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SERIES PREFACE

This manual is one of a series written to make available designs of basic equipment intended to be
made by institutions for their own use in teaching and research in agricultural engineering and
associated technologies.  They are directed at the study of the functional performance of various
machines and items of equipment and particularly at the important elements which determine that
performance.

As well as providing drawings showing the main dimensions of the equipment, the manuals also
include basic theory, design considerations, and techniques for their calibration and use.  The designs
are based, as far as possible, on the use of  industrial components. In addition to specifying part
numbers and sources of supply for purchased components, the latter have also been specified, where
possible, in terms of size / capacity / performance so that suitable alternatives may be used.

A range of types of transducer from simple manually read  devices to more complex electronic units
may be used with the designs. In this way the latter can serve a range of users and can remain in use as
the level of instrumentation grows.

The designs  have been provided by individuals who have had experience in their development and use.
We would value comment, criticism, and suggestions for improvements.

The assistance of the Australian International Development Assistance Bureau in providing financial
support for the original preparation of the material for publication is gratefully acknowledged. They
were originally printed and distributed to interested people by the Editor in 1991.

They are but are now being made available to a wider readership by being republished in a slightly
amended form on the ePrints Repository of the University of Melbourne and can be down loaded free
of charge at: http://eprints.unimelb.edu.au/

The manuals and associated drawings may be freely copied for non-commercial purposes. However
acknowledgement of the source of the designs is requested in any publications resulting from their
use.
                                                             R.H. Macmillan
                                                                               Editor

Senior Fellow
International Development Technologies Centre
Department of Civil and Environmental Engineering
University of Melbourne
Victoria  3010 Australia

r.macmillan@devtech.unimelb.edu.au

October 2003
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GRAIN  DRYING  RIG

SUMMARY

This manual, which is one of a series on locally made equipment for teaching and research in
agricultural engineering and associated technologies, describes a rig for studying the air flow through
and drying of grain by forced air circulation in a vertical bed.

The rig is described and construction drawings are provided;  a parts list and sources of supply for
purchased items are given.  The use of the rig for air flow/pressure and grain drying drop experiments
is described and the relevant theory is presented. It is not a rig for drying significant quantities of
grain.

Key words: equipment, teaching, research, agricultural engineering, grain, drying, storage, fan
performance, air flow, pressure drop.

Hot, cold, moist and dry, four champions fierce strive here for mastery.
John Milton, 1608 - 74

1.0 INTRODUCTION

1.1 Background

The storage of grain is an essential part of the agriculture and food industries.  For grain to be stored
safely, without deterioration by moulds or attack by insects, it is essential that its moisture content be
not greater than a certain acceptable value.  This value varies from grain to grain:  e.g. the moisture
content acceptance levels for Australian wheat and sunflower are 12% and 9% respectively.  However,
the most important quantity from the viewpoint of moulds is the relative humidity of the air between
the grains;  it is necessary that this be kept below about 70% for all grains and seeds.

Grain is dried in many ways.  Spreading it out on the ground is a simple, low cost method but is not
really feasible for large quantities.  It is also very labour intensive and cannot be used in some places
and in some seasons, due to rain.  Grain driers are therefore useful for quickly drying grain,
irrespective of the weather, and hence avoiding the above problems.

Grain may be dried using ambient (unheated) air, but this is only suitable where the moisture content
of grain that would be in equilibrium with the air being used is less than the moisture content of the
actual grain being dried.

If the use of ambient air is not feasible, the air must be heated.  This may be achieved using  various
energy sources such as oil, gas, electricity, bio-mass or solar.

The design of grain driers varies widely.  Batch driers are simple to construct and can be built in
various sizes to suit the demands of individual farmers;  the grain can then be stored in the same bin if
desired.  Continuous flow driers are generally used for higher grain throughputs on large farms or at
receival depots.

The design and operation of grain driers requires a fundamental understanding of the grain drying
process itself;  this is independent of the form of the drier.  While it may be studied in an actual drier,
it is generally more convenient to undertake it in an idealized situation where the various parameters,
such as air temperature and air velocity, may be controlled (refer Manual No. 8).  It is also necessary
where the drying characteristics of a grain that may be of local interest can be studied, but where the
quantity of grain available may be small.
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1.2 Grain  Drying Rig

The grain drying rig described in this manual is not a commercial drier.  Nor is it a prototype for a
drier to be made and sold for on-farm or other use.  It is purely a simple experimental vertical bed
drier for experimentation in teaching and research.

It is composed of a series of components that are intended to provide controlled conditions;  the effect
on the drying process of altering different parameters (e.g. the air temperature and air flow rate) can be
evaluated.

Electric heating is used for the purposes of simplicity and ease of control of these variables.  It is not
intended to imply that electricity should be used for any or all air heating systems.  The design of air
heating systems is beyond the scope of this manual.

The rig may be used to study any grain or other material that can be subjected to heated air drying.

1.3 Use of the Results

As noted above, the form of this grain drying rig is an idealized shape, i.e. a cylinder, where the theory
of grain drying, which has been developed over recent years, may be most easily applied.
Thus, on the basis of the theory for the drying of grain with heated air as given in Appendix 3,
it is now possible to predict the drying time for grain (Sutherland, 1975, 1984).

