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Introduction 

Drying is the removal relatively small amounts of a liquid, 

usually water, from a solid to reduce the moisture content to an 

acceptable low value. 

 It differs from evaporation in that the feed and product 

are solid instead of a liquid solution. 

 It differs from leaching in that the separation is carried 

out by evaporation of the liquid instead of by contact with 

a solvent. 

 It differs from filtration/centrifugation in that the 

separation is by evaporation and not by mechanical means. 

The major cost of the drying operation is the cost of the 

energy, usually in the form of heat, which must be supplied to 

vaporize the liquid. Because of this most of the liquid should 

be removed by filtration or centrifugation before the solid is 

fed to the drying operation. 

 Dryers can be: 

 Adiabatic or direct in which heat is supplied by direct 

contact of the solid with a hot gas, usually air. 

 Indirect in which heat is supplied by an external medium 

such as electricity, steam, and such. 

Figure 1 shows five different designs of direct dryers. 
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Figure 1. Direct-contact dryers. (a) Cross-circulation. (b) 

Through circulation. (c) Rotary. (d) Fluidized bed. (e) Co-

current flow. 

Several other types of dryers are shown in McCabe, Smith and 

Harriott, 7
th
 ed., Figures 24.8 through 24.15. Dryers can be 

operated continuously or in batch operations. Can you think of a 

batch rotary dryer commonly used in everyday life? 

 

1. Continuous Dryer Design 

 

The simpler manner to do the material and enthalpy balances in 

dryer design is to use a dry basis for both the solids and the 

hot gas streams. This means that the flows are expressed in mass 

rates of dry solids and dry gas and the compositions in mass of 

liquid per unit mass of dry solids and per unit mass of dry gas 
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and the specific enthalpies are also per unit mass of solid or 

gas. As the flows of dry solids and of dry gas remain constant, 

the calculations are simpler. 

 

1.1 Mass Balances 

 

Figure 2 shows a schematic of a direct-contact continuous 

countercurrent dryer. 

 

 

 

 

 

 

 

Figure 2. Schematic of a direct-contact countercurrent dryer 

 

The mass balances on the solid and gas streams are as follows: 

 

 mv = mS(Xa – Xb) = mg(Ya – Yb)  (1) 

 

where mv = rate of vaporization 

 mS = mass rate of dry solids 

 mg = mass rate of dry gas 

 Xa and Xb = mass of liquid per unit mass of dry solids 

 Ya and Yb = mass of liquid per unit mass of dry gas 

When the hot gas air and the liquid is water Ya and Yb are the 

humidity of the air. Here the subscript a is for the streams at 

the end where the solids enter the dryer and b is at the end 

where the solids exit. 

 

Xa 
Tsa 
ms

Xb 
Tsb 
ms

Tha Thb mg
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1.2 Temperature Profiles 

 

As the main mechanism in a direct-contact dryer is the 

conduction of heat from the hot gas to the solid, the 

temperature profile in the dryer is just as important as in a 

heat exchanger. Figure 3 shows typical temperature profiles for 

a tubular countercurrent dryer. 

 

Heat transferred, q

T

Tha

Thb

Tsa

Tsb

Tv

 

Figure 3. Temperature profile in a direct-contact countercurrent 

dryer. 

 

The solids enter the dryer at temperature Tsa and at first heat 

up very quickly to the temperature Tv at which the liquid starts 

to vaporize. As the liquid vaporizes the temperature of the 

solids remains approximately constant at Tv. For direct contact 

dryers temperature Tv is the adiabatic saturation temperature of 

the gas. When most of the liquid has been vaporized the solids 

heat up to the exit temperature Tsb. The hot gas enters at 
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temperature Thb and exits at Tha. Most of the heat is used to 

vaporize the liquid, as just a small fraction is used to heat 

the solids to the vaporization temperature and another small 

fraction to superheat them when the vaporization is complete. In 

the vaporization section the rate of heat transfer is 

approximately constant which is why the gas temperature drops 

linearly in this region. 

