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I t d tiI t d tiIntroductionIntroduction

A ti d i i d i fA ti d i i d i fAs mentioned in previous paper, sun drying of As mentioned in previous paper, sun drying of 
rice rice still most widely used & economicalstill most widely used & economical
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S d i f iS d i f iSun drying of riceSun drying of rice

A A complicated and poorly controlled processcomplicated and poorly controlled process of of 
heat transferheat transfer from sun to grains and from sun to grains and mass transfermass transfereat t a s eeat t a s e o su to g a s a do su to g a s a d ass t a s eass t a s e
from grains to air from grains to air 
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Obj ti f thiObj ti f thiObjective of this paperObjective of this paper

Formulate math modelFormulate math model to predict drying of rice to predict drying of rice 
during sun dryingduring sun dryingdu g su d y gdu g su d y g
Solve modelSolve model for various input parametersfor various input parameters
V lid lV lid l i i li i lValidate resultsValidate results against experimental measurementsagainst experimental measurements
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P D i tiP D i tiProcess DescriptionProcess Description

Conversion of Conversion of radiation from sun to thermal heat in bedradiation from sun to thermal heat in bed
TransferTransfer moisture from centre of grain kernel to surfacemoisture from centre of grain kernel to surfaceTransfer Transfer moisture from centre of grain kernel to surfacemoisture from centre of grain kernel to surface
Transfer Transfer moisture from surface of kernel to air between moisture from surface of kernel to air between 
grainsgrainsgrainsgrains
Transfer Transfer moisture from between grains to bed surfacemoisture from between grains to bed surface
Transfer Transfer moisture from bed surface to surrounding airmoisture from bed surface to surrounding air
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F i d ll dF i d ll dFour scenarios modelledFour scenarios modelled

Direct radiation onto bedDirect radiation onto bed
Direct radiation onto tarpaulin covering bedDirect radiation onto tarpaulin covering bedDirect radiation onto tarpaulin covering bedDirect radiation onto tarpaulin covering bed
Direct radiation onto cover above bedDirect radiation onto cover above bed
Direct radiation onto cover above bed with Direct radiation onto cover above bed with 
another tarpaulin directly on bedanother tarpaulin directly on bedp yp y
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M A T E R IA L  1 : R ice  bed  
D iffusion D iffusionD iffusionD iffusion
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 C onductionC onductionC onductionC onduction 

M A T E R IA L  2: So il, P o lystyrene, H u sk or M at 

x =  L p +  L 2 

D iffusion

D iffusion D iffusion D iffusionD iffusion
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M A T E R IA L  3 : So il a ffected  

x  =  L p +  L 2 +  L 3 

D iffusion D iffusion D iffusionD iffusion
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Ph i l B iPh i l B iPhysical BasisPhysical Basis

Temperature and moisture gradientsTemperature and moisture gradients develop through develop through 
bed depthbed depth
Th lid ( i k l ) d h i b dTh lid ( i k l ) d h i b dThe solid (rice kernels) and gaseous phases in bed The solid (rice kernels) and gaseous phases in bed 
considered as considered as continua with interaction over adjacent continua with interaction over adjacent 
interfacesinterfacesinterfacesinterfaces
Moisture diffusivity and thermal conductivity treated as Moisture diffusivity and thermal conductivity treated as 
effective properties of effective properties of porous rice bedporous rice bedp pp p pp
Rate of moisture leaving bed depends on Rate of moisture leaving bed depends on vapor vapor 
pressure differencepressure difference between kernel and surrounding airbetween kernel and surrounding air
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M d l F l tiM d l F l tiModel FormulationModel Formulation

To account for To account for simultaneous changessimultaneous changes in material in material 
conditions with locations and time, conditions with locations and time, co d t o s w t ocat o s a d t e,co d t o s w t ocat o s a d t e,
HeatHeat ((temperaturetemperature) and ) and massmass ((MC and RHMC and RH) ) 
balances formulated in form of Partial Differentialbalances formulated in form of Partial Differentialbalances formulated in form of Partial Differential balances formulated in form of Partial Differential 
Equations (PDEs).Equations (PDEs).
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Withi th k lWithi th k lWithin the kernelWithin the kernel

Heat transferHeat transfer

2 2T T C∂ ∂ ∂

Heat transferHeat transfer

2 2

.2 2. . .m pm m vm eff m g
T T Cc D h
t x x

ρ λ ε∂ ∂ ∂
= −

∂ ∂ ∂

forfor 00 << xx << LLpp,, (m=(m=11))
LLpp << xx << LLpp+L+L22,, (m=(m=22))
LL +L+L22 << xx << LL +L+L22+L+L33 (m=(m=33)) andandLLpp+L+L22 << xx << LLpp+L+L22+L+L33,, (m(m 33)) andand
tt >> 00..
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E b l t fE b l t fEnergy balance at surfaceEnergy balance at surface
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Oth tiOth tiOther equationsOther equations

