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Alagusundaram, K., Jayas, D.S., White, N.D.G. and Muir W.E. 1990.
Finite difference modelof three-dimensional heat transferin grain
bins. Can. Agric. Eng. 32: 315-321. A finite difference model of heat
transfer was developed to predict temperature distributions in the
radial, verticaland circumferential directions of free-standing, cylin
drical, grain storage bins. This three dimensionalmodel can predict
temperaturesusing the input data of initial grain temperature, ambient
air temperature, solar radiation on a horizontal surface, wind velocity,
and thermal properties of grain, bin wall, concrete, soil and air. Tem
peratures in a 5.56-m-diameter bin containing rapeseed to a depth of
2.7 m were simulated using the model, for a 41 month period. Pre
dicted temperatures were in good agreement with measured
temperatures at 16 locations in the bin. Temperatures for the north and
south facing parts of bins, predicted by the three dimensional model
were distincdy different from those predicted by a two dimensional
model.

INTRODUCTION

Canada's average annual production of grains and oilseeds,
during 1978 to 1987 was 51.5 million tonnes (Anon 1988).
These products are stored on farms before transportation for
sale or use. Farms in Canada frequently require on-farm stor
age capacities of 1.5 to 2.0 times average annual production
because of the carryover of grains from one year to the next or
greater production than the long-term averages. Storage sys
tems must maintain grain quality for 2 years or more (Muir
1980). Food grain is a living commodity and when stored for
long periods can undergo quantity and quality losses. Many
biological and non-biological factors interact to cause damage
to the stored product (Sinha 1973). Temperature and moisture
content of grain and intergranular gaseous composition are the
main abiotic factors that determine grain keeping-quality, reg
ulate pest activity and affect control measures used to protect
grain from insects, mites and damaging microflora (Oxley
1948; Muir 1980).

Temperature of stored grain is affected by several factors:
ambient air temperature, solar radiation, convective heat trans
fer due to local wind and heats of respiration of the grain and
associated microorganisms, insects and mites. Rates of respi
ration of insects, mites, fungi and grain are dependent on grain
temperatures (Oxley 1948). The development of insects and
mites that attack stored grain occurs within well-defined tem
perature ranges of 15 to 38°C for the former and 5 to 40°C for
the latter and have narrow optimum ranges near 30°C for their
growth and multiplication (Loschiavo 1984; Sinha and Watt-
ers 1985).Temperature differences in the stored grain bulk can
cause moisture movement (Sinha and Wallace 1977), which
enhances the outbreak of mold growth. Prediction of tempera
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turedistribution ingrainbinswillassistin designing storage struc
turesand ventilation systemsto minimizegraindeterioration.

Mathematical prediction of grain bin temperatures is a less
expensive and more generalized method than experimental
procedures. Also mathematical models can be used to study
the effects of bin size, bin wall material, geographical location
of the bin etc. on grain temperatures.

Many attempts (Muir 1970; Converse et al. 1973; Lo et al.
1975; Yaciuk et al. 1975; Muir et al. 1980; Metzger and Muir
1983; Longstaff and Banks 1987; White 1988; Manbeck and
Britton 1988) have been made to develop mathematical mod
els to predict the temperature distribution in stored grain. All
these models are either one or two dimensional. Basic assump
tions restrict the usefulness of these models to predict the
temperature distributions in grain storage bulks which are
three dimensional. When a hotspot occurs in a grain storage
bin, the temperature of the grain mass surrounding the hotspot
is raised in all three directions. Only a three dimensional
model would precisely predict the effect of the hotspot in the
surrounding grain mass.

The objective of this paper is to present a finite difference
model of three dimensional heat transfer for predicting the
temperature distribution in grain storage bins and to validate
the model against the measured temperatures in a 5.56 m-di-
ameter bin containing rapeseed 2.7 m deep.

