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Abstract

This paper describes the use of Microsoft Excel Spreadsheet and Macro in solving diffusion
problems. A one dimensional heat diffusion equation was transformed into a finite difference
solution for a vertical grain storage bin. Crank-Nicholson method was added in the time
dimension for a stable solution. The Excel spreadsheet has numerous tools that can solve
differential equation transformed into finite difference form for both steady and unsteady
boundary conditions. Its iterative scheme is easy in solving a problem with steady boundary
condition. This paper describes a method to solve heat diffusion problem with unsteady
boundary conditions using Excel based macros. Results obtained from the solution agreed well
with the measured product temperature distribution for a period of two and half years.

Introduction

Commercial software or custom programs are usually used in studying complex problems. A
commercial program may have limitations to certain conditions of a problem. A custom
program requires adequate programming skills of the researchers. Microsoft Excel spreadsheet
together with its macro capabilities, on the other hand, is a handy tool that can easily be
programmed to suit the needs of solving diversified problems. Ketkar and Reddy ' used
Microsoft Excel for numerical solution of an unsteady state heat equation. In this study a heat
diffusion problem was solved using the Excel spreadsheet. The time varying boundary condition
of the problem did not follow any pattern. This dynamically changing behavior of the boundary
condition was taken care of by interfacing some Excel macros with values in the spreadsheet.

Bala et al ? wrote an elaborate computer program in BASIC language to simulate temperatures of
wheat stored for two and a half years in a concrete bin of 778.7-m3 capacity with a diameter of
5.5m and a height of 33.5m located in Cheney, Kansas. This paper used their data but solved the
same problem using Microsoft Excel macros interfaced with Excel spreadsheet.

Finite Difference Model for Heat Flow

The following partial differential equation describes transient heat transfer in the radial direction.
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T = temperature, °C

t = storage time, hour

r = radial distance from the center of bin, m

o = thermal diffusivities of grain, bin wall materials, and air, m*/hour

Analytical solution of this equation is difficult due to the fact that the diffusivity of grain, bin
wall materials and ambient air are different and the boundary condition also varied irregularly.
A finite difference method was developed using the following assumptions:

e The heat flow pattern was assumed to be symmetric around the vertical axis of the bin

e There was no heat flow in the vertical direction

e The physical and thermal properties of grain was uniform throughout the bin

e There was no heat generation within the grain mass.

The finite difference method determines temperatures at discrete grid (node) points in the bin.
Temperature at each grid or node is based on previous temperature at the node and current and
previous temperature at it neighboring nodes. The method, embedding the Crank-Nicholson’s >
implicit technique, yielded equations (2), (3), (4) and (5).

Considering n number of nodes and designating the central node as node number 0 and hence the
bin outside wall node number to be (n-1), the equation for the central node is:

20At 20At 20At 20At
[1 + Ar? jTO,jH - Ar? Tl,j+1 = (1 - Ar? jTO,j + Ar? Tl,j (2)
where

o = diffusivity of grain, m*/h

Ar = nodal distance, m

Ty, j= Temperature at node 0 at time j, °K

At = time difference in between two calculations, h

Equation at any node excluding nodes at the center and within the bin materials is
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For the node just outside the bin wall (node, n-1), the equation is
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where o, = diffusivity for the materials in between the node (n-1) and node n
ap = a = diffusivity of grain
a3 = diffusivity for materials in between the node (n-2) and node n

Equation for node n, just outside the bin wall, is:

At At 2Arh, 0, 2Arh,
_m(an +0) Ty +{1+ AL (a{ K +1)+0‘22 +2_3; K ]}Tn,jﬂ
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where a,; = diffusivity of air
oy, = diffusivity of materials in between node (n-1) and node n
o33 = diffusivity of materials in between node (n-1) and a node in air away from node n

Finite Difference Nodes

In this study the radial dimension of the bin was discretized into 9 equal sections with 10 nodes.
These nodes, as mentioned in equations (2), (3), (4) and (5), are shown in Figure 1.

Mode 0 at Mode 9 at Mode in the
center Maodes 1 through 8 surface air
i ) i —-I:IG X -L__ _r L O L i ]
Birn wall

Figure 1. Discrete nodes along radial direction of the bin

According to the principle of the finite difference method, the temperature at the next step time

(at time j+1) at node i1 will be estimated based on the current temperatures at nodes (i-1), 1, and at
(i+1).

Tri-diagonal Matrix Equation

Equations (2), (3), (4) and (5) form a tri-diagonal matrix equation with constant matrix, time
varying force vector and unknown nodal temperatures. For 10 nodes, the finite difference
method yields 10 equations find 10 unknown temperatures at time t + At. The known nodal
temperatures and outside air temperature at time t are used to find temperatures at time t + At.
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This matrix equation can be produced in the following format:
AT=H

where
A = tri-diagonal constant matrix as function of the thermal diffusion properties of grain,
bin wall materials and outside air,
T = vector of unknown nodal temperatures at time, t + At (i.e. time, j+1)
H = known vector as function of the thermal diffusion of grain, bin wall materials and
outside air temperatures and known nodal temperatures at time, t (i.e. time j)

Use of Microsoft Excel Spreadsheet

Individual elements of matrix A and vector H are calculated from the grain, bin materials, nodal
positions and distances and air temperatures. These properties are entered in the spreadsheet. As
shown in Figure 2, the elements in the matrix are represented by a, b, and c¢. The elements of
vector H are represented by h. Each value of h is calculated from the values of e, f, and g.

