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Drying- Introduction ...

® Drying — is an operation in which the liquid, generally water,
present in a wet solid is removed by vaporization to get a
relatively liquid-free solid product.

Drying — removal of moisture from a wet solid, a solution or a
gas to make it dry is often necessary in industries.

® Examples: Sugar Production — final stage
® Washed and centrifuged sugar crystals are dried to get a

finished product for packaging.
® Drying of leather under controlled condition in leather
processing.
¢ Soap bars are dried to reduce moisture content.
Drying of a solid does not demand or ensure complete removal
of the moisture.
Sometimes it is desirable to retain a little moisture in the solid

after drying.
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How does filtration, settling, centrifugation vary from drying?

The first three process are based on mechanical separation and
often need drying as final step.

Drying is basically governed by heat and mass transfer principles.
When a wet solid is heated to an appropriate temperature, moisture
vaporizes at or near the solid surface.

The heat required is supplied by a hot gas.

As the moisture is vaporized from the surface more moisture is
transported from inside the solid to its surface.

Moisture can move within the solid by various mechanisms —

depending upon solid type and state of aggregation.



Drying Process...

® Mechanism of moisture transport in different solids:

® The dominant mechanism depends on nature of solid, its pore structure

Transport by capillary forces
Liquid diffusion
Pressure induced transport

Vapour diffusion

and drying rate
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Types of solids for drying

1 2

- CRYSTALLINE « GRANULAR
(SUGAR, SALT
ETC)

3
- POWDERS

5 6
 SHEETS * FILTER-CAKES



Stages of drying of moist solid... © [NERENE

Drying gas " Drying gas " Drying gas

he solid is
uniformly wet of the solid is dry

The upper region .
is partly dry 1 The upper region 1

The resistance to moisture diffusion increases from (a) to (b) to (c) and the drying rate decreases

—_— \/ertical arrows indicate direction of diffusion.
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Transport resistance in drying Case Hardening ...
process...

Three major Transport resistance play important
role in drying

In certain solids like soap bar

Resistance to liquid or vapour transport inside If drying is rapid, the outer surfaces lose moisture very
1 quickly, become hard and does not allow moisture to
pass through (impervious) to gas.

Convective mass transfer of vapour from

solid surface to bulk gas
Under such condition, drying almost stops although 2
Resistance to convective heat transfer from sufficient moisture is still there inside.
bulk gas to solid surface.
gsvnfeurﬁgg?aﬁfft)apn;;t?ounesto el @F sl & 3 Such solids are dried in a controlled rate by adjusting

temperature and humidity.




Drying Phase Equilibria... © [ERENE

Equilibrium moisture isotherms

Drying equilibria — relation between the moisture content of a solid and the 1o M.

@ T

humidity of the ambient air at equilibrium. 0 |

If a wet solid is exposed to a continuous supply of fresh gas with partial pressure

Relative humidity

PA, 0.4
The solid will either lose moisture by evaporation or gain moisture from the gas, 02
Until the PAsatvapour pressure of moisture in solid equals the partial pressure of 0.0

DR o o s s e, o

0.0 0.1 0.2 0.3
Equilibrium moisture content

»
<

gas (PAsat = pA)

Equilibrium moisture isotherms at room temperature (1) Asbestos fibre

When PAsat of moisture in solid is equal to pA of moisture in gas, {APRVE (3] Wood {3) Kiaft peper{S) Jute|6) Wiies /) Potito

The solid and the gas are then in equilibrium. ®  Consider the point M on curve 6 for wheat

The moisture content of the solid is termed as its equilibrium-moisture content at ®  At(pt.M) relative humidity is RH=1 and the moisture contentis XM
. .

the prevailing conditions. For moisture content equal to or more than XM

o . . . . . . ® The equilibrium vap.pr. exerted by the solid is equal to the vapour
Equilibrium moisture in a solid can be determined experimentally by keeping the
_ _ o . pressure of water at T (RH=1).

solid suspended in a gas at constant humidity and temperature for a sufficiently ® At moisture content less than XM solid exerts vap. Pr. Less than

long time. that of pure water.
[

The liquid content of dried solid varies from product to product. All moisture in the solid above XM is unbound moisture

Occasionally, the product contains no liquid and is called bone-dry. All moisture below XM is bound moisture



Important Definitions...