DEVELOPMENT OF THE HEAT TRANSFER MODEL

The model is based on heat balance equations for heat flow in
the radial, vertical and circumferential directions of the^grain
bulk. Based on the conclusion of Muir et al. (1980), the con
vective heat transfer within the grain mass was assumed to be
negligible. The top surface of the grain mass was assumed to
be level. A forward difference scheme in the time domain and

a central difference scheme in the space domain were used.
The bin was divided into a finite number of spatial elements in
the radial (Af), vertical (L) and circumferential (N) directions.
A sector of the bin is shown in Fig. 1.

Heat transfer for element m, n, i

Using the finite difference method ofcalculating transient heat
transfer, the heat balance equation for spatial element m, n, t
(Eq. 1) can be written by setting the total rate of heat flow into
the element equal to the rate of change in heat energy con
tained in the element.

315



, a Arw/vA ,f m+l,n,i~ t m,n,\ x ,ifcm+,n,i(/nAr +Y)A0Az( ^ )+

fc«-,«,i (mAr - —) AQAz ( — ) +

fc^-MArAr ( ^^ ) +
i a_a- Jnu*-*i~~ 6w,rt,ix .^n-.iArAz ( j^q)+

*«,«.«• (mArAO)Ar('w-"'t+ '̂OT''''t) +
**..,, (mArA^Ar^"'1-^^"-1)
=mArAOAzAr pw,MCpw,M(tVM^"'M) (1)

Assuming the spatial elements m+1, n, i; m -1, n, t; m, n+1,
i; m, n-1, i; m, n, i+l; m, n, i-l and m, n, i have equal thermal
properties, and rearranging the terms, the predicted tempera
ture of the spatial element m, n, i at time x + A x is:
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where thedimensionless modulus CC is givenby,

CC =
Ap-QCp

kAx

(2)

(3)

Heat transfer for the centre element

Heat flow to the centre element is affected by the elements
surrounding the centre element (the elements 1, n91, where n
rangesfrom0 to 10for a giveni and the elements 0 ,n ,i-l and
0, n, i+l). Using a procedure similar to thatgiven above, the
equation for the predicted temperature of a centreelement0,
0, i fora binwith constant thermal properties is given by:

10

,V 4nA8
'ofofi = (2, ZFF*.*.0 +

nCC
» = 0

LA^ro'i-i+'M-i+i)+
[. 4nA9 2AT2

Az'CC.
(4)

Heat transfer at the wall surface of the bulk

Thepredicted temperature ofan element M, n, i ina grain bin
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0,0,L
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Fig. 1. Schematic diagram of a sector of bulk grain in a
cylindrical bin divided into M+l radial, N+l
circumferential and L+l vertical elements.

of constantthermalproperties is,

8A/-4
tM, n,x —

{AM- \)CC

(ttf,n+l,i+ tM,n-l,i) +

8MAX
ttf,n,i-l) +

ZBioM

(4M-1)CC

32

tM-\,n,\ +
16

CCA02(4M-1)2
A?

CCAzL
(ttf.n.t+1 +

(4M-l)ArpCp

Ta + tM,n,\

2AT2

1-

qr +

8M-4

(4M-l)CC

SBioM

CCA02(4Af- l)2 CCA22 (4Af-l)CC (5)

where Bu> is theBiot number at the wall surfaceand is given
by:

Bio —
h Ar

(6)
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Equation 7, given by Longstaff and Fennigan (1983), was
used to calculate the forced convective heat transfer coeffi

cient (h) from the grain storage bin.

0.633
NM= 0.227 Re (7)

where Nu = Nusselt number; Re = Reynolds number.
Longstaff and Fennigan (1983) stated that the calculated h

values for horizontal grain storage shed and cylindrical bin are
of the same order. For example at a wind velocity of 20 m/s,
the difference between the two h values was only 5.4%.

Heat transfer at the top of the grain bulk

The additional term for the heat transfer into an element at the
top of the grain bulk is the convective heat transfer from the
air above the grain surface. The equation developed for the
predicted temperature of a spatial element m, n, L at the top
surfaceof the grain bulk of constant thermal properties is,
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1
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(8)

where Bit is the dimensionless Biot number for the top surface.
The convective heat transfer coefficient, hb, was set equal to
1.0 Wm'2 K"1 (Muir etal. 1980).

