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Abstract. his paper presents the development of a two-dimensional
mathematical model for monitoring heat and moisture transfer in grain storage
systems. The model is based on the fundamental principles of heat conduction
and moisture diffusion, and it takes into account the specific thermal and
hygroscopic properties of stored grain. Numerical algorithms have been
implemented to solve the governing partial differential equations, enabling the
prediction of temperature and moisture distributions over time. The proposed
model serves as a tool for assessing the stability and quality of stored grain,
allowing for real-time monitoring and control of storage conditions. The results
demonstrate the effectiveness of the approach in simulating the dynamic
behavior of heat and moisture movement, providing valuable insights for
optimizing grain storage management.
Keywords: rain storage, heat and moisture transfer, two-dimensional model,
numerical simulation, monitoring, forecasting, mathematical modeling, storage
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AnHoTanmusi. B 9T0olf crathe mpeacTaBieHO pa3paboTka  JIBYMEpHOMH
MaTeMaTHYECKON MOJIETH JJIsi MOHUTOPUHTA TEIJIoNepeiadyl U IepeHoca BJaru B
CHUCTeMaX XpaHEHHUs 3epHa. Mojenb OCHOBaHa Ha OCHOBHBIX IPHHIIAIIAX
TEIUIONPOBOAHOCTH M Iu(p@dy3un Biaru, a TaKkKe YUHUTHIBACT CleHU(UUECKUe
TEIUIOBbIE M TUTPOCKONMMYECKHE CBOWCTBA XPAaHUMOTO 3epHa. Jns pemieHus
OCHOBHBIX YacCTHBIX JAU(PepeHlnaIbHbIX ypaBHEHUH OBLUIM peain30BaHbI
YUCIICHHBIC  alTOPUTMBI,  TO3BOJIAIONIME  MpPEACKa3aTh  paclpeesicHue
TEMIEPAaTypbl W BIAKHOCTH BO BpeMeHH. lIpe/uio)keHHas MOMACNb CIYKUT
WHCTPYMEHTOM JIJISl OIICHKH CTa0MIIBHOCTH U KaueCTBA XPAHUMOT'O 3epHA, & TaKKe
JUIS MOHUTOPHHTAa W KOHTPOJIA YCJIOBHW XpaHEHHWs] B pPeaJbHOM BpEMEHH.
Pe3ynbTatsl mokas3piBaloT 3(HEKTUBHOCTH MOAX0/1a B CUMYJISILIMKA JUHAMUYECKOTO
NOBE/ICHUS TEIJIa U BJIard, MPEIOCTABIAA LICHHBIC CBEIEHUS ISl ONTHUMH3AINH
yHpaBieHUs NPOIleCCaMH XPaHEHUs 3epHa.
KiroueBble cJjioBa: XpaHEeHWE 3€pHA, Iepeqavya TeIula W BJard, JAByMEpHas
MOJIe]Ib, UYWCJIEHHOE  MOJICIMPOBAHHE, MOHUTOPUHI, MPOTHO3HPOBAHUE,
MaTeMaTHYeCKOe MOJICIIUPOBAHNE, YCIOBHUS XPaHCHHSI, COXpPAaHCHHE KauecTBa.
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Annotatsiya. Ushbu maqolada don mahsulotlarini saqlash tizimlarida issiqlik va
namlik uzatilishini monitoring qilish uchun ikki o’lchovli matematik model ishlab
chiqilishi taqdim etiladi. Model issiqlik o’tkazilishi va namlik o’tkazish bo'yicha
asosly fizika qonunlariga asoslanadi hamda saqlanayotgan donning issiqlik va
gigroskopik xususiyatlarini hisobga oladi. Boshqaruvchi xususiy tenglamalarni
yechish uchun sonli algoritmlar ishlab chiqilib, ularning yordamida vaqt davomida
harorat va namlik tagsimotlarini oldindan aniqlash imkoniyati yaratilgan. Taklif
etilgan model saqlanayotgan don mahsulotlarining barqarorligi va sifatini
baholash, shuningdek, saglash sharoitlarini real vaqt rejimida monitoring qilish va
boshqarish uchun samarali vosita bo'lib xizmat qiladi. Model issiglik va namlik
harakatining dinamikasini ishonchli simulyatsiya qilishdagi samaradorligini
ko’rsatadi hamda don saqlash jarayonlarini optimallashtirish bo'yicha foydali
tavsiyalar beradi.

Kalit so’zlar: don saqlash, issiqlik va namlik uzatish, ikki o'lchovli model, sonli
usul, monitoring, prognozlash, matematik model, saglash sharoitlari, sifatni
saglash.

