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U.S.
Customary

Symbol Definition SI units System units

A Area m2 ft2

aw Water activity — —
aw

vapor Activity of water in the vapor phase — —
aw

solid Activity of water in the solid — —
c Concentration kg/m3 lb/ft3

CP Specific heat capacity at J/(kg⋅K) Btu/(lb⋅°F)
constant pressure 

Cw Concentration of water in the solid kg/m3 lbm/ft3

D(w) Diffusion coefficient of water m2/s ft2/s
in a solid or liquid as a function of
moisture content

D Diffusion coefficient m2/s ft2/s
d Diameter (particle) m in
E Power W Btu/h
F Solids or liquid mass flow rate kg/s lb/h
F Mass flux of water at surface kg/(m2⋅s) lbm/(ft2⋅s)

U.S.
Customary

Symbol Definition SI units System units

f Relative drying rate — —
G Gas mass flow rate kg/s lb/h
g Acceleration due to m/s2 ft/s2

gravity, 9.81 m/s2

H Enthalpy of a pure substance J/kg Btu/lb
∆Hvap Heat of vaporization J/kg Btu/lb
h Heat-transfer coefficient W/(m2⋅K) Btu/(ft2⋅h⋅°F)
I Humid enthalpy (dry substance J/kg Btu/lb

and associated moisture or vapor)
J Mass flux (of evaporating liquid) kg/(m2⋅s) lb/(ft2⋅h)
k Mass-transfer coefficient m/s lb/(ft2⋅h⋅atm)
kair Thermal conductivity of air W/(m⋅k) Btu/(ft⋅h⋅°F)
kc Mass-transfer coefficient for a m/s ft2/s

concentration driving force
kp Mass transfer coefficient for a kg/(m2⋅s) lbm/(ft3⋅s)

partial pressure driving force
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Psychrometry is concerned with the determination of the properties
of gas-vapor mixtures. These are important in calculations for

humidification and dehumidification, particularly in cooling towers,
air-conditioning systems, and dryers. The first two cases involve the
air-water vapor system at near-ambient conditions, but dryers nor-
mally operate at elevated temperatures and may also use elevated or
subatmospheric pressures and other gas-solvent systems.

Principles involved in determining the properties of other sys-
tems are the same as with air-water vapor, with one major excep-
tion. Whereas the psychrometric ratio (ratio of heat-transfer
coefficient to product of mass-transfer coefficient and humid heat,
terms defined in the following subsection) for the air-water sys-
tem can be taken as 1, the ratio for other systems in general does
not equal 1. This has the effect of making the adiabatic saturation
temperature different from the wet-bulb temperature. Thus, for
systems other than air-water vapor, accurate calculation of psychro-
metric and drying problems is complicated by the necessity for
point-to-point calculation of the temperature of the evaporating
surface. For example, for the air-water system, the temperature of
the evaporating surface will be constant during the constant-rate
drying period even though the temperature and humidity of the gas
stream change. For other systems, the temperature of the evaporat-
ing surface would change.
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U.S.
Customary

Symbol Definition SI units System units

L Length; length of drying layer m ft
M Molecular weight kg/mol lb/mol
m Mass kg lb
msolids Mass of dry solids kg lbm
N Specific drying rate (−dX/dt) 1/s 1/s
N Rotational speed (drum, impeller, 1/s rpm

etc.)
P Total pressure kg/(m⋅s2) lbf/in2

Pw
bulk Partial pressure of water vapor in kg/m⋅s2 lbf/in2

the air far from the drying material
Pw

surface Partial pressure of water vapor in kg/m⋅s2 lbf/in2

the air at the solid interface
p Partial pressure/vapor pressure kg/(m⋅s2) lbf/in2

of component 
psat

pure Pure component vapor pressure kg/(m⋅s2) lbf/in2

pw, air Partial pressure of water vapor in air kg/(m⋅s2) lbf/in2

Q Heat-transfer rate W Btu/h
q Heat flux W/m2 Btu/(ft2⋅h)
R Universal gas constant, 

8314 J/(kmol ⋅K) J/(mol⋅K) Btu/(mol⋅°F)
R Droplet radius m ft
r Radius; radial coordinate m ft
RH Relative humidity — —
S Percentage saturation — —
s Solid-fixed coordinate Depends on geometry
T Absolute temperature K °R
T, t Temperature °C °F
t Time s h
U Velocity m/s ft/s
u Mass of water/mass of dry solid — —
V Volume m3 ft3

V Air velocity m/s ft/s
v Specific volume m3/kg ft3/lb
vdroplet Droplet volume m3 ft3

w Wet-basis moisture content — —
wavg dry-basis Average wet-basis moisture content — —

U.S.
Customary

Symbol Definition SI units System units

X Solids moisture content (dry basis) — —
Y Mass ratio — —
z Distance coordinate m ft

Dimensionless groups

Ar Archimedes number, (gdP
3ρG/µ2)(ρP − ρG) — —

Bi Biot number, h ⋅L/κ — —
Gr Grashof number, L3⋅ρ2⋅βg∆T/µ2 — —
Nu Nusselt number, hdP/κ — —
Pr Prandtl number, µCP/κ — —
Re Reynolds number, ρdPU/µ — —
Sc Schmidt number, µ/ρD — —
Sh Sherwood number, kY dP /D — —
Le Lewis = Sc/Pr — —

Greek letters

α Slope — —
β Psychrometric ratio — —
ε Voidage (void fraction) — —
ζ Dimensionless distance — —
η Efficiency — —
θ Dimensionless time — —
κ Thermal conductivity W/(m⋅K) Btu/(ft⋅h⋅°F)
λ Latent heat of evaporation J/kg Btu/lb
µ Absolute viscosity kg/(m⋅s) lb/(ft⋅s)
µair Viscosity of air kg/(m⋅s) lbm/(ft⋅s)
ρ Density kg/m3 lb/ft3

ρair Air density kg/m3 lbm/ft3

ρs Mass concentration of solids kg/m3 lbm/ft3

ρo
s Density of dry solid kg/m3 lbm/ft3

ρo
w Density of pure water kg/m3 lbm/ft3

τ Residence time of solids s h
Φ Characteristic (dimensionless) 

moisture content — —
ψ Relative humidity % %

Nomenclature and Units (Concluded)
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TERMINOLOGY

Terminology and nomenclature pertinent to psychrometry are given
below. There is often considerable confusion between dry and wet
basis, and between mass, molar, and volumetric quantities, in both
definitions and calculations. Dry- and wet-basis humidity are similar
at ambient conditions but can differ significantly at elevated humidi-
ties, e.g., in dryer exhaust streams. Complete interconversion formu-
las between four key humidity parameters are given in Table 12-1 for
the air-water system and in Table 12-2 for a general gas-vapor system.

Definitions related to humidity, vapor pressure, saturation, and vol-
ume are as follows; the most useful are absolute humidity, vapor pres-
sure, and relative humidity.

Absolute humidity Y Mass of water (or solvent) vapor carried by
unit mass of dry air (or other carrier gas). It is also known as the mixing
ratio, mass ratio, or dry-basis humidity. Preferred units are lb/lb or
kg/kg, but g/kg and gr/lb are often used, as are ppmw and ppbw (parts
per million/billion by weight); ppmw = 106Y, ppbw = 109Y.

Specific humidity YW Mass of vapor per unit mass of gas-vapor mix-
ture. Also known as mass fraction or wet-basis humidity, and much more
rarely used than dry-basis absolute humidity. YW = Y/(1 + Y); Y = YW/
(1 − YW).

Mole ratio z Number of moles of vapor per mole of gas (dry
basis), mol/mol; z = (Mg /Mv)Y, where Mv = molecular weight of vapor
and Mg = molecular weight of gas. It may also be expressed as ppmv and
ppbv (parts per million/billion by volume); ppmv = 106z, ppbv = 109z.

Mole fraction y Number of moles of vapor per mole of gas-vapor
mixture (wet basis); y = z/(1 + z); z = y/(1 − y). If a mixture contains
mv kg and nv mol of vapor (e.g., water) and mg kg and ng mol of non-
condensible gas (e.g., air), with mv = nvMv and mg = ngMg, then the four
quantities above are defined by

Y = Yw = z = y = nv
�
ng + nv

nv
�
ng

mv
�
mg + mv

mv
�
mg

Volumetric humidity Yv Mass of vapor per unit volume of gas-
vapor mixture. It is sometimes, confusingly, called the absolute
humidity, but it is really a vapor concentration; preferred units are
kg/m3 or lb/ft3, but g/m3 and gr/ft3 are also used. It is inconvenient for
calculations because it depends on temperature and pressure and on
the units system; absolute humidity Y is always preferable for heat and
mass balances. It is proportional to the specific humidity (wet basis);
YV = YWρg, where ρg is the humid gas density (mass of gas-vapor mix-
ture per unit volume, wet basis). Also

Yv =

Vapor pressure p Partial pressure of vapor in gas-vapor mixture,
and is proportional to the mole fraction of vapor; p = yP, where P = total
pressure, in the same units as p (Pa, N/m2, bar, atm, or psi). Hence

p = P

Saturation vapor pressure ps Pressure exerted by pure vapor at
a given temperature. When the vapor partial pressure p in the gas-
vapor mixture at a given temperature equals the saturation vapor pres-
sure ps at the same temperature, the air is saturated and the absolute
humidity is designated the saturation humidity Ys.

Relative humidity RH or Ψ The partial pressure of vapor
divided by the saturation vapor pressure at the given temperature,
usually expressed as a percentage. Thus RH = 100p/ps.

Percentage absolute humidity (percentage saturation) S Ratio
of absolute humidity to saturation humidity, given by S = 100Y/Ys = 100p
(P − ps)/[ps(P − p)]. It is much less commonly used than relative humidity.

Dew point Tdew, or saturation temperature Temperature at
which a given mixture of water vapor and air becomes saturated on
cooling; i.e., the temperature at which water exerts a vapor pressure
equal to the partial pressure of water vapor in the given mixture.

nv
�
ng + nv

MvPnv
��
RT(ng + nv)

TABLE 12-1 Interconversion Formulas for Air-Water System, to 3 Significant Figures

T = temperature in kelvins (K); P = total pressure in pascals (Pa or N/m2)

Convert from: Y (or ppmw)* y p Yv

Convert to:
Absolute humidity (mixing ratio) Y (kg⋅kg−1) 1 Y = Y = Y =

Mole fraction y (mol ⋅mol−1) y = 1 y = y =

Vapor pressure p (Pa) p = p = yP 1 p = 461.5YvT

Volumetric humidity Yv (kg ⋅m−3) Yv = Yv = Yv = 1
0.002167p
��

T
0.002167yP
��

T
0.002167PY
��
(0.622 + Y)T

PY
��
0.622 + Y

461.5YvT
�

P
p
�
P

Y
��
0.622 + Y

0.622
���
0.002167P/(YvT) − 1

0.622p
�
P − p

0.622Y
�
1 − Y

TABLE 12-2 Interconversion Formulas for a General Gas-Vapor System

Mg, Mv = molal mass of gas and vapor, respectively; R = 8314 J/(kmol⋅K); T = temperature in kelvins (K); P = total pressure in pascals (Pa or N/m2)

Convert from: Y (or ppmw) y p Yv

Convert to:

Absolute humidity (mixing ratio) Y (kg ⋅kg−1) 1 Y = Y = Y =

Mole fraction y (mol ⋅mol−1) y = 1 y = y =

Vapor pressure p (Pa) p = p = yP 1 p =

Volumetric humidity Yv (kg ⋅m−3) Yv = Yv = Yv = 1
Mvp
�
RT

MvyP
�

RT

PY
��
Mv/Mg + Y

Mv
�
RT

YvRT
�

Mv

PY
��
Mv/Mg + Y

YvRT
�
PMv

p
�
P

Y
��
Mv/Mg + Y

Mv
��
Mg(PMv/YvRT − 1)

pMv
��
(P − p)Mg

Mvy
��
Mg(1 − Y)



Humid volume v Volume in cubic meters (cubic feet) of 1 kg 
(1 lb) of dry air and the water vapor it contains.

Saturated volume vs Humid volume when the air is saturated.
Terms related to heat balances are as follows:

Humid heat Cs Heat capacity of unit mass of dry air and the
moisture it contains. Cs = CPg + CPvY, where CPg and CPv are the heat
capacities of dry air and water vapor, respectively, and both are
assumed constant. For approximate engineering calculations at near-
ambient temperatures, in SI units, Cs = 1 + 1.9Y kJ/(kg⋅K) and in U.S.
units, Cs = 0.24 + 0.45Y (Btu/(lb ⋅°F).

Humid enthalpy H Heat content at a given temperature T of
unit mass of dry air and the moisture it contains, relative to a datum
temperature T0, usually 0°C. As water is liquid at 0°C, the humid
enthalpy also contains a term for the latent heat of water. If heat
capacity is invariant with temperature, H = (CPg + CPvY)(T −
T0) + λ0Y, where λ0 is the latent heat of water at 0°C, 2501 kJ/kg

(1075 Btu/lb). In practice, for accurate calculations, it is often easier
to obtain the vapor enthalpy Hv from steam tables, when H = Hg + Hv

= CPgT + Hv.
Adiabatic saturation temperature Tas Final temperature reached

by a small quantity of vapor-gas mixture into which water is evaporating.
It is sometimes called the thermodynamic wet-bulb temperature.

Wet-bulb temperature Twb Dynamic equilibrium temperature
attained by a liquid surface from which water is evaporating into a
flowing airstream when the rate of heat transfer to the surface by con-
vection equals the rate of mass transfer away from the surface. It is
very close to the adiabatic saturation temperature for the air-water
system, but not for most other vapor-gas systems; see later.

CALCULATION FORMULAS

Table 12-1 gives formulas for conversion between absolute humidity, mole
fraction, vapor pressure, and volumetric humidity for the air-water system,
and Table 12-2 does likewise for a general gas-vapor system. Where rela-
tionships are not included in the definitions, they are given below.

In U.S. units, the formulas are the same except for the volumetric
humidity Yv. Because of the danger of confusion with pressure units,
it is recommended that in both Tables 12-1 and 12-2, Yv be calculated
in SI units and then converted.

Volumetric humidity is also related to absolute humidity and humid
gas density by

Yv = YW ρg = ρg (12-1)

Two further useful formulas are as follows:

Air-water system, 
General SI units, to 3 

Parameter vapor-gas system significant figures Eq. no.

Density of 
humid gas
(moist air)
ρg (kg/m3) ρg = �P − p + p	 ρg = (12-2)

Humid
volume v
per unit 
mass of 
dry air 
(m3/kg) v = = v = (0.622 + Y) (12-3)

× � + 	Y
�
Mv

1
�
Mg

461.5T
�

P
RT
�
P

RT
��
Mg(P − p)

P − 0.378p
��

287.1T
Mv
�
Mg

Mg
�
RT

Y
�
1 + Y

From Eq. (12-2), the density of dry air at 0°C (273.15 K) and 1 atm
(101,325 Pa) is 1.292 kg/m3 (0.08065 lb/ft3). Note that the density of
moist air is always lower than that of dry air.

Equation (12-3) gives the humid volume of dry air at 0°C (273.15 K)
and 1 atm as 0.774 m3/kg (12.4 ft3/lb). For moist air, humid volume is
not the reciprocal of humid gas density; v = (1 + Y)/ρg.

The saturation vapor pressure of water is given by Sonntag
(1990) in pascals (N/m2) at absolute temperature T (K).

Over water:

ln ps = − 6096.9385T −1 + 21.2409642 − 2.711193 × 10−2T
+ 1.673952 × 10−5T 2 + 2.433502 ln T (12-4a)

Over ice:

ln ps = −6024.5282T −1 + 29.32707 + 1.0613868 × 10−2T
− 1.3198825 × 10−5T2 − 0.49382577 ln T (12-4b)

Simpler equations for saturation vapor pressure are the Antoine
equation and Magnus formula. These are slightly less accurate, but
easier to calculate and also easily reversible to give T in terms of p. For
the Antoine equation, given below, coefficients for numerous other
solvent-gas systems are given in Poling, Prausnitz, and O’Connell, The
Properties of Gases and Liquids, 5th ed., McGraw-Hill, 2000.

ln pS = C0 − T = + C2 (12-5)

Values for Antoine coefficients for the air-water system are given in
Table 12-3. The standard values give vapor pressure within 0.1 per-
cent of steam tables over the range 50 to 100°C, but an error of nearly
3 percent at 0°C. The alternative coefficients give a close fit at 0 and
100°C and an error of less than 1.2 percent over the intervening
range.

The Sonntag equation strictly only applies to water vapor with no
other gases present (i.e., in a partial vacuum). The vapor pressure of a
gas mixture, e.g., water vapor in air, is given by multiplying the pure
liquid vapor pressure by an enhancement factor f, for which various
equations are available (see British Standard BS 1339 Part 1, 2002).
However, the correction is typically less than 0.5 percent, except at
elevated pressures, and it is therefore usually neglected for engineer-
ing calculations.

RELATIONSHIP BETWEEN WET-BULB AND ADIABATIC
SATURATION TEMPERATURES

If a stream of air is intimately mixed with a quantity of water in an adi-
abatic system, the temperature of the air will drop and its humidity
will increase. If the equilibration time or the number of transfer units
approaches infinity, the air-water mixture will reach saturation. The
adiabatic saturation temperature Tas is given by a heat balance
between the initial unsaturated vapor-gas mixture and the final satu-
rated mixture at thermal equilibrium:

Cs (T − Tas) = λas (Yas − Y) (12-6)

This equation has to be reversed and solved iteratively to obtain Yas

(absolute humidity at adiabatic saturation) and hence Tas (the calcula-
tion is divergent in the opposite direction). Approximate direct formu-
las are available from various sources, e.g., British Standard BS 1339
(2002) and Liley (Int. J. Mech. Engg. Educ. 21(2), 1993). The latent heat
of evaporation evaluated at the adiabatic saturation temperature is λas,

C1
��
C0 − ln pS

C1
�
T − C2
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TABLE 12-3 Alternative Sets of Values for Antoine Coefficients for the Air-Water System

C0 C1 C2 C0 C1 C2

Standard values p in Pa 23.1963 3816.44 46.13 K p in mmHg 18.3036 3816.44 46.13 K
Alternative values p in Pa 23.19 3830 44.83 K p in mmHg 18.3 3830 44.87 K



which may be obtained from steam tables; humid heat Cs is evaluated at
initial humidity Y. On a psychrometric chart, the adiabatic saturation
process almost exactly follows a constant-enthalpy line, as the sensi-
ble heat given up by the gas-vapor mixture exactly balances the latent
heat of the liquid that evaporates back into the mixture. The only dif-
ference is due to the sensible heat added to the water to take it from the
datum temperature to Tas. The adiabatic saturation line differs from the
constant-enthalpy line as follows, where CPL is the specific heat capacity
of the liquid:

Has − H = CPLTas(Yas − Y) (12-7)

Equation (12-7) is useful for calculating the adiabatic saturation line
for a given Tas and gives an alternative iterative method for finding Tas,
given T and Y; compared with Eq. (12-6), it is slightly more accurate
and converges faster, but the calculation is more cumbersome.

The wet-bulb temperature is the temperature attained by a fully
wetted surface, such as the wick of a wet-bulb thermometer or a
droplet or wet particle undergoing drying, in contact with a flowing
unsaturated gas stream. It is regulated by the rates of vapor-phase heat
and mass transfer to and from the wet bulb. Assuming mass transfer is
controlled by diffusion effects and heat transfer is purely convective:

h(T − Twb) = ky λ wb(Ywb − Y) (12-8)

where ky is the corrected mass-transfer coefficient [kg/(m2⋅s)], h is the
heat-transfer coefficient [kW/(m2⋅K)], Ywb is the saturation mixing
ratio at twb, and λwb is the latent heat (kJ/kg) evaluated at Twb. Again,
this equation must be solved iteratively to obtain Twb and Ywb.

In practice, for any practical psychrometer or wetted droplet or parti-
cle, there is significant extra heat transfer from radiation. For an Ass-
mann psychrometer at near-ambient conditions, this is approximately 10
percent. This means that any measured real value of Twb is slightly higher
than the “pure convective” value in the definition. It is often more con-
venient to obtain wet-bulb conditions from adiabatic saturation condi-
tions (which are much easier to calculate) by the following formula:

= β (12-9)

where the psychrometric ratio β = C


s

ky /h and C


s


is the mean value of
the humid heat over the range from Tas to T.

The advantage of using β is that it is approximately constant over
normal ranges of temperature and pressure for any given pair of vapor
and gas values. This avoids having to estimate values of heat- and
mass-transfer coefficients α and ky from uncertain correlations. For
the air-water system, considering convective heat transfer alone,
β∼1.1. In practice, there is an additional contribution from radiation,
and β is very close to 1. As a result, the wet-bulb and adiabatic satura-
tion temperatures differ by less than 1°C for the air-water system at
near-ambient conditions (0 to 100°C, Y < 0.1 kg/kg) and can be taken
as equal for normal calculation purposes. Indeed, typically the Twb

measured by a practical psychrometer or at a wetted solid surface is
closer to Tas than to the “pure convective” value of Twb.

However, for nearly all other vapor-gas systems, particularly for
organic solvents, β < 1, and hence Twb > Tas. This is illustrated in Fig.
12-5. For these systems the psychrometric ratio may be obtained by
determining h/ky from heat- and mass-transfer analogies such as the
Chilton-Colburn analogy. The basic form of the equation is

β = � 	
n

= Le−n (12-10)

Sc is the Schmidt number for mass-transfer properties, Pr is the Prandtl
number for heat-transfer properties, and Le is the Lewis number κ /(Csρg

D), where κ is the gas thermal conductivity and D is the diffusion coeffi-
cient for the vapor through the gas. Experimental and theoretical values
of the exponent n range from 0.56 [Bedingfield and Drew, Ind. Eng.
Chem, 42:1164 (1950)] to �23� = 0.667 [Chilton and Colburn, Ind. Eng.
Chem., 26:1183 (1934)]. A detailed discussion is given by Keey (1992).
Values of β for any system can be estimated from the specific heats, diffu-
sion coefficients, and other data given in Sec. 2. See the example below.

Sc
�
Pr

T − Tas
�
Yas − Y

T − Twb
�
Ywb − Y

For calculation of wet-bulb (and adiabatic saturation) conditions,
the most commonly used formula in industry is the psychrometer
equation. This is a simple, linear formula that gives vapor pressure
directly if the wet-bulb temperature is known, and is therefore ideal
for calculating humidity from a wet-bulb measurement using a psy-
chrometer, although the calculation of wet-bulb temperature from
humidity still requires an iteration.

p = pwb − AP(T − Twb) (12-11)

where A is the psychrometer coefficient. For the air-water system, the
following formulas based on equations given by Sonntag [Zeitschrift
für Meteorologie, 40(5): 340–344 (1990)] may be used to give A for
Twb up to 30°C; they are based on extensive experimental data for Ass-
mann psychrometers.
Over water (wet-bulb temperature):

A = 6.5 × 10−4(1 + 0.000944Twb) (12-12a)

Over ice (ice-bulb temperature):

Ai = 5.72 × 10−4 (12- 12b)

For other vapor-gas systems, A is given by

A = (12-13)

Here β is the psychrometric coefficient for the system. As a cross-check,
for the air-water system at 20°C wet-bulb temperature, 50°C dry-bulb
temperature, and absolute humidity 0.002 kg/kg, Cs = (1.006 + 1.9 ×
0.002) = 1.01 kJ/(kg ⋅K) and λwb = 2454 kJ/kg. Since Mg = 28.97 kg/kmol
and Mv = 18.02 kg/kmol, Eq. (12-12) gives A as 6.617 × 10−4/β, com-
pared with Sonntag’s value of 6.653 × 10−4 at this temperature, giving a
value for the psychrometric coefficient β of 0.995; that is, β ≈ 1, as
expected for the air-water system.

PSYCHROMETRIC CHARTS

Psychrometric charts are plots of humidity, temperature, enthalpy,
and other useful parameters of a gas-vapor mixture. They are helpful
for rapid estimates of conditions and for visualization of process oper-
ations such as humidification and drying. They apply to a given system
at a given pressure, the most common of course being air-water at
atmospheric pressure. There are four types, of which the Grosvenor
and Mollier types are most widely used:

The Grosvenor chart plots temperature (abscissa) against
humidity (ordinate). Standard charts produced by ASHRAE and
other groups, or by computer programs, are usually of this type.
The saturation line is a curve from bottom left to top right, and
curves for constant relative humidity are approximately parallel to
this. Lines from top left to bottom right may be of either constant
wet-bulb temperature or constant enthalpy, depending on the
chart. The two are not quite identical, so if only one is shown, cor-
rection factors are required for the other parameter. Examples are
shown in Figs. 12-1 (SI units), 12-2a (U.S. Customary System units,
medium temperature), and 12-2b (U.S. Customary System units,
high temperature).

The Bowen chart is a plot of enthalpy (abscissa) against humidity
(ordinate). It is convenient to be able to read enthalpy directly, espe-
cially for near-adiabatic convective drying where the operating line
approximately follows a line of constant enthalpy. However, it is very
difficult to read accurately because the key information is compressed
in a narrow band near the saturation line. See Cook and DuMont,
Process Drying Practice, McGraw-Hill, New York, 1991, chap. 6.

The Mollier chart plots humidity (abscissa) against enthalpy (lines
sloping diagonally from top left to bottom right). Lines of constant tem-
perature are shallow curves at a small slope to the horizontal. The chart
is nonorthogonal (no horizontal lines) and hence a little difficult to plot
and interpret initially. However, the area of greatest interest is expanded,
and they are therefore easy to read accurately. They tend to cover a wider

MgCs
�
MVβλwb
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temperature range than Grosvenor charts, so are useful for dryer calcu-
lations. The slope of the enthalpy lines is normally −1/λ, where λ is the
latent heat of evaporation. Adiabatic saturation lines are not quite paral-
lel to constant-enthalpy lines and are slightly curved; the deviation
increases as humidity increases. Figure 12-3 shows an example.

The Salen-Soininen perspectively transformed chart is a triangu-
lar plot. It is tricky to plot and read, but covers a much wider range of
humidity than do the other types of chart (up to 2 kg/kg) and is thus
very effective for high-humidity mixtures and calculations near the

boiling point, e.g., in pulp and paper drying. See Soininen, Drying
Technol. 4(2): 295–305 (1986).

Figure 12-4 shows a psychrometric chart for combustion products
in air. The thermodynamic properties of moist air are given in Table
12-1. Figure 12-4 shows a number of useful additional relationships,
e.g., specific volume and latent heat variation with temperature. Accu-
rate figures should always be obtained from physical properties tables
or by calculation using the formulas given earlier, and these charts
should only be used as a quick check for verification.
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FIG. 12-1 Grosvenor psychrometric chart for the air-water system at standard atmospheric pressure, 101,325 Pa, SI units.
(Courtesy Carrier Corporation.)



In the past, psychrometric charts have been used to perform quite
precise calculations. To do this, additive corrections are often required
for enthalpy of added water or ice, and for variations in barometric pres-
sure from the standard level (101,325 Pa, 14.696 lbf/in2, 760 mmHg,
29.921 inHg). It is preferable to use formulas, which give an accurate fig-
ure at any set of conditions. Psychrometric charts and tables can be used
as a rough cross-check that the result has been calculated correctly. Table
12-4 gives values of saturation humidity, specific volume, enthalpy, and
entropy of saturated moist air at selected conditions. Below the freezing
point, these become virtually identical to the values for dry air, as satura-
tion humidity is very low. For pressure corrections, an altitude increase of
approximately 900 ft gives a pressure decrease of 1 inHg (0.034 bar). For
a recorded wet-bulb temperature of 50°F (10°C), this gives an increase
in humidity of 1.9 gr/lb (0.00027 kg/kg) and the enthalpy increases by
0.29 Btu/lb (0.68 kJ/kg). This correction increases roughly proportion-
ately for further changes in pressure, but climbs sharply as wet-bulb tem-
perature is increased; when Twb reaches 100°F (38°C), ∆Y = 11.2 gr/lb
(0.0016 kg/kg) and ∆H = 1.77 Btu/lb (4.12 kJ/kg). Equivalent, more
detailed tables in SI units can be found in the ASHRAE Handbook.

Examples Illustrating Use of Psychrometric Charts In these
examples the following nomenclature is used:

t = dry-bulb temperatures, °F
tw = wet-bulb temperature, °F
td = dewpoint temperature, °F
H = moisture content, lb water/lb dry air

∆H = moisture added to or rejected from the airstream, 
lb water/lb dry air

h′ = enthalpy at saturation, Btu/lb dry air
D = enthalpy deviation, Btu/lb dry air
h = h′ + D = true enthalpy, Btu/lb dry air

hw = enthalpy of water added to or rejected from system, Btu/lb
dry air

qa = heat added to system, Btu/lb dry air
qr = heat removed from system, Btu/lb dry air

Subscripts 1, 2, 3, etc., indicate entering and subsequent states.

Example 1: Determination of Moist Air Properties Find the prop-
erties of moist air when the dry-bulb temperature is 80°F and the wet-bulb tem-
perature is 67°F.

Solution: Read directly from Fig. 12-2a (Fig. 12-6a shows the solution dia-
grammatically).

Moisture content H = 78 gr/lb dry air
= 0.011 lb water/lb dry air

Enthalpy at saturation h′ = 31.6 Btu/lb dry air
Enthalpy deviation D = −0.1 Btu/lb dry air

True enthalpy h = 31.5 Btu/lb dry air
Specific volume v = 13.8 ft3/lb dry air
Relative humidity = 51 percent

Dew point td = 60.3°F

Example 2: Air Heating Air is heated by a steam coil from 30°F dry-bulb
temperature and 80 percent relative humidity to 75°F dry-bulb temperature. Find
the relative humidity, wet-bulb temperature, and dew point of the heated air.
Determine the quantity of heat added per pound of dry air.

Solution: Reading directly from the psychrometric chart (Fig. 12-2a),

Relative humidity = 15 percent
Wet-bulb temperature = 51.5°F

Dew point = 25.2°F

The enthalpy of the inlet air is obtained from Fig. 12-2a as h1 = h′1 + D1 =
10.1 + 0.06 = 10.16 Btu/lb dry air; at the exit, h2 = h′2 + D2 = 21.1 − 0.1 = 21 Btu/lb
dry air. The heat added equals the enthalpy difference, or

qa = ∆h = h2 − h1 = 21 − 10.16 = 10.84 Btu/lb dry air
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FIG. 12-2a Grosvenor psychrometric chart (medium temperature) for the air-water system at standard atmospheric pressure, 29.92 inHg,
U.S. Customary units. (Courtesy Carrier Corporation.)



If the enthalpy deviation is ignored, the heat added qa is ∆h = 21.1 − 10.1 = 11
Btu/lb dry air, or the result is 1.5 percent high. Figure 12-6b shows the heating
path on the psychrometric chart.

Example 3: Evaporative Cooling Air at 95°F dry-bulb temperature
and 70°F wet-bulb temperature contacts a water spray, where its relative humid-
ity is increased to 90 percent. The spray water is recirculated; makeup water

enters at 70°F. Determine exit dry-bulb temperature, wet-bulb temperature,
change in enthalpy of the air, and quantity of moisture added per pound of
dry air.

Solution: Figure 12-6c shows the path on a psychrometric chart. The leav-
ing dry-bulb temperature is obtained directly from Fig. 12-2a as 72.2°F. Since
the spray water enters at the wet-bulb temperature of 70°F and there is no heat
added to or removed from it, this is by definition an adiabatic process and there
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FIG. 12-2b Grosvenor psychrometric chart (high-temperature) for the air-water system at standard atmospheric pres-
sure, 29.92 inHg, U.S. Customary units. (Source: Carrier Corporation.)



will be no change in wet-bulb temperature. The only change in enthalpy is that
from the heat content of the makeup water. This can be demonstrated as fol-
lows:

Inlet moisture H1 = 70 gr/lb dry air
Exit moisture H2 = 107 gr/lb dry air

∆H = 37 gr/lb dry air
Inlet enthalpy h1 = h′1 + D1 = 34.1 − 0.22

= 33.88 Btu/lb dry air
Exit enthalpy h2 = h′2 + D2 = 34.1 − 0.02

= 34.08 Btu/lb dry air
Enthalpy of added water hw = 0.2 Btu/lb dry air (from small diagram,

37 gr at 70°F)
Then qa = h2 − h1 + hw

= 34.08 − 33.88 + 0.2 = 0

Example 4: Cooling and Dehumidification Find the cooling load per
pound of dry air resulting from infiltration of room air at 80°F dry-bulb temper-
ature and 67°F wet-bulb temperature into a cooler maintained at 30°F dry-bulb
and 28°F wet-bulb temperature, where moisture freezes on the coil, which is
maintained at 20°F.

Solution: The path followed on a psychrometric chart is shown in Fig. 12-6d.

Inlet enthalpy h1 = h′1 + D1 = 31.62 − 0.1
= 31.52 Btu/lb dry air

Exit enthalpy h2 = h′2 + D2 = 10.1 + 0.06
= 10.16 Btu/lb dry air

Inlet moisture H1 = 78 gr/lb dry air
Exit moisture H2 = 19 gr/lb dry air

Moisture rejected ∆H = 59 gr/lb dry air
Enthalpy of rejected moisture = −1.26 Btu/lb dry air (from small 

diagram of Fig. 12-2a)
Cooling load qr = 31.52 − 10.16 + 1.26

= 22.62 Btu/lb dry air

Note that if the enthalpy deviations were ignored, the calculated cooling load
would be about 5 percent low.

Example 5: Cooling Tower Determine water consumption and amount
of heat dissipated per 1000 ft3/min of entering air at 90°F dry-bulb temperature
and 70°F wet-bulb temperature when the air leaves saturated at 110°F and the
makeup water is at 75°F.

Solution: The path followed is shown in Fig. 12-6e.

Exit moisture H2 = 416 gr/lb dry air
Inlet moisture H1 = 78 gr/lb dry air

Moisture added ∆H = 338 gr/lb dry air
Enthalpy of added moisture hw = 2.1 Btu/lb dry air (from small diagram

of Fig. 12-2b)
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FIG. 12-3 Mollier psychrometric chart for the air-water system at standard atmospheric pressure,
101,325 Pa SI units, plots humidity (abscissa) against enthalpy (lines sloping diagonally from top left to
bottom right). (Source: Aspen Technology.)
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FIG. 12-4 Grosvenor psychrometric chart for air and flue gases at high temperatures, molar units [Hatta, Chem. Metall.
Eng., 37:64 (1930)].

TABLE 12-4 Thermodynamic Properties of Saturated Air (U.S. Customary Units, at Standard Atmospheric Pressure, 29.921 inHg)

Volume, Enthalpy, Entropy,

Condensed water

ft3/lb dry air Btu/lb dry air Btu/(°F⋅lb dry air)
Entropy, 

Saturation Enthalpy, Btu/ Vapor 
Temp. humidity Btu/lb (lb⋅°F) pressure, inHg Temp.
T, °F Hs va vas vs ha has hs sa sas ss hw sw ps T,°F

−150 6.932 × 10−9 7.775 .000 7.775 36.088 .000 36.088 0.09508 .00000 0.09508 218.77 0.4800 3.301 × 10−6 −150
−100 9.772 × 10−7 9.046 .000 9.046 24.037 .001 24.036 0.05897 .00000 0.05897 201.23 0.4277 4.666 × 10−5 −100

−50 4.163 × 10−5 10.313 .001 10.314 12.012 .043 11.969 0.02766 .00012 0.02754 181.29 0.3758 1.991 × 10−3 −50

0 7.872 × 10−4 11.578 .015 11.593 0.000 .835 0.835 0.00000 .00192 0.00192 158.93 0.3244 0.037645 × 10−2 0
10 1.315 × 10−3 11.831 .025 11.856 2.402 1.401 3.803 .00518 .00314 .00832 154.17 0.3141 0.062858 10
20 2.152 × 10−3 12.084 .042 12.126 4.804 2.302 7.106 .01023 .00504 .01527 149.31 0.3039 0.10272 20
30 3.454 × 10−3 12.338 .068 12.406 7.206 3.709 10.915 .01519 .00796 .02315 144.36 0.2936 0.16452 30
32 3.788 × 10−3 12.388 .075 12.463 7.686 4.072 11.758 .01617 .00870 .02487 143.36 0.2916 0.18035 32
32* 3.788 × 10−3 12.388 .075 12.463 7.686 4.072 11.758 .01617 .00870 .02487 0.04 0.0000 0.18037 32*
40 5.213 × 10−3 12.590 .105 12.695 9.608 5.622 15.230 .02005 .01183 .03188 8.09 .0162 .24767 40
50 7.658 × 10−3 12.843 .158 13.001 12.010 8.291 20.301 .02481 .01711 .04192 18.11 .0361 .36240 50
60 1.108 × 10−2 13.096 .233 13.329 14.413 12.05 26.46 .02948 .02441 .05389 28.12 .0555 .52159 60

70 1.582 × 10−2 13.348 .339 13.687 16.816 17.27 34.09 .03405 .03437 .06842 38.11 .0746 .73915 70
80 2.233 × 10−2 13.601 0.486 14.087 19.221 24.47 43.69 0.03854 0.04784 0.08638 48.10 0.0933 1.0323 80
90 3.118 × 10−2 13.853 .692 14.545 21.625 34.31 55.93 .04295 .06596 .10890 58.08 .1116 1.4219 90

100 4.319 × 10−2 14.106 .975 15.081 24.029 47.70 71.73 .04729 .09016 .13745 68.06 .1296 1.9333 100
110 5.944 × 10−2 14.359 1.365 15.724 26.434 65.91 92.34 .05155 .1226 .1742 78.03 .1472 2.5966 110
120 8.149 × 10−2 14.611 1.905 16.516 28.841 90.70 119.54 .05573 .1659 .2216 88.01 .1646 3.4474 120
130 0.1116 14.864 2.652 17.516 31.248 124.7 155.9 .05985 .2245 .2844 98.00 .1817 4.5272 130

140 0.1534 15.117 3.702 18.819 33.655 172.0 205.7 .06390 .3047 .3686 107.99 .1985 5.8838 140
150 0.2125 15.369 5.211 20.580 36.063 239.2 275.3 .06787 .4169 .4848 117.99 .2150 7.5722 150

160 0.2990 15.622 7.446 23.068 38.472 337.8 376.3 .07179 .5793 .6511 128.00 .2313 9.6556 160
170 0.4327 15.874 10.938 26.812 40.882 490.6 531.5 .07565 .8273 .9030 138.01 .2473 12.203 170
180 0.6578 16.127 16.870 32.997 43.292 748.5 791.8 .07946 1.240 1.319 148.03 .2631 15.294 180
190 1.099 16.379 28.580 44.959 45.704 1255 1301 .08320 2.039 2.122 158.07 .2786 19.017 190
200 2.295 16.632 60.510 77.142 48.119 2629 2677 .08689 4.179 4.266 168.11 .2940 23.468 200

NOTE: Compiled by John A. Goff and S. Gratch. See also Keenan and Kaye. Thermodynamic Properties of Air, Wiley, New York, 1945. Enthalpy of dry air taken as
zero at 0°F. Enthalpy of liquid water taken as zero at 32°F.

To convert British thermal units per pound to joules per kilogram, multiply by 2326; to convert British thermal units per pound dry air-degree Fahrenheit to joules
per kilogram-kelvin, multiply by 4186.8; and to convert cubic feet per pound to cubic meters per kilogram, multiply by 0.0624.

*Entrapolated to represent metastable equilibrium with undercooled liquid.
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If greater precision is desired, hw can be calculated as
hw = (338/7000)(1)(75 − 32)

= 2.08 Btu/lb dry air
Enthalpy of inlet air h1 = h′1 + D1 = 34.1 − 0.18

= 33.92 Btu/lb dry air
Enthalpy of exit air h2 = h′2 + D2 = 92.34 + 0

= 92.34 Btu/lb dry air

Heat dissipated = h2 − h1 − hw

= 92.34 − 33.92 − 2.08
= 56.34 Btu/lb dry air

Specific volume of inlet air = 14.1 ft3/lb dry air

Total heat dissipated = = 3990 Btu/min

Example 6: Recirculating Dryer A dryer is removing 100 lb water/h
from the material being dried. The air entering the dryer has a dry-bulb temperature
of 180°F and a wet-bulb temperature of 110°F. The air leaves the dryer at 140°F. A
portion of the air is recirculated after mixing with room air having a dry-bulb tem-
perature of 75°F and a relative humidity of 60 percent. Determine the quantity of
air required, recirculation rate, and load on the preheater if it is assumed that the sys-
tem is adiabatic. Neglect heatup of the feed and of the conveying equipment.