 

1.3  Enthalpy Balances  

 

The enthalpy balance on the solids includes the heat required to 

heat up the dry solid, the heat required to heat the inlet 

liquid to the vaporization temperature and the outlet liquid to 

the outlet temperature, and the heat required to vaporize the 

liquid and heat the vapor to the exit gas temperature: 

 

qT = mS[cpS(TSb – TSa) + XacpL(Tv – TSa) + XbcpL(Tsb – Tv)] +  

mv[λ + cpV(Tha – Tv)] (2) 

 

where cpS = specific heat per unit mass of dry solid 

 TSa and TSb = inlet and outlet solid temperature 

 Tv = vaporization temperature 

 cpL = specific heat of the liquid 

 cpV = vapor specific heat of the vaporized liquid 

 λ = latent heat of the liquid. 

Equation (2) gives required rate of the heat transfer from the 

gas to the solids. An enthalpy balance on the gas gives either 

the required gas flow or the exit gas temperature: 

 

  qT = mgcgb(Thb - Tha) (3) 
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where cgb = humid heat of entering gas per unit mass of dry gas. 

 

 The reason the humid heat in Equation (3) is evaluated at 

the gas inlet conditions is that Equation (2) accounts for the 

enthalpy of the vapors added to the gas. 

 

Example 1. Balances on a Continuous Dryer 

 

A dryer is to remove 90% of the moisture of 2,000 kg/hr of a 

potassium chlorate (KClO3) containing 55 weight% of moisture on a 

wet basis using air at 120°C with a wet-bulb temperature of 

35°C. The solids enter the dryer at 30°C. Determine the required 

rate of heat transfer and the flow of air required. 

 

Solution. Use Figure 2 for the schematic with the following 

problem data: 

Solids:  wSa = 2,000 kg/hr, xSa = 0.55 (wet basis), TSa = 30°C 

Gas:  Thb = 120°C Twb = 35°C 

Remove: 90% of the moisture. 

 

Assumptions: No heat losses, solids leave at the vaporization 

temperature which is the wet-bulb temperature of the air and 

constant. 

Rate of dry solids: mS = (2,000 kg/hr)(1 – 0.55) = 900 kg/hr 

Inlet moisture on dry basis: XSa = 0.55/(1 – 0.55) = 1.222 

Outlet moisture on dry basis: XSb = (1 – 0.90)1.222 = 0.122 

Vaporization rate: mv = 0.90(1.222)(900 kg/hr) = 990 kg/hr 

Vaporization temperature: Tv = Twb = 35°C 

Outlet solid temperature: TSb = Tv = 35°C 

Design variable, use a 25°C approach: Tha = Tv + 25°C = 60°C 
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Physical properties: From Perry’s, 8
th
 ed., KClO3, MW = 122.55 

(Table 2-2), cpS = 25.7 kcal/kmole DS-°C (Table 2-151). 

From humidity chart, at Thb = 120°C (248°F), Twb = 35°C (95°F), 

McCabe, Smith and Harriott, 7
th
 ed., Figure 19.2: 

 Yb = 0.002 kg water/kg DA, cpb = 0.240 kcal/kg DA-°C. 

Appendix 7 at 95°F: λ = 1039.8 Btu/lb cpV = 0.46 kcal/kg-°C 

Convert units: cpS = (25.7)(4.187)/122.55 = 0.878 kJ/kg DS-°C 

   chb = (0.240)(4.187) = 1.005 kJ/kg DA-°C 

   cpV = (0.46)(4.187) = 1.93 kJ/kg-°C 

   λ = (1039.8)(1.055)/0.454 = 2,416 kJ/kg 

Total required heat rate: 

𝑞𝑇 =
900kg DA

ℎ𝑟
[

0.878kJ

kg DA ∗ °C
(35 − 30)°C + 1.222

4.187kJ

kg ∗ °C
(35 − 30)°C

+ 0.122
4.187kJ

kg ∗ °C
(35 − 35)°C] +

990kg

hr
[
2,416kJ

kg
+

1.93kJ

kg ∗ °C
(60 − 35)°C]

= 2.44 × 106  
kJ

hr
 

Of this total, (990)(2,416) = 2.40×10
6
 kJ/hr, or 98%, is required 

to vaporize the water. 