Equation 4,along with theconvective heattransfer from the
air above the grain surface, and the appropriate area of heat
transfer were used to calculate the temperature of the top
centre element of the bulk.

Heat transfer for the top corner element

The total heat flow into the top corner element is the sum of
theheatcoming from elementsM-1, n,L; M,n+1,L;M,n-1 ,L;
M,n,L-1; and the heat transferred due to radiation and convec
tive heat transfer at the wall surface, and the convective heat
transfer at the top surface. The predicted temperature of the
spatial element Af, n, L at the end of the time increment
x + A t is:

f 8Af- 4
tM-l,n,L +

(/Af.n+1.L+ ftf.n-l,L) +

JMqrAr SMBio

16
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Heat transfer at the bottom of the grain bulk

For an element m, n, 0 in the bottom layer of the grain bulk the
soil temperature must be used in place of tm, n,i-i in Eq. 1along
with appropriate thermal properties for grain, concrete and
soil. For calculating the mean thermal property of any element
(Am, Cpm,and pm), the method given by Yaciuk et al. (1975),
and used by Muir et al. (1980) was used. For predicting the
temperature of the bottom centre element of the grain bulk, the
soil temperature was used in place of to, o, i-i in Eq. 4 along
with the appropriate thermal properties.

Heat transfer for the bottom corner element

Net heat flow into the element M, n, 0 is the sum of heat
contributed by the elements, Af-1, n, 0; Af, n+1,0; Af, n-1,0;
M, n, i+l; and Af,it, i-l; and the heat transfer by radiation and
convective heat transfer at the wall surface. In place of tM, n,
i-l, the soil temperature was used. The predicted temperature
of the spatial element Af, n, 0 at time x + Ax is:
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Radiant heat transfer at the wall surface

The net radiant heat flow, qr, used in Eqs. 6, 9 and 10 is
calculated by:

qr-qe + qs + qf+ qd-qo

where:

qe = a a Fbe Ta

qs = a a Fbs Ts

q0 = ere iM,n,\

(10)

(11)

(12)

(12)

(13)

Longwave absorptivity andemissivity of thebin wallmate
rial wereset equal and the two shape factorsFbe and Fbs were
set equalto 0.5 (Muiret al. 1980). Anestimated sky tempera
ture of 210 K was used (Muir et al. 1980).

For calculating the solar radiation components, qfand qd,
the bin was divided into ten vertical strips of 36 degrees each.
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For each of these vertical strips, Hv at the end of each hour was
calculated using measured radiation on a horizontal surface
(//)andEq. 14.

//v = ^(2RbH- 2RbHb+ H<t+ \H) (14)

Hb and Hd were estimated using the relationship given for
Winnipeg by Ruth and Chant (1976). Rb was calculated using
the procedure given by Duffie and Beckman (1974). Hv and
shortwave absorptivity of bin wall material were used to cal
culate (q/+qd) using the procedure given in Muir et al. (1980).

SIMULATION AND MODEL VALIDATION

Computer program

A computer program in FORTRAN 77 was written to simulate
the grain bin temperatures using Eqs. 2 to 14 and the pre
scribed boundary conditions. The program can handle 10
circumferential nodes and up to 20 radial and 20 vertical
nodes. Input data required for the program are the number of
nodes in each direction, thermal properties of grain, bin wall,
concrete, soil and air, initial temperatures for all the nodes,
number of hours over which the boundary conditions are to be
averaged, the dates between which the simulation is to be run,
and the weather data for these dates. The weather data include
the hourly values ofambient air temperature, solar radiation on
horizontal surface, and the local wind velocity. The program
calculates the temperatures at the end of each finite time
increment using the temperatures calculated at the end of the
previous time increment. To obtain stable solutions with the
finite difference model, the time increments must be chosen so
that the coefficients in the equations are greater than zero. A
subroutine in the computer code checks for the positive coef
ficients. A time increment of 1 h gave stable solutions.