Solution: The path followed is shown in Fig. 12-6f.

Humidity of room air H1 = 0.0113 lb/lb dry air
Humidity of air entering dryer H3 = 0.0418 lb/lb dry air

(1000)(56.34)
��

14.1
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FIG. 12-5 Mollier chart showing changes in Twb during an adiabatic saturation process for an organic system (nitrogen-toluene).

FIG. 12-6a Diagram of psychrometric chart showing the properties of moist air. FIG. 12-6b Heating process



Humidity of air leaving dryer H4 = 0.0518 lb/lb dry air
Enthalpy of room air h1 = 30.2 − 0.3

= 29.9 Btu/lb dry air
Enthalpy of entering air h3 = 92.5 − 1.3

= 91.2 Btu/lb dry air
Enthalpy of leaving air h4 = 92.5 − 0.55

= 91.95 Btu/lb dry air

Quantity of air required is 100/(0.0518 − 0.0418) = 10,000 lb dry air/h. At the
dryer inlet the specific volume is 17.1 ft3/lb dry air. Air volume is (10,000)(17.1)/
60 = 2850 ft3/min. Fraction exhausted is

= = 0.247

where X = quantity of fresh air and Wa = total airflow. Thus 75.3 percent of
the air is recirculated. Load on the preheater is obtained from an enthalpy
balance

qa = 10,000(91.2) − 2470(29.9) − 7530(91.95)
= 146,000 Btu/h

PSYCHROMETRIC CALCULATIONS

Table 12-5 gives the steps required to perform the most common
humidity calculations, using the formulas given earlier.

Methods (i) to (iii) are used to find the humidity and dew point
from temperature readings in a wet- and dry-bulb psychrometer.

Method (iv) is used to find the humidity and dew point from a rela-
tive humidity measurement at a given temperature.

Methods (v) and (vi) give the adiabatic saturation and wet-bulb
temperatures from absolute humidity (or relative humidity) at a
given temperature.

Method (vii) gives the absolute and relative humidity from a dew
point measurement.

Method (viii) allows the calculation of all the main parameters if the
absolute humidity is known, e.g., from a mass balance on a
process plant.

Method (ix) converts the volumetric form of absolute humidity to
the mass form (mixing ratio).

Method (x) allows the dew point to be corrected for pressure. The
basis is that the mole fraction y = p/P is the same for a given
mixture composition at all values of total pressure P. In particu-
lar, the dew point measured in a compressed air duct can be
converted to the dew point at atmospheric pressure, from
which the humidity can be calculated. It is necessary to check
that the temperature change associated with compression or
expansion does not bring the dry-bulb temperature to a point
where condensation can occur. Also, at these elevated pres-
sures, it is strongly advisable to apply the enhancement factor
(see BS 1339).

Psychrometric Software and Tables As an alternative to using
charts or individual calculations, lookup tables have been published
for many years for common psychrometric conversions, e.g., to find
relative humidity given the dry-bulb and wet-bulb temperatures.
These were often very extensive. To give precise coverage of Twb in
1°C or 0.1°C steps, a complete table would be needed for each indi-
vidual dry-bulb temperature.

Software is available that will perform calculations of humidity
parameters for any point value, and for plotting psychrometric charts.
Moreover, British Standard BS 1339 Part 2 (2006) provides functions
as macros which can be embedded into any Excel-compatible spread-
sheet. Users can therefore generate their own tables for any desired
combination of parameters as well as perform point calculations.
Hence, the need for published lookup tables has been eliminated.
However, this software, like the previous lookup tables, is only valid
for the air-water system. For other vapor-gas systems, the equations
given in previous sections must be used.

Software may be effectively used to draw psychrometric charts or
perform calculations. A wide variety of other psychrometric software
may be found on the Internet, but quality varies considerably; the

0.0518 − 0.0418
��
0.0518 − 0.0113

X
�
Wa
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FIG. 12-6c Spray or evaporative cooling.

FIG. 12-6d Cooling and dehumidifying process.

FIG. 12-6e Cooling tower.

FIG. 12-6f Drying process with recirculation.



source and basis of the calculation methods should be carefully
checked before using the results. In particular, most methods only
apply for the air-water system at moderate temperatures (below
100°C). For high-temperature dryer calculations, only software stated
as suitable for this range should be used.

Reliable sources include the following:
1. The American Society of Agricultural Engineers (ASAE):

http://www.asae.org. Psychrometric data in chart and equation form in
both SI and English units. Charts for temperature ranges of −35 to
600°F in USCS units and −10 to 120°C in SI units. Equations and cal-
culation procedures. Air-water system and Grosvenor (temperature-
humidity) charts only.

2. The American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE): http://www.ashrae.org. Psy-
chrometric Analysis CD with energy calculations and creation of
custom charts at virtually any altitude or pressure. Detailed scientific
basis given in ASHRAE Handbook. Air-water system and Grosvenor
charts only.

3. Carrier Corporation, a United Technologies Company: http://
www.training.carrier.com. PSYCH+, computerized psychrometric
chart and instructional guide, including design of air conditioning
processes and/or cycles. Printed psychrometric charts also supplied.
Air-water system and Grosvenor charts only.

4. Linric Company: http://www.linric.com. PsycPro generates cus-
tom psychrometric charts in English (USCS) or metric (SI) units,
based on ASHRAE formulas. Air-water system and Grosvenor charts
only.

5. Aspen Technology: http://www.aspentech.com. PSYCHIC, one of
the Process Tools, generates customized psychrometric charts. Mollier
and Bowen enthalpy-humidity charts are produced in addition to
Grosvenor. Any gas-vapor system can be handled as well as air-water;
data supplied for common organic solvents. Can draw operating lines
and spot points, as shown in Fig. 12-7.

6. British Standards Institution: http://www.bsonline.bsi-global.
com. British Standard BS 1339 Part 2 is a spreadsheet-based software
program providing functions based on latest internationally agreed

upon standards. It calculates all key psychrometric parameters and can
produce a wide range of psychrometric tables. Users can embed the
functions in their own spreadsheets to do psychrometric calculations.
Air-water system only (although BS 1339 Part 1 text gives full calcula-
tion methods for other gas-vapor systems). SI (metric) units. It does
not plot psychrometric charts.

7. Akton Associates provides digital versions of psychrometry charts.

Psychrometric Calculations—Worked Examples

Example 7: Determination of Moist Air Properties An air-water
mixture is found from the heat and mass balance to be at 60°C (333 K) and 0.025
kg/kg (25 g/kg) absolute humidity. Calculate the other main parameters for the
mixture. Take atmospheric pressure as 101,325 Pa.

Method: Consult item (vi) in Table 12-5 for the calculation methodology.
From the initial terminology section, specific humidity YW = 0.02439 kg/kg,

mole ratio z = 0.0402 kmol/kmol, mole fraction y = 0.03864 kmol/kmol.
From Table 12-1, vapor pressure p = 3915 Pa (0.03915 bar) and volumetric

humidity Yv = 0.02547 kg/m3. Dew point is given by the temperature corre-
sponding to p at saturation. From the reversed Antoine equation (12-5), 
Tdp = 3830/(23.19 − ln 3915) + 44.83 = 301.58 K = 28.43°C.

Relative humidity is the ratio of actual vapor pressure to saturation vapor
pressure at dry-bulb temperature. From the Antoine equation (12-5), ps = exp
[23.19 − 3830/(333.15 − 44.83)] = 20,053 Pa (new coefficients), or ps = exp
[23.1963 − 3816.44/(333.15 − 46.13)] = 19,921 Pa (old coefficients).

From Sonntag equation (12-4), ps = 19,948 Pa; difference from Antoine is less
than 0.5 percent. Relative humidity = 100 × 3915/19,948 = 19.6 percent. From a
psychrometric chart, e.g., Fig. 12-1, a humidity of 0.025 kg/kg at T = 60°C lies
very close to the adiabatic saturation line for 35°C. Hence a good first estimate
for Tas and Twb will be 35°C. Refining the estimate of Twb by using the psy-
chrometer equation and iterating gives

pwb = 3915 + 6.46 × 10−4 (1.033)(101,325) (60 − 35) = 5605

From the Antoine equation, 

Twb = 3830/(23.19 − ln 5605) + 44.83 = 307.9 K = 34.75°C

Second iteration:
pwb = 3915 + 6.46 × 10−4 (1.033)(101,325)(60 − 34.75) = 5622
Twb = 307.96 K = 34.81°C.

To a sensible level of precision, Twb = 34.8°C.
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TABLE 12-5 Calculation Methods for Various Humidity Parameters

Known Required Method

i. T, Twb Y Find saturation vapor pressure pwb at wet-bulb temperature Twb from Eq. (12-4). Find actual vapor 
pressure p at dry-bulb temperature T from psychrometer equation (12-11). Find mixing ratio Y by
conversion from p (Table 12-1).

ii. T, Twb Tdp, dv Find p if necessary by method (i) above. Find dew point Tdp from Eq. (12-4) by calculating the T
corresponding to p [iteration required; Antoine equation (12-5) gives a first estimate]. Calculate volumetric 
humidity Yv, using Eq. (12-1).

iii. T, Twb %RH (ψ) Use method (i) to find p. Find saturation vapor pressure ps at T from Eq. (12-4). Now relative humidity 
%RH = 100p/ps.

iv. T, %RH Y, dv Find saturation vapor pressure ps at T from Eq. (12-4). Actual vapor pressure p = ps(%RH/100). Convert to 
Y (Table 12-1). Find Yv from Eq. (12-1).

v. T, %RH (or T, Y) Tas Use method (iv) to find p and Y. Make an initial estimate of Tas, say, using a psychrometric chart. Calculate 
Yas from Eq. (12-6). Find p from Table 12-1 and Tas from Antoine equation (12-5). Repeat until iteration 
converges (e.g., using spreadsheet).

Alternative method: Evaluate enthalpy Hest at these conditions and H at initial conditions. Find Has from
Eq. (12-7) and compare with Hest. Make new estimate of Yas which would give Hest equal to Has. Find p
from Table 12-1 and Tas from Antoine equation (12-5). Reevaluate Has from Eq. (12-7) and iterate to refine 
value of Yas.

vi. T, %RH (or T, Y) Twb Use method (iv) to find p and Y. Make an initial estimate of Twb, e.g., using a psychrometric chart, or 
(for air-water system) by estimating adiabatic saturation temperature Tas. Find pwb from psychrometer 
equation (12-11). Calculate new value of Twb corresponding to pwb by reversing Eq. (12-4) or using the 
Antoine equation (12-5). Repeat last two steps to solve iteratively for Twb (computer program is preferable 
method).

vii. T, Tdp Y, %RH Find saturation vapor pressure at dew point Tdp from Eq. (12-4); this is the actual vapor pressure p. Find Y
from Table 12-1. Find saturation vapor pressure ps at dry-bulb temperature T from Eq. (12-4). Now %RH =
100p/ps.

viii. T, Y Tdp, dv, %RH, Twb Find p by conversion from Y (Table 12-1). Then use method (ii), (iii), or (v) as appropriate.
ix. T, Yv Y Find specific humidity YW from Eqs. (12-2) and (12-1). Convert to absolute humidity Y using Y = YW�(1 − YW).
x. Tdp at P1 (elevated) Tdp at P2 (ambient) Find vapor pressure p1 at Tdp and P1 from Eq. (12-4), Convert to vapor pressure p2 at new pressure P2 by

the formula p2 = p1P2/P1. Find new dew point Tdp from Eq. (12-4) by calculating the T corresponding to p2

[iteration required as in (ii)].



From Table 12-1 Ywb = 5622 × 0.622/(101,325 − 5622) = 0.0365(4) kg/kg.
Enthalpy of original hot air is approximately given by H = (CPg + CPv Y)

(T − T0) + λ0Y = (1 + 1.9 × 0.025) × 60 + 2501 × 0.025 = 62.85 + 62.5 = 125.35
kJ/kg. A more accurate calculation can be obtained from steam tables; CPg =
1.005 kJ/(kg ⋅K) over this range, Hv at 60°C = 2608.8 kJ/kg, H = 60.3 + 65.22 =
125.52 kJ/kg.

Calculation (v), method 1: if Tas = 34.8, from Eq. (12-6), with Cs= 1 + 1.9 × 0.025
= 1.048 kJ/(kg ⋅K), λas = 2419 kJ/kg (steam tables), Yas = 0.025 + 1.048/2419 (60 −
34.8) = 0.0359(2) kg/kg. From Table 12-1, p = 5530 Pa. From the Antoine equa-
tion (12-5), Tas= 3830/(23.19 − ln 5530) + 44.83 = 307.65 K = 34.52°C. Repeat until
iteration converges (e.g., using spreadsheet). Final value Tas = 34.57°C, Yas = 0.0360
kg/kg.

Enthalpy check: From Eq. (12-7), Has − H = 4.1868 × 34.57 × (0.036 − 0.025) =
1.59 kJ/kg. So Has = 127.11 kJ/kg. Compare Has calculated from enthalpies; Hg at
34.57°C = 2564 kJ/kg, Hest = 34.90 + 92.29 = 127.19 kJ/kg. The iteration has con-
verged successfully.

Note that Tas is 0.2°C lower than Twb and Yas is 0.0005 kg/kg lower than Ywb,
both negligible differences.

Example 8: Calculation of Humidity and Wet-Bulb Condi-
tion A dryer exhaust which can be taken as an air-water mixture at 70°C
(343.15 K) is measured to have a relative humidity of 25 percent. Calculate
the humidity parameters and wet-bulb conditions for the mixture. Pressure is
1 bar (100,000 Pa).

Method: Consult item (v) in Table 12-5 for the calculation methodology.

From the Antoine equation (12-5), using standard coefficients (which give a bet-
ter fit in this temperature range), ps = exp[23.1963 − 3816.44/(343.15 − 46.13)] =
31,170 Pa. Actual vapor pressure p = 25 percent of 31,170 = 7792 Pa (0.078
bar).

From Table 12-1, absolute humidity Y = 0.05256 kg/kg and volumetric
humidity Yv = 0.0492 kg/m3. From the terminology section, mole fraction y =
0.0779 kmol/kmol, mole ratio z = 0.0845 kmol/kmol, specific humidity Yw =
0.04994 kg/kg.

Dew point Tdp = 3816.44/(23.1963 − ln 7792) + 46.13 = 314.22 K = 41.07°C.

From the psychrometric chart, a humidity of 0.0526 kg/kg at T = 70°C falls just
below the adiabatic saturation line for 45°C. Estimate Tas and Twb as 45°C.
Refining the estimate of Twb by using the psychrometer equation and iterating
gives

pwb = 7792 + 6.46 × 10−4 (1.0425)(105)(70 − 45) = 9476

From the Antoine equation,

Twb = 3816.44/(23.1963 − ln 9476) + 46.13 = 317.96 K = 44.81°C

Second iteration (taking Twb = 44.8):

pwb = 9489 Twb = 317.99 K = 44.84°C

The iteration has converged.
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Mollier Chart for Nitrogen/Acetone at 10 kPa
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FIG. 12-7 Mollier psychrometric chart (from PSYCHIC software program) showing determination of adiabatic saturation temperature plots humidity
(abscissa) against enthalpy (lines sloping diagonally from top left to bottom right). (Courtesy AspenTech.)



Example 9: Calculation of Psychrometric Properties of Acetone/
Nitrogen Mixture A mixture of nitrogen N2 and acetone CH3COCH3 is
found from the heat and mass balance to be at 60°C (333 K) and 0.025 kg/kg (25
g/kg) absolute humidity (same conditions as in Example 7). Calculate the other
main parameters for the mixture. The system is under vacuum at 100 mbar (0.1 bar,
10,000 Pa).

Additional data for acetone and nitrogen are obtained from The Proper-
ties of Gases and Liquids (Prausnitz et al.). Molecular weight (molal mass)
Mg for nitrogen = 28.01 kg/kmol; Mv for acetone = 58.08 kg/kmol. Antoine
coefficients for acetone are 16.6513, 2940.46, and 35.93, with ps in mmHg
and T in K. Specific heat capacity of nitrogen is approximately 1.014
kJ/(kg ⋅K). Latent heat of acetone is 501.1 kJ/kg at the boiling point. The psy-
chrometric ratio for the nitrogen-acetone system is not given, but the diffu-
sion cofficient D can be roughly evaluated as 1.34 × 10−5, compared to 2.20 ×
10−5 for water in air. As the psychrometric ratio is linked to D 2/3, it can be
estimated as 0.72, which is in line with tabulated values for similar organic
solvents (e.g., propanol).

Method: Consult item (vi) in Table 12-5 for the calculation methodology.
From the terminology, specific humidity YW = 0.02439 kg/kg, the same as in

Example 7. Mole ratio z = 0.0121 kmol/kmol, mole fraction y = 0.01191
kmol/kmol—lower than in Example 7 because molecular weights are different.

From the Antoine equation (12-5),

ln ps = C0 − = 16.6513 −

Since T = 60°C, ln ps = 6.758, ps = 861.0 mmHg. Hence ps = 1.148 bar = 1.148 ×
105 Pa. The saturation vapor pressure is higher than atmospheric pressure; this
means that acetone at 60°C must be above its normal boiling point. Check; Tbp

for acetone = 56.5°C.
Vapor pressure p = yP = 0.01191 × 10,000 = 119.1 Pa (0.001191 bar)—much

lower than before because of the reduced total pressure. This is 0.89 mmHg.
Volumetric humidity Yv = 0.0025 kg/m3—again substantially lower than at 1 atm.

Dew point is the temperature where ps equals p′. From the reversed Antoine
equation (12-5),

T = + C2

so

Tdp =�
16.651

2
3
9
−
40

ln 0.89
� + 35.93 = 211.27 K = −61.88°C

This very low dew point is due to the low boiling point of acetone and the low
concentration.

Relative humidity is the ratio of actual vapor pressure to saturation vapor
pressure at dry-bulb temperature. So p = 119.1 Pa, ps = 1.148 × 105 Pa, RH =
0.104 percent—again very low.

A special psychrometric chart would need to be constructed for the acetone-
nitrogen system to get first estimates (this can be done using PSYCHIC, as
shown in Fig. 12-7). A humidity of 0.025 kg/kg at T = 60°C lies just below the
adiabatic saturation line for − 40°C. The wet-bulb temperature will not be the
same as Tas for this system; as the psychrometric ratio β is less than 1, Twb should
be significantly above Tas. However, let us assume no good first estimate is avail-
able and simply take Twb to be 0°C initially.

When using the psychrometer equation, we will need to use Eq. (12-13) to
obtain the value of the psychrometer coefficient. Using the tabulated values above,
we obtain A = 0.00135, about double the value for air-water. We must remember
that the estimate will be very rough because of the uncertainty in the value of β.
Refining the estimate of Twb by using the psychrometer equation and iterating gives

pwb = 119.1 + 1.35 × 10−3 (104) (60 − 0) = 932.3 Pa = 7.0 mmHg
From the Antoine equation,

Twb = 2940/(16.6513 − ln 7) + 35.93 = 235.84 K = −37.3°C
Second iteration:

pwb = 119.1 + 1.35 × 10−3 (104) (60 + 37.3) = 1433 Pa = 10.7 mmHg

Twb = 241.85 K = −31.3°C
Third iteration:

pwb = 119.1 + 1.35 × 10−3 (104) (60 + 31.3) = 1352 Pa = 10.1 mmHg

Twb = 241.0 K = −32.1°C

The iteration has converged successfully, despite the poor initial guess. The wet-
bulb temperature is −32°C; given the levels of error in the calculation, it will be
meaningless to express this to any greater level of precision.

C1
��
C0 − ln ps

2940.46
��
T − 35.93

C1
�
T − C2

In a similar way, adiabatic saturation temperature can be calculated from Eq.
(12-6) by taking the first guess as −40°C and assuming the humid heat to be 1.05
kJ/(kg ⋅K) including the vapor:

Yas = Y + (T − Tas)

= 0.025 + ��5
1
0
.0
1
5
.1

�	 (60 + 40) = 0.235 kg/kg

From Table 12-2,

pas = 1018 Pa = 7.63 mmHg
From Antoine,

Tas = 237.05 K = −36.1°C
Second iteration:

Yas = 0.025 + (1.05/501.1)(60 + 36.1) = 0.226 kg/kg pas = 984 Pa = 7.38 mmHg
From Antoine,

Tas = 236.6 K = −36.6°C
This has converged. A more accurate figure could be obtained with more
refined estimates for Cs and λwb.

MEASUREMENT OF HUMIDITY

Dew Point Method The dew point of wet air is measured
directly by observing the temperature at which moisture begins to
form on an artificially cooled, polished surface.

Optical dew point hygrometers employing this method are the most
commonly used fundamental technique for determining humidity.
Uncertainties in temperature measurement of the polished surface, gra-
dients across the surface, and the appearance or disappearance of fog
have been much reduced in modern instruments. Automatic mirror cool-
ing, e.g., thermoelectric, is more accurate and reliable than older methods
using evaporation of a low-boiling solvent such as ether, or external
coolants (e.g., vaporization of solid carbon dioxide or liquid air, or water
cooling). Contamination effects have also been reduced or compensated
for, but regular recalibration is still required, at least once a year.

Wet-Bulb Method In the past, probably the most commonly used
method for determining the humidity of a gas stream was the measure-
ment of wet- and dry-bulb temperatures. The wet-bulb temperature is
measured by contacting the air with a thermometer whose bulb is cov-
ered by a wick saturated with water. If the process is adiabatic, the ther-
mometer bulb attains the wet-bulb temperature. When the wet- and
dry-bulb temperatures are known, the humidity is readily obtained
from charts such as Figs. 12-1 through 12-4. To obtain reliable informa-
tion, care must be exercised to ensure that the wet-bulb thermometer
remains wet and that radiation to the bulb is minimized. The latter is
accomplished by making the relative velocity between wick and gas
stream high [a velocity of 4.6 m/s (15 ft/s) is usually adequate for com-
monly used thermometers] or by the use of radiation shielding. In the
Assmann psychrometer the air is drawn past the bulbs by a motor-
driven fan. Making sure that the wick remains wet is a mechanical prob-
lem, and the method used depends to a large extent on the particular
arrangement. Again, as with the dew point method, errors associated
with the measurement of temperature can cause difficulty.

For measurement of atmospheric humidities the sling or whirling
psychrometer is widely used to give a quick and cheap, but inaccu-
rate, estimate. A wet- and dry-bulb thermometer is mounted in a sling
which is whirled manually to give the desired gas velocity across the
bulb.

In addition to the mercury-in-glass thermometer, other tempera-
ture-sensing elements may be used for psychrometers. These include
resistance thermometers, thermocouples, bimetal thermometers, and
thermistors.

Electric hygrometers have been the fastest-growing form of
humidity measurement in recent years. They measure the electri-
cal resistance, capacitance, or impedance of a film of moisture-
absorbing materials exposed to the gas. A wide variety of sensing

Cs
�
λas

12-16 PSYCHROMETRY, EVAPORATIVE COOLING, AND SOLIDS DRYING



elements have been used. Often, it is relative humidity which is
measured.

Mechanical hygrometers utilizing materials such as human hair,
wood fiber, and plastics have been used to measure humidity. These
methods rely on a change in dimension with humidity. They are not
suitable for process use.

Other hygrometric techniques in process and laboratory use
include electrolytic and piezoelectric hygrometers, infrared and mass

spectroscopy, and vapor pressure measurement, e.g., by a Pirani
gauge.

The gravimetric method is accepted as the most accurate
humidity-measuring technique. In this method a known quantity of
gas is passed over a moisture-absorbing chemical such as phosphorus
pentoxide, and the increase in weight is determined. It is mainly used
for calibrating standards and measurements of gases with SOx

present.
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GENERAL REFERENCES: 2005 ASHRAE Handbook of Fundamentals, “Climatic
Design Information,” Chap. 28, ASHRAE, Atlanta, Ga.; ASHRAE Handbook and
Product Directory: Equipment, ASHRAE, Atlanta, 2001.

INTRODUCTION

Evaporative cooling, using recirculated cooling water systems, is
the method most widely used throughout the process industries for
employing water to remove process waste heat, rejecting that waste
heat into the environment. Maintenance considerations (water-side
fouling control), through control of makeup water quality and con-
trol of cooling water chemistry, form one reason for this prefer-
ence. Environmental considerations, by minimizing consumption
of potable water, minimizing the generation and release of contam-
inated cooling water, and controlling the release into the environ-
ment of chemicals from leaking heat exchangers (HX), form the
second major reason.

Local ambient climatic conditions, particularly the maximum sum-
mer wet-bulb temperature, determine the design of the evaporative
equipment. Typically, the wet-bulb temperature used for design is the
0.4 percent value, as listed in the ASHRAE Handbook of Fundamen-
tals, equivalent to 35-h exceedance per year on average.

The first subsection below presents the classic cooling tower (CT),
the evaporative cooling technology most widely used today. The sec-
ond subsection presents the wet surface air cooler (WSAC), a more
recently perfected technology, combining within one piece of equip-
ment the functions of cooling tower, circulated cooling water system,
and HX tube bundle. The most common application for WSACs is in
the direct cooling of process streams. However, the closed-circuit
cooling tower, employing WSACs for cooling the circulated cooling
water (replacing the CT), is an important alternative WSAC applica-
tion, presented at the end of this section.

To minimize the total annualized costs for evaporative cooling
is a complex engineering task in itself, separate from classic process
design (Sec. 24, “Minimizing the Annualized Costs for Process
Energy”). The evaluation and the selection of the best option for
process cooling impact many aspects of how the overall project will be
optimally designed (utilities supply, reaction and separations design,
pinch analyses, 3D process layout, plot plan, etc.). Therefore, evaluation
and selection of the evaporative cooling technology system should be
performed at the start of the project design cycle, during conceptual
engineering (Sec. 9, “Process Economics,” “Value Improving Prac-
tices”), when the potential to influence project costs is at a maximum
value (Sec. 9, VIP Figure 9-33). The relative savings achievable for selec-
tion of the optimum heat rejection technology option can frequently
exceed 25 percent, for the installed cost for the technology alone.

PRINCIPLES

The processes of cooling water are among the oldest known. Usually
water is cooled by exposing its surface to air. Some of the processes are
slow, such as the cooling of water on the surface of a pond; others are
comparatively fast, such as the spraying of water into air. These
processes all involve the exposure of water surface to air in varying
degrees.

The heat-transfer process involves (1) latent heat transfer owing to
vaporization of a small portion of the water and (2) sensible heat trans-
fer owing to the difference in temperatures of water and air. Approxi-
mately 80 percent of this heat transfer is due to latent heat and 20
percent to sensible heat.

Theoretical possible heat removal per pound of air circulated in a
cooling tower depends on the temperature and moisture content of
air. An indication of the moisture content of the air is its wet-bulb
temperature. Ideally, then, the wet-bulb temperature is the lowest
theoretical temperature to which the water can be cooled. Practi-
cally, the cold water temperature approaches but does not equal the
air wet-bulb temperature in a cooling tower; this is so because it is
impossible to contact all the water with fresh air as the water drops
through the wetted fill surface to the basin. The magnitude of
approach to the wet-bulb temperature is dependent on the tower
design. Important factors are air-to-water contact time, amount of
fill surface, and breakup of water into droplets. In actual practice,
cooling towers are seldom designed for approaches closer than
2.8°C (5°F).

COOLING TOWERS*

GENERAL REFERENCES: Counterflow Cooling Tower Performance, Pritchard
Corporation, Kansas City, Mo., 1957; Hensley, “Cooling Tower Energy,” Heat
Piping Air Cond. (October 1981); Kelley and Swenson, Chem. Eng. Prog. 52:
263 (1956); McAdams, Heat Transmission, 3d ed., McGraw-Hill, New York,
1954, pp. 356–365; Merkel, Z. Ver. Dtsch. Ing. Forsch., no. 275 (1925); The
Parallel Path Wet-Dry Cooling Tower, Marley Co., Mission Woods, Kan., 1972;
Performance Curves, Cooling Tower Institute, Houston, Tex., 1967; Plume
Abatement and Water Conservation with Wet-Dry Cooling Tower, Marley Co.,
Mission Woods, Kan., 1973; Tech. Bull. R-54-P-5, R-58-P-5, Marley Co., Mis-
sion Woods, Kan., 1957; Wood and Betts, Engineer, 189(4912), 377(4913),
349 (1950); Zivi and Brand, Refrig. Eng., 64(8): 31–34, 90 (1956); Hensley,
Cooling Tower Fundamentals, 2d ed., Marley Cooling Technologies, 1998;
Mortensen and Gagliardo, Impact of Recycled Water Use in Cooling Towers,
TP-04-12, Cooling Technology Institute, 2004; www.cti.org; www.ashrae.org;
www.marleyct.com.

Cooling Tower Theory The most generally accepted theory of
the cooling tower heat-transfer process is that developed by Merkel
(op. cit.). This analysis is based upon enthalpy potential difference
as the driving force.

Each particle of water is assumed to be surrounded by a film of air,
and the enthalpy difference between the film and surrounding air pro-
vides the driving force for the cooling process. In the integrated form
the Merkel equation is

= �T1

T2

(12-14a)

where K = mass-transfer coefficient, lb water/(h⋅ft2); a = contact area,
ft2/ft3 tower volume; V = active cooling volume, ft3/ft2 of plan area; L =
water rate, lb/(h ⋅ft2); CL = heat capacity of water, Btu/(lb ⋅°F); h′=
enthalpy of saturated air at water temperature, Btu/lb; h = enthalpy of

CLdT
�
h′− h

KaV
�

L
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airstream, Btu/lb; and T1 and T2 = entering and leaving water temper-
atures, °F. The right-hand side of Eq. (12-14a) is entirely in terms of
air and water properties and is independent of tower dimensions.

Figure 12-8a illustrates water and air relationships and the driving
potential which exist in a counterflow tower, where air flows parallel
but opposite in direction to water flow. An understanding of this dia-
gram is important in visualizing the cooling tower process.

The water operating line is shown by line AB and is fixed by the
inlet and outlet tower water temperatures. The air operating line
begins at C, vertically below B and at a point having an enthalpy cor-
responding to that of the entering wet-bulb temperature. Line BC
represents the initial driving force h′ − h. In cooling water at 1°F, the
enthalpy per pound of air is increased 1 Btu multiplied by the ratio of
pounds of water to pound of air. The liquid-gas ratio L/G is the slope
of the operating line. The air leaving the tower is represented by point
D. The cooling range is the projected length of line CD on the tem-
perature scale. The cooling tower approach is shown on the diagram
as the difference between the cold water temperature leaving the
tower and the ambient wet-bulb temperature.

The coordinates refer directly to the temperature and enthalpy of
any point on the water operating line but refer directly only to the
enthalpy of a point on the air operating line. The corresponding wet-
bulb temperature of any point on CD is found by projecting the point
horizontally to the saturation curve, then vertically to the temperature
coordinate. The integral [Eq. (12-14a)] is represented by the area
ABCD in the diagram. This value is known as the tower characteris-
tic, varying with the L/G ratio.

For example, an increase in entering wet-bulb temperature moves
the origin C upward, and the line CD shifts to the right to maintain a
constant KaV/L. If the cooling range increases, line CD lengthens. At
a constant wet-bulb temperature, equilibrium is established by mov-
ing the line to the right to maintain a constant KaV/L. On the other
hand, a change in L/G ratio changes the slope of CD, and the tower
comes to equilibrium with a new KaV/L.

To predict tower performance, it is necessary to know the required
tower characteristics for fixed ambient and water conditions. The
tower characteristic KaV/L can be determined by integration. The
Chebyshev method is normally used for numerically evaluating the
integral, whereby

= �T1

T2

≅ � + + + 	1
�
∆h4

1
�
∆h3

1
�
∆h2

1
�
∆h1

T1 − T2
�

4
dT

�
hw − ha

KaV
�

L

where hw = enthalpy of air-water vapor mixture at bulk water temper-
ature, Btu/lb dry air

ha = enthalpy of air-water vapor mixture at wet-bulb tempera-
ture, Btu/lb dry air

∆h1 = value of hw − ha at T2 + 0.1(T1 − T2)
∆h2 = value of hw − ha at T2 + 0.4(T1 − T2)
∆h3 = value of hw − ha at T1 − 0.4(T1 − T2)
∆h4 = value of hw − ha at T1 − 0.1(T1 − T2)

Example 10: Calculation of Mass-Transfer Coefficient Group
Determine the theoretically required KaV/L value for a cooling duty from
105°F inlet water, 85°F outlet water, 78°F ambient wet-bulb temperature, and
an L/G ratio of 0.97.

From the air-water vapor-mixture tables, the enthalpy h1 of the ambient air at
78°F wet-bulb temperature is 41.58 Btu/lb.

h2 (leaving air) = 41.58 + 0.97(105 − 85) = 60.98 Btu�lb

T, °F hwater hair hw − ha 1�∆h

T2 = 85 49.43 h1 = 41.58
T2 + 0.1(20) = 87 51.93 h1 + 0.1L/G(20) = 43.52 ∆h1 = 8.41 0.119
T2 + 0.4(20) = 93 60.25 h1 + 0.4L/G(20) = 49.34 ∆h2 = 10.91 0.092
T1 − 0.4(20) = 97 66.55 h2 − 0.4L/G(20) = 53.22 ∆h3 = 13.33 0.075
T1 − 0.1(20) = 103 77.34 h2 − 0.1L/G(20) = 59.04 ∆h4 = 18.30 0.055

T1 = 105 81.34 h2 = 60.98 0.341

= (0.341) = 1.71

A quicker but less accurate method is by the use of a nomograph (Fig. 12-8b)
prepared by Wood and Betts (op. cit.).

Mechanical draft cooling towers normally are designed for L/G ratios ranging
from 0.75 to 1.50; accordingly, the values of KaV/L vary from 0.50 to 2.50. With
these ranges in mind, an example of the use of the nomograph will readily
explain the effect of changing variables.

105 − 85
�

4
KaV
�

L
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FIG. 12-8a Cooling-tower process heat balance. (Marley Co.)

FIG. 12-8b Nomograph of cooling tower characteristics. [Wood and Betts,
Engineer, 189(4912), 337 (1950).]



Example 11: Application of Nomograph for Cooling Tower
Characteristics If a given tower is operating with 20°F range, a cold water
temperature of 80°F, and a wet-bulb temperature of 70°F, a straight line may be
drawn on the nomograph. If the L/G ratio is calculated to be 1.0, then KaV/L
may be established by a line drawn through L/G 1.0 and parallel to the original
line. The tower characteristic KaV/L is thus established at 1.42. If the wet-bulb
temperature were to drop to 50°F, then KaV/L and L/G ratios may be assumed
to remain constant. A new line parallel to the original will then show that for the
same range the cold-water temperature will be 70°F.

The nomograph provides an approximate solution; degree of accuracy will
vary with changes in cooling as well as from tower to tower. Once the theoreti-
cal cooling tower characteristic has been determined by numerical integration
or from the nomograph for a given cooling duty, it is necessary to design the
cooling tower fill and air distribution to meet the theoretical tower characteris-
tic. The Pritchard Corporation (op. cit.) has developed performance data on var-
ious tower fill designs. These data are too extensive to include here, and those
interested should consult this reference. See also Baker and Mart (Marley Co.,
Tech. Bull. R-52-P-10, Mission Woods, Kan.) and Zivi and Brand (loc. cit.).

Mechanical Draft Towers Two types of mechanical draft tow-
ers are in use today: the forced-draft and the induced-draft. In the
forced-draft tower the fan is mounted at the base, and air is forced
in at the bottom and discharged at low velocity through the top. This
arrangement has the advantage of locating the fan and drive outside
the tower, where it is convenient for inspection, maintenance, and
repairs. Since the equipment is out of the hot, humid top area of the
tower, the fan is not subjected to corrosive conditions. However,
because of the low exit-air velocity, the forced-draft tower is subjected
to excessive recirculation of the humid exhaust vapors back into the air
intakes. Since the wet-bulb temperature of the exhaust air is consider-
ably above the wet-bulb temperature of the ambient air, there is a
decrease in performance evidenced by an increase in cold (leaving)
water temperature.

The induced-draft tower is the most common type used in the
United States. It is further classified into counterflow and cross-flow
design, depending on the relative flow directions of water and air.
Thermodynamically, the counterflow arrangement is more efficient,
since the coldest water contacts the coldest air, thus obtaining maxi-
mum enthalpy potential. The greater the cooling ranges and the more
difficult the approaches, the more distinct are the advantages of the
counterflow type. For example, with an L/G ratio of 1, an ambient
wet-bulb temperature of 25.5°C (78°F), and an inlet water tempera-
ture of 35°C (95°F), the counterflow tower requires a KaV/L charac-
teristic of 1.75 for a 2.8°C (5°F) approach, while a cross-flow tower
requires a characteristic of 2.25 for the same approach. However, if
the approach is increased to 3.9°C (7°F), both types of tower have
approximately the same required KaV/L (within 1 percent).

The cross-flow tower manufacturer may effectively reduce the
tower characteristic at very low approaches by increasing the air quan-
tity to give a lower L/G ratio. The increase in airflow is not necessarily
achieved by increasing the air velocity but primarily by lengthening
the tower to increase the airflow cross-sectional area. It appears then
that the cross-flow fill can be made progressively longer in the direc-
tion perpendicular to the airflow and shorter in the direction of the
airflow until it almost loses its inherent potential-difference disadvan-
tage. However, as this is done, fan power consumption increases.

Ultimately, the economic choice between counterflow and cross-
flow is determined by the effectiveness of the fill, design conditions,
water quality, and the costs of tower manufacture.

Performance of a given type of cooling tower is governed by the
ratio of the weights of air to water and the time of contact between
water and air. In commercial practice, the variation in the ratio of
air to water is first obtained by keeping the air velocity constant at
about 350 ft�(min⋅ft2 of active tower area) and varying the water
concentration, gal�(min⋅ft2 of tower area). As a secondary operation,
air velocity is varied to make the tower accommodate the cooling
requirement.

Time of contact between water and air is governed largely by the
time required for the water to discharge from the nozzles and fall
through the tower to the basin. The time of contact is therefore
obtained in a given type of unit by varying the height of the tower.
Should the time of contact be insufficient, no amount of increase in the
ratio of air to water will produce the desired cooling. It is therefore
necessary to maintain a certain minimum height of cooling tower.
When a wide approach of 8 to 11°C (15 to 20°F) to the wet-bulb tem-
perature and a 13.9 to 19.4°C (25 to 35°F) cooling range are required,
a relatively low cooling tower will suffice. A tower in which the water
travels 4.6 to 6.1 m (15 to 20 ft) from the distributing system to the
basin is sufficient. When a moderate approach and a cooling range of
13.9 to 19.4°C (25 to 35°F) are required, a tower in which the water
travels 7.6 to 9.1 m (25 to 30 ft) is adequate. Where a close approach
of 4.4°C (8°F) with a 13.9 to 19.4°C (25 to 35°F) cooling range is
required, a tower in which the water travels from 10.7 to 12.2 m (35 to
40 ft) is required. It is usually not economical to design a cooling tower
with an approach of less than 2.8°C (5°F).

Figure 12-8c shows the relationship of the hot water, cold water,
and wet-bulb temperatures to the water concentration.* From this,
the minimum area required for a given performance of a well-
designed counterflow induced-draft cooling tower can be obtained.
Figure 12-8d gives the horsepower per square foot of tower area
required for a given performance. These curves do not apply to paral-
lel or cross-flow cooling, since these processes are not so efficient as
the counterflow process. Also, they do not apply when the approach to
the cold water temperature is less than 2.8°C (5°F). These charts
should be considered approximate and for preliminary estimates only.
Since many factors not shown in the graphs must be included in the
computation, the manufacturer should be consulted for final design
recommendations.

The cooling performance of any tower containing a given depth of
filling varies with the water concentration. It has been found that
maximum contact and performance are obtained with a tower having
a water concentration of 2 to 5 gal/(min ⋅ ft2 of ground area). Thus the

EVAPORATIVE COOLING 12-19

FIG. 12-8c Sizing chart for a counterflow induced-draft cooling tower. For
induced-draft towers with (1) an upspray distributing system with 24 ft of fill or
(2) a flume-type distributing system and 32 ft of fill. The chart will give approx-
imations for towers of any height. (Ecodyne Corp.)