( A
Moisture Content W

Moisture present in the solid (kg

moisture /kg dry solid).

-
Equilibrium Moisture W

Moisture content in a solid that can
remain in equilibrium with the drying

medium of a given relative humidity at a

4 -
Bound Moisture W

The amount of moisture that exerts a
vapour pressure less than the vapour
pressure of water at the given T.

4 .
Free Moisture W

Moisture in a wet solid in excess of the
equilibrium moisture is called free
moisture
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-
Unbound Moisture W

Amount of moisture in a wet solid in

excess of the bound moisture



Important Definitions... © [ERENE

¢ A solid with initial moisture content Xi is dried in contact with gas

of relative humidity RH .

—
—_
—

o= : ® The moisture in solid exerts a vapour pressure PAsat equal to
-§ : : that of pure water till a moisture Xb is reached.
s — Bound moisture **’E i . . .
2 . Unbound _! ¢ (Xi-Xb) is the unbound moisture.
_55 Equilibrium ,  moisture | .
k= mcinture ' ' ® As moisture decreases below Xb, the vapour pressure also
o \ : :
\ | : decreases.
Ry t— \ Free moisture ’ - . . . ) )
PRV : ® As moisture in solid reaches X* , the vapour pressure in solid
1 J |
| ’ ! . .
0 : : : becomes equal to the partial pressure of water vapour in gas.
0 A Xp A, . . cpep . .
X (kg moisture per kg dry solid) ; l.e. it reaches the equilibrium moisture content. Corresponding
Figure 11.3  Different types of moisture in a wet solid. relative humidity is R*H

® Xb is —bound moisture

® Xi- X*-the free moisture content.



Drying Rate Curve... © [ERENE

Suspended from the

Time required for drying of a moist solid to a final moisture be can I’U"O’ib""“"““ Drying chamber
determined from rate of drying under a given conditions. P
. . . . y . HOt as _9_'_ //’ \\\
Drying rate of a solid is a function of T, Y’, Q, NRe, NScof drying ’ ¢ 55
[ Wet solid | _.TO—-o (as out
J

gas.

Drying rate has to be determined experimentally.

The moist solid is taken on a pan which is kept suspended in a
drying chamber.

Drying gas is passed at a given flow rate

Change in mass of solid with time is recorded.

Mass of bone dry solid is determined separately



Drying Rate Curve cnt...

Rate of drying is

W, dX W, AX kg moisture
a dt a At m?-s

® Ws=mass of bone dry solid
® a=drying area i.e. exposed area to gas
¢ X =moisture content at any time t,

¢ dX/dtis slope of X-t plot. It is negative quantity.

Moisture content, X
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A plot of N vs X (moisture content) is
called drying rate curve

0 Time, ¢

Figure 11,5 Change in the moisture content of a solid in batch drying.



Drying Rate Curve cnt...

e

Moisture content, X

0 Tune, ¢

Figure 11.5 Change in the moisture content of a solid in batch drying.
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Xi-D : heating of solid and release of moisture

D-E: Moisture conc. falls linearly in this section.
® The slope dX/dt is constant
® The drying rate remains constant in this section.
® The corresponding time is constant rate period.
® Primarily unbound moisture is released during this period
Sections EF & FG show non-linear drop of moisture content
® Slope of curve decreases in magnitude with increasing time
® Drying rate progressively diminishes
¢ Both sections are called falling rate period.
At point F, slope may be discontinuous.

® Equilibrium moisture content X* is reached at G

After G, curve becomes flat, drying stops here.



Drying Rate Curve cnt... © [ERENE

Drying rate curve corresponding to
t-X curve is shown... ® Section PQ: solid gradually is heated and rate of

N,

drying increases.

r

~,
~
i

® Over section QR: drying rate remains constant at Nc.

® Moisture content at R: is critical moisture content Xc

Drying rate, N

(the point where constant rate period end)

¢ Section RS is called first falling rate period.

= e ———

® Section ST is second falling rate period.

Figure 11.6 A typical drying rate curve.



Mechanism of moisture transport... S JKERONE

® Moisture transport mechanism and drying is different
over different ranges of time.

® At constant rate period : Solid surface is uniformly
moist due to rapid transport of moisture from inside
solid to its surface.

® Virtually no resistance to liquid transport in the solid.