The three coefficients at time j are shown in three columns right before the column for vector H.
The spreadsheet multiplies these coefficients with corresponding known temperatures at nodes,
including the air temperatures for the surface equation, to determine the individual entries of
vector H.

Equation (2) for the node at the center of the bin has two coefficients each at time j and time j+1.
Therefore, the first row of matrix A has two entries bl and c1. Likewise vector H has two
entries f1 and gl. As for examples, the following coefficients are extracted from equation (2).

N 2aAt ol 2aAt 1ol 2aAt gl= 2aAt

bl = 1 5 T 5 T 5
Ar? Ar? Ar? Ar?

For each of the intermediate nodes as seen in Equation (3), there are three entries, ai, by and ci
for matrix A and three entries, e, fx, and g for vector H. The Equation (5) for node n has two
coefficients at time j+1. Therefore, the last row of matrix A has two entries. However, the
vector H has three entries because the third one comes from the coefficients of ambient air
temperatures at time j and at time j+1.

Based on appropriate equations, the spreadsheet calculates all elements (represented by a, b, c, e,
f, g and h) from the basic parameters of grain, bin materials, and nodal values. The last line
includes the air parameters, air temperature and surface conductivity.
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Figure 2. The constant tri-diagonal matrix and the known vector H derived from the
thermal diffusion properties of gain, bin wall materials and air

Visual Basic Macros of Microsoft Excel

To determine grain temperatures as a function of the outside temperature, an iterative scheme is
required. The Excel spreadsheet can perform such iterations for static boundary condition.
However, this scheme could not be used because of the dynamic nature of the outside air
temperature which varied irregularly over the period of storage duration. This irregular
boundary condition was accommodated using the macro capability of the Microsoft Excel.
Macro was used to interpolate missing air temperatures and as well as to solve the tri-diagonal
matrix and to populate spreadsheet cells with nodal grain temperatures at each time step. The tri-
diagonal matrix was solved using the Thomas method as described by Sastry *.

The air temperatures outside the bin were measured at an interval of 15 days (360 hours) for a
period of two and a half years. Any temperature in between two measured temperatures was
determined using straight-line interpolation method using Excel macro.

Unknown grain temperatures at time j+1 were calculated based on known grain temperatures at
time j and known air temperatures at times j and j+1. Macro was written such that grain
temperatures can be predicted at any time interval (At) of 1, 12, 24, 36, 72 or 360 hours.
However, the predicted temperatures were written back to the spreadsheet cells at an interval of
360 hours for all time intervals. As an example, with At =1 h, 360 intermediate iterations are
made to write only one set of nodal grain temperatures on the spreadsheet cells.

Figure 3 shows the flowchart for the development of the macro as described above.
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Figure 3. Flowchart for macro development

Results and Discussion

Figure 4 shows a partial view of simulated temperatures at 10 nodal points. Grain was assumed
to store at a uniform temperature of 6.67 °C. As the button labeled, “Simulate” is pressed, the
simulation starts and the designated cells are populated with the simulated temperatures of the
grain at nodal points for the duration of storage.

The spreadsheet was designed to simulate grain temperatures with reasonable accuracy for all
time steps of 1, 12, 24, 36, 72 and 360 hours for the duration of storage of two and a half years
(780 days). Figure 5 shows good agreement between the measured and the simulated grain
temperatures at a distance of 1.39 m from bin center using 360 h as the time step. Outside air
temperature is superimposed to compare it with the grain temperature. This Figure also shows
how the grain temperature always lags behind the air temperature.
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Figure 4. Simulated grain temperature at nodal points.
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Figure 5 Grain temperature response to the outside air temperature variations

at 1.39m from the center of the bin wall.

The use of At =360 hours as time step requires a total of only 53 predictions for the total period
of storage. The use of At =1 hour as time step requires 360 intermediate predictions for every 15
days resulting in a total of 18,720 predictions for the same period of storage. This extra fineness
(At =1 hour) does not produce any appreciable improvement in the simulation result except the
exact air temperature at the surface of the bin. In other words, the time step of At =360 hours is
good enough to obtain the desired prediction result. The variation between the predicted and
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measured temperatures may be attributed to other factors, such as, assumptions used in this
study, possible errors in measurement of temperatures, uncounted external temperature variations
between two successive measurement at an interval of 15 days, etc.

Conclusions

Microsoft Excel spreadsheet is a very handy tool in quick calculations of parameters. Macro
capability is an added tool to customize its use in accordance with diversified requirements. A
command button can be added to a spreadsheet from the Tools menu. A single click on it opens
a Visual Basic IDE with subroutine template. Students can easily use the spreadsheet and macro
combination as may be required.

The smaller values of time step, At, allow finer temperature prediction. Likewise, smaller values
of nodal step, Ar, have the potential to improve the similar accuracy. However, any change in
Ar, causes a corresponding change in the number of equations to solve. Thus it requires a total
redesign of the spreadsheet. An alternative to implement this modification is to write
subroutines in the macro. This reduces the size of the spreadsheet at the cost of increasing the
programming effort. Thus the more flexibility is added to the Excel solution, the more the
spreadsheet loses its share in calculation by becoming just a sheet for keeping records of
calculation.
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