
FOOD DRYING/DEHYDRATION 

Drying or Dehydration: It is defined as that unit operation which converts a 

liquid, solid or semi-solid feed material into a solid product of significantly 

lower moisture content (MC). 

The terms “drying” and “dehydration” are used interchangeably in process 

engineering. 

However, in food science and technology, the term “drying” is traditionally 

used for thermal removal of water to about 15-20 % moisture (dry basis), 

which is approximately the equilibrium moisture content of dried agricultural 

products (e.g., fruits and grains) at ambient air conditions. 

The term “dehydration” is traditionally used for drying foods down to about 

2-5 %, e.g., dehydrated vegetables, milk, coffee. 

The dehydrated foods usually require special packaging to protect them from 

picking up moisture during storage. 

The term “intermediate moisture foods” (IMF) is used for semimoist dried 

foods (fruits, meat, etc.) of 20-30 % moisture content. 

Drying is a complex process involving simultaneous heat, mass and momentum 

transfer. 

In most cases, drying involves the application of thermal energy which causes 

to evaporate into vapor phase. 

Exception: Freeze drying. 

 

 

 

 

 

 

 

 



Foods are dried commercially; 

 starting either from their natural state; fruits, vegetables, milk, spices, 

etc. 

OR 

 after processing; instant coffee, whey, soup mixes, etc. 

 

REASONS FOR DRYING OF FOODS 

1) preserve the product and extend its shelf-life. How ??? 

Microorganisms that cause food spoilage and decay cannot grow and multiply 

in the absence of water. 

Also, many enzymes that cause chemical changes in food and other biological 

materials cannot function without water. 

When the water content is reduced below about 10 % by weight, the m.o. are 

not active. 

However, it is usually necessary to lower the moisture content below 5 % in 

foods to preserve flavor and nutrition. 

2) obtain desired physical form (e.g., powder, flakes, granules, et.). 

3) obtain desired color, flavor or texture. 

4) reduce volume or weight for transportation. 

 

 

 

 

 

5) produce new products which would not otherwise be feasible. 

 

 



 

 

 

 

 

  



BASIC DRYER TYPES 

(based on the mode of heat input) 

1) Convection (direct): this accounts 90 % of dehydrated foods 

2) Conduction (contact) 

3) Radiative (infrared) 

4) Dielectric (e.g., microwave) heating 

5) Combinations of one or more of these modes. 

 

 The dryers may be batch or continuous (Spray, rotary and drum dryers 

can only be operated in the continuous mode. However, the other dryers 

can operate as batch or continuous). 

 The size of dryers can be small (up to 50 kg/h), medium (50-1000 kg/h) 

and large (above 1000 kg/h) 

 

HUMIDITY AND HUMIDITY CHART 

A majority of dryers in the food industry are of the direct (or convective) type. 

i.e., hot air is used both to supply the heat for evaporation and to carry away 

the evaporated moisture from the product. 

 

 

 

 

 

 

 

So, the hygrothermal properties of humid air are required for the design 

calculations of dryers. These properties are provided by humidity charts. 

Humidity charts show the relationships between the T and absolute humidity 

of humid air at 1 atm total pressure. 

 



 

 

 

Definition of Terms Employed in Psychrometry and Drying: 

Adiabatic saturation temperature (Tas): 

It is the equilibrium gas T reached by unsaturated gas and vaporizing liquid 

under adiabatic conditions (for the air-water system only, it is equal to the wet 

bulb temperature, Twb). 

 

         H ≠ f (T) 

 

 

 

 



Bound moisture: 

It is the liquid physically and/or chemically bound to a solid matrix so as to 

exert a vapor pressure lower than that of pure liquid at the same temperature. 

Constant rate drying period (Rc): 

Under constant drying conditions, it is the drying period when evaporation 

rate per unit drying area is constant (when the surface moisture is removed). 

 

 

 

 

 

 

 

Critical moisture content (Xc): 

It is moisture content at which the constant drying rate first begins to drop. 

Dew point (Tdew): 

It is the the temperature at which a given unsaturated air-vapor mixture 

becomes saturated. 

 

 

 

 

 

Dry bulb temperature (Tdb): 

It is the temperature measured by a dry thermometer immersed in vapor-gas 

(air) mixture. It is the T of heated air to be used in drying operation. 



Equilibrium moisture content (X*): 

At a given T and P, it is the moisture content of a moist solid in equilibrium 

with the gas-vapor mixture. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Falling-rate period: 

It is the drying period during which the rate falls continuously. 

 

 

 



 

 

 

 

 

 

 

 

 

Free moisture (Xf): 

        

 

 

 

 

 

 

 

 

 

 

 

Humid heat (Cs): 

Heat required to raise the T of unit mass of dry air and its associated vapor 

through 1°. 