19 more to complete formulation19 more to complete formulation
Too many to present hereToo many to present hereToo many to present hereToo many to present here
Rest of model shown in my thesis and soon to Rest of model shown in my thesis and soon to 
b b i d f bli i i j lb b i d f bli i i j lbe submitted for publication in journal be submitted for publication in journal 
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S l tiS l tiSolutionSolution

System has System has many coupled PDEsmany coupled PDEs describing describing 
transport of heat and masstransport of heat and masst a spo t o eat a d asst a spo t o eat a d ass
Algebraic equations, some Algebraic equations, some non linearnon linear
A l i l l i iblA l i l l i iblAnalytical solution not possibleAnalytical solution not possible
Numerical solution usedNumerical solution used
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Finite difference gridFinite difference gridFinite difference gridFinite difference grid
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Material 1:  
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L1 = (J+1/2).Δxp 
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j = J + 1 

Material 2:  
j = J + 2 

 
 
 
 j = J + K + 1 

SOIL AFFECTED, 
HUSK OR 
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L2 = K.Δx2

j = J + K
 
 
 L3= L.Δx3 
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Material 3: 
SOIL AFFECTED  
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M tiM tiMore equationsMore equations

20 more ODEs to describe heat and mass transfer 20 more ODEs to describe heat and mass transfer 
into and out of each node.into and out of each node.to a d out o eac ode.to a d out o eac ode.
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V lid tiV lid tiValidationValidation

Validation needed to confirm predictions are Validation needed to confirm predictions are 
workingworkingwo gwo g
12 drying trials extensively monitored12 drying trials extensively monitored for internal for internal 
temperatures and RH valuestemperatures and RH valuestemperatures and RH valuestemperatures and RH values
The experimental method described in detail in The experimental method described in detail in 
another paper  another paper  
Drying time for all runs compared to predictionDrying time for all runs compared to predictiony g p py g p p
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D iD i i t d d thi t d d thDrying: Drying: variety and depthvariety and depth
1600

1200

1400

1000

1200
ic

te
d,

 m
in.

600

800

ng
 ti

m
e 

pr
ed

400

D
ry

in

0

200

0 200 400 600 800 1000 1200 1400 1600

MASSEY
ENGINEERING

0 200 400 600 800 1000 1200 1400 1600

Drying time measured, min

Pka Knhey, 2 cm Pka Knhey, 3 cm CAR11, 2 cm CAR11, 3 cm



D i ti ff tD i ti ff tDrying time effectsDrying time effects

The model predicted drying time for all varieties The model predicted drying time for all varieties 
and bed depths and bed depths equally wellequally wella d bed dept sa d bed dept s equa y weequa y we
The Pka Knhey about The Pka Knhey about 20 min longer on average 20 min longer on average 
than CAR11than CAR11than CAR11than CAR11
2 cm bed depth was predicted on average 50 min 2 cm bed depth was predicted on average 50 min 
shorter than 3 cm shorter than 3 cm 
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Drying:Drying: stirring and coveringstirring and coveringDrying: Drying: stirring and coveringstirring and covering
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Stir & Cover plus shade No stir & No cover plus no shade
Stir & No cover plus no shade No stir & Cover plus shade



D i ti i d iD i ti i d iDrying: stirring and coveringDrying: stirring and covering

Stirred and uncovered Stirred and uncovered shortest drying (455 min)shortest drying (455 min)
Beds not stirred and not covered predicted 776 minBeds not stirred and not covered predicted 776 mineds ot st ed a d ot cove ed p ed cted 776eds ot st ed a d ot cove ed p ed cted 776
Stirred and covered 882 minStirred and covered 882 min
Not stirred but covered 1063 minNot stirred but covered 1063 minNot stirred but covered 1063 minNot stirred but covered 1063 min
This indicates stir helped shorten while cover and This indicates stir helped shorten while cover and 
h d l d d ih d l d d ishade prolonged dryingshade prolonged drying
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Drying: Pad typeDrying: Pad typey g ypy g yp
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A d i tiA d i tiAverage drying timeAverage drying time

Net on Net on 
huskhusk

Mat on Mat on 
soilsoil

Net on Net on 
soilsoil

TarpaulinTarpaulin
on soilon soil

Tarpaulin Tarpaulin 
ononhuskhusk soilsoil soilsoil on soilon soil onon

polystyrenepolystyrene

MeasuredMeasured 665665 848848 919919 930930 602602

di ddi dPredictedPredicted 659659 804804 855855 858858 502502
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TemperatureTemperatureTemperatureTemperature
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TemperatureTemperatureTemperatureTemperature
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Moisture ContentMoisture ContentMoisture ContentMoisture Content
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Pred MC 1-25 Meas MC1 - 13

Meas MC7 - 19 Meas MC13 - 25

Meas MC1 - 25



RH of air in BedRH of air in BedRH of air in BedRH of air in Bed
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C l iConclusions

Model accurately predicted drying time, 
temperature and MC within bed during drying te pe atu e a d C w t bed du g d y g
except for polystyrene pad
It did not predict experimental water activityIt did not predict experimental water activity
(relative humidity) consistently well
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