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Surface drying theory of fresh farm products
by heated air

Satoshi Murata, Susumu Uchida
and Yutaka Chuma
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3 mm under surface

Date: July 3, 19: 15, 1969
Heated air temperature : 57.0°C
Natural air temperature : dry 25.2°C
wet 23.0°C
Dimension of NATSU DAIDAI :
weight 388.1gr
diameter 100 mm

l-vsoc

Fig. 1. Temperature rising in actual surface
drying process of Citrus Natsu Daidai.
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Table 1. Temperature effect to depth

in 1 min.
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T,-T
depth (m L tor
pth (m) ’ "
0. 000 0. 061
0.002 0.029
0.004 0.012
0.006 | 0.004
0.008 ; 0.001

0.010 ' 0. 000
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BT AT IROBE R 70 mm & L, FaEid 1.0 m/sec
E L7
Nu = 0. 33Re"8, 20< Re< 315000 (16)
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10 L | I R
1 2 3 4 5 6 8 10

Reynolds’s number x10°
Fig. 2. Heat transfer data of a Leghorn egg.
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C.C Thermocouple
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Fig. 3.
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fWED L A4/ ZvBoWH (<C8000) THNITZT DR
13 0.6 BiTiifc 130D
Bl 4 FTRIALD, IR LUICRETEEA
ATIEDIz. ThEEL, Fig. 3 iciHohsd kD
IR DI BN THEL, PEBOME X & s
OO TEOREE/EAEER L, MrERE
WeE L7, FIRO ML, WO 72 ORICEA
KB &Nz, TORME S &, EHe=—
T =75 FRABRRIICH D DG ~Y vy 74V
IEBTGIL, FhAERI Y a vy —rc@3 o, <
Sy 2 AV IROERANET S C LiIckDTEL.
SO HHE, MR 2B L. SBE
T =4 mWRD &,
S =0.49355¢10~2 m?
W =0.3308 kg
C —0.031kcal/kg-"C
W5E S i MIEERE, RMICIE ST 5 Ea
EOBFT
Nu — ARen Q25
DS, EORRIE, TIMHITORLEL. &
B, CORTHOEMICONTE, EHELOXEES
Hxnizn.®
4—2. RIDORAERLRELRORE + HIIE A
TOMEHTE W, Fig. 3 R UAMBOEEE B U

Experimental aparatus of measuring heat transfer coefficient,
and drying rate of farm products.
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sec. F.S., }iff 2.5%) iKk2THFNS. nfdo
s, C-C MEx (0.1mm, 1.5#%) #% Fig.
4 WORT B ICRMBEL AT D o1, chE 3 AR
ringEEt SmV F.S., HE 0.5 %) icoines
kL7, REKTOERLE, ITHATEBOEES
IR EH (25E 100gr, 1 HE% 0.01gr) itk
TRIE L, WICHERE TEREICKEIES L3,
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<D

Fig. 4. Position of thermocouples on
an egg.
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Table 2, Experimental condition.
- Heated air dmiee | Drying up Natural air
| temperature* l Velocity water** temperature
I N G (m/sec) cgd | O L
i i
Run 1 38.5 (27.0) \ . 0200 | 26.0 (24.2)
Run 2 71.0 (33.5) | 0.8 0. 147 | 26,0 (24.2)
Run 3 38.0 (28.6) l 2.3 0.180 | 28.8 (26.5)
51,5 (31.4) ‘ 2.3 0.198 ‘ 28.8 (26.5)

* Wet bulb temperature in parentheses.

#* The surface area is 0.006219 m2.

B, JHad, MEIELCoL TR, Table 2 159
EIRWTFRLN—DbOEMAI L. ZOEES

ZUEHAE e E N

W =0.052802 kg

S —=0.006219 m?

<, FWEid, Romanoff 5% @ FEHEHINOTE
TR (W =0.058 kg, S = 0.0068 m2) 75»@11.-1;.@
2/3 FiTHHIT B, & UTEME LK.
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Fig. 5 ic 4 O WHRAWTICE Y 5 RIEE L
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WohThsd, £, (2) MEOWED, R
TIH B NRFAER T8 bh e DX LT,
HWR LM RoRN T mhb (21) xki)»‘-l-’—l"j}ih{r&
RORTH DT &, Fic, Q) MmEREwE

"Table 3. Experimental and theoretical
drying up time.