It is intended therefore that the rig will enable the user to obtain experimental results from which to
develop and validate the equations that predict the parameters of the grain drying process.  The design
of new driers will then be based on these equations and the understanding of the drying process that
the rig provides.

Further detailed information on the design and operation of grain driers can be found in Brooker et al.
(1974).

2.0 RIG  COMPONENTS  AND  PARAMETERS

2.1 General

The drier is a vertical bed drier in which air from the fan is passed through an orifice plate (to measure
the volume flow rate) and an electrical finned air heater to raise its temperature some 20°C.  It then
passes through the plenum chamber and the grain bed to the atmosphere;  see Figure 1.

A description of the construction details of the rig are given in Appendix 4.

2.2 Components

2.2.1 Grain Bed

The vertical bed is meant to simulate a section of an actual drier which would be both deeper and have
a larger cross-sectional area than the small experimental drier described here.  The depth of the bed is
of such a value that a complete drying experiment can be performed in 3 to 4 hours.

The base of the hopper is fitted with a tapered duct or plenum where it is possible for pressure
conditions to be uniform so that an approximately uniform air velocity will occur through the cross-
section of the bed.
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Figure 1: Layout of drying rig
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Figure 2: Elmo G fan pressure – discharge characteristic



6

Locally Made Equipment for Teaching & Research in Agricultural Engineering : R.H. Macmillan

2.2.2 Air Heater

The use of an air heater allows the effect of air temperature on drying time to be evaluated.  In this rig,
an electrical heater is chosen because of the ease of control.  It is not intended to imply that
commercial driers should use electrical energy or that heating should be used at all.  The consideration
of whether to use heated air or not in a commercial drier and, if so, the energy source, is beyond the
scope of this manual.

The recommended heater for the rig is a 1.0 kW finned type air heater over which the air moves before
passing to the grain hopper.  A minimum air velocity must be maintained across the heater, so it is
necessary for the electrical connections to the heater and fan motor to be such that the heater cannot be
operated without the motor running.  On the other hand, the motor should be able to be run without the
heater.

It is important, however, that the wiring of the heater and the fan motor should comply with
the local electrical wiring regulations in every respect.

2.2.3 Fan   

The fan recommended for this rig is a  2BH 1200  Elmo G compressor.

Its characteristic is shown in Figure 2;  further details are given in Appendix 2.

Other fans may be suitable for drying experiments in this rig, provided they can deliver an air flow rate
(approximately 0.2 - 0.4 m3/m2.s) at a pressure corresponding to a depth of one metre of grain, i.e.
about 2 kPa (kilo Pascal).

To provide an appropriate amount of air to the bed, the duct has a diversion pipe and valve that can be
closed to raise the pressure in the plenum chamber so that the desired air velocity through the bed is
achieved.  The remainder of the air passes through the diversion valve to the atmosphere.

2.3 Parameters

2.3.1 Air Flow

The actual air velocity through the bed is the air velocity through the spaces or voids in the bed.
However, this velocity is difficult to measure and it is therefore common to express the velocity in
terms of the 'superficial' or 'face' velocity based on the total or face area of the bed.

Thus

Air velocity   =   
volume flow rate

cross-sectional area of bed     (m3/m2 .s) 

2.3.2 Pressure Drop

When air is forced through a bed of grain there is a loss of pressure due to friction and turbulence.
This pressure drop depends on the following, in approximate order of importance:

• the size and shape of the voids between the grains, i.e, the packing state
• the velocity of the air
• the surface and shape characteristics of the grain
• the depth of the bed
• the properties of the air
• the moisture content of the grain.
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Figure 3: Pressure drop in grain beds

Table 1: Parameters for the pressure drop equation

       
            Values of a & b in Pressure Drop Equation          Properties of Air
       

         Grain        Moist. Cont.            a           b Temp. Viscosity Density
% wet basis C Pa.s kg/m

   
Barley 12.0 9.26 x 10^7 7015 20 18 x10^-6 1.19
Canola (Rape) 5.7 39.2 x 10^7 11680 40 19 x 10^-6 1.12
Linseed 7.9 82.4 x 10^7 27390 60 20 x 10^-6 1.05
Maize (Corn) 12.4 3.97 x 10^7 5760
Paddy (Rice) 13.0 10.8 x 10^7 8755
Safflower 5.9 6.67 x 10^7 5630
Sorghum 13.0 14.7 x 10^7 5805
Soya beans 12.2 4.93 x 10^7 3590
Sunflower 7.9 8.80 x 10^7 7350
Wheat 11.0 17.3 x 10^7 9040
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The pressure drop is normally expressed in terms of a pressure gradient, i.e. Pa per metre depth of the
bed.

This pressure drop through the grain bed may be presented in various ways:

(a) Theoretical.  Various theoretical expressions have been developed to predict the pressure drop
through beds of grain, but the consideration of these is beyond this manual.  Reference may be
made to Brooker et al. (1974).