Introduction

Food losses and spoilage worldwide have become a hot topic of research due to
their significant impact on the environment, economy, and society [1].
Approximately one-third of food produced globally is wasted annually [2]. Poor
grain storage management leads to rapid deterioration of its quality and nutritional
value [3]. Stored grain has been studied as a critical factor in its preservation, with
moisture content being one of the most important elements[4]. The moisture
content is closely related to the activity of insects and microorganisms. The rate of
grain spoilage is primarily determined by temperature and moisture distribution
within the grain mass [5]. The interaction of these factors influences the safety of
the stored grain ecosystem. Therefore, even with good storage practices, the safe
storage of grain cannot be effectively ensured, and the quantity of grain may be at
risk of spoilage.

In food technology, most research has focused on methods to reduce drying time,
such as utilizing additional heat sources (microwaves and radiation)to accelerate
the sublimation drying process and increase productivity [6]. Developing
mathematical models, numerical algorithms, and software for monitoring and
predicting heat and moisture transfer processes in grain storage is an important task,
especially in the context of agriculture and food security. Heat and moisture
transfer processes can significantly affect the quality and safety of stored grain
products.

170 ——
ISSN 3030-3907



MAY 2025/5 Development of science Volume 2

In one study [7], the author used a hysteresis cycle model (HCM)to describe the
average temperature of the grain mass and the daily fluctuations in air temperature.
The forecasting model was developed using Fourier series and the least squares
method. The Fourier series model was used to predict grain temperature statistics
based on daily air temperature. By establishing a relationship between air
temperature and grain temperature, called conversion coefficients, HCM

determines the optimal model construction order using Akaike's information
criteria. This method reflects the time delay in grain temperature changes in
response to air temperature changes and requires only one variable (air
temperature). Experiments using the model involved predicting temperature and
comparing actual results obtained during grain storage over 425 days with the
observed values, leading to satisfactory results.

The article [8] provides information on the environmental conditions
(temperature, relative humidity)during wheat storage in corrugated galvanized iron
silos, in closed rooms, and under shelters. Another study [9] highlighted the impact
of relative humidity and temperature changes during storage on the moisture
content of stored soybeans and corn grains.

The authors [10] developed a three-dimensional transient combined model (a
model of the space, soil, and heat conduction of bulk grain) to predict grain
temperature in a grain storage facility. Various grids, including linear and hybrid
(linear and quadratic) elements, were used to model grain temperature. The
accuracy of temperature predictions from different grids was compared. Given the
slight increase in accuracy with more time spent on grid cleaning at the boundary,
the same grid was preferred for predicting grain temperature in the bulk grain box
with grid cleaning over the entire area.

Problem Statement.

Open-air grain storage facilities resemble a rectangle interacting with the
environment. The proposed mathematical model of the heat transfer equation takes
into account internal heat transfer and humidity and describes the dynamics of the
thermal state of the mass:
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with initial
T(x,z,r) o = %(x,z); 3)
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Here T and Q are the values of temperature and moisture of a porous body;

a“(x,z,r), a22(x,z,z')—therma1 conductivity coefficients; au(x,z,z'), am(x,z,r)
- moisture conductivity coefficients; F, (x;z;f) =h-e - intensity of internal heat

0

release of the mass ; b = =- heat release coefficient; ¢,- specific heat capacity; ¢
<

- empirical parameter; F, (x;z;r) = pmoe_§’ — intensity of internal moisture sources
5 p— material density;

&- drying coefficient; m - maximum evaporation rate;
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B - heat transfer coefficient; T,.,- ambient temperature;

[, - moisture transfer coefficient; O, , - ambient humidity.

Solution method. To solve the problem (1)—(12), we use the finite-difference
method, replacing the continuous solution domain with a grid one and introducing

the following space-time grid:
Q. ={(x=iAx, 2, = jAz, 7, =n At);i=1,N,; j=LM,, n=0,N,, Ae=1/N.},

we replace the differential operators of equation (1)with difference operators Ox :

n+1/2 n n+1/2 n
15 —T; 1Tz+1] i+l,j

2 Ar/2 2 Ar/2

1 ntl/2 /2 n+1/2
:sz(allz+05 il ; (a111+051 Td,i05, ])T b il | )+

1 n
+—A22 (all,i,j+0,5Ti,j+l (an i, j+0,5 T A ) os)T Ty osT )

1 n n n
+_Ax2 (alz,i+0,5, G,y — (a12,i+0,5, i T Ai05,; )Qi, it ani05, 94, ) +

1 r o 1
t— A2 (alz i j+0590 i1 (a12,i,j+0,5 + alZ,i,j—O,S)Qi,j +a15; i-059; j11 ) + Eﬁi,i,j;

and grouping similar members, we get:

A1,i-05, 7 pusli2 | A1ir05,; T Aic0s,; 1 2 Ariv05,; 1 ) onen _

) TR + e ik,
-1, ; +1,
AT Ax? At | "/ Ax? At |
1 305 TA1Li, 05 |on | - A 1,0, j+0,5 1,0, j-0,5 o
3 - 3 e+ e
AT Az AT Az Az
A12,i+05,7 T A2,i05,; " A2,i,j+05 T 42,0, j-05 o'+ A12,i+05, o
= i,J i+l,
Ax? Az? 4 Ax? it
a i Ain - - 1
12 i-0,5,j 12,4, j+0,5 An 12,i,7-0,5 ~n
+ Ql l _] 2 Ql,]+1 + 2 Ql?j_l + _Fisiaj
Ax? Az Az 2
Let's introduce the following notations:
_ A1,i05,) T 1,405, T Ari-05,; 1 D05,y 1
dij = 2. > Yij T 2 y & N b
Ax Ax AT Ax AT
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me 1 i 405 T4, j-05 o | A 1,0, j+0,5 o A 1,0, j-0,5 o
iL,j = B 2 i,j+_ i+1,j+—2 l',j+1+— i, j-1
AT Az AT Az

_(alz,i+0,5,j T4 05, % A0, 40,5 TA2,i, /0,5 an ayy, z+0 A12,i+05,) 212,405, oy
i,j

Ax> A2 i+l T
a12,i-0,5, A12,i,j+0,5 A12,i,j-0,5 1
+ Alxz Lo T];Qfﬁl + #ij—l "k
we obtain a system of three diagonal algebraic equations:
Next, we approximate the boundary condition (5) by and Ox obtain:
3Tn+1/2 + 4Tln+1/2 2n+.1/2
U e > J =y, (Ttash Tn+l/2) ‘ (14)
From the system of equations (13) when i =1, we obtain:
n+l/2 —b T n+l/2 A len+1/2 ——d, ,. (15)
n ns
By putting 7, ;* from (15)into (14), we find T; ;°:
T2 _ 4uc, ; _bl,j:u T2 dl,j/u +2Mxp01 [T

0,7 Lj

3pc j —ay 1+ 200pc 3ucey j —ay 1+ 200
where the running coefficients ¢, ,, 5, ;are calculated using:

dl,j:u + 2Ax‘/llcl,j];ash

4uc, . —b .
HC; — O 4 And 3

a e _
3ucy; —ay ju+200pc q 3ucy; —ay ju+ 20y ¢

e

Similarly, approximating the boundary condition (6)by Ox, we obtain:

n+1/2 n+1/2 n+1/2

N. iV 3 _ n+l/2
H 2Ax o llyl(]-;‘ash N,j ) (16)
Applying the sweep method to the sequence for N, N -1 and N -2 we find N”ﬂ/ ?
and Tn+l/2
1/2 1/2 )
T]\’}Jrl j =0N_ 1]Tn+ +ﬂN—1,ja> (17)
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Tn+1/ 2 Tn+1/ 2

N-2,j =0 ;0N N, ;T ON_2 By, it Pna, (18)

By putting T, ]\’ﬂ/ 5 from (17) and ]\;}+12/2] from (18)into (16), we find "+J1-/2:

T””/z (4,BN—1,]' B aN—z,jﬂN—l,j ] IBN—Z,]' )ﬂ — 2y AXT g,
Ay, jO0N—y M~ A0y 1+ 30 =2y, Ax

(19)

n+l/2 n+1/2 n+1/2
T T, Y

v-1,j sequence, Ty, are determined by the method of

temperature

backward sweeping by decreasing the value of i sequences:

Tn+1/2 Tn+1/2 + 8 i=N— 1’1, ] = O’M . (20)

l] i+l,j i,j°

Similarly, equation (2) is approximated by Ox finite-difference relations:

A 1 @05 T 914,05 | An [ A1, j+0,5 ~n 1,1, j-0,5 ~n
e 3 O it 3l =25 Gt — S0 =
AT Az AT Az Az

A2.i+0,5,; T 422,i-05, - A i, j+0,5 T 42,0, j-05 o a22.i+0,5, j i
- T2 Litl,j
Ax? Az? Ax? /
23,i-0,3, 234, j+0,5 2.0, j-0.5 1
e 2 ]Tnlj wamly o i W
Ax Az Az 2
and we obtain a system of tridiagonal algebraic equations with respect to the
desired variables:
~ yalsa) ntl/2 ntll2 7
ai,jQi—l,] _b Q Qi+1,j = _di,j . (21