Experimental data for model validation

Temperature data collected in a 5.56-m-diameter bin filled
with rapeseed (canola) to a depth of 2.7 m, used to validate the
two dimensional finite difference model (Muir et al. 1980),
were used to validate the three dimensional finite difference
model also. Temperatures were recorded at four different lev
els (near the floor, 1 m and 2 m above the floor and near the
top surface of the bulk). At each level, thermocouples were
located at the centre, 1 m and 2 m radius and near the wall.
Measured temperatures at equal radii were averaged and re
ported as one value, thus giving 16 different locations (centre,
1 m radius, 2 m radius and near the wall, for four levels) in the
bin. Temperaturespredicted by the model at equal radii were
also averaged and used for comparison.

Simulation procedure

Temperatures in the rapeseed bin were simulated using 250
nodes (10 circumferential, 5 radial and 5 vertical). Hourly
weather data for Winnipeg were used. Thermal and physical
properties for rapeseed were as follows: specific heat, 1700 J
kg'1 K"1; thermal conductivity, 0.12 W m"1 K"1; and bulk
density 700 kg m"3 (Moysey etal. 1977; Jayas etal. 1989).
Longwave and shortwave emissivities of 0.28 and 0.89, re
spectively, for dirty galvanized iron were used (Kreith 1973).
The temperature of the air above the grain surface, tb> was set
5 K above the ambient temperature, and the convection heat
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Table I: Standard errors (SE) and average absolute
difference (AAD) between the measured and
predicted temperatures at various locations in a
5.56-m-diameter bin containing rapeseed to a
depth of 2.7 m, near Winnipeg, Canada.

Height
from the

floor

Radial distance from centre, m

0 1 2 2.7

SE* AAD# SE AAD SE AAD SE AAD

0.0 m

1.0 m

2.0 m

2.7 m

2.88

3.52

3.50

3.45

2.40 2.48 2.05

3.06 3.03 2.48

2.95 3.07 2.53

2.62 2.38 1.90

2.54 2.23

3.51 2.81

3.49 2.74

2.55 2.00

4.06 3.41

2.25 1.61

2.33 1.85

2.33 1.85

—

Note: ADD =Average absolute difference {IPt-Mtl/n)
*S.E. =Standard error =V{(Pt-Mt)2/hj

where: Pt = predicted temperature
Mt = measured temperature
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Fig. 2. Temperatures predicted using the 3D finite
difference model and temperatures measured at
1 m radius and 2 m height in a 5.56-m-diameter
bin filled with rapeseed to a depth of 2.7 m
at Winnipeg, Canada.

transfer coefficient above the grain surface was assumed to be
1Wm'2 K"1 (Muir et al. 1980). A time increment of 1h was
used.

Model validation

Predicted temperatures closely followed measured tempera
tures (Fig. 2). A similar pattern was observed at any other
location in the bin. The model predicted the temperatures with
an average standard error of estimate (average of 16 locations
for 41 months of simulation) of 3.0 K and an average absolute
difference of 2.4 K (Table I). To estimate the accuracy of
prediction linear regression lines were fitted between the mea
sured and the predicted temperatures for every thermocouple
location in the bin. The intercept was set equal to zero. The
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Table II: Temperatures (K), on the last dayof the month at halfthe radius towards the south, predicted by 2D
finite difference and3D finite difference models in a 3-m-tall rapeseed bulk at Winnipeg with initial grain
temperature of 293 K on January 1,1974.

