer coefficient; 7, — the ambi-
ent temperature.

4. Conclusions

A mathematical model of the process of baking bread
in the gas channels of the baking chamber is developed
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taking into account radiation-convective heat transfer,
mass transfer taking into account the introduction of wa-
ter vapor to moisten the dough pieces and turbulence of
the multiphase flow. It is theoretically grounded that this
model will allow with sufficient accuracy and detail to
take into account all the operational and design features
of modern conveyor baking ovens. And it will also allow
for extensive parametric studies of conjugate heat transfer
in them with access to the final indicator — the quality
of finished products. But this theoretical justification re-
quires empirical evidence.
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