Next, we approximate the boundary condition (9)with the second order of accuracy
by Ox and obtain:

2Ax

=y, ( O Qn+1/2) : (22)

From the system of equations (21)for i =1, we obtain:

By putting Q"+l/ ? from (23)into (22), we find the value Q"+l/ 2

Lj

Qn+l/2 (24)

3a)c1 alja)+ 2Axl//201] 3606‘1] al,]a)+2Axl//201,]
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where from relation (24)the running coefficients are determined using:

— _ doq, b,
a(),j_

CTh d a)+ 2AX!//201 JQtash
5 ()’j
3a)cl, alja)+2Axl//201] 3a)clj

ay ;0 +20xy ¢ '
Similarly, approximating the boundary condition (10)by Ox and we get:
n+1/ n+l/ n /
. QNtlz?j _ 4QN+1lzj o 3Q +1/2

= L=y (Lo — ). (25)

Using the sweep method for the sequence N, N -/ and N -2 we find the value of
g p q
Q;Hl/i and Qn+1/2 .

N-2,j°

12 27 7
ON1 = = On- 1]Qn+ + By, s (26)

+1/2 o An+l/2 +1/2
Q]r\l/—z,j:aN—Z,jQ]’\l/ -1, j + By 2, —On- 2](aN 1JQn +ﬂN—l,j)+ﬂN—2j:

12
=QyN_p AN 1JQnJr tay_, i Byajt B, (27)

By putting 0" from (26)and O}’ from (27)into (25), we find O}

Q"+l/2 (4ﬂN—1,j o aN—Z,j/HN—l,j _ ﬂN—z,j )a) =2y, A0, 5

: (28)
On_p, 0N, ;@ =40y ;0+30—2y,Ax
Moisture Sequence Values O"\”, O’ ..., Of';"?is determined by the method of

backward sweep by decreasing i sequences:

n+l/2 _ n+1/2 =R .
O =g, O+ B, where i=N—L1, j=0,M.

(29)
Similarly, equation (1)is approximated by Oz finite-difference relations
= _ MN1,;;05, b: a1111+05+a1111 0,5 1 = 45405 I
aij= 2 2 + 5 Cij = ) i D
Az Az AT Az At
= [ 1 %05, T41i-05,) |pmrr2 ] n2 111+05] nl2
di,j T 2 T + T ,j+l Tz'+1 J
AT Ax AT
N A1,i-0,5, j T”“/z A2,i+0,5, 7 T 42,i-05, A A2, j+0,5 T AN2.i, j-05 o
= 2 di,; ~ i, j
Ax* -/ Ax? Az? /
N2,i405.) ntf2 | N12.i-05. n+1/2 A12,i,j+0,5 An1/2 | N2,i,j=05 12 | 1
+ O, 0/ T N 0 i 7 5.
Ax? Ax? Az Az 2
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and we obtain a system of tridiagonal algebraic equations with respect to the
desired variables:

@i T~ b T T T = —diy. (30)

Next, we approximate the boundary condition (7)by and Oy obtain:

_3Tn+1 + 4Tl’l+1 TI’H-I

8 =¥ (T = 715" (1)

From the system of equations (30)when j =1 we obtain :
al 1T 0 —bl 1]an+1 +Ci, 1TnJrl —51,1. (32)

By putting 7" from (32)into (31), we find the value 7" :

Apiciy—b; it digp+ 202y, T T
Tn+1 — - lu:C 1 b JH — ]’; 1+1 + :allu +: l//lc 1 ash ; (33)
3uciy—aiu+2Azyciy 3uciy —ai,l,u+2AZl//lcl,1

i,0

where the running coefficients are determined using the following relationships:

= = = Andzio— d— lu+2AZW1CllTZaSh
3uciy—aizpu+2Azy,ciy ’ 3ycll—a,1,u+2Az;ylc11

Z.o 4ucii—biu

Next, approximating the boundary condition (8)we Oy obtain:

T2 = 4T + 3T 1
i A S (34)

Using the sweep method for the sequence M, M -1 and M -2 we find the value of
];',n]lt[l—l and ];:1;/[1—2

+1 = + |, p .
];,nM—l > ai,M—ﬂZ[M + B v (35)

+1
TiflM—z—alM 2TM 1+ﬂ1M 2—0“M Z(O‘ZM lTnM+ﬂzM 1)+IB,M—2:
= = o = — =
= ai,M—20!i,M—17;:1M + ai,M—Z,Bi,M—l +:Bi,M—2- (36)

