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Continuous Flow Rice Drying Using Simulation
—Resident and Tempering Time Effects—
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1. Introduction.

Rice is harvested at a high-moisture con-
tent and must be dried to prevent spoilage. In
Korea, most of mechanical rice drying is done
with dual column continuous flow on-farm
dryer operating in crossflow mode. A typical
continuous flow on-farm dryer consists of
holding bin, drying section, and mechanism
for recirculating rice. Rice is dried during
flowing down through the drying section and
then is held in the holding bin. Individual
rice kernel is alternately dried and held several
times.

Holding of this sort is referred to as tem-
pering and the holding period as the temper-
ing time. Exposed time to drying air per pass
is referred to as resident time. It takes 10 to
20 passes for the moisture content of rice to
be reduced to a safe storage level. These
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resident and tempering times affect on dryer
performance; drying rate, energy requirments
and quality.

Analysis of grain drying process using
simulation has been carried out by various
investigators (Henderson and Henderson
(1968), Thompson et al. (1968), Bakker-
Arkema et al. (1974), Ingram (1976) ).

Most of these studies have been con-
ducted on a commercial dryer or modeling
of corn drying.

Wang (1978) modified MSU program
(Bakker-Arkema et al. (1974) ) to simulate
cross-flow rice dryer. Bakshi et. al (1978)
also used a modified MSU program to predict
moisture content in crossflow rice dryer.
They reported that predicted moisture was
always higher than the observed moisture and
a new computer program needed to be de-

veloped for simulating rice drying in a corss-
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flow dryer. Singh et,al. (1981) developed a
simulatin program for crossflow rice drying
considering hourly variations of ambient
temperature and humidity. Thompson et al.
(1981) modified the above Singh’s model to
simulate air recirculation and to estimate
optimum levels of air recirculation.

Internal diffusion of mass within rice
kernel was neglected in the above rice drying
simulations.

Diffusion equation was used to simulate
concurrent rice dryer (Walker (1978), Zahed
(1982), Bakker-Arkema (1983) ).

Numerous researchers have considered
rice tempering and resident time.

Ramage (1958) high
temperature (65.6°C) could be used succe-

reported that

ssfuly if the rice was uniformly exposed and
the resident time for each pass was kept short.
Wassermann (1964) in tempering test con-
cluded that rice cooled to 24°C immediately
after drying required 6hr for adequate tem-
pering, but only 4hr were required for temper-
ing rice at 41°C. Wassermann et al. (1965)
in the test for the éffects of drying air tem-
perature and number of passes on head rice
yields and drying time reported that when
number of pass was increased with constant
temperature, drying was faster and head
rice yield was higher. Calderwood and Webb
(1971) reported that reducing resident time
from 25 to 15min lowered drying time an
average of 32% and milling yield was some-
what higher for rice dried with the reduced
resident time. Beeny and Chin (1970) con-
cluded in multipass drying test of paddy
that as the number of passes were increased
milling yield improved and drying time were
greatly reduced. Tempering duration was
found to have a greater effect on head rice

yield improvement than the number of

_42_

passes. Itoh and Terao (1974a) concluded
that the rate of drying increased with longer
tempering times and that qualities such as
cracking and germination were closely related
to the length of the tempering period. Steffe
et al. (1979) in considering tempering time
from 0.58 to 24hr concluded that when using
38°C air and 20min drying periods, a 35min
tempering time was sufficient and in using
$8°C air and 35min drying periods or 50°C
air and 20min periods, tempering times of
3hr were satisfactory and shorter times might
be adequate. Resident times used in con-
tinuous flow rice dryer in Korea range from
10 to 20min and tempering times from 30 to
75min. Establishing adequate resident and
tempering time is very important for deter-
mining optimum operational conditions and
design criteria. Objectives of this study were
to develop a simulation model for the drying
process in a continuous flow on-farm rice
dryer including tempering and’ to discuss
the effects of resident and tempering time on
drying rate, grain temperature and energy
requirements.