FIG. 12-8d Horsepower chart for a counterflow induced-draft cooling tower.
[Fluor Corp. (now Ecodyne Corp.)]

*See also London, Mason, and Boelter, loc. cit.; Lichtenstein, loc. cit.; Simp-
son and Sherwood, J. Am. Soc. Refrig. Eng., 52:535, 574 (1946); Simons, Chem.
Metall. Eng., 49(5):138; (6): 83 (1942);46: 208 (1939); and Hutchinson and
Spivey, Trans. Inst. Chem. Eng., 20:14 (1942).



problem of calculating the size of a cooling tower becomes one of
determining the proper concentration of water required to obtain the
desired results. Once the necessary water concentration has been
established, the tower area can be calculated by dividing the gallons
per minute circulated by the water concentration in gallons per
minute square foot. The required tower size then is a function of the
following:

1. Cooling range (hot water temperature minus cold water tem-
perature)

2. Approach to wet-bulb temperature (cold water temperature
minus wet-bulb temperature)

3. Quantity of water to be cooled
4. Wet-bulb temperature
5. Air velocity through the cell
6. Tower height

Example 12: Application of Sizing and Horsepower Charts
To illustrate the use of the charts, assume the following conditions:

Hot water temperature T1,°F =  102
Cold water temperature T2,°F =  78

Wet-bulb temperature tw,°F =  70
Water rate, gal�min =  2000

A straight line in Fig. 12-8c, connecting the points representing the design
water and wet-bulb temperature, shows that a water concentration of 2 gal/
(ft2⋅min) is required. The area of the tower is calculated as 1000 ft2 (quantity of
water circulated divided by water concentration).

Fan horsepower is obtained from Fig. 12-8d. Connecting the point repre-
senting 100 percent of standard tower performance with the turning point and
extending this straight line to the horsepower scale show that it will require
0.041 hp/ft2 of actual effective tower area. For a tower area of 1000 ft2, 41.0 fan
hp is required to perform the necessary cooling.

Suppose that the actual commercial tower size has an area of only 910 ft2 .Within
reasonable limits, the shortage of actual area can be compensated for by an increase
in air velocity through the tower. However, this requires boosting fan horsepower
to achieve 110 percent of standard tower performance. From Fig. 12-8d, the fan
horsepower is found to be 0.057 hp/ft2 of actual tower area, or 0.057 × 910 = 51.9
hp.

On the other hand, if the actual commercial tower area is 1110 ft2, the cool-
ing equivalent to 1000 ft2 of standard tower area can be accomplished with less
air and less fan horsepower. From Fig. 12-8d, the fan horsepower for a tower
operating at 90 percent of standard performance is 0.031 hp/ft2 of actual tower
area, or 34.5 hp.

This example illustrates the sensitivity of fan horsepower to small changes in
tower area. The importance of designing a tower that is slightly oversize in ground
area and of providing plenty of fan capacity becomes immediately apparent.

Example 13: Application of Sizing Chart Assume the same cool-
ing range and approach as used in Example 12 except that the wet-bulb tem-
perature is lower. Design conditions would then be as follows:

Water rate, gal�min = 2000
Temperature range T1 − T2,°F = 24

Temperature approach T2 − tw,°F = 8
Hot water temperature T1,°F = 92

Cold water temperature T2,°F = 68
Wet-bulb temperature tw,°F = 60

From Fig. 12-8c, the water concentration required to perform the cooling is
1.75 gal/(ft2 ⋅min), giving a tower area of 1145 ft2 versus 1000 ft2 for a 70°F wet-
bulb temperature. This shows that the lower the wet-bulb temperature for the
same cooling range and approach, the larger the area of the tower required and
therefore the more difficult the cooling job.

Figure12-8e illustrates the type of performance curve furnished by the cool-
ing tower manufacturer. This shows the variation in performance with changes
in wet-bulb and hot water temperatures while the water quantity is maintained
constant.

Cooling Tower Operation
Water Makeup Makeup requirements for a cooling tower consist

of the summation of evaporation loss, drift loss, and blowdown.
Therefore,

Wm = We + Wd + Wb (12-14b)

where Wm = makeup water, Wd = drift loss, and Wb = blowdown (con-
sistent units: m3/h or gal/min).

Evaporation loss can be estimated by

We = 0.00085Wc(T1 − T2) (12-14c)

where Wc = circulating water flow, m3/h or gal/min at tower inlet, and
T1 − T2 = inlet water temperature minus outlet water temperature, °F.
The 0.00085 evaporation constant is a good rule-of-thumb value. The
actual evaporation rate will vary by season and climate.

Drift loss can be estimated by

Wd = 0.0002Wc

Drift is entrained water in the tower discharge vapors. Drift loss is a
function of the drift eliminator design and is typically less than 0.02
percent of the water supplied to the tower with the new developments
in eliminator design.

Blowdown discards a portion of the concentrated circulating water
due to the evaporation process in order to lower the system solids con-
centration. The amount of blowdown can be calculated according to
the number of cycles of concentration required to limit scale forma-
tion. “Cycles of concentration” is the ratio of dissolved solids in the
recirculating water to dissolved solids in the makeup water. Since
chlorides remain soluble on concentration, cycles of concentration are
best expressed as the ratio of the chloride contents of the circulating
and makeup waters. Thus, the blowdown quantities required are
determined from

Cycles of concentration = (12-14d)

or Wb = (12-14e)

Cycles of concentration involved with cooling tower operation nor-
mally range from three to five cycles. For water qualities where oper-
ating water concentrations must be below 3 to control scaling,
blowdown quantities will be large. The addition of acid or scale-inhibit-
ing chemicals can limit scale formation at higher cycle levels with such
a water, and will allow substantially reduced water usage for blowdown.

The blowdown equation (12-14e) translates to calculated percent-
ages of the cooling system circulating water flow exiting to drain, as
listed in Table 12-6. The blowdown percentage is based on the cycles
targeted and the cooling range. The range is the difference between
the system hot water and cold water temperatures.

We − (cycles − 1)Wd
���

cycles − 1

We + Wb + Wd
��

Wb+ Wd

12-20 PSYCHROMETRY, EVAPORATIVE COOLING, AND SOLIDS DRYING

FIG. 12-8e Typical cooling-tower performance curve.



It is the open nature of evaporative cooling systems, bringing in
external air and water continuously, that determines the unique water
problems these systems exhibit. Cooling towers (1) concentrate solids
by the mechanisms described above and (2) wash air. The result is a
buildup of dissolved solids, suspended contaminants, organics, bacte-
ria, and their food sources in the circulating cooling water. These
unique evaporative water system problems must be specifically
addressed to maintain cooling equipment in good working order.

Example 14: Calculation of Makeup Water Determine the
amount of makeup required for a cooling tower with the following conditions:

Inlet water flow, m3/h (gal/min) 2270 (10,000)
Inlet water temperature, °C (°F) 37.77 (100)
Outlet water temperature, °C (°F) 29.44 (85)
Drift loss, percent 0.02
Concentration cycles 5

Evaporation loss:

We, m3�h = 0.00085 × 2270 × (37.77 − 29.44) × (1.8°F�°C) = 28.9

We, gal�min = 127.5

Drift loss

Wd, m3�h = 2270 × 0.0002 = 0.45

Wd, gal�min = 2

Blowdown

Wb, m3�h = 6.8

Wb, gal�min = 29.9

Makeup

Wm, m3�h = 28.9 + 0.45 + 6.8 = 36.2

Wm, gal�min = 159.4

Fan Horsepower In evaluating cooling tower ownership and
operating costs, fan horsepower requirements can be a significant fac-
tor. Large air quantities are circulated through cooling towers at exit
velocities of about 10.2 m/s (2000 ft/min) maximum for induced-draft
towers. Fan airflow quantities depend upon tower design factors,
including such items as type of fill, tower configuration, and thermal
performance conditions.

The effective output of the fan is the static air horsepower (SAHP),
which is obtained by the following equation:

SAHP = −

where Q = air volume, ft3/min; hs = static head, in of water; and d =
density of water at ambient temperature, lb/ft3.

Cooling tower fan horsepower can be reduced substantially as the
ambient wet-bulb temperature decreases if two-speed fan motors are
used. Theoretically, operating at half speed will reduce airflow by 50
percent while decreasing horsepower to one-eighth of that of full-
speed operation. However, actual half-speed operation will require
about 17 percent of the horsepower at full speed as a result of the
inherent motor losses at lighter loads.

Figure 12-8f shows a typical plot of outlet water temperatures when
a cooling tower is operated (1) in the fan-off position, (2) with the fan

Q(hs)(d)
��
33,000(12)

at half speed, and (3) with the fan at full speed. Note that at decreas-
ing wet-bulb temperatures the water leaving the tower during half-
speed operation could meet design water temperature requirements
of, say, 85°F. For example, for a 60°F wet-bulb, 20°F range, a leaving-
water temperature slightly below 85°F is obtained with design water
flow over the tower. If the fan had a 100-hp motor, 83 hp would be
saved when operating it at half speed. In calculating savings, one
should not overlook the advantage of having colder tower water avail-
able for the overall water circulating system.

Recent developments in cooling tower fan energy management also
include automatic variable-pitch propeller-type fans and inverter-type
devices to permit variable fan speeds. These schemes involve tracking
the load at a constant outlet water temperature.

The variable-pitch arrangement at constant motor speed changes
the pitch of the blades through a pneumatic signal from the leaving
water temperature. As the thermal load and/or the ambient wet-bulb
temperature decreases, the blade pitch reduces airflow and less fan
energy is required.

Inverters make it possible to control a variable-speed fan by chang-
ing the frequency modulation. Standard alternating-current fan
motors may be speed-regulated between 0 and 60 Hz. In using invert-
ers for this application, it is important to avoid frequencies that would
result in fan critical speeds.

Even though tower fan energy savings can result from these
arrangements, they may not constitute the best system approach.
Power plant steam condensers and refrigeration units, e.g., can take
advantage of colder tower water to reduce power consumption.
Invariably, these system savings are much larger than cooling tower
fan savings with constant leaving water temperatures. A refrigeration
unit condenser can utilize inlet water temperatures down to 12.8°C
(55°F) to reduce compressor energy consumption by 25 to 30 percent.

Pumping Horsepower Another important factor in analyzing
cooling tower selections, especially in medium to large sizes, is the
portion of pump horsepower directly attributed to the cooling tower.
A counterflow type of tower with spray nozzles will have a pumping
head equal to static lift plus nozzle pressure loss. A cross-flow type of
tower with gravity flow enables a pumping head to equal static lift. A
reduction in tower height therefore reduces static lift, thus reducing
pump horsepower:
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TABLE 12.6 Blowdown (%)

Range,°F 2X 3X 4X 5X 6X

10 0.83 0.41 0.26 0.19 0.15
15 1.26 0.62 0.41 0.30 0.24
20 1.68 0.83 0.55 0.41 0.32
25 2.11 1.04 0.69 0.51 0.41
30 2.53 1.26 0.83 0.62 0.49

FIG. 12-8f Typical plot of cooling-tower performance at varying fan speeds.



Pump bhp = (12-14 f)

where Wc = water recirculation rate, gal/min, and ht = total head, ft.
Fogging and Plume Abatement A phenomenon that occurs in

cooling tower operation is fogging, which produces a highly visible
plume and possible icing hazards. Fogging results from mixing warm,
highly saturated tower discharge air with cooler ambient air that lacks
the capacity to absorb all the moisture as vapor. While in the past vis-
ible plumes have not been considered undesirable, properly locating
towers to minimize possible sources of complaints has now received
the necessary attention. In some instances, guyed high fan stacks have
been used to reduce ground fog. Although tall stacks minimize the
ground effects of plumes, they can do nothing about water vapor sat-
uration or visibility. The persistence of plumes is much greater in peri-
ods of low ambient temperatures.

More recently, environmental aspects have caused public aware-
ness and concern over any visible plume, although many laypersons
misconstrue cooling tower discharge as harmful. This has resulted in a
new development for plume abatement known as a wet-dry cooling
tower configuration. Reducing the relative humidity or moisture con-
tent of the tower discharge stream will reduce the frequency of plume
formation. Figure 12-8g shows a “parallel path” arrangement that has
been demonstrated to be technically sound but at substantially
increased tower investment. Ambient air travels in parallel streams
through the top dry-surface section and the evaporative section. Both
sections benefit thermally by receiving cooler ambient air with the wet
and dry airstreams mixing after leaving their respective sections.
Water flow is arranged in series, first flowing to the dry coil section
and then to the evaporation fill section. A “series path” airflow
arrangement, in which dry coil sections can be located before or after
the air traverses the evaporative section, also can be used. However,
series-path airflow has the disadvantage of water impingement, which
could result in coil scaling and restricted airflow.

Wet-dry cooling towers incorporating these designs are being used
for large-tower industrial applications. At present they are not avail-
able for commercial applications.

Thermal Performance The thermal performance of the evapo-
rative cooling tower is critical to the overall efficiency of cooling sys-
tems. Modern electronic measurement instrumentation allows
accurate verification of cooling tower capability. Testing and tracking of
the cooling tower capability are a substantial consideration in measur-
ing cooling system performance. Cooling tower testing is a complex

Wcht
���
3960(pump efficiency)

activity that requires significant expertise in the art. Consult a compe-
tent testing company if such verification is desired.

New Technologies The cooling tower business is constantly
changing in an attempt to improve efficiencies of evaporative cooling
products. A significant thermal performance improvement over the
splash-type fills, covered extensively in the writings above, can be
achieved by using film-type fill. Film fills are formed plastic sheets
separated by spacing knobs that allow water and air to flow easily
between paired plastic surfaces. Fully wetted water flow over these
panels creates an extensive “film” of evaporative surface on the plastic.
Film fill is more sensitive to water quality than are splash-type fills.

These film fills are not sized via the graphical methods illustrated
above for splash fills. They are selected by using manufacturers’ pro-
prietary sizing programs, which are based on extensive testing data.
Such programs can be obtained by contacting manufacturers and/or
industry trade organizations.

Applications for Evaporative Cooling Towers Cooling towers
are commonly used in many commercial and industrial processes
including
• Power generation (fossil fuel, nuclear)
• Industrial process (refinery, chemical production, plastic molding)
• Comfort cooling (HVAC)

Natural Draft Towers, Cooling Ponds, Spray Ponds Natural
draft towers are primarily suited to very large cooling water quantities,
and the reinforced concrete structures used are as large as 80 m in
diameter and 105 m high.

When large ground areas are available, large cooling ponds offer a
satisfactory method of removing heat from water. A pond may be con-
structed at a relatively small investment by pushing up earth in an
earth dike 2 to 3 m high.

Spray ponds provide an arrangement for lowering the temperature
of water by evaporative cooling and in so doing greatly reduce the
cooling area required in comparison with a cooling pond.

Natural draft towers, cooling ponds, and spray ponds are infrequently
used in new construction today in the chemical processing industry.
Additional information may be found in previous Perry’s editions.

WET SURFACE AIR COOLER (WSAC)

GENERAL REFERENCES: Kals, “Wet Surface Aircoolers,” Chem. Engg. July 1971;
Kals, “Wet Surface Aircoolers: Characteristics and Usefulness,” AIChE-ASME
Heat Transfer Conference, Denver, Colo., August 6–9, 1972; Elliott and Kals, “Air
Cooled Condensers,” Power, January 1990; Kals, “Air Cooled Heat Exchangers:
Conventional and Unconventional,” Hydrocarbon Processing, August 1994; Hut-
ton, “Properly Apply Closed Circuit Evaporative Cooling,” Chem. Engg. Progress,
October 1996; Hutton, “Improved Plant Performance through Evaporative Steam
Condensing,” ASME 1998 International Joint Power Conference, Baltimore, Md.,
August 23–26, 1998; http://www.niagarablower.com/wsac.htm; http://www.balti-
moreaircoil.com.

Principles Rejection of waste process heat through a cooling
tower (CT) requires transferring the heat in two devices in series, using
two different methods of heat transfer. This requires two temperature
driving forces in series: first, sensible heat transfer, from the process
stream across the heat exchanger (HX) into the cooling water, and, sec-
ond, sensible and latent heat transfer, from the cooling water to atmo-
sphere across the CT. Rejecting process heat with a wet surface air
cooler transfers the waste heat in a single device by using a single-unit
operation. The single required temperature driving force is lower,
because the WSAC does not require the use of cooling water sensible
heat to transfer heat from the process stream to the atmosphere. A
WSAC tube cross section (Fig. 12-8h) shows the characteristic external
tube surface having a continuous flowing film of evaporating water,
which cascades through the WSAC tube bundle. Consequently,
process streams can be economically cooled to temperatures much
closer to the ambient wet-bulb temperature (WBT), as low as to within
2.2°C (4°F), depending on the process requirements and economics
for the specific application.

Wet Surface Air Cooler Basics The theory and principles for
the design of WSACs are a combination of those known for evaporative
cooling tower design and HX design. However, the design practices for
engineering WSAC equipment remain a largely proprietary, technical
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FIG. 12-8g Parallel-path cooling-tower arrangement for plume abatement.
(Marley Co.)



art, and the details are not presented here. Any evaluation of the
specifics and economics for any particular application requires direct
consultation with a reputable vendor.

Because ambient air is contacted with evaporating water within a
WSAC, from a distance a WSAC has a similar appearance to a CT
(Fig. 12-8i). Economically optimal plot plan locations for WSACs can
vary: integrated into, or with, the process structure, remote to it, in a
pipe rack, etc.

In the WSAC the evaporative cooling occurs on the wetted surface of
the tube bundle. The wetting of the tube bundle is performed by recir-
culating water the short vertical distance from the WSAC collection
basin, through the spray nozzles, and onto the top of the bundle (Fig.
12-8j). The tube bundle is completely deluged with this cascading flow
of water. Using water application rates between 12 and 24 (m3/h)/m2 (5
and 10 gpm/ft2), the tubes have a continuous, flowing external water
film, minimizing the potential for water-side biological fouling, sedi-
ment deposition, etc. Process inlet temperatures are limited to a maxi-
mum of about 85°C (185°F), to prevent external water-side mineral
scaling. However, higher process inlet temperatures can be accepted,
by incorporating bundles of dry, air-cooled finned tubing within the
WSAC unit, to reduce the temperature of the process stream to an
acceptable level before it enters the wetted evaporative tube bundles.

The WSAC combines within one piece of equipment the functions of
cooling tower, circulated cooling water system, and water-cooled HX. In
the basic WSAC configuration (Fig. 12-8k), ambient air is drawn in and

down through the tube bundle. This airflow is cocurrent with the evap-
orating water flow, recirculated from the WSAC collection basin sump
to be sprayed over the tube bundles. This downward cocurrent flow
pattern minimizes the generation of water mist (drift). At the bottom of
the WSAC, the air changes direction through 180°, disengaging
entrained fine water droplets. Drift eliminators can be added to meet
very low drift requirements. Because heat is extracted from the tube
surfaces by water latent heat (and not sensible heat), only about 75 per-
cent as much circulating water is required in comparison to an equiva-
lent CT-cooling water-HX application.

The differential head of the circulation water pump is relatively
small, since dynamic losses are modest (short vertical pipe and a low
∆P spray nozzle) and the hydraulic head is small, only about 6 m (20 ft)
from the basin to the elevation of the spray header. Combined, the
pumping energy demand is about 35 percent that for an equivalent CT
application. The capital cost for this complete water system is also rel-
atively small. The pumps and motors are smaller, the piping has a
smaller diameter and is much shorter, and the required piping struc-
tural support is almost negligible, compared to an equivalent CT appli-
cation. WSAC fan horsepower is typically about 25 percent less than
that for an equivalent CT.

A WSAC is inherently less sensitive to water-side fouling.
This is due to the fact that the deluge rate prevents the adhesion of
waterborne material which can cause fouling within a HX. A WSAC
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FIG. 12-8h WSAC tube cross-section. Using a small T, heat flows from (A) the
process stream, through (B) the tube, through (C) the flowing film of evaporat-
ing water, into (D) flowing ambient air.

FIG. 12-8i Overhead view of a single-cell WSAC.

FIG. 12-8j Nozzles spraying onto wetted tube bundle in a WSAC unit.

FIG. 12-8k Basic WSAC configuration.



can accept relatively contaminated makeup water, such as CT
blowdown, treated sewage plant effluent, etc. WSACs can endure
more cycles of concentration without fouling than can a CT
application. This higher practical operating concentration reduces the
relative volume for the evaporative cooling blowdown, and therefore
also reduces the relative volume of required makeup water. For facil-
ities designed for zero liquid discharge, the higher practical WSAC
blowdown concentration reduces the size and the operating costs for
the downstream water treatment system. Since a hot process stream
provides the unit with a heat source, a WSAC has intrinsic freeze
protection while operating.

Common WSAC Applications and Configurations Employ-
ment of a WSAC can reduce process system operating costs that are
not specific to the WSAC unit itself. A common WSAC application is
condensation of compressed gas (Fig. 12-8l). A compressed gas
can be condensed in a WSAC at a lower pressure, by condensing at a
temperature closer to the ambient WBT, typically 5.5°C (10°F) above
the WBT. This reduced condensation pressure reduces costs, by
reducing gas compressor motor operating horsepower. Consequently,
WSACs are widely applied for condensing refrigerant gases, for
HVAC, process chillers, ice makers, gas-turbine inlet air cooling,
chillers, etc. WSACs are also used directly to condense lower-mole-
cular-weight hydrocarbon streams, such as ethane, ethylene,
propylene, and LPG. A related WSAC application is the cooling of
compressed gases (CO2, N2, methane, LNG, etc.), which directly
reduces gas compressor operating costs (inlet and interstage cooling)
and indirectly reduces downstream condensing costs (aftercooling the
compressed gas to reduce the downstream refrigeration load).

For combined cycle electric power generation, employment of a
WSAC increases steam turbine efficiency. Steam turbine exhaust
can be condensed at a lower pressure (higher vacuum) by condensing at
a temperature closer to the ambient WBT, typically 15°C (27°F) above
the WBT. This reduced condensation pressure results in a lower turbine
discharge pressure, increasing electricity generation by increasing
output shaft power (Fig. 12-8m). Due to standard WSAC configurations,
a second cost advantage is gained at the turbine itself. The steam tur-
bine can be placed at grade, rather than being mounted on an ele-
vated platform, by venting horizontally into the WSAC, rather than
venting downward to condensers located below the platform elevation,
as is common for conventional water-cooled vacuum steam condensers.

A WSAC can eliminate chilled water use, for process cooling
applications with required temperatures close to and just above the
ambient WBT, typically about 3.0 to 5.5°C (5 to 10°F) above the
WBT. This WSAC application can eliminate both chiller capital and
operating costs. In such an application, either the necessary process
temperature is below the practical CT water supply temperature, or
they are so close to it that the use of CT water is uneconomical (a low-
HX LMDT).

WSACs can be designed to simultaneously cool several process
streams in parallel separate tube bundles within a single cell of a

WSAC (Fig. 12-8n). Often one of the streams is closed-circuit cooling
water to be used for remote cooling applications. These might be
applications not compatible with a WSAC (rotating seals, bearings,
cooling jackets, internal reactor cooling coils, etc.) or merely numer-
ous, small process streams in small HXs.

WSAC for Closed-Circuit Cooling Systems A closed-circuit
cooling system as defined by the Cooling Technology Institute (CTI)
employs a closed loop of circulated fluid (typically water) remotely as
a cooling medium. By definition, this medium is cooled by water
evaporation involving no direct fluid contact between the air and
the enclosed circulated cooling medium. Applied in this manner, a
WSAC can be used as the evaporative device to cool the circulated
cooling medium, used remotely to cool process streams. This configu-
ration completely isolates the cooling water (and the hot process
streams) from the environment (Fig. 12-8o).

The closed circuit permits complete control of the cooling water chem-
istry, which permits minimizing the cost for water-side materials of
construction and eliminating water-side fouling of, and fouling heat-
transfer resistance in, the HXs (or jackets, reactor coils, etc.). Elimina-
tion of water-side fouling is particularly helpful for high-temperature
cooling applications, especially where heat recovery may otherwise be
impractical (quench oils, low-density polyethylene reactor cooling, etc.).

Closed-circuit cooling minimizes circulation pumping horse-
power, which must overcome only dynamic pumping losses. This results
through recovery of the returning circulated cooling water hydraulic
head. A closed-circuit system can be designed for operation at ele-
vated pressures, to guarantee that any process HX leak will be into the
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FIG. 12-8l WSAC configuration for condensing a compressed gas. A lower
condensing pressure reduces compressor operating horsepower.

FIG. 12-8m WSAC configuration with electricity generation. A lower steam
condensing pressure increases the turbine horsepower extracted.

FIG. 12-8n WSAC configuration with parallel streams.



process. Such high-pressure operation is economical, since the system
overpressure is not lost during return flow to the circulation pump.

Closed-circuit cooling splits the water chemistry needs into two
isolated systems: the evaporating section, exposed to the environ-
ment, and the circulated cooling section, isolated from the environ-
ment. Typically, this split reduces total water chemistry costs and
water-related operations and maintenance problems. On the other
hand, the split permits the effective use of a low-quality or contam-
inated makeup water for evaporative cooling, or a water source hav-
ing severe seasonal quality problems, such as high sediment loadings.

If highly saline water is used for the evaporative cooling, a
reduced flow of makeup saline water would need to be supplied
to the WSAC. This reduction results from using latent cooling rather
than sensible cooling to reject the waste heat. This consequence
reduces the substantial capital investment required for the saline
water supply and return systems (canal structures) and pump stations,
and the saline supply pumping horsepower. (When saline water is
used as the evaporative medium, special attention is paid to materials
of construction and spray water chemical treatment due to the aggra-
vated corrosion and scaling tendencies of this water.)

Water Conservation Applications—“Wet-Dry” Cooling A
modified and hybridized form of a WSAC can be used to provide what is
called “wet-dry” cooling for water conservation applications (Fig. 12-8p).
A hybridized combination of air-cooled dry finned tubes, standard wet-
ted bare tubes, and wet deck surface area permits the WSAC to operate
without water in cold weather, reducing water consumption by about
75 percent of the total for an equivalent CT application.

Under design conditions of maximum summer WBT, the unit oper-
ates with spray water deluging the wetted tube bundle. The exiting water
then flows down into and through the wet deck surface, where the water
is cooled adiabatically to about the WBT, and then to the sump.

As the WBT drops, the process load is shifted from the wetted
tubes to the dry finned tubes. By bypassing the process stream around
the wetted tubes, cooling water evaporation (consumption) is propor-
tionally reduced.

When the WBT drops to the “switch point,” the process bypassing
has reached 100 percent. This switch point WBT is at or above 5°C
(41°F). As the ambient temperature drops further, adiabatic evapora-
tive cooling continues to be used, to lower the dry-bulb temperature
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FIG. 12-8o WSAC configuration with no direct fluid contact.

to below the switch point temperature. This guarantees that the entire
cooling load can be cooled in the dry finned tube bundle.

The use of water is discontinued after ambient dry-bulb tempera-
tures fall below the switch point temperature, since the entire process
load can be cooled using only cold fresh ambient air. By using this
three-step load-shifting practice, total wet-dry cooling water con-
sumption is about 25 percent of that consumption total experienced
with an equivalent CT application.

Wet-dry cooling permits significant reduction of water con-
sumption, which is useful where makeup water supplies are limited or
where water treatment costs for blowdown are high. Because a WSAC
(unlike a CT) has a heat source (the hot process stream), wet-dry cool-
ing avoids various cold-weather-related CT problems. Fogging and
persistent plume formation can be minimized or eliminated
during colder weather. Freezing and icing problems can be elimi-
nated by designing a wet-dry system for water-free operation during
freezing weather, typically below 5°C (41°F). In the arctic, or regions
of extreme cold, elimination of freezing fog conditions is realized
by not evaporating any water during freezing weather.
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FIG. 12-8p As seasonal ambient temperatures drop, the “wet-dry” configura-
tion for a WSAC progressively shifts the cooling load from evaporative to con-
vective cooling.
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INTRODUCTION

Drying is the process by which volatile materials, usually water, are
evaporated from a material to yield a solid product. Drying is a heat-
and mass-transfer process. Heat is necessary to evaporate water. The
latent heat of vaporization of water is about 2500 J/g, which means
that the drying process requires a significant amount of energy. Simul-
taneously, the evaporating material must leave the drying material by
diffusion and/or convection.

Heat transfer and mass transfer are not the only concerns when one
is designing or operating a dryer. The product quality (color, particle
density, hardness, texture, flavor, etc.) is also very strongly dependent
on the drying conditions and the physical and chemical transforma-
tions occurring in the dryer.

Understanding and designing a drying process involves measure-
ment and/or calculation of the following:

1. Mass and energy balances
2. Thermodynamics
3. Mass- and heat-transfer rates
4. Product quality considerations

The section below explains how these factors are measured and calcu-
lated and how the information is used in engineering practice.

TERMINOLOGY

Generally accepted terminology and definitions are given alphabeti-
cally in the following paragraphs.

Absolute humidity is the mass ratio of water vapor (or other sol-
vent mass) to dry air.

Activity is the ratio of the fugacity of a component in a system rel-
ative to the standard-state fugacity. In a drying system, it is the
ratio of the vapor pressure of a solvent (e.g., water) in a mixture
to the pure solvent vapor pressure at the same temperature. Boil-
ing occurs when the vapor pressure of a component in a liquid
exceeds the ambient total pressure.

Bound moisture in a solid is that liquid which exerts a vapor pres-
sure less than that of the pure liquid at the given temperature.
Liquid may become bound by retention in small capillaries, by
solution in cell or fiber walls, by homogeneous solution through-
out the solid, by chemical or physical adsorption on solid sur-
faces, and by hydration of solids.

Capillary flow is the flow of liquid through the interstices and over
the surface of a solid, caused by liquid-solid molecular attraction.

Constant-rate period (unhindered) is that drying period during
which the rate of water removal per unit of drying surface is con-
stant, assuming the driving force is also constant.

Convection is heat or mass transport by bulk flow.
Critical moisture content is the average moisture content when

the constant-rate period ends, assuming the driving force is also
constant.

Diffusion is the molecular process by which molecules, moving
randomly due to thermal energy, migrate from regions of high
chemical potential (usually concentration) to regions of lower
chemical potential.

Dry basis expresses the moisture content of wet solid as kilograms
of water per kilogram of bone-dry solid.

Equilibrium moisture content is the limiting moisture to which
a given material can be dried under specific conditions of air
temperature and humidity.

Evaporation is the transformation of material from a liquid state to
a vapor state.

Falling-rate period (hindered drying) is a drying period during
which the instantaneous drying rate continually decreases.

Fiber saturation point is the moisture content of cellular materi-
als (e.g., wood) at which the cell walls are completely saturated
while the cavities are liquid-free. It may be defined as the equi-
librium moisture content as the humidity of the surrounding
atmosphere approaches saturation.

Free moisture content is that liquid which is removable at a given
temperature and humidity. It may include bound and unbound
moisture.

Funicular state is that condition in drying a porous body when
capillary suction results in air being sucked into the pores.

Hygroscopic material is material that may contain bound mois-
ture.

Initial moisture distribution refers to the moisture distribution
throughout a solid at the start of drying.

Internal diffusion may be defined as the movement of liquid or
vapor through a solid as the result of a concentration difference.

Latent heat of vaporization is the specific enthalpy change asso-
ciated with evaporation.

Moisture content of a solid is usually expressed as moisture quan-
tity per unit weight of the dry or wet solid.

Moisture gradient refers to the distribution of water in a solid at
a given moment in the drying process.

Nonhygroscopic material is material that can contain no bound
moisture.

Pendular state is that state of a liquid in a porous solid when a con-
tinuous film of liquid no longer exists around and between dis-
crete particles so that flow by capillary cannot occur. This state
succeeds the funicular state.

Permeability is the resistance of a material to bulk or convective,
pressure-driven flow of a fluid through it.

Relative humidity is the partial pressure of water vapor divided by
the vapor pressure of pure water at a given temperature. In other
words, the relative humidity describes how close the air is to sat-
uration.

Sensible heat is the energy required to increase the temperature
of a material without changing the phase.

Unaccomplished moisture change is the ratio of the free mois-
ture present at any time to that initially present.

Unbound moisture in a hygroscopic material is that moisture in
excess of the equilibrium moisture content corresponding to
saturation humidity. All water in a nonhygroscopic material is
unbound water.

Vapor pressure is the partial pressure of a substance in the gas
phase that is in equilibrium with a liquid or solid phase of the
pure component.

Wet basis expresses the moisture in a material as a percentage of
the weight of the wet solid. Use of a dry-weight basis is recom-
mended since the percentage change of moisture is constant for
all moisture levels. When the wet-weight basis is used to express
moisture content, a 2 or 3 percent change at high moisture con-
tents (above 70 percent) actually represents a 15 to 20 percent
change in evaporative load. See Fig. 12-9 for the relationship
between the dry- and wet-weight bases.

MASS AND ENERGY BALANCES

The most basic type of calculation for a dryer is a mass and energy bal-
ance. This calculation only quantifies the conservation of mass and
energy in the system; by itself it does not answer important questions
of rate and quality.

Some examples here illustrate the calculations. Experimental
determination of the values used in these calculations is discussed in a
later section.
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FIG. 12-9 Relationship between wet-weight and dry-weight bases.



Example 15 illustrates a generic mass and energy balance. Other
examples are given in the sections on fluidized bed dryers and rotary
dryers.

Example 15: Overall Mass and Energy Balance on a Sheet
Dryer Figure 12-10 shows a simple sheet drying system. Hot air enters the
dryer and contacts a wet sheet. The sheet leaves a dryer with a lower moisture
content, and the air leaves the dryer with a higher humidity.

Given: Incoming wet sheet mass flow rate is 100 kg/h. It enters with 20 per-
cent water on a wet basis and leaves at 1 percent water on a wet basis. The air-
flow rate is 1000 kg/h, with an absolute humidity of 0.01 g water/g dry air. The
incoming air temperature is 170°C. The sheet enters at 20°C and leaves at
90°C.

Relevant physical constants: Cp, air = 1 kJ�(kg ⋅°C), Cp, sheet = 2.5 kJ�(kg ⋅°C),
Cp, liquid water = 4.184 kJ�(kg ⋅°C), Cp, water vapor = 2 kJ�(kg ⋅°C) (for superheated steam at
low partial pressures). Latent heat of vaporization of water at 20°C = λw = 2454 J�g

Find the following:
1. The absolute humidity of the exiting airstream
2. The exit air temperature
Solution: Answering the questions above involves an overall mass and

energy balance. Only the mass and enthalpy of the streams need to be consid-
ered to answer the two questions above. Only the streams entering the overall
process need to be considered. In this example, wet-basis moisture content
(and therefore total mass flow rate including moisture) will be used. Since the
same mass of air flows in and out of the dryer, there are no equations to solve
for the dry air.

The mass balance is given by the following equations:

Fdry sheet in = Fdry sheet out (12-15)

Fliquid water in = Fliquid water out + Fevaporated (12-16)

Gdry air in = Gdry air out (12-17)

Gwater vapor in + Fevaporated = Gwater vapor out (12-18)

The wet-basis moisture contents of the incoming and outgoing sheet are
given by

win = (12-19)

wout = (12-20)

The relationship between the total airflow, the dry airflow, and the absolute
humidity is given by

Gdry air = Gair = 1000 kg�h = 990 kg�h
1

�
1 + 0.01

1
�
1 + Y

Fliquid water out
���
Fliquid water out + Fdry sheet out

Fliquid water in
���
Fliquid water in + Fdry sheet in

The absolute humidity of each airstream is given by

Yin = (12-21)

Yout = (12-22)

The mass flow rates of the dry sheet and the liquid water in can be calculated
from the overall sheet flow rate and the incoming moisture content:

Gliquid water in = Gsheet win = (100 kg�h)(0.2) = 20 kg�h (12-23)

Fdry sheet = Fsheet(1 − win) = (100 kg�h)(0.8) = 80 kg�h (12-24)

The mass flow rates of the dry air and incoming water vapor can be calculated
from the overall airflow rate and the incoming absolute humidity:

Gwater vapor in = Gdry airYin = (990 kg�h)(0.01) = 9.9 kg�h (12-25)

To calculate the exiting absolute humidity, Eq. (12-22) is used. But the
evaporation rate Gevaporated is needed. This is calculated from Eqs. (12-16)
and (12-20).

Fliquid water out = Fdry sheet out = .80 kg�h = 0.8 kg�h (12-20, rearranged)

Gevaporated = Fliquid water in − Fliquid water out = 20 − 1 kg/h = 19.2 kg/h (12-26)

Equation (12-18) is now used to calculate the mass flow of water vapor out of the
dryer:

Gwater vapor out = 9.9 kg�h + 19.2 kg�h = 29.1 kg�h (12-27)

Now the absolute humidity of the exiting air is readily calculated from Eq. (12-22):

Yout = �
Gw

G
ate

d

r

r

v

y

ap

ai

o

r

r out
� = �

9
2
9
9
0

� = 0.0294 (12-28)

Next an energy balance must be used to estimate the outgoing air temperature.
The following general equation is used:

Hdry air,in + Hwater vapor, in + Hdry sheet in + Hliquid water in = Hdry air, out + Hwater vapor, out

+ Hdry sheet out + Hliquid water out + heat loss to surroundings (12-29)

Heat losses to the environment are often difficult to quantify, but they can be
neglected for a first approximation. This assumption is more valid for large sys-
tems than small systems. It is neglected in this example.

Evaluation of the energy balance terms can be done in a couple of ways. Val-
ues of the enthalpies above can be calculated by using a consistent reference, or
the equation can be rearranged in terms of enthalpy differences. The latter
approach will be used here, as shown by Eq. (12-30).

∆Hdry air + ∆Hwater vapor + ∆Hevaporation + ∆Hliquid water + ∆Hdry sheet = 0 (12-30)

The enthalpy change due to evaporation ∆Hevaporation is given by Fevaporated λw. To
evaluate λw rigorously, a decision has to be made on the calculational path of the
evaporating water since this water is both heating and evaporating. Typically, a
two-step path is used—isothermal evaporation and heating of either phase. The
incoming liquid water can all be heated to the outlet temperature of the sheet,
and then the heat of vaporization at the outlet temperature can be used; or the
evaporation can be calculated as occurring at the inlet temperature, and the
water vapor is heated from the inlet temperature to the outlet temperature.
Alternatively a three-step path based on latent heat at the datum (0°C) may be
used. All these methods of calculation are equivalent, since the enthalpy is a
state function; but in this case, the second method is preferred since the outlet
temperature is unknown. In the calculation, the water will be evaporated at
20°C, heated to the air inlet temperature 170°C, and then cooled to the outlet
temperature. Alternatively, this enthalpy change can be calculated directly by
using tabular enthalpy values available on the psychrometric chart or Mollier
diagram.

The terms in these equations can be evaluated by using

∆Hdry air = Gdry air in Cp,air (Tair in − Tair, out)

= (990.1 kg�h)[1 kJ�(kg ⋅°C)][(170 − Tair,out) kJ�h] (12-31)

∆Hwater vapor = Gwater vapor out Cp,water vapor (Tair in − Tair,out)

= (29.1 kg�h) [2 kJ�(kg ⋅°C)] [(170 − Tair,out) kJ�h] (12-32)

0.01
�
0.99

wout
�1 − wout

Gwater vapor out
��

Gdry air out

Gwater vapor in
��

Gdry air in
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FIG. 12-10 Overall mass and energy balance diagram.



From steam tables, ∆Hvap at 20°C = 2454 kJ/kg, hl = 84 kJ/kg, and hg at 170°C
(superheated, low pressure) = 2820 kJ/kg.

−∆Hevaporation = − Gevaporated⋅∆Hvap

= (−19.2 kg/h)
[2736 kJ/kg (from steam table)] 

= −52,530 kJ/h (12-33)

∆Hliquid water = Fliquid water outCp, liquid water(Tsheet,in − Tsheet,out)

= (0.8 kg/h)[4.18 kJ/(kg ⋅°C)] [(20°C − 90°C)] = − 234 kJ/h (12-34)

∆Hdry sheet = Fdry sheet Cp,sheet(Tsheet,in − Tsheet,out)

= (80 kg/h)[2.5 kJ/(kg ⋅°C)][(20°C − 90°C)] = −14,000 kJ/h

Putting this together gives

(990.1)(1)(170 − Tair, out) + (29.1)(2)(170 − Tair, out) − 52,530 − 293 − 14,000 = 0

Tair, out = 106°C

THERMODYNAMICS

The thermodynamic driving force for evaporation is the difference in
chemical potential or water activity between the drying material and
the gas phase. Although drying of water is discussed in this section, the
same concepts apply analogously for solvent drying.

