GRAIN DRYING MODEL FOR A DEEP LAYER
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The STOREDRY Grain Drying Model, which has its origin in Silsoe Research
Institute in the early eighties, has been substantially improved in 1993 by
1. Jilek during his stay in the Silsoe Research Institute in Silsoe. It can simulate
grain drying in a deep bed of up to 6 metres for up to twenty years. Historical
weather data for simulated years have to be available. Historical weather data
are read from weather data file. It is also possible to set constant weather
conditions. The model works in constant weather time steps. But drying sub-
routines DMODEL and DRSB are working in smaller time steps. Two drying
models are available within STOREDRY. DMODEL is the near equilibrium
model and DRSB is four equation model. In every time step the working point
of the fan is calculated. It is possible to add fan characteristics and duct
characteristics of a simulated drying arrangement. Simulation in every year
ends when both target average moisture content and target wettest moisture
content are met. There are several options for reporting the simulated results.

16 policy options have been written and tested. Success or failure of a policy
can be judged on the basis of the achievement of the target average or wettest
moisture contents, grain spoilage index, grain germination, germination index,
grain dry matter loss, energy consumption, total costs etc. Any other policy
can be easily added. Program is written in Microsoft FORTRAN, version 5.1.

near ambient grain drying; modelling; deep bed; fan characteristics; duct
characteristics; shrinkage; grain policy

INTRODUCTION

The Silsoe Research Institute grain drying model is a simulation of the
drying of a deep bed of grain with ambicnt (unheated) or slightly heated air.
Two drying models are available within STOREDRY. DMODEL is a near
equilibrium model and DRSB is four equations model. The near ambient
grain drying model DMODEL is a version of the Morey equilibrium model
Morey etal., 1979) with a thin-layer check (S harp, 1983). It can be
useq for ambient or slightly heated air. The four equations model DRSB is
a simulation of the drying of a deep bed of grain with both ambient and
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heated air Nellist, 1987). The same four equations model is for simy-
lation of heated air dryers.

The drying is driven by historical weather data, currently available for 20
years at Waddington in England. The simulation model includes 16 policy
options for controlling the operation of a fan, electrical resistance heater, fuel
heater and heat pump for dehumidification of the drying air. Additional po-
licies can be added to the simulation model.

The near-ambient simulation model was originally written by Sharp
(1981, 1982, 1983, 1984a), validated by Sharp (1984b), transferred to
VAX FORTRAN by McKeever (1985), and then further modified and
documented by Brook (1987)and Hod ges etal. (1988). The model
has been used to simulate grain dryingby Nellist and Brook (1987)
and Nellist (1988) to compare control policies by Nellist and
Bartlett (1988) and to find optimum strategy for near-ambient drying
by Ryniecky and Nellist (1989, 1991a, b). The author of this
report added Nellist’s four equation model (Nellist, 1987), calculation
of the fan working point on the basis of fan and duct characteristics, shrinka-
ge, the shape of input and output files, thorough programme comments and
he did general overhaul of the program including control policies rewriting
and their subsequent careful checking.

INPUT AND OUTPUT PARAMETERS

The main data used for the simulation are the input through the file INFI-
LE.DAT. Its purpose is to specify crop data, bin and fan data, price and
energy data, year and time data, weather data and model data including
selection of the control policy and its parameters.

The amount and location of output is controlled through the input variable
IOUTPUT. The output information depends on IOUTPUT:

IOUTPUT =1 time steps of DTW in HOURLY 1.CSV and HOURLY2.CSV,
annual final moisture and damage profiles and end summa-
ries in SUMMARY.OUT

=2 time steps of DTW for year given by JOUTYR, annual
moisture and damage final profiles and end summaries in
SUMMARY.OUT
=3 annual moisture and damage final profiles and end summa-
ries in SUMMARY.OUT
=4 end summaries in SUMMARY.OUT
The output file SUMMARY.OUT contains three parts:

— output of simulation input data
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_ output of annual moisture and damage final profiles
_ output of end summaries.