By putting 7;"y_, from (35)and T}"y;_, from (36)into (34), we find 7', :
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i, _(4ﬁ, M-t~ i M—Zﬁi M-1 _Bi M—Z)ﬂ_zl//lAZTmsh
M= :

(37)
Bi 28 -1 — A8 v+ 3= 2y, Az

The values of temperature T ”j}l s L ”j}l ™ Y}TI are determined by the method of

backward sweeping by decreasing the sequence of values ; :

7" —oc,,T’”1 +,B ‘where i=0,N, j=M -1,1. (38)

Similarly, equation (2)is approximated by Oz finite-difference relations

a31,i,j-0,5 . bE Dy jr0s T 05 1 = 2 m!

&l S Cij =
Az> AZ> Ar Az> AT

671',]

b

j |1 @05, T Dui0s,) Qn+l/2 + Qn+l/2 L, z+05 e D21ix05,7 iz
L] — +1 +1
At Ax? il "/

N asy,i- 05 i Qn+1/2 A .i+0,5,7 T 22,05, N 4, j+0,5 T 4224, j-05 T2
i—1 2 9) i
\ J \ A

AArn - . a . . 1
22,i+0,5, 22,i-0,5, D2 ,i, j+0,5 2.4, j-0,5
4 i J n+l/2 l J n+l/2 + L] Tn+1/2 l] Tn+1/2 F2

i+l, 7 i—1, +1
Ax? A T A Az? 2

A J

and we obtain a system of tridigonal algebraic equations with respect to the
sought variables:

+1 +1 =
7] n C ln]+1 d 5.] (3 9)

ntl
i, j-1

Sall

21l
&

Next, we approximate the boundary condition (1 1)by Oz, and obtain:

_3Qn+1 +4Qn+1 Qn+1
2Az

=Y, (Qtash 5N Qz’jal) ; (40)
From the system of equations (39)when j =1, we obtain :
T PN N (41)

By putting Qf;l from (41)into (40), we find the value Q"+1.

| S

il 4wcii—bijw “znfl e 1100+ 2AZV/2CI 1Qtash . (42)

3wci|—aijw+2Azy,Ciy 3a)c,,1 al,1a)+2Azt//2c,,1
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From relation (42)it follows that the running coefficients &; oand Ei,o 1s

calculated using:

— 40)3(31',1—51',1&) - And?, dlla)+2AZ'//2CllQmsh

3wcii—aiiw+2Azy,ci)

Il

3wci) — alla)+2A21//zcll

Similarly, approximating the boundary condition (1 2)by Oz, with the second order
of accuracy we get :

an+M1 5 — Qn+l L 3Qn+l
) >
2Az

=5 (Quet ~ Ot ). (43)

Using the sweep method for the sequence of indices M, M -1 and M -2, we find the

value O'};_jandQ'};_, as follows :

1 1 fn )
Oy =m0 v + Byt (44)

QIII

i\M 2(6¥1M 10"y +§IM 1) ?i,M—ZZ

1 = [—
Qi’,H_M—Z i ai,M_lenj\_/[ 1T ﬂ

:ﬁlM 2a1M1QM+a1M 2ﬂ1M1+ﬂ1M2 (45)

By putting Q"Jrl from (44)and Q"+1 from (45)into (43), we find Q”Jrl

. (4ﬂ-M a: 2P, M1 ,BlM 2)” 2W2A2Qmsh

OM=-—" = (46)
TiM-28 i M-10 — 4al M-10 + 3w — 2y ,Az
Moisture values Ql.’f;[}_l, Qi’j}—z gr, l-’fl” are determined sequentially by the method
of backward sweeping to decrease the value of the index ; :
O = a0 + B, ,» Where i=0,N, j=M-1L1. (47)

Conclusion

This article develops a mathematical model for the temperature change during grain
storage under the influence of solar radiation, internal heat exchange, and ambient
temperature, along with its numerical solution. The numerical solution, based on
the finite difference method, approximates the boundary conditions for
spatiotemporal variables with double precision, ensuring absolute stability. The
authors examine the main aspects of monitoring (analysis)and forecasting heat

conduction and moisture processes in grain during proper storage and their
179 m—
ISSN 3030-3907



MAY 2025/5 Development of science Volume 2

significance for the grain industry. The results showed that temperature exchange
with the environment and humidity within it play a crucial role when storing small
quantities of wheat. When wheat is stored in an environment with high humidity,
internal heat and moisture will be felt, leading to changes in internal heat and
moisture levels.
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