For a pure water drop, the driving force for drying is the difference
between the vapor pressure of water and the partial pressure of water
in the gas phase. The rate of drying is proportional to this driving
force; please see the discussion on drying kinetics later in this chapter.

Rate ∝ (psat
pure − pw,air)

The activity of water in the gas phase is defined as the ratio of the par-
tial pressure of water to the vapor pressure of pure water, which is also
related to the definition of relative humidity.

aw
vapor = = 

The activity of water in a mixture or solid is defined as the ratio of the
vapor pressure of water in the mixture to that of a reference, usually
the vapor pressure of pure water. In solids drying or drying of solu-
tions, the vapor pressure (or water activity) is lower than that for pure
water. Therefore, the water activity value equals 1 for pure water and
< 1 when binding is occurring. This is caused by thermodynamic inter-
actions between the water and the drying material. In many standard
drying references, this is called bound water.

aw
solid =

When a solid sample is placed into a humid environment, water will
transfer from the solid to the air or vice versa until equilibrium is
established. At thermodynamic equilibrium, the water activity is equal
in both phases:

aw
vapor = asolid

w = aw

Sorption isotherms quantify how tightly water is bound to a solid.
The goal of obtaining a sorption isotherm for a given solid is to measure
the equilibrium relationship between the percentage of water in the
sample and the vapor pressure of the mixture. The sorption isotherm
describes how dry a product can get if contacted with humid air for an
infinite amount of time. An example of a sorption isotherm is shown in
Fig. 12-11. In the sample isotherm, a feed material dried with 50 per-
cent relative humidity air (aw = 0.5) will approach a moisture content of
10 percent on a dry basis. Likewise, a material kept in a sealed con-
tainer will create a headspace humidity according to the isotherm; a
7 percent moisture sample in the example below will create a 20 per-
cent relative humidity (aw = 0.2) headspace in a sample jar or package.

Strictly speaking, the equilibrium moisture content of the sample in
a given environment should be independent of the initial condition of

psat
mixture
�

psat
pure

%RH
�

100
pw

�
psat

pure

the sample. However, there are cases where the sorption isotherm of
an initially wet sample (sometimes called a desorption isotherm) is dif-
ferent from that of an identical, but initially dry sample. This is called
hysteresis and can be caused by irreversible changes in the sample
during wetting or drying, micropore geometry in the sample, and
other factors. Paper products are notorious for isotherm hysteresis.
Most materials show little or no hysteresis.

Sorption isotherms cannot generally be predicted from theory.
They need to be measured experimentally. The simplest method of
measuring a sorption isotherm is to generate a series of controlled-
humidity environments by using saturated salt solutions, allow a solid
sample to equilibrate in each environment, and then analyze the solid
for moisture content.

The basic apparatus is shown in Fig. 12-12, and a table of salts is
shown in Table 12-7. It is important to keep each chamber sealed and
to be sure that crystals are visible in the salt solution to ensure that the
liquid is saturated. Additionally, the solid should be ground into a
powder to facilitate mass transfer. Equilibration can take 2 to 3 weeks.
Successive moisture measurements should be used to ensure that the
sample has equilibrated, i.e., achieved a steady value. Care must be
taken when measuring the moisture content of a sample; this is
described later in the chapter.

Another common method of measuring a sorption isotherm is to
use a dynamic vapor sorption device. This machine measures the
weight change of a sample when exposed to humidity-controlled air. A
series of humidity points are programmed into the unit, and it auto-
matically delivers the proper humidity to the sample and monitors the
weight. When the weight is stable, an equilibrium point is noted and
the air humidity is changed to reflect the next setting in the series.
When one is using this device, it is critical to measure and record the
starting moisture of the sample, since the results are often reported as
a percent of change rather than a percent of moisture.

There are several advantages to the dynamic vapor sorption
device. First, any humidity value can be dialed in, whereas salt solu-
tions are not available for every humidity value and some are quite
toxic. Second, since the weight is monitored as a function of time, it
is clear when equilibrium is reached. The dynamic devices also give
the sorption/desorption rates, although these can easily be misused
(see the drying kinetics section later). The salt solution method, on
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FIG. 12-11 Example of a sorption isotherm (coffee at 22°C).

FIG. 12-12 Sorption isotherm apparatus. A saturated salt solution is in the
bottom of the sealed chamber; samples sit on a tray in the headspace.



the other hand, is significantly less expensive to buy and maintain.
Numerous samples can be placed in humidity chambers and run in
parallel while a dynamic sorption device can process only one sam-
ple at a time.

An excellent reference on all aspects of sorption isotherms is by Bell
and Labuza, Moisture Sorption, 2d ed., American Associated of
Cereal Chemists, 2000.

MECHANISMS OF MOISTURE TRANSPORT 
WITHIN SOLIDS

Drying requires moisture to travel to the surface of a material. There
are several mechanisms by which this can occur:

1. Diffusion of moisture through solids. Diffusion is a molecular
process, brought about by random wanderings of individual mole-
cules. If all the water molecules in a material are free to migrate, they
tend to diffuse from a region of high moisture concentration to one of
lower moisture concentration, thereby reducing the moisture gradient
and equalizing the concentration of moisture.

2. Convection of moisture within a liquid or slurry. If a flowable
solution is drying into a solid, then liquid motion within the material
brings wetter material to the surface.

3. Evaporation of moisture within a solid and gas transport out of
the solid by diffusion and/or convection. Evaporation can occur
within a solid if it is boiling or porous. Subsequently vapor must move
out of the sample.

4. Capillary flow of moisture in porous media. The reduction of
liquid pressure within small pores due to surface tension forces causes
liquid to flow in porous media by capillary action.

DRYING KINETICS

This section discusses the rate of drying. The kinetics of drying dic-
tates the size of industrial drying equipment, which directly affects the
capital and operating costs of a process involving drying. The rate of
drying can also influence the quality of a dried product since other
simultaneous phenomena can be occurring, such as heat transfer and
shrinkage due to moisture loss.

Drying Curves and Periods of Drying The most basic and
essential kinetic information on drying is a drying curve. A drying
curve describes the drying kinetics and how they change during drying.
The drying curve is affected by the material properties, size or thick-
ness of the drying material, and drying conditions. In this section, the
general characteristics of drying curves and their uses are described.
Experimental techniques to obtain drying curves are discussed in the
“Experimental Methods” section and uses of drying curves for scale-up
are discussed in “Dryer Modeling Design and Scale-up.”

Several representations of a typical drying curve are shown in Fig.
12-13. The top plot, Fig. 12-13a, is the moisture content (dry basis)
as a function of time. The middle plot, Fig. 12-13b, is the drying rate
as a function of time, the derivative of the top plot. The bottom plot,
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TABLE 12-7 Maintenance of Constant Humidity

Solid phase Max. temp., °C % Humidity

H3PO4⋅aH2O 24.5 9
ZnCl2⋅aH2O 20 10
KC2H3O2 168 13
LiCl⋅H2O 20 15
KC2H3O2 20 20
KF 100 22.9
NaBr 100 22.9
CaCl2⋅6H2O 24.5 31
CaCl2⋅6H2O 20 32.3
CaCl2⋅6H2O 18.5 35
CrO3 20 35
CaCl2⋅6H2O 10 38
CaCl2⋅6H2O 5 39.8
K2CO3⋅2H2O 24.5 43
K2CO3⋅2H2O 18.5 44
Ca(NO3)2⋅4H2O 24.5 51
NaHSO4⋅H2O 20 52
Mg(NO3)2⋅6H2O 24.5 52
NaClO3 100 54
Ca(NO3)2⋅4H2O 18.5 56
Mg(NO3)2⋅6H2O 18.5 56
NaBr ⋅2H2O 20 58
Mg(C2H3O2)⋅4H2O 20 65
NaNO2 20 66
(NH4)2SO4 108.2 75
(NH4)2SO4 20 81
NaC2H3O2⋅3H2O 20 76
Na2S2O3⋅5H2O 20 78
NH4Cl 20 79.5
NH4Cl 25 79.3
NH4Cl 30 77.5
KBr 20 84
Tl2SO4 104.7 84.8
KHSO4 20 86
Na2CO3⋅10H2O 24.5 87
K2CrO4 20 88
NaBrO3 20 92
Na2CO3⋅10H2O 18.5 92
Na2SO4⋅10H2O 20 93
Na2HPO4⋅12H2O 20 95
NaF 100 96.6
Pb(NO3)2 20 98
TlNO3 100.3 98.7
TLCl 100.1 99.7

For a more complete list of salts, and for references to the literature, see
International Critical Tables, vol. 1, p. 68.
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FIG. 12-13 Several common representations of a typical drying curve.
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Fig. 12-13c, is the drying rate as affected by the average moisture con-
tent of the drying material. Since the material loses moisture as time
passes, the progression of time in this bottom plot is from right to left.

Some salient features of the drying curve show the different periods
of drying. These are common periods, but not all occur in every dry-
ing process. The first period of drying is called the induction period.
This period occurs when material is being heated early in drying. The
second period of drying is called the constant-rate period. During this
period, the surface remains wet enough to maintain the vapor pres-
sure of water on the surface. Once the surface dries sufficiently, the
drying rate decreases and the falling-rate period occurs. This period
can also be referred to as hindered drying.

Figure 12-13 shows the transition between constant- and falling-
rate periods of drying occurring at the critical point. The critical point
refers to the average moisture content of a material at this transition.

The sections below show examples of drying curves and the phe-
nomena that give rise to common shapes.

Introduction to Internal and External Mass-Transfer
Control—Drying of a Slab The concepts in drying kinetics are
best illustrated with a simple example—air drying of a slab. Consider
a thick slab of homogeneous wet material, as shown in Fig. 12-14. In
this particular example, the slab is dried on an insulating surface
under constant conditions. The heat for drying is carried to the sur-
face with hot air, and air carries water vapor from the surface. At the
same time, a moisture gradient forms within the slab, with a dry sur-
face and a wet interior. The curved line is the representation of the
gradient. At the bottom the slab (z = 0), the material is wet and the
moisture content is drier at the surface.

The following processes must occur to dry the slab:
1. Heat transfer from the air to the surface of the slab
2. Mass transfer of water vapor from the surface of the slab to the

bulk air
3. Mass transfer of moisture from the interior of the slab to the sur-

face of the slab
Depending on the drying conditions, thickness, and physical proper-
ties of the slab, any of the above steps can be rate-limiting. Figure 12-15
shows two examples of rate-limiting cases.

The top example shows the situation of external rate control. In this
situation, the heat transfer to the surface and/or the mass transfer from
the surface in the vapor phase is slower than mass transfer to the surface
from the bulk of the drying material. In this limiting case, the moisture
gradient in the material is minimal, and the rate of drying will be con-
stant as long as the average moisture content remains high enough to
maintain a high water activity (see the section on thermodynamics for a
discussion of the relationship between moisture content and water
vapor pressure). External rate control leads to the observation of a con-
stant-rate period drying curve.

The bottom example shows the opposite situation: internal rate con-
trol. In the case of heating from the top, internal control refers to a slow
rate of mass transfer from the bulk of the material to the surface of the
material. Diffusion, convection, and capillary action (in the case of
porous media) are possible mechanisms for mass transfer of moisture to
the surface of the slab. In the internal rate control situation, moisture is
removed from the surface by the air faster than moisture is transported
to the surface. This regime is caused by relatively thick layers or high
values of the mass- and heat-transfer coefficients in the air. Internal rate
control leads to the observation of a falling-rate period drying curve.

z

Winitial 0

Hot air

FIG. 12-14 Drying of a slab.

Generally speaking, drying curves show both behaviors. When dry-
ing begins, the surface is often wet enough to maintain a constant-rate
period and is therefore externally controlled. But as the material dries,
the mass-transfer rate of moisture to the surface often slows, causing
the rate to decrease since the lower moisture content on the surface
causes a lower water vapor pressure. However, some materials begin
dry enough that there is no observable constant-rate period.

MATHEMATICAL MODELING OF DRYING

Mathematical models can be powerful tools to help engineers under-
stand drying processes. Models can be either purchased or home-
made. Several companies offer software packages to select dryers,
perform scale-up calculations, and simulate dryers.

Homemade models are often mass and energy balance spread-
sheets, simplified kinetic models, or the simultaneous solution of the
convection diffusion and heat equations together with nonlinear
isotherms. All levels of models have their place.

This section begins with the most rigorous and numerical models.
These models are potentially the most accurate, but require physical
property data and simultaneous solution of differential and algebraic
equations. Generally speaking, simpler models are more accessible to
engineers and easier to implement. They can be very useful as long as
the inherent limitations are understood.

Numerical Modeling of Drying Kinetics This section summa-
rizes a numerical approach toward modeling drying from a fundamental
standpoint. In other words, predictions are made from the appropriate
sets of differential and algebraic equations, together with physical prop-
erties of the drying medium and drying material. Statistical methods of
data analysis, e.g., design of experiments, are not covered.

The approach in this section is lagrangian; i.e., the model is for a
drying object (particle, drop, sheet, etc.) as it moves through the dry-
ing process in time. More complicated models can use a eulerian
frame of reference by simulating the dryer with material moving into
and out of the dryer.

The approach taken in this example also assumes that the mechanism
of mass transport is by diffusion. This is not always the case and can be
significantly incorrect, especially in the case of drying of porous materials.

Any fundamental mathematical model of drying contains mass and
energy balances, constituative equations for mass- and heat-transfer
rates, and physical properties. Table 12-8 shows the differential mass
balance equations that can be used for common geometries. Note
there are two sets of differential mass balances—one including shrink-
age and one not including shrinkage. When moisture leaves a drying
material, the material can either shrink, or develop porosity, or both.
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FIG. 12-15 Drying curves and corresponding moisture gradients for situations
involving external heat and mass-transfer control and internal mass-transfer
control.



The equations in Table 12-8 are insufficient on their own. Some
algebraic relationships are needed to formulate a complete problem, as
illustrated in Example 16. Equations for the mass- and heat-transfer
coefficients are also needed for the boundary conditions presented in
Table 12-8. These require the physical properties of the air, the object
geometry, and Reynolds number. Example 16 shows the solution for a
problem using numerical modeling. This example shows some of the
important qualitative characteristics of drying.

Example 16: Air Drying of a Thin Layer of Paste Simulate the
drying kinetics of 100 µm of paste initially containing 50 percent moisture (wet-
basis) with dry air at 60°C, 0 percent relative humidity air at velocities of 1, 10,
or 1000 m/s (limiting case) and at 60°C, 0 percent relative humidity air at 1 m/s.
The diffusion coefficient of water in the material is constant at 1 × 10−10 m2/s.
The length of the layer in the airflow direction is 2.54 cm.

Physical property data: Sorption isotherm data fit well to the following
equation:

w = 3.10 � 	
5

− 6.21 � 	
4

+ 4.74 � 	
3

− 1.70 � 	
2

+ 0.378 � 	
Solid density = 1150 kg/m3

Heat of vaporization = 2450 J/g

Solid heat capacity: 2.5 J/(g⋅K)

Water heat capacity: 4.184 J/(g⋅K)

%RH
�

100
%RH
�

100

%RH
�

100
%RH
�

100
%RH
�

100

Air

2.54 cm

100 µm layer

Solution: The full numerical model needs to include shrinkage since the mate-
rial is 50 percent water initially and the thickness will decrease from 100 to 46.5
µm during drying. Assuming the layer is viscous enough to resist convection in
the liquid, diffusion is the dominant liquid-phase transport mechanism.

Table 12-8 gives the mass balance equation:

= �D (w) � =  ρs

At top surface,

−D (w)
top surface

= kc

At bottom surface,

bottom surface

= 0

The temperature is assumed to be uniform through the thickness of the layer.

(1 + wavg,dry-basis)⋅msolids Cp ⋅ = [h(Tair − Tlayer) − F ⋅∆Hvap]A

Mass- and heat-transfer coefficients are given by

Nu = =  0.664 ⋅Re0.5 ⋅Pr0.333

Sh = = 0.664 ⋅Re0.5 ⋅Sc0.333

kp = kc⋅ρair

The Reynolds number uses the length of the layer L in the airflow direction:

Re = 

where V = air velocity.

VLρair
�

µair

kcL
�
Dair/water

hL
�
kair

dTlayer
�

dt

∂u
�
∂s

Pw
bulk − Pw

surface
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P − Pw

surface
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∂s
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∂u
�
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TABLE 12-8 Mass-Balance Equations for Drying Modeling When Diffusion Is Mass-Transfer Mechanism of Moisture Transport

Case Mass balance without shrinkage Mass balance with shrinkage

Slab geometry = �D(w) � = �D(w) � = ρs

At top surface, − D(w)
top surface

= kp At top surface, −D(w)
top surface

= kp

At bottom surface, 
bottom surface

= 0 At bottom surface, 
bottom surface

= 0

Cylindrical geometry = �rD(w) � = �ρs
2D(w) � = rρs

At surface, −D(w)
surface

= kp At surface, −D(w)r
surface

= kp

At center, 
center

= 0 At center, 
surface

= 0

Spherical geometry = �r2D(w) � = �ρs
4D(w) � = r2ρs

At surface, −D(w)
surface

= kp At surface, −D(w)r2

surface

= kp

At center, 
center

= 0 At center, 
bottom surface

= 0

The variable u is the dry-basis moisture content. The equations that include shrinkage are taken from Van der Lijn, doctoral thesis, Wageningen (1976).
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The Prandtl and Schmidt numbers, Pr and Sc, for air are given by

Pr = = 0.70 Sc = = 0.73

The following algebraic equations are also needed:

= + density of wet material (assumes volume 
additivity)

Cw = w⋅ρ concentration of water

1 − w
�

ρs
o

w
�
ρo

w

1
�
ρ

µair
��
ρair Dair/water

Cp, air µair
�

kair

ρs = (1 − w)ρ concentration of solids

= definition of relative humidity

Pw, sat = 0.01 exp �16.262 − 	Antoine equation 
for vapor pressure of water

Result: The results of the simulation are shown in Fig. 12-16. The top plot
shows the average moisture content of the layer as a function of time, the mid-
dle plot shows the drying rate as a function of time, and the bottom plot shows
the moisture gradient in each layer after 10 s of drying.

3800
��
226.3 + Tliquid/solid
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At a velocity of 1 m/s, drying occurs at a constant rate for nearly the entire
process; at 10 m/s, drying begins at a high constant rate and then enters a
falling-rate period; and at 1000 m/s (limiting case), there is no constant-rate
period. These results illustrate the relationships between the external air con-
ditions, drying rate, and moisture gradient. At high air velocity, the drying rate
is faster, but becomes limited by internal diffusion and a steep moisture gradi-
ent forms. As the air velocity increases, the drying rate becomes less sensitive
to air velocity.

The equation set in this example was solved by using a differential-algebraic
equation solver called gPROMS from Process Systems Enterprises (www.pse.
com). It can also be solved with other software and programming languages
such as FORTRAN. Example 16 is too complicated to be done on a spreadsheet.

Simplified Kinetic Models This section presents several exam-
ples of simplified kinetic models. A model of the constant-rate period
is shown in Example 17. During the constant-rate period, the drying
rate is controlled by gas-phase mass and heat transfer. This is easier
than modeling the falling-rate period, since the properties of air and
water (or other gas-phase molecules) are well understood. Modeling
the falling-rate period requires knowledge of and/or assumptions
about the physical properties of the drying material.

Example 17: Drying a Pure Water Drop (Marshall, Atomization
& Spray Drying, 1986.) Calculate the time to dry a drop of water, given the air
temperature and relative humidity as a function of drop size.

Solution: Assume that the drop is drying at the wet-bulb temperature. Begin
with an energy balance [Eq. (12-35)]

Mass flux = (12-35)

Next, a mass balance is performed on the drop. The change in mass equals the
flux times the surface area.

= −A ⋅mass flux (12-36)

Evaluating the area and volume for a sphere gives

ρ⋅4πR2�
d
d
R
t
� = −4πR2 ⋅mass flux (12-37)

Combining Eqs. (12-35) and (12-37) and simplifying gives

ρ �
d
d
R
t
� = (12-38)

−h(Tair − Tdrop)
��

∆Hvap

ρ dVdroplet
��

dt

h(Tair − Tdrop)
��

∆Hvap

A standard correlation for heat transfer to a sphere is given by (Ranz and Mar-
shall, 1952)

Nu = �
h(

k
2

ai

R

r

)
� = 2 + 0.6 ⋅Re0.5Pr0.33 (12-39)

For small drop sizes or for stagnant conditions, the Nusselt number has a limit-
ing value of 2.

Nu = = 2 (12-40)

h = (12-41)

Inserting into Eq. (12-38) gives

R �
d
d
R
t
� = (12-42)

Integration yields

�
R
2

2

� − �
R
2

2
0

� = (12-43)

where R0 = initial drop radius, m.
Now the total lifetime of a drop can be calculated from Eq. (12-43) by setting

R = 0:

t = (12-44)

The effects of drop size and air temperature are readily apparent from Eq. 
(12-44). The temperature of the drop is the wet-bulb temperature and can be
obtained from a psychrometric chart, as described in the previous section. Sam-
ple results are plotted in Fig. 12-17.

The above solution for drying of a pure water drop cannot be used
to predict the drying rates of drops containing solids. Drops contain-
ing solids will not shrink uniformly and will develop internal concen-
tration gradients (falling-rate period) in most cases.

Modeling of the falling-rate period is usually done by treating the
drying problem as a diffusion problem, where the rate-limiting step is
the diffusion of moisture from deep within the solid to the surface.

One of the attractions of treating drying as a diffusion problem is its
relative simplicity compared with more complex models for moisture
movement. This renders the approach tractable for hand calculations,
and these calculations are often appropriate given the wide variability in
diffusion coefficients and permeabilities both within and between

ρ ∆Hvap R2
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materials. The simplicity of this approach is also useful when one is opti-
mizing processing conditions, where the number of calculations, even
with modern workstations, is considerable. Moreover, this diffusion
approach works well for predicting both average moisture contents and
moisture-content profiles for some materials.

The three main driving forces which have been used within diffu-
sion models (moisture content, partial pressure of water vapor, and
chemical potential) will now be discussed. Attempts to predict diffu-
sion coefficients theoretically will also be reviewed, together with
experimental data for fitted diffusion coefficients and their depen-
dence on temperature and moisture content.

Waananen et al. (1993), in their review of drying models, note that
most models in their final form express the driving force for moisture
movement in terms of a moisture concentration gradient. However,
the true potential for transfer may be different, namely, differences in
chemical potential, as explored in greater detail by Keey et al. (2000).
In theory, the diffusion coefficient will be independent of moisture
concentration only if the moisture is unbound, but concentration-
independent diffusion coefficients have been successfully used in
some cases over a wide range of moisture contents.

Since the true driving force is the chemical potential difference,
transfer will occur between two moist bodies in the direction of falling
chemical potential rather than decreasing moisture content. Moisture
may flow from the drier body to the wetter one.

At low moisture contents, Perré and Turner (1996) suggest that
there seems to be little difference between the predictions of drying
models with driving forces based on gradients in chemical potential,
moisture content, and partial pressure of water vapor, indicating that
the simplest approach (a moisture content driving force) might be
most practical. The majority of work involving the use of diffusion
models has used moisture content driving forces. Hence, there is
some empirical support for the use of moisture content driving forces.

In this model, described by Fick’s second law, we have

= �D 	 (12-45)

where X is the free moisture content above the equilibrium moisture
content, t is time, z is the distance coordinate perpendicular to the
airstream, and D is the diffusion coefficient. Sherwood (1929) was the
first to use this approach, and he made the following additional
assumptions:
• The diffusion coefficient D is constant.
• The initial moisture content in the material is uniform.
• Surface material comes into equilibrium with the surrounding air

instantaneously, so that the resistance of the boundary layer outside
the material is negligible.

∂X
�
∂z

∂
�
∂z

∂X
�
∂t

Translated to mathematical terms, the last two of these assumptions are

t = 0 X = Xi (12-46)
z = δ X = Xe (at the surface) (12-47)

where δ is the half thickness of the board. This approach allowed Eq.
(12-45) to be integrated to yield a predicted moisture content profile.
This moisture content profile may be integrated to give average mois-
ture contents, with the characteristic moisture content Φ being
defined as before, Φ


= (X


− Xe)/(Xi − Xe), where X


is the volume-aver-

aged moisture content and Xi and Xe are the initial and equilibrium
moisture contents, respectively. The equation for the characteristic
moisture content is

Φ
  

= 

∞

n= 0
exp � − � 	

2
π2τ� (12-48)

With this model, a characteristic parameter which governs the extent
of drying is the mass-transfer Fourier number τ, defined as follows:

τ = (12-49)

If drying is controlled by diffusion, then for the same drying condi-
tions, doubling the thickness of the material should increase the dry-
ing time to the same final moisture content fourfold.

If the diffusion coefficient is constant, the moisture content profile
through a material for the steady-state movement of moisture through
it would be linear. However, drying is not a steady-state process.
When the moisture content change occurs over almost the entire half
thickness of the material, in other words when the size of the fully wet
region is very small, the moisture content profiles can be shown to be
parabolic during drying if the diffusion coefficient is constant.

The surface of the material does not necessarily come instantly to
equilibrium. The surface of the material is only at equilibrium with the
drying air during the falling-rate period. Although dry patches have
been seen and photographed on the surface of moist granular beds as
they dry out (Oliver and Clarke, 1973), fine porous material can have a
significant fraction of its exposed surface dry before the evaporation
from the whole surface is affected (Suzuki et al., 1972; Schlünder,
1988) due to the buffering effect of the external boundary layer.

Concept of a Characteristic Drying Rate Curve In 1958, van
Meel observed that the drying rate curves, during the falling-rate
period, for a specific material often show the same shape (Figs. 12-18
and 12-19), so that a single characteristic drying curve can be drawn
for the material being dried. Strictly speaking, the concept should only

D t
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2
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apply to materials of the same specific size (surface area to material
ratio) and thickness, but Keey (1992) shows evidence that it applies
over a somewhat wider range with reasonable accuracy. In the
absence of experimental data, a linear falling-rate curve is often a
reasonable first guess for the form of the characteristic function (good
approximation for milk powder, fair for ion-exchange resin, silica gel).
At each volume-averaged, free moisture content, it is assumed that
there is a corresponding specific drying rate relative to the unhin-
dered drying rate in the first drying period that is independent of the
external drying conditions. Volume-averaged means averaging over
the volume (distance cubed for a sphere) rather than just the distance.
The relative drying rate is defined as

f = (12-50)

where N is the drying rate, Nm is the rate in the constant-rate period,
and the characteristic moisture content becomes

Φ = (12-51)

where X


is the volume-averaged moisture content, Xcr is the moisture
content at the critical point, and Xe is that at equilibrium. Thus, the dry-
ing curve is normalized to pass through the point (1,1) at the critical
point of transition in drying behavior and the point (0,0) at equilibrium.

This representation leads to a simple lumped-parameter expression
for the drying rate in the falling-rate period, namely,

N = fNm = f [kφm(YW − YG)] (12-52)

Here k is the external mass-transfer coefficient, φm is the humidity-
potential coefficient (corrects for the humidity not being a strictly true
representation of the driving force; close to unity most of the time),
YW is the humidity above a fully wetted surface, and YG is the bulk-gas
humidity. Equation (12-52) has been used extensively as the basis for
understanding the behavior of industrial drying plants owing to its
simplicity and the separation of the parameters that influence the dry-
ing process: the material itself f, the design of the dryer k, and the
process conditions φm(YW − YG) f.

For example, suppose (with nonhygroscopic solids, Xe = 0 kg/kg)
that we have a linear falling-rate curve, with a maximum drying rate
Nm of 0.5 kg moisture/(kg dry solids ⋅ s) from an initial moisture con-
tent of 1 kg moisture/kg dry solids. If the drying conditions around the
sample are constant, what is the time required to dry the material to a
moisture content of 0.2 kg moisture/kg dry solids?

X


− Xe
�
Xcr − Xe

N
�
Nm

N = 0.5 kg kg−1 s−1

Given that the drying rate dX/dt is equal to N, we have

t = �1

0.2
=�1

0.2
= 2�1

0.2
= 2 ln = 3.21 s (12-53)

The characteristic drying curve, however, is clearly a gross approxima-
tion. A common drying curve will be found only if the volume-averaged
moisture content reflects the moistness of the surface in some fixed way.

For example, in the drying of impermeable timbers, for which the sur-
face moisture content reaches equilibrium quickly, there is unlikely to be
any significant connection between the volume-averaged and the surface
moisture contents, so the concept is unlikely to apply. While the concept
might not be expected to apply to the same material with different thick-
ness, e.g., Pang finds that it applies for different thicknesses in the drying
of softwood timber (Keey, 1992), its applicability appears to be wider
than the theory might suggest. A paper by Kemp and Oakley (2002)
explains that many of the errors in the assumptions in this method often
cancel out, meaning that the concept has wide applicability.

Keey and Suzuki (1974) have explored the conditions for which a
characteristic curve might apply, using a simplified analysis based on
an evaporative front receding through a porous mass. Their analysis
shows that a unique curve pertains only when the material is thinly
spread and the permeability to moisture is large. Internal diffusion
often controls drying as the material becomes very dry, but the result
of Keey and Suzuki suggests that the uniqueness of the curve, in the-
ory, depends on drying not being significantly controlled by internal
diffusion. One might expect, then, to find characteristic drying curves
for small, microporous particles dried individually, and there is a suf-
ficient body of data to suggest that a characteristic drying curve may
be found to describe the drying of discrete particles below 20 mm in
diameter over a range of conditions that normally exist within a com-
mercial dryer. Nevertheless, Kemp and Oakley (1992) find that many
of the deviations from the assumptions, in practice, cancel out, so that
the limitation suggested by Keey and Suzuki (diffusion not control-
ling) is not as severe as might be expected.

An example of the application of a linear characteristic drying curve
is given in the section on rotary dryers.

EXPERIMENTAL METHODS

Lab-, pilot-, and plant-scale experiments all play important roles in
drying research. Lab-scale experiments are often necessary to study
product characteristics and physical properties; pilot-scale experi-
ments are often used in proof-of-concept process tests and to gener-
ate larger quantities of sample material; and plant-scale experiments
are often needed to diagnose processing problems and to start or
change a full-scale process.

Measurement of Drying Curves Measuring and using experi-
mental drying curves can be difficult. Typically, this is a three-step
process. The first step is to collect samples at different times of drying,
the second step is to analyze each sample for moisture, and the third
step is to interpret the data to make process decisions.

Solid sample collection techniques depend on the type of dryer.
Since a drying curve is the moisture content as a function of time, it
must be possible to obtain material before the drying process is com-
plete. There are several important considerations when sampling
material for a drying curve:

1. The sampling process needs to be fast relative to the drying
process. Drying occurring during or after sampling can produce mis-
leading results. Samples must be sealed prior to analysis. Plastic bags
do not provide a sufficient seal.

2. In heterogeneous samples, the sample must be large enough to
accurately represent the composition of the mixture.

Table 12-9 outlines some sampling techniques for various dryer types.
Moisture measurement techniques are critical to the successful col-

lection and interpretation of drying data. The key message of this sec-
tion is that the moisture value almost certainly depends on the
measurement technique and that it is essential to have a consistent
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technique when measuring moisture. Table 12-10 compares and
contrasts some different techniques for moisture measurement.

The most common method is gravimetric (“loss-on-drying”). A sam-
ple is weighed in a sample pan or tray and placed into an oven or
heater at some high temperature for a given length of time. The sam-
ple is weighed again after drying. The difference in weight is then
assumed to be due to the complete evaporation of water from the
sample. The sample size, temperature, and drying time are all impor-
tant factors. A very large or thick sample may not dry completely in
the given time; a very small sample may not accurately represent the
composition of a heterogeneous sample. A low temperature can fail to
completely dry the sample, and a temperature that is too high can
burn the sample, causing an artificially high loss of mass.

Usually, solid samples are collected as described, but in some exper-
iments, it is more convenient to measure the change in humidity of
the air due to drying. This technique requires a good mass balance of
the system and is more common in lab-scale equipment than pilot- or
plant-scale equipment.

Performing a Mass and Energy Balance on a Large Industrial
Dryer Measuring a mass and energy balance on a large dryer is often
necessary to understand how well the system is operating and how much
additional capacity may be available. This exercise can also be used to
detect and debug gross problems, such as leaks and product buildup.

There are several steps to this process.
1. Draw a sketch of the overall process including all the flows of

mass into and out of the system. Look for places where air can leak
into or out of the system. There is no substitute for physically walking
around the equipment to get this information.

2. Decide on the envelope for the mass and energy balance. Some
dryer systems have hot-air recycle loops and/or combustion or steam
heating systems. It is not always necessary to include these to under-
stand the dryer operation.

3. Decide on places to measure airflows and temperatures and to
take feed and product samples. Drying systems and other process
equipment are frequently not equipped for such measurements; the
system may need minor modification, such as the installation of ports
into pipes for pitot tubes or humidity probes. These ports must not
leak when a probe is in place.

4. Take the appropriate measurements and calculate the mass and
energy balances.
The measurements are inlet and outlet temperatures, humidities, and
flow rates of the air inlets and outlets as well as the moisture and tem-
perature of the feed and dry solids. The following are methods for
each of the measurements:

Airflow Rate This is often the most difficult to measure. Fan
curves are often available for blowers but are not always reliable. A
small pitot tube can be used (see Sec. 22, “Waste Management,” in
this Handbook) to measure local velocity. The best location to use a
pitot tube is in a straight section of pipe. Measurements at multiple
positions in the cross section of the pipe or duct are advisable, partic-
ularly in laminar flow or near elbows and other flow disruptions.

Air Temperature A simple thermocouple can be used in most
cases, but in some cases special care must be taken to ensure that wet
or sticky material does not build up on the thermocouple. A wet ther-
mocouple will yield a low temperature from evaporative cooling.

Air Humidity Humidity probes need to be calibrated before use,
and the absolute humidity (or both the relative humidity and temper-
ature) needs to be recorded. If the probe temperature is below the
dew point of the air in the process, then condensation on the probe
will occur until the probe heats.

Feed and Exit Solids Rate These are generally known, particu-
larly for a unit in production. Liquids can be measured by using a
bucket and stopwatch. Solids can be measured in a variety of ways.

Feed and Exit Solids Moisture Content These need to be mea-
sured using an appropriate technique, as described above. Use the
same method for both the feed and exit solids. Don’t rely on formula
sheets for feed moisture information.

Figure 12-20 shows some common tools used in these measure-
ments.

DRYING OF NONAQUEOUS SOLVENTS

Practical Considerations Removal of nonaqueous solvents
from a material presents several practical challenges. First, solvents
are often flammable and require drying either in an inert environ-
ment, such as superheated steam or nitrogen, or in a gas phase com-
prised solely of solvent vapor. The latter will occur in indirect or
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TABLE 12-9 Sample Techniques for Various Dryer Types

Dryer type Sampling method

Fluid bed dryer Sampling cup (see Fig. 12-20)
Sheet dryer Collect at end of dryer. Increase speed to change 

the drying time.
Tray dryer Record initial moisture and mass of tray with time.
Indirect dryer Decrease residence time with higher flow rate 

and sample at exit.
Spray dryer Residence time of product is difficult to determine 

and change. Special probes have been developed 
to sample partially dried powder in different 
places within the dryer (ref. Langrish).

TABLE 12-10 Moisture Determination Techniques

Method Principle Advantages Disadvantages

Gravimetric (loss on drying)

IR/NIR

RF/microwave

Equilibrium relative humidity (ERH)

Karl Fischer titration

Water evaporates when sample is
held at a high temperature. Differ-
ence in mass is recorded.

Absorption of infrared radiation by
water is measured.

Absorption of RF or microwave
energy is measured.

The equilibrium relative humidity
headspace above sample in a closed
chamber is measured. Sorption
isotherm is used to determine mois-
ture.

Chemical titration that is water-
specific. Material can be either
added directly to a solvent or heated
in an oven, with the headspace
purged and bubbled through solvent.

Simple technique. No extensive cali-
bration methods are needed. Lab
equipment is commonly available.

Fast method. Suitable for very thin
layers or small particles.

Fast method. Suitable for large parti-
cles.

Relatively quick method. Useful par-
ticularly if a final moisture specifica-
tion is in terms of water activity (to
retard microorganism growth).

Specific to water only and very pre-
cise. Units can be purchased with an
autosampler. Measurement takes
only a few minutes.

Method is slow. Measurement time is
several minutes to overnight
(depending on material and accu-
racy). Generally not suitable for
process control. Does not differenti-
ate between water and other volatile
substances.

Only surface moisture is detected.
Extensive calibration is needed.

Extensive calibration is needed.

May give misleading results since the
surface of the material will equili-
brate with the air. Large particles
with moisture gradients can give
falsely low readings. Measurement of
relative humidity can be imprecise.

Equipment is expensive and requires
solvents. Minimal calibration
required. Sample size is small,
which may pose a problem for het-
erogeneous mixtures.



vacuum drying equipment. Second, the solvent vapor must be col-
lected in an environmentally acceptable manner.

An additional practical consideration is the remaining solvent con-
tent that is acceptable in the final product. Failure to remove all the
solvent can lead to problems such as toxicity of the final solid or can
cause the headspace of packages, such as drums, to accumulate sol-
vent vapor.

Physical Properties The physical properties that are important
in solvent drying are the same as those for an aqueous system. The
vapor pressure of a solvent is the most important property since it pro-
vides the thermodynamic driving force for drying. Acetone (BP 57°C),
for example, can be removed from a solid at atmospheric pressure
readily by boiling, but glycerol (BP 200°C) will dry only very slowly.
Like water, a solvent may become bound to the solid and have a lower
vapor pressure. This effect should be considered when one is designing
a solvent-drying process.

Example 18: Preparation of a Psychrometric Chart Make a
psychrometric chart for dipropylene glycol. It has a molecular weight of 134.2
g/mol and a normal boiling temperature of 228°C, and the latent heat of vapor-
ization is 65.1 kJ/mol.

The Clausius-Clapeyron equation can be used to estimate the vapor pressure
of dipropylene glycol as a function of temperature, with the boiling temperature
as a reference.

ln = � − 	
where Psat

T1
, PT2

sat = vapor pressures of the solvent at absolute temperatures T1 and
T2

∆Hvap = latent heat of vaporization, J/mol
R = gas constant, 8.314 J�(mol ⋅K)

Since the boiling temperature is 228°C, 501.15 K and 1 bar were used as T2 and
P2. The latent heat value is 65.1 kJ/mol.

Once the vapor pressure of dipropylene glycol is known at a given tempera-
ture, the mass of dipropylene glycol/mass of dry air can be calculated. Since
dipropylene glycol is the only liquid, the partial pressure of dipropylene glycol
equals the vapor pressure.

Pdipropylene glycol = P Sat
dipropylene glycol

1
�
T2

1
�
T1

−∆Hvap
�

R
PT1

sat

�
PT2

sat

The mole fraction of dipropylene glycol is the partial pressure divided by the
total system pressure, taken to equal 1 bar.

ydipropylene glycol = 

The saturation mole ratio of dipropylene glycol to air is given by the following.

Mole ratio = 

The saturation mass ratio of dipropylene glycol to air is calculated by multiply-
ing by the molecular weights. The mass ratio as a function of temperature gives
the saturation curve, as shown in Fig. 12-21.

Saturation mass ratio = 

= ⋅
ydipropyleneglycol

��
1 − ydipropyleneglycol

molecular weight of dipropylene glycol
�����

molecular weight of dry air

g dipropylene glycol
���

g dry air

ydipropylene glycol
��1 − ydipropylene glycol

P dipropylene glycol
���

P
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FIG. 12-20 Variety of tools used to measure mass and energy balances on dryers.
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FIG. 12-21 An example of a solvent psychrometric chart.



Each relative humidity curve is proportional to the saturation value.

Mass ratio = � 	 ⋅ saturation mass ratio

Diffusion of nonaqueous solvents through a material can be slow. The
diffusion coefficient is directly related to the size of the diffusing mole-
cule, so molecules larger than water typically have diffusion coefficients
that have a much lower value. This phenomenon is known as selective
diffusion. Large diffusing molecules can become kinetically trapped in
the solid matrix. Solvents with a lower molecular weight will often evap-
orate from a material faster than a solvent with a higher molecular
weight, even if the vapor pressure of the larger molecule is higher. Some
encapsulation methods rely on selective diffusion; an example is instant
coffee production using spray drying, where volatile flavor and aroma
components are retained in particles more than water, even though they
are more volatile than water, as shown in Fig. 12-22.