Structure of output of simulation input data is similar to INFILE.DAT.
There are also data about the working point of fan and duct characteristics at
the beginning of the simulation - initial airflow, initial duct pressure, initial
grain pressure, initial fan/motor efficiency, initial fan energy consumption.
Output of annual moisture and damage final profiles contains data for the
first ten and the last ten layers. Profiles contain data about spoilage index,
germination calculated on the basis of probit analysis, germination index, dry
matter loss. There are also hours from the beginning of simulation when
maximum spoilage index, minimum allowed germination and maximum dry
matter loss (all three parameters are the input from INFILE.DAT) have been
reached. Output of end summaries has 3 sets of tables. The first set corres-
ponds to results for drying to the target average moisture content. The second
set corresponds to results for drying to the target wettest moisture content.
The third set corresponds to results for drying when both the target wettest
moisture content and the average moisture contents have been met. The first
and second sets correspond to the first reach of the target average and wettest
moisture contents respectively. Take in mind that there can be grain re-
wetting! Every set contains four summary tables:

1. grain data - time of simulation, fan, heater, and heat pump, h
— average, minimum and maximum final moisture content
through the final profile, %wb
— average, minimum and maximum spoilage index through
the final profile, dec
— average, minimum and maximum dry matter loss through
the final profile, %
— dry matter loss, kgg.t"!
— overdrying, kgy.t!
2. weather data — average weather conditions through the whole time of
simulation
— average weather conditions through the time when fan is ON
— average weather conditions through the time when heater
of heat pump is ON
— average plenum conditions through the time when fan is ON
. — used drying potential, g.kg’!
3. energy data — fan energy consumption during on-peak, off-peak and
total hours, MJ.t}, MJ kg,
— heater energy consumption during on-peak, off-peak and
total hours, MJ.t!, MJ kg, !
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— heat pump energy consumption during on-peak, off-peak
and total hours, MJ.t", MJ kgy

— fan and heater and heat pump energy consumption during
on- peak, off-peak and total hours, MI.t!, MIkgy!

4. costs data — on-peak electricity, off-peak electricity, dry matter loss,
overdrying and total costs, GBP.tr', GBPkgy' for the
case of electric heater

— on-peak electricity, off-peak electricity, dry matter loss,
overdrying and total costs, GBP.t'}, GBP.kgw'1 for the
case of fuel heater

Every line in end summary tables represents one year. In addition there
are four more lines in every table for the average, deviation and maximum
and minimum values of every parameter through all years when target ave-
rage and/or wettest moisture contents have been reached.

The output files HOURLY1.CSV and HOURLY2.CSV contain grain
moisture content and grain temperature profiles respectively for every time
step DTW. They are created by STOREDRY for every year. In addition to
grain moisture content profile, HOURLY1.CSV contains:

— average moisture content of the bed, %wb

— bed height (varies due to shrinkage), m

— maximum dry matter loss through the profile, %

dry matter per square meter, kgg.m-»

water in grain per square meter, kgy.m™

evaporation rate, kgw.m‘z.h'1

relative humidity cut value, %

state of the fan, either ON or OFF

heater output, kW.

In addition to grain temperature profile, HOURLY2.CSV contains:

plenum temperature, °C

plenum relative humidity, %

airflow, m>s7h.t1, m.s’l, m’.s!

duct pressure, Pa

grain pressure, Pa

— total pressure, Pa

— fan/motor efficiency, %

— fan energy consumption, W.m? kW

The data in line are separated by commas so that they can be easily read by

the program EXCELL for plotting.

Tab. I gives the list of input and output files.

|

|

|

|

|

l
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1. Input and output files

rﬁ]:Assigned Purpose
INFILE.DAT main input data for simulation
WEATHER.DAT weather data input file to be used for simulation
ﬂﬂR.DAT spoilage table input file of Kreyger damage data

there are three parts:

- output of simulation input data

SUMMARY.OUT — output of annual moisture and damage final profiles
(if IOUTPUT =1 or 2 or 3)

- output of end summaries

output of grain moisture content profiles for every time step and
HOURLY1.CSV for every year (if IOUTPUT = 1) or for year given by JOUTYR
(if IOUTPUT =2)

output of grain temperature profiles for every time ste

; step and for
HOURLY2.CSV every year (if IOUTPUT = 1) or for year given by JOUTYR
(if IOUTPUT = 2)

DESCRIPTION OF THE SIMULATION MODEL

Grain quality

The. routines available for estimating spoilage are self contained, with the
exception of the one based on data of Kreyger (1972). More details
about th_e rqutines can be found in Hod ges (1989). The probit approach
to germination (N e 11ist, 1978) is included in the simulation model.

