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Abstract — For being recent high oil price age, the interest in superheated steam drying technology is increasing as the
method to enhance the energy efficiency of drying process consuming a lot of energy. This technology uses the super-
heated steam as drying medium to dry the materials and has advantages that can save the energy by recycling the evap-
orated high-temperature steam, enhance the quality of dried products, and minimize the exhaust of environmental
pollution materials. In this work, it has been introduced from general drying principle to the principle and related studies
of drying technology using superheated steam, using examples of superheated steam with dryer types, and industrial

applications.
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Table 1. Operating situation and energy source unit of dryer types [1]

Drying type . Operating temperature (°C) Efficiency Unit of energy source
Heating Exhaust (%) (kcal/kg-H,0)
Box dryer 100 ~ 150 60 ~90 49 920 ~ 2,280
Band dryer 120 ~ 180 70 ~ 100 44 2,200 ~ 4,650
Tunnel dryer 150 ~ 200 90 ~ 120 43 1,680 ~ 3,672
Drum dryer 100 ~ 180 70~ 110 43 880 ~ 2,280
Rotary dryer 150 ~ 200 90 ~ 120 51 920 ~ 2,400
Spray dryer 100 ~ 180 60 ~ 120 43 912 ~ 2,850
Fluidized bed dryer 110~ 180 60~ 110 51 892 ~ 2,200
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Fig. 1. Schematic diagram of a superheated steam drying process [6].
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Steam pressure, [X10° Pa]
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Fig. 2. Material temperature with drying time and material tempera-
ture with steam pressure at constant rate drying period.
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Table 2. Types of superheated steam dryers [2]
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Fig. 3. Locus of the inversion temperature at superheated steam and
air [7].
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Dryer type Characteristics

Flash dryer with or without indirect heating of dryer walls with high-pressure steam

Fluidized bed dryer operated at low, atmospheric, high pressures (~5 bar) with or without immersed heat exchangers
Spray dryer operated at atmospheric pressure

Impinging jet dryer for newspaper, tissue paper and so on

Conveyor dryer operated atmospheric or high pressures

Agitated bed dryer operated at atmospheric pressures

Impinging stream dryer opposing jet concept

Vibrated fluid bed dryer with immersed heat exchangers
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Table 3. Applications of superheated steam drying technologies [6]

Industrial part Products

Food Sugar beet pulp, starch, distillers grain, pork, bone meal, shrimps, bamboo shoot, paddy/rice, herbs, tobacco, cacao
Biomass Sawdust, wood fiber, pulverized coal, wood chips, wood pulp

Chemical Powder, pigments, powdery chemicals, catalysts, colouring agent

Laundry Laundry

Paper & Pulp Paper, sheet, pulps, fiber sludge from waste water treatment

Feed Hog fuel, corn fibers, soy bean, rape seed, soy meal, okara, etc.

Textile Textile

Waster materials
Agriculture Vegetables, fruits, potato products - fries

Building material Wood, lime mud, mineral wool, fibers

Industrial wastes, fiber cakes, municipal sludge
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Table 4. Summary for inversion temperatures [20]

co)Ey - dYE

Qi A

Researcher Type Description T,,, (°C)
Yoshida and Hyodo[15] Experiment wetted wall column 160-176
Chow and Chung[16] Theory Flat plate, laminar 250
Chow and Chung|[17] Theory Flat plate, turbulent 190
Faber et al.[18] Both Fluidized bed 160
Al-Taleb et al.[19] Theory Moving flat surface 225
Haji and Chow[20] Experiment Flat plate, turbulent 170-220
Wu et al.[21] Theory Wedge, turbulent 200
Nomura et al.[11] Experiment Flat plate, laminar 170-275
Ramamurthy[22] Experiment Impinging jets, laminar 218-230
Bond et al.[23] Experiment Impinging jets, turbulent 175
Schwartze and Broker|[25] Theory Wetted wall column 199
Schwartze and Broker|[25] Theory Flat plate, turbulent 200
Costa and Silva[26] Theory wetted (liquid) surface 140-200
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(b)
Fig. 8. Effects of different drying processes on microstructure of dried
shrimp. (a) SSD and (b) SSD/HPD (IMC=40%) [32].
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Fig. 9. (a) Effect of drying pressure on combined heat flux for differ-
ent temperatures of drying gas and (b) plot of optimum pres-
sure against drying gas temperature (calculated results) [35].
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Fig. 11. Heat balance chart of sewage sludge incineration [30].

Fig. 12. Internal structure and operating principle of a BMA/NIRO
fluid bed superheated steam dryer [41].
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Fig. 15. Moenus textile dryer [6].
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: total food external area [m”]

: mean value of superheated steam heat capacity [J/kgK]
: mean value of generated vapor heat capacity [J/kg]

: characteristic length [m]

: frequency of electric power input to fan motor [Hz]

: superheated steam mass flow [kg/s]

: inlet superheated steam mass flow [kg/s]

: outlet superheated steam mass flow [kg/s]

: mass flux of gas, [kg/m*h]

: superheated steam heat transfer coefficient [W/m>K]

: mean value of superheated steam heat transfer coefficient

[W/m*K]

: inlet superheated steam mass entalphy [J/kg]

: outlet superheated steam mass entalphy [J/kg]

: superheated steam mass entalphy [J/kg]

: vapor mass entalphy in equilibrium conditions [J/kg]

: intermediate moisture content [%o]

: thermal conductivity [W/m-K]

: permeability [m?]

: drying rate, amount of evaporated water per unit time [kg/s]
: gas mass flux, [kg/m>s]

: total initial drying rate [kg/s]

: average volumetric vaporization rate [kg/m>:s]

: Nusselt relative variation with respect to Reynolds

: relation between sensible heat and latent heat of evaporation
: relation between sensible heat and latent heat of evaporation
: relation between heat transferable and heat available in

superheated steam

: relation between inlet and outlet temperature difference
: Nusselt number

: relative variation of heat transfer coefficient with respect

to pressure

: relative variation of heat transfer coefficient with respect

to temperature

: relative variation of heat transfer coefficient with respect

to velocity

: optimum drying oressure [N/m?]

: superheated steam pressure [N/m?]

: Prandtl number

: combined heat flux [W/m?]

: amount of heat transferred per unit time [W]
: reynolds number

: initial radius [m]

: cross sectional area perpendicular to superheated steam

flow [m?]

: inlet cross sectional area [m?]

T : initial food equilibrium temperature (K)
T, : drying gas temperature [K]
Ty  :inversion temperature of drying gas [K]
T, : inlet superheated steam temperature [K]
T, : optimum steam inlet temperature for v, and P given [K]
T, : outlet superheated steam temperature [K]
T, : superheated steam absolute temperature [K]
% : superheated steam velocity [m/s]
v; : inlet superheated steam velocity [m/s]
W : water molecular weight [kg/mol]
AC, :heat capacity difference between vapor and water in
equilibrium [J/kg'K]
AH : food latent heat of evaporation [J/kg]
€, : wall efficiency [-]
p : superheated steam density [kg/m?]
k(N,) : dimensionless function of N,
A=
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