(b) Experimental.  The most commonly used pressure data for agricultural grains are those
measured by Shedd (1953).  Figure 3 shows the bed pressure drop - air velocity characteristics
for several common grains taken from his experimental data.  These values are for loose packed
grain.

(c) Empirical.  On the basis of experimental results, an empirical relationship was developed
(Sutherland and Ghaly, 1982) to give the pressure drop per metre of bed depth as:

P   =    a µ v  +  b ρ v2

where P = pressure drop per metre of bed depth (Pa/m)
µ = viscosity of the air (Pa.s)
 ρ = density of air (kg/m3)
 v = face velocity  (m3/m2.s)

a & b = parameters for particular grain

Values for a and b are presented in Table 1 for various common grains.

It should be noted that the pressure drop in beds is highly dependent on the porosity thus on the
packing density.

2.3.3 System Operation

When the fan with the pressure-delivery characteristic, shown in Figure 2, is connected to the bed of
grain with a pressure drop-velocity characteristic, shown in Figure 3, the operating point for the
combined fan and bed system is the intersection of the fan graph and the bed graph for the particular
grain, as shown in Figure 4.  For wheat, the operating point is shown as a '+ '  at A .

It will be seen that the fan is capable of delivering a greater air flow than is used for the drying
experiments on the common cereal grains.  Alternatively, it is capable of delivering air against a much
greater head than is caused by the grain bed of one metre depth.  It may therefore be used for a wider
range of experiments than is described here.

2.3.4 Temperature

To monitor the progress of the drying process, it is necessary to measure the temperature of the bed at
various points up its height as the air is blown through it.  Temperature readings must also be taken in
the plenum chamber and on the surface of the grain bed to give the initial and final temperature of the
air in the drying process.  The ambient temperature must also be taken.

Initially, the temperature should be read every 5 minutes;  later in the experiment this may be extended
to every 15 minutes.  Various methods may be used to sense the temperature and various devices may
be used to record it.  Because conditions change relatively slowly, there is time to take the readings and
to record them manually.
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Figure 4: System operation with the fan (Figure 2)
and the grain beds (Figure 3)

2.4 Instruments

2.4.1 Flow Measurement

(a) Orifice plate

In drying grain, the quantity of air passing through the grain is of importance in determining the time
of drying and it is therefore necessary to measure the air flow in the grain rig.  This is done with a
simple orifice placed in the air duct, downstream of the diversion pipe and valve mentioned above.

The orifice plate is a pressure differential device and air measurements are made in terms of the
pressure drop across the plate.  The requirements for the orifice plate and associated pipe work are
given in Manual No.6.  These details are taken, with permission, from British Standard BS 1042
Measurement of Fluid Flow in Closed Conduits Part 1, Section 1.1 Orifice Plates... etc. and Section
1.4 Guide to Use of Devices... etc.

(b) Manometer

The measurement of pressure drop is done with a liquid manometer, of which the inclined tube type is
the most common and appropriate for use in the present rig.

The air flow is then calculated using the pressure drop across the plate, the known dimensions of the
plate and its associated pipe and the properties of the air.

Typical results are shown in Figures 5 and 6 for mass and bed velocity (through a 200 mm diameter
bed) at 30°C for various orifice plate diameters.
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2.4.2 Temperature Control and Measurement

(a) Control

The drying rig incorporates a finned air heater to raise the temperature of the air and allow the user to
run the drying experiments at a series of constant input air temperatures.  This will not be achieved if
the air heater is operating all the time.

It is therefore necessary to control the length of time the heater is on to keep the input air temperature
at the chosen value.  This is done with the temperature controller that is wired into the electrical circuit
for the heater and has a thermometer element that is inserted into the plenum chamber to sense the inlet
air temperature.  The controller has a dial that can be adjusted to give the desired temperature.

When the actual temperature in the plenum is below the set temperature, the heating element is
switched on and the air is heated.  When the temperature in the plenum is above the set temperature,
the heater element is switched off.  The result is that the input air temperature will not be strictly
constant, but will fluctuate slightly above and below the set value.  Experience with a rig of this type
suggests that this is not likely to cause serious errors in the results.

(b) Measurement

(i) Mercury in glass thermometers. These may be inserted into the centre of the bed after it is
filled.

(ii) Thermocouples.  Again, these may be inserted into the bed after it is filled;  they are
connected to a voltmeter:
• analogue - visual reading and manual recording

- multi channel point or pen chart recorder

• digital - visual reading and manual recording
- printing.
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3.0 EXPERIMENTAL  PROCEDURES

3.1 General

The rig is capable of being used for a number of different experiments and for conducting drying
experiments on a range of agricultural or other products.

3.2 Fan Pressure-Discharge Characteristic

3.2.1 General

The fan has a characteristic curve which shows the fundamental performance of the fan, i.e. of the
way the discharge varies as the pressure against which the fan is working is varied.  The
manufacturer's curve for the type of fan recommended is shown in Figure 2.  However, it is a useful
experiment to determine this curve for the actual fan received and to compare this with that provided by
the manufacturer.