¢ At end of constant rate period: dry patches appear on
surface because capillary forces are no longer able to

transport enough moisture to keep entire surface moist.

First falling period: drying rate is governed by combined

resistances
® Resistance to liquid or vapour transport inside solid.
® Resistance to convective mass transfer of vapour from

surface to bulk of drying gas.

Second falling period: moisture content of solid becomes

guite low.

¢ Internal diffusion of moisture essentially controls the rate of

drying.



Critical Moisture Content (CMC)...

CMC of wet solid is not a constant quantity.

It depends on factors like
® Pore structure and patrticle size of solid.

¢ Bed thickness of wet solid.

® Drying rate.
CMC: is viewed as transition of the nature and of mass transfer
resistance towards drying.
For small solid particles: intra-particle resistance to moisture
transport is less.
Constant rate of drying continues for longer period.
CMC may be less than that of larger solid particles of same material.
Solids with more and large pores & small bed thickness CMC is
small.
More hot air (larger drying rate). CMC is larger due to resistance to

internal moisture diffusion in solids.

Effect of drying air temperature on drying rate —

’

Drying rate, Ib/ft"h

Critical moisture, Ib H,0/1b dry solid

0.0

0.00 0.05

© [ERENE

Sand drying by superheated steam — effect of constant

rate drying and bed height.

0.10
0.08
0.056
0.04
> o 3-inch bed depth
0.02 a 2-inch bed depth
< l-inch bed depth
0.00
0.0 0.2 o4 0.6 0.8 1.0 1.2 1.

Drying rate, 1b H,O/h.ft°

asbestos pulp in air

Drying air temperature, “C

S0
70

| U |

\,\ .
X,

Wet-bulb temperature
of the drying air 36°C

0.10 0.15
Average free moisture content, 1b/1b dry solid

0.20



Classification of Dryers...

pan dryer

tray dryer

shelf

dryer

rotary dryer

dryer

dryer

DRYERS
|
\
Direct Heat Dryers Indirect Heat Dryers
i
'
Continuous
S Belt dryer L Flash dryer
‘ Rotary dryer | | Tunnel dryer
Tray | | Truck Batch ‘through Batch fluidized
dryer | | dryer circulation’ dryer bed dryer
1 ‘
Batch Continuous
|
Agitated Vacuum Jacketed Freeze Steam-tube | | Drum | | Screw conveyer | | Trough

© [MERENE



Tray Dryer...

Direct heat batch dryer is simple in construction.
They contain trays, trucks, shelf etc.

The wet material is spread evenly on the trays
which are stacked one over the other.

Drying gas (air) is generally heated by steam
coils.

The blower or fan forces the hot gas to flow over

the trays
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Rotary Dryer...

Rotary driers are work horse of chemical dryer

Most widely used continuous dryers in process industries.

Suitable for relatively free flowing, non-sticky, granular materials.

Almost all types of crystals after crystallization and washing are dried by
this drier.

A rotary drier consists of a slowly rotating slightly inclined cylindrical shell.
It is fed with moist solid at the upper end.

The material flows along the rotating shell.

Gets dried and leaves the dryer at the lower end.

Supply of heat may be done directly or indirectly.

In direct heat is supplied — it is direct heat rotary dryer

In indirect heat supply — it is indirect heat rotary dryer. « Hot gas may flow
directly parallel of counter currently to the feed.

In indirect dryers: het is supplied through shell wall by a hot flue gas

flowing outside.
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Solid feeder
Gas out
= <-— Qas
Solid
I Dry product
Drying of Sodium Drying of Drying of
table salt sulphate minerals polymer

Ammonium
sulphate

Drying of
sand

Drying of
organic
solids



Direct Heat Rotary Dryer ... © [ERENE

Breeching
L]

Infet head
(counterflow only)

Spiral flights
No. | nding nng

Trunmon and
thrust roll
assembly

Trunnon roll
assembly



Flash Dryer... © [ERENE

The flash dryer is also called Pneumatic conveyer.