Required flow of air: 𝑚𝑔 =
2.44×106kJ

hr

kg DA∗°C

1.005kJ(120−60)°C
= 40,500 

kg DA

hr
 

Or (40,500 kg/hr)(kmole/29 kg)(22.4 SCM/kmole)/(60 min/hr) = 520 

m
3
/min at standard conditions of 1 atm and 0°C. 

 The exit humidity is  

Ya = Yb + mv/mg = 0.002 + 990/40,500 = 0.026 kg/kg DA. 

 

1.4  Sizing of Dryer 

 

To size the dryer write an enthalpy balance around a 

differential volume dV of the dryer: 

 

 dqT = mgchbdTh = UadV(Th – TS) (4) 
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where a = contact area between solid and gas per unit volume 

 U = over-all heat transfer coefficient 

Assuming Ua is constant, as are mg and chb, we can integrate for 

the total volume of the dryer: 

 

𝑉 =
𝑚𝑔𝑐ℎ𝑏

𝑈𝑎
∫

𝑑𝑇ℎ

𝑇ℎ−𝑇𝑆

𝑇ℎ𝑏

𝑇ℎ𝑎
    (5) 

 

Assuming the bulk of the heat is transferred to vaporize the 

liquid at the vaporization temperature Tv which is equal to the 

adiabatic saturation temperature of the gas and constant: 

 

𝑉 =
𝑚𝑔𝑐ℎ𝑏

𝑈𝑎
ln (

𝑇ℎ𝑏−𝑇𝑣

𝑇ℎ𝑎−𝑇𝑣
)    (6) 

 

The volume can be expressed in terms of the number of transfer 

units Nt and the volume of a transfer unit Vt: 

 

 V = NtVt  𝑁𝑡 = ln (
𝑇ℎ𝑏−𝑇𝑣

𝑇ℎ𝑎−𝑇𝑣
)  𝑉𝑡 =

𝑚𝑔𝑐ℎ𝑏

𝑈𝑎
 

 

For a tubular dryer the volume is given by the product of 

the area times the length: 

 

𝑉 =
𝐷2

4
𝐿      (7) 

 

Where D is the diameter and L the length of the dryer. The 

diameter can be selected for a reasonable gas stream velocity. 

Typical gas velocities in dryers are of the order of 0.6 m/s (2 

ft/s). A typical length-to-diameter ratio is between 6 and 10. 
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1.5  Heat Transfer Coefficients 

 

The heat transfer coefficient depends on the type of dryer. The 

following correlation has been proposed for flow in a direct-

contact rotary dryer: 

 

𝑈𝑎 =
0.5𝐺0.67

𝐷
     (8) 

 

Where Ua = heat transfer coefficient in Btu/ft
3
-hr-°C 

  G = u = mass velocity in lb/hr-ft2 

  D = dryer diameter in ft. 

The correlation of Equation (8) is only valid in the specified 

units. 

 For turbulent flow parallel to the solids in a tray: 

 

ℎ𝑦𝐷𝑒

𝑘
= 0.037 (

𝐷𝑒𝐺


)

0.8
(

𝑐𝑝

𝑘
)

0.33
    (9) 

 

Where hy = film coefficient on gas side 

 De = equivalent diameter 

 k = thermal conductivity of the gas 

 G = u = mass velocity of the gas 

  = viscosity of the gas 

 cp = heat capacity of the gas 

Equation (9) involves dimensionless numbers and is valid with 

any set of consistent units. 
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Example 2. Size the Dryer of Example 1 as a Rotary Dryer 

 

mS

Tsa

Xa

Solids

mg

Thb
Twb
Air

Tha

Xb

D

L

 