Diameter to height ratio

0.33 0.66 1.0 2.0 4.0

Ambient

TemperatureMonth 2D FD 3D FD 2D FD 3D FD 2D FDi ;3D FD 2D FDi 3D FD 2D FD 3D FD

Jan 246 256 261 265 274 278 281 289 291 291 293

Feb 268 264 271 263 273 268 276 281 288 287 291

Mar 273 267 274 265 273 267 274 277 285 283 289

Apr 277 282 282 278 279 273 277 275 283 280 287

May 286 289 290 284 283 280 279 277 282 280 286

Jun 290 298 295 294 290 288 285 280 283 280 285

Jul 291 296 296 298 295 294 291 285 285 284 285

Aug 285 299 290 293 293 293 292 287 287 284 285

Sept 277 292 284 296 290 295 291 288 288 285 286

Oct 282 281 284 284 286 287 288 287 288 284 286

Nov 261 267 271 274 277 280 282 285 286 284 286

Dec 263 268 271 268 273 273 276 281 284 282 285

AAD = 4.2 4.3 3.3 3.2 3.3

Note: 2D FD - Predicted by two dimensional finite difference model
3D FD - Predicted by three dimensional finite difference model
AT - Ambient temperature
AAD - Average absolutedifference between values predictedby the two models

Table III: Temperatures (K), on the last day of the month at half the radius towards the south, predicted by 2D
finite difference and 3D finite difference models in a 4-m-tall rapeseed bulk at Winnipeg with initial grain
temperature of 293 K on January 1,1974.

Ambient

Temperature

Diameter to height ratio

0.5 1.0 2.0 3.0 4.0

Month 2D FD 3D FD 2D FD 3D FD 2D FD 3D FD 2D FD 3D FD 2D FD 3D FD

Jan 246 265 274 283 288 292 292 293 293 293 293

Feb 268 263 272 275 284 288 289 291 292 291 292

Mar 273 267 272 272 282 284 283 288 291 288 290

Apr 277 277 279 273 282 281 279 285 290 286 488

May 286 284 282 277 282 280 276 283 289 284 286

Jun 290 294 289 283 285 280 275 283 288 283 285

Jul 291 298 295 289 288 282 276 283 288 283 284

Aug 285 293 293 291 290 284 278 284 288 284 283

Sept 277 296 289 292 290 286 280 285 288 284 283

Oct 282 284 287 289 289 287 281 285 288 285 283

Nov 261 274 278 284 286 286 282 285 288 283 283

Dec 263 268 273 278 282 284 280 284 287 283 283

AAD = 4.5 4.2 3.8 3.4 1.3

Note: 2D FD - Predicted by two dimensional finite difference model
3D FD - Predicted by three dimensional finite difference model
AT - Ambient temperature
AAD - Average absolute difference between values predicted by the two models
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slopes were close to 1.0 (0.993 to 1.005), with R2 values
greater than or equal to 0.99.

Comparison with 2D finite difference model

The temperatures of 3 m and 4 m-tall rapeseed bulks were
simulatedusinga 2D finite differencemodel(Muiret al. 1980)
and the 3D finite difference model for a 12 month period
starting from January 1, 1974. The diameter of the 3 m-tall
rapeseed bulk was varied from 1 to 12 m and that of the
4-m-tall bulk was varied from 2 to 16 m. Initial grain temper
atures were assumed to be 293 K. Since the 2D model uses the
calculated radiation values on the southern 55% of the bin wall
(Muir et al. 1980), the temperatures predicted by the 2D finite
difference model at half the radius mid-way between the top

OIAMETER TO HEIGHT RATIO

BULK HEIGHT 3.0 H

BULK HEIGHT 4.0 H

Fig. 3. Average absolute difference of the temperatures
predicted by the 3D finite difference model, at
half the radius towards the south and north in a
bin filled with rapeseed, for a 12 month period
beginning January 1,1974. Initial temperature
of the grain bulk was assumed to be 293 K.

andbottomsurfacestowardsthesouth werecomparedwiththe
temperatures predicted by the 3D finite difference model (Ta
bles II and III). Average absolute differences between the
temperatures predicted by the two models were within 5.0 K.
These values for the 4.0-m-tall bulk ranged from 4.5 K for a
d/h ratio of 0.5 to 1.3 K for a d/h ratio of 4.0.