PRODUCT QUALITY CONSIDERATIONS

Overview The drying operation usually has a very strong influ-
ence on final product quality and product performance measures.
And the final product quality strongly influences the value of the
product. Generally, a specific particle or unit size, a specific density, a
specific color, and a specific target moisture are desired. Naturally
every product is somewhat different, but these are usually the first
things we need to get right.

Target Moisture This seems obvious, but it’s very important to
determine the right moisture target before we address other drying
basics. Does biological activity determine the target, flowability of the
powder, shelf life, etc.? Sometimes a very small (1 to 2 percent) change
in the target moisture will have a very big impact on the size of the dryer
required. This is especially true for difficult-to-dry products with flat
falling-rate drying characteristics. Therefore, spend the time necessary
to get clear on what really determines the moisture target. And as noted
earlier in this subsection, care should be taken to define a moisture
measurement method since results are often sensitive to the method.

Particle Size Generally a customer or consumer wants a very
specific particle size—and the narrower the distribution, the better.
No one wants lumps or dust. The problem is that some attrition and

%RH
�

100

sometimes agglomeration occur during the drying operation. We may
start out with the right particle size, but we must be sure the dryer
we’ve selected will not adversely affect particle size to the extent that
it becomes a problem. And some dryers will treat particles more gen-
tly than others. Particle size is also important from a segregation
standpoint. See Sec. 18, “Solid-Solid Operations and Equipment.”
And of course fine particles can also increase the risk of fire or explo-
sion.

Density Customers and consumers are generally also very inter-
ested in getting the product density they have specified or expect. If
the product is a consumer product and going into a box, then the den-
sity needs to be correct to fill the box to the appropriate level. If den-
sity is important, then product shrinkage during drying can be an
important harmful transformation to consider. This is particularly
important for biological products for which shrinkage can be very
high. This is why freeze drying can be the preferred dryer for many of
these materials.

Solubility Many dried products are rewet either during use by
the consumer or by a customer during subsequent processing. Shrink-
age can again be a very harmful transformation. Many times shrinkage
is a virtually irreversible transformation which creates an unaccept-
able product morphology. Case hardening is a phenomenon that
occurs when the outside of the particle or product initially shrinks to
form a very hard and dense skin that does not easily rewet. A common
cause is capillary collapse, discussed along with shrinkage below.

Flowability If we’re considering particles, powders, and other
products that are intended to flow, then this is a very important con-
sideration. These materials need to easily flow from bins, hoppers, and
out of boxes for consumer products. Powder flowability is a measure-
able characteristic using rotational shear cells (Peschl) or translational
shear cells (Jenike) in which the powder is consolidated under various
normal loads, and then the shear force is measured, enabling a com-
plete yield locus curve to be constructed. This can be done at various
powder moistures to create a curve of flowability versus moisture con-
tent. Some minimal value is necessary to ensure free flow. Additional
information on these devices and this measure can be found in Sec. 21,
“Solid-Solid Operations and Processing.”

Color Product color is usually a very important product quality
attribute, and a change in color can be caused by several different
transformations.

Transformations Affecting Product Quality Drying, as with
any other unit operation, has both productive and harmful transfor-
mations that occur. The primary productive transformation is water
removal of course, but there are many harmful transformations that
can occur and adversely affect product quality. The most common of
these harmful transformations includes product shrinkage; attrition or
agglomeration; loss of flavor, aroma, and nutritional value; browning
reactions; discoloration; stickiness; and flowability problems, These
were discussed briefly above, but are worth a more in-depth review.

Shrinkage Shrinkage is a particularly important transformation
with several possible mechanisms to consider. It’s usually especially
problematic with food and other biological materials, but is a very
broadly occurring phenomenon. Shrinkage generally affects solubility,
wettability, texture and morphology, and absorbency. It can be
observed when drying lumber when it induces stress cracking and
during the drying of coffee beans prior to roasting. Tissue, towel, and
other paper products undergo some shrinkage during drying. And
many chemical products shrink as water evaporates, creating voids
and capillaries prone to collapse as additional water evaporates. As we
consider capillary collapse, there are several mechanisms worth men-
tioning.

Surface tension—the capillary suction created by a receding liquid
meniscus can be extremely high.

Plasticization—an evaporating solvent which is also a plasticizer of
polymer solute product will lead to greater levels of collapse and
shrinkage.

Electric charge effects—the van der Waals and electrostatic forces
can also be a strong driver of collapse and shrinkage.

Surface Tension These effects are very common and worth a few
more comments. Capillary suction created by a receding liquid
meniscus can create very high pressures for collapse. The quantitative
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expression for the pressure differential across a liquid-fluid interface
was first derived by Laplace in 1806. The meniscus, which reflects the
differential, is affected by the surface tension of the fluid. Higher sur-
face tensions create greater forces for collapse. These strong capillary
suction pressures can easily collapse a pore. We can reduce these suc-
tion pressures by using low-surface-tension fluids or by adding surfac-
tants, in the case of water, which will also significantly reduce surface
tension (from 72 to 30 dyn/cm).

The collapse can also be reduced with some dryer types. Freeze
drying and heat pump drying can substantially reduce collapse, but of
course, the capital cost of these dryers sometimes makes them pro-
hibitive. At the other extreme, dryers which rapidly flash off the mois-
ture can reduce collapse. This mechanism can also be affected by
particle size such that the drying is primarily boundary-layer-
controlled. When the particle size becomes sufficiently small, mois-
ture can diffuse to the surface at a rate sufficient to keep the surface
wetted. This has been observed in a gel-forming food material when
the particle size reached 150 to 200 µm (Genskow, “Considerations in
Drying Consumer Products,” Proceedings International Drying Sym-
posium, Versailles, France, 1988).

Biochemical Degradation Biochemical degradation is another
harmful transformation that occurs with most biological products.
There are four key reactions to consider: lipid oxidation, Maillard
browning, protein denaturation, and various enzyme reactions. These
reactions are both heat- and moisture-dependent such that control of
temperature and moisture profiles can be very important during drying.

Lipid oxidation. Lipid oxidation is normally observed as a product
discoloration and can be exacerbated with excess levels of bleach.
It is catalyzed by metal ions, enzymes, and pigments. Acidic com-
pounds can be used to complex the metal ions. Synthetic antioxi-
dants, such as butylated hydroxtoluene (BHT) and butylated
hydroxyanisole (BHA) can be added to the product, but are lim-
ited and coming under increased scrutiny due to toxicology con-
cerns. It may be preferable to use natural antioxidants such as
lecithin or vitamin E or to dry under vacuum or in an inert (nitro-
gen, steam) atmosphere.

Protein denaturation. Protein denaturation is normally observed
as an increase in viscosity and a decrease in wettability. It is tem-
perature-sensitive, generally occurring between 40 and 80°C. A
common drying process scheme is to dry thermally and under
wet-bulb drying conditions without overheating and then vac-
uum, heat-pump, or freeze-dry to the target moisture.

Enzyme reactions. Enzymatic browning is caused by the enzyme
polyphenal oxidase which causes phenals to oxidize to ortho-
quinones. The enzyme is active between pH 5 to 7. A viable
process scheme again is to dry under vacuum or in an inert (nitro-
gen, steam) atmosphere.

Maillard browning reaction. This nonenzymatic reaction is
observed as a product discoloration, which in some products cre-
ates an attractive coloration. The reaction is temperature-
sensitive, and normally the rate passes through a maximum and
then falls as the product becomes drier. The reaction can be min-
imized by minimizing the drying temperature, reducing the pH
to acidic, or adding an inhibitor such as sulfur dioxide or
metabisulfate. A viable process scheme again is to dry thermally
and under wet-bulb drying conditions without overheating and
then vacuum, heat-pump, or freeze-dry to the target moisture.

Some of the above reactions can be minimized by reducing the parti-
cle size and using a monodisperse particle size distribution. The small
particle size will better enable wet-bulb drying, and the monodisperse
size will reduce overheating of the smallest particles.

Stickiness, Lumping, and Caking These are not characteristics
we generally want in our products. They generally connote poor prod-
uct quality, but can be a desirable transformation if we are trying to
enlarge particle size through agglomeration. Stickiness, lumping, and
caking are phenomena which are dependent on product moisture and
product temperature. The most general description of this phenome-
non can be described by measuring the cohesion (particle to particle)
of powders as described below. A related measure is adhesion—
particle-to-wall interactions. Finally, sticky point is a special case for
materials which undergo glass transitions.
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The sticky point can be determined by using a method developed
by Lazar and later by Downton [Downton, Flores-Luna, and King,
“Mechanism of Stickiness in Hygroscopic, Amorphous Powders,”
I&EC Fundamentals 21: 447 (1982)]. In the simplest method, a
sample of the product, at a specific moisture, is placed in a closed
tube which is suspended in a water bath. A small stirrer is used to
monitor the torque needed to “stir” the product. The water bath
temperature is slowly increased until the torque increases. This
torque increase indicates a sticky point temperature for that specific
moisture. The test is repeated with other product moistures until the
entire stickiness curve is determined. A typical curve is shown in
Fig. 12-23.

As noted, a sticky point mechanism is a glass transition—the tran-
sition when a material changes from the glassy state to the rubbery
liquid state. Glass transitions are well documented in food science
(Levine and Slade). Roos and Karel [Roos and Karel, “Plasticizing
Effect of Water on Thermal Behavior and Crystallization of Amor-
phous Food Models,” J. Food Sci. 56(1): 38–43 (1991)] have
demonstrated that for these types of products, the glass transition
temperature follows the sticky point curve within about 2°C. This
makes it straightforward to measure the stickiness curve by using a
differential scanning calorimeter (DSC). Somewhat surprisingly,
even materials which are not undergoing glass transitions exhibit
this behavior, as demonstrated with the detergent stickiness curve
above.

Lumping and caking can be measured by using the rotational shear
cells (Peschl) or translational shear cells (Jenike) noted above for mea-
suring flowability. The powder is consolidated under various normal
loads, and then the shear force is measured, enabling a complete yield
locus curve to be constructed. This can be done at various powder
moistures to create a curve of “cake strength” versus moisture content.
Slurries and dry solids are free-flowing, and there is a cohesion/adhe-
sion peak at an intermediate moisture content, typically when voids
between particles are largely full of liquid. A variety of other test meth-
ods for handling properties and flowability are available.

Product quality was addressed quite comprehensively by Evange-
los Tsotsas at the 2d Nordic Drying Conference [Tsotsos, “Product
Quality in Drying—Luck, Trial, Experience, or Science?” 2d Nordic
Drying Conference, Copenhagen, Denmark, 2003]. Tsotsos notes
that 31 percent of the papers at the 12th International Drying Sym-
posium refer to product quality. The top 5 were color (12 percent),
absence of chemical degradation (10 percent), absence of mechanical
damage (9 percent), bulk density (8 percent), and mechanical prop-
erties (7 percent). These are all properties that are reasonably
straightforward to measure. They are physical properties, and we are
familiar with them for the most part. However, down the list at a rank



of 20 with only 2 percent of the papers dealing with it, we have sen-
sory properties.

This is the dilemma—sensory properties should rank very high, but
they don’t because we lack the tools to measure them effectively. For the
most part, these quality measures are subjective rather than objective,
and frequently they require direct testing with consumers to determine
efficacy of a particular product attribute. So the issue is really a lack of
physical measurement tools that directly assess the performance mea-
sures important to the consumer of the product. The lack of objective
performance measures and unknown mechanistic equations also makes
mathematical modeling very difficult for addressing quality problems.

The good news is that there has been a shift from the macro to the
meso and now to the microscale in drying science. We have some very
powerful analytical tools to help us understand the transformations
that are occurring at the meso and microscale.
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SOLIDS-DRYING EQUIPMENT—GENERAL ASPECTS

GENERAL REFERENCES: Aspen Process Manual (Internet knowledge base),
Aspen Technology, 2000 onward. Cook and DuMont, Process Drying Practice,
McGraw-Hill, New York, 1991. Drying Technology—An International Journal,
Taylor and Francis, New York, 1982 onward. Hall, Dictionary of Drying, Marcel
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Marcel Dekker, New York, 1995. van’t Land, Industrial Drying Equipment,
Marcel Dekker, New York, 1991.

CLASSIFICATION OF DRYERS

Drying equipment may be classified in several ways. Effective classifi-
cation is vital in selection of the most appropriate dryer for the task
and in understanding the key principles on which it operates. The
main categories are as follows:

1. Form of feed and product—particulate (solid or liquid feed),
sheet, slab

2. Mode of operation—batch or continuous
3. Mode of heat transfer—convective (direct), conductive (indi-

rect), radiative, or dielectric
4. Condition of solids—static bed, moving bed, fluidized or dis-

persed
5. Gas-solids contacting—parallel flow, perpendicular flow, or

through-circulation
6. Gas flow pattern—cross-flow, cocurrent, or countercurrent
Other important features of the drying system are the type of car-

rier gas (air, inert gas, or superheated steam/solvent), use of gas or
solids recycle, type of heating (indirect or direct-fired), and operating
pressure (atmospheric or vacuum). However, these are primarily
related to the choice of the overall system and operating conditions,
not to the individual dryer used, and are discussed briefly at the end of
this section. The relative importance of the different categories
depends on the purpose of the classification. For distinguishing dif-
ferences in dryer design, construction, and operation, categories 2 and
3 are particularly useful. A classification chart of drying equipment on
this basis is shown in Table 12-11, and the grouping in “Solids-Drying
Equipment—Specific Types” follows this pattern. Simplified dia-
grams for batch and continuous dryers are shown in Figs. 12-24 and
12-25, respectively. However, in the selection of a group of dryers for
preliminary consideration in a given drying problem, the most impor-
tant factor is often category 1, the form, handling characteristics, and
physical properties of the wet material. (See Table 12-12.)

In Table 12-11, dryers in round brackets are semicontinuous forms
of batch dryers, not commonly used. Dryers in square brackets are
semibatch forms of continuous dryers, also fairly rare.

The feed type is a very basic description; particulate can also include
powders, granules, pastes, pellets, performs, etc.; liquid/slurry also
includes solutions and sludges. Table 12-12 gives a more comprehen-
sive classification based on particle size and handling properties.

Description of Dryer Classification Criteria
1. Form of Feed and Product Dryers are specifically designed

for particular feed and product forms; dryers handling films, sheets,
slabs, and bulky artifacts form a clear subset. Most dryers are for par-
ticulate products, but the feed may range from a solution or slurry
(free-flowing liquid) through a sticky paste to wet filter cakes, pow-
ders, or granules (again relatively free-flowing). The ability to suc-
cessfully mechanically handle the feed and product is a key factor in
dryer selection (see Table 12-12).

The drying kinetics (rate of drying, and hence required drying time)
also depend strongly on solids properties, particularly particle size and
porosity. The surface area/mass ratio and the internal pore structure
control the extent to which an operation is diffusion-limited, i.e., dif-
fusion into and out of the pores of a given solids particle, not through
the voids among separate particles.

2. Mode of Operation Batch dryers are typically used for low
throughputs (averaging under 50 kg/h), long drying times, or where
the overall process is predominantly batch. Continuous dryers domi-
nate for high throughputs (over 1 ton/h), high evaporation rates, and
where the rest of the process is continuous. Often, there are batch and
continuous dryers working on similar principles, but one batch dryer
has two or more continuous equivalents, using different methods to
move the solids through the dryer. For example, batch tray dryers
(nonagitated solids) are equivalent to turbo-tray and plate dryers (ver-
tical gravity transport) and to band dryers (horizontal mechanical
transport). Also, dryers which are inherently continuous can be oper-
ated in semibatch mode (e.g., small-scale spray dryers) and vice versa.

3. Mode of Heat Transfer
Direct (convective) dryers The general operating characteristics

of direct dryers are these:
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a. Direct contacting of hot gases with the solids is employed for
solids heating and vapor removal.

b. Drying temperatures may range up to 1000 K, the limiting tem-
perature for most common structural metals. At higher temperatures,
radiation becomes an important heat-transfer mechanism.

c. At gas temperatures below the boiling point, the vapor content
of gas influences the rate of drying and the final moisture content of
the solid. With gas temperatures above the boiling point throughout,

the vapor content of the gas has only a slight retarding effect on the
drying rate and final moisture content. Thus, superheated vapors of
the liquid being removed (e.g., steam) can be used for drying.

d. For low-temperature drying, dehumidification of the drying
air may be required when atmospheric humidities are excessively
high.

e. The lower the final moisture content, the more fuel per pound of
water evaporated, that a direct dryer consumes.
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TABLE 12-11 Classification of Drying Equipment

Dryer group Feed type Dryer type Heating mode Synonyms and variants

Batch tray Particulate Cross-circulated tray Cross-circulation Atmospheric tray
Nonagitated Perforated tray Through-circulation Through-circulation, drying room

Contact/vacuum tray Conduction Vacuum oven, vacuum shelf
Batch agitated Particulate Vertical pan Conduction Vertical agitated
Mechanical agitation Conical Conduction Sidescrew, Nauta

Spherical Conduction Turbosphere
Horizontal pan Conduction Batch paddle, ploughshare

Continuous tray Particulate Turbo-tray Cross-circulation Rotating tray/shelf, Wyssmont Turbo-dryer
Nonagitated Plate Conduction Krauss-Maffei

Cascade Through-circulation Wenger
Moving bed Through-circulation Tower, silo, gravity

Continuous band/tunnel Particulate Tunnel Cross-circulation Moving truck/trolleys
Nonagitated Perforated band Through-circulation Atmospheric band/belt, vibrated bed

Contact/vacuum band Conduction Vacuum belt, vibrated tray
Continuous agitated Particulate Paddle, low-speed Conduction Horizontal agitated, Disc, Porcupine, Nara
Mechanical agitation Paddle, high-speed Conduction Solidaire

High-speed convective paddle Through-circulation Rapid, Forberg
Continuous rotary Particulate Indirect rotary Conduction Steam-tube, Louisville
Rotational agitation Rotary louvre Through-circulation Rotolouvre

Cascading rotary Dispersion Direct rotary, rotary drum
Continuous dispersion Particulate Fluidized bed Dispersion Well-mixed/plug-flow fluid bed
Airborne transport Vibrofluidized bed Dispersion Vibrated fluid bed

Pneumatic conveying Dispersion Flash, ring, swept mill
Spin-flash Dispersion Swirl fluidizer
Spouted bed Dispersion Circulating fluid bed

Continuous special Particulate (Freeze) Conduction Continuous freeze
Radiofrequency/microwave Radiation Dielectric

Continuous liquid feed Liquid/slurry Spray Dispersion Atomizing
Spray/fluidized bed Dispersion Spray/belt
Fluid bed granulator Dispersion Recirculating inert balls
Thin-film Conduction Evaporator-dryer, wiped-film, LUWA
Drum Conduction Film-drum
(Filter-dryer) Conduction Nutsche, Rosenmund
Centrifuge-dryer Through-circulation Henkel

Continuous sheet/film Film/sheet Cylinder Conduction Paper machine, roller
Yankee Conduction Impingement
Rotary through Through-circulation
Stenter Through-circulation Tenter, range (textiles)
Flotation Through-circulation Coanda, floating web
Continuous oven Conduction Festoon, Spooner oven
Infrared Radiation Curing

Particulate/
solid feed

Contact Convective

Layer Dispersion

Other

Vacuum tray
Vertical agitated
Double cone
Horizontal pan

Convective tray
Through-
circulation

Fluidized bed
Spouted bed

Freeze
Radiofrequency
Microwave
Solar

Liquid/slurry/
pumpable feed

Filter-dryer Spray dryer
Fluid bed
     granulator

MW filter-dryer

Batch Dryers

FIG. 12-24 Classification of batch dryers.



f. Efficiency increases with an increase in the inlet gas temperature
for a constant exhaust temperature.

g. Because large amounts of gas are required to supply all the heat
for drying, dust recovery equipment may be very large and expensive,
especially when drying very small particles.

Indirect (contact or conductive) dryers These differ from direct
dryers with respect to heat transfer and vapor removal:

a. Heat is transferred to the wet material by conduction through a
solid retaining wall, usually metallic.

b. Surface temperatures may range from below freezing in the case
of freeze dryers to above 800 K in the case of indirect dryers heated by
combustion products.

c. Indirect dryers are suited to drying under reduced pressures and
inert atmospheres, to permit the recovery of solvents and to prevent
the occurrence of explosive mixtures or the oxidation of easily decom-
posed materials.

d. Indirect dryers using condensing fluids as the heating medium
are generally economical from the standpoint of heat consumption,
since they furnish heat only in accordance with the demand made by
the material being dried.

e. Dust recovery and dusty or hazardous materials can be handled
more satisfactorily in indirect dryers than in direct dryers.

Miscellaneous dryers
a. Infrared dryers depend on the transfer of radiant energy to

evaporate moisture. The radiant energy is supplied electrically by
infrared lamps, by electric resistance elements, or by incandescent
refractories heated by gas. The last method has the added advantage
of convection heating. Infrared heating is not widely used in the
chemical industries for the removal of moisture. Its principal use is in
baking or drying paint films (curing) and in heating thin layers of
materials. It is sometimes used to give supplementary heating on the
initial rolls of paper machines (cylinder dryers).

b. Dielectric dryers (radio-frequency or microwave) have not as
yet found a wide field of application, but are increasingly used. Their
fundamental characteristic of generating heat within the solid indicates
potentialities for drying massive geometric objects such as wood,
sponge-rubber shapes, and ceramics, and for evening out moisture gra-
dients in layers of solids. Power costs are generally much higher than the
fuel costs of conventional methods; a small amount of dielectric heating
(2 to 5 percent) may be combined with thermal heating to maximize the
benefit at minimum operating cost. The high capital costs of these dryers
must be balanced against product and process improvements.

4. Condition of Solids In solids-gas contacting equipment, the
solids bed can exist in any of the following four conditions.

Static This is a dense bed of solids in which each particle rests upon
another at essentially the settled bulk density of the solids phase. Specif-
ically, there is no relative motion among solids particles (Fig. 12-26).

Moving This is a slightly expanded bed of solids in which the par-
ticles are separated only enough to flow one over another. Usually the
flow is downward under the force of gravity (Fig. 12-27a), but upward
motion by mechanical lifting or agitation may also occur within the
process vessel (Fig.12-27b). In some cases, lifting of the solids is
accomplished in separate equipment, and solids flow in the presence
of the gas phase is downward only. The latter is a moving bed as usu-
ally defined in the petroleum industry. In this definition, solids motion
is achieved by either mechanical agitation or gravity force.

Fluidized This is an expanded condition in which the solids parti-
cles are supported by drag forces caused by the gas phase passing
through the interstices among the particles at some critical velocity.
The superficial gas velocity upward is less than the terminal setting
velocity of the solids particles; the gas velocity is not sufficient to
entrain and convey continuously all the solids. Specifically, the solids
phase and the gas phase are intermixed and together behave as a boil-
ing fluid (Fig. 12-28). The gas forms the continuous phase, but the
bulk density is not much lower than a continuous packed bed of solids.

Dispersed or dilute. This is a fully expanded condition in which
the solids particles are so widely separated that they exert essentially
no influence upon one another. Specifically, the solids phase is so fully
dispersed in the gas that the density of the suspension is essentially
that of the gas phase alone (Fig. 12-29). Commonly, this situation
exists when the gas velocity at all points in the system exceeds the ter-
minal settling velocity of the solids and the particles can be lifted and
continuously conveyed by the gas; however, this is not always true.
Cascading rotary dryers, countercurrent-flow spray dryers, and gravity
settling chambers such as prilling towers are three exceptions in which
gas velocity is insufficient to entrain the solids completely.

Cascading (direct) rotary dryers with lifters illustrate all four types
of flow in a single dryer. Particles sitting in the lifters (flights) are a sta-
tic bed. When they are in the rolling bed at the bottom of the dryer, or
rolling off the top of the lifters, they form a moving bed. They form a
falling curtain which is initially dense (fluidized) but then spreads out
and becomes dispersed.

Dryers where the solid forms the continuous phase (static and mov-
ing beds) are called layer dryers, while those where the gas forms the
continuous phase (fluidized and dispersed solids) are classified as dis-
persion dryers. Gas-particle heat and mass transfer is much faster in
dispersion dryers, and these are therefore often favored where high
drying rates, short drying times, or high solids throughput is required.

12-42 PSYCHROMETRY, EVAPORATIVE COOLING, AND SOLIDS DRYING

Layer Dispersion

Contact Convective

Layer Dispersion

Other

Plate
Vacuum band
Horizontal
agitated/paddle
Indirect rotary

Turbo-tray
Tunnel/band
Moving bed
Paddle
Rotary-louvre

Fluidized bed
Spouted bed
Direct rotary
Pneumatic
     conveying

Freeze
Radiofrequency
Microwave
Solar

Particulate/
solid feed

Liquid/slurry/
pumpable feed

Centrifuge dryer Spray dryer
Fluid bed
     granulator

Continuous Dryers

Sheet/film

Film-drum dryer
Thin-film dryer

Cylinder dryer IR/RF
     assistance

Impingement
Stenter

FIG. 12-25 Classification of continuous dryers.



Type of dryer

Vacuum freeze.
Indirect type, batch
or continuous 
operation

Vacuum tray/shelf.
Indirect type,
batch operation

Pan. Indirect type, 
batch operation
including vertical
agitated pan,
spherical, conical,
filter-dryer, double-
cone tumbler

Vacuum horizon-
tal agitated and
rotary.
indirect type,
batch operation.
Includes indirect
rotary, horizontal
pan

Screw conveyor
and indirect
rotary. Indirect
type, continuous
operation. Includes
paddle, horizontal
agitated and steam-
tube dryers, rotary
kilns.

Liquids

True and colloidal
solutions; emul-
sions. Examples:
inorganic salt solu-
tions, extracts, milk,
blood, waste
liquors, rubber
latex

Expensive. Usually 
used only for high-
value products
such as pharma-
ceuticals;
products, which are
heat-sensitive and
readily oxidized.

Not applicable

Atmospheric or 
vacuum. Suitable
for small batches.
Easily cleaned.
Solvents can be
recovered. Mate-
rial agitated while
dried.

Not applicable, 
except when
pumping slowly on
dry “heel”

Applicable with 
dry-product recir-
culation

Slurries

Pumpable suspen-
sions. Examples:
pigment slurries,
soap and deter-
gents, calcium car-
bonate, bentonite,
clay slip, lead con-
centrates

See comments 
under Liquids.

Relatively expensive.
Applicable for
small-batch
production

See comments 
under Liquids.

May have 
application in 
special cases when
pumping onto dry
“heel”

Applicable with 
dry-product
recirculation

Pastes and sludges

Examples: filter-
press cakes, sedi-
mentation sludges,
centrifuged solids,
starch

See comments 
under Liquids.

Relatively expensive.
Suitable for batch
operation, small
capacities. Useful
for heat-sensitive
or readily oxidiz-
able materials.
Solvents can be
recovered.

See comments 
under Liquids.

Material usually 
cakes to dryer
walls and agitator.
Special precau-
tions needed, e.g.,
cleaning hooks,
twin screws. 
Solvents can be
recovered.

Generally requires 
recirculation of
dry product. Little
dusting occurs.

Free-flowing
powders

100-mesh (150 
µm) or less. Rela-
tively free-flowing
in wet state. Dusty
when dry. Exam-
ples: centrifuged
precipitates

See comments 
under Liquids.

See comments 
under Pastes and
Sludges.

See comments 
under Liquids.

Suitable for 
nonsticking mate-
rials. Useful for
large batches of
heat-sensitive
materials and for
solvent recovery.

Chief advantage 
is low dust loss.
Well suited to
most materials and
capacities, particu-
larly those requir-
ing drying at steam
temperature

Granular, 
crystalline, or
fibrous solids

Larger than 100-
mesh (150 µm).
Examples: rayon
staple, salt crystals,
sand, ores, potato
strips, synthetic
rubber

Expensive. Usually 
used on pharma-
ceuticals and
related products
which cannot be
dried successfully
by other means.
Applicable to fine
chemicals

Suitable for batch
operation, small
capacities. Useful
for heat-sensitive or
readily oxidizable
materials. Solvents
can be recovered.

Suitable for small 
batches. Easily
cleaned. Material
is agitated during
drying, causing
some degradation
and/or balling up.

Useful for large 
batches of heat-
sensitive materials
or where solvent is
to be recovered.
Product will suffer
some grinding
action, or may ball
up. Dust collectors
may be required.

Low dust loss.
Material must not
stick or be tempera-
ture-sensitive

Large solids, special
forms and shapes

Examples: pottery,
brick, rayon cakes,
shotgun shells, hats,
painted objects,
rayon skeins,
lumber

See comments 
under Granular
solids.

See comments 
under Granular
solids.

Not applicable

Not applicable

Not applicable

Continuous sheets

Examples: paper,
impregnated fab-
rics, cloth, cello-
phane, plastic
sheets

Applicable
in special cases
such as emulsion-
coated films

Not applicable

Not applicable

Not applicable

Not applicable

Discontinuous
sheets

Examples: veneer,
wallboard, photo-
graph prints,
leather, foam
rubber sheets

See comments 
under Granular
solids.

See comments 
under Granular
solids.

Not applicable

Not applicable

Not applicable

TABLE 12-12 Classification of Commercial Dryers Based on Feed Materials Handled
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Type of dryer
Vibrating tray,
vacuum band.
Indirect type, con-
tinuous operation

Drum. Indirect
type, continuous
operation

Cylinder. Indirect
type, continuous
operation

Tray and 
compartment.
Direct type, batch
operation. Includes
cross-circulated
tray

Batch through-
circulation.
Direct type, batch
operation includes
perforated tray,
drying room

Tunnel/continuous
tray. Direct type, 
continuous opera-
tion. Includes tun-
nel, turbo-tray

Continuous
through-circula-
tion (nonagi-
tated). Direct type, 
continuous opera-
tion. Includes perfo-
rated band, moving
bed, centrifuge-
dryer.
Continuous
through-
circulation
(agitated/rotary).
Direct type, con-
tinuous operation.
Includes high-
speed convective
paddle, rotary-
louvre.

Liquids
Not applicable

Single, double, 
or twin. Atmos-
pheric or vacuum
operation. Product
flaky and usually
dusty. Maintenance
costs may be high.

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Slurries
Not usually 
applicable. Belt
with raised edges
possible, but rare

See comments 
under Liquids.
Twin-drum dryers
are widely used.

Not applicable

For very small 
batch production.
Laboratory drying

Not applicable

Not applicable

Only crystal filter 
dryer or 
centrifuge dryer
may be suitable.

Applicable with
special high-speed
fountain-type dry-
ers, e.g., Hazemag
Rapid, Forberg

Pastes and sludges
Not usually 
applicable due to
feed and discharge
problems

Can be used only 
when paste or
sludge can be
made to flow. See
comments under
Liquids.

Not applicable

Suited to batch 
operation. At large
capacities, invest-
ment and operat-
ing costs are high.
Long drying times

Suitable only if 
material can be
preformed. Suited
to batch operation.
Shorter drying
time than tray 
dryers

Suitable for small- 
and large-scale
production

Suitable for 
materials that can
be preformed.
Will handle large 
capacities

Suitable for 
materials that can
be preformed.
Will handle large
capacities. Rotary-
louvre requires
dry-product
recirculation.

Free-flowing
powders

Suitable for 
free-flowing
materials

Not applicable

Not applicable

Dusting may be 
a problem. See
comments under
Pastes and
Sludges.

Not applicable

See comments 
under Pastes and
Sludges. Vertical
turbo-tray
applicable

Not applicable 

Not generally 
applicable, except
rotary-louvre in
certain cases

Granular, 
crystalline, or
fibrous solids

Suitable for free-
flowing materials
that can be con-
veyed on a vibrat-
ing tray or belt

Not applicable

Not applicable

Suited to batch 
operation. At large
capacities, invest-
ment and operat-
ing costs are high.
Long drying times

Usually not suited-
for materials
smaller than 30-
mesh (0.5 mm).
Suited to small
capacities and
batch operation

Essentially
large-scale, semi-
continuous tray
drying

Usually not suited
for materials
smaller than 30-
mesh (0.5 mm).
Material does not
tumble or mix.

Usually not suited
for materials
smaller than 30-
mesh (0.5 mm).
Material is tum-
bled and mixed,
may suffer attrition
in paddle dryers.

Large solids, special
forms and shapes

Not applicable

Not applicable

Not applicable

See comments 
under Granular
solids.

Primarily useful 
for small objects

Suited to a wide
variety of shapes
and forms, espe-
cially tunnel type.
Operation can be
made continuous.
Widely used

Suited to smaller
objects that can be
loaded on each
other. Can be used
to convey materials
through heated
zones

Not applicable

Continuous sheets
Not applicable

Not applicable

Suitable for thin 
or mechanically
weak sheets which
can be dried in
contact with a
heated surface.
Special surface
effects obtainable

Not applicable

Not applicable

Not applicable

Not applicable

Not applicable

Discontinuous
sheets

Not applicable

Not applicable

Suitable for materi-
als which need not
be dried flat and
which will not be
injured by contact
with hot drum

See comments 
under Granular
solids.

Not applicable

Suited for leather, 
wallboard, veneer

Special designs are 
required. Suited
to veneers

Not applicable

TABLE 12-12 Classification of Commercial Dryers Based on Feed Materials Handled (Concluded)1
2
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Direct rotary. 
Direct-type, con-
tinuous operation

Fluid beds. Direct
type, batch or 
continuous

Spouted beds.
Direct type, batch
or continuous

Pneumatic
conveying.
Direct-type, con-
tinuous operation
includes flash,
spin-flash, and
ring dryers.

Spray. Direct type, 
continuous opera-
tion. Rotary atom-
izer, pressure
nozzle, or two-fluid
nozzle. Includes
combined spray-
fluid bed and
spray-belt dryers

Continuous
sheeting. Direct-
type, continuous
operation includes
stenter, Yankee,
impingement.

Infrared. Batch or
continuous opera-
tion. Electric heat-
ing or gas-fired

Dielectric. Batch
or continuous
operation includes
microwave, radio-
frequency (RF)

Applicable with 
dry-product
recirculation

Applicable only as 
fluid bed granula-
tor with inert bed
or dry-solids 
recirculator

Applicable only 
with inert bed or
dry-solids recircu-
lator. Usable to
grow large particles
by layering

See comments 
under Slurries.

Suited for large 
capacities. Product
is usually powdery,
spherical, and
free-flowing. High
temperatures can
sometimes be used
with heat-sensitive
materials. Prod-
ucts generally have
low bulk density.

Not applicable

Only for thin films.
Can be used in
combination with
other dryers such
as drum.

Expensive, may be
used in small
batch filter-dryers,
often as supple-
ment to thermal
heating. Some-
times useful in
combination with
other dryers.

Applicable with 
dry-product
recirculation

See comments 
under Liquids.

See comments 
under Liquids.

Can be used only if 
product is recircu-
lated (backmixed)
to make feed suit-
able for handling

See comments 
under Liquids.
Pressure-nozzle
atomizers subject
to erosion

Not applicable

See comments
under Liquids.

See comments
under Liquids.

Suitable only if 
product does not
stick to walls and
does not dust.
Recirculation of
product may 
prevent sticking.

See comments 
under Liquids.

See comments 
under Liquids.

Usually requires 
recirculation of
dry product to
make suitable
feed. Well suited
to high capacities.
Disintegration
usually required

Requires special 
pumping equip-
ment to feed the
atomizer. See
comments under
Liquids.

Not applicable

See comments 
under Liquids (only
for thin layers).

See comments
under Liquids.

Suitable for most 
materials and
especially for high
capacities, pro-
vided dusting is
not too severe

Suitable, if not too 
dusty. Internal
coils can supple-
ment heating,
especially for fine
powders. Suitable
for high capacities.

Not applicable

Suitable for 
materials that are
easily suspended in
a gas stream and
lose moisture read-
ily. Well suited to
high capacities

Not applicable 
unless feed is
pumpable

Not applicable

Only for thin layers

Expensive, may be
used on small
batch dryers, often
as supplement to
thermal heating

Suitable for most 
materials espe-
cially for high
capacities.
Dusting or crystal
abrasion will limit
its use.

Suitable for 
crystals, granules,
and very short
fibers. Suitable for
high capacities

Suitable for large 
particles and gran-
ules over 20-mesh
(800 µm) which
are spoutable

Suitable for 
materials
conveyable in a
gas stream. Well
suited to high
capacities. Only
surface moisture
usually removed.
Product may 
suffer physical
degradation.

Not applicable

Not applicable

Primarily suited to
drying surface
moisture. Not
suited for thick
layers

Expensive, can
assist thermal dry-
ing especially to
dry center of large
granules/pellets

Not applicable

Not applicable

Not applicable 
unless objects are
spoutable
(conveyable in gas
stream)

Not applicable

Not applicable

Not applicable

Specially suited for
drying and baking
paint and enamels

Rapid drying of
large objects
suited to this
method

Not applicable

Use hot inert 
particles for 
contacting; rare

Use hot inert 
particles for 
contacting; rare

Not applicable

Not applicable

Generally high
capacity. Different
types are available
for different
requirements. Suit-
able for drying
without contacting
hot surfaces

Useful when space 
is limited. Usually
used in conjunction
with other meth-
ods, e.g., in drying
paper coatings

Applications for 
final stages of paper
and textile dryers

Not applicable

Use hot inert 
particles for 
contacting; rare

Use hot inert 
particles for 
contacting; rare

Not applicable

Not applicable

Not applicable

Useful for laboratory 
work or in conjunc-
tion with other
methods

Successful on foam 
rubber. Not fully
developed on
other materials1

2
-4

5
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Layer dryers are very suitable for slow-drying materials requiring a
long residence time.

Because in a gas-solids-contacting operation heat transfer and mass
transfer take place at the solids’ surfaces, maximum process efficiency
can be expected with a maximum exposure of solids surface to the gas
phase, together with thorough mixing of gas and solids. Both are
important. Within any arrangement of particulate solids, gas is present
in the voids among the particles and contacts all surfaces except at the
points of particle contact. When the solids are fluidized or dispersed,
the gas moves past them rapidly, and external heat- and mass-transfer
rates are high. When the solids bed is in a static or slightly moving con-
dition, however, gas within the voids is cut off from the main body of
the gas phase and can easily become saturated, so that local drying
rates fall to low or zero values. Some transfer of energy and mass may
occur by diffusion, but it is usually insignificant. The problem can be
much reduced by using through-circulation of gas instead of cross-
circulation, or by agitating and mixing the solids.

Solids Agitation and Mixing There are four alternatives:
1. No agitation, e.g., tray and band dryers. This is desirable for fri-

able materials. However, drying rates can be extremely low, particu-
larly for cross-circulation and vacuum drying.

2. Mechanical agitation, e.g., vertical pan and paddle dryers. This
improves mixing and drying rates, but may give attrition depending on
agitator speed; and solids may stick to the agitator, as shown in Fig. 12-30.

3. Vessel rotation, e.g., double-cone and rotary dryers. Mixing and
heat transfer are better than for static dryers but may be less than for
mechanical agitation. Formation of balls and lumps may be a problem.

4. Airborne mixing, e.g., fluidized beds and flash and spray dryers.
Generally there is excellent mixing and mass transfer, but feed must
be dispersible and entrainment and gas cleaning are higher.
Mechanical vibration may also be used to assist solids movement in
some dryers.

Solids transport In continuous dryers, the solids must be moved
through the dryer. The main methods of doing this are

1. Gravity flow (usually vertical), e.g., turbo-tray, plate and moving-
bed dryers, and rotary dryers (due to the slope)

FIG. 12-27a Horizontal moving bed.

FIG. 12-27b Moving solids bed in a rotary dryer with lifters.

FIG. 12-28 Fluidized solids bed.

FIG. 12-29 Solids in a dilute condition near the top of a spray dryer.

FIG. 12-30 Paddle dryer.

FIG. 12-26 Solids bed in static condition (tray dryer).



2. Mechanical conveying (usually horizontal), e.g., band, tunnel,
and paddle dryers

3. Airborne transport, e.g., fluidized beds and flash and spray dryers
Solids flow pattern For most continuous dryers, the solids are

basically in plug-flow; backmixing is low for nonagitated dryers but
can be extensive for mechanical, rotary, or airborne agitation. Excep-
tions are well-mixed fluidized beds, fluid-bed granulators, and
spouted beds (well-mixed) and spray and spray/fluidized-bed units
(complex flow patterns).