Figure 4. Rotary dryer for Example 2 

 

From the results of Example 1: 

mS = 900 kg DS/hr  Xa = 1.22  Xb = 0.122  TSa = 30°C 

mg = 40,500 kg DA/hr Thb = 120°C Twb = 35°C  

qT = 2.44×10
6
 kJ/hr 

 

Solution. Let us design for a gas velocity of 0.60 m/s (2.0 

ft/s) and size at the gas entrance end where the temperature is 

highest. Assume the dryer runs at atmospheric pressure. The gas 

density at the entrance, at 120 + 273 = 393 K and 1 atm, is: 

 b = (29 lb/359 ft
3
)(273 K/393 K) = 0.0561 lb/ft

3
 

Mass velocity:  

    Gb = bu = (0.0561lb/ft
3
)(2.0 ft/s)(3,600 s/hr) = 

404 lb/ft
2
-hr 

Dryer diameter:  

D2/4 = mS(1 + Xb)/Gb = (40,500)(1.002)/404 = 100.4 ft
2
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𝐷 = √4(100.4 ft2)


= 11.3 ft or 3.45 m 

Heat transfer coefficient:  

𝑈𝑎 =
0.5𝐺𝑏

0.67

𝐷
=

0.5 (
404lb

ft2 ∗ hr
)

0.67

11.3ft
= 2.5

Btu

ft3 ∗ hr ∗ °F

1.055kJ

Btu
(

ft

0.3048m
)

3 1.8°F

°C

= 165
kJ

m3 ∗ hr ∗ °C
 

Number of transfer units: 𝑁𝑡 = ln (
120−35

60−35
) = 1.22 

Volume of a transfer unit: 𝑉𝑡 =
𝑚𝑔𝑐ℎ𝑏

𝑈𝑎
=

(40,500kg/hr)(
1.005kJ

kg∗°𝐶
)

(
165kJ

𝑚3∗hr∗°C
)

= 247 m3 

Dryer volume: V = (1.22)(247 m
3
) = 302 m

3
 

Dryer length: L = (302 m
3
)/(100.4 ft

2
)(0.3048 m/ft)

2
 = 32.3 m 

 

The length to diameter ratio, 32.3/3.45 = 9.4:1 is within the 

expected range. 

 

2. Phase Equilibria in Drying 

 

The amount of moisture that can be removed from a solid is 

limited by the equilibrium relation between the solid and the 

gas. The equilibrium moisture is that portion of the liquid in 

the solid that cannot be removed because of the vapor content of 

the gas. Typical equilibrium curves are given in McCabe, Smith 

and Harriott, 7
th
 ed., Figures 24.3 and 25.3, in terms of the 

moisture content of the solids versus the relative humidity of 

air. Figure 4 shows a typical equilibrium diagram and shows the 

various terminology used in drying. 
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Unbound
Moisture

Bound
Moisture

% Relative Humidity 100

XT

X*

X

Total 

moisture

Free

moisture

Equilibrium 

moisture

 

Figure 5. Drying equilibrium diagram. 

The free moisture X is the difference between the total moisture 

content of the solid XT and the equilibrium moisture X
*
. The 

bound moisture is any moisture less than the solid moisture 

content in equilibrium with the saturated gas, and the unbound 

moisture is any moisture content above the bound moisture. These 

terms are shown in Figure 5 and they are normally expressed on a 

dry-solid basis, that is, on mass of moisture per unit mass of 

dry solid. 
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3. Batch Dryer Design 

 

In batch drying the gas, usually air, flows by or through a slab 

or bed of solids for a period of time. The design of a batch 

drying consists of determining the amount of time required to 

bring the moisture content of the solid to a specified value at 

a design air flow. When the air flow is high the velocity ug, 

temperature Th and humidity H of the gas remain constant during 

the drying process. The process is then said to take place under 

constant drying conditions. 

