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Numerical Models in Applied Problems of Heat and Mass Transfer

Purpose. The problems of farm ventilation, prediction of CO concentration fields inside farms, prediction of ar-
tificial soil heating in greenhouses are considered. To solve a complex of such problems, it is necessary to have spe-
cialized mathematical models, oriented towards users in design organizations. Development of numerical models for
solving heat and mass transfer problems for agricultural facilities (farms, greenhouses). Methodology. To solve the
problem of ventilation of the working room (determination of the air flow velocity field in the room), a mathemati-
cal model of the motion of a vortex-free flow of an inviscid fluid (Laplace equation for the velocity potential) is
used. Numerical integration of the modeling equation is carried out using two schemes: a locally one-dimensional
scheme and a conditional approximation scheme. The G. Marchuk model is used to model the mass transfer process.
Splitting schemes are used for numerical integration of the modeling equation. Two numerical models are built to
analyze thermal fields in a stationary environment: a two-dimensional energy equation and a one-dimensional ener-
gy equation. Two difference schemes are used for numerical integration of the two-dimensional energy equation:
a conditional approximation scheme and an explicit finite-difference scheme. An implicit splitting scheme is used to
solve the one-dimensional energy equation. Findings. The software implementation of the developed numerical
models has been carried out. The results of computational experiments are presented. Originality. Effective mathe-
matical models and computer codes have been developed for solving problems of aerodynamics and mass transfer in
the working space, as well as the process of heat conduction in a stationary environment. The created numerical
models belong to the class of "diagnostic models™, that is, computer codes that implement the developed numerical
models make it possible to quickly obtain estimated data on thermal or concentration fields in the study area.
Practical value. The created computer codes can be used to analyze thermal and concentration fields in agricultural
premises (greenhouses, farms) to analyze the efficiency of energy systems and ensure the necessary ventilation and
heating modes of the environment.
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ing premises, at the stage of designing the ventila-

Introduction . o S
tion system, it is necessary to have specialized

Heat supply of agricultural facilities is a very
important task. Heat must provide the necessary air
conditions on farms, small enterprises engaged in
the processing of agricultural products, in green-
houses. Thanks to economical, resource-saving
heating modes, it is possible to reduce the cost of
many types of agricultural products. When consid-
ering the problems of this class, two classes of
tasks can be distinguished - this is the task of venti-
lation of working premises, in order to remove
harmful substances contained in the air of premis-
es, as well as artificial heating of the soil in green-
houses. Ventilation of agricultural premises is
a complex task, as it is necessary to take into ac-
count a significant number of factors that affect the
formation of concentration fields of harmful sub-
stances. To ensure the required air quality in work-

mathematical models.

For successful plant growth in cultivation fa-
cilities, especially during the cold season, it is very
important to maintain a stable temperature [2,
6-11]. Insufficient heat supply can lead to a slow-
down and reduction in growth.

To scientifically substantiate the parameters of
the greenhouse heating system, it is necessary to
solve a set of important problems. Particularly im-
portant problems include the problem of rational
heating of the soil in the greenhouse [11]. This is
due to the fact that the root system of plants must
be in a certain temperature range. Maintaining this
temperature range allows for a positive impact on
yield. On the other hand, a rational mode of heat-
ing the soil in the greenhouse allows for a reduc-
tion in the energy consumption of the enterprise
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and a reduction in the cost of production. To sub-
stantiate the heating mode, it is necessary to have
special mathematical models and calculation
methods. In this regard, an important scientific
problem is the development of methods for calcu-
lating the multifactor process of soil heating for
choosing an energy-saving heating mode.

Purpose

Development of numerical models for solving
heat and mass transfer problems for agricultural
facilities (farms, greenhouses).

Methodology

When solving heat and mass transfer problems,
it is necessary to determine two possible scenarios:

1. Scenario Ne 1: heat transfer (mass transfer)
process in the absence of medium movement — for
example, heating of soil in greenhouses with artifi-
cial heating.

2. Scenario Ne 2: the process of heat transfer
(mass transfer) in a moving medium — for example,
artificial heating of air in greenhouses.

Therefore, when developing numerical models
for the second scenario, it is necessary to add hy-
droaerodynamic equations to the modeling equa-
tions of heat and mass transfer. Let us consider the
modeling equations for solving problems of this
class. It should be emphasized that hydrodynamic
models are the foundation for creating methods for
calculating ventilation of agricultural premises.