It is the moisture content in excess of 

the equilibrium moisture content (hence 

free to be removed) at a given air 

humidity and temperature. 



Absolute humidity (H): 

 

 

Relative humidity (% RH): 

It is the ratio of partial P of water vapor in gas-vapor mixture to equilibrium 

vapor P at the same T. RH = f (T), as T    RH    . 

Moisture content (X): 

It is mass of water per mass of solid (dry or wet solid). 

 

 

 

 

 

 

 

 

 

 

 

Unbound moisture: 

Moisture in solid which exerts vapor pressure equal to that of pure liquid at 

the same T 

All the moisture content of a non-hygroscopic material is unbound moisture 

(material cannot hold water). 

Wet-bulb temperature (Twb): 

It is the saturation T of an air-vapor mixture. 



At constant drying rate period 

 

 

 

 

 

Psychrometric Equations For an Air-Water Vapor System: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

Cs = 0.24 + 0.45xH    English,  Btu/lb DA.°F 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Example: A tank contains 10 kg of saturated air. The dry bulb temperature is 20⁰C. 

Find the enthalpy of this system in kJ. 

Solution: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Example: A saturated mixture contains 100 lb of dry air. How much heat is 

required (Btu) to raise the dry bulb temperature from 30⁰F to 70⁰F ? 

Solution: 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Example: A food product is to be dried in an adiabatic cocurrent dryer. The inlet 

and outlet moisture contents are 0.28 and 0.12 kg H2O/kg dry product (DP), 

respectively. Ambient air at 20⁰C and 30 % RH is heated indirectly by steam to the 

specified dryer inlet air temperature of 140⁰C. The difference between the dry bulb 

temperature of the exhaust air and its dew point should be at least 10⁰C in order to 

avoid the possibility of condensation in the downstream ductwork and air cleaning 

devices. 

Calculate the mass flow rate of air required (kg/h). 

Solution: 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Example: Ambient air at 30 ºC and 50 % RH is heated to 50ºC to dry rice. The 

air exits the dryer under saturated conditions. Determine 

a) wet bulb temperarure of ambient air 

b) amount of water removed per kg dry air 

c) total mass of water removed when we use 1000 kg dry air for drying 

d) total heat required (in kJ) to dry air to 50 ºC. 

Solution: 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Example: 2000 lb of a food material is to be dried in a dehydrator. It has an 

initial moisture content of 30 %(wb). Temperature of ambient air to be used 

for drying is at 80°F and 60 % RH. It is heated in a heater to 150°F and 

introduced to the dryer and exits the dryer at 120°F. The volumetric flow rate 

of air is 3000 ft
3
/min and has a specific volume of 14 ft

3
/lb dry air at 80°F. 

Determine 

a) amount of dry solids 

b) heat required to heat air (Btu/h) 

c) amount of water evaporated (lb H2O/h) 

d) time required to dry this material from 30 % to 13 % (wb). 

Solution: 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Homework: Hot air with dry bulb temperature of 80⁰C and a wet bulb temperature 

of 30⁰C enters the adiabatic dryer to dry a food products. It exits from the dryer at 

50⁰C. 

a) Determine absolute humidity and dew point temperature of air at the dryer inlet. 

b) Determine absolute humidity and dew point temperature of air at the dryer exit. 

c) If the exit air from the dryer is further cooled down to 20⁰C in a cooler, 

determine the amount of water collected in the condenser per kg of dry air. 

 

DRYING KINETICS 

Consider drying of a wet food under fixed drying conditions (e.g., T, P, air 

velocity, etc.), then, 

If you have X vs time data   

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Stage A-B and Aˊ- B: These stages represent a settling down period during 

which the solid surface conditions come into equilibrium with the drying 

air. 

- This period is generally negligible. 

- At A - B, the solid is at a colder T than its drying T       R 

- At Aˊ- B, the solid is quite hotter than its drying T         R 

 

 Stage B – C: This stage is known as the constant rate period of drying. 

During this period; 

- a film of water is always available at evaporating surface. 

- the surface of the solid is saturated with liquid water. 

- drying takes place by movement of water vapor from the saturated 

surface into the main stream of drying air. 

 

 



 

 

 

 

 

 Stage C – D: At point C, the drying rate begins to fall and the falling rate 

period starts. 

- the surface T begins to increase continuously approaching the Tdb of the air 

as the material approaches dryness. 

 

 Stage C – E: It is the first falling rate period. 

- the surface is drying out and drying rate falls. 

 

 Stage E – D: It is the second falling rate period. 

