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Sokhansanj, S. and Lischynski, D.E. 1991. Combination drying of
wheat. Can. Agric. Eng.33:273-277. Simulations and experiments to
investigate the combination drying of wheat are described. The
throughput of the heated-air dryer increased from 2.77 t/h to 3.84 t/h
as a result of by-passing the cooling cycle. The combination drying
also improved energy efficiency of the heated-air dryer from 10 to 20%
depending upon the initial and transfer moisture contents. The opti
mum transfer moisture content for wheat was determined to be

16-17%.

Description de simulations et d'essais visant a etudier le sechage
combine du ble. Le debit du sechoir a air chaud a augmente de 2,77 t/h
a 3,84 t/h, ce qui est du au fait qu'on a evite le cycle de refroidissement.
Le sechage combine a egalement accru de 10 a 20% refficacite
energetique du sechoir a air chaud, en fonction des taux d'humidite
initiaux et de transfert. On a ainsi determine que le taux d'humidite
optimal de transfert du ble etait de 16 a 17%

INTRODUCTION

In combination drying, grain is pre-dried in a conventional
heated-air dryer without cooling. The hot grain is transferred
into a bin where it is cooled and dried to the target moisture
content. Combination drying has been credited with increased
drying capacity, improved energy efficiency, and improved
grain quality over conventional heated-air drying. The objec
tive of this research was to investigate combination drying of
wheat and compare the method to the conventional heated-air
or unheated-air drying methods in terms of drying time and
energy efficiency.

LITERATURE REVIEW

The idea of transferring partially dried grain from a heated-air
dryer to a temporary storage for further drying and cooling
was first introduced by Foster (1964). The main feature of
Foster's process was an 8 to 12 h steeping process prior to final
drying and cooling. Calling the method "dryeration", Foster
(1973) demonstrated that corn dried by this technique devel
oped fewer stress cracks than corn dried by the conventional
heated-air drying/cooling method. Dryeration was further
tested and developed by Muhlbauer and Kuppinger (1975) and
by Lasseran (1977) for high moisture corn. In spite of superior
features of the process, dryeration did not become a popular
drying practice mainly because of the inherent delay in drying
during the steeping process and the extra management require
ments.

Morey et al. (1976), Gustafson et al. (1978), and Shove
(1978) demonstrated that corn was less damaged in a combi
nation of high-low temperature drying processes than in the
straight heated-air drying. They also showed that the success
of combination drying depended upon grain temperature and
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moisture content at the time of grain transfer from the high
temperature dryer to the bin for immediate cooling and drying.
Muhlbauer et al. (1981) pre-dried 39% moisture content corn
to 22.9% prior to transferring it to a bin. They found reduced
fungi and yeast counts as a result of high temperature pre-dry-
ing. Morey et. al. (1981) published the results of four years
(1975-1978) ofexperiments on the combination drying ofcorn
in Minnesota. The initial moisture content of grain varied year
to year, ranging from 23% to 28%. The corn was dried to 22%
and then transferred to the low temperature bins. At the time
of transfer, the recorded exit temperature of the grain was
43-56°C. Their overall conclusion was that combination dry
ing resulted in about 50 percent energy savings in addition to
the increased capacity and drying reliability.

Lasseran (1982) experimented with a process similar to the
combination drying where wet corn at 35% moisture content
was dried to 17-18% before tempering/cooling. The hot grain
at 50-60°C was cooled and dried to 15.0-15.5% moisture
content with the unheated air. He reported 20 percent savings
in fuel and 40 percent increase in drying capacity over the
conventional heated-air drying. Otten and Brown (1982) in
vestigated the combination drying of corn in Ontario where
grain with initial moisture content of 27-29% was pre-dried to
20%. The hot grain (40-45°C) was transferred to a pair of
unheated-air drying bins where grain was dried to 15% mois
ture content. In addition to energy saving, they reported a
reduction in stress-cracked kernels from 90% in the conven
tional heated-air dryer to 10-14% in the combination drying.
No published work on the combination drying of grainsother
than corn was found. Wheat is the major grain crop of the
Canadian Prairies and thus the combination drying of wheat
was studied in detail.