5. Gas-Solids Contacting Where there is a significant gas flow,
it may contact a bed of solids in the following ways:

a. Parallel flow or cross-circulation. The direction of gas flow is
parallel to the surface of the solids phase. Contacting is primarily at
the interface between phases, with possibly some penetration of gas
into the voids among the solids near the surface. The solids bed is usu-
ally in a static condition (Fig. 12-31).

b. Perpendicular flow or impingement. The direction of gas flow is
normal to the phase interface. The gas impinges on the solids bed.
Again the solids bed is usually in a static condition (Fig. 12-32). This
most commonly occurs when the solids are a continuous sheet, film,
or slab.

c. Through circulation. The gas penetrates and flows through
interstices among the solids, circulating more or less freely around the
individual particles (Fig. 12-33). This may occur when solids are in
static, moving, fluidized, or dilute conditions.

6. Gas Flow Pattern in Dryer Where there is a significant gas
flow, it may be in cross-flow, cocurrent, or countercurrent flow com-
pared with the direction of solids movement.

a. Cocurrent gas flow. The gas phase and solids particles both flow
in the same direction (Fig. 12-34).

b. Countercurrent gas flow. The direction of gas flow is exactly
opposite to the direction of solids movement.

c. Cross-flow of gas. The direction of gas flow is at a right angle to
that of solids movement, across the solids bed (Fig. 12-35).
The difference between these is shown most clearly in the gas and
solids temperature profiles along the dryer. For cross-flow dryers,
all solids particles are exposed to the same gas temperature, and the
solids temperature approaches the gas temperature near the end of
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drying (Fig. 12-36). In cocurrent dryers, the gas temperature falls
throughout the dryer, and the final solids temperature is much lower
than that for the cross-flow dryer (Fig. 12-37). Hence cocurrent dry-
ers are very suitable for drying heat-sensitive materials, although it is
possible to get a solids temperature peak inside the dryer. Conversely,
countercurrent dryers give the most even temperature gradient
throughout the dryer, but the exiting solids come into contact with the
hottest, driest gas (Fig. 12-38). These can be used to heat-treat the
solids or to give low final moisture content (minimizing the local equi-
librium moisture content) but are obviously unsuitable for thermally
sensitive solids.

Subclassifications
Heater This may be an indirect heat exchanger or a direct-fired

burner, or heating may be electrical (including RF/microwave absorp-
tion).

Gas Circuit This may be open-cycle (once-through) or closed-
cycle (gas recycle, often using inert gas). A closed-cycle system with a
direct-fired burner can be operated as a self-inerting system with
reduced oxygen concentration.

Solids Feeders These convey the solids into the dryer and may
also perform as a metering or sealing dryer. Dry solids may be back-
mixed into the wet feed if the latter is sticky and difficult to handle.
See Sec. 21.

Gas-Solids Separations After the solids and gas have been
brought together and mixed in a gas-solids contactor, it becomes nec-
essary to separate the two phases, particularly for dispersion dryers
where the solids loading in the exhaust gas can be very high. If the
solids are sufficiently coarse and the gas velocity sufficiently low, it is
possible to effect a complete gravitational separation in the primary
contactor. Applications of this type are rare, however, and supplemen-
tary dust collection equipment is commonly required. The recovery
step may even dictate the type of primary contacting device selected.
For example, in treating an extremely friable solid material, a deep flu-
idized-solids contactor might overload the collection system with fines,
whereas the more gentle contacting of a traveling-screen contactor

FIG. 12-31 Parallel gas flow over a static bed of solids.

FIG. 12-32 Circulating gas impinging on a large solid object in perpendicular
flow, in a roller-conveyor dryer.

FIG. 12-33 Gas passing through a bed of preformed solids, in through-
circulation on a perforated-band dryer.

FIG. 12-34 Cocurrent gas-solids flow in a vertical-lift dilute-phase pneumatic
conveyor dryer.

FIG 12-35 Cross-flow of gas and solids in a fluid bed or band dryer.



would be expected to produce a minimum of fines by attrition. There-
fore, although gas solids separation is usually considered as separate
and distinct from the primary contacting operation, it is usually desir-
able to evaluate the separation problem at the same time as contacting
methods are evaluated. Methods are noted later in “Environmental
Considerations.” The subject is covered in depth in Sec. 17, “Gas-
Solids Operations.”

SELECTION OF DRYING EQUIPMENT

Dryer Selection Considerations Dryer selection is a challeng-
ing task and rarely clear-cut. For 500-µm particles, there may be sev-
eral different dryer types which are likely to handle the task well, at
similar cost. For 5-µm particles, there may be no dryers that are fully
suitable, and the task is to find the “least bad”!

Dryer classification often helps to reveal the broad choices for
which equipment is suitable. For instance:

• Batch dryers are almost invariably used for mean throughputs
below 50 kg/h and continuous dryers above 1 ton/h; in the interven-
ing range, either may be suitable.

• Liquid or slurry feeds, large artifacts, or continuous sheets and films
require completely different equipment to particulate feeds.

• Particles and powders below 1 mm are effectively dried in dispersion
or contact dryers, but most through-circulation units are unsuitable.
Conversely, for particles of several millimeters or above, through-
circulation dryers, rotary dryers, and spouted beds are very suitable.

• Through-circulation and dispersion convective dryers (including
fluidized-bed, rotary, and pneumatic types), and agitated or rotary
contact dryers, generally give better drying rates than nonagitated
cross-circulated or contact tray dryers.

• Nonagitated dryers (including through-circulation) may be prefer-
able for fragile particles where it is desired to avoid attrition.

• For organic solvents, or solids which are highly flammable, are
toxic, or decompose easily, contact dryers are often preferable to
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convective, as containment is better and environmental emissions
are easier to control. If a convective dryer is used, a closed-cycle
system using an inert carrier gas (e.g., nitrogen) is often required.

• Cocurrent, vacuum, and freeze dryers can be particularly suitable
for heat-sensitive materials.
A detailed methodology for dryer selection, including the use of a

rule-based expert system, has been described by Kemp [Drying Tech-
nol. 13(5–7): 1563–1578 (1995) and 17(7 and 8): 1667–1680 (1999)].

A simpler step-by-step procedure is given here.
1. Initial selection of dryers. Select those dryers which appear

best suited to handling the wet material and the dry product, which fit
into the continuity of the process as a whole, and which will produce a
product of the desired physical properties. This preliminary selection
can be made with the aid of Table 12-12, which classifies the various
types of dryers on the basis of the materials handled.

2. Initial comparison of dryers. The dryers so selected should be
evaluated approximately from available cost and performance data.
From this evaluation, those dryers which appear to be uneconomical
or unsuitable from the standpoint of performance should be elimi-
nated from further consideration.

3. Drying tests. Drying tests should be conducted in those dryers
still under consideration. These tests will determine the optimum
operating conditions and the product characteristics and will form the
basis for firm quotations from equipment vendors.

4. Final selection of dryer. From the results of the drying tests and
quotations, the final selection of the most suitable dryer can be made.

The important factors to consider in the preliminary selection of a
dryer are the following:

1. Properties of the material being handled
a. Physical characteristics when wet (stickiness, cohesiveness,

adhesiveness, flowability)
b. Physical characteristics when dry
c. Corrosiveness
d. Toxicity
e. Flammability
f. Particle size
g. Abrasiveness

2. Drying characteristics of the material
a. Type of moisture (bound, unbound, or both)
b. Initial moisture content (maximum and range)
c. Final moisture content (maximum and range)
d. Permissible drying temperature

e. Probable drying time for different dryers
f. Level of nonwater volatiles

3. Flow of material to and from the dryer
a. Quantity to be handled per hour (or batch size and frequency)
b. Continuous or batch operation
c. Process prior to drying
d. Process subsequent to drying

4. Product quality
a. Shrinkage
b. Contamination
c. Uniformity of final moisture content
d. Decomposition of product
e. Overdrying
f. State of subdivision
g. Product temperature
h. Bulk density

5. Recovery problems
a. Dust recovery
b. Solvent recovery

6. Facilities available at site of proposed installation
a. Space
b. Temperature, humidity, and cleanliness of air
c. Available fuels
d. Available electric power
e. Permissible noise, vibration, dust, or heat losses
f. Source of wet feed
g. Exhaust-gas outlets

The physical nature of the material to be handled is the primary
item for consideration. A slurry will demand a different type of dryer
from that required by a coarse crystalline solid, which, in turn, will be
different from that required by a sheet material (Table 12-12).

Following preliminary selection of suitable types of dryers, a rough
evaluation of the size and cost should be made to eliminate those
which are obviously uneconomical. Information for this evaluation can
be obtained from material presented under discussion of the various
dryer types. When data are inadequate, preliminary cost and perfor-
mance data can usually be obtained from the equipment manufac-
turer. In comparing dryer performance, the factors in the preceding
list which affect dryer performance should be properly weighed. The
possibility of eliminating or simplifying processing steps which pre-
cede or follow drying, such as filtration, grinding, or conveying, should
be carefully considered.
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Drying Tests These tests should establish the optimum operat-
ing conditions, the ability of the dryer to handle the material physi-
cally, product quality and characteristics, and dryer size. The principal
manufacturers of drying equipment are usually prepared to perform
the required tests on dryers simulating their equipment. Occasionally,
simple laboratory experiments can serve to reduce further the num-
ber of dryers under consideration.

Once a given type and size of dryer have been installed, the product
characteristics and drying capacity can be changed only within rela-
tively narrow limits. Thus it is more economical and far more satisfac-
tory to experiment in small-scale units than on the dryer that is finally
installed.

On the basis of the results of the drying tests that establish size and
operating characteristics, formal quotations and guarantees should be
obtained from dryer manufacturers. Initial costs, installation costs,
operating costs, product quality, dryer operability, and dryer flexibility
can then be given proper weight in final evaluation and selection.

Effective scale-up from tests to industrial equipment is obviously
very important, and it was covered in a special issue of Drying Tech-
nol. 12 (1 and 2): 1–452 (1994).

DRYER MODELING, DESIGN, AND SCALE-UP

General Principles Models and calculations on dryers can be
categorized in terms of (1) the level of complexity used and (2) the
purpose or type of calculation (design, performance rating, or scale-
up). A fully structured approach to dryer modeling can be developed
from these principles, as described below and in greater detail by
Kemp and Oakley (2002).

Levels of Dryer Modeling Modeling can be carried out at four
different levels, depending on the amount of data available and the
level of detail and precision required in the answer.

Level 1. Heat and mass balances. These balances give information
on the material and energy flows to and from the dryer, but say
nothing about the required equipment size or the performance
which a given dryer is capable of.

Level 2. Scoping Approximate or scoping calculations give rough
sizes and throughputs (mass flow rates) for dryers, using simple
data and making some simplifying assumptions. Either heat-
transfer control or first-order drying kinetics is assumed.

Level 3. Scaling Scaling calculations give overall dimensions and
performance figures for dryers by scaling up drying curves from
small-scale or pilot-plant experiments.

Level 4. Detailed Rigorous or detailed methods aim to track the
temperature and drying history of the solids and find local condi-
tions inside the dryer. Naturally, these methods use more com-
plex modeling techniques with many more parameters and
require many more input data.

Types of Dryer Calculations The user may wish to either
design a new dryer or improve the performance of an existing one.
Three types of calculations are possible:
• Design of a new dryer to perform a given duty, using information

from the process flowsheet and physical properties databanks
• Performance calculations for an existing dryer at a new set of oper-

ating conditions
• Scale-up from laboratory-scale or pilot-plant experiments to a full-

scale dryer
Solids drying is very difficult to model reliably, particularly in the

falling-rate period which usually has the main effect on determining the
overall drying time. Falling-rate drying kinetics depend strongly on the
internal moisture transport within a solid. This is highly dependent on
the internal structure, which in turn varies with the upstream process,
the solids formation step, and often between individual batches. Hence,
many key drying parameters within solids (e.g., diffusion coefficients)
cannot be predicted from theory alone, or obtained from physical prop-
erty databanks; practical measurements are required. Because of this,
experimental work is almost always necessary to design a dryer accu-
rately, and scale-up calculations are more reliable than design based
only on thermodynamic data. The experiments are used to verify the
theoretical model and find the difficult-to-measure parameters; the
full-scale dryer can then be modeled more realistically.

Heat and Mass Balance The heat and mass balance on a
generic continuous dryer is shown schematically in Fig. 12-39. In this
case, mass flows and moisture contents are given on a dry basis.

The mass balance is usually performed on the principal solvent
and gives the evaporation rate E (kg/s). In a contact or vacuum dryer,
this is approximately equal to the exhaust vapor flow, apart from any
noncondensibles. In a convective dryer, this gives the increased outlet
humidity of the exhaust. For a continuous dryer at steady-state oper-
ating conditions,

E = F(XI − XO) = G(YO − YI) (12-54)

This assumes that the dry gas flow G and dry solids flow F do not
change between dryer inlet and outlet. Mass balances can also be per-
formed on the overall gas and solids flows to allow for features such as
air leaks and solids entrainment in the exhaust gas stream.

In a design mode calculation (including scale-up), the required
solids flow rate, inlet moisture content XI and outlet moisture XO are
normally specified, and the evaporation rate and outlet gas flow are cal-
culated. In performance mode, the calculation is normally reversed;
the evaporation rate under new operating conditions is found, and the
new solids throughput or outlet moisture content is back-calculated.

For a batch dryer with a dry mass m of solids, a mass balance only
gives a snapshot at one point during the drying cycle and an instanta-
neous drying rate, given by

E = m � 	 = G (YO − YI) (12-55)

The heat balance on a continuous dryer takes the generic form

GIGI + FISI + Qin = GIGO + FISO + Qwl (12-56)

Here I is the enthalpy (kJ/kg dry material) of the solids or gas plus
their associated moisture. Enthalpy of the gas includes the latent heat
term for the vapor. Expanding the enthalpy terms gives

G(CsITGI + λYI) + F(CPS + XICPL)TSI + Qin

= G(CSOTGO + λYO) + F(CPS + XOCPL)TSO + Qwl (12-57)

Here Cs is the humid heat CPG + YCPY. In convective dryers, the
left-hand side is dominated by the sensible heat of the hot inlet gas
GCsITGI; in contact dryers, the heat input from the jacket Qin is
dominant. In both cases, the largest single term on the right-hand
side is the latent heat of the vapor GλYO. Other terms are normally
below 10 percent. This shows why the operating line of a convective
dryer on a psychrometric chart is roughly parallel to a constant-
enthalpy line.

The corresponding equation for a batch dryer is

GIGI + Qin = GIGO + m + Qwl (12-58)

Further information on heat and mass balances, including practical
challenges on industrial dryers and a worked example, is given in the
“Drying Fundamentals” section.

dIS
�
dt

− dX
�

dt
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Scoping Design Calculations In scoping calculations, some
approximate dryer dimensions and drying times are obtained based
mainly on a heat and mass balance, without measuring a drying curve
or other experimental drying data. They allow the cross-sectional area
of convective dryers and the volume of batch dryers to be estimated
quite accurately, but are less effective for other calculations and can
give overoptimistic results.

Continuous Convective Dryers In design mode, the required
solids throughput F and the inlet and outlet moisture content XI and XO

are known, as is the ambient humidity YI. If the inlet gas temperature
TGI is chosen, the outlet gas conditions (temperature TGO and humidity
YO) can be found, either by calculation or (more simply and quickly) by
using the constant-enthalpy lines on a psychrometric chart. However, it
may be necessary to allow for heat losses and sensible heating of solids,
which typically reduce the useful enthalpy of the inlet gas by 10 to 20
percent. Also, if tightly bound moisture is being removed, the heat of
wetting to break the bonds should be allowed for. The gas mass flow
rate G can now be calculated, as it is the only unknown in the mass bal-
ance on the solvent [Eq. (12-56)]. A typical gas velocity UG along the
dryer is now chosen, for example, 20 m/s for a flash dryer, 0.5 m/s for a
fluidized bed, and 3 m/s for a cocurrent rotary dryer. For through-cir-
culation and dispersion dryers, the cross-sectional area A is given by

A = = (12-59)

The dryer diameter, or linear dimensions of a rectangular bed, can
then be calculated. The result is usually accurate within 10 percent,
and can be further improved by better estimates of velocity and heat
losses. In performance mode, the equation is reversed to find the gas
flow rate from G = ρGIUGA.

The method gives no information about solids residence time or
dryer length. A minimum drying time tmin can be calculated by evalu-
ating the maximum (unhindered) drying rate Ncr, assuming gas-phase
heat-transfer control and estimating a gas-to-solids heat-transfer coef-
ficient. The simple equation (12-60) then applies:

tmin = (12-60)

Alternatively, it may be assumed that first-order falling-rate kinetics apply
throughout the drying process, and scale the estimated drying time by
using Eq. (12-63). However, these crude methods can give serious under-
estimates of the required drying time, and it is much better to measure
the drying time experimentally and apply scaling (level 3) methods.

Continuous Contact Dryers The key parameter is the area of
the heat-transfer surface AS. In design mode, this can be found from
the equation:

AS = = = (12-61)

Here Q is the rate of heat transfer from the heated wall to the solids,
and ∆TWS is the temperature driving force. The latent heat of evapo-
ration λev should allow for bound moisture and heating of solids and
vapor to the final temperature. A typical wall-to-solids heat-transfer
coefficient hWS for the given dryer type should be used. The calcula-
tion is less accurate than the one for convective dryers. Again, the
heat-transfer rate is assumed to be the overall limiting factor.

If the drying process is strongly limited by falling-rate drying kinet-
ics, the calculated size of dryer corresponding to the given heating
surface AS may not give sufficient solids residence time to reach the
desired final moisture content. Again, experimental measurement of a
drying curve is strongly recommended.

Batch Dryers If the batch size is stipulated, the requirement is
simply that the dryer be able to physically contain the volume of the
solids, and the dryer volume and dimensions can thus be calculated
directly. Solids residence time must then be calculated. Equation 
(12-61) can be reversed and modified to give

tCR = (12-62)
ms(XI − XO)λev
��

hWS∆TWSAS

F(XI − XO)λev
��

hWS ∆ TWS

Eλev
��
hWS ∆TWS

Q
��
hWS ∆TWS

XI − XO
�

Ncr

F(XI − XO)
��
ρGIUG(YO − YI)

G
�
ρGIUG

Heat-transfer control and constant-rate drying are assumed. Again,
the calculation will be inaccurate and overoptimistic for falling-rate
drying, and it is preferable to measure a drying curve and use a scaling
calculation, as outlined in the next section. It is possible to compare
the surface area/volume ratios of various types of dryers and deduce
how their drying times will compare with each other (see “Drying
Equipment—Batch Agitated and Rotary Dryers”).

Falling-Rate Kinetics To correct from a calculated constant-rate
(unhindered) drying time tCR to first-order falling-rate kinetics, the
following equation is used, where X1 is the initial, X2 the final, and XE

the equilibrium moisture content (all must be dry-basis):

= ln � 	 (12-63)

Note that tFR ≥ tCR. Likewise, to convert to a two-stage drying process
with constant-rate drying down to Xcr and first-order falling-rate dry-
ing beyond, the equation is

= + ln � 	 (12-64)

Scale-up Effects As dryers get larger, if the drying rate is either
controlled by heat transfer (unhindered or constant-rate drying) or
proportional to it (first-order drying kinetics following the characteris-
tic drying curve), then the drying rate N (kg/kg/s) and drying time t
will be proportional to the ratio between the area over which heat
enters and the mass or volume of solids.

For most types of dryer, it is found that the specific drying rate
(SDR), which is a mass flux (evaporation rate per unit area), is con-
stant for a given set of operating conditions. The concept is described
by Moyers [Drying Technol. 12(1 and 2):393 (1994)]. For convective
layer dryers, both through-circulation and cross-circulation, mass
increases proportionately to bed area if layer depth remains constant;
hence the drying time should remain the same. This is also true of flu-
idized beds and of contact dryers where the solids rest as a layer on a
heated plate (tray, vacuum band, plate, film-drum, and thin-film dry-
ers). However, for mechanically agitated and rotating contact dryers
(vertical pan, conical, double-cone tumbler, and paddle), the heat-
transfer surface area increases as the square of dryer diameter and
volume as the cube, and hence drying time increases with the cube
root of batch size:

= � 	
1⁄3

(12-65)

Providing additional internal heating surfaces, such as heated agitators
or steam tubes in paddle or rotary dryers, gives a higher area/volume
ratio and faster drying, so these will be the preferred contact dryer
types for large batches or high throughput. This applies if the drying
rate is proportional to the rate of heat supply. For a continuous dryer,
heating the agitator allows a smaller dryer for a given solids through-
put; for a batch dryer with fixed batch size, a heated agitator shortens
the required drying time. However, if a minimum residence time is
required to allow removal of tightly bound moisture, there will be little
or no gain from providing very large amounts of heat-transfer area.

Again, these methods take no account of the actual drying kinetics
of the particle, which are included in the next section.

Example 19: Drying of Particles A convective dryer is to be used to
dry 720 kg/h (0.2 kg/s) of particulate material from 0.2 to 0.02 kg/kg moisture
content (all flows and moistures on dry basis), using air at 180°C and 0.005 kg/kg
humidity. Estimate the required air flow rate and dryer size for a fluidized-bed
dryer (0.5 m/s inlet velocity) and a pneumatic conveying dryer (20 m/s inlet
velocity). Assume outlet RH is approximately 20 percent. What is the effect of
10 percent heat losses?

Solution: Using a psychrometric chart with TGI = 180°C, the outlet gas tem-
perature is approximately 70°C, YO = 0.048 kg�kg with no losses, or 0.040 kg/kg
with 10 percent losses.

From the mass balance, Eq. (12-54): 0.2(0.2 − 0.02) = WG(YO − 0.005).
Hence WG = 0.837 kg�s (no losses) or 1.03 kg/s (10 percent losses).

m2
�
m1

t2
�
t1

Xcr − XE
�
X2 − XE

Xcr − XE
�
X1 − X2

X1 − Xcr
�
X1 − X2

t2S
�
tCR

X1 − XE
�
X2 − XE

X1 − XE
�
X1 − X2

tFR
�
tCR
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The cross-sectional area of the dryer is obtained from Eq. (12-59), by taking
ρG at 180°C as 0.78 kg/m3. For the fluidized-bed dryer, assuming 10 percent
losses; AB = 1.03�(0.5 × 0.78) = 2.64 m2. For a circular bed, D = 1.83 m. For the
pneumatic conveying dryer, assuming 10 percent losses, Axs = 1.03�(20 × 0.78) =
0.066 m2. For a circular duct, D = 0.29 m; for a square duct, D = 0.257 m.

A similar example for batch dryers may be found in the section “Batch Agi-
tated and Rotating Dryers,” including constant-rate and falling-rate kinetics and
scale-up from an experimental test result.

SCALING MODELS

These models use experimental data from drying kinetics tests in a
laboratory, pilot-plant or full-scale dryer, and are thus more accurate
and reliable than methods based only on estimated drying kinetics.
They treat the dryer as a complete unit, with drying rates and air
velocities averaged over the dryer volume, except that, if desired, the
dryer can be subdivided into a small number of sections. These meth-
ods are used for layer dryers (tray, oven, horizontal-flow band, and
vertical-flow plate types) and for a simple estimate of fluidized-bed
dryer performance. For batch dryers, they can be used for scale-up by
refining the scoping design calculation.

The basic principle is to take an experimental drying curve and per-
form two transformations: (1) from test operating conditions to full-
scale operating conditions and (2) for test dimensions to full-scale
dryer dimensions. If the operating conditions of the test (e.g., tem-
perature, gas velocity, agitation rate) are the same as those for the full-
scale plant, the first correction is not required.

Scaling models are the main design method traditionally used by
dryer manufacturers. Pilot-plant test results are scaled to a new set of
conditions on a dryer with greater airflow or surface area by empirical
rules, generally based on the external driving forces (temperature,
vapor pressure, or humidity driving forces). By implication, therefore,
a characteristic drying curve concept is again being used, scaling the
external heat and mass transfer and assuming that the internal mass
transfer changes in proportion. A good example is the set of rules
described under “Fluidized-Bed Dryers,” which include the effects of
temperature, gas velocity, and bed depth on drying time in the initial
test and the full-scale dryer.

The integral model is a development of a simple scale-up model
which allows for mixing and residence time effects, first suggested for
fluidized beds by Vanecek et al. (1964, 1966). The mean outlet mois-
ture content is given by summing the product of the particle moisture
content and the probability that it emerges at time t:

X
 

= �∞

0
E(t)X(t) dt (12-66)

Here X(t) is the drying curve, corrected as before to the new scale and
new operating conditions, and E(t) is the residence time function,
which must be known. This approach has been used successfully for
well-mixed fluidized beds. For pure plug flow, E(t) is a spike (Green’s
function) and X

 
= X(t).

Scale-up of Batch Dryers We can use the same equations as
before but base drying time on an experimental value rather than one
obtained from an unhindered drying calculation.

Example 20: Scaling of Data An experimental batch drying curve
has been measured at 100°C, and drying time was 2 h. Estimate the drying time
at (a) 100°C and (b) 150°C for (i) a fluidized-bed dryer and (ii) a conical vacuum
dryer at 100-mbar absolute pressure, for a batch size 10 times greater than that
of the test. Assume for the fluidized bed that temperature driving forces are pro-
portional to T − Twb and batch drying time is proportional to bed depth, and for
the conical dryer that the solids temperature is equal to the saturation tempera-
ture at 100-mbar pressure (46°C for water vapor).

Solution:
(i) For the fluid bed, T = 100°C and 150°C, Twb = 30°C and 38°C, respec-

tively. The increase in heat transfer and drying rate for case (b) is a factor of
112�70 = 1.6.

The bed could be scaled up by increasing the bed area by a factor of 10 and
keeping depth z constant, in which case drying time will remain at 2 h for case
(a) and become 2/1.6 = 1.25 h for case (b).

Alternatively, all dimensions could be scaled up proportionately; as V = ρD2z,
D and z will increase by �

3
10� = 2.16. Drying time then becomes 4.32 h for (a)

and 2.70 h for (b).

(ii) For the conical dryer, in case (b), temperature driving force increases by
a factor of 104�54 = 1.93. From Eq. (12-65), linear dimensions and drying time
all scale up by a factor of �

3
10�. Drying time becomes 4.32 h for (a) and 2x�

3
10�/

1.93) = 2.24 h for (b).

DETAILED OR RIGOROUS MODELS

These models aim to predict local conditions within the dryer and the
transient condition of the particles and gas in terms of temperature,
moisture content, velocity, etc. Naturally, they require much more
input data. There are many published models of this type in the aca-
demic literature. They give the possibility of more detailed results, but
the potential cumulative errors are also greater.
• Incremental models track the local conditions of the gas and parti-

cles through the dryer, mainly in one dimension. They are espe-
cially suitable for cocurrent and countercurrent dryers, e.g., flash
(pneumatic conveying) and rotary dryers. The air conditions are
usually treated as uniform across the cross-section and dependent
only on axial position. This method can also be used to determine
local conditions (e.g., temperature) where a simpler model has
been used to find the overall drying rate. A two- or three-dimen-
sional grid can also be used, e.g., modeling vertical and horizontal
variations in a band dryer or plug-flow fluidized bed.

• Complex three-dimensional models, e.g., CFD (computational
fluid dynamics), aim to solve the gas conditions and particle motion
throughout the dryer. They are the only effective models for spray
dryers because of the complex swirling flow pattern; they can also
be used to find localized conditions in other dryers.
Incremental Model The one-dimensional incremental model is

a key analysis tool for several types of dryers. A set of simultaneous
equations is solved at a given location (Fig. 12-40), and the simulation
moves along the dryer axis in a series of steps or increments—hence
the name. The procedure may be attempted by hand if a few large
steps (say, 5 to 10) are used; but for an accurate simulation, a com-
puter program is needed and thousands of increments may be used.

Increments may be stated in terms of time (dt), length (dz), or
moisture content (dX). A set of six simultaneous equations is then
solved, and ancillary calculations are also required, e.g., to give local
values of gas and solids properties. The generic set of equations (for a
time increment ∆ t) is as follows:

Heat transfer to particle: QP = hPGAP(TG − TS) (12-67)

Mass transfer from particle:

= function (X, Y, TP, TG, hPG, AP) (12-68)

Mass balance on moisture: G∆Y = −F∆X = F ∆t (12-69)

Heat balance on particle: ∆TS = (12-70)

Heat balance for increment: 

−∆TG = (12-71)

Particle transport: ∆z = US ∆t (12-72)

F(CPS + CPLX) ∆TS + G(λ0 + CPYTG) ∆Y + ∆QWl
�����

G(CPG + CPYY)

QP ∆t − λevmP ∆X
��

mP(CPS + CPLX)

−dX
�

dt

−dX
�

dt
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The mass and heat balance equations are the same for any type of
dryer, but the particle transport equation is completely different, and
the heat- and mass-transfer correlations are also somewhat different
as they depend on the environment of the particle in the gas (i.e., sin-
gle isolated particles, agglomerates, clusters, layers, fluidized beds, or
packed beds). The mass-transfer rate from the particle is regulated by
the drying kinetics and is thus obviously material-dependent (at least
in falling-rate drying).

The model is effective and appropriate for dryers where both solids
and gas are approximately in axial plug flow, such as pneumatic con-
veying and cascading rotary dryers. However, it runs into difficulties
where there is recirculation or radial flow.

The incremental model is also useful for measuring variations in
local conditions such as temperature, solids moisture content, and
humidity along the axis of a dryer (e.g., plug-flow fluidized bed),
through a vertical layer (e.g., tray or band dryers), or during a batch
drying cycle (using time increments, not length). It can be applied in
these situations even though the integral model has been used to
determine the overall kinetics and drying time.

Example 21: Sizing of a Cascading Rotary Dryer The average
gas velocity passing through a cocurrent, adiabatic, cascading rotary dryer is 4
m/s. The particles moving through the dryer have an average diameter of 5 mm,
a solids density of 600 kg/m3, and a shape factor of 0.75. The particles enter with
a moisture content of 0.50 kg/kg (dry basis) and leave with a moisture content of
0.15 kg/kg (dry basis). The drying rate may be assumed to decrease linearly with
average moisture content, with no unhindered (“constant-rate”) drying period.
In addition, let us assume that the solids are nonhygroscopic (so that the equi-
librium moisture content is zero; hygroscopic means that the equilibrium mois-
ture content is nonzero).

The inlet humidity is 0.10 kg/kg (dry basis) due to the use of a direct-fired
burner, and the ratio of the flow rates of dry solids to dry gas is unity (F�G = 1).
The gas temperature at the inlet to the dryer is 800°C, and the gas may be
assumed to behave as a pure water vapor/air mixture.

What is the gas-phase residence time that is required?
Data:

U = 4 m�s X
l
= 0.50 kg�kg F�G = 1

dPSM = 0.005 m XO = 0.15 kg�kg TGI = 800°C
ρP = 600 kg�m3 Xcr = 0.50 kg�kg YI = 0.10 kg�kg
αP = 0.75 Xe = 0.0 kg�kg

Application of concept of characteristic drying curve: A linear-falling rate
curve implies the following equation for the drying kinetics:

f = Φ assumption of linear drying kinetics (12-73)

where f is the drying rate relative to the initial drying rate.

f =

Since the material begins drying in the falling-rate period, the critical moisture
content can be taken as the initial moisture content. The equilibrium moisture
content is zero since the material is not hygroscopic.

Φ = =

Application of mass balances (theory): A mass balance around the inlet and
any section of the dryer is shown in Fig. 12-41.

X


�
0.5

X


− Xeq
�
Xcr − Xeq

N
�
Ninitial

The essential idea is to calculate the average gas humidity Y


at each average
moisture content X


.

A differential mass balance on the air at any position in the bed is given below.

F ⋅ dX = − G ⋅ dy

− = = (12-74)

where Y = gas humidity, kg moisture/kg dry gas
X = solids moisture content, kg moisture/kg dry solids

WG = flow rate of dry gas, kg dry gas/s
WS = flow rate of dry solids, kg dry solids/s

Application of mass balances: Plugging in the numbers gives the relationship
between absolute humidity and moisture in the solids at any position.

= 1 =

Y


= 0.6 − X


YO = 0.6 − 0.15 = 0.45 kg�kg

From Mollier chart: Twb = 79°C Y*
S = 0.48 kg�kg

For the whole dryer, Y
 

= 0.275 kg�kg

The mass balance information is important, but not the entire answer to the
question. Now the residence time can be calculated from the kinetics.

Application of concept of characteristic drying curve to estimating drying
rates in practice (theory): The overall (required) change in moisture content is
divided into a number of intervals of size ∆X. The sizes of the intervals need not
be the same and should be finer where the fastest moisture content change
occurs. For the sake of simplicity, this example will use intervals of uniform size.
Then the application of the concept of a characteristic drying curve gives the fol-
lowing outcomes.

− = drying rate in interval

= �Y*
S − Y


	 (12-75)

where f = relative drying rate in interval (dimensionless)
Y
 = average humidity in interval, kg/kg
φ = humidity potential coefficient, close to unity

ρP = density of dry solids, kg�m3

Y*
S = humidity at saturation, from the adiabatic saturation contour on

Mollier chart

= = (12-76)

dPSM = Sauter-mean particle diameter for mixture (volume-surface diameter), m

φP = particle shape factor, unity for spheres (dimensionless)

k = mass-transfer coefficient, kg�(m2⋅s), obtained from the heat-transfer
coefficient (often easier to obtain) using the Chilton-Colburn analogy

k ⋅ φ = h (12-77)

δ = psychrometric ratio, close to unity for air/water vapor system
CPY = humid heat capacity = CPG + YCPV

CPG = specific heat capacity of dry gas (air), J�(kg⋅K)
CPV = specific heat capacity of water vapor, J�(kg⋅K)

h = heat-transfer coefficient, W�(m2⋅K)

Define

ReP = particle Reynolds number

= (12-78)

U = relative velocity between gas and particles; in cascading rotary dryers,
this is almost constant throughout the dryer and close to the superfi-
cial gas velocity UGsuper

ν = kinematic viscosity of gas at average TG in dryer, m2/s

U ⋅ dPSM
�

ν

δ
�
CPY

6
�
φP ⋅ dPSM

particle surface area
���

particle volume
AP
�
VP

AP
�
VP

f ⋅ k ⋅ φ
�

ρP

dX


�
dt

F
�
G

Y


− 0.1
�
0.5 − X



Y


− YI
�
XI − X


F
�
G

dY
�
dX
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FIG. 12-41 Mass balance around a typical section of a cocurrent dryer.



For cascading rotary dryers:

NuP = particle Nusselt number

= min(0.03 ReP
1.3, 2 + 0.6 ReP

0.5Pr0.3) (12-79)

h = NuP (12-80)

λG = thermal conductivity of gas, W�(m⋅K)

Application of concept of characteristic drying curve to estimating drying
rates in practice

GAS PROPERTIES

ν = 15 × 10−6 m2�s
Pr = 0.7
λG = 0.02 W�(m⋅K)

CPG = 1050 J�(kg⋅K)
CPV = 2000 J�(kg⋅K)
CPY = 1050 + 0.275 ⋅ 2000 = 1600 J�(kg⋅K)

We might do a more accurate calculation by calculating the gas properties at
the conditions for each interval.

HEAT AND MASS-TRANSFER COEFFICIENTS

ReP = = = 1333

Nu = min[0.03(1333)1.3, 2 + 0.6(1333)0.50.70.3]

= 21.5

h = 21.5 = 86 W�(m2 ⋅K)

k = = 0.054 kg�(m2 ⋅s) (12-81)

= = 1600 m−1

= f (0.48 − Y


)

= 0.14 f (0.48 − Y


)

The particle temperature is obtained by analogy with the falling-rate expression
for the drying rate (Keey, 1978). This procedure assumes that the particles
reach a quasi-steady state temperature when they are resting on flights after
cascading through the gas. The heat-transfer Fourier number typically
approaches unity for the dwell time on the flights, meaning that the tempera-
ture distribution in the particles at the end of the dwell time is almost uniform.
The heat-transfer Fourier number Fo is defined as αt�dP

2, where dP is the par-
ticle diameter, t is time, and α is the thermal diffusivity. The thermal diffusivity
α is the ratio of the thermal conductivity to the product of the density and the
specific heat capacity.

The energy accumulation term in the energy balance for a particle is assumed
to be zero. As above, this assumption can be justified because of the significant
resting time that particles remain on a flight during the time that it is lifted
around the drum. This quasi-steady state temperature in the energy balance,
neglecting the energy accumulation term, is

h(TG − Ts) = f Nw

0.054 ⋅ 1600
��

600
dX


�
dt

6
��
0.75 ⋅ 0.005

AP
�
VP

86
�
1600

0.02
�
0.005

4 ⋅ 0.005
�
15 × 10−6

U ⋅ dPSM
�

ν

λG
�
dPSM

where Nw is the maximum (unhindered) drying rate. For completely unhin-
dered drying, f = 1 and Ts is the wet-bulb temperature TW, so that

f =

Under these conditions, the solids temperature may be obtained from the
equation

Ts = TG − f(TG − TW) (12-82)

This procedure has been used to calculate the average solids temperature in the
eighth column of Table 12-13. This approach to the energy balance has been
indicated experimentally for rendered meat solids through the accurate predic-
tion of the maximum particle temperatures.

This procedure gives the particle residence time in the gas (38 s), and a typ-
ical variation of process conditions through a cocurrent cascading rotary dryer
is shown in Fig. 12-42. We want the total residence time, which is the sum of
the time in the gas τG and the time soaking on the flights τS. Figure 12-43
shows the enthalpy humidity chart used to generate the results in Table 12-13.
There is an incomplete final row in Table 12-13 because the first two columns
refer to the inlets and the outlets of the control volumes, while the remaining
columns refer to the average conditions inside the control volumes, which are
assumed to be the average of the inlet and outlet conditions. Hence column 3
(X


) is the average of the inlet and outlet moisture contents for each of the cells

in column 2 (Xi). Column 4 (Y


) follows from column 3, using Eq. (12-74). Col-
umn 5 (T


G

) follows from column 4, using the enthalpy humidity chart in Fig.

12-43. Column 6 (Twb) is read off the same enthalpy humidity chart. Column 7
( f ) follows from the linear falling-rate curve, using the average moisture con-
tents in column 3. Column 8 (T


S

) comes from columns 5 (T


G

), 7 ( f ), and the

energy balance in Eq. (12-82), while column 9 (dX


�dt) comes from columns 4
(Y


), 7 ( f ), and Eq. (12-81). The final column comes from the difference

between inlet and outlet moisture contents in column 2, divided by the aver-
age drying rate in column 9.

Computational Fluid Dynamics (CFD) CFD provides a very
detailed and accurate model of the gas phase, including three-dimen-
sional effects and swirl. Where localized flow patterns have a major
effect on the overall performance of a dryer and the particle history,
CFD can give immense improvements in modeling and in under-
standing of physical phenomena. Conversely, where the system is well
mixed or drying is dominated by falling-rate kinetics and local condi-
tions are unimportant, CFD modeling will give little or no advantage
over conventional methods, but will incur a vastly greater cost in com-
puting time.

CFD has been extensively applied in recent years to spray dryers
(Langrish and Fletcher, 2001), but it has also been useful for other
local three-dimensional swirling flows, e.g., around the feed point of
pneumatic conveying dryers (Kemp et al., 1991), and for other cases
where airflows affect drying significantly, e.g., local overdrying and
warping in timber stacks (Langrish, 1999).

Design and Scale-up of Individual Dryer Types
Oven and Tray Dryers Scale up from tests with an oven or sin-

gle tray at identical conditions (temperature, airflow or pressure, layer
thickness, and agitation, if any). The total area of trays required is then
proportional to the mass of material to be dried, compared to the
small-scale test.

TG − Ts
�
TG − TW
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TABLE 12-13 The Variation in Process Conditions for the Example of a Cocurrent Cascading Rotary Dryer

Interval Xj, kg/kg X


, kg/kg Y


, kg/kg T


G

, °C Twb, °C f  Φ T


S

,°C dX


/dt, kg/(kg�s) ∆tp, s

1 0.500 0.478 0.122 720 79.0 0.956 107 0.04656 0.94
2 0.456 0.434 0.166 630 78.5 0.869 151 0.03683 1.19
3 0.412 0.391 0.209 530 78.5 0.781 177 0.02820 1.55
4 0.369 0.347 0.253 430 78.0 0.694 186 0.02067 2.12
5 0.325 0.303 0.297 340 78.0 0.606 181 0.01424 3.07
6 0.281 0.259 0.341 250 78.0 0.519 161 0.00892 4.91
7 0.238 0.216 0.384 200 78.0 0.431 147 0.00470 9.32
8 0.194 0.172 0.428 130 78.0 0.344 112 0.00158 27.73

out 0.150
Total required gas-phase residence time (s) � 50.82 s (summation of last column)
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FIG. 12-42 Typical variation of process conditions through a cocurrent cascading rotary dryer.