 Under constant drying conditions after a brief heat-up 

period the rate of drying remains constant for a period of time 

and then decreases as the moisture content approaches the 

equilibrium moisture, as shown in Figure 6. 

XT

R

t, time

X*Constant rate
period

Falling rate
period

0

 

Figure 6. Drying rate under constant drying conditions. 
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Here the rate of drying R is defined as the rate of vaporization 

of the moisture per unit time per unit area of contact between 

the solid and the gas, XT is the total moisture content of the 

solid, and X
*
 is the equilibrium moisture, both in mass of 

moisture per unit mass of dry solid. 

 Figure 7 shows a plot of the drying rate versus the free 

moisture content of the solid. The figure shows the critical 

moisture content which is the free moisture content at the point 

where the constant rate of drying Rc stops and the rate starts to 

decrease. The figure also shows the rate of moisture decreasing 

linearly with the free moisture content until the point X2, also 

called a second critical point, where the rate starts to 

decrease exponentially as the equilibrium moisture content is 

approached (as the free moisture approaches zero). 

 

R

X = XT - X*

Xc

Rc

X2

R2

 

Figure 7. Rate of drying versus free moisture content. 
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Notice that if the initial free moisture content is less than 

the critical moisture  content there is no constant rate period. 

 The constant rate period occurs when the solid is so wet 

that a film of liquid covers its surface. The drying rate is 

then controlled by the rate of heat transfer between the gas and 

the solid which is assumed to be at the adiabatic saturation 

temperature of the gas (see the section on continuous dryer 

design). As the surface dries up the moisture most diffuse from 

the interior of the solid to the surface and the rate starts to 

decrease as it is now controlled by the rate of mass transfer to 

the surface. For nonporous solids the period during which the 

decrease of the drying rate is approximately linear with free 

moisture content may extend all the way down to zero free 

moisture content, that is, there is no second critical moisture 

content. This second critical moisture content is more 

characteristic of porous solids in which the remaining moisture 

is trapped inside the pores and must diffuse out to the space 

between the particles. 

 

3.1 Batch Dryer Design Calculations 

 

The instantaneous rate of drying can be expressed in terms of 

the free moisture content of the solid: 

 

𝑅 = −
𝑀𝑆

𝐴

𝑑𝑋

𝑑𝑡
    (10) 

 

Where R = rate of drying per unit area per unit time 

 MS = mass of dry solid 

 A = area of contact between the solid and the gas 
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 X = free moisture content of the solid 

And t is time and the minus sign is required because the 

moisture content decreases with time. Integrating Equation (10) 

gives the time required to dry the solid to a specified final 

moisture content: 

 

    𝑡𝑇 =
𝑀𝑆

𝐴
∫

𝑑𝑋

𝑅

𝑋𝑜

𝑋𝑓
      (11) 

 

Where Xo is the initial free moisture and Xf is the final free 

moisture. The total drying time is the sum of times for the 

constant rate period and the falling rate period: 

 

  tT = tCR + tFR (12) 

    𝑡𝐶𝑅 =  
𝑀𝑆

𝐴
∫

𝑑𝑋

𝑅𝑐

𝑋𝑜

𝑋𝑐
=

𝑀𝑆

𝐴

(𝑋𝑜−𝑋𝑐)

𝑅𝑐
    (13) 

     𝑡𝐹𝑅 =  
𝑀𝑆

𝐴
∫

𝑑𝑋

𝑅

𝑋𝑐

𝑋𝑓
     (14) 

 

Where Xc = the critical free moisture content. The integration 

during the falling rate period requires an expression or 

function relating the drying rate R to the free moisture X. This 

function, along with the values of Xc and Rc are usually 

determined experimentally or from correlation of plant operating 

data. When it can be assumed that the drying rate is linear with 

the free moisture content, the integration proceeds as follows: 

 

Let R = a + bX  𝑡𝐹𝑅 =
𝑀𝑆

𝐴
∫

𝑑𝑋

𝑎+𝑏𝑋
=

𝑀𝑆

𝐴

1

𝑏
ln (

𝑎+𝑏𝑋𝑐

𝑎+𝑏𝑋𝑓
)

