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ABSTRACT 

A finite-difference model was developed to si mulate conductive heat t ransfer 

in both the radial and vertical directions in free-standing, controlled

atmosphere cyl indrical 'bins of stored grain . Temperatures throughout a grai n 

bul k can be predicted during the storage period us ing in put data of initia l grai n 

temperatures, mean daily temperatures, solar radiation, average monthly wind 

velocities and thermal properties of the grain, bin structure and soil. Heat 

generation in the grain bulk was assumed negligible but it coul d be readi ly 

incorporated into the model. 

To verify the model, predicted temperatures were compared wi th measured 

temperatures in 46 t of rapeseed stored for 41 months and 52 t of barley stored 

for 23 montns . The standard errors of estimate for the t emperatures at the 

centres of the bins were 1.3°C for rapeseed and I.SoC for ba rl ey. Inclusion of 

a submodel of natural convection currents in the grain bulk did not result i n 

more accurate predictions of temperature and computer time was increased by a 

factor of about 25 over that for two-dimensional conduction alone . 

Temperatures of grain in controlled-atmosphere bins predicted using both one

and two-dimensional heat transfer models were compared. The diffe r ences between 

the centre temperatures predicted by the two models were less tha n O.ZOC for 

diameter-to-height ratios of 0.5 or less while the differences increased to over 

2.0°C for di ame ter-to- he i gh t ra t ios of greater t han 1.2. 
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1. INTRODUCTI ON 

Grain temperature is often a crucial factor determin ing the rate of deterio

ration of stored grain. To evaluate rapidly and inexpensively various storage 

methods, the temperature of the stored grain must be predicted. Mu i r (1970) 

and Yaciuk et al. (1975) presented a method of predicting temperatures in 

cylindrical bins having low d~ameter-to-heig ht rat i os . Thei r predicti ons were 

based on one-dimensional heat flow in a radia l direction. The objective of t his 

research ' project was to develop a model of two-dimensional heat flow in controlled

atmosphere cylindrical bins of grain having no for ced air mcvement through the 

grain, and having hi gh diameter-to-height ratios. 

2. HEAT TRANSFER mDEL 

2.1 Heat transfer in the grain bulk 

The model is based on heat balance equations for heat flow in both the 

vertical and radial directi ons of a cylindrical grain bin. Temperatures through

out the bin were assumed to be symmetrical about the vertical axis and heat 

generation within the grain was assumed to be neglig i ble. In developing the 

equations a sector of a cylindrical bin was divided into a finite number of 

spatial elements in the vertical and radial directions (Fig. 1). 

CENTRE OF GR AIN BIN 

AIR ABOVE GRAIN 

OUTSIDE 

AIR 


Fig. 1. Schema of a sector of a cyli ndrical grain bin div ided into M+1 ver t ica l 
and N+l radi al elements. 
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Following the finite difference method of Yaciuk et al. (1975), the heat 

balance for any interior spatial element, m,n, is (symbols are defined in Key 

-to Symbols): 

km, n+[[ n 'r + ';JM"Jt"m, n+!r- T m,nj" +km, n- [[ n M - '2"J OS "J tm,n-!r- Tm, nj M 

Tm m+k,,+, nlo (,r)2 MJt+1,n,; T, n} t + k_,n lo( ' rl 2MJ tm-1'~,- T m,nj M m

= n (""r) 2 68 ""Z c P (T' - T ] ( 1 ) m,n m, n m,n m,n 

If dimensionless moduli Um,n_' Um+ ,n and um_,n are defined in equations similar 

to that for U +:
m,n 


c P (L'lr)2
m, n m,n
U ( 2)m,n+ k + Mm,n 

(3)and E 

then the predicted temperature at the end of the time increment t + ""t is: 

T' [ 2n + I JT ' r2n - 1 JT + i-~-~h + i-~-=h 

m,n L2n Um,n+J m,n+l L2n Um,n-J m,n-l LUm+,nJ m+l,n LUm-,nJ m-l,n
T 

2n + 1 2n - 1 -~ - D-~-=hm,n2n U 2n Um,n+ m,n- m+,n m-, rJ 
(4 ) 

If the five spatial el ements, m,n-l; m,n+l; m, n; m-1,n; and m+ l ,n have equal 

thermal properties, Eq. (4) reduces to: 

(5 ) 

2 
where U = cp( ""r)_ (6 ) 

kM 

The equation for the predicted temperature of a centre element; m,O; with no 

heat flow across the centre axis ca n be developed using a procedure similar to 

that used above and to that used by Yaciuk et al. (1975): 

(7) 
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For a bin with constant thermal properties: 