Simulation of one time step

lhelfs fin 1 on for the time step givqn (as set by subroutine POLICY) then
hoursu hroutme DMODEL or DRSB is called and later the accumulated fan
L S ! cater hours and heat pump hours are updated. Energy use is accumu-
b parately for Economy 7 hours and for the rest of the day. Both are
B e tcompute the total energy values and costs values. Then RESPIR is
releasedo ca'lculale the respiration heat (and increase of temperature) and
- nrln(;:jsture. Subrouune_SPO!L updates deterioration in grain quality
o ol growt_h. The sponlage‘mdex for each layer is calculated. In case

Potlage index higher than maximum spoilage index SPLGMX, the first

time of g i
uch a case is stored for printing i il i i
B i or printing in profile moisture and spoilage
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II. List of control policies

B

Cont

Policy
No.

Policy description

continuous run of fan and heater

inputs: HEATERKW(1) heater power, kW

fan is ON and heater is OFF if

plenum rh = RHCUT

fan is OFF if

plenum rh > RHCUT and HEATERKW(1) = 0
fan is ON and heater is ON if

plenum rh > RHCUT and HEATERKW(1) > 0

inputs: POLADI relative humidity set point, Jo
HEATERKW(1) heater power, kW

fan is ON and heater is OFF if

plenum rh =< erh [pl. temp.; mean mc + POLADIJ]

fan is OFF if

plenum rh > erh [pl. temp.; mean mc + POLADIJ] and HEATERKW(1) =0
fan is ON and heater is ON if

plenum rh > erh [pl. temp.; mean mc + POLADIJ] and HEATERKW(1) > 0

inputs: POLADI - moisture content set point, Jowb
HEATERKW(1) - heater power, kW

— ]
Policy
No.

inuation of Tab. 11

Policy description

| __——

fan is ON and heater is OFF if

mc of the top layer => initial mc - POLADJ

fan is OFF if

mc of the top layer < initial mc - POLADJ and HEATERKW(1) =0
fan is ON and heater is ON if

mc of the top layer < initial mc - POLADJ and HEATERKW(1) > 0

inputs: POLADIJ - moisture content set point, %owb
HEATERKW(1) - heater power, kW

fan and heater of power HEATERKW(1) are ON only between the hours of 0600
and 2100

fan is ON if

plenum rh =< RHCUT]1 and the mean mc => SETMCWB
fan is ON if

plenum rh =< RHCUT2 and the mean mc < SETMCWB

inputs: RHCUT]I - first phase relative humidity set point, %
SETMCWB - changeover mc for second phase, %wb
RHCUT?2 - second phase relative humidity set point, %

fan is ON and heater is OFF if

plenum rh =< erh [pl. temp.; wettest mc + POLADIJ]

fan is OFF if

plenum rh > erh [pl. temp.; wettest mc + POLADIJ] and HEATERKW(1) =0

fan is ON and heater is ON if )
plenum rh > erh [pl. temp.; wettest mc + POLADIJ] and HEATERKW(1) > 0

inputs: POLADJ - moisture content set point, %wb
HEATERKW(1) - heater power, KW

fan is ON and heater is OFF if

plenum rh =< erh [pl. temp.; target mean mc + POLADI]

fan is OFF if

plenum rh > erh [pl. temp.; target mean mc¢ + POLADJ] and HEATERKW(1) =0
fan is ON and heater is ON if

plenum rh > erh [pl. temp.; target mean mc + POLADJ] and HEATERKW(1) > 0

inputs: POLADIJ - moisture content set point, Jowb
HEATERKW(1) - heater power, kW

fan is ON if

plenum rh =< RHCUT1 and mc of the top layer => initial mc - POLADJ
fan is ON if

plenum rh =< RHCUT2 and mc of the top layer < initial mc - POLADJ

inputs: RHCUTT1 - first phase relative humidity set point, %
RHCUT?2 - second phase relative humidity set point, %
POLADIJ - moisture content set point, %wb

fan is ON if
absolute humidity of weather air =< absolute humidity of exhaust air +
+ HUMSET (kg/kg)

input: HUMSET - moisture content set point, %wb
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Myson A (fan control)
example for SETMA(7) = 22. 20. 18. 16. 0. 0. 0.
SETHA(7) = 100. 83. 72. 62. 0. 0. 0.
run fan if mc of the wettest layer >= 22. and plenum rh <= 100.
mc of the wettest layer <20.;22.) and plenum rh <= 83.
mc of the wettest layer <18.;20.) and plenum rh <= 72.
mc of the wettest layer <16.;18.) and plenum rh <= 62.