II. Mathematical Model

The crossflow drying model developed
by Bakker-Arkema et al. (1974) were used
with modifications. Unknowns are air tem-
perature (T), absolute humidity (H), rice
temperature (f) and average moisture content

(§).

0T  ha (T-0) i
dx  G,(c, +6yH) M
3  ha(T-6)  hg +c (T-0)
oy Gp(cp+ c M) (;p(c prewM)
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In this study, two computer programs were
used.

In the first program, the following thin
layer equation, called Page’s equation, for
medium grain rough rice developed by Wang
(1978) was used in drying rate form
oM

= —K (M—Me) (5)
ot

1 Q-1
where K= 60:P2.Q:[ 2n(MR)]

P =0.01579 +0.0001746T-0.01413RH
Q =0.6545+0.002425T + 0.07867RH

The Equation (6) was obtained from
Equation (5) by replacing 3t by dy v,

= (6)
dy

— (M)
Vp e

A finite difference technique similar to
that developed by Von Rosenberg et al.
(1977) was used to solve the above four
simultaneous Equations (1), (2), (3), and (6).
In the second program, the liquid di-
ffusion equation developed by Steffe and
Singh (1980) was used to predict the thin-
layer drying of rough rice. The differential
equation with boundary and initial condi-

tions were:

oM Dm ™M 2 oM
el e B¢
dy A or r Or
m=1,2,3
oM
— = 0; r=0, t =0 (8)
or
M = Me; r=R;, t>0 (9)
M = Mo; OQrQRB,FO (10)

Rough rice kernel was considered to be a
sphere (starch endosperm) surrounded by two
concentric sphere (bran and hull). The Crank-
Nicolson finite differance technique (Crank
and Nicolson, 1947) was 2mployed to solve
the diffusion equation (7) using the value of
the diffusivity of the different kernel compo-
nent and the size of the rice kernel compo-
nent radii. The equivalent radii for medium
grain rough rice were found by Bakker-Ar-
kema (1983) and could be summerized in
Table 1.

Diffusivity for the rough rice components
were found by Steffe and Singh (1980a) as

2.57 x 10°EXP(-2.88 x 10°/6,)

i

7.97 x 10 EXP(-5.11 x 10°/6,)

]

, = 4.84x10° EXP(-7.38x 10°/0,) (11)

Average drying rate for individual rice
kernel were evaluated as (Ingran, 1976)

oM

s D3 aum

V, Ry or [r=R,

oy

(12)

The same technique as that in the first
program was applied to solve the Equation
(1), (2), (8), and (12)

The rough rice tempering model is
basically an extention of the rough.rice dry-
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ing model. During tempering, the moisture
gradient occured during drying is equalized.
It was assumed that the rice did not change in
average moisture content or the rough rice
surface was impervious to moisture flow. The
tempering process was analyzed by the equa-
tion (7) and (11) with the following boundary
and initial conditions (Steffe and Singh,
1980b)

M
a—}- = (0 r=R3, t> 0 (13)
M=M(r); 0<r<R,, t=0 (14)

The following equlibrium moisture con-
tent equations, taken from Zuritz (1978),
were used:

For T<425°C
1

B (-1n(1-RH) T,)
° T (1T, /647.1)A x B

where A =-23.438
B= 2667x107

ot (15)

C= 4.0x10°
D =-2.1166
For T=>425°C (Zuritz (1979)

_ O (fn (RH) ) - 2n(2.387 x 10°T,>4%)

e

2 1,1852
-2.118 x 10 Ta (15)

The following convective heat transfer
coefficient equation in a packed bed of me-
dium grain rough rice developed by Wang
(1978) was used:

h =0.00718G,' %7 (17)

The latent heat of vaporization of rough
rice developed by Wang (1978) based on the
EMC data determined by Zuritz (1978) was
utilized. This equation was:

by, = (1547.84 - 1.46T)M °3% (18)

The thermal and physical properties
of medium grain rough rice and air used in

simulation model were shown in Table 1.