SIMULATION OF THE HEATED-AIR DRYER

To simulate the drying and cooling of the heated-air dryer, the
following drying equations, which have been developed for
fixed bed drying of grain, were used (Roth and Bakker-
Arkema 1973)
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specific surface area of grain (m"),
:specific heat of dry air (J-kg'̂ K" ),
: specific heat of dry grain (J»kg" »K" ),
: specific heat of vapour (J«kg" »K~ ),
: specific heat of water (J«kg" -K" ),
=mass velocity of air (ke«m" «s~ ),
=humidity ratio (kg»kg" ),
: heat transfer coefficient (W«m~ -K"1),
=heat ofvaporization (J-kg1),
=drying constant (s'1),
=dry basis moisture content ofgrain (kg-kg1),
:equilibrium moisture content ofgrain (kg-kg"1),
=air temperature (°C),
: grain temperature(°C),
=time (s),
•density ofdry air (kg»m3), and
distance (m).

(4)

O'Callaghan et al. (1971) proposed thatthedrying constant,
K be approximated by:

k = 2000 exp -5092

r+273 (5)

and the equilibrium moisture content ofwheat, Me, beapprox
imated by:

Me =7040fl°-5Z(1.8 T+ 32)2 +0.06015 (6)

The dry bulk density of wheat, pd, is assumed to be 600
kg-m' and the specific surface area, a, is 913 m"1. The heat
transfer coefficient isestimated by h= 100 ga0,49. The other
constants used in the simulation are as: Cfl=1004, Cv=2093,
Q=1300, CV=4180, and /%=2.25xl06. Psychometric relations
usedin the simulation are from ASAE (1990).

Model verification

The computer drying program simulated an internal recirculat
ing batch dryer (GT380 Gilmore & Tatge Mfg. Co., Clay
Center,Kansas).The dryer was rated at 2.7 t/h for wheat for a
5-point moisture removal (19.5 to 14.5%). The experimental
data of theperformance tests of thedryer (PAMI1983) were
used to verify the simulation model.

Forsimulating theGT380 dryer, thefixed-bed drying equa
tions (Eqs. 1-4) were modified to simulate a steady state
crossflow drying process bysubstituting Ay/vp for dt inEqs. 1
and 3, where Ay = distance downward in the dryer and vp =
velocity with which the grain moves downward. For the nu
merical solution, a time equivalent toAtm=Ay/vp is computed.
Aim is equal toy At where j = the number of iterations with a
time step At before a layer of grain moves downward a dis
tance of Ay. Aftera lapseof Afm, a layerof drygrain exitsthe
dryer while a new layer of moist grain enters the dryer. The
manufacturer's specified capacity for the vertical grain re
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circulating auger (55 t/h) was used to calculate the residence
time of the grain (9 min) in the drying column. Following each
recirculation, grain was assumed completely mixed. The pro
cess was repeated until a target moisture content was reached.

For experiments, Canada red spring wheat number 1 with
initial moisture contents from 16.9% to 24.2% was dried in the
dryer. The drying temperature varied from 82 to 84°C. The
ambient air temperature during the testrangedfrom 3 to 22°C
and relative humidity from 90% to 50%. The quantity of grain
dried in each test ranged from 7.5 to 8.6 t per batch.

Table I shows the experimental and simulated results of
eight individual test runs. The simulated and experimental
final moisture contents were within 0.5 percentage point ex
cept for test runs 5 and 8 for which there was almost 1%
moisture contentdifference. The simulatedgrain temperatures
were consistently higher than the experimental data ranging
from 0°C to 6°C, which might have been due to the neglected
heat losses in the simulation. The differences in the simulated
and experimental residence time, ranging from 2 to 6 min,
represented less than 5 percent of the total drying time.

Recording accurate grain temperatures and moisture con
tentsduringdryingis difficult. Similarly, thesimulation of the
internal recirculating batch dryer isalso difficult. Considering
these difficulties, the magnitudes of the differences between
the experimental and simulated temperatures and moisture
contents were considered small. It was therefore decided to
proceed with further analysis using simulation.

Table I. Experimental (exp,)and simulated (sim.) results of
drying wheat in a GT380 recirculating batch
dryer.