If a different fan is being used to the one recommended, it is suggested that the user write to the
manufacturer and request a copy of the characteristic for the particular fan;  quote any data shown on
the name plate, also the inlet and outlet sizes and fan speed.

To determine the characteristic, it is sufficient to have the fan connected to the orifice plate, but not
connected to the air heater or the grain bed.  What is being measured here is just the characteristic of
the fan alone;  it is not related to how, in actual use, the pressure is generated or the air is used.  The
diversion valve must be closed and sealed to ensure that no air leaks occur;  all air must pass through
the orifice plate and be measured.

It is necessary to have an adjustable baffle at the outlet of the discharge pipe to vary the pressure
against which the fan is working.  This can be as shown in Drawing No 7.1.

Figure 7: Layout of rig for determination of fan pressure discharge characteristic
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3.2.2 Method

1. Connect the fan to the orifice plate pipes.  Fit the adjustable baffle to the discharge end of the
pipe in its fully withdrawn position.  Ensure that the diversion valve is fully closed and sealed.
Connect the low range manometer across the orifice plate with two flexible plastic hoses;
connect the high range manometer to the upstream pressure tapping;  see Figure 7.

2. Start the fan.  Record the pressure drop across the orifice plate and the pressure at the upstream
tapping, i.e. the pressure developed by the fan.

3. Move the baffle in until a reduction in air flow is noticed, as indicated by the reduction in
pressure drop across the manometer.

4. Repeat steps 2 and 3.

5. The final step is to fully seal the end of the pipe so that there is no flow;  this can be done with
the hand.  The pressure drop across the manometer should be zero.  The pressure developed by
the fan should be a maximum or nearly so.

6. Using the pressure difference values, calculate the air flow as shown in Manual No. 6.  Plot
pressure developed, i.e. the upstream pressure (Pa;  vertical axis) versus air flow (m3/s;
horizontal axis).

7. Compare the result with the manufacturers curve;  account for any differences.

3.3 Pressure Drop in Bed of Grain

3.3.1 General

As noted above, when air is forced through a bed of grain there is a pressure drop in the air.
Alternatively stated, in order to cause the air to flow, it is necessary to maintain a pressure drop across
the bed.

The relationship between these two variables is therefore of interest and using the rig it is possible to
determine this for the particular grain or other product of interest.  In designing a drier, it is of course
necessary to know this relationship, so that a suitable fan can be chosen for the desired bed depth or,
alternatively, a bed depth can be chosen to suit a particular fan.

As noted above, the air velocity is specified in terms of the superficial or face velocity, i.e. (m3/m2.s).
The pressure drop is measured in Pa, but specified in Pa/m of bed depth.  Typical results are shown in
Figure 4.

In filling the hopper, it is necessary to use a controlled method on each occasion because the pressure
drop is very dependent on the porosity, i.e. on the air space in the bed.  This in turn depends on the
method of filling and on any compaction that takes place due to disturbance after the hopper is filled.
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Figure 8: Layout of rig for determining pressure drop in beds of grain

3.3.2 Method

1. Calculate the pressure drop across the orifice plate for various air velocity values through the bed
(e.g. 0.1, 0.2, 0.3, 0.4 m3/m2.s);  see Manual No. 6.  Use ambient temperature.  These values are
constant and should be recorded for future use.

2. Weigh the hopper while empty and again after being filled with grain.  This will provide a check
on the amount of grain in the bed from experiment to experiment and hence on the variability in
the condition (especially the porosity) of the bed.

3.  Connect one leg of the high range manometer to the pressure tapping in the plenum under the
bed. Alternatively, connect one leg to a pressure tapping in the bed 100 mm from the base and
the other to a tapping 900 mm from the base;  this will give the bed a depth of 800 mm.  Connect
the low range manometer across the orifice plate;  see Figure 8.

4. Set the diversion valve so that the pressure drop across the orifice plate is the pressure drop
corresponding to an air velocity through the bed of, say, 0.1 m3/m2.s as calculated in 1 above.

5. Read and record the pressure drop across the bed.

6. Repeat steps 4 and 5 for other air velocities through the bed.

7.   Calculate the pressure drop in terms of Pa/m of bed depth.  Compare the results with published
data;  account for any differences.

8. Repeat steps 2 to 7 for the same grain, but with the bed vibrated and refilled to the same depth.
This will show the effect of bed porosity on pressure drop.

9. Repeat steps 2 to 8 for other grains or products.  This will also show the effect of bed porosity
and/or product shape etc. on pressure drop.

10. Repeat  steps 1 to 9 for other air temperatures.  This will show the (minor) effect of air
temperature on pressure drop.
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3.4  Grain Drying

3.4.1 General

The aim of this experiment is to observe and measure the passage of temperature and moisture fronts
through the grain bed during the drying period for different drying parameters, such as:
• air flow rates
• air temperatures
• grain bed depths
• initial grain moisture contents
• grain or product type.

3.4.2 Set-up Method

1. Calculate the orifice pressure drops corresponding to various air velocities through the bed (e.g.
0.1, 0.2, 0.3, 0.4  m3/m2.s).  These values are constant and should be recorded for future use.