Table 1. Thermal and Physical properties of medium grain rough rice and air.

Properties Symbol Values
Specific heat of dry rice <y 0.9209 (kJ/kg K) (1)
Specific surface area 1040 (m?/m?) (2)
Density of dry rice p 499.7 (Kg/m?) (1)
Radius of white rice R, 0.142*10°3 (m) (3)
Radius of brown rice R, 0.150¥1073 (m) (3)
Radius of rough rice R3 0.161*10 (m) (3)
Specific heat of dry air Cy 1.0069 (k]/kg K) (4)
Specific heat of liquid water G 4.1868 (k]J/kg K) (4)
Specific heat of water vapor Cy 1.8757 (k] /kg K) (4)

(1) Wratten et al. (1969)

(2) Wang(1978)

(3) Bakker-Arkema et al. (1988)
(4) ASAE Year book (1983)
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I Model validation

The cross-flow rice dryer has previously
been studied for medium-grain rough rice by
some researchers. Comparison between the ex-
perimental results from several of these stu-
dies and the simulation results were presented
in Table 2

Test 1 to test 6 were single pass drying
tests. Test 7 was the multipass drying test
with 11 min resident time and 12 min temper-
ing time for each pass. Final moisture content
was obtained after 20th drying pass. Test 8
was the two pass drying with 20 min resident
time per pass and one 60 min tempering.

Tempering processes were included in the
multipass simulation using diffusion equation
and not included for the case of Page’s equa-
tion

The average deviation of moisture con-

tent in the first program using Page’s thin

layer drying equations was 0.82% wb and in
the second program using diffusion equation
0.41% wb.

Fig. 1 showed the plots of the experi-
mental and the simulated moisture content
versus drying time for test 7. Maximum dif-
ference between experimental and simulated
moisture content was 0.88% wb. in the first
program and 0.48% wb. in the second pro-
gram, respectively. The moisture content
simulated by the first program showed slightly
lower values than the actual in the beginning
of the drying periods and then higher values.
In the case of the second program the simulat-
ed values were lower than the actual values
through the whole drying periods.

Conclusively, the above average devia-
tions and differences in moisture content in
the two programs were small enough to be
acceptable.

Table 2. Comparison of experimental and simulated result of medium-grain rough rice drying in cross-flow dryer.

Final moisture content

Test Hight Thickness Aiflow Grain  Resident Drying  lintial Wtondier 1%, i)
No. of of rate flow time i moisture Simulated
::‘;nm w:::n e (min/ temp- i Emj Page’s Eqn. Diffusion Eqn.
(m) (m) (emm/m?) (m/hr)  pass) (%, wb.) Value Difference Value  Difference

1+ L2 0.2 24.0 1.24 58 50.0 22,3 18.03 17.00 1.08 17.01 1.02
1 1.2 0.2 24.0 1.24 58 48.9 220 17.36 15.71 1.65 16.94 0.42

b 1.2 0.2 24.0 1.2¢4 58 48.9 179 1431 18.83 0.48 18.77 0.54
4 1.2 0.2 24.0 1.24 58 48.0 17.2 13.04  18.24 -0.2 1817 ~0.13
be 1.2 0.2 24,0 1.24 58 43.3 194 1575 15.48 0.27 15.69 0.06
6** 16.75 0.3 53.8 335 30 49.4 19.1 1736 16.12 1.24 16.84 1.02
Fad 1.0 0.25 18.7 54 11 40.0 27.5 1885 19,75 -0.9 18,82 0.08
g+ - 0.07 21.3 - 20 38.0 28.7 1945 - - 19.47 -0.02