inputs: SETMA(7) - moisture content set points, %wb
SETHA(7) - relative humidity set points, %
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Continuation of Tab. I1

Policy

No. Policy description

Myson B (fan and heater control)
example for SETMB(7) = 22. 20. 18. 16. 0. 0. 0.
SETHB(7) = 100. 83. 72. 62. 0. 0. 0.
HEATERKW(7) = 4. 8. 12. 16. 0. 0. 0.
run fan if mc of the wettest layer >= 22. and plenum rh <= 100.
mc of the wettest layer <20.; 22.) and plenum rh <= 83.
mc of the wettest layer <18.; 20.) and plenum rh <= 72.
12 mc of the wettest layer <16.; 18.) and plenum rh <= 62.

if plenum rh > than the value set above, switch on such a number of heater steps
so that plenum rh <= the value set above
if it can’t be reached, switch off the fan

inputs: SETMB(7) - moisture content set points, %wb
SETHB(7) - relative humidity set points, %
HEATERKW(7) - heater power stages, kW

Myson C (fan and heater control)
example for SETMB(7) = 22. 20. 18. 16. 0. 0. 0.
SETHB(7) = 100. 83. 72. 62. 0. 0. 0.
HEATERKW(7) = 4. 8. 12. 16. 0. 0. 0.
run fan if plenum rh is below 62 %
if plenum rh > 62 %, switch on such a number of heater steps so that plenum
th <= 62 %
if it can’t be reached then switch on the last heater step and
run fan if mc of the wettest layer >= 22 % and plenum rh <= 100 %
mc of the wettest layer <20; 22) % and plenum rh <= 83 %
mc of the wettest layer <18; 20) % and plenum rh <=72 %
mc of the wettest layer <16; 18) % and plenum rh <= 62 %
if it can’t be reached, switch off the fan

inputs: SETMC(7) - moisture content set points, %wb
SETHC(7) - relative humidity set points, %
HEATERKW(7) - heater power stages, kW

Myson A (fan control) during normal hrs

Myson B (fan and heater control) during economy 7 hrs

Myson A (fan control) during normal hrs

Myson C (fan and heater control) during economy 7 hrs

Myson B (fan control) during normal hrs

Myson C (fan and heater control) during economy 7 hrs
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Reporting and stop conditions

There are two intermediate reporting conditions as the drying progresses
and two conditions used to terminate the drying for the year. The two re-
porting conditions are:

1. The first time period the average moisture falls below the target average
moisture content TGAMCW.

2. The first time period the moisture of the wettest layer falls below the target
wettest moisture content TGWMCW.,

The two stop conditions are:

1. Both the average moisture and the moisture of the wettest layer are below
their respective target points TGAMCW, TGWMCW.

2. Drying has continued through the finishing day and month specified in

IFINISH.

At each of the reporting conditions and when one of the stop conditions
has been satisfied, the subroutines are called to save and print the drying
conditions.

End of reporting

At the end of every year of simulation, information about grain conditions
at every reporting time, and grain and average air conditions at the end of
drying are stored in the first and/or second and/or third set of end summary
tables. The first set corresponds to the state when target average moisture
contents have been reached. The second set corresponds to the state when
target wettest moisture contents have been reached. The third set corresponds
to the state when both states have been met. Subroutine STATS computes for
every parameter through the years with data: the average, standard deviation
and maximum and minimum values. These are then written as the last four
lines in the end summaries tables.

Control policies

Tab. IT summarizes the control policies which have been rewritten and
tested.
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J{LEK, J. (Vysoka $kola zem&d&lsk4, Praha, Ceska republika):
Model pro suseni zrnin v silné vrstvé.

Scientia Agric. Bohem., 25,1994 (1): 51-62.

Matematicky program STOREDRY je uréen k simulaci procesu sufeni zmin v sil-
né vrstvé. Pivodni model vznikl na po¢atku osmdesétych let ve Vyzkumném Gstavu
v Silsoe (Anglie). Autor tohoto ¢lanku tento model v roce 1993 podstatné zdokonalil.

