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This paper recommends ways of determining the coefficients of heat

and mass transfer in bulk wheat grain with due regard to molar transfer -

of moist air,

The unsteady temperature and moisture distri-
butions in a pile are described by a system of non-
linear differential equations [1]. When the system is
solved by the electrothermal analog method* rela-
tively simple electric models can be used to inves-
tigate the laws of heat and mass transfer in towers,
and the optimum conditions of transfer can be chosen.

Solution of the system of equations [1] by the elec-
trothermal analog method requires approximate ex-
pressions, which are given below, for the determin-
ation of the thermophysical characteristics of bulk
wheat from the experimental data available in the
literature.

Heat capacity. The heat capacity of free—-flow-
ing gramular materials is related in a complex man-
ner to the temperature, moisture, mode of cultiva-
tion, and variety of the grain. The effects of mode of

_cultivation and variety of the grain have hardly been
investigated at all, but the experimental data on the
heat capacity of different crops and varieties of the
same plant confirm that these effects are present.
The temperature dependence of the heat capacity has
not been adequately investigated.

There are fuller experimental data on the effect of
moisture content of the grain on the heat capacity.
Experimental work in this field by various investi-
gators has been summed up in [2]. An analysis of
these and other investigations shows that the heat
capacity of the moisture in the grain depends on the
mode of binding with the grain. Hence, the relation-
ship between the heat capacity and the moisture con-
tent is altered on transition from polymolecular
adsorption moisture (the subcritical moisture con-
tent of wheat [3]) to capillary moisture (moisture
content above the critical level). In the hygroscopic
region )

C=(3U% -+ 4.25U —1.25)- 108 for U < 0.18, (1)
C =(4.1902 + 5.22U + 1.03).10® for 0.18<U<03. (2)

Heat conduction. Heat transfer in granular mate-
rials is affected by the heat conduction of the parti-
cles, the radiation from particle to particle, and the
convection of gas and moisture contained among the '
particles. The total contribution of convection and
radiation at low values of the gradient t and grain

* A paper on the method of electric simulation appears
on pp. 363—365 of this number of the journal.

diameterd = 3—5 mm does not exceet 3—7% of the
total heat transfer, i.e., in these conditions the
main heat transfer is due to contact heat conduction,
which is given by the well-known expression

A=dg+ (U, 2. (3)
Both components in Eq. (3) depend on the nature of
the material, its structure, porosity, state, etc.

An analysis of the experimental data [5-9] does
not show the effect of the grain temperature on the
heat conduction, since the experimental error and
the effect of subsidiary factors (difference in vari-
eties of grain, porosity, size of grains, impurities,
etc. ) are much greater than the effect of tempera-
ture. In the hygroscopic region a satisfactory agree-
ment with the experimental data is obtained from a
linear relationship between A and the grain moisture
content

A =g+ 0.1U, (4)

where the heat conduction Ay of the dry wheat mass
is given by the expression [4]

ha= (0.0186y2 + 151y, -+ 25600)- 10", (5)

Expression (4) is valid in the case of local con-
vection of the air in closed pores. If the integral
temperature of the grain layer is higher than the
ambient temperature then molar transfer of damp
air (filtration) due to the different air densities be-
gins to occur in the channels between the grains. In
this case the additional heat transfer can be taken in-
to account by an effective thermal conductivity A,
For a simple model where the grain layer is open on
both sides (free access of air to the lower and upper
parts of the layer), the value of Ag by the zonal methoc
of calculation is given by the expression

he=1 % ¢ EGh, (6)

where h is the height of the zone. The value of h is
chosen so that the thermophysical characteristics of
the grain are practically constant within the region.
The moisture precipitation coefficient of the air flow
is
SR UL A @

Heat and mass transfer between a moving stream
of moist air and grain involves an insignificant po-
tential difference due to the large surface of heat and
mass transfer and the low flow velocity. Hence, it
can be assumed with sufficient accuracy for calcu-
lations that the moist air in the spaces among the
grains.is in thermal and moisture equilibrium with
the grain surface. In this case the function p(U, t)
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can be determined experimentally from the equilib-
rium moisture content of the material at different U
and t.