Test runs

1 2 3 4 5 6 7 8

Initial moisture content (%)
16.9 17.1 19.1 19.5 22.1 22.3 23.9 24.2

Finalmoisture content (%)
exp. 15.0 15.7 13.9 15.1 15.4 15.5 15.2 15.4

sim. 14.5 15.3 13.8 15.1 16.3 15.8 15.2 14.7

Grain temp. (°C)
exp. 36 34 38 37 38 36 36 37

sim. 42 39 44 41 38 39 41 41

Residence time (min)

exp. 77 59 141 115 139 154 208 221

sim. 80 64 145 121 145 161 210 226

SIMULATION OF UNHEATED-AIR DRYING

The mathematical model used to simulate the in-bin unheated-
airdrying andcooling isdescribed bySokhansanj etal. (1991).
One particular feature of the simulation model that needed to
be verified was its accuracy in simulating drying andcooling
of hot batches ofgrain transferred from theheated-air dryer to
the bin.

The verification experiment was conducted using a 4.3 m
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diameter bin equipped with a fully perforated floor and an
in-line centrifugal fan with noheaters attached. Drying started
on August 17, 1984 when freshly harvested wheat was pre-
dried in the GT380 dryer and was transferred to the bin
approximately every two hours. The temperature and moisture
content of the grain at the time of transfer were recorded and
the fan was turned on after loading the first batch. Each batch
filled a layer of 0.61 m deep. A total of 7 batches was needed
to fill the bin to the height of 4.3 m. When the bin was full, the
static pressure was measured on the pressure side of the fan.
The performance curve of the fan supplied by the manufac
turer was used to estimate the air flow rate (87 m3«min"1
yielding 1.85 m •min"1»t'1). Ambient temperatures, relative
humidity and the plenum temperature were recorded hourly.
The fan operated continuously until grain was considered dry
at 12.5% on August 26. The grain at four levels in the bin was
sampled daily for moisture content determination. The sam
pling was done by inserting a grain probe into the grain mass
through the sampling ports on the bin wall.

To simulate layer drying, the total airflow for the full bin
(87 m3»min"1) was divided by the cumulative mass ofgrain in
the bin as new layers were added. The temperature and mois
ture of each layer at the time of transfer was used as the initial
condition for that layer and the recorded hourly plenum tem
perature and relative humidity (measured by a dew cell) were
recorded to be used as input to the simulation program. Sam
ples of the experimental and simulated moisture contents for
the unheated-air layer drying of wheat are given in Table II. In
thisparticular test, the first layer of grain was transferred from
the dryer into the bin at 1:50 PM on August 17 when the
average moisture content of the grain was 15.7%. The mois
ture content of the fourth layer at 8:50 PM (the same day) was
17.2% and that of the last (seventh) layer was 16.6% at 4:00
AM August 18. The average initial moisture contents and the
average grain temperature (37°C) at the timeof transfers were
used as the initial conditions of wheat in the simulation pro
gram.

As Table II indicates, the actual moisture contents were
somewhat lower than the values calculated in the simulation
program. The actual airflow might have been more than the
simulated airflow thus contributing to the discrepancy. Once
the bin was full, the experimental and simulated moisture
contents of the individual layers were within 1 percentage
point. The average simulated and actual bin moisture contents
were within 0.5 percentage point. Therefore, we considered
the agreement between the simulated and actual moisture con
tents acceptable to proceed with further analysis.

ANALYSIS

Drying methods that were simulated consisted of heated-air
drying followed by a cooling cycle, in-bin drying with un
heated-air, and combination high-low temperature drying. In
simulating the combination drying, the process was simulated
in two steps: (1) the moisture content and temperature of the
grain were computed using the heated-air drying program, and
(2) the temperature and moisture content of die pre-dried
grain along with the Typical Meteorological Year (TMY) data
for Saskatoon were used as input to the unheated-air (hying
program. TMY data for Saskatoon were developed by the
University of Waterloo, Solar Energy Laboratory. The TMY
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Table n. Experimental (exp.) and simulated (sim.)
moisture contents (%) for the unheated drying
of layers of partially dried wheat transferred
from GT380 into the natural drying bin (1984)

Grain Aug. 17 Aug. 17 Aug. 18 Aug. 22 Aug. 26
depth (m) 1:50PM 8:50PM 4:00AM

4.3 exp. 16.6 15.6 14.8

sim. 16.6 15.8 15.8

3.0 exp. 17.2 16.2 15.0 13.1

sim. 17.2 16.0 15.9 14.7

1.2 exp. 15.6 15.6 12.3 10.8

sim. 15.5 15.5 12.5 11.0

0.3 exp. 15.7 13.0 12.4 12.1 10.5

sim. 15.7 14.7 14.3 11.5 10.8

Avg. exp. 15.7 15.6 15.6 14.0 12.5

sim. 15.7 16.0 15.8 14.2 12.8

Depth is from the bottom of the bin.