* Data for pilot-scale cross-flow dryer (Bakshi, et al., 1978)
*% Data for commercial cross-flow dryer (Singh, et al,,1981)
+ Data for continuous-flow on-farm dryer (Han, 1985). Final

were obtained after 7-hr drying period

(after 20th drying pass with 11-min resident time per pass and 19th tempering pass with 12-min tempering time per pass)
++ Data for experimental fixed bed two pass drying with 20-min residont time per pass and 60-min. tempering period

(Steffe, et al. 1979)
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Fig. 1. Comparison of experimental and simulated

average moisture content for Test No. 7

IV. Simulation procedure

Brook and Bakker-Arkema (1980) listed
the advantages of using the diffusion equation
in simulation program: First, it is easily
applicable to a number of agricultural pro-
ducts for which a diffusivity is known. Se-
cond, the assumed shape of the kernel can be
easily changed to represent a sphere, cylin-
der, or other shape. Third, the diffusion
model can be used to approximate moisture
distribution within the kernel. Considering
the above, the second program using diffu-
sion equation was used to predict continuous
flow on-farm dryer performance.

A, Drying conditions

Using the second program, a series of
drying tests were performed. Drying simula-
tions were made for selected resident times,

10 2.0 3.0 40 5.0 610 7.0

tempering index and drying air temperatures.
These values were:

Resident time (min.) : 15, 20, 30, 35

Tempering index (%) : 60, 80, 90, 95

Drying air temperature (°C): 42, 50, 54
Tempering index was defined as the following
equation.

M(Zt)—-M(%0)
—_— (19)
M (2,%°) — M (&, 0)
Where £ refers to the outer node of rough

rice kernel. The above definition of I, was a
modified form of that defined by Steffe et
al. (1980 b). This number varies from zero
to one as tempering proceeds from time zero
to infinity.

The following conditions were assumed

for all simulated drying tests:
Grain type:
medium-grain rough rice

Initial moisture content: 24%, wb.
Final moisture content: 16%, wb.
Ambient air temperature: 20°C
Ambient relative humidity: 65%
Air flow rate: 14.3 cmm/m?

Initial grain temperature: 20°C

B. Energy requirements

Total energy requirements included energy
to heat the drying air and operate the fan.
Heat energy requirements were evaluated
from enthalpy balance on the air flowing
through the heating furance assuming an
70% efficiency (Farmer (1972)):

_Ga (Ca + SyH) (Tin — Tamb) td
0.70 (Mo — M¢) pX,

(20)

Fan energy requirements were calculated
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by the following equation assuming 70%
electrical-machanical conversion efficiency of
motor and 50% fan efficiency (Farmer
(1972))

0.06Q, APty
=
0.35 (Mo — Mg)pX,

(21)

The following pressure drop equation
through packed bed of rough rice was deriv-
ed by Zahed (1982) using experimental data
from Rumsey et al. (1978)

AP = 10357.8 (Q4/60)%77 X, (22)

Substituting Equation (22) into Equation (21),
Equation (23) could be obtained.

2.1178Q, %" ¢4
035 (Mo—My)p

(23)

C. Rice quality parameters

The following drying characteristics were
considered as indicators of grain quality:

1. Maximum average rice temperature

2. Maximum drying rate

3. Head rice yield ratio

Assumed limits for each of these grain
parameters were 38°C (Steffe et al., (1979))
and 1.5% wb./hr (Ban (1971)) respectively.

Singh et al. (1980) derived. head yield
equation as a function of resident time and
drying air temperature using the data on
milling quality of rice from Stipeet al. (1973).

HR = e X1t (24)

where HR=actual head yield/initial head
yield
K,;=1.9108*10% EXP
(-1.7748*10* /T,)

—47-

Molsture content(%,wb.)
8

Based on this equation, head yield changes
of rice during drying were simulated.