2. Weigh the hopper empty;  this value is constant and should be recorded for future use.

3. Fill the hopper with grain, with a typically high moisture content, to an appropriate depth, say 0.5
m ;  weigh again.

4. Connect the fan, diversion valve and orifice plate to the air heater and the hopper inlet pipe;  see
Figure 1.

5. Insert temperature measuring devices at intervals up the bed.

6. Set the temperature controller to give a temperature rise of the air of say 20°C.

7. Start the fan and close the diversion valve until the pressure drop across the orifice corresponds
to an air flow rate of, say, 0.2 m3/m2.s through the bed as calculated in 1 above.

3.4.3 Test Method

1. Measure the bed centre-line temperatures every 5 to 15 minutes.

2. Measure ambient, plenum chamber and air outlet dry-bulb temperatures every 5 to 15 minutes.

3. Measure ambient and bed outlet dry- and wet-bulb temperatures every 15 minutes by a suitable
hygrometer.

4. Take a small sample from the surface of the bed every 30 minutes and measure its moisture
content  by a suitable moisture meter

5. Weigh the bed at the end of the 4 hour drying period.

6. Attempt to take samples at  0, 1/4, 1/2, 3/4 and full bed depth.  Then mix grain thoroughly and
determine the average moisture content by moisture meter and/or by air oven.

7. Compare grain moisture content reductions by sampling and weighing.

8. Plot grain temperature and moisture content profiles versus depth through bed at suitable
intervals, say every 30 minutes.
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3.4.3 Test Method (cont'd)

9. Repeat the above for other air flow rates.

10. Repeat the above for other inlet air temperatures.

11. Repeat the above for other bed depths.

12. Repeat the above for other initial grain moisture contents.

13 Repeat the above for other grains or products

14. Publish the results and / or discuss them with the local manufacturers of grain driers.
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APPENDIX  1: DRAWINGS

Table 1: Parts  List

                                  P  A  R  T  S      L  I  S  T              

ITEM NAME MATERIAL OR DESCRIPTION REQ.
A Grain Hopper Group
A1 Grain hopper Gal. S. sheet, 0.45 (26Ga) 1
A2 Support / clamp  ring Gal. S. sheet,1.2(18 Ga) 3
A3 Grain support mesh Woven wire or perf.sheet to suit grain 1
A4 Screw MS, countersunk, M3 w/-nuts 8
A5 Gasket Rubber sheet or similar 2
B Plenum Group
B1 Plenum cylinder Gal. S sheet,0.45(26Ga) 1
B2 Plenum cone Gal. S sheet,0.45(26Ga) 1
B3 Rivet Hollow or solid, M3 8
B4 Support ring Gal. S sheet, 1.2(18 Ga) 1
B5 Pressure tapping Copper tube, 4D 4
B6 Bend 50 mm D (approx) 1
B7 Clamp ring MS sheet, 1.2(18 Ga) 3
B8 Bolt and nut (not shown) 6D x10 long 4
C Air Heater Group
C1 Box with conical ends Gal. S sheet, 0.45(26Ga) 1
C2 Clamp ring MS sheet, 1.2(18 Ga) 2
C3 Air heater element U form, finned, 1000 W 1
C4 Terminal cover Gal S. sheet,0.45(26Ga) 1
C5 Bolts and nut (not shown) 6D x10 long 4
D Orifice Plate/Pipe Group
D1 Pipe assembly 50D (approx) x  0.5 (24 Ga) x 1275 long 1
D2 Pipe assembly 50D (approx) x  0.5 (24Ga) x 500 long 1
D3 Diversion pipe 50D (approx) x  0.5 (24Ga) x 150 long 1
D4 Diversion valve w/- spindle MS sheet,1.2(18 Ga); MS rod, 6D 1
D5 Clamp ring MS sheet, 1.2(18 Ga) 3
D6 Pressure tapping Copper tube, 4D 8
D7 Orifice plate Pref brass sheet, 1.2(18 Ga); Ref Appendix 4 1
D5 Bolts and nut (not shown) 6D x10 long 8
E Fan Group  
E1 Fan Siemens Elmo G , 2BH1200 Refer Appendix 2 1
E2 Hoze flange W/- gasket and screws; 2BX1 032 1
E3 Hoze , connecting fan to pipe 50 ID (app), cut to suit item F2; 150 long (app) 1
F Support Group
F1 Bed support, part ring MS bar, 6x25 3
F2 Bed support, leg MS RHS, 25x25; w/- foot, 37x37 x3 3
F3 Stay MS  bar, 3x25 3
F4 Pipe support Timber, dimensions to suit 1
F5 Heater box support Timber, dimensions to suit 1
F6 Fan base Timber, dimensions to suit 1
G Instrument Group
G1 Inclined tube manometer Refer Appendix 2 1
G2 Temperature controller Refer Appendix 2 1
G3 Resistance thermometer element Refer Appendix 2 1
G4 Temperature indicator Refer Appendix 2 1
G5 Thermo-couple wire Refer Appendix 2 As reqd.
G6 Hygrometer Refer Appendix 2 1
H Miscellaneous Group
H1 Tube Gal. S. sheet, 0.45 (26Ga) 1
H2 Baffle, adjustable Gal. S. sheet, 0.45 (26Ga) 1
H3 Support MS bar, 18x3x100 long 3
H4 Clamp ring Gal. S sheet, 1.0 (20 Ga) 1
H5 Bolt and wing nut 6 Dia x10 long 1
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APPENDIX  2