𝑋𝑐

𝑋𝑓
 

 

Then Rc = a + bXc,  Rf = a + bXf 𝑏 =
𝑅𝑐−𝑅𝑓

𝑋𝑐−𝑋𝑓
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     𝑡𝐹𝑅 =
𝑀𝑆

𝐴
(

𝑋𝑐−𝑋𝑓

𝑅𝑐−𝑅𝑓
) ln (

𝑅𝑐

𝑅𝑓
)    (15) 

 

Other functions of the drying rate may require numerical 

integration, particularly when the drying rate data are given in 

tabular form. 

 

 Example 3. Determine the total drying time for a batch dryer 

 

A square slab of a filter cake containing 20 weight% water and 

measuring 600 mm on each side and 50 mm thick is supported on a 

screen and dried on both sides by air entering the dryer at 70°C 

and a wet-bulb temperature of 25°C. The air flows parallel to 

both faces of the slab through a conduit 700x150 mm flowing at 

2.5 m/s. The dry density of the cake is 2,000 kg/m
3
. It has been 

determined experimentally that the rate of drying is constant 

down to 8 weight% water and then decreases proportional to the 

free moisture content down to zero moisture control. The 

equilibrium moisture content of the cake is 2 weight%. Determine 

the total time required to dry the cake down to 3 weight% 

moisture. Report also the total air required. State all 

assumptions. 

 

Solution. Assume 

 Constant drying conditions 

 The constant drying rate is controlled by heat transfer 

from the air to the slab 

 Negligible heat transfer by conduction or radiation and the 

convection rate is controlled by the gas film coefficient 

(U  hy) 
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 The dryer operates at constant atmospheric pressure 

 Negligible transfer from the sides of the slab. 

 

600 mm

700 mm

150 mm
50 mm

Th = 70°C u = 2.5 m/s

Twb = 25°C

Slab
Side view

Front view

Air

Wetted perimeter in red

S

 

Figure 8. Batch dryer for Example 3 

 

Air flow area: S = (0.700m)(0.150m) – (0.600m)(0.050m) = 0.075 m
2
 

Wetted perimeter: Wp = 2(0.700+0.150+0.600+0.050) = 3.00 m 

Equivalent diameter: De = 4S/Wp = 4(0.075)/3.00 = 0.100 m   

  

Mass of dry solid: MS = (0.600 m)
2
(0.050 m)(2,000 kg/m

3
) = 36 kg 

Contact area:  A = 2(0.600 m)
2
 = 0.72 m

2
 

Equilibrium moisture: X
*
 = 0.02/(1–0.02) = 0.0204 

Inlet free moisture: Xo = 0.20/(1–0.20)–0.0204 = 0.248kg/kg DS 

Critical moisture: Xc = 0.08/1-0.08)–0.0204 = 0.0666 kg/kg DC 

Final moisture: Xf = 0.03/(1-0.03)-0.0204 = 0.0105 kg/kg DC 
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Physical properties: 

Latent heat of water at 25°C (78°F), McC, S & H, 7
th
 ed., App. 7:

 λ = (1,049 Btu/lb)(1.055 kJ/Btu)(lb/0.454 kg) = 2,440 kJ/kg 

Properties of air at 70°C (158°F): 

 g = (29 kg/22.4 m
3
)(273 K)/343 K) = 1.030 kg/m

3
 

Appendix 8: g = (0.020 cP)(3.60 kg/m-hr-cP) = 0.072 kg/m-hr 

Appendix 13: 𝑘𝑔 =
0.0171Btu

hr−ft−°F

1.055kJ

Btu

ft

0.3049m

1.8°F

°C
= 0.1065 

kJ

hr−m2−°C
 

Appendix 14: cpg =(0.25kcal/kg-°C)(4.187kJ/kcal) = 1.047 kJ/kg-°C 

Prandtl number: cpgg/kg = (1.047)(0.072)/0.1065 = 0.071 

Gas mass velocity:  