The experimental data of [14] were used to obtain
approximate values of p(U, t) in the hygroscopic re-
gion (from values of U = 0.07) and the temperature
range 0° Cto 50°C-

In the region of subcritical moisture content of
wheat the sorption is

p = 1(0.257#~ — 1.05¢ 3- 33.5) U —
— (0.01435¢* — 0.1045¢ + 1.95)]- 4073, (8)
the desorption is

pg = [(0.205% — 0.41¢ + 30.8) U —

— (0010082 — 0.034¢ + 1.95)]- 10>, 9)

In the region of subcritical moisture content of
wheat the sorption is

p = [(0.06293¢* - 0.1405¢ + 7.52)U +
4+ (0.00871# + 0.03347¢ -+ 1.817)]- 10—3; (10)
the desorption
pq= 1(0.06072 1 0.33¢ +8)U +
+ (0.009337* - 0.0127¢ - 1.68])-10—3. (11)

Replacing the increase in vapor concentration Ap in
(7) by the total differential of the function p(U,t) we

obtain
r do AU ap \ °
i [ okt e A
The weight flowrate G is determiined from the con-
dition of equality of the upthrust of the air flow and the
aerodynamic resistance of the grain layer. From the

experimental data [10] on the aerodynamic resistance
of wheat grain for the case of laminar filtration of air

G = YoaPo g4® (1 — k)’ Zt,-/l[_~t (13)
162ve? &2 sh e
In expression (13)
ke 1 (14)

455/yy, + 1.15

3
d= 0.1241/mk/yb. (15)

According to the data of [10], the shape factor for
wheat and rye grains is w = 1.55.

Potential conduction. The laws of mass transfer in
moist materials have now been adequately investigated
in Lykov's works. The theoretical course of the
curve

ay =, 1)

for typical capillary and colloidal substances is illus-
trated in (16, 17]. Incomplete experimental data on
the mass transfer coefficients for granular materials
and food products have been obtained in [5, 11-13]

and elsewhere. Yet the available experimental mate-
rial is still not sufficient to establish the indicated
relationship for grain in a wide range of moisture
contents and in relation to the way in which the mois-
ture is bound with the material. The data of [13]
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show that the value of ¢y, decreases with increase in
the moisture content of the grain (from moisture con-
tents corresponding approximately to the start of poly-

‘molecular adsorption up to the maximum hygroscopic

state). There is a particularly pronounced reduction
;of am in the region of the subcritical moisture con-

‘tent of grain. The coefficient of potential conduction

also depends on the temperature and increases with
increase in the latter. From the experimental data
of {13] we obtain the following empirical relationship
connecting the mass transfer coefficient with the

‘moisture content and temperature of the grain:

a0, = 0.002125¢% ++ 0.366¢ — 5.9 109 (16)
1000 — 4.2
Formula (16) is valid in the region 0.2 = U = 0.3
and 20 =t = 60° C. The determination of a,, for
wheat in the region of subcritical moisture content
will require further experimental investigations.
Thermal moisture conduction. Thermal moisture

conduction in bulk grain, as in hygroscopic materials
of inorganic origin, depends on the way in which the
moisture is bound with the material. In the region
U = 0-0,03 (monomolecular adsorption moisture) the
thermogradient coefficient is zero. In the region of
polymolecular adsorption (approximately up to the
critical moisture content) the value of § is not zero
and depends weakly on U:

8 = (U — 0.02)/260. . 17)

In the region above the critical moisture content
of grain there is a sharp increase in §, which reaches
its greatest value at the point of the maximum hy-
groscopic state. The determination of § for wheat
will require further investigations. '

As mentioned above, in bulk wheat grain there is
transfer of heat and moisture, which filters through
the channels between the grains in the form of a vapor-
air mixture. With due regard to the molar transfer
of moist air the specific moisture flux is

i=—anVoVU—a,v,8VI T Ghyp. (18)
The value of Vp is found from the expression [15] -
dp dp
=[|—=—— U —_— t. 19)
\E ( % )tv +(0t )UV (

It follows from expression (19) that moisture trans-
fer by a vapor-air mixture conforms to the same law
as moisture transfer in hygroscopic materials. Then,
on the basis of relationships (18) and (19) we can
write

J= e Vo VU — @, Vo8V L, (20)
where
Ome™ [259 ::__ Gh (i) » (21)
Yo 6U b4
Gh 0
Se =0+ (-—p~> . (22)
AmNo 0t lu

Biochemical processes, particularly the i'eSpira—
tion of the grain, have a significant effect on the tem-
perature and moisture distribution in bulk grain. It
is known that in resting (nongerminating) seeds the
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amount of heat released during respiration is almost
exactly equal to the total amount of heat produced by
the combustion of sugar.