Drymg up t1me (sec)
Experlmental
[ Theoretical
Front | Side 1 Back

Run 1 120 | 240 T 300 320
Run 2 60 90 120 115
Run 3 75 100 110 115
Run 4 50 ‘) 90 120 184
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DSERME O ) & B g B DD UTH BHS, s
MR LAEINE LT, £ RhBoMiic k5 A&
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5&%@(»@'&;&3 5T &, (6) FUINDRERDWE
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'{‘.#,—*-:Mi, FHlKD T & MU+ 2 T &5 08 £ 510

2
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Experimental and theoretical temperature rising on the surface

of an egg, and theoretical amount of drying water,
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Drying water
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Air temperature °C

Fig. 6. Theoretical relationship between
drying conditions and drying water of
Citrus Unshu assuming a constant drying
area.
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FOERDBERKTICHMATEL LbDTH B, &
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BE—ROMRIC—FT 575, ©ORROHTIIHY
THEET, COBEAWHOHFEERL:. EZiZCo
hETH S 5. BEHH L, BENZENCH 5.
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Fig. 7. Theoretical relationship between
drying conditions and drying water of
Citrus Unshu assuming a proportional re-
duction of drying area to the remained
surface water,
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Nomenclature

A,m: constants in Eq. (25)

Cp : specific heat (kcal/kg-°C)

erf(z) : error function

erfc(z) : defined by 1-erf (z)

H : concentration of vapor of drying surface
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(kg/m* 2)
absolute humidity (kg/kg’)
concentration of vapor in air (kg/kg")
: heat transfer coefficient (kacal/m3hr) 3
: relative heat transfer coefficient defined 4)
by Eq (12) (m™")
: thermal conductivity (kcal/m-«hr-°C)
: mass transfer coefficient for concentra-
tion (kcal-m/kg-hr) 5
: mass transfer coefficient for pressure
(kcal/m+zhr-mmHg) 6)
: depth of the point over which there is
no temperature effect of the surface
temperature change (m) 7
: Nusselt number ()
: vapor pressure of surface water (mmHg) 8)
: partial vapor pressure in air (mmHg) 9)
saturated vapor pressure (mmHg)
: defined by Eq. (11) (°C/m) 10)
: Reynolds number (—)
: defined by Eq. (70 (—)
: area of heat transfer and evaporation 1D
surface (m?)
. temperature of product (°C) 12)
: temperature of air (°C) 13)
. temperature at regular intervals x —iex 14)
and t=i-t (C)
: temperature of drying surface (°C)
: initial temperature of drying product 15
co
: time (hr)
: absolute temperature of vapor (°K) 16)
: cordinate in the direction of inward
nolmal of drying surface (m) %))
: mass of solid (kg)
: mass of surface water (kg)
: prefix, indicate finite increment %)
: thermal diffusivity (m?/hr) 19)
: latent heat of water evaporation (kcal/
kgd 20)
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The drying process of the surface water of the fresh farm products after the
washing belongs to the preheating period for the quick drying to prevent a temperature
rising of the product for keeping freshness, and for increasing efficiency. Therefore
the drying ratc can not be cstimated by the formula of constant rate period, and the
falling rate period. The process is transient simultaneous mass and heat transfer
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phenomena, and the complication and difficulty are increased by the existence of the
temperature gradient in the product.

For the purpose of dealing with this problem the equation of conduction of heat
in semi-infinite solid with the boundary condition expressing the fact that the summa-
tion of the heat of the evaporation and the heat of the conduction into the solid is
equal to the heat transfered to the surface by convection from the heated air, which
is expressed in Eq. (4) and Eq. (5), is proposed in this paper.

The equation is solved by Runge-Kutta method assuming the effective thickness
which is determined by the analytical solution of the equation of semi-infinite body
with the boundary condition of the heat convection only between the surface and the
air.

The experiment is performed using an egg on the surface temperature and the
drying rate of the surface water. The suface temperature is measured by C-C thermo-
couples with a three pen recorder, and the drying rate is measured as the dry up time
of the four divided parts on the surface with the eye because the mass of the water
is so little comparing with the mass of the product that precise continuous measure-
ment of the change of the mass of the water is very difficult. The empirical equation
of the heat transfer of the egg is determined from the cooling curves of the lead model
of an cgg.

The theoretical results on temperature agree well with the experimental results,
and on drying up time agree well with the experimental results, too.

It may be concluded that the theory is useful for the estimation of the drying rate
and the temperature rise of the drying surface of the wet fresh farm products after
the washing with the object of designing and opaerating the dryer.