   Gg = ugg = (2.5 m/s)(1.033 kg/m
3
)(3,600 s/hr) = 9,300 kg/hr-m

2
 

Reynolds number: DeGg/g = (0.100)(9,300)/0.072 = 12,900 

Film coefficient, Equation (9): 

ℎ𝑦 = 0.037
0.1065kJ

m − hr − Cۥ

1

0.100m
(12,900)0.8(0.071)0.33 = 32.0 

kJ

hr − m2 − °C
 

Heat transfer rate during constant drying rate period: 

 qc/A = hy(Th – TS) = 32.0(70 – 25) = 1,440 kJ/hr-m
2
 

Constant drying rate:  

Rc = (qc/A)/λ = 1,440/2,440 = 0.590 kg/hr-m
2 

Time for the constant rate period: 

TCR = MS(Xo–Xc)/ARc=(36)(0.248–0.067)/(0.72)(0.590) = 15.3 hr 

For the falling rate the drying rate is proportional to the free 

moisture content: 

  Rf = (Xf/Xc)Rc = (0.0105/0.0666)0.590 = 0.0930 kg/hr-m
2
 

The time for the falling rate period, Equation (15): 

  𝑡𝐹𝑅 =
36kg

0.72m2
(

0.0666−0.0105

0.590−0.0930
)

hr−m2

kg
ln (

0.590

0.0930
) = 10.4 hr 

 

Total drying time: tT = 15.3 + 10.4 = 25.7 hr 
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Rate of air flow: GgS = (9,300kg/hr-m
2
)(0.0750m

2
) = 698 kg/hr 

Or (698)(22.4)/29 = 539 m
3
/hr at 0°C, 1 atm (317 ft

3
/min at STP).  

Total air required: (539 m
3
/hr)(25.7 hr) = 13,900 m

3
 at STP. 

 

This is a relatively large slab with a lot of moisture, so it 

takes over a day to dry it under the given conditions. 

 

Summary 

 

These notes have presented the design of continuous and batch 

solid dryers. We have seen that heat transfer is the driving 

force and that most of the drying takes place with the solid at 

the adiabatic saturation temperature of the gas when the drying 

is not limited by diffusion in the pores of the solid. 

Consideration of this diffusion is outside the scope of these 

notes. 

 

Study Questions 

1. What is the solid dying operation? 

2. How does solid drying differ from evaporation? From 

leaching? From filtration/centrifugation? 

3. Why is drying an expensive operation? How can the cost be 

kept low? 

4. What is an adiabatic or direct-contact dryer? 

5. What is an indirect dryer? 

6. Cite two common dryers used in everyday life? Are these 

direct or indirect dryers? 

7. In a direct dryer, at what temperature does most of the 

drying take place? 
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8. What basis is commonly used for the flow and composition of 

the solid and of the gas? Why is this basis convenient? 

9. What is the equilibrium moisture content of a solid? 

10. How is the free moisture content defined? 

11. State the assumption of constant drying conditions. 

12. Under what conditions is the rate of drying constant in a 

batch dryer? 

13. What is the critical moisture content? 

14. Why does the drying rate fall from the constant drying 

rate in a batch dryer? 

 

Problems 

 

1. Design of a Countercurrent Adiabatic Dryer. You are to 

design a countercurrent adiabatic rotary dryer to dry 500 

kg/h of wet yeast containing 73.5 weight% moisture (wet 

basis). It is required to remove 95% of the moisture to 

force the yeast cells to go dormant.  The cells then can be 

packaged and sold as fast-acting yeast.  The air enters at 

75°C dry-bulb and 40°C wet-bulb. The solids enter the drier 

at 30C and exit at the wet-bulb temperature of the inlet 

air. The maximum allowable mass velocity of the air is 

6,000 kg/m
2
-hr (dry basis). The specific heat of the solids 

is 0.213 kcal/kg-ºC (dry basis). Draw a schematic of the 

dryer showing all the problem data and design the dryer 

using a reasonable approach temperature. Report the 

required air rate and the length and diameter of the dryer. 