A consideration of this and the experimental data
of {18] for the evolution of CO, during aerobic res-
piration gave expressions for the specific rate of
heat and moisture release in bulk wheat grain:

Q= v, (224" — 74.48 -1 1708/ — T140) x

X (Ui + U)—0.1525). 10—, (23)
D = v,(0.85613 — 28.52¢2 + 6541 — 2740) x

X (Uj(1 + U)—0.1525). 104, (24)

Formulas (23) and (24) are valid in the temperature
range t = 0°-50° C and for moisture content U =
=0.19-0. 3.

The proposed analytical relationships give mean
errors in comparison with the data of the experiments
used in the work in the following range: formulas (1}
and (2)=-10%; formula (4)—5%; formulas (8) and (11)
—1.5%; formula (16)—5%; formula (17)—0.5%; for-
mulas (23) and (24)—4%.

The mean error of formulas (8)~(11) was deter-
mined in relation to the mean square values of the
experimental figures.

The expressions for the determination of the
thermophysical characteristics of grain were used
to investigate the temperature and moisture distri-
butions in wheat grain by the electrothermal analog
method. The results showed a satisfactory agree -
ment between the electric simulation data and the
data of normal experiments.

Example of calculation. We will determine the
thermophysical characteristics and the specific heat
and moisture release of the surface layer of wheat
grain in the following conditions: height of pile [ =
= 2m; mean integral temperature of pile tg = Etihi/
/Ep; = 30° C; height of surface layer h= 0.1 m;
temperature of grain on inner boundary of surface
layer t;, = 27° C; temperature of grain on outer
boundary of surface layer tg = 23° C; temperature of
outer air ty 4 = 20° C; Yy =720 kg of moist grain /
/m?; moisture content of grain on inner boundary of
surface layer Uy, = 0.22 kg of moisture/kg of dry
matter; moisture content of grain on outer boundary
of surface layer Ug = 0. 18 kg of moisture /kg of dry
matter; shape factor of wheat grain w = 1.55; weight
of 1000 grains m = 0.07 kg; free acess of atmo-
spheric air to bottom of stack.

Solution. In view of the small height of the sur-
face layer (0. 1m) we take a linear law for the tem-
perature and moisture distribution over the height of
the surface layer. Then the mean integral values of
the temperature and moisture content of the surface
layer are ty, = 25 and Uy = 0.2,

The heat capacity of the grain, from (2), is

C=14.19(0.2¢ - 522.0.2 - 1.031.10° 2241
The density of the dry matter is
Yo == v (1= Ly des T200 1.2 20 610
The thermal conductivity of the dry matter is,
from (5),
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ha 100186 (BO0Y + 151.600 4. 25600]. 10— = 0.1229
and of moist grain, from (4), is
o= 0.1226 4 0.1.0.2 = 0.1429.
We determine the equilibrium concentration of
moist air in the surface layer from Eg. (10} with ™

=25 and U, = 0.2 (sorption at supercritical moist-
ure content). The partial derivatives are

(%) — 10-7[0.06293 (25} + 0.1405-25 - 7.52] — 00503,
i

/
(—%il—} =10.2(0.06293.2.25 + 0.1405) - 0.00871.2.25 -
\ lu
+ 0.033471-16—? = 1.1264-10--3.
The coefficient of moisture precipitation of the
moist air in the surface layer, from (12), is

E=1+4
. 3 9.
24810 15 0505 22 =018 g oni196 | - 4.8,
1025 | 27 — 23 1

The coefficient of packing density of the grain,
from (14), is
k= ! = 0.56.
455/720 4 1.15
The equivalent diameter of a single grain, from
(15), is

d=0.124 13/0,07.0.56/720 = 0.0047.
The weight rate of filtering air, from (13), is
G — 1.293.9.81.(0.0047)*.(1 — 0.56)° (30— 20)
273.162-15.5-10-5.(1.55)* (0.56)
= 46.25.10-9,

The effective thermal conductivity, from (6), is
he=0.1429 — 1025.4.88-46.25-10—%-0.1 =
=0.1429 - 0.0232 = 0.1661.

The moisture diffusion coefficient, from (16), is
o, = 0.002125 (25)* + 0.366-25—5.9 10=% — 099, 10~9.
100.0.2—4.2
The effective moisture diffusion coefficient, from
(21), is

o= 0.29-10-9

-8
46.25 107001 4 0505 — 0.68. 10—,
600

We determine the thermogradient coefficient ap-
proximately from (17), since the latter is valid only
in the region of the subcritical moisture content of
wheat (U < 0.18):

6 =(0.2—0.02)260 = 0.692.10—%,

The effective coefficient of thermal moisture con-

duction from (22) is
e — 0.692. 10— +

4 46.25.10—%.0.1-1.1264.10—%/0.29-10-°. 600 = 0.0307.