SOURCES  OF  SUPPLY

Item No Description Part  Nos

C3 Air heater element, finned type, U form, 240 V, 1000 watt

• Mijell Enterprises Pty Ltd PMN100U240
1 Bond Street
Mordiallic Vic. 1121
AUSTRALIA
sales@mijell.com.au

• Lennox Industries Ltd. Order by
Westgate Interchange description
Northampton
Northants  NN5 5AG
ENGLAND
marketing@lennoxind.com
http://www.lennox.com

E1 Elmo G Compressor          2BH1200
Order 1 or 3 phase, voltage, frequency

E2 Hose flange        2BX1 033

• nash_elmo Australia Pty Ltd
13 Arnott Place
Witherill Park NSW 2164
nash-elmo.com.au

• nash_elmo Europe
nash_elmo Industries GmbH

                             Katzwangerstr. 150
                             90461 Nuremberg
                             Germany
                              Fax: +49 911 1454 6935

www.nash-elmo.com

G1 Manometer, Air Flow Developments, variable inclined,
Type 4, two tube, bench model, seven range with SI scales 332305
(complete with fluid)

• Biolab (Australia) Ltd
2 Clayton Road
Clayton 3168 Victoria
www.biolabgroup.com

• Air Flow Developments Ltd
Cressex Business Park
Lancaster Road
High Wycombe,  Bucks.  HP12 3QP
ENGLAND
info@airflow.co.uk
http://www.airflow.co.uk   
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G2 Temperature controller, Brainchild 203, analogue set-point Order by
type with digital indicator,  0-100°C - Pt 100 input; description
110 / 240 volts, 50 / 60 Hz

G3 Resistance thermometer with 4.7 mm dia. x 25 mm long Order by
stainless steel sheath and 2 m cable description

G4 Digital panel meter (temperature indicator), Brainchild BTC-CST-321M-T
with in-built 6 channel selector unit;  manual or auto scan.
and

G5 Thermocouple wire, 0.5 mm dia., Copper/Constantin type; DH-1-50 TTA - 18
order length required

OR

G4 Digital thermometer (hand held), Anritsu HL 600 T
and

G5 Insertion thermocouple, Anritsu, 2.1 mm dia. x 100 mm long C 513 - T
to suit above, complete with lead and mating plug

• Electro-Chemical Engineering Pty. Ltd.
     26 Business Park Drive

Notting Hill,  Victoria 3168
AUSTRALIA

OR

G4 Thermometer, mercury in glass, 0-100°C, 300 mm long Order by
description

G6 Hygrometer, Brannan (or similar), whirling type 13 / 544 / 2
• Biolab (Australia) Ltd

2 Clayton Road
Clayton 3168 Victoria
www.biolabgroup.com

• Air Flow Developments
Cressex Business Park
Lancaster Road
High Wycombe,  Bucks.  HP12 3QP
ENGLAND
info@airflow.co.uk
http://www.airflow.co.uk

Equivalent parts to those listed above are also available from a range of other suppliers /
manufacturers.
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APPENDIX  3

THEORY  OF  GRAIN  DRYING  IN  BEDS

(from Sutherland, 1984)

The equilibrium model

In drying grain in vertical beds, warm air (or ambient air) is passed through the bed.  Assuming
thermodynamic equilibrium between air and grain at any location, the passage of air through a grain
bed causes the formation of three constant condition zones separated by two fronts, all of which move
through the bed in the direction of the air flow (Figure 9).  Zone A refers to grain which has come into
equilibrium with the inlet air, and no further change takes place.  Grain which is still at the initial
temperature and moisture content is represented by Zone C.  Zone B indicates the dwell region
separating the two fronts.

The fronts move at different speeds;  the faster front is called the temperature front and the slower one
the moisture front.  Assuming equilibrium between air and grain, analysis has shown that temperature
fronts closely follow a constant grain moisture content line on a psychometric chart, and that moisture
fronts can be approximated by a constant wet-bulb temperature line.  It has also been shown that both
types of fronts can either widen (cooling and wetting) or remain square (heating and drying) during
their passage through a grain bed, because of the variation of front velocity with grain state.