T' = .! T + fiT + T J + [1 - 2( E + 2)J T (8)m,O U m, 1 U1_ m+ 1 ,0 rn -1 ,0 U J m, 0 

2.2 Heat transfer at top sur face of bulk 

For a spatial element at the top of the grain, M, n, the heat balance equation 

is: 

k ~( n6r + tlr] M tlJ rT~1, n+1 -
M,n+ L' 2 2J [ t.r 

n(tlr)2 tie tlz cM,n PM,n (T'M ,n - TM,n) 
(9)2 

With the dimensionless Biot number defined as: 

hb tlr 
B =-- (10)

T k 

the predicted temperature of the element, for a bin of constant thermal properties 

is: 

TM,n f-2~T,~rj\ + ~n2n~ ljTM•n+1+ [-2n2n-uI} M,n_l + 2UETM-1,n 

+ [1 _ 2(E + 1) _2BT t.rl T ( 11)
U U tlz JM, n 

2.3 Heat transfer at bottom surface of bulk 

For the bottom layer of grain , soil tem~ rature must be used for T- 1,n in 

Eq. (1), along INith appropriate thermal propertie~ for grain, concrete and soi l. 

The method of calculating mean thermal proper ties for any particular element is 

given by Yac iuk et a l. (1975). Soil temperatures were predicted by a model 

developed by Singh and SchuTte (1977) from equations presen t ed by Merva (1975). 

The model was modified for the soil temperatures under a bin by assuming that 

the soil temperature profi l e 1n the horizontal direction under a bin approx imates 

the soil temperature profile in the vertical direction. 

2.4 Heat transfer at wall surface of bulk 

By solving the heat balance equation the pred ict ed temperature of an exterior 

surface element at the wall is: 
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8NBW l
T' ~ 8N - 4 + _E_ T +_E_ T}m,N + (4N - 1) l( 4N 1) Um,N_JTa Um,N- m,N-1 Um+,N m+l,N Um-, N m- l,N 

j r 8NBW + 8N - 48N !'It E E ~ (12)
+ ['4N - l)Lr c Pm,N qr + L1 - (4~j l)um,N- ~-~ Tm ,Nm,N m , m ,_ 

where the dimensionless Biot number for the exterior wall surface is: 
-

h tor


B = _c__ (1 3)
W ,Nkm 

-
The convective heat transfer coefficient, h , for the exterior wall surface was 

c 
calculated by the method pr esented by Yaciuk et al. (1975). 

For a bin with constant thermal properties, Eq. (12) becomes: 

(1 4) 

The equations for the temperatures of the four remaining elements 0,0; M,O; 

M,N; and O,N are developed according to the procedures presented above. 

2.5 Radiant heat transfer at wall surface of bulk 

In Eqs. (12) and (14), the net radiant heat flow to the wa ll surface, qr' is 

calculated by: 

qr = qe + qs +qf + qd - qo (15) 

where: 

T4= 0 0. F. (16 ) qe be a 

qs o Ct Fbs 
T4 
s (17) 

qo = 0 a T 
4 (I8 )
m, N 

and the solar radiation components qf and qd were calculated for Winnlpeg accord

ing to the procedure explained in t he next paragraph. The l ong-wave absorptivity 

and emissivity of the bin wall surface vlere set equal. The two shape factors, 

Fbe and Fbs ' were each set equal to 0.5. The effective sky temuerature, T ' s 
was estimated to be 210 K (Kreith 1973). 

The cylindrical bin wa l l was div ided into 20 ver tical strips with an angular 

width of 18 0 For each hour of daylight during the period July 1957 to• 
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December 1975 for which measured values of radiation on a horizontal surface, 


H, at Winnipeg were available the solar radiation on each of these vertical bi n 


wall strips, H , was calculated using the equation of Jones and Kemp (1977):
v 

(19) 


The beam, Hb, and diffuse, Hd, components of the measured radiation were esti 

mated using the relationships given for Winnipeg by Ruth and Chant (1976). The 

hourly radiation values were summed for each day and then fitted to the equation: 

a H 
H =aH +~+a (20)vs 1 0 H 3 o 

The extraterrestrial radiation, H ' was calculated by the method given by Duffie o 
and Beckman (1974). For the average total radiation str i king all sides of a 

cylindrical bin at Winnipeg the coefficients for the equation are : a = 0.1 152 ,1 
= 15960, and = -3133 (R = 0.97). This daily value of Hvs and the short a2 a3 

wave (solar) absorptivity of the bin wall material, were used to calculate the 

instantaneous rate of direct and diffuse radiation on the bin wall element 

(qf + qd) in Eq. (15). (For the average total radiation falling on the southern 

55% of a bin the coefficients are: a = 0.0472, = 23170 , and a = -24721 a2 3 
(R = 0.97). 