It consist of a vertical conveyer pipe into which the wet solid is fed near the J

Scrubber rd 5 B -
bottom. | ] ( ’ ™\
-‘ D Cyclone |
Hot air enters the dryer at a point below the solid feeding point at 20 to 30 m/s. Fan v’
Velocity should be high enough to convey the solid through dryer. )‘ Drying
- 7P;mp Recycle ) Column
Small residence time: 1 to 10 s (generally 3 s) £ A
FEED l;’ PRODUCT
Drying rate is very high — that why it is called a flash dryer. bbb
. . . . * Venturi
Solid temperature does not rise much because of short residence time. E— Disperser e
AR 7| == I[——'Pj ]
Solid temperature often remains at wet bulb temperature of drying gas. Air Filter  Air Heater Hot Air Box

Suitable for removing heat sensitive material.

Often used for removing surface moisture



Belt or Conveyer Dryer... SIKERONE

Feed Product
“  Hmo o ™

i $ ¥
%) | t { [ k l T [ T

T T T TGO TTOTOTETTTTOTOTTTTETTETITITOT TN
Zone 1 Zone 2 Zone 3
Alr up Air down Cooler

Figure 11.11 A continuous through-circulation dryer.



Indirect Heat Dryers: Drum Dryer... © [ERENE

® Adrum dryer consists one or more steam heated rotating drums.

. : Twin Drum Dryer Image
® The feed, a solution or a slurry forms a thin layers on the drum. 2 5
® The film thickness can be controlled by adjusting the gap between the drums. _ Feed pine
. > (qa il

The feed gets dried in contact with the heated drums

. . ~Knife
A cyclone is at the top separates the solid from the gas. o

Inlet gas temperature is very high. / \/ \
® Agas, (air) may be blown over the surface for quick removal of moisture | Steam- “ ed }( \ Ste: 'gm';dlﬂ ) ;
® The dry product is scrapped off as flakes by a knife. Q\/ /‘f\f
® Speed of rotation, 1-24 rpm

onveyor Conveyor~

® Drying rate-10-30 Kg/m2.h
Drum dryer is suitable for materials that is too thick for spray drying and too

thin for a rotary dryer.



Calculation of drying time from drying rate data & KERONE

® The drying time can be calculated from drying rate data from lab 3
experiments .
® The drying conditions — velocity, T, Y’ of hot gas(air), geometry of drying %
solid should be same. §
® Lab experiments are generally done at constant drying conditions. .
® Intial moisture content of solid = Xi
® It has to be dried to final moisture content = Xf J
® Mass of bone dry gas = Ws
® Drying area =‘a’
¢ Drying rate N is constant at Nc till Xi =Xc
® X= Xc, N=Nc = constant
® But N depends on X when, X< Xc, N=N(X) X; , , X X 1
® Sointegration has to be done for two intervals.. t:-ﬁj g = —‘Jg: —Sjlﬁ+—sjg: Elgq-mjg
ay N a:N ai:N alN a ‘N



Calculation of drying time from drying rate data

W(X X.) _j dX _ W(X;-X) Wl pX. +q
aN, X, pX+q aN, ap pX; +q
W(X X) ’l N,
aN, ap N,
Nc'=pxc+q' N,:pX,+q

p = (N, - Npl(X. - Xp)

o X. -
_WKi-X) W X-% N
aN, a N.- N Nf

f. = constant rate drying time, ;= falling rate drying time

® The second integral may be evaluated graphically or numerically if

the tabular data N vs X is available.

® If N decreases with X as a linear function, in the falling rate period,

® N=pX+q

Drying rate N=0, at equilibrium X=X*

0=pX +q = = X

N. _pX+q _pX.-pX" X -X

N pX+q pX, -pX° X -X

X -X X - X X, - X"

1
- (X +-(pX+q) p N

Substituting these results in below
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equation
WS(XI_X(‘) s XC_Xf M-
= ——— + 1 =1 1
an, a N.—-N, "N, T 7
* We get,
b B dom BN =) o WS X — X" In X=X
e aN. a N. X, -X



Mechanism of Batch Drying ... © [MEREIE

Cross Circulation Drying

Hot, radiating surface

Ll
' T
Rediont heat = g, .
Maoss velocity = G
«—— Gos { Temperoture = T
Convection | Moisture Humidity = ¥
heat = ¢, latent heat

\\\\\\\\ '\\'\\\\\\ SN\ Tray

gzgfucz‘on i Gos Non-drying surface, 4,

Figure 12.11 Constant-rate drying.