Model miize simulovat suSeni zrnin ve vrstvé silné aZ 6 m, a to aZ po dobu 20 let.
K dispozici musi byt ziznam o poCasf za dobu, po kterou chceme suSeni simulovat.
Jeden vstupni soubor obsahuje zdznam o pocasi (teplota, relativni vlhkost a tlak
vzduchu). Simulovat je moZné i priibéh suseni za konstantnich parametrii vstupniho
prostiedi.

Program pracuje metodou konstantniho ¢asového kroku, ktery je shodny s krokem
zdznamu hodnot o pocasi. AvSak suSici procedury DMODEL a DRSB pracuji pfi
mensim Casovém kroku. V soucasné dobé jsou v programu obsaZeny dv& su§ici pro-
cedury. DMODEL predstavuje model, ktery je zaloZen na postupné rovnovize mezi
suSicim materidlem a suSicim prostfedim. DRSB je model, jehoZ zakladem je feSeni
¢tyf parcidlnich diferencidlnich rovnic pfenosu tepla a hmoty a zachovéni vlhkosti
a energie.

V kazdém Casovém okamZiku se pocitd pracovni bod ventiltoru, ktery se postupné
mé&ni, nebot zmo se smr¥fuje a ubyva v ném vody. Proto je nutné do programu vloZit
charakteristiku pouZitého ventildtoru a charakteristiku vzduchovodt. Simulace
v kaZdém roce kondi, jestlize je dosaZeno jak cilové prim&mé mémé vihkosti mate-
ridlu, tak cflové maximalni m&mé vlhkosti materidlu (mé¥eno podél vlhkostniho
profilu). Do vystupnich soubori Ize uklidat vysledky simulace rizné trovng pod-
robnosti.

Dosud bylo sestaveno a odzkouSeno 16 strategii pouZiti ventilitoru a oh¥ivade
vzduchu. Na tsp&nost strategie je moZné usuzovat na zikladé dosaZeni cilové pri-
mé’.né a cilové maximélni mémé vlhkosti materialu, poskozeni zrna (napf. plisnémi),
klitivosti zrnin, ztrity suginy, mémé spotfeby energie a dilich a celkovych nékladt
na suSeni. Program je napsan v jazyce Microsoft FORTRAN 5.1.

Vystupni tidaje jsou strukturovany do &ty¥ bloki:

1. idaje o zmu ~ doba simulace, doba chodu ventilitoru, doba zapnuti

ohfivace vzduchu, doba zapnuti tepelného erpadla, h

— prim&€ma, minimalni a maximélni vlhkost zma podél
vlhkostniho profilu na konci simulace, %

— primémy, minimalni a maximélni index poSkozeni
zrma podél vlhkostniho profilu

— primérna, minimiln{ a maximalni ztrata suiny podél
vlhkostniho profilu, %

— ztrata su$iny, kg £l

— presuseni, kgw.t
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2. udaje o pocasi

3. idaje o spotfebé energie

4. Gdaje o nékladech

primémé Gdaje o po&asi b&hem celé doby simulace
primémé tdaje o podasi béhem doby zapnuti ventils.
toru

primémé tddaje o pofasi béhem chodu tepelného &er-
padla

primérné Wdaje vstupniho prostfedi (tj. po priichody
ventilitorem, ohfivadem a ev. tepelnym Ecrpadlem)
b&hem doby zapnuti ventilatoru

vyuzity susici potencidl, g. kg1

spotieba elektfiny ventﬂatoru behem dne, béhem noci
a za cely den, MI.t!, MJ. kgw

spotfeba cnelgm ohfivace behcm dne, béhem noci a za
cely den, Mict M. kgw

spotfeba energie tepelného Cerpddla béhem dne,
b&hem noci a za cely den, MIt! MJ.kgw"l

spotfeba energie ventildtoru, ohnvaie tepelného ¢ LLI‘—
padla behun dne, b&hem noci a za cely den, MJ.t'!
MJ. kgw

niklady na dennf elektfinu, noéni elektfinu, ze 1tr3!?/
susiny a z pfesuSeni a celkové ndklady, GBP.t
GBP. kgw pro pripad elektrického ohfivace vzduchu
ndklady na denni elektfinu, no¢ni elektfinu, ze /lral;/
suSiny a 1 pfesuleni a celkové ndklady, GBP.t
GBP. k&w pro pfipad ohfivale vzduchu pracuucxho
na zéklade€ spalovani paliv.

suSeni zmin okolnim vzduchem; modelovénf; silnd vrstva; charakteristika ventilatoru;

smr$téni zrnin
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