The above calculation of solar radiation is directly app licable to Win ni peg 

only. A similar calculation procedure could be used for locations where the 

radiation on a horizontal surface has been measured and the relationship between 

diffuse and beam radiation has been developed. For locations not having measured 

radiation data the following equation giv en by Duffie and Bec kman (1974) can be 

used: 

(21 ) 

Duffie and Beckman (1974) give values for the coefficients, b1 and j2 for a 

number of locations and climate types around the world. For locations s imil ar 

to Winnipeg the coefficients (Table I) based on measured sunshine hours and 

radiation at Winnipeg for 1972 to 1975 could be used. 

2.6 Coefficients used in model 

To obtain stable solutions with the finite difference model the space and 

tim2 increments were chosen so that the coefficients of Eqs. ( 5), (8), (11), and 

(14) were greater than zero. Thirty-six temperature nodes, s ix vertical ly and 

six horizontally, were used to simulate the temperatures in a bin. A ti me inc re 

ment of 6 h \."a 5 used. The temperature at the end of eac h fi nite time increment 
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TABLE I 

Coefficients based on measured data at Winnipeg, Canada for 1972 to 1975 that 

can be used to predict solar radiation on a" horizontal surface 

Month Rb1 b2 

January 0.367 0.431 0.92 
February 0.384 0.451 0.92 
March 0.334 0.552 0.94 
April 
May 

0.250 
0.200 

0.578 
0.596 

0.94 
0.97 

June 0.198 0.575 0.96 
July 0.213 0.544 0.96 
August 
September 

0.201 
0.215 

0.548 
0.595 

0.95 
0.96 

October 0.231 0.522 0.95 
November 0.287 0 .477 0.91 
December 0.350 0.419 0.88 

. 
was calculated for every spatial increment using the temperatures calcu l ated 

for the end of the previous time increment. 

For ambient air temperatures the daily averages of the measured maximum and 

minimum temperatures at the Winnipeg International Airport were used. The 

thermal properties of rapeseed were assumed to be: specific heat, 1700 J kg- 1K- 1; 

thermal conductivity, 0.12 Wm- 1K- 1; and bulk density, 700 kg m- 3 (Moysey et al. 

1977, Timbers 1975). The thermal properties of barley were assumed to be: 

specific heat, 1560 J kg- 1K- 1; thermal conductivity, 0.15 Wm- 1K- 1; and bulk 

density, 670 kg m- 3 (Disney 1954). 

3. MODEL OF CONVECTION CURRENTS IN GRAIN BULK 

Dur1ng periods of temperature variation throughout a grain bulk, convective 

air currents can develop carrying heat and moisture through the grain (Muir 1973). 

An attempt was made to model these convective currents as a refinement of the 

temperature prediction model. The driv ing force causing air movement vias assumed 

to be the differences in force of gravity on equal volumes of air of different 

densities. The air density in each spatial element was calculated according to 

its predicted temperature. For Si mpl ification, the air was assumed to move 

vertically within the columns of spatia l elements (Fig. 1) and to move hor1zon

tally only in the bottom row of spati al elements . The total pressure of the air 

at the bottom of each column was calculated by summing the forces of gravity on 

air masses in each element of the col umn. The net pressure acting on the bottom 

of any column was assumed to be equal to the difference between the pressL;re of 

the column itself and the average pressure of all other columns. The ve~ocity 

of the air entering or leaving the bottom of the column was found from the rela

tionship bet\~een pressure and velocity for the grain (ASAE 19 79). The aeration 
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model for near-equilibrium conditions ( Thompson 1972) was used to simu la t e heat 

and moisture transfer between the grain and circulat i ng air. The air entering 

each element was assumed t o be in equilibrium with the ups t ream element. Air 

entering the top of a column was assumed to be 5°C above the outside amb ient 

temperature and to have a constant relative humidity of 60%. 

4. EXPERIMENTAL BINS 

10 develop and validate the model no te~perature data were readily available 

for controlled-atmosphere bins. Therefore, temperatures measured by Sinha and 

Wallace (1977) in t\-JO cylindrical galvanized-steel bins with 5.56-rn diameters 

located 30 km south of Winn ipeg, Canada were used. Although these bins were 

not of the controlled-atmosphere type the joints in the wall sheets and be tween 

the wall and concrete floor were sealed against moistuY'e movement. The presence 

of high CO2 levels in the rapeseed bin (Sinha and Wallace 1977) indi cates that 

air movement through the walls was small . It was assumed that the natural ai r 

movement through the bin structure was small enough that it had negligible 

effects on the grain temperatures. As is the case in controlled-atmosphere bins 

of dry grain it was assumed that the low level of biological activity in t he 

bins generated a negligible amount of heat. 