When air is passed through a grain bed for the purpose of drying, a cooling or heating front precedes
the passage of the drying front through the bed.  If the initial temperature of the grain bed is high (i.e.
tgi > to)*, a cooling front results which produces a small grain moisture content decrease.  On the other
hand, for a low initial grain temperature (i.e. tgi < to), a heating front is produced which slightly
increases the grain moisture content.  The magnitude of this grain moisture content change has been
shown to be approximately 1% (wet basis) for each 28oC that the temperature in Zone B (to) differs
from that in Zone C (tgi).  This leads to the relationship:

Wdw   =   W iw  -  0.00036 (tgi - to) (1)

The drying process, shown in Figure 10, refers to a time when the cooling or heating front has passed
through the bed, thus changing the grain moisture content from Wiw to Wdw (Figure 9).  Points 1, 2
and 3 refer to the ambient, bed inlet (Zone A) and bed outlet (Zone B) air states respectively (Figure 9).
It can be seen that the dry-bulb temperature (to) for point 3, obtained from the equilibrium theory, is
slightly lower than that which the constant wet-bulb temperature (tiw) line through point 2 produces on
intersection with Wdw.  The ambient air (state 1) is heated at a constant air moisture content (or dew-
point temperature) until it reaches a suitable temperature and relative humidity (state 2) for passing
through the grain bed to achieve a particular drying performance.  Any increase in air moisture content
resulting from heating by combustion is neglected.  The heat input rate (q) necessary to produce a
certain air temperature rise above ambient at a constant air moisture content (wi) is given by:

q   =   m (ca + cv wi) (ti - ta) (2)

Once m has been determined, q can be calculated to produce the desired inlet air temperature to the
grain bed and the appropriate heater can then be selected.  For a natural air drying system, no external
heat input is applied, so that ti = ta.

                                    
* Symbols used are given in the Notation at the end of the text.
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Figure 9: Idealised movements of equilibrium fronts & zones
in air flowing through grains

Figure 10: Grain and air states during the drying process depicted on psychometric chart
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The equilibrium drying model assumes that the drying front (predicted to be square) has passed part
of the way through the grain bed in order to achieve a final average grain moisture content of Wf, as
shown in Figure 11.  

Thus, the distance travelled by the square front (ds) is related to the depth of the bed (d) by:
ds
d     =   

Wd − Wf

Wd − We

(3)

and it can be shown that the drying time is:

θs   =   
Miw (1 - Wiw)(Wd - Wf)

m (wo - wi)  (4)

Changing dry basis grain moisture contents Wd and Wf to wet basis in equation (4) gives:

θs   =   
Miw (1 - Wiw)(Wdw - Wfw)

m (1 - Wdw)(1 - Wfw)(wo - wi) (5)

The logarithmic model

An actual drying front is not square, but is spread out (Figure 11) because of the dispersive
mechanisms such as the finite drying rate of the grain kernels.  When conditions are such that the
drying front remains within the grain bed for the duration of the drying process, the drying time can be
predicted by the equilibrium model as given by equation (5).  Driers operated in this way make the
most efficient use of the heat available in the inlet air to the grain bed.  However, if the drying front
moves out of the bed, then the equilibrium drying theory is inadequate and use is made of the
logarithmic model.  The phenomenon of the drying front leaving a grain bed is indicated by the outlet
air dry-bulb temperature which increases from a steady value (to), attained after the passage of the
temperature front, to the inlet air dry-bulb temperature (ti).

Following the logarithmic model, an expression for the average grain moisture content ratio (C) at the
end of drying can be found in terms of the dimensionless depth (D) and dimensionless time (τ) as:

C   =   
1
D   loge  [exp (D)  +  exp (τ)  -  1

exp (τ)  ] (6)

from which it follows that:

τ   =   loge [ exp (D)  -  1
exp (CD)  -  1 ] (7)

in which:

D   =   
kθs

1 - C (8)

The quantity C is also defined by:

C   =   1  -  (ds/d) (9)

Therefore, using equation (3) and converting to wet basis moisture contents leads to:

C   =   
(Wfw - Wew)(1 - Wdw)
(Wdw - Wew)(1 - Wfw) (10)



24

Locally Made Equipment for Teaching & Research in Agricultural Engineering : R.H. Macmillan

Figure 11: Movement of drying front through a bed of grain

In the logarithmic model, drying time is given by:

θ   =   τ/k (11)

in which the drying constant (k) is defined by assuming that each grain kernel dries according to:

dW

dq
= −k(W − We ) (12)

in which k is assumed to be constant.

The drying constant, however, varies with temperature and is generally fitted by an Arrhenius type
equation of the form:

k   =   a . exp (b/T) (13)

in which a and b are constants and T the absolute temperature.  Consequently, an average value of
temperature across the drying front is taken for the calculation of k, so that:

T   =   273.15  +  (ti  +  to)/2 (14)
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Notation

a, b Constants in drying constant formula (equation 13)

ca Specific heat of dry air at constant pressure, 1.00 kJ kg-1 K-1

cv Specific heat of water vapour, 1.80 kJ kg-1 K-1

C Average grain moisture content ratio at the end of drying

d Depth of grain bed, m

ds Distance travelled by square drying front from inlet of grain bed, m

D Dimensionless bed depth

k Drying constant, s-1

m Mass flow rate of dry air, kg/s

Miw Initial mass of wet grain, kg

q Heat input rate to ambient air, kW

t Air dry-bulb temperature, ˚C;  ta, ambient;  ti, at inlet to grain bed;  to, at outlet
from grain bed after passage of the cooling or heating front

tgi Initial grain temperature, ˚C

tw Air wet-bulb temperature, ˚C;  taw, ambient;  tiw, at inlet to grain bed

T Absolute temperature, K

w Moisture content of air, kg water/kg dry air;  wa, ambient;  wi at inlet to grain bed;
wo, at outlet from grain bed after passage of the cooling or heating front