FIG. 12-43 Enthalpy humidity chart used to generate the results in Table 12-13 plots humidity (abscissa) against enthalpy (lines sloping diagonally
from top left to bottom right).
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Agitated and Rotating Batch Dryers Scale up from pilot-
plant tests in a small-scale dryer at the same temperature and pres-
sure and similar agitation conditions. As noted under scoping design,
scale-up depends on the surface area/volume ratio, and hence nor-
mally to the one-third power of mass. Results from one dryer type
may be extrapolated to a different type if assumptions are made on
the heat transfer coefficients in both dryers; obviously this is less
reliable than measurements on the same dryer type.

Fluidized-Bed Dryers In design mode, the required gas flow
rate can be obtained from a heat and mass balance. Bed cross-
sectional area is found from the scoping design calculation; the
required gas velocity should be found from fluidization tests, but for
initial design purposes, a typical value is 0.5 m/s.

For scale-up based on an experimentally recorded batch drying
curve, including performance mode calculations and altering operat-
ing conditions, Kemp and Oakley (2002) showed that the drying time
for a given range of moisture content ∆X scales according to the rela-
tionship

= Z = (12-83)

where 1 denotes experimental or original conditions and 2 denotes full-
scale or new conditions; Z is the normalization factor; G is gas mass
flux; mB/A is bed mass per unit area, proportional to bed depth z; NTU
is number of transfer units through the bed; and f is falling-rate kinet-
ics factor. This method can be used to scale a batch drying curve sec-
tion by section. Almost always, one of two simplified limiting cases
applies, known as type A and type B normalization. In type A, f(NTU)
is high, the exponential term is negligible, and the drying time is
proportional to G(TGI − Twb)/(mB�A). This applies to all fast-drying
materials and the vast majority of other materials, even well into the
falling-rate period. In type B, f(NTU) is low, and expanding the expo-
nential term shows that drying time is simply proportional to TGI − Twb.
This applies to a few very slow-drying materials, at very low moisture
contents or where drying kinetics is completely controlled by internal
moisture movement (e.g., wheat and grain, which have thick cell walls).

For a typical pilot-plant experiment, the fluidization velocity and
temperature driving forces are similar to those of the full-size bed, but
the bed diameter and depth are much less. Hence, for type A normal-
ization, the mB/A term dominates, Z is much greater than 1, and the
drying time in the full-scale bed is typically 5 to 10 times that in the
pilot-plant.

The drying time, bed area, solids throughput, and bed depth
expressed as mB/A are linked by

WS = � 	 (12-84)

The consequence is that increasing gas velocity is beneficial for type A
normalization (giving reduced drying time and either a higher
throughput or a smaller bed area) but gives no real benefit for type B;
likewise, increasing bed depth is beneficial for type B (giving either a
higher throughput or a smaller bed area with the same drying time)
but not type A. However, using unnecessarily high gas velocity or an
unnecessarily deep bed increases pressure drop and operating costs.

Cascading Rotary Dryers In design mode, the required gas
flow rate can be obtained from a heat and mass balance. Bed cross-
sectional area is found from the scoping design calculation (a typical
gas velocity is 3 m/s for cocurrent and 2 m/s for countercurrent units).
Length is normally between 5 and 10 times drum diameter (an L/D
value of 8 can be used for initial estimation) or can be calculated by
using an incremental model (see worked example).

Entrainment Dryers In design mode, the required gas flow rate
can be obtained from a heat and mass balance. For pneumatic con-
veying dryers, duct cross-sectional area and diameter are found from
the scoping design calculation (if required gas velocity is unknown, a
typical value is 20 m/s). Duct length can be estimated by an incre-
mental model, but some parameters are hard to obtain and conditions
change rapidly near the feed point, so the model is most effective for
scaling up from pilot-plant data; see Kemp and Oakley (2002). Spray

mB
�
AB

AB
�
τS

(mB�A)2G1(TGI − Twb)1(1 − e−f.NTU.z)1
����
(mB�A)1G2(TGI − Twb)2(1 − e−f.NTU.z)2

∆τ2
�
∆τ1

dryer chamber design is complex, and sizing should normally be done
by manufacturers.
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DRYER DESCRIPTIONS

GENERAL REFERENCES: Aspen Process Manual (Internet knowledge base),
Aspen Technology, 2000 onward. Baker (ed.), Industrial Drying of Foods,
Blaikie, London, 1997; Cook and DuMont, Process Drying Practice, McGraw-
Hill, 1991. Drying Technology—An International Journal, Marcel Dekker, New
York, 1982 onward. Keey, Drying of Loose and Particulate Materials, Hemi-
sphere, New York, 1992. Masters, Spray Drying Handbook, Wiley, New York,
1990. Mujumdar (ed.), Handbook of Industrial Drying, Marcel Dekker, New
York, 1995. Nonhebel and Moss, Drying of Solids in the Chemical Industry, CRC
Press, Cleveland Ohio, 1971. van’t Land, Industrial Drying Equipment, Marcel
Dekker, New York, 1991.

Batch Tray Dryers
Description A tray or compartment dryer is an enclosed, insu-

lated housing in which solids are placed upon tiers of trays in the case
of particulate solids or stacked in piles or upon shelves in the case of
large objects. Heat transfer may be direct from gas to solids by circu-
lation of large volumes of hot gas or indirect by use of heated shelves,
radiator coils, or refractory walls inside the housing. In indirect-heat
units, excepting vacuum-shelf equipment, circulation of a small quan-
tity of gas is usually necessary to sweep moisture vapor from the com-
partment and prevent gas saturation and condensation. Compartment
units are employed for the heating and drying of lumber, ceramics,
sheet materials (supported on poles), painted and metal objects, and
all forms of particulate solids.

Classification Batch; nonagitated; layer; convective (cross-circu-
lation or through-circulation) or contact/conduction.

Field of Application Because of the high labor requirements
usually associated with loading or unloading the compartments, batch
compartment equipment is rarely economical except in the following
situations:

1. A long heating cycle is necessary because the size of the solid
objects or permissible heating temperature requires a long holdup for
internal diffusion of heat or moisture. This case may apply when the
cycle will exceed 12 to 24 h.

2. The production of several different products requires strict
batch identity and thorough cleaning of equipment between batches.
This is a situation existing in many small multiproduct plants, e.g., for
pharmaceuticals or specialty chemicals.

3. The quantity of material to be processed does not justify invest-
ment in more expensive, continuous equipment. This case would
apply in many pharmaceutical drying operations.

Further, because of the nature of solids-gas contacting, which is
usually by parallel flow and rarely by through-circulation, heat trans-
fer and mass transfer are comparatively inefficient. For this reason,
use of tray and compartment equipment is restricted primarily to
ordinary drying and heat-treating operations. Despite these harsh lim-
itations, when the listed situations do exist, economical alternatives
are difficult to develop.

Auxiliary Equipment If noxious gases, fumes, or dust is given
off during the operation, dust or fume recovery equipment will be
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necessary in the exhaust gas system. Wet scrubbers are employed for
the recovery of valuable solvents from dryers. To minimize heat
losses, thorough insulation of the compartment with brick, asbestos,
or other insulating compounds is necessary. Modern fabricated
dryer compartment panels usually have 7.5 to 15 cm of blanket insu-
lation placed between the internal and external sheet-metal walls.
Doors and other access openings should be gasketed and tight. In
the case of tray and truck equipment, it is usually desirable to have
available extra trays and trucks so that they can be preloaded for
rapid emptying and loading of the compartment between cycles. Air
filters and gas dryers are occasionally employed on the inlet air sys-
tem for direct-heat units.

Vacuum-shelf dryers require auxiliary stream jets or other vacuum-
producing devices, intercondensers for vapor removal, and occasion-
ally wet scrubbers or (heated) bag-type dust collectors.

Uniform depth of loading in dryers and furnaces handling particu-
late solids is essential to consistent operation, minimum heating cycles,
or control of final moisture. After a tray has been loaded, the bed
should be leveled to a uniform depth. Special preform devices, noodle
extruders, pelletizers, etc., are employed occasionally for preparing
pastes and filter cakes so that screen bottom trays can be used and the
advantages of through-circulation approached.

Control of tray and compartment equipment is usually maintained
by control of the circulating air temperature (and humidity) and rarely
by the solids temperature. On vacuum units, control of the absolute
pressure and heating-medium temperature is utilized. In direct dryers,
cycle controllers are frequently employed to vary the air temperature
or velocity across the solids during the cycle; e.g., high air temperatures
may be employed during a constant-rate drying period while the solids
surface remains close to the air wet-bulb temperature. During the
falling-rate periods, this temperature may be reduced to prevent case
hardening or other degrading effects caused by overheating the solids
surfaces. In addition, higher air velocities may be employed during
early drying stages to improve heat transfer; however, after surface dry-
ing has been completed, this velocity may need to be reduced to pre-
vent dusting. Two-speed circulating fans are employed commonly for
this purpose.

Direct-Heat Tray Dryers Satisfactory operation of tray-type
dryers depends on maintaining a constant temperature and a uniform
air velocity over all the material being dried.

Circulation of air at velocities of 1 to 10 m/s is desirable to improve
the surface heat-transfer coefficient and to eliminate stagnant air
pockets. Proper airflow in tray dryers depends on sufficient fan capac-
ity, on the design of ductwork to modify sudden changes in direction,
and on properly placed baffles. Nonuniform airflow is one of the most
serious problems in the operation of tray dryers.

Tray dryers may be of the tray-truck or the stationary-tray type.
In the former, the trays are loaded on trucks which are pushed into
the dryer; in the latter, the trays are loaded directly into stationary
racks within the dryer. Trucks may be fitted with flanged wheels to
run on tracks or with flat swivel wheels. They may also be sus-
pended from and moved on monorails. Trucks usually contain two
tiers of trays, with 18 to 48 trays per tier, depending upon the tray
dimensions.

Trays may be square or rectangular, with 0.5 to 1 m2 per tray, and
may be fabricated from any material compatible with corrosion and
temperature conditions. When the trays are stacked in the truck, there
should be a clearance of not less than 4 cm between the material in
one tray and the bottom of the tray immediately above. When mate-
rial characteristics and handling permit, the trays should have screen
bottoms for additional drying area. Metal trays are preferable to non-
metallic trays, since they conduct heat more readily. Tray loadings
range usually from 1 to 10 cm deep.

Steam is the usual heating medium, and a standard heater arrange-
ment consists of a main heater before the circulating fan. When steam
is not available or the drying load is small, electric heat can be used.
For temperatures above 450 K, products of combustion can be used,
or indirect-fired air heaters.

Air is circulated by propeller or centrifugal fans; the fan is usually
mounted within or directly above the dryer. Above 450 K, external or
water-cooled bearings become necessary. Total pressure drop through

the trays, heaters, and ductwork is usually in the range of 2.5 to 5 cm
of water. Air recirculation is generally in the order of 80 to 95 percent
except during the initial drying stage of rapid evaporation. Fresh air is
drawn in by the circulating fan, frequently through dust filters. In
most installations, air is exhausted by a separate small exhaust fan with
a damper to control air recirculation rates.

Prediction of heat- and mass-transfer coefficients in direct heat
tray dryers In convection phenomena, heat-transfer coefficients
depend on the geometry of the system, the gas velocity past the evap-
orating surface, and the physical properties of the drying gas. In esti-
mating drying rates, the use of heat-transfer coefficients is preferred
because they are usually more reliable than mass-transfer coefficients.
In calculating mass-transfer coefficients from drying experiments, the
partial pressure at the surface is usually inferred from the measured or
calculated temperature of the evaporating surface. Small errors in
temperature have negligible effect on the heat-transfer coefficient but
introduce relatively large errors in the partial pressure and hence in
the mass-transfer coefficient.

For many cases in drying, the heat-transfer coefficient is propor-
tional to Ug

n, where Ug is an appropriate local gas velocity. For flow
parallel to plane plates, the exponent n has been reported to range
from 0.35 to 0.8. The differences in exponent have been attributed to
differences in flow pattern in the space above the evaporating surface,
particularly whether it is laminar or turbulent, and whether the length
is sufficient to allow fully developed flow. In the absence of applicable
specific data, the heat-transfer coefficient for the parallel-flow case
can be taken, for estimating purposes, as

h = �
8
D
.8

c

J
0

0

.2

.8

� (12-85)

where h is the heat-transfer coefficient, W�(m2⋅K) [or J�s⋅m2⋅K); J is
the gas mass flux, kg�(m2⋅S); and Dc is a characteristic dimension of the
system. The experimental data have been weighted in favor of an
exponent of 0.8 in conformity with the usual Colburn j factor, and
average values of the properties of air at 370 K have been incorpo-
rated. Typical values are in the range 10 to 50 W�(m2⋅K).

Experimental data for drying from flat surfaces have been corre-
lated by using the equivalent diameter of the flow channel or the
length of the evaporating surface as the characteristic length dimen-
sion in the Reynolds number. However, the validity of one versus the
other has not been established. The proper equivalent diameter prob-
ably depends at least on the geometry of the system, the roughness of
the surface, and the flow conditions upstream of the evaporating sur-
face. For most tray drying calculations, the equivalent diameter
(4 times the cross-sectional area divided by the perimeter of the flow
channel) should be used.

For airflow impinging normally to the surface from slots, nozzles, or
perforated plates, the heat-transfer coefficient can be obtained from
the data of Friedman and Mueller (Proceedings of the General
Discussion on Heat Transfer, Institution of Mechanical Engineers,
London, and American Society of Mechanical Engineers, New York,
1951, pp. 138–142). These investigators give

h = αJ0.78 (12-86)

where the gas mass flux J is based on the total heat-transfer area and
is dependent on the plate open area, hole or slot size, and spacing
between the plate, nozzle, or slot and the heat-transfer surface.

Most efficient performance is obtained with plates having open
areas equal to 2 to 3 percent of the total heat-transfer area. The plate
should be located at a distance equal to four to six hole (or equivalent)
diameters from the heat-transfer surface.

Data from tests employing multiple slots, with a correction calcu-
lated for slot width, were reported by Korger and Kizek [Int. J. Heat
Mass Transfer, London, 9:337 (1966)].

Another well-known correlation has been used to predict heat-
and mass-transfer coefficients for air impinging on a surface from
arrays of holes (jets). This correlation uses relevant geometric prop-
erties such as the diameter of the holes, the distance between the
holes, and the distance between the holes and the sheet [Martin,
“Heat and Mass Transfer Between Impinging Gas Jets and Solid
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Surfaces,” Advances in Heat Transfer, vol. 13, Academic Press, 1977,
pp. 1–66].

= = s1 +a b6t −0.05

× �f� × Re2/3

where D = diameter of nozzle, m

f = � 	
2

H = distance from nozzle to sheet, m
LD = average distance between nozzles, m
Nu = Nusselt number
Pr = Prandtl number

Re = , Reynolds number

Sc = Schmidt number
Sh = Sherwood number
w = velocity of air at nozzle exit, m/s
ν = kinematic viscosity of air, m2/s

The heat- and mass-transfer coefficients were then calculated from
the definitions of the Nusselt and Sherwood numbers.

Nu = where kth = thermal conductivity of air, W/(m⋅K)

D = diameter of holes in air bars, m

Sh = where diff = diffusion coefficient of water vapor in 
air, m2/s

Air impingement is commonly employed for drying sheets, film,
thin slabs, and coatings. The temperature driving force must also be
found. When radiation and conduction are negligible, the tempera-
ture of the evaporating surface approaches the wet-bulb temperature
and is readily obtained from the humidity and dry-bulb temperatures.
Frequently, however, radiation and conduction cause the temperature
of the evaporating surface to exceed the wet-bulb temperature. When
this occurs, the true surface temperature must be estimated. The eas-
iest way is to use a psychrometric chart and to change the slope of the
adiabatic saturation line; a typical figure for the additional radiation is
about 10 percent. In many cases this is canceled out by heat losses and
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�
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the heat required to warm the solid, leaving the dryer approximately
adiabatic.

As with many drying calculations, the most reliable design method
is to perform experimental tests and to scale up. By measuring perfor-
mance on a single tray with similar layer depth, air velocity, and tem-
perature, the SDR (specific drying rate) concept can be applied to
give the total area and number of trays required for the full-scale
dryer.

Performance data for direct heat tray dryers A standard two-truck
dryer is illustrated in Fig. 12-44. Adjustable baffles or a perforated dis-
tribution plate is normally employed to develop 0.3 to 1.3 cm of water
pressure drop at the wall through which air enters the truck enclosure.
This will enhance the uniformity of air distribution, from top to bot-
tom, among the trays. In three (or more) truck ovens, air reheat coils
may be placed between trucks if the evaporative load is high. Means
for reversing airflow direction may also be provided in multiple-truck
units.

Performance data on some typical tray and compartment dryers are
tabulated in Table 12-14. These indicate that an overall rate of evapo-
ration of 0.0025 to 0.025 kg water/(s⋅m2) of tray area may be expected
from tray and tray-truck dryers. The thermal efficiency of this type of
dryer will vary from 20 to 50 percent, depending on the drying tem-
perature used and the humidity of the exhaust air. In drying to very
low moisture contents under temperature restrictions, the thermal
efficiency may be on the order of 10 percent. The major operating
cost for a tray dryer is the labor involved in loading and unloading the
trays. About 2 labor-hours is required to load and unload a standard
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FIG. 12-44 Double-truck tray dryer. (A) Air inlet duct. (B) Air exhaust duct
with damper. (C) Adjustable-pitch fan 1 to 15 hp. (D) Fan motor. (E) Fin
heaters. (F) Plenum chamber. (G) Adjustable air blast nozzles. (H) Trucks and
trays. (J) Turning vanes.

TABLE 12-14 Manufacturer’s Performance Data for Tray and Tray-Truck Dryers*

Half-finished
Material Color Chrome yellow Toluidine red Titone Color

Type of dryer 2-truck 16-tray dryer 16-tray 3-truck 2-truck
Capacity, kg product/h 11.2 16.1 1.9 56.7 4.8
Number of trays 80 16 16 180 120
Tray spacing, cm 10 10 10 7.5 9
Tray size, cm 60 × 75 × 4 65 × 100 × 2.2 65 × 100 × 2 60 × 70 × 3.8 60 × 70 × 2.5
Depth of loading, cm 2.5 to 5 3 3.5 3
Initial moisture, % bone-dry basis 207 46 220 223 116
Final moisture, % bone-dry basis 4.5 0.25 0.1 25 0.5
Air temperature, °C 85–74 100 50 95 99
Loading, kg product/m2 10.0 33.7 7.8 14.9 9.28
Drying time, h 33 21 41 20 96
Air velocity, m/s 1.0 2.3 2.3 3.0 2.5
Drying, kg water evaporated/(h⋅m2) 0.59 65 0.41 1.17 0.11
Steam consumption, kg/kg water evaporated 2.5 3.0 — 2.75
Total installed power, kW 1.5 0.75 0.75 2.25 1.5

*Courtesy of Wolverine Proctor & Schwartz, Inc.



two-truck tray dryer. In addition, about one-third to one-fifth of a
worker’s time is required to supervise the dryer during the drying
period. Power for tray and compartment dryers will be approximately
1.1 kW per truck in the dryer. Maintenance will run from 3 to 5 per-
cent of the installed cost per year.

Batch Through-Circulation Dryers These may be either of
shallow bed or deep bed type. In the first type of batch through-circu-
lation dryer, heated air passes through a stationary permeable bed of
the wet material placed on removable screen-bottom trays suitably
supported in the dryer. This type is similar to a standard tray dryer
except that hot air passes through the wet solid instead of across it. The
pressure drop through the bed of material does not usually exceed
about 2 cm of water. In the second type, deep perforated-bottom trays
are placed on top of plenum chambers in a closed-circuit hot air circu-
lating system. In some food-drying plants, the material is placed in fin-
ishing bins with perforated bottoms; heated air passes up through the
material and is removed from the top of the bin, reheated, and recir-
culated. The latter types involve a pressure drop through the bed of
material of 1 to 8 cm of water at relatively low air rates. Table 12-15
gives performance data on three applications of batch through-circula-
tion dryers. Batch through-circulation dryers are restricted in applica-
tion to granular materials (particle size typically 1 mm or greater) that
permit free flow-through circulation of air. Drying times are usually
much shorter than in parallel-flow tray dryers. Design methods are
included in the subsection “Continuous Through-Circulation Dryers.”

Contact Tray and Vacuum-Shelf Dryers Vacuum-shelf dryers
are indirectly heated batch dryers consisting of a vacuum-tight cham-
ber usually constructed of cast iron or steel plate, heated, supporting
shelves within the chamber, a vacuum source, and usually a con-
denser. One or two doors are provided, depending on the size of the
chamber. The doors are sealed with resilient gaskets of rubber or sim-
ilar material. It is also possible, but much less common, to operate at
atmospheric pressure without vacuum.

Hollow shelves of flat steel plate are fastened permanently inside
the vacuum chamber and are connected in parallel to inlet and outlet
headers. The heating medium, entering through one header and pass-
ing through the hollow shelves to the exit header, is generally steam,
ranging in pressure from 700 kPa gauge to subatmospheric pressure
for low-temperature operations. Low temperatures can be provided
by circulating hot water, and high temperatures can be obtained by
circulating hot oil or Dowtherm. Some small dryers employ electri-
cally heated shelves. The material to be dried is placed in pans or trays
on the heated shelves. The trays are generally of metal to ensure good
heat transfer between the shelf and the tray.

Vacuum-shelf dryers may vary in size from 1 to 24 shelves, the
largest chambers having overall dimensions of 6 m wide, 3 m long, and
2.5 m high.

Vacuum is applied to the chamber, and vapor is removed through a
large pipe which is connected to the chamber in such a manner that if
the vacuum is broken suddenly, the in-rushing air will not greatly dis-
turb the bed of material being dried. This line leads to a condenser
where moisture or solvent that has been vaporized is condensed. The
noncondensable exhaust gas goes to the vacuum source, which may be
a wet or dry vacuum pump or a steam-jet ejector.

Vacuum-shelf dryers are used extensively for drying pharmaceuti-
cals, temperature-sensitive or easily oxidizable materials, and materials
so valuable that labor cost is insignificant. They are particularly useful
for handling small batches of materials wet with toxic or valuable sol-
vents. Recovery of the solvent is easily accomplished without danger of
passing through an explosive range. Dusty materials may be dried with
negligible dust loss. Hygroscopic materials may be completely dried at
temperatures below that required in atmospheric dryers. The equip-
ment is employed also for freeze-drying processes, for metallizing-
furnace operations, and for the manufacture of semiconductor parts in
controlled atmospheres. All these latter processes demand much lower
operating pressures than do ordinary drying operations.

Design methods for vacuum-shelf dryers Heat is transferred to the
wet material by conduction through the shelf and bottom of the tray
and by radiation from the shelf above. The critical moisture content
will not be necessarily the same as for atmospheric tray drying, as the
heat-transfer mechanisms are different.

During the constant-rate period, moisture is rapidly removed.
Often 50 percent of the moisture will evaporate in the first hour of a
6- to 8-h cycle. The drying time has been found to be proportional to
between the first and second power of the depth of loading. Shelf vac-
uum dryers operate in the range of 1 to 25 mmHg pressure. For size-
estimating purposes, a heat-transfer coefficient of 20 J/(m2⋅s⋅K) may
be used. The area employed in this case should be the shelf area in
direct contact with the trays. Trays should be maintained as flatly as
possible to obtain maximum area of contact with the heated shelves.
For the same reason, the shelves should be kept free from scale and
rust. Air vents should be installed on steam-heated shelves to vent
noncondensable gases. The heating medium should not be applied to
the shelves until after the air has been evacuated from the chamber, to
reduce the possibility of the material’s overheating or boiling at the
start of drying. Case hardening can sometimes be avoided by retard-
ing the rate of drying in the early part of the cycle.

Performance data for vacuum-shelf dryers The purchase price of
a vacuum-shelf dryer depends upon the cabinet size and number of
shelves per cabinet. For estimating purposes, typical prices (1985) and
auxiliary equipment requirements are given in Table 12-16. Installed
cost of the equipment will be roughly 100 percent of the carbon-steel
purchase cost.

The thermal efficiency of a vacuum-shelf dryer is usually on the
order of 60 to 80 percent. Table 12-17 gives operating data for one
organic color and two inorganic compounds. Labor may constitute
50 percent of the operating cost; maintenance, 20 percent. Annual
maintenance costs amount to 5 to 10 percent of the total installed cost.
Actual labor costs will depend on drying time, facilities for loading and
unloading trays, etc. The power required for these dryers is only that
for the vacuum system; for vacuums of 680 to 735 mmHg, the power
requirements are on the order of 0.06 to 0.12 kW/m2 tray surface.

Continuous Tray and Gravity Dryers Continuous tray dryers
are equivalent to batch tray dryers, but with the solids moving
between trays by a combination of mechanical movement and gravity.
Gravity (moving-bed) dryers are normally through-circulation convec-
tive dryers with no internal trays where the solids gradually descend
by gravity. In all these types, the net movement of solids is vertically
downward.

Classification Continuous; nonagitated (except for turnover
when falling between trays); layer; convective (cross-circulation or
through-circulation) or contact/conduction; vertical solids movement
by gravity and mechanical agitation.

Turbo-Tray Dryers The turbo-tray dryer (also known as rotating
tray, rotating shelf, or Wyssmont TURBO-DRYER®) is a continuous
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TABLE 12-15 Performance Data for Batch Through-Circulation
Dryers*

Granular Vegetable
Kind of material polymer Vegetable seeds

Capacity, kg product/h 122 42.5 27.7
Number of trays 16 24 24
Tray spacing, cm 43 43 43
Tray size, cm 91.4 × 104 91.4 × 104 85 × 98
Depth of loading, cm 7.0 6 4
Physical form of product Crumbs 0.6-cm diced Washed

cubes seeds
Initial moisture content, % 11.1 669.0 100.0
dry basis

Final moisture content, % 0.1 5.0 9.9
dry basis

Air temperature, °C 88 77 dry-bulb 36
Air velocity, superficial, 1.0 0.6 to 1.0 1.0
m/s

Tray loading, kg product/m2 16.1 5.2 6.7
Drying time, h 2.0 8.5 5.5
Overall drying rate, kg water 0.89 11.86 1.14
evaporated/(h⋅m2)

Steam consumption, kg/kg 4.0 2.42 6.8
water evaporated

Installed power, kW 7.5 19 19

*Courtesy of Wolverine Proctor & Schwartz, Inc.



dryer consisting of a stack of rotating annular shelves in the center of
which turbo-type fans revolve to circulate the air over the shelves. Wet
material enters through the roof, falling onto the top shelf as it rotates
beneath the feed opening. After completing 1 r, the material is wiped
by a stationary wiper through radial slots onto the shelf below, where
it is spread into a uniform pile by a stationary leveler. The action is
repeated on each shelf, with transfers occurring once in each revolu-
tion. From the last shelf, material is discharged through the bottom of
the dryer (Fig. 12-45). The steel-frame housing consists of removable
insulated panels for access to the interior. All bearings and lubricated
parts are exterior to the unit with the drives located under the hous-
ing. Parts in contact with the product may be of steel or special alloy.
The trays can be of any sheet material.

The rate at which each fan circulates air can be varied by changing
the pitch of the fan blades. In final drying stages, in which diffusion
controls or the product is light and powdery, the circulation rate is
considerably lower than in the initial stage, in which high evaporation
rates prevail. In the majority of applications, air flows through the
dryer upward in counterflow to the material. In special cases, required
drying conditions dictate that airflow be cocurrent or both counter-
current and cocurrent with the exhaust leaving at some level between
solids inlet and discharge. A separate cold-air-supply fan is provided if
the product is to be cooled before being discharged.

By virtue of its vertical construction, the turbo-type tray dryer has a
stack effect, the resulting draft being frequently sufficient to operate
the dryer with natural draft. Pressure at all points within the dryer is
maintained close to atmospheric. Most of the roof area is used as a
breeching, lowering the exhaust velocity to settle dust back into the
dryer.

Heaters can be located in the space between the trays and the dryer
housing, where they are not in direct contact with the product, and
thermal efficiencies up to 3500 kJ/kg (1500 Btu/lb) of water evapo-
rated can be obtained by reheating the air within the dryer. For mate-
rials which have a tendency to foul internal heating surfaces, an
external heating system is employed.

The turbo-tray dryer can handle materials from thick slurries [1 mil-
lion N⋅s/m2 (100,000 cP) and over] to fine powders. Filterpress cakes
are granulated before feeding. Thixotropic materials are fed directly
from a rotary filter by scoring the cake as it leaves the drum. Pastes
can be extruded onto the top shelf and subjected to a hot blast of air
to make them firm and free-flowing after 1 r.

The turbo-tray dryer is manufactured in sizes from package units
2 m in height and 1.5 m in diameter to large outdoor installations 20
m in height and 11 m in diameter. Tray areas range from 1 m2 up to
about 2000 m2. The number of shelves in a tray rotor varies according
to space available and the minimum rate of transfer required, from as
few as 12 shelves to as many as 58 in the largest units. Standard con-
struction permits operating temperatures up to 615 K, and high-
temperature heaters permit operation at temperatures up to 925 K.

A recent innovation has enabled TURBO-DRYER® to operate with
very low inert gas makeup. Wyssmont has designed a tank housing that
is welded up around the internal structure rather than the column-
and-gasket panel design that has been the Wyssmont standard for
many years. In field-erected units, the customer does the welding in
the field; in packaged units, the tank-type welding is done in the shop.
The tank-type housing finds particular application for operation under
positive pressure. On the standard design, doors with explosion
latches and gang latch operators are used. In the tank-type design,
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TABLE 12-16 Standard Vacuum-Shelf Dryers*

Price/m2 (1995)

Shelf area, Floor space, Weight average, Pump capacity, Pump motor, Condenser Carbon 304 stainless
m2 m2 kg m3/s kW area, m2 steel steel

0.4–1.1 4.5 540 0.024 1.12 1 $110 $170
1.1–2.2 4.5 680 0.024 1.12 1 75 110
2.2–5.0 4.6 1130 0.038 1.49 4 45 65
5.0–6.7 5.0 1630 0.038 1.49 4 36 65
6.7–14.9 6.4 3900 0.071 2.24 9 27 45

16.7–21.1 6.9 5220 0.071 2.24 9 22 36

*Stokes Vacuum, Inc.

TABLE 12-17 Performance Data of Vacuum-Shelf Dryers

Calcium Calcium
Material Sulfur black carbonate phosphate

Loading, kg dry 25 17 33
material/m2

Steam pressure, kPa 410 410 205
gauge

Vacuum, mmHg 685–710 685–710 685–710
Initial moisture content, 50 50.3 30.6
% (wet basis)

Final moisture content, 1 1.15 4.3
% (wet basis)

Drying time, h 8 7 6
Evaporation rate, kg/ 8.9 × 10−4 7.9 × 10−4 6.6 × 10−4

(s⋅m2) FIG. 12-45 TURBO-DRYER®. (Wyssmont Company, Inc.)



tight-sealing manway-type openings permit access to the interior.
Tank-type housing designs have been requested when drying solvent
wet materials and for applications where the material being dried is
highly toxic and certainty is required that no toxic dust get out.

Design methods for turbo-tray dryers The heat- and mass-transfer
mechanisms are similar to those in batch tray dryers, except that con-
stant turning over and mixing of the solids significantly improve dry-
ing rates. Design must usually be based on previous installations or
pilot tests by the manufacturer; apparent heat-transfer coefficients are
typically 30 to 60 J/(m2⋅s⋅K) for dry solids and 60 to 120 J/(m2⋅s⋅K) for
wet solids. Turbo-tray dryers have been employed successfully for the
drying and cooling of calcium hypochlorite, urea crystals, calcium
chloride flakes, and sodium chloride crystals. The Wyssmont “closed-
circuit” system, as shown in Fig. 12-46, consists of the turbo-tray dryer
with or without internal heaters, recirculation fan, condenser with
receiver and mist eliminators, and reheater. Feed and discharge are
through a sealed wet feeder and lock, respectively. This method is
used for continuous drying without leakage of fumes, vapors, or dust
to the atmosphere. A unified approach for scaling up dryers such as
turbo-tray, plate, conveyor, or any other dryer type that forms a
defined layer of solids next to a heating source is the SDR (specific
drying rate) method described by Moyers [Drying Technol. 12(1 & 2):
393–417 (1994)].

Performance and cost data for turbo-tray dryers Performance
data for four applications of closed-circuit drying are included in Table
12-18. Operating, labor, and maintenance costs compare favorably
with those of direct heat rotating equipment.

Plate Dryers The plate dryer is an indirectly heated, fully con-
tinuous dryer available for three modes of operation: atmospheric,
gastight, or full vacuum. The dryer is of vertical design, with horizon-
tal, heated plates mounted inside the housing. The plates are heated
by hot water, steam, or thermal oil, with operating temperatures up to
320°C possible. The product enters at the top and is conveyed
through the dryer by a product transport system consisting of a
central-rotating shaft with arms and plows. (See dryer schematic, Fig.
12-47.) The thin product layer [approximately 1⁄2-in (12-mm) depth]
on the surface of the plates, coupled with frequent product turnover
by the conveying system, results in short retention times (approxi-
mately 5 to 40 min), true plug flow of the material, and uniform dry-
ing. The vapors are removed from the dryer by a small amount of
heated purge gas or by vacuum. The material of construction of the
plates and housing is normally stainless steel, with special metallurgies
also available. The drive unit is located at the bottom of the dryer and
supports the central-rotating shaft. Typical speed of the dryer is 1 to 7
rpm. Full-opening doors are located on two adjacent sides of the dryer
for easy access to dryer internals.

The plate dryer may vary in size from 5 to 35 vertically stacked plates
with a heat-exchange area between 3.8 and 175 m2. The largest unit avail-
able has overall dimensions of 3 m (w) by 4 m (l) by 10 m (h). Depending

upon the loose-bulk density of the material and the overall retention
time, the plate dryer can process up to 5000 kg/h of wet product.

The plate dryer is limited in its scope of applications only in the
consistency of the feed material (the products must be friable, free-
flowing, and not undergo phase changes) and drying temperatures up
to 320°C. Applications include specialty chemicals, pharmaceuticals,
foods, polymers, pigments, etc. Initial moisture or volatile level can be
as high as 65 percent, and the unit is often used as a final dryer to take
materials to a bone-dry state, if necessary. The plate dryer can also be
used for heat treatment, removal of waters of hydration (bound mois-
ture), solvent removal, and as a product cooler.

The atmospheric plate dryer is a dust-tight system. The dryer hous-
ing is an octagonal, panel construction, with operating pressure in the
range of ±0.5 kPa gauge. An exhaust air fan draws the purge air
through the housing for removal of the vapors from the drying
process. The purge air velocity through the dryer is in the range of
0.1 to 0.15 m/s, resulting in minimal dusting and small dust filters for
the exhaust air. The air temperature is normally equal to the plate
temperature. The vapor-laden exhaust air is passed through a dust fil-
ter or a scrubber (if necessary) and is discharged to the atmosphere.
Normally, water is the volatile to be removed in this type of system.

The gastight plate dryer, together with the components of the gas
recirculation system, forms a closed system. The dryer housing is semi-
cylindrical and is rated for a nominal pressure of 5 kPa gauge. The flow
rate of the recirculating purge gas must be sufficient to absorb the
vapors generated from the drying process. The gas temperature must
be adjusted according to the specific product characteristics and the
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FIG. 12-46 TURBO-DRYER® in closed circuit for continuous drying with
solvent recovery. (Wyssmont Company, Inc.)

TABLE 12-18 Turbo-Dryer® Performance Data in Wyssmont Closed-Circuit Operations*

Material dried Antioxidant Water-soluble polymer Antibiotic filter cake Petroleum coke
Dried product, kg/h 500 85 2400 227
Volatiles composition Methanol and water Xylene and water Alcohol and water Methanol
Feed volatiles, % wet basis 10 20 30 30
Product volatiles, % wet basis 0.5 4.8 3.5 0.2
Evaporation rate, kg/h 53 16 910 302
Type of heating system External External External External
Heating medium Steam Steam Steam Steam
Drying medium Inert gas Inert gas Inert gas Inert gas
Heat consumption, J/kg 0.56 × 106 2.2 × 106 1.42 × 106 1.74 × 106

Power, dryer, kW 1.8 0.75 12.4 6.4
Power, recirculation fan, kW 5.6 5.6 37.5 15
Materials of construction Stainless-steel interior Stainless-steel interior Stainless-steel interior Carbon steel
Dryer height, m 4.4 3.2 7.6 6.5
Dryer diameter, m 2.9 1.8 6.0 4.5
Recovery system Shell-and-tube condenser Shell-and-tube condenser Direct-contact condenser Shell-and-tube condenser
Condenser cooling medium Brine Chilled water Tower water Chilled water
Location Outdoor Indoor Indoor Indoor
Approximate cost of dryer (2004) $300,000 $175,000 $600,000 $300,000
Dryer assembly Packaged unit Packaged unit Field-erected unit Field-erected unit

*Courtesy of Wyssmont Company, Inc.



type of volatile. After condensation of the volatiles, the purge gas (typ-
ically nitrogen) is recirculated back to the dryer via a blower and heat
exchanger. Solvents such as methanol, toluene, and acetone are nor-
mally evaporated and recovered in the gastight system.

The vacuum plate dryer is provided as part of a closed system. The
vacuum dryer has a cylindrical housing and is rated for full-vacuum
operation (typical pressure range of 3 to 27 kPa absolute). The exhaust
vapor is evacuated by a vacuum pump and is passed through a con-
denser for solvent recovery. There is no purge gas system required for
operation under vacuum. Of special note in the vacuum-drying system
are the vacuum feed and discharge locks, which allow for continuous
operation of the plate dryer under full vacuum.

Comparison data—plate dryers Comparative studies have been
done on products under both atmospheric and vacuum drying condi-
tions. See Fig. 12-48. These curves demonstrate (1) the improvement
in drying achieved with elevated temperature and (2) the impact to

the drying process obtained with vacuum operation. Note that curve
4 at 90°C, pressure at 6.7 kPa absolute, is comparable to the atmos-
pheric curve at 150°C. Also, the comparative atmospheric curve at
90°C requires 90 percent more drying time than the vacuum condi-
tion. The dramatic improvement with the use of vacuum is important
to note for heat-sensitive materials.

The above drying curves have been generated via testing on a plate
dryer simulator. The test unit duplicates the physical setup of the pro-
duction dryer; therefore linear scale-up from the test data can be
made to the full-scale dryer. Because of the thin product layer on each
plate, drying in the unit closely follows the normal type of drying curve
in which the constant-rate period (steady evolution of moisture or
volatiles) is followed by the falling-rate period of the drying process.
This results in higher heat-transfer coefficients and specific drying
capacities on the upper plates of the dryer as compared to the lower
plates. The average specific drying capacity for the plate dryer is in the
range of 2 to 20 kg/(m2⋅h) (based on final dry product). Performance
data for typical applications are shown on Table 12-19.
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FIG. 12-47 Indirect heat continuous plate dryer for atmospheric, gastight, or
full-vacuum operation. (Krauss Maffei.)
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FIG. 12-48 Plate dryer drying curves demonstrating impact of elevated tem-
perature and/or operation under vacuum. (Krauss Maffei.)