file is constructed from a modal analysis of 30 years ofweather
data, including hourly dry bulb temperature and relative hu
midity, and a number of other related climatic data. Heated-air
drying was simulated with and without the cooling cycle. The
initial moisture content of wheat was assumed varying from
16% to 26% and the target dry moisture content was set at
about 14%. The grain's initial temperature, the ambient air
temperature and relative humidity were setat 20°C, 13°C and
50%, respectively. A drying temperature of 84°C was used in
the simulation.

The computed exit temperatures of partially dried grain
(without cooling), depending on the final moisture content,
ranged from 43°C to 54°C. Exit temperatures were higher
when the final moisture contents were lower. In a typical
simulation run where grain was dried from 19.5% to 14.5%
without cooling, the throughput of the dryer was 3.84 t/h. With
cooling, the throughput of the dryer decreased to 2.77 t/h, a
reduction of about 28 percent.

The unheated-air drying was simulated using the following
conditions: initial moisture contents ranging from 15% to
18%, grain temperatures ranging from 20 to60°C, ambient air
temperature of 13°C, ambient relative humidity of 50%, anda
continuous fan operation delivering airflow at a rate of 1.0
m3-min'1«t"1. These conditions were considered typical for
Saskatchewan. The final desired grain temperature and mois
ture content were set at 15°Cand 14.0%,respectively.

Table III lists samples of simulation runs indicating the
number of hours required to cool and dry the grain. High
moisture (18%) grain cooled faster than the grain with a low
initial moisture content (15%). The cooling time ranged from
8 to 16 h and drying time ranged from 2 to 364 h, depending
upon initial moisture content.

Higher grain temperature reduced drying time significantly.
The difference in drying time was due to the sensible heat
content in the hot grain and the amount of moisture that can be
removed with this sensible heat. The sensible heat content of

the 50°C grain was sufficient to remove 1.5 points moisture
content in 8 h. The 17% moisture content grain used up all
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Table III. The time (h) required for cooling and drying
wheat using unheated-air 1 m •min" *f at 13°C
and 50% RH.

Initial

moisture

content (%)

15

16

17

18

CT

DT2

CT

DT

CT

DT

CT

DT

Initialgrain temperature (°C)

20

12

32

8

192

8

290

8

364

30

12

6

10

134

10

250

10

332

40

14

4

12

52

12

198

12

292

50

14

2

14

8

12

128

12

244

60

16

2

14

4

14

28

14

182

CT

DT

Cooling time (h); grain was considered cool when its
temperaturereached 15°C.
Dryingtime (h); grain wasconsidered drywhenitsmoisture
content reached 14%.

sensible heat before reaching the final moisture content,
whereas at 16% moisture content, the sensible heat was suffi
cient to dry grain to below the target moisture contentbefore
reaching thefinal temperature of 15°C, thus resulting inover
drying.

Combination drying

Combination drying simulations were performed using vari
able ambient conditions. It was assumed that 50 tonnes of
wheat at various initial moisture content and dates of harvest
were available fordrying. Three methods of drying: combina
tion drying (PDH/PDL), straight heated-air drying (TDH), and
straight unheated-air drying (TDL) were simulated. Ingeneral,
simulations showed that straight heated-air drying (TDH) re
sulted in the shortest drying time while straight unheated-air
drying (TDL) resulted inthe longest drying time. Drying times
for combinationdrying decreased with lower initial and trans
fer moisture contents. Table IV shows that a transfer moisture
content at 16% resulted in a reduction in total drying time
(starting September 4) from 624 h in straight unheated-air
drying to 75 h in a combination drying.