W Moisture content of grain (dry basis), kg water/kg dry grain;  Wd, dwell value
after passage of the cooling or heating front;  We, in equilibrium with inlet air to
grain bed;  Wf, final average value;  Wi, initial value

Ww Moisture content of grain (wet basis), kg water/kg wet grain;  Wdw, Wew, Wfw, Wiw

θ Logarithmic model drying time, s

θs Equilibrium model drying time, s

τ Dimensionless drying time



26

Locally Made Equipment for Teaching & Research in Agricultural Engineering : R.H. Macmillan

APPENDIX 4

DESCRIPTION OF THE DRYING RIG

This description of the constructional features of the rig is made with reference to the Drawing No. 7/1
and the Parts List, Table 1, Appendix 1.

*  Grain Hopper  -  Item A
The cylindrical hopper that forms the grain bed is rolled from galvanised steel sheet, preferably 0.55
(24 Ga) or 0.45 (26 Ga).  A sheet of fine wire mesh or perforated sheet, placed between  support rings
(A2), is used to support the grain and to allow the air to pass through it.  This latter assembly should
be supported at the base of the hopper (but not permanently attached to it) so that it can be removed if
necessary.  The  hopper has a series of small holes, spaced at 100 mm up its height, that serve as
access points for temperature or pressure tappings.

*  Plenum Group  -  Item B
The air is conveyed to the grain bed by the conical duct or plenum chamber.  This also has two tapping
points, the lower one for the resistance thermometer that is used as the monitoring point for the
temperature controller and the upper one, close to the mesh supporting the grain bed, for measurement
of the temperature of the air entering the grain.

The hopper and plenum may be assembled by means of solid or hollow ('pop') rivets or by spot
(resistance) welding.  To ensure that there are no air leaks, all joints should be sealed by soldering or
by the use of a silicone or similar jointing compound.

*  Air Heater Group  -  Item C
The air heater container is constructed from 0.55 (24 Ga) galvanised steel sheet with suitably tapered
ends. The size should be sufficient to accommodate the finned heater element.

A suitable mounting plate should be provided for attaching the element, together with a cover to protect
the electrical terminals.

As noted above a minimum air velocity must be maintained across the heater, so it is
necessary for the electrical connections to the heater and fan motor to be such that the heater
cannot be operated without the motor running.  On the other hand, the motor should be able
to be run without the heater.

It is also important that the wiring of the heater and the fan motor should comply with the
local electrical wiring regulations in every respect.

*  Orifice Plate/Pipe Group  -  Item D
The pipe assemblies (D1, D2) may be most conveniently made from galvanised storm-water pipe or
rolled from galvanised sheet steel.  The right angle bend may also be purchased or made from a series
of short lengths of straight pipe.

The joining of these pipes together and to the other components (plenum (B), air heater (C) etc.) may
be arranged by means of a pair of flanges that are clamped together.  Two annular clamp rings (B7,
C2, D5) are slipped onto each pipe and a series of short axial cuts are made in each pipe.  These cut
ends are turned out at right angles to the pipe axis to form a 'flange'.  The assembly is completed by
clamping the two rings together with four M6 bolts.  If the bolts are at a greater radius than the pipe
flange, the latter may be rotated and components aligned as required.  A soft gasket of rubber sheet or
suitable material may be used to prevent air leaks.

Details of the requirements for the orifice plate (D7) are given in Manual No. 6, Measurement of Air
Flow with Orifice Plates
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*  Fan Group  -  Item  E
The fan (E1) (called a compressor in the manufacturer's specification) will be found suitable for a
range of products that might be used in the drier.  Alternative makes would also be suitable, as long as
they provide air at a sufficient flow rate for the depth of product being dried.

*  Support Group  -  Item F
The grain hopper should be supported in a vertical position with a three legged supporting frame (F).
The hopper should be able to be detached for filling, weighing, cleaning, etc.  The air heater and fan
etc. may be placed on the floor, but it may be necessary to attach the fan to the floor to avoid it moving
relative to each other component due to vibration.

Alternatively, the whole assembly may be attached to a frame and this placed on the floor or mounted
on a wall.

*  Instrument Group  -  Item G
The instruments to be used with this drier can be varied according to local needs and resources. Those
specified in Appendix 2 represent modern manually-read devices.  Analogue or digital recording
devices may also be used.  Many alternative manufacturers and sources of supply are available.

*  Miscellaneous Group  -  Item H
This group consists of the adjustable baffle and short length of mounting pipe (flanged at one end)
that is bolted onto item D1 (in place of item C1) when the fan pressure - discharge characteristic is
being determined;  refer Section 3.2 above.  When placed on the pipe, the baffle forms a resistance at
the outlet and, when moved axially, varies the pressure against which the fan is working.