One bin contained 45.7 t of rapeseed to a depth of 2. 7 m. The other bin con

tained 51.9 t of bar'ley to a depth of 3.2 m. Temperat ures were measured at t he 

bin centre and at eiqht locations equidistant around th ree concentr ic circl es a ~ 

each of four depths in the rapeseed bin and five depths in the barley bin .. Be

cause the simulation model assumes no heat flow in a circumferential direction 

the eight temperatures on a concentric circle were averaged for each depth and 

radius combination. Because the wall temperatures were measured severa l centi

metres from the wall these I,~ere not used. For each measurement time t here were 

therefore 12 va l ues for ra pes eed and 15 values for ba r l ey. For the bin of rape

seed, temperature measurements for the period 13 August 1974 to 31 Janua ry 1978 

(41 mo nths ) were used. For t he bin of barley, t empera t ure records for 13 August 

1974 to 12 J uly 1976 (23 mont hs) were used. 

5. RESULTS AND DI SCUSSI ON 

5.1 Develo pment of model 

Several simulati ons were run for the rapes eed bin usi ng different t hermal 

properties. The best agreement between simulated and meas ured temperatures was 

ob t ained ':/ith a convective heat transfer coeffic ien t at the top grain surface 
-2 -1of 1.0 W m K , a temperature for the air above the grain surface of 5°C above 

outside ambient temperatu re, and 0. 28 a nd 0.89 for long-wave and s hor t-wa ve 

emiss ivities of the galvanized steel wall. These emissivi ty values are the ones 

gi ven by Kreith (197 3) for ir ty ga lva nized iron. The mo del devel oped usi ng the 
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rapeseed bin data was then verified by predicting temperatures in the barley 

bin using the thermal properties of barley instead of rapeseed. 

5.2 Predicted temperatures compared with measured temperatures 

In comparing simulated and measured temperatures (Fig. 2) the standard error of 

estimate for the two-dimensional model was 2.0ac overall for both rapeseed and 

barley bins. The standard errors of estimate at the centre of the bin were 1.3°e 

for rapeseed ·and I.8°C for barley. The maximum differences between simulated and 

measured results at any time during the 41 months of storage were 9.3°C at the 

surface, and 2.6°C at the centre of the rapeseed bin. The maximum differences 

were 7.0°C at 20 cm below the surface and 4.0°C at the centre of the barley bin . 

Increasing the number of space increments and decreasing the time interva l would 

increase the accuracy but at the expense of increased computer ti me . 

5.3 Convection model 

Inclusion of a model of the convection currents i n a grain bul k did not 

result in more accurate predictions of temperature. Apparently, the or ig inal 

assumption that convective heat transfer in the grain bulk is negligible is 

valid . The amount of moisture migration predicted by the rmdel was greater tha n 

that measured and computer time was increased by a factor of about 25 over t\~O

dimensional conduction alone. 

5.4 Comparison of one- and two-dimensional models 

The temperatures for the centre of grain bins predicted by one- and two

dimensional models were compared over a period of 14 to 16 mo. Grain depths 

were varied from 1 to 8 m in a 4-m diameter bin and 6 to 24 m in a I2-m diameter 

bin. For the one-dimensional roodel 11 temperature nodes were used. For the 

two-dimensional model 6 vertical and 6 horizontal temperature nodes wer e used. 

For both models the time increment was 1 h. 

The differences between the cent re t emperatures predi cted by t he two model s 

were negligible ( ~ 0.2°C) for diameter-to-height ratios of 0.5 or l ess and 

larger (~ 2.0 a C) for ratios greater than 1.2 (Fig. 3). The pri ma ry advantages 

of the two-dimens1onal heat transfer simulation roodel over the one-di mensional 

model are its increased accuracy and increased number of locations at wh ich 

temperatures are predicted. However, computer time for the two-dimensional 

model is increased in approximate proportion to the increase in number of 

temperature nodes. For most simulations the accuracy of the two-d imensional 

model i s probably only required for bi ns having a diameter-to-height ratio of 

greater than 1.2 . The two-dimensional model is also required for bins where a 

vertical temperature gradient is ca used by heat generati on or forced ai r movement 

through the grain bulk. 
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Fig. 2. Predicted and measured temperatu~es along the centre axis of a 5.56-m diameter cylindrical 
bin containing rapeseed of 2.7-m depth loca ted 30 km south of Winnipeg, Canada. 
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Fig. 3. Average absolute differences between temperatures at the centre of 
cylindrical bins predicted using one- and two-dimensional heat transfer model's. 