V. Simulation results and discussion

A, Moisture removal and redistribution

Representative gmn moisture profiles for
various tempering levels were presented in
Fig. 2. As expected, faster drying was occured
when tempering time was longer. In the case

25
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171 Drying air temperature:50°C

Reaident time 120min /pass

| | | | I
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0.2 0uf 0.6 0.8 1.0 1.2 144 1.6 1.8

Accumulated resident time(hr)

Fig. 2. Tempering effect on moisture content
variations,

of 60% tempering level, average moisture
content reached to 16% wb. after the seventh
pass drying but in all other tempering levels
after the sixth. The effects of tempering on
moisture removal may be determined by
considering total amount of moisture removed
when drying from 24% wb. to 16% wb.
Results for 50°C air and 20 min resident time
per pass were presented in Table 3. Average
drying rates for total resident time required
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Table 3. Average drying rate for total resident
time required to dry to 16% wb.
with 50°C-drying air and 20 min
resident time per pass, depending
on various tempering levels.

. . Average
Tempering Total tempering Drying rate
index (%) time (hr) (%, wb.fhr )

60 1.25 3.95
80 2.65 4.07
90 4.25 4,18
95 6.15 4.23

for the final moisture content of 16% wb.
was increased with tempering time.

During tempering after 20 min drying
with 50°C air, the moisture changes within
the kernel were presented in Fig. 3. As the
tempering time increased, the moisture con-
tents at any point within the kernel approa-
ched to average value and moisture distribu-

Tempering index(%)
60 70 80 0
|

95
- - I !

Hough rice center

24' _\\
\&-wmy endosperm surlace

23 9

22 -}_//”—_'
Outer bran surface

L]
-
1

[
o
1

-
o
1

Rough rice surface

-
o
1

Tempering temperature:31.8°C

Moisture content(%, wb.)
3
1

-
o
1

15 ]

13

| - | 1
% B % P FH &P

Tempering time(min.)
tion was equalized. The surface moisture . . s
= sk . " Fig. 3. Changes in moisture content during
CORIENE OF 200gh Thok was sose tepidly chang: tempering after 20-min drying with
ed than that at other points. Table 4 showed 50°C-drying air.
that the moisture distribution within the
kernel after the fifth tempering pass with after the first pass of drying but reduced to
various tempering periods (index) per pass. the range from 1.1% wb. to 5.7% wb. depend-
Moisture difference between the surface and ing on tempering levels after the fifth temper-
center of rough rice was 10.4% wb. right ing pass.
Table 4. Moisture distribution within a kernel at various tempering levels after 5th tempering pass.
(50°C-drying air and 20-min resident time for each drying pass) (%, Wb.)
Tempering Total Rough Outer Outer Rough Maximum
index tempering rice starch bran rice moisture
(%) time (hr) center endosperm surface surface difference
After the first
drying pass 24.00 28.23 22.10 13.59 10.41
60 1.25 20.09 17.01 16.07 14.40 5.69
80 2.65 18.91 16.89 16.45 15.72 3.19
90 4.25 18.21 16.88 16.65 16.28 1.98
95 6.15 17.71 16.89 16.78 16.60 1.11

90
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B. Tempering time prediction

Tempering period per pass for a a given
tempering index was slightly decreased as
drying progressed and resident times per
pass increased. The differences in tempering
period between passes, and between different
resident times for a given tempering index
were small to be negligible.

Average tempering period per pass re-
quired for a given a tempering levels (index)
at various drying air temperatures were pre-
sented in Fig. 4. A non-linear, least square
regression program was used to derive the
tempering time prediction equation as a func-
tion of tempering index (decimal) and drying

air temperature ('C). The equation was

Required tempering time(min/pass)

80
Tempering index(%)

Fig. 4. Required tempering time versus tempering
index for various drying air temperatures.

tp = (2.59-0.0305T) EXP (3.8751 +

0.0108T- 1) (25)

Drying rate, grain temperature

and rice quality

Drying rate based on total drying time
(total resident time + total tempering time)

C.

and maximum average grain temperatures

.-49_

after dried to 16% wb. versus tempering levels
for three drying air temperatures were pre-
sented in Fig. 5 to Fig. 7, respectively.