- the plane of evaporation moves into the solid and drying rate falls 

further. 

- in this case the driving force is the water vapor pressure rather than 

moisture content. 

 

RATE OF DRYING CURVE FOR CONSTANT DRYING CONDITIONS 

In drying experiments the data; W vs time is obtained periodically and then, 

processed to determine/solve the problem of interest (drying time, drying 

rates, diffusion constant etc.) 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CONSTANT DRYING RATE PERIOD 

 

 

 

 

 

 

 

 

 

 



Example: A solid is to be dried from the free moisture content 

X1 = 0.38 kg water/kg DS to X2 = 0.2 kg water/kg DS. Estimate the time 

required for drying . Given : Ls/A = 21.5 kg/m
2
, Rc = 1.51 kg/ h.m

2
) 

Solution: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

q = heat flow rate, J/s = W or kJ/s = kW 

λw = latent heat of vaporization at Twb;   λw = kJ/kgH2O 

Twb = wet bulb T 

h = convective heat transfer coefficient; h = W/(m2.K),  kJ/(h.m2.K) 

 

h = ? 

 For air T of 45 – 150°C and mass velocity G of 2450 – 29300 kg/(h.m
2
) or 

a velocity of 0.61 – 7.6 m/s and air flowing parallel to drying surface    



   

 

 

 

 For air T of 45 – 150°C and mass velocity G of 3900 – 19500 kg/(h.m
2
) or 

a velocity of 0.9 – 4.6 m/s and air flowing perpendicular to drying surface    

 

 

 

 

 

 

 

 

 

 

 

 

 

Example: An insoluble wet granular material is dried in a pan 

0.457x0.457 m and 25.4 mm deep. The material 25.4 mm deep in the 

pan and the sides and bottom can be considered to be insulated. Heat 

transfer is by convection from an air stream flowing paralel the 

surface at a velocity of 6.1 m/s. The air is at 65.6:C and has a humidity 

of 0.01 kg water/kg DA. Estimate the rate of drying for the constant 

rate period. 

Solution: 



 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CALCULATION METHODS FOR FALLING RATE DRYING PERIOD 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Example: A batch of wet solid whose data are given below is to be dried from a 

moisture content of X1 = 0.38 to Xf = 0.04 kg H2O/kg DS. The weight of the dry 

solids is Ls = 399 kg and A = 18.58 m2 of top drying surface. 

Calculate the time for drying. (Given that Rc = 1.51 kg H2O/h.m2). 

For falling rate period: 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Example: Repeat the previous example, but as an approximation assume a 

straight line of the rate R vs X through the origin from point Xc to X = 0 for the 

falling rate. 

Solution: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Heat and Mass Transfer 

Heat transfer occurs within the product structure and is related to the 

temperature gradient between product surface and water surface at the same 

location within the product. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Example: The wet feed material to a continuous dryer contains 50 wt % water on 

a wet basis and is dried to 27 wt % by countercurrent air flow. The dried product 

leaves at the rate of 907.2 kg/h. Fresh air to the system is at 25.6:C and has a 

humidity of H = 0.007 kg H2O/kg DA. The moist air leaves the dryer at 37.8:C and         

H = 0.020 and part of it is recirculated and mixed with the fresh air before 

entering a heater. The heated mixed air enters the dryer at 65.6:C, and H = 0.01. 

The solid enters at 26.7:C and leaves at 26.7:C. Calculate the fresh air flow, the 

percent air leaving the dryer that is recycled, the heat added in the heater and 

the heat loss from the dryer. 

Solution: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Overall Thermal Efficiency of Some Dryers 

The cost of drying is an important factor in dryer design. For evaporation of 

water, 3 Mj/kg water (spray dryers) to 6 Mj/kg water (tray dryers) energy is 

needed. 

The energy efficiency of the dryers (ratio of the heat of evaporation to heat 

input to the dryer): 

 It is higher in contact (40-80 %) than convective drying (20-40 %). 

 Rotary dryers are more efficient than tray and spray dryers. 

 

 

 

 

 

 



e.g., 

- Drum dryers: 35 - 80 % 

- Spray dryers: 20 - 50 % 

- Radiant dryers (IR, MW, Radio frequency): 30 – 40 % 

 

Cost Picture For Some Dryers  

If rough costs per kg water evaporated = x, 

- Cost of forced air drying = 0.70x 

- Cost of drum drying  = 0.80x 

- Cost of spray drying  = 1.0x 

- Cost of vacuum drying = 2.0x 

- Cost of freeze drying  = 4.0x 

 

 

 

 

 

 

 

 

              

 

 

 

 

 



Current Dehydration Techniques 

 

  

 



 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 



 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 