5.5 Ecological significance of bin temperature simulation 

Relatively accurate prediction and confirmation of rapeseed and barley tempera

tures at different depths of comme rcial bins is of considerable ecological sig

nificance. In temperate climates, regulation of the numbers of insect and mite 

pests of stored grain is primarily dependent on temperature and secondarily on 

moisture content of the stored gra i n and oil seeds; other variables, such as food 

quality, species genotype and dockage also affect their multiplication (Si nha 

and Wal lace 1973). Regulation of fungal populations, however, depends primarily 

on moisture content and secondarily on temperature (Wallace et al. 1976). 

Cereals and oil seeds stored in bulk on western Canadian farms retain their mois

ture content within a 1-3% range for several years. Distribution of the moisture 

content within this range, however , is uneven. Temperature fluctuations within 

the same bin occur over a larger range, sometimes as large as 40°C. Species of 

stored grain fauna and microflora exploit microenvironments with different com

binations of temperature and moisture. Prior knowledge of such areas f~vorable 

for rapid multipl ication of pest organisms should be an integra l pa rt of stored 

grain and oilseed protection strategy. For examp le, if bins have pockets with 

temperatures (over 30°C) favorable for development of the rusty grain beetle, 

Cryptolestes ferrugineus (Steph.), turning (r-luir et al. 1977) or ventilat ing 

such grain in cold weather while the insect population is still low could pre

vent serious insect infestations. 

KEY TO Sn,1BOLS 

al,a2,a3 coefficients 

bl,b2 coefficients in Eq. (I8) f or a given location 
BT Biot number for top gra i n surface 
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Bioi Biot number for exterior wall surface 
r specific heat of element m,n; J kg- 1K- 1 
'1T1, n 
Fbe radiation shape factor for bin-to-earth 

Fbs radiation shape factor for bin-to-sky 

hb convective heat transfer coefficient at top surface of bulk, Wm-2K- l 
nc convective heat transfer coefficient at exterior wall surface, Wm~2 K-l 

H measured total radiation on a hOl"izontal surface (Hb + Hd), W/m2 

Hav average radiation on a horizontal surface for a given period of time, J / m2 
2Hb beam radiation on a horizontal surface, W/m

2Hd diffuse radiation on a horizontal surface, W/ m
Ho extraterrestrial radiation for the given locati on and ti me period, J/ m2 

Hs daily total radiation on a horizontal surface, J / m2 

Hv radiation on a vertical surface, W/m2 

Hvs daily radiation on a vertical surface, J/m2 

km,n+ mean thermal conductivity between nodal points m, n and n,n+l; [Wm-1K- 1] 

mean thermal conductivity between m,n and m,n- I; U~m-lK-1Jkm,n
mean therma 1 conduct i v i ty between m, nand m+1, n; ~m-lK-lJkm+,n 
mean thermal conductivity between m,n and m-I,n: [Wm-IK- l] km-,n 

m number of spatial el ement in vertical direction (Fig. 1) 

M number of spatial element at top surface of bu-lk (Fig. 1) 

n number of spatial element in radial direction ( Fi g. 1) 

number of spatial el ement at wall surface ( Fig. 1) 

direct solar radiation, W/m2 

earth-to-bin radiation, W/m2 

diffuse solar radiation, W/m2 
2net radiation, W/m

bin-to-sur roundings radiation, W/m2 

sky-to-bin radiation, W/m2 

radial distance, m 

cOiT,2lation coe+iicient 

cosine of angle of incidence di vi ded by cosine of zeni t h angl e 
(Duffie and Beckman 1974) 

s oose)'ved daily hours of bright sunshine for the gi ven peri od of t ime, h 

s ca l culated ma xi mum possible hours of bright sunshine for t he gi ven 
period of time, h 

t ti me, s 

Ta temperature of ambient air surrounding bin, K 

temperature of air above the gra in su rf ace, KTb 

Tm,n temperature of element m,n at ti me t, K 

T~I, n temperature of element m,n at time t + ~t , K 

Ts effective tempera ture of the sky, K 
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u dimensionless modu l us 

z vertical distance, m 

a long-wave absorptivity of bin wall material 

y ground reflectance (0.7 for snow cover, 0.2 for no snow) 

t... 	 finite increment 

long-wave emissivity of bi n wall material 

e 	 included angle of bin sector, rad 

density of element m,n, kg m- 3 

Stefan-Boltzmann constant, 5.67 x 10-8 Wm- 2K- 4 
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