Mechanism of Batch Drying ... S KERONE

: : : : ® Drying surface receives heat from
Constant rate period: In this period, surface evaporation of

_ ® qC, by convection from hot gas stream
unbound moisture occurs. _ _
¢ gK, by conduction through the solid

The rate of drying is established by ® gR, by direct radiation from a hot surface i.e, from a tray lying above the

® a balance of heat requirements for evaporation and the tray of analysis. All units are, energy/area. time.

rate at which heat reaches the surface. ® The heat arriving from these sources to the , surface, is removed by
The rate at which moisture evaporation is given by evaporating moisture.
Nc = KY (Ys-Y) (1) ® Then, the surface temperature TS, remains constant.

Consider a section of a material drying in a stream of gas. ® The entire mechanism resembles the wet bulb temperature process,

® The solid of thickness = zS is placed on a tray complicated by additional heat sources.

® Tray thickness zM. °

The rate of evaporation and surface temperature can be obtained by

® The whole solid is immersed in a stream of hot gas.

a heat balance,
® Hot gas temperature, TG,

o : .
¢ humidity, YG (mass moisture/mass of dry gas) If, g is the total heat arriving at the surface, then,
® Gas mass flux, G, mass/time. Area. q=9C+gR +qK (2)

* Gastemperature, Ts. ® Considering the latent heat of vaporization, As



The flux of evaporation, Nc and the flux of heat flow are related by

NA, = ¢

The heat received at the surface by convection is controlled by the
appropriate convection, heat transfer coefficient, hc,
d: = hc(TG - Ts)

Heat received by radiation can be estimated by usual means and

can also be expressed as a heat transfer coefficient, hR

gr = €(5.729 X 107%)(T = T}f) = he(Tx — T})
e(5.729 x 10°¥)(T8 — 1)
R Tx — T,

L

© MEREINE

® Heat transfer by conduction to solid surface
® Convection at the tray bottom with h.tr.coeff., hc
® Conduction through the tray wall of thickness, zM

® Conduction through the solid layer of thickness, zS
® Heat received by conduction and convection through the solid
can be computed by heat transfer through a series of
resistances

gk = UK(TG -=Ts) (3)

Uk

_ I
(A/hNATA) + (2p/ kp A/ A) + (25/ks)(A] A,)

® Local heat transfer coefficient h=k/z

® UK = overall heat transfer coefficient



g=qc +gR +gK
g=hc(TG-Ts) + hR (TR-Ts) + UK (TG-Ts)

g= (hc+ UK )(TG-Ts) + hR (TR-Ts)
N = KY (Ys-Y)
KY = gas mass transfer coefficient KY
Combining all equations and substituting of g,
N ___i_:(!’e'F UNTg = T) + he(Tp = T) = k(Y - Y
Y A o )

3
]

KY’(Y’s-Y’) is the evaporation mass transfer rate

KY’ - humidity transfer coefficient (m.tr. Coeff.)

The surface temperature must be known to use this relation.

By considering the LHS of the equation,

Divide the numerator and denominator, by h

© MEREINE

®* Weget: (Y—h};:ﬂ = (1 + %‘)(Tc - T,) +’:T‘:(n -T,)
hc/KY’=cH or cS

The equation has two unknowns, Ts and Y’

It can be solved using saturation humidity temperature relation

for water graphically by trial and error method.

If the conduction through solid and radiation effects are

neglected, the above equation reduces to wet bulb equation.

Then the surface temperature is the wet-bulb temperature of

the gas.

The drying surface will also be at the wet-bulb temperature if

the solid is dried from all surfaces in the absence of radiation.

For flow of gas parallel to a surface and confined between

parallel plates , as between the trays of a tray dryers,



The hc and Ky are described by heat — mass transfer

analogy

Re, = 2600 to 22 000, results in
h

. k
Jn =GP =ip = S = 0.11 Re;%¥

»
Re,r= deG/p i

de = equivalent diameter of the airflow space

With properties of air at 95 C, this equation becomes

Gﬂ.‘”

0.29
d,

h. = 5.90

For drying of sands in trays

h, = 143G°8

© MEREINE

The correlations and the final equations permit direct
estimates of the rate of drying during the constant rate
period

They are not considered as complete substitutes for
experimental measurements.

They are of great value when combined with the limited

experimental data.
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