TABLE 12-19 Plate Dryer Performance Data for Three Applications*

Product Plastic additive Pigment Foodstuff
Volatiles Methanol Water Water
Production rate, dry 362 kg/hr 133 kg/hr 2030 kg/hr
Inlet volatiles content 30% 25% 4%
Final volatiles content 0.1% 0.5% 0.7%
Evaporative rate 155 kg/hr 44 kg/hr 70 kg/hr
Heating medium Hot water Steam Hot water
Drying temperature 70°C 150°C 90°C
Dryer pressure 11 kPa abs Atmospheric Atmospheric
Air velocity NA 0.1 m/sec 0.2 m/sec
Drying time, min 24 23 48
Heat consumption, 350 480 100

kcal/kg dry product
Power, dryer drive 3 kW 1.5 kW 7.5 kW
Material of construction SS 316L/316Ti SS 316L/316Ti SS 316L/316Ti
Dryer height 5 m 2.6 m 8.2 m
Dryer footprint 2.6 m diameter 2.2 m by 3.0 m 3.5 m by 4.5 m
Location Outdoors Indoors Indoors
Dryer assembly Fully assembled Fully assembled Fully assembled
Power, exhaust fan NA 2.5 kW 15 kW
Power, vacuum pump 20 kW NA NA

*Krauss Maffei



Gravity or Moving-Bed Dryers A body of solids in which the
particles, consisting of granules, pellets, beads, or briquettes, flow
downward by gravity at substantially their normal settled bulk density
through a vessel in contact with gases is defined frequently as a moving-
bed or tower dryer. Moving-bed equipment is frequently used for
grain drying and plastic pellet drying, and it also finds application in
blast furnaces, shaft furnaces, and petroleum refining. Gravity beds
are also employed for the cooling and drying of extruded pellets and
briquettes from size enlargement processes.

A gravity dryer consists of a stationary vertical, usually cylindrical
housing with openings for the introduction of solids (at the top) and
removal of solids (at the bottom), as shown schematically in Fig. 12-49.
Gas flow is through the solids bed and may be cocurrent or counter-
current and, in some instances, cross-flow. By definition, the rate of gas
flow upward must be less than that required for fluidization.

Fields of application One of the major advantages of the gravity-
bed technique is that it lends itself well to true intimate countercur-
rent contacting of solids and gases. This provides for efficient heat
transfer and mass transfer. Gravity-bed contacting also permits the
use of the solid as a heat-transfer medium, as in pebble heaters.

Gravity vessels are applicable to coarse granular free-flowing
solids which are comparatively dust-free. The solids must possess
physical properties in size and surface characteristics so that they
will not stick together, bridge, or segregate during passage through
the vessel. The presence of significant quantities of fines or dust
will close the passages among the larger particles through which the
gas must penetrate, increasing pressure drop. Fines may also segre-
gate near the sides of the bed or in other areas where gas velocities
are low, ultimately completely sealing off these portions of the ves-
sel. The high efficiency of gas-solids contacting in gravity beds is
due to the uniform distribution of gas throughout the solids bed;
hence choice of feed and its preparation are important factors to
successful operation. Preforming techniques such as pelleting and
briquetting are employed frequently for the preparation of suitable
feed materials.

Gravity vessels are suitable for low-, medium-, and high-tempera-
ture operation; in the last case, the housing will be lined completely
with refractory brick. Dust recovery equipment is minimized in this
type of operation since the bed actually performs as a dust collector
itself, and dust in the bed will not, in a successful application, exist in
large quantities.

Other advantages of gravity beds include flexibility in gas and solids
flow rates and capacities, variable retention times from minutes to
several hours, space economy, ease of start-up and shutdown, the

potentially large number of contacting stages, and ease of control by
using the inlet and exit gas temperatures.

Maintenance of a uniform rate of solids movement downward over
the entire cross-section of the bed is one of the most critical operating
problems encountered. For this reason gravity beds are designed to
be as high and narrow as practical. In a vessel of large cross section,
discharge through a conical bottom and center outlet will usually
result in some degree of “ratholing” through the center of the bed.
Flow through the center will be rapid while essentially stagnant pock-
ets are left around the sides. To overcome this problem, multiple out-
lets may be provided in the center and around the periphery; table
unloaders, rotating plows, wide moving grates, and multiple-screw
unloaders are employed; insertion of inverted cone baffles in the
lower section of the bed, spaced so that flushing at the center is
retarded, is also a successful method for improving uniformity of
solids movement. Fortunately, the problems are less critical in gravity
dryers, which are usually for slow drying of large particles, than in
applications such as catalytic reactors, where disengagement of gas
from solids at the top of the tower can also present serious difficulties.

Continuous Band and Tunnel Dryers This group of dryers is
variously known as band, belt, conveyor, or tunnel dryers.

Classification Continuous; nonagitated; layer; convective (cross-
circulation or through-circulation) or contact/conduction; horizontal
movement by mechanical means.

Continuous tunnels are batch truck or tray compartments,
operated in series. The solids to be processed are placed in trays or
on trucks which move progressively through the tunnel in contact with
hot gases. Operation is semicontinuous; when the tunnel is filled,
one truck is removed from the discharge end as each new truck is fed
into the inlet end. In some cases, the trucks move on tracks or mono-
rails, and they are usually conveyed mechanically, employing chain
drives connecting to the bottom of each truck.

Belt-conveyor and screen-conveyor (band) dryers are truly
continuous in operation, carrying a layer of solids on an endless
conveyor.

Continuous tunnel and conveyor dryers are more suitable than
(multiple) batch compartments for large-quantity production, usually
giving investment and installation savings. In the case of truck and tray
tunnels, labor savings for loading and unloading are not significant
compared with those for batch equipment. Belt and screen conveyors
which are truly continuous represent major labor savings over batch
operations but require additional investment for automatic feeding
and unloading devices.

Airflow can be totally cocurrent, countercurrent, or a combina-
tion of both. In addition, cross-flow designs are employed frequently,
with the heating air flowing back and forth across the trucks or belt in
series. Reheat coils may be installed after each cross-flow pass to
maintain constant-temperature operation; large propeller-type circu-
lating fans are installed at each stage, and air may be introduced or
exhausted at any desirable points. Tunnel equipment possesses maxi-
mum flexibility for any combination of airflow and temperature stag-
ing. When handling granular, particulate solids which do not offer
high resistance to airflow, perforated or screen-type belt conveyors are
employed with through-circulation of gas to improve heat- and
mass-transfer rates, almost invariably in cross-flow. Contact drying is
also possible, usually under vacuum, with the bands resting on heating
plates (vacuum band dryer).

Tunnel Dryers In tunnel equipment, the solids are usually
heated by direct contact with hot gases. In high-temperature opera-
tions, radiation from walls and refractory lining may be significant
also. The air in a direct heat unit may be heated directly or indirectly
by combustion or, at temperature below 475 K, by finned steam coils.

Applications of tunnel equipment are essentially the same as those
for batch tray and compartment units previously described, namely,
practically all forms of particulate solids and large solid objects. Con-
tinuous tunnel or conveyor ovens are employed also for drying refrac-
tory shapes and for drying and baking enameled pieces. In many of
these latter, the parts are suspended from overhead chain conveyors.

Auxiliary equipment and the special design considerations dis-
cussed for batch trays and compartments apply also to tunnel equip-
ment. For size-estimating purposes, tray and truck tunnels and
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FIG. 12-49 Moving-bed gravity dryer.



furnaces can be treated in the same manner as discussed for batch
equipment.

Ceramic tunnel kilns handling large irregular-shaped objects
must be equipped for precise control of temperature and humidity
conditions to prevent cracking and condensation on the product. The
internal mechanism causing cracking when drying clay and ceramics
have been studied extensively. Information on ceramic tunnel kiln
operation and design is reported fully in publications such as The
American Ceramic Society Bulletin, Ceramic Industry, and Transac-
tions of the British Ceramic Society.

Another use of tunnel dryers is for drying leather. Moisture content
is initially around 50 percent but must not be reduced below about 15
percent, or else the leather will crack and be useless. To avoid this, a
high-humidity atmosphere is maintained by gas recycle, giving a high
equilibrium moisture content.

Continuous Through-Circulation Band Dryers Continuous
through-circulation dryers operate on the principle of blowing hot
air through a permeable bed of wet material passing continuously
through the dryer. Drying rates are high because of the large area of con-
tact and short distance of travel for the internal moisture.

The most widely used type is the horizontal conveyor dryer (also
called perforated band or conveying-screen dryer), in which wet
material is conveyed as a layer, 2 to 15 cm deep (sometimes up to 1 m),
on a horizontal mesh screen, belt, or perforated apron, while heated
air is blown either upward or downward through the bed of material.
This dryer consists usually of a number of individual sections, com-
plete with fan and heating coils, arranged in series to form a housing
or tunnel through which the conveying screen travels. As shown in the
sectional view in Fig. 12-50, the air circulates through the wet mate-
rial and is reheated before reentering the bed. It is not uncommon to
circulate the hot gas upward in the wet end and downward in the dry
end, as shown in Fig. 12-51. A portion of the air is exhausted continu-
ously by one or more exhaust fans, not shown in the sketch, which
handle air from several sections. Since each section can be operated
independently, extremely flexible operation is possible, with high tem-
peratures usually at the wet end, followed by lower temperatures; in
some cases a unit with cooled or specially humidified air is employed
for final conditioning. The maximum pressure drop that can be
taken through the bed of solids without developing leaks or air bypass-
ing is roughly 50 mm of water.

Through-circulation drying requires that the wet material be in a
state of granular or pelleted subdivision so that hot air may be read-
ily blown through it. Many materials meet this requirement without
special preparation. Others require special and often elaborate pre-
treatment to render them suitable for through-circulation drying.
The process of converting a wet solid to a form suitable for through-
circulation of air is called preforming, and often the success or fail-
ure of this contacting method depends on the preforming step.
Fibrous, flaky, and coarse granular materials are usually amenable to
drying without preforming. They can be loaded directly onto the
conveying screen by suitable spreading feeders of the oscillating-
belt or vibrating type or by spiked drums or belts feeding from bins.

When materials must be preformed, several methods are available,
depending on the physical state of the wet solid.

1. Relatively dry materials such as centrifuge cakes can sometimes
be granulated to give a suitably porous bed on the conveying screen.

2. Pasty materials can often be preformed by extrusion to form
spaghettilike pieces, about 6 mm in diameter and several centimeters
long.

3. Wet pastes that cannot be granulated or extruded may be
predried and preformed on a steam-heated finned drum. Preforming
on a finned drum may be desirable also in that some predrying is
accomplished.

4. Thixotropic filter cakes from rotary vacuum filters that cannot be
preformed by any of the above methods can often be scored by knives
on the filter, the scored cake discharging in pieces suitable for
through-circulation drying.

5. Material that shrinks markedly during drying is often reloaded
during the drying cycle to 2 to 6 times the original loading depth. This
is usually done after a degree of shrinkage which, by opening the bed,
has destroyed the effectiveness of contact between the air and solids.

6. In a few cases, powders have been pelleted or formed in bri-
quettes to eliminate dustiness and permit drying by through-circulation.
Table 12-20 gives a list of materials classified by preforming methods
suitable for through-circulation drying.

Steam-heated air is the usual heat-transfer medium employed in
these dryers, although combustion gases may be used also. Tempera-
tures above 600 K are not usually feasible because of the problems of
lubricating the conveyor, chain, and roller drives. Recirculation of air
is in the range of 60 to 90 percent of the flow through the bed. Con-
veyors may be made of wire-mesh screen or perforated-steel plate.
The minimum practical screen opening size is about 30-mesh (0.5 mm).
Multiple bands in series may be used.

Vacuum band dryers utilize heating by conduction and are a con-
tinuous equivalent of vacuum tray (shelf) dryers, with the moving
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FIG. 12-50 Section view of a continuous through-circulation conveyor dryer.
(Proctor & Schwartz, Inc.)
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FIG. 12-51 Longitudinal view of a continuous through-circulation conveyor dryer with intermediate airflow reversal.



bands resting on heating plates. Drying is usually relatively slow, and
it is common to find several bands stacked above one another, with
material falling to the next band and flowing in opposite directions on
each pass, to reduce dryer length and give some product turnover.

Design Methods for Continuous Band Dryers In actual prac-
tice, design of a continuous through-circulation dryer is best based
upon data taken in pilot-plant tests. Loading and distribution of solids
on the screen are rarely as nearly uniform in commercial installations
as in test dryers; 50 to 100 percent may be added to the test drying
time for commercial design.

A mathematical method of a through-circulation dryer has been
developed by Thygeson [Am. Inst. Chem. Eng. J. 16(5):749 (1970)].
Rigorous modeling is possible with a two-dimensional incremental
model, with steps both horizontally along the belt and vertically
through the layer; nonuniformity of the layer across the belt could also
be allowed for if desired. Heat-transfer coefficients are typically in the
range of 100 to 200 W/(m2⋅K) and the relationship hc = 12(ρgUg/dp)0.5

may be used for a first estimate, where ρg is gas density (kg/m3); Ug,
local gas velocity (m/s); and dp, particle diameter (m). For 5-mm par-
ticles and air at 1 m/s, 80°C and 1 kg/m3 [mass flux 1 kg/(m2⋅s)] this
gives hc = 170 W/(m2⋅K).

Performance and Cost Data for Continuous Band and Tunnel
Dryers Experimental performance data are given in Table 12-21 for
numerous common materials. Performance data from several com-
mercial through-circulation conveyor dryers are given in Table 12-22.
Labor requirements vary depending on the time required for feed
adjustments, inspection, etc. These dryers may consume as little as 1.1 kg
of steam/kg of water evaporated, but 1.4 to 2 is a more common range.
Thermal efficiency is a function of final moisture required and per-
cent air recirculation.

Conveying-screen dryers are fabricated with conveyor widths from
0.3- to 4.4-m sections 1.6 to 2.5 m long. Each section consists of a
sheet-metal enclosure, insulated sidewalls and roof, heating coils, a
circulating fan, inlet air distributor baffles, a fines catch pan under the
conveyor, and a conveyor screen (Fig. 12-51). Table 12-23 gives
approximate purchase costs for equipment with type 304 stainless-
steel hinged conveyor screens and includes steam-coil heaters, fans,
motors, and a variable-speed conveyor drive. Cabinet and auxiliary
equipment fabrication is of aluminized steel or stainless-steel materi-
als. Prices do not include temperature controllers, motor starters, pre-
form equipment, or auxiliary feed and discharge conveyors. These
may add $75,000 to $160,000 to the dryer purchase cost (2005 costs).

Batch Agitated and Rotating Dryers
Description An agitated dryer is defined as one on which the

housing enclosing the process is stationary while solids movement is
accomplished by an internal mechanical agitator. A rotary dryer is one
in which the outer housing rotates. Many forms are in use, including
batch and continuous versions. The batch forms are almost invariably
heated by conduction with operation under vacuum. Vacuum is used
in conjunction with drying or other chemical operations when low
solids temperatures must be maintained because heat will cause dam-
age to the product or change its nature; when air combines with the

product as it is heated, causing oxidation or an explosive condition;
when solvent recovery is required; and when materials must be dried
to extremely low moisture levels.

Vertical agitated pan, spherical and conical dryers are mechanically
agitated; tumbler or double-cone dryers have a rotating shell. All these
types are typically used for the drying of solvent or water-wet, free-
flowing powders in small batch sizes of 1000 L or less, as frequently
found in the pharmaceutical, specialty chemical, and fine chemicals
industries. Corrosion resistance and cleanability are often important,
and common materials of construction include SS 304 and 316, and
Hastelloy. The batch nature of operation is of value in the pharma-
ceutical industry to maintain batch identification. In addition to phar-
maceutical materials, the conical mixer dryer is used to dry polymers,
additives, inorganic salts, and many other specialty chemicals. As the
size increases, the ratio of jacket heat-transfer surface area to volume
falls, extending drying times. For larger batches, horizontal agitated
pan dryers are more common, but there is substantial overlap of oper-
ating ranges. Drying times may be reduced for all types by heating the
internal agitator, but this increases complexity and cost.

Classification Batch; mechanical or rotary agitation; layer; contact/
conduction.

Mechanical versus rotary agitation Agitated dryers are applicable
to processing solids which are relatively free-flowing and granular
when discharged as product. Materials which are not free-flowing in
their feed condition can be treated by recycle methods as described in
the subsection “Continuous Rotary Dryers.” In general, agitated dry-
ers have applications similar to those of rotating vessels. Their chief
advantages compared with the latter are twofold. (1) Large-diameter
rotary seals are not required at the solids and gas feed and exit points
because the housing is stationary, and for this reason gas leakage prob-
lems are minimized. Rotary seals are required only at the points of
entrance of the mechanical agitator shaft. (2) Use of a mechanical agi-
tator for solids mixing introduces shear forces which are helpful for
breaking up lumps and agglomerates. Balling and pelleting of sticky
solids, an occasional occurrence in rotating vessels, can be prevented
by special agitator design. The problems concerning dusting of fine
particles in direct-heat units are identical to those discussed under
“Continuous Rotary Dryers.”

Vacuum processing All these types of dryer usually operate under
vacuum, especially when drying heat-sensitive materials or when
removing flammable organic solvents rather than water. The heating
medium is hot water, steam, or thermal oil, with most applications in
the temperature range of 50 to 150°C and pressures in the range of 3
to 30 kPa absolute. The vapors generated during the drying process
are evacuated by a vacuum pump and passed through a condenser for
recovery of the solvent. A dust filter is normally mounted over the
vapor discharge line as it leaves the dryer, thus allowing any entrapped
dust to be pulsed back into the process area. Standard cloth-type dust
filters are available, along with sintered metal filters.

In vacuum processing and drying, a major objective is to create a
large temperature-driving force between the jacket and the product. To
accomplish this purpose at fairly low jacket temperatures, it is necessary
to reduce the internal process pressure so that the liquid being removed
will boil at a lower vapor pressure. It is not always economical, however,
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TABLE 12-20 Methods of Preforming Some Materials for Through-Circulation Drying

No preforming Flaking on Briquetting and
required Scored on filter Granulation Extrusion Finned drum chilled drum squeezing

Cellulose acetate Starch Kaolin Calcium carbonate Lithopone Soap flakes Soda ash
Silica gel Aluminum hydrate Cryolite White lead Zinc yellow Cornstarch
Scoured wool Lead arsenate Lithopone Calcium carbonate Synthetic rubber
Sawdust Cornstarch Titanium dioxide Magnesium carbonate
Rayon waste Cellulose acetate Magnesium carbonate
Fluorspar Dye intermediates Aluminum stearate
Tapioca Zinc stearate
Breakfast food
Asbestos fiber
Cotton linters
Rayon staple



to reduce the internal pressure to extremely low levels because of the
large vapor volumes thereby created. It is necessary to compromise on
operating pressure, considering leakage, condensation problems, and
the size of the vapor lines and pumping system. Very few vacuum dryers
operate below 5 mmHg pressure on a commercial scale. Air in-leakage
through gasket surfaces will be in the range of 0.2 kg/(h⋅linear m of gas-
keted surface) under these conditions. To keep vapor partial pressure
and solids temperature low without pulling excessively high vacuum, a
nitrogen bleed may be introduced, particularly in the later stages of dry-
ing. The vapor and solids surface temperatures then fall below the vapor
boiling point, toward the wet-bulb temperature.

Vertical Agitated Dryers This classification includes vertical
pan dryers, filter dryers, and spherical and conical dryers.

Vertical pan dryer The basic vertical pan dryer consists of a short,
squat vertical cylinder (Fig. 12-52 and Table 12-24) with an outer
heating jacket and an internal rotating agitator, again with the axis

vertical, which mixes the solid and sweeps the base of the pan. Heat
is supplied by circulation of hot water, steam, or thermal fluid
through the jacket; it may also be used for cooling at the end of the
batch cycle, using cooling water or refrigerant. The agitator is usually
a plain set of solid blades, but may be a ribbon-type screw or internally
heated blades. Product is discharged from a door at the lower side of
the wall. Sticky materials may adhere to the agitator or be difficult to
discharge.

Filter dryer The basic Nutsche filter dryer is like a vertical pan
dryer, but with the bottom heated plate replaced by a filter plate.
Hence, a slurry can be fed in and filtered, and the wet cake dried in
situ. These units are especially popular in the pharmaceutical industry,
as containment is good and a difficult wet solids transfer operation is
eliminated by carrying out both filtration and drying in the same vessel.
Drying times tend to be longer than for vertical pan dryers as the bot-
tom plate is no longer heated. Some types (e.g., Mitchell Thermovac,
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TABLE 12-21 Experimental Through-Circulation Drying Data for Miscellaneous Materials

Moisture contents, kg/kg
Airdry solid

Inlet-air velocity, Experimental
tempera- Depth of Loading, kg m/s × drying time,

Material Physical form Initial Critical Final ture, K bed, cm product/m2 101 s × 10−2

Alumina hydrate Briquettes 0.105 0.06 0.00 453 6.4 60.0 6.0 18.0
Alumina hydrate Scored filter cake 9.60 4.50 1.15 333 3.8 1.6 11.0 90.0
Alumina hydrate Scored filter cake 5.56 2.25 0.42 333 7.0 4.6 11.0 108.0
Aluminum stearate 0.7-cm extrusions 4.20 2.60 0.003 350 7.6 6.5 13.0 36.0
Asbestos fiber Flakes from squeeze rolls 0.47 0.11 0.008 410 7.6 13.6 9.0 5.6
Asbestos fiber Flakes from squeeze rolls 0.46 0.10 0.0 410 5.1 6.3 9.0 3.6
Asbestos fiber Flakes from squeeze rolls 0.46 0.075 0.0 410 3.8 4.5 11.0 2.7
Calcium carbonate Preformed on finned drum 0.85 0.30 0.003 410 3.8 16.0 11.5 12.0
Calcium carbonate Preformed on finned drum 0.84 0.35 0.0 410 8.9 25.7 11.7 18.0
Calcium carbonate Extruded 1.69 0.98 0.255 410 1.3 4.9 14.3 9.0
Calcium carbonate Extruded 1.41 0.45 0.05 410 1.9 5.8 10.2 12.0
Calcium stearate Extruded 2.74 0.90 0.0026 350 7.6 8.8 5.6 57.0
Calcium stearate Extruded 2.76 0.90 0.007 350 5.1 5.9 6.0 42.0
Calcium stearate Extruded 2.52 1.00 0.0 350 3.8 4.4 10.2 24.0
Cellulose acetate Granulated 1.14 0.40 0.09 400 1.3 1.4 12.7 1.8
Cellulose acetate Granulated 1.09 0.35 0.0027 400 1.9 2.7 8.6 7.2
Cellulose acetate Granulated 1.09 0.30 0.0041 400 2.5 4.1 5.6 10.8
Cellulose acetate Granulated 1.10 0.45 0.004 400 3.8 6.1 5.1 18.0
Clay Granulated 0.277 0.175 0.0 375 7.0 46.2 10.2 19.2
Clay 1.5-cm extrusions 0.28 0.18 0.0 375 12.7 100.0 10.7 43.8
Cryolite Granulated 0.456 0.25 0.0026 380 5.1 34.2 9.1 24.0
Fluorspar Pellets 0.13 0.066 0.0 425 5.1 51.4 11.6 7.8
Lead arsenate Granulated 1.23 0.45 0.043 405 5.1 18.1 11.6 18.0
Lead arsenate Granulated 1.25 0.55 0.054 405 6.4 22.0 10.2 24.0
Lead arsenate Extruded 1.34 0.64 0.024 405 5.1 18.1 9.4 36.0
Lead arsenate Extruded 1.31 0.60 0.0006 405 8.4 26.9 9.2 42.0
Kaolin Formed on finned drum 0.28 0.17 0.0009 375 7.6 44.0 9.2 21.0
Kaolin Formed on finned drum 0.297 0.20 0.005 375 11.4 56.3 12.2 15.0
Kaolin Extruded 0.443 0.20 0.008 375 7.0 45.0 10.16 18.0
Kaolin Extruded 0.36 0.14 0.0033 400 9.6 40.6 15.2 12.0
Kaolin Extruded 0.36 0.21 0.0037 400 19.0 80.7 10.6 30.0
Lithopone (finished) Extruded 0.35 0.065 0.0004 408 8.2 63.6 10.2 18.0
Lithopone (crude) Extruded 0.67 0.26 0.0007 400 7.6 41.1 9.1 51.0
Lithopone Extruded 0.72 0.28 0.0013 400 5.7 28.9 11.7 18.0
Magnesium carbonate Extruded 2.57 0.87 0.001 415 7.6 11.0 11.4 17.4
Magnesium carbonate Formed on finned drum 2.23 1.44 0.0019 418 7.6 13.2 8.6 24.0
Mercuric oxide Extruded 0.163 0.07 0.004 365 3.8 66.5 11.2 24.0
Silica gel Granular 4.51 1.85 0.15 400 3.8–0.6 3.2 8.6 15.0
Silica gel Granular 4.49 1.50 0.215 340 3.8–0.6 3.4 9.1 63.0
Silica gel Granular 4.50 1.60 0.218 325 3.8–0.6 3.5 9.1 66.0
Soda salt Extruded 0.36 0.24 0.008 410 3.8 22.8 5.1 51.0
Starch (potato) Scored filter cake 0.866 0.55 0.069 400 7.0 26.3 10.2 27.0
Starch (potato) Scored filter cake 0.857 0.42 0.082 400 5.1 17.7 9.4 15.0
Starch (corn) Scored filter cake 0.776 0.48 0.084 345 7.0 26.4 7.4 54.0
Starch (corn) Scored filter cake 0.78 0.56 0.098 380 7.0 27.4 7.6 24.0
Starch (corn) Scored filter cake 0.76 0.30 0.10 345 1.9 7.7 6.7 15.0
Titanium dioxide Extruded 1.2 0.60 0.10 425 3.0 6.8 13.7 6.3
Titanium dioxide Extruded 1.07 0.65 0.29 425 8.2 16.0 8.6 6.0
White lead Formed on finned drum 0.238 0.07 0.001 355 6.4 76.8 11.2 30.0
White lead Extruded 0.49 0.17 0.0 365 3.8 33.8 10.2 27.0
Zinc stearate Extruded 4.63 1.50 0.005 360 4.4 4.2 8.6 36.0



Krauss-Maffei TNT) invert the unit between the filtration and drying
stages to avoid this problem.

Spherical dryer Sometimes called the turbosphere, this is another
agitated dryer with a vertical axis mixing shaft, but rotation is typically
faster than in the vertical pan unit, giving improved mixing and heat
transfer. The dryer chamber is spherical, with solids discharge
through a door or valve near the bottom.

Conical mixer dryer This is a vertically oriented conical vessel
with an internally mounted rotating screw. Figure 12-53 shows a
schematic of a typical conical mixer dryer. The screw rotates about its
own axis (speeds up to 100 rpm) and around the interior of the vessel
(speeds up to 0.4 rpm). Because it rotates around the full circumfer-
ence of the vessel, the screw provides a self-cleaning effect for the
heated vessel walls, as well as effective agitation; it may also be inter-
nally heated. Either top-drive (via an internal rotating arm) or bottom-
drive (via a universal joint) may be used; the former is more common.
The screw is cantilevered in the vessel and requires no additional sup-
port (even in vessel sizes up to 20-m3 operating volume). Cleaning of
the dryer is facilitated with CIP systems that can be used for cleaning,
and/or the vessel can be completely flooded with water or solvents.
The dryer makes maximum use of the product-heated areas—the fill-
ing volume of the vessel (up to the knuckle of the dished head) is the
usable product loading. In some recent applications, microwaves have
been used to provide additional energy input and shorten drying
times.

In the bottom-drive system, the vessel cover is free of drive compo-
nents, allowing space for additional process nozzles, manholes, explo-
sion venting, etc., as well as a temperature lance for direct, continuous
product temperature measurement in the vessel. The top cover of the
vessel is easily heated by either a half-pipe coil or heat tracing, which
ensures that no vapor condensation will occur in the process area.

Because there are no drive components in the process area, the risk of
batch failures due to contamination from gear lubricants is eliminated.
However, the bottom joint requires especially careful design, mainte-
nance, and sealing. The disassembly of the unit is simplified, as all
work on removing the screw can be done without vessel entry. For dis-
assembly, the screw is simply secured from the top, and the drive com-
ponents are removed from the bottom of the dryer.

Horizontal Pan Dryer This consists of a stationary cylindrical
shell, mounted horizontally, in which a set of agitator blades mounted
on a revolving central shaft stirs the solids being treated. They tend to
be used for larger batches than vertical agitated or batch rotating dry-
ers. Heat is supplied by circulation of hot water, steam, or Dowtherm
through the jacket surrounding the shell and, in larger units, through
the hollow central shaft. The agitator can be of many different forms,
including simple paddles, ploughshare-type blades, a single discontin-
uous spiral, or a double continuous spiral. The outer blades are set as
closely as possible to the wall without touching, usually leaving a gap
of 0.3 to 0.6 cm. Modern units occasionally employ spring-loaded shell
scrapers mounted on the blades. The dryer is charged through a port
at the top and emptied through one or more discharge nozzles at the
bottom. Vacuum is applied and maintained by any of the conventional
methods, i.e., steam jets, vacuum pumps, etc.

A similar type, the batch indirect rotary dryer, consists of a rotating
horizontal cylindrical shell, suitably jacketed. Vacuum is applied to
this unit through hollow trunnions with suitable packing glands.
Rotary glands must be used also for admitting and removing the heat-
ing medium from the jacket. The inside of the shell may have lifting
bars, welded longitudinally, to assist agitation of the solids. Continu-
ous rotation is needed while emptying the solids, and a circular dust
hood is frequently necessary to enclose the discharge-nozzle turning
circle and prevent serious dust losses to the atmosphere during
unloading. A typical vacuum rotary dryer is illustrated in Fig. 12-54.
Sealing tends to be more difficult where the entire shell rotates com-
pared to the horizontal pan, where only the central agitator shaft
rotates, since the seal diameter is smaller in the latter case. Con-
versely, a problem with a stationary shell is that it can be difficult to
empty the final “heel” of material out of the bottom of the cylinder. If
batch integrity is important, this is an advantage for the rotary variant
over the horizontal pan.

Heated Agitators For all agitated dryers, in addition to the
jacket heated area, heating the agitator with the same medium as the
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TABLE 12-22 Performance Data for Continuous Through-Circulation Dryers*

Kind of material

Inorganic Charcoal Inorganic
pigment Cornstarch Fiber staple briquettes Gelatin chemical

Capacity, kg dry product/h 712 4536 1724 5443 295 862
Stage A, Stage B,

Approximate dryer area, m2 22.11 66.42 57.04 35.12 52.02 104.05 30.19
Depth of loading, cm 3 4 16 5 4
Air temperature, °C 120 115 to 140 130 to 100 100 135 to 120 32 to 52 121 to 82
Loading, kg product/m2 18.8 27.3 3.5 3.3 182.0 9.1 33
Type of conveyor, mm 1.59 by 6.35 1.19 by 4.76 2.57-diameter holes, 8.5 × 8.5 mesh 4.23 × 4.23 mesh 1.59 × 6.35 slot

slots slots perforated plate screen screen
Preforming method or feed Rolling extruder Filtered and Fiber feed Pressed Extrusion Rolling extruder

scored
Type and size of preformed 6.35-diameter Scored filter Cut fiber 64 × 51 × 25 2-diameter 6.35-diameter
particle, mm extrusions cake extrusions extrusions

Initial moisture content, 120 85.2 110 37.3 300 111.2
% bone-dry basis

Final moisture content, 0.5 13.6 9 5.3 11.1 1.0
% bone-dry basis

Drying time, min 35 24 11 105 192 70
Drying rate, kg water 38.39 42.97 17.09 22.95 9.91 31.25
evaporated/(h⋅m2)

Air velocity (superficial), m/s 1.27 1.12 0.66 1.12 1.27 1.27
Heat source per kg water Gas Steam Steam Waste heat Steam Gas
evaporated, steam kg/kg gas 0.11 2.0 1.73 2.83 0.13
(m3/kg)

Installed power, kW 29.8 119.3 194.0 82.06 179.0 41.03

*Courtesy of Wolverine Proctor & Schwartz, Inc.

TABLE 12-23 Conveyor-Screen-Dryer Costs*

Length 2.4-m-wide conveyor 3.0-m-wide conveyor

7.5 m $8600/m2 $7110/m2

15 m $6700/m2 $5600/m2

22.5 m $6200/m2 $5150/m2

30 m $5900/m2 $4950/m2

*National Drying Machinery Company, 1996.
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FIG. 12-52 Vertical pan dryer. (Buflovak Inc.)

FIG. 12-53 Bottom-drive conical mixer dryer. (Krauss Maffei.)



jacket (hot water, steam, or thermal oil) will increase the heat-
exchange area. This is usually accomplished via rotary joints. Obvi-
ously, heating the screw or agitator will mean shorter batch drying
times, which yields higher productivity and better product quality due
to shorter exposure to the drying temperature, but capital and main-
tenance costs will be increased. In pan and conical dryers the area is
increased only modestly, by 15 to 30 percent; but in horizontal pan
and paddle dryers, the opportunity is much greater and indeed the
majority of the heat may be supplied through the agitator.

Also, the mechanical power input of the agitator can be a significant
additional heat source, and microwave assistance has also been used in
filter dryers and conical dryers to shorten drying times (and is feasible
in other types).

Tumbler or Double-Cone Dryers These are rotating batch vac-
uum dryers, as shown in Fig. 12-55. Some types are an offset cylinder,
but a double-cone shape is more common. They are very common in
the pharmaceutical and fine chemicals industries. The gentle rotation
can give less attrition than in some mechanically agitated dryers; on
the other hand, formation of lumps and balls is more likely. The slop-
ing walls of the cones permit more rapid emptying of solids when the
dryer is in a stationary position, compared to a horizontal cylinder,
which requires continuous rotation during emptying to convey prod-
uct to the discharge nozzles. Several new designs of the double-cone
type employ internal tubes or plate coils to provide additional heating
surface.

On all rotating dryers, the vapor outlet tube is stationary; it enters
the shell through a rotating gland and is fitted with an elbow and an
upward extension so that the vapor inlet, usually protected by a felt
dust filter, will be at all times near the top of the shell.

Design, Scale-up, and Performance Like all batch dryers, agi-
tated and rotating dryers are primarily sized to physically contain the
required batch volume. Note that the nominal capacity of most dryers
is significantly lower than their total internal volume, because of the
headspace needed for mechanical drives, inlet ports, suction lines,

dust filters, etc. Care must be taken to determine whether a stated
“percentage fill” is based on nominal capacity or geometric volume.
Vacuum dryers are usually filled to 50 to 65 percent of their total shell
volume.

The standard scoping calculation methods for batch conduction
drying apply. The rate of heat transfer from the heating medium
through the dryer wall to the solids can be expressed by the usual for-
mula

Q = hA ∆Tm (12-87)

where Q = heat flux, J/s [Btu/h]; h = overall heat-transfer coefficient,
J/(m2⋅s ⋅K) [Btu/(h ⋅ft2 jacket area ⋅°F)]; A = total jacket area, m2 (ft2);
and ∆Tm = log-mean-temperature driving force from heating medium
to the solids, K (°F).

The overall heat-transfer rate is almost entirely dependent upon the
film coefficient between the inner jacket wall and the solids, which
depends on the dryer type and agitation rate, and to a large extent on
the solids characteristics. Overall coefficients may range from 30 to
200 J/(m2 ⋅s ⋅K), based upon total area if the dryer walls are kept rea-
sonably clean. Coefficients as low as 5 or 10 may be encountered if
caking on the walls occurs.

For estimating purposes without tests, a reasonable coefficient for
ordinary drying, and without taking the product to absolute dryness,
may be assumed at h = 50 J/(m2 ⋅s ⋅K) for mechanically agitated dryers
(although higher figures have been quoted for conical and spherical
dryers) and 35 J/(m2 ⋅s ⋅K) for rotating units. The true heat-transfer coef-
ficient is usually higher, but this conservative assumption makes some
allowance for the slowing down of drying during the falling-rate period.
However, if at all possible, it is always preferable to do pilot-plant tests
to establish the drying time of the actual material. Drying trials are con-
ducted in small pilot dryers (50- to 100-L batch units) to determine
material handling and drying retention times. Variables such as drying
temperature, vacuum level, and screw speed are analyzed during the

SOLIDS-DRYING FUNDAMENTALS 12-69

FIG. 12-54 A typical horizontal pan vacuum dryer. (Blaw-Knox Food & Chemical Equipment, Inc.)

FIG. 12-55 Rotating (double-cone) vacuum dryer. (Stokes Vacuum, Inc.)



test trials. Scale-up to larger units is done based upon the area/volume
ratio of the pilot unit versus the production dryer. In most applications,
the overall drying time in the production models is in the range of 2 to
24 h.

Agitator or rotation speeds range from 3 to 8 rpm. Faster speeds
yield a slight improvement in heat transfer but consume more power
and in some cases, particularly in rotating units, can cause more
“balling up” and other stickiness-related problems.

In all these dryers, the surface area tends to be proportional to the
square of the diameter D2, and the volume to diameter cubed D3.
Hence the area/volume ratio falls as diameter increases, and drying
times increase. It can be shown that the ratio of drying times in the pro-
duction and pilot-plant dryers is proportional to the cube root of the
ratio of batch volumes. However, if the agitator of the production unit is
heated, the drying time increase can be reduced or reversed. Table 12-
25 gives basic geometric relationships for agitated and rotating batch
dryers, which can be used for approximate size estimation or (with great
caution) for extrapolating drying times obtained from one dryer type to
another. Note that these do not allow for nominal capacity or partial
solids fill. For the paddle (horizontal pan) dryer with heated agitator, R
is the ratio of the heat transferred through the agitator to that through
the walls, which is proportional to the factor hA for each case.

Example 22: Calculations for Batch Dryer For a 10-m3 batch of
material containing 5000 kg dry solids and 30 percent moisture (dry basis), esti-
mate the size of vacuum dryers required to contain the batch at 50 percent vol-
umetric fill. Jacket temperature is 200°C, applied pressure is 100 mbar (0.1 bar),
and the solvent is water (take latent heat as 2400 kJ/kg). Assuming the heat-
transfer coefficient based on the total surface area to be 50 W/(m2⋅K) for all

types, calculate the time to dry to 5 percent for (a) unhindered (constant-rate)
drying throughout, (b) first-order falling-rate (hindered) drying throughout, (c)
if experiment shows the actual drying time for a conical dryer to be 12.5 h and
other cases are scaled accordingly. Take R = 5 with the heated agitator. Assume
material is nonhygroscopic (equilibrium moisture content XE = 0).

Solution: The dryer volume V must be 20 m3, and the diameter is calculated
from column 4 of Table 12-25, assuming the default L/D ratios. Table 12-26 gives
the results. Water at 100 mbar boils at 46°C so take ∆T as 200 − 46 = 154°C. Then
Q is found from Eq. (12-87). The methods used are given in the section “Equip-
ment—General, Scoping Design.” For constant-rate drying throughout, drying
time tCR = evaporation rate/heat input rate and was given by Eq. (12-62):

tCR = = (12-62)

This gives tCR as 389,610/AS s or 108.23/AS h. Values for AS and calculated times
for the various dryer types are given in Table 12-26.

For falling-rate drying throughout, time tFR is given by Eq. (12-63); the mul-
tiplying factor for drying time is 1.2 ln 6 = 2.15 for all dryer types.

= ln � 	 = �
0
0
.
.
2
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0
0
.
.
0
3
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� (12-63)

If the material showed a critical moisture content, the calculation could be split
into two sections for constant-rate and falling-rate drying. Likewise, the experi-
mental drying time texpt for the conical dryer is 12.5 h which is a factor of 3.94
greater than the constant-rate drying time. A very rough estimate of drying
times for the other dryer types has then been made by applying the same scal-
ing factor (3.94) to their constant-rate drying times. Two major sources of error
are possible: (1) The drying kinetics could differ between dryers; and (2) if the
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TABLE 12-25 Calculation of Key Dimensions for Various Batch Contact Dryers (Fig. 12-55a Shows the Geometries)

Dryer type Volume as f(D) Typical L/D Diameter as f(V) Surface area as f(D) Ratio A/V

Tumbler/double-cone V = � 	 1.5 D = � �
1/3 A = �� 	

2
+ 1�
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2
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Conical agitated V = � 	 1.5 D = � �
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2

�
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Paddle (horizontal agitated) V = � 	 5 D = � �
1/3 A = πD2 � 	 =

Paddle, heated agitator V = � 	 5 D = � �
1/3 A = πD2 � 	 (1 + R) = (1 + R)
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TABLE 12-24 Dimensions of Vertical Pan Dryers (Buflovak Inc.)

Jacketed area, ft2

I.D, ft Product depth, ft Working volume, ft3 USG Jacketed height, ft Cylinder wall Bottom Total Discharge door, in

3 0.75 5.3 40 1.0 9 7 16 5 8
4 1 12.6 94 2.0 25 13 38 6 8
5 1 19.6 147 2.0 31 20 51 8 9
6 1 28.3 212 2.0 38 28 66 8 9
8 1 50.3 377 2.0 50 50 101 8 9

10 1.5 117.8 884 3.0 94 79 173 12 12
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