Hydroaerodynamics model. To describe the
motion of an air or liquid medium, it is proposed to
use an inviscid fluid model. If the vortex process is
neglected, the modeling equation has the form:

oP?  opP?
W'ﬁ‘?:o. (1)

where P — speed potential.

The components of the air flow velocity vector
are related to the velocity potential by the follow-
ing dependencies:

oP oP
U=—,v=—.

ox oy

The boundary conditions for equation (1) are
considered in the works of Loytsyansky.

For the numerical solution of the modeling
equation (1), the method of establishing the solu-

tion in time is used. To use this method, the equa-
tion for the velocity potential is reduced to an
«evolutionary» form:

2 2
»_Fp o @
ot ox° oy
where t — fictitious time.
Next, a locally one-dimensional difference
scheme is constructed. For this, the coordinate
splitting of the equation (2) is carried out:

P P
a o ©
P o%P
Ao @

Next, a finite-difference scheme is constructed
for equations (3) and (4):

p" . —P" —-P" +P", .
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As can be seen, for the numerical integration of
equations (3) and (4) an explicit difference scheme
is used, which enables simple software implemen-
tation of the constructed numerical model.

Cyclic calculation based on dependencies (5),
(6) ends when the condition is met:

<g,

n+1 n
R =)

where ¢ — small number (for example, ¢ = 0,001);
n — iteration number.

The components of the flow velocity vector are
calculated as follows:
Pi—Pj P.-P

u .= I ,V. .= I’j i’j_l_

b AX h Ay

When performing calculations based on the fi-
nite-difference scheme (5), (6), it is necessary to
use a small-time step, which is associated with the
stability of the difference schemes. Therefore, an-
other numerical model was constructed to solve
equation (2). The difference equations for the nu-
merical solution of equation (2) are as follows:
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This difference scheme is absolutely stable and
allows for simple software implementation.

The considered mathematical models were de-
veloped for truss ventilation problems.

Mass transfer model. To solve the problem of
mass transfer in a moving medium, the following
equation is used (G. Marchuk's model):

oC ouC ovC 0 ( GCJ
_+_+_=_ IJ'X_
ot OX oy oX OX

et n+
RLE R
LR

0 oC
+—pu,— [+Qd(x—x)d(y-V;), (7
2L Z e @ate-x)s(y-w). 0
where C — impurity concentration in a moving me-
dium; u, v — components of the flow velocity vec-
tor; t — time; px, py — diffusion coefficients; (i, Yi)
— Dirac delta function; Q — intensity of impurity
emission into the environment.
The boundary conditions for equation (7) are
considered in [3].
The solution of the modeling equation (7) is
based on its physical splitting. The splitting is car-
ried out as follows:

GC GUC GVC _0, (8)
ot X oy
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The numerical solution of equation (8) is car-
ried out using the alternating triangular finite-
difference scheme. The solution of equation (9) is
carried out numerically using the method of A.A.
Samarsky.

To solve equation (10), the Euler method is
used.

This model, together with the developed nu-
merical aerodynamic model, is focused on predict-

ing CO levels on farms (CO emissions from ani-
mals).

Heat and mass transfer model. In the absence
of medium movement, the process of heat
conduction within the medium is modeled by the
following equation [1, 5]:

or o0 or) o oT
— =& |t | (11)
ot ox\ "ox) oy oy

where T — environment temperature; az(ax,ay)

— known thermal conductivity coefficients; X,y —

Cartesian coordinates; t — time.

To solve equation (11), the following boundary
conditions can most often be set: a «thermally in-
sulated» boundary, a boundary condition of the
first kind — a known temperature value at the
boundary; a boundary condition of the second kind
—a known heat flux at the boundary. For the time
t =0, a known temperature distribution in the cal-
culation domain is given.

Two difference schemes are used for numerical
integration. The first difference scheme is the ex-
plicit scheme [4]:
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The second scheme is the conditional approxi-
mation scheme. This scheme is two-step and has
the form [4]:

n+% n ; n+% n+> n+%
T2 |, Tt | ], Tt Tl
X 2 y 2
At AX Ay
n+1 n+% n+1 n+1 n+1 n+1
Ti,j _Ti,j -la TH—lj le +la TI j+l le
X 2 y 2 !
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A feature of the conditional approximation scheme
is that the unknown temperature value can be
found using an explicit formula. Developed com-
puter code.
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In the case where a one-dimensional heat con-
duction process is considered, the modeling equa-
tion has the form [1, 5]:

ﬂ_ﬁ(a ﬂj
ot ox\ ox)’
where T — soil temperature; a — thermal conduc-
tivity coefficient; x — the Cartesian coordinate; t —
time.