The specific rate of heat release of the grain from
(23) is

Q = 600.107*[2.24(25)* — 74.4 (25)* + 1708.25 — 7140] X

% [0.2/(1 4 0.2) — 0.1525] = 20.45.
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The specific rate of moisture release of the grain
from (24) is

D = 600-10-11.[0.856 (25)* — 28.52 (25) -+ 654 .25 -~ 2740} X
% 10.2/(1 4 0.2) — 0.1525] = 7.83- 107

NOTATION

C is the reduced specific weight heat capacity of
gain, J/kg of dry matter - deg; cp is the reduced speci-
fic weight heat capacity of moist air, J/kg of moist
air - deg; A is the thermal conductivity, W/m . deg;
Yo is the density of dry matter of grain, kg of dry
matter/m?®; yya is the density of air in normal condi-
tions, kg of moist air/m?; 7}, is the bulk density of
grain, kg of moist grain/m3; q,, is the moisture dif-
fusion coefficient, m2/sec; 6 is the thermogradient
coefficient, kg of moisture/kg of dry matter - deg;

p is the concentration of vapor in vapor-air mixture,
kg of moisture/kg of moist air; r is the heat of phase
transition, J/kg; v is the kinematic viscosity of air,
m¥/sec; g is the gravitational constant, m/sec? g,
is the coefficient of bulk expansion of air, 1/deg; d
is the equivalent diameter of grain, m; k is the co-
efficient of packing density of grain; w is the grain
shape factor, m is the weight of 1000 grains, kg; Q
is the specific rate of heat release of grain, W/m?;
D is the specific rate of moisture release of grain,
kg of moisture/m3. sec; G is the weight rate of air
filtration, kg of moist air/m?. sec; t is the temper-
ature, °C; U is the moisture content of grain, kg of
moisture/kg of dry matter. Subscripts: H denotes
ambient medium; i denotes regions of grain mass; e
e means effective.

REFERENCES
1. A, V. Luikov, IFZh [Journal of Engineering

Physics], 8, no. 2, 1965,
2. G. A. Egorov, Tr. MTIPP, 9, 1957.

INZHENERNO-FIZICHESKII ZHURNAL

3. V. A. Zagoruiko, collection: The Economics
and Operation of Marine Transport, no. 1, [in Rus-
sian], Izd. Morskoi transport, 1963.

4. A. F. Chudnovskii, Heat Transfer in Dispersed
Media [in Russian], Gostekhizdat, 1954.

5. V. P. Dushchenko, Tr. In-ta teknicheskoi te-
plofiziki AN UkrSSR, Teplofizikaiteplotekhnika, 1964,

6. G. 1. Krasovskaya, Tr. MTIPP, no. 1, Pishche-
promizdat, 1952.

7. D. M. Rafalovich, Tr. OIIMP, 3, 1952.

8. D. M. Rafalovich, Tr. OTI, 9, 1958.

9. A. F. Chudnovskii, Thermophysical Charac-
teristics of Dispersed Materials [in Russian], Gosiz-
dat, 1962.

10. G. S. Zalinskii and P. N. Platonov, Tr. OTI,
9, 1958. .

11. A. 8. Ginzburg and V. P. Dubrovskii, IFZh,
no. 10, 1963.

12, V. V. Krasknikov and A. V. Gorbatov, Mass
Transfer Characteristics and Structural-Mechanical
Properties of Food Products [in Russian], Izd. TsINTI
Pishcheprom pri Gosplane SSSR, 1963.

13. L. M. Nikitina and M. A. Kuchmel, IFZh, no.

8, 1962.

14. D. M. Nikitina, Tables of Equilibrium Specific
Moisture Content and Energy of Binding of Moisture
with Material [in Russian], Gosenergoizdat, 1963.

15, A, V. LuikovandYu, A, Mikhailov, Theoi‘y of
Heat and Mass Transfer [in Russian], Gosenergoizdat,
1963.

16. A, V., Luikov, Transfer Phenomena in Capillary
Porous Solids [in Russian], Gostekhizdat, 1954,

17, A, V., luikov, Theory of Drying [in Russian},
Gosenergoizdat, 1950.

18. A. P. Prokhorova and V. L. Kretovich, DAN
SSSR, 63, 1948.
22 April 1966 Institute of Naval Engineers,
Odessa