Energy efficiency was improved by about 50% from 4688
kJ-kg" for the straight heated-air to 2376 kJ-kg"1 for the
straight unheated-air drying. Thespecific energy consumption
in the combination drying was less than that in the heated-air
drying and the difference increased as the transfer moisture
content increased. Table IV shows that when harvest is late in
the season or the weather is cool, thecombination drying is
effective in reducing the unheated-air drying time. The spe
cific energy consumption of thecombination drying increased
as a result of late harvest and drying.
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Table IV. Simulated drying times and specific energy
consumption to dry 50 tonnes of wheat from
22% to 14% moisture content using three
methods of drying: combination drying
(PDH/PDL), heated-air drying (TDH), and
unheated-air drying (TDL). Simulations are
with typical weather data of Saskatoon and with
the airflow rate of 1.5m3»min"1«t'1

Drying Transfer

moisture

<*)

Starting dates of drying
method Aug. 12 Sept. 4

(h) (kJ/kg) (h) (kJ/kg)

PDH/PDL

PDH/PDL

PDH/PDL

PDH/PDL

TDH

TDL

19

18

17

16

200

203

193

39

26

432

3538

4064

4720

4666

4688

1645

392

291

157

75

26

624

4268

4430

4580

4666

4688

2376

EXPERIMENTAL RESULTS

Field tests were performed during 1984 and 1985 harvest
seasons withCanada 1 and Canada3 Red SpringWheatat the
PAMIgraindryingfacilityin Humboldt,SK. The detailsof these
tests and the results of grain quality evaluations have been re
ported byLischynski etal.(1986). Table Vlists a summary ofthe
experimental results where thequantities ofgrain, initial, transfer,
and final moisture contents along with drying time and specific
energy of each test are given. The measured airflow rates in the
unheated-air drying experiments ranged from 1.6 to 2.0
m -min" «t" . The experimental data showed trends in drying
time and energy efficiency similar to those found from the
simulation results. The combination drying lowered drying
time with the unheated-air drying from 346 h to 81 h while
energy efficiency of thecombination dryingwasless thanthat
instraight unheated-air drying byabout 50%. The experiments
showed improvement intheenergy efficiency of thecombina
tion drying compared to straight heated-air drying (3430
kJ-kg" vs. 3950 kJ-kg"1). Similar to the simulation results,
higher transfer moisture content (17.3%) resulted inimproved
energy efficiency ofcombination drying, butincreased drying
time.

Table V. Results of PAMI's field experiments of drying
wheat using heated-air drying (TDH),
unheated-air drying (TDL)and combination
drying (PDH/PDL)

Drying Grain Moisture content (%) Drying Energy
method mass (t) Initial Transfer Final time(h) (kJ/kg)

PDH/PDLI 50.9 26.2 14.9 14.1 53.5 3890

PDH/PDL II 53.3 22.0 16.1 14.5 81.3 3430

PDH/PDLm 50.4 25.9 17.3 14.5 125.4 3030

TDH 23.0 21.6 - 14.3 25.2 3950

TDL 51.5 22.2
- 14.5 346.0 1750
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DISCUSSION

Combination drying results in shorter drying time over the
straight unheated-air drying method. Combination drying also
improves the throughput of the heated-air dryer and this is
often quoted in the literature as the main advantage of combi
nation drying over the conventional methods. This advantage
is realized, however, only if the time saved is economically
justified. Savings such as increased harvest rate due to in
creased drying capacity are difficult to quantify but are
important. Combination drying requires close monitoring of
the grain moisture and temperature during natural-air drying
andcooling.Highergrain temperatureandmoisturemay result
in the saturated exhausted air to condense under the roof of the
bin,whichmay wet the top layerof grain. Grainin thebin must
be clean in order to have a uniform airflow though the grain
for efficient and uniform cooling. If these conditions are not
met, pockets of moist and hot grain can become potential
spoilage sites. Considering all conditions, we believe thaton
the farms where a heated-air dryer and natural drying set-ups
areavailable, combination drying will enhance the harvest and
drying and storage capabilities.

CONCLUSIONS

Based on the simulation results and the experimental data, the
followingconclusions can be drawn.

1. The combination drying results in reductions in drying
time during thehigh temperature drying stage aswellasduring
unheated-air drying/cooling stage. Grain temperature depends
upon the transfer moisture content and the percent moisture
removed in the heated-air dryer. If grain temperature is40°C
or less, transfer moisture at 16% is advisable. If the exit
temperatures are higher, then grain may betransferred at 17%
to prevent over-drying. Transfer at 18% is more economical
but takeslonger drying time in the unheated-air drying stage.

2. Energy efficiency of the combination dryingis compara
ble to that of the conventional heated-air drying if the partially
dried grain is transferred ata moisture content of 17% orless,
unheated-air drying is the most energy efficient method, con
sumes about half of the energy needed for the conventional
heated-airor for combination drying methods.
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