The boundary conditions for the modeling
equation (1) are as follows (Fig. 6):

1.At x =0, the given temperature is
T, =20 °C, which is maintained constant (bounda-

ry condition of the first kind).

2. At the end of the calculation area, the condi-
tion of a «thermally insulated» wall is implement-
ed.

At the initial moment of time, it is assumed that
the temperature in the calculation region is known
T, =20°C.

Numerical models. For numerical integration of
the modeling equation (1), a total approximation
scheme is used. This scheme has the form of
a two-step splitting:

(12)

— first step:
n+ A
T 2-T" | T 24T, .
At A ’

— second step:

1
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At A

The unknown temperature value inside the soil
at each step of the decomposition is determined by
an explicit "running" calculation formula.

The software implementation of the developed
mathematical model was carried out, and the
«SOIL-1» program was developed.

The developed numerical models are focused
on predicting temperatures inside greenhouses, in
particular, in the soil of greenhouses during its arti-
ficial heating. These models can be used to select
an energy-saving mode of artificial soil heating in
greenhouses.

For numerical integration of the Laplace equa-
tion for the velocity potential, an explicit scheme is

used. Equation (2) was reduced to the «non-
stationary» form:

2 2
oP _o°P apP_op o0°P , (6)
o oy
where t — fictitious time.
To conduct computational experiments, a soft-
ware implementation of the constructed numerical
model was carried out in the FORTRAN language.

Findings

The figures below show the solution of two
model problems. The first problem is the ventila-
tion of a mini-farm, where three animals are locat-
ed. Fig. 1 shows the air pollution zone (CO con-
centration field) during ventilation of the farm. The
movement of the air flow is shown by «arrows». It
can be seen that the developed numerical model
makes it possible to determine the regularities of
the formation of pollution areas.

8. 118E+82
e
c

=—b. 149862 o

8.248E+808
8.568]

8.245E+82

Fig. 1. CO concentration contours centered on mini
farms

As can be seen from Fig. 1, pollution areas with
a significant gradient of CO concentration are
formed near the animals. The pollution areas have
the shape of a «circle», which is explained by the
fact that where the animals are located, the air flow
speed is low, and the formation of the pollution
area is greatly influenced by diffusion. The calcu-
lation time using the constructed model is 3 s.

Fig. 2 shows the solution to the second model
problem — determining the temperature field in the
soil (greenhouse) during its artificial heating. Four
heating elements are located in the middle of the
soil, where a constant temperature of +35 °C is
maintained. The positions of these heating ele-
ments are shown by a «circle» in Fig. 2. The tem-
perature field formed under the action of these
heating elements is shown in Fig. 2.
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Fig. 2. Temperature field inside the soil during artificial
heating

As can be seen from Fig. 2, the use of heating
elements allows you to form a temperature field in
the area of the root system in the range of 24 °C —
26 °C.

Note that the calculation time was 3 s.

Originality and practical value

The construction of a complex of numerical
models that make it possible to determine the dy-
namics of heat and mass transfer processes and
aerodynamics is considered.

Computer codes have been developed to solve
problems of aerodynamics and mass transfer in
a working space, as well as the process of heat
conduction in a stationary environment.

The created numerical models belong to the
class of «diagnostic models», that is, computer
codes that implement the developed numerical
models make it possible to quickly obtain estimat-
ed data related to thermal or concentration fields in
the study area.

Conclusions

1. An effective aerodynamic model has been
constructed to determine the air flow velocity field
in a ventilated room.

2. A numerical mass transfer model has been
developed to analyze indoor CO concentration
fields.

3. Two numerical models have been developed
to analyze the process of artificial soil heating.

4. A computational experiment was conducted,
confirming the effectiveness of the developed nu-
merical models.
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YuceabHi MOeJ1i B NIPUKJIATHUAX 32/12a49aX TEIJIOMACOIIEPEHOCY