Maximum average grain temperatures
were reduced by decreasing resident time and
increasing tempering time. Drying rate showed
the same trend as that of maximum average
grain temperatures.

Using the grain quality creteria specified
earlier, 38°C and 1.5% wb./hr, the proper
resident time and the minimum tempering
level could be determined. In the case of
54°C-drying air, as shown in Fig. 6, only 15
min resident time and temperig index of
more than 80% appeared to be adequate for
maintaining maximum grain temperature less
than 38°C and drying rate less than 1.5% wb./
hr. Applying the same grain temperature limit
and drying rate limit ranged from1.0% wb./hr
to 1.5% wb./hr considering grain quality and
dryer capacity to the case of 50°C and 42°C
drying air, recommended resident and temper-
ing times were determined as shown in Table
5,

Head rice yield ratios in Table 6 were
the results simulated from Equation (24).
Those were increased by reducing resident
time, increasing tempering time and lowering
drying air temperature. When resident time
reduced from 35 min to 15 min, head rice
yield ratio increased by 0.6% to 1.3% point.
Increasing of tempering index from 60% to

95% resulted in about 0.2% to 0.7% point increase
in head rice yield ratio. Head rice yield
ratios, as shown in Table 5, were more than
98.6% when maximum average grain tempera-
ture and drying rate were less than 38°C
and 1.5% wb./hr respectively.

In the Equation(24) predicting the head
rice yield ratio, tempering effect was not in-

cluded. Therefore, a new equation consider-
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Table 5. Resident and tempering times recommended for the limits of maximum drying rate
ranged from 1.0 to 1.5%, wh./hr and 38°C-maximum average grain temperature.

Drying air Resident time Tempering Tempring Head rice
temperature per pass index time yield ratio
(°c) (min.) (%) (min.) (%)
54 15 85~93 42~60 greater than 98.6
50 15 78~90 83~55 99.6
20 86~95 44-~71 98.6
42 15 60~77 18~37 99.2
20 6785 24~51 98.9
80 80~95 41~80 98.8
85 8295 45~80 98.7

Table 6. Simulation results of head rice yield ratio (%)

Resident Tempering Drying air temperature (°C)
time index
(min.) (%) 42 50 54
85 60~95 98.5 ~ 98.8 97.7~98.1 97.2 ~97.4
30 60~95 98.6 ~ 98.9 97.9~98.2 97.4 ~97.9
20 60~95 99.8~99.2 98.3 ~98.7 97.7 ~98.4
15 60~95 99,2~ 99.4 98.5 ~99.0 98,2 ~98.7
&0 I T s T T T
W T T T T T T T T patiin S oo it
Drying sir tesparature:S4*c 3 —— Orain tesparators
T Grain tespersture -
—=== Orying rate ==== Drylag rate
g T
E

37 4
20
5 L &0

2

Hasisun average grain tesparature( *C)
T

» L 50 4
! 3o & wl TSsB 3
H S i
<+ - R ‘--.;i: _H-“:-‘.w._::\ | 2.0 E
I o | * B N T
»* g ﬁ““'-\;\\ L 1o
r 1.0 ”-‘ i
C P iy ® . ,_di s o w
Fig. 5. Effect of tempering and resident time on Fig, 6. Effect of tempering and resident time on
maxirfnum average grain temperature and maximum average grain temperature and
drying rate. drying rate.
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D. Energy requirements

» T v T T T T
Drying air temparaturs i42°C
Resident times35 win Energy requirements predicted at 50°C
% drying air temperature were presented in
% . ; . . i
\ Fig. 8. An increase in resident time increased
S B+ — Orein teepersture energy requirements. An increase in tempering
—=== Drying rats

index resulted in decrease in energy require-
ments. For example, by increasing resident
3.0 time from 15 min to 35 min for 90% temper-
3 ing index, energy requirement for evaporat-
; ing one kg of water was increased from 4900
; kJ to 5200 kJ (6% increase). Increase in tem-
g pering level from 60% to 95% for 15 min resi-

dent time resulted in decrease in energy re-
quirement from 5400 kJ to 4900 kJ (9%

0 80 d %0 100 dccrem).