Temperatures predicted by the 3D finite difference model
indicated that there were distinct differences between the north
and south sides of the bin. This difference, at half the radius
towards the north and south sides, mid-way between the top
and bottom layers, is reduced as the d/h ratio increases (Fig.
3).The2Dmodel doesnot incorporate thedifferential heating
of the bulk towards the north and south sides. Therefore, for
reasonable estimates of the temperatures at various locations
in bins a 3D model is a better alternative than a 2D model.

CONCLUSIONS

A three dimensional heat conduction problem in a cylindrical
coordinate system was solved using the finite difference
method to predict the temperature distribution in a stored
grain mass. The model predicted the temperatures in a 5.56-m-
diameter bin containing rapeseed 2.7 m deep, with a standard
error of estimate of 3.0 K. The average absolute difference
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between the temperatures predictedby a 2D finite difference
model and the 3D finite difference model at half the radius
towards the south were within 5.0 K. The 3D model predicted
distinct differences in temperatures between the north and
south sides of a bin. The 3D finite difference model can predict
the temperature distribution in grain bins at any geographical
locationprovidedthe weatherdata for that locationare available.
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NOMENCLATURE

Bit Biot number for the top surface

Bio Biot number for exterior wall surface

CC dimensionless modulus (convergence criterion)

Cpm mean specific heat of grain, concrete and soil; J kg" K"

Cpm,n,i specific heat ofelement m,n, i;Jkg"1 K"1
Fbe radiation shape factor for bin to earth

Fbs radiation shape factor for bin to sky

hb convective heat transfer coefficient at the top surface
ofabuUqWm^K"1

h convective heat transfer coefficient at exterior wall

surface; Wm" K l

H
-2

measured radiation on a horizontal surface; W m

Hb beam radiation on a horizontal surface; W m"

Ha diffuse radiation on a horizontal surface; W m"

Hv radiation on a vertical surface; W m"

km mean thermal conductivity of grain, concrete and soil;
W m"1 K'1

km-,n,i mean thermal conductivity between nodal points, m,
n,i and m-1, n,i;W m"1 K"1

km+,n,i mean thermal conductivity between nodal points, m,
n,i and m+1, n,i;W m'1 K"1

km,n-, i mean thermal conductivity between nodal points, m,
n, i and m,n-1, i;W m"1 K"1

km,n+,i mean thermal conductivity between nodal points, m,
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n, i and m, n+1, t; W m'1 K'1

km,n,i-mean thermal conductivity between nodal points, m, n,
i and m, n, i-l; W m"1 K'1

km,n,i+ mean thermal conductivity between nodal points, m,
n, i and m, n, i+l;W m"1 K"1

m number of spatial element in the radial direction

M number of spatial element at the exterior wall surface

n number of spatial element in the circumferential di
rection

Nu Nusselt number

i number of spatial element in vertical direction

L number of spatial element at top surface of bulk

qd direct solar radiation; W m"

qe direct earth to bin radiation; W m"
2

qf diffuse solar radiation; W m
2

qr net radiation; W m

q0 radiation from bin to surrounding; W m

qs sky to bin radiation; W m"

r radial distance; m

Rb ratio of cosine of angle of incidence and cosine of
zenith angle (Duffie and Beckman 1974)

Re Reynolds number

Ta ambient air temperature; K

tb temperature of air above the grain surface; K

tm, n, i temperature of element m,n, at time t; K

t'm, n, i temperature of element m,n, at timet + Ax;K

ts effective sky temperature; K

z vertical distance; m

a long wave absorptivity of bin wall material

e emissivity of bin wall material

v ground reflectance (0.7 for snow cover and 0.2 for no
snow)

A finite increment

6 included angle of bin sector; rad

Pm, n, i density of element m, n, t; kg m

pm mean density of grain, concrete and soil; kg m

a

-3

-3

Stefan-Boltzman constant, 5.67 x 10"8; W m"2 K"4
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