Check if the length-to-diameter ratio is reasonable. State 

all assumptions. 

2. Drying time for a batch dryer. A slab with a wet weight of 

18 kg originally contains 65% moisture (wet basis). The 
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slab is 1100 by 700 by 80 mm thick. The equilibrium 

moisture content is 6.5% of the total weight when in 

contact with air of 20ºC and 20% humidity. Experiments have 

determined that the drying rate is constant at 4.75 kg/m2-

hr until the total weight reaches 7.2 kg when in contact 

with air of the above conditions at a constant velocity. 

Drying is from both faces. It may be assumed that the 

drying rate is proportional to the free water content of 

the slab during the falling rate period. Determine the 

total drying time for to reduce the moisture in the slab to 

10% (wet basis). How long would it take if the air rate 

were to be increased by 50%? 

3. Design of a Countercurrent Adiabatic Rotary Dryer. 

Fluorspar (CaF
2
) is to be dried from 10% to 0.2% 

moisture (dry basis) in a countercurrent adiabatic 

rotary dryer at a rate of 12,000 kg/hr of wet 

solids. The heating air enters at 500°C, a humidity 

of 0.03 kg water per kg of dry air, and a wet-bulb 

temperature of 60°C. The solids have a specific 

heat of 0.48 kcal/kg-°C (dry basis), enter the 

dryer at 40°C and leave at 85°C. The maximum 

allowable mass velocity of the air is 11,500 kg/hr-

m2 on a dry basis. Draw a schematic of the dryer showing 

all the problem data and design the dryer using a 

reasonable approach temperature. Report the required air 

rate and the length and diameter of the dryer. Check if the 

length-to-diameter ratio is reasonable. State all 

assumptions. 

4. Design of a Batch Dryer. During a lab test on a fibrous 

solid slab with a surface of 0.100 m
2
, the solid is held in 

an air stream which dries it on both faces. Air is at 65°C 
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with a wet bulb temperature of 29°C and flows at 1.50 m/s. 

The following data are referred to the weight of the sample 

with increasing time: 

 

time [h] weight [kg] 

0 4,820 

0.2 4,785 

0.4 4,749 

0.8 4,674 

1.4 4,565 

2.2 4,416 

3.0 4,269 

3.8 4,140 

4.2 4,080 

5.0 4,005 

5.8 3,946 

6.5 3,905 

7.5 3,871 

9.0 3,842 

11 3,825 

14 3,819 

15 3,819 

 

 

The solid, when dried at 110°C, has a dry weight of 3,765 

kg. Evaluate the time needed to dry these slabs from 20 to 

2% of moisture content (on wet basis), using air with the 

same properties but with a velocity which is 50% higher 

than the lab test one. 

5. Batch Dryer Design. A sample of porous material (in sheets) 

is dried on both sides in a laboratory. The sample has a 
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square shape 30 cm on the side and 6.0 mm thick, and the 

velocity of air, at 52°C and with a wet bulb temperature of 

21°C, is 3.0 m/s. The solid loses water at a rate of 7.510-5 

kg/s until it reaches its critical moisture content, which 

is 15% (wet basis). After this point, the drying rate falls 

following a straight line until the sample is completely 

dry, with negligible equilibrium moisture content. The dry 

solid weight is 1.80 kg. Evaluate, on the basis of the 

previous data, the time needed to dry on both sides sheets 

of the same material but with a rectangular shape 1.20 m by 

0.60 m and 12 mm thick; its moisture content must be 

lowered from 25 to 2% (wet basis) using air at 66°C with 

wet bulb temperature of 21°C and with a velocity of 5.0 

m/s. Suppose that, during these drying conditions, there 

isn't any change in the critical moisture content of the 

solid. State all assumptions. 

 

 

 

 

  