Fig. 7. Effect of tempering and resident time on V1. Conclusions
maximum average grain temperature and

drying rate.
1. A simulation model for continuous flow

rice drying based on liquid diffusion with-

in a rice kernel which was assumed three

Resident time(min) concentric sphere con.lposcd of starch

3 endosperm, bran  ad hull was modified.
The results indicated that this model was
useful for the performance analysis of

g

a continuous flow rice dryer.
Increasing tempering level between drying
passes led to an increase in resident time

drying rate and to a decrease in moisture

Energy requirements (KJ/Xg,Ha0)
§
b
)

:

gradient within a rice kernel. Tempering

L 3

T T ¥ T
60 70 80 ) 100

Tempering index(%) affected by drying air temperature.

periods between passes were mainly

Fig. 8. Tempering effect on energy consumption 8. Maximum average grain temperature snd

required for drying to 16%, wb. with 50°C- drying mite: for fotsl drying:;thos were
drying air for various resident times, reduced by decreasing resident time and

by increasing tempering period.
4. To meet constraints for grain quality,
ing tempering effect needs to be developed maximum average grain temperature of
for evaluating head rice yield during multipass 38°C and maximum drying rate of 1.5%

drying. wb./hr, the shorter resident time and the

.,.51 o
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longer tempering period were required presented considering the constraints for
as the drying air temperature became rice quality.
higher.. 6. Energy requirements were reduced as
A set of resident and tempering periods resident time decreased and tempering
recommended for practical use were period increased.

List of symbols

Ry
R,
Rs

Mo —Me

specific rice surface area (m? /m?)

specific heat of dry air (kJ/kg K)

specific heat of rice (k]J/kg K)

specific heat of water vapor (k]J/kg K)

specific heat of liquid water (k]J/kg K)

Starch endosperm diffusivity (m? /hr)

Bran diffusivity (m? /hr)

fough rice diffusivity (m? /hr)

heat energy requirements for removing 1 kg water from rice (k] /kg H,0)
fan energy requirements for removing 1 kg water from rice (kJ/kg H,0)
air flow rate (dry air, kg/hr m?)

grain flow rate (dry grain, kg/hr m?)

convective heat transfer coefficient (kJ/m? K hr)

Humidity ratio (kg Hp Ofkg dry air)

latent héat of vaporization of water in rice (kJ/kg H;0)

Head rice yield ratio (actual head yield/initial head yield, decimal)
tempering index (decimal)

drying constant (hr™')

spatial node located at the outer edge of the rough rice kernel

= local moisture content within a kernel (decimal, db.)
= average moisture content for a kernel (decimal, db.)

equlibrium moisture content (decimal, db.)

initial moisture content (decimal, db.)

average final moisture content for bed-depth (decimal, db.)
M - M ) )

= moisture ratio

pressure drop (Pa)

air flow rate (m® /m?, min)

variable radius (m)

radius of white rice (m)

radius of brown rice (m)

radius of rough rice (m)
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RH = relative humidity (decimal)

t = time (hr)

tp = tempering time per pass (min.)
td = drying time (hr)

T = drying air temperature (°c)

Ta = absolute temperature (K)

Tamb = ambient air tpmperature (°c)
Tin = drying air temperature at inlet (°c)
Vp = grain velocity (m/hr)

X = bed-depth coordinate (m)

Xc = bed-depth (m)

y = bed-height coordinate (m)

p = bulk density of dry rice (kg,-'m3)
0 = grain temperature (°C)

0a = absolute grain temperature (K)

1.
2,

5.

6.

8.
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