Mera. PosrnsiHyTo 3ama4i BeHTWALil ¢epM, MporHo3yBaHHs KoHLeHTpauiiiHux moniB CO BcepenuHi depm,
MPOTHO3yBaHHS LITYYHOTO HATrPiBY IPYHTY B TEIUIMISIX. [IJist pillleHHs KOMILIEKCY TaKUX 3aad MOTpiOHO MaTH crie-
Iiaxi3oBaHI MaTeMaTHYHI MO, OpIEHTOBaHE Ha KOPUCTYBAdiB B MPOCKTHUX OpraHizamisx. Po3poOka gucempHUX
MoJeNnell I pilIeHHS 3a1ad TEIIOMACOIePeHOCY IS 00’ €KTiB CLNBCBKOTO rocmomapcTBa ((hepMu, TETUIHIIi).
Mertoauka. /g pimmeHHS 3a7a4i BEHTHIANII poO0YOro MpUMIIIEHHS (BH3HAYCHHS ITOJI MIBHIKOCTI IOBITPSHOTO
MOTOKY B IPHUMIIIEHHI) BUKOPHUCTOBYETHCSI MaTeMaTHYHA MOJEIb PyXy O€3BHXPOBOTO IOTOKY HEB’SI3KOi piAWHH
(piBHsHHS Jlammacy Ui MOTEHIATY MBUAKOCTI). YHCeNbHE IHTETPYBAHHS MOJICIIOIOYOT0 PiBHIHHS 3MIHCHIOETHCS
3a JIOTIOMOTOI0 JIBOX CXEM: JIOKQJIbHO- OJHOBHMIPHOI CXEMH Ta CXEMH YMOBHOI ampoKcuMartii. it MogearoBaHHs
NPOLIECY MAacOINEPEeHOCY BHUKOPUCTOBYEThCS Mojenb ['. Mapuyka. J{ns 4ncenbHOro iHTErpyBaHHS MOJIEIOHOYOTO
PIBHSIHHSI BUKOPHUCTOBYIOThCSI CXEMH PO3IIEIUIeHHs . J{Jsl aHai3y TEeIIOBUX I10JIiB B HEPYXOMOMY CEpEIOBHUIIIE I10-
OynoBaHi JIBi YMCeNbHI MOJIEIi: IBOBUMIpHE PIBHSHHS €HEPTii Ta 0JJHOBUMIpHE PiBHSHHS eHeprii. st uncenabpHOr0O
IHTErpyBaHHS IBOBUMIPHOTO PIiBHSHHS €HEprii BUKOPUCTOBYIOThCS JIBI PI3HUIEBI CXEMHU: CXeMa YMOBHOI allpoKCH-
Matlii Ta siBHa KiHLEBO-pi3HHIIEBa cxeMa. J[is pillieHHs] 0JJHOBUMIpPHOI'O PIBHSHHS €HEprii BUKOPHCTOBYEThCS HESIB-
Ha cxeMa posiieruieHHs. Pe3yabTaTu. 31iiicHeHa mporpaMHa peaizalisi po3po0JIeHHX YhcenbHUX Mozeneld. Hase-
JIeH] pe3yNbTaTH O0YMCITIOBATBbHUX eKkcriepuMeHTiB. HaykoBa HoBH3HA. P0o3po0ieHi epeKTHBHI MaTeMaTHIHI MO-
JIerTi Ta KOMIT FOTEePHI KOAM IS PO3B’A3KY 3a]ad aepoJUHAMIKH Ta MacolepeHocy B poO0uOMy NMpHUMIIIEHH], a Ta-
KO TIPOIECY TEIUIONPOBITHOCTI B HEpyXoMoMy cepenoBuiii. CTBOpeHi YHCENbHI MOJETI BITHOCATHCA 10 KJIacy
«diagnostic modelsy, To6To, KoM FOTEpHI KOJH, [0 Peali3yi0Th PO3POOIIEH] YUCENbHI MOIEN, TAI0Th MOXKIIUBICTh
OTIEPaTHBHO OTPUMATH OLIHOYHI [aHi MO0 TEIUIOBHX a0 KOHIICHTpAI[ifHUX IIOJNIB B 0OJACTi JOCIHIiIKEHHS.
MpakTuuna 3HaunMictb CTBOpEHI KOMIT FOTEPHI KOJIU MOXKYTh OyTH BUKOPUCTaHI JUIsl aHaJi3y TEIJIOBUX Ta KOH-
LEHTPALfHUX TI0JIIB B CUILIOCH NPUMIIIEHHSX (TN, (hepMu) I aHami3y eQpeKTUBHOCTI pOOOTH €HepreTHIHNX
CHCTEM Ta 3a0e3ICUCHHS MOTPIOHUX PEKUMIB BEHTHIIAIIIT Ta HATPIBY CEPEIOBHIIIA.

Kniouosi cnosa: TemnomacornepeHoc; HarpiBaHHs IPYHTY; BEHTWIALIS MPUMIILEHHS; eHEpro30epexeHHs; Mare-
MaTH4HE MOJIEITIOBAHHS
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