Topic 4.2. Fundamentals of Drying

This lecture

v" Overview and definitions
v’ Drying applications



TEMPERATURE PATTERNS IN DRYERS
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Batch Dryer TEMPERATURE PATTERNS IN DRYERS

= The heating medium is at constant temperature

= The temperature of the wet solids rises quickly
from its initial value T, to the vaporization

Heating medium
temperature T, . 3

Th

= |f the dryer operates non-adiabatically with no
sweep gas, T, is the boiling point of the liquid at
the pressure inside the dryer.

Tep
7, 4
= For adiabatic operation or If a sweep gas is used, L~ Soiids
T, is at or near the wet-bulb temperature, T, of ﬁ
the gas (adiabatic-saturation temperature for air-
water system). U

TEMPERATURE

TIME
» Drying occurs at T',, for a considerable period



Continuous Dryer TEMPERATURE PATTERNS IN DRYERS

= The dryer operates at steady-state, adiabatic,
counter-current conditions.

" The hot gas enters at temperature, T3, and the hot " The
solid leaves at temperature T, . = Gas
|_
=" The hot gas enters with low humidity; it cools rapidly 311: T,
at first, then more slowly as the temperature- L - /Tm
difference driving force decreases. =7,
_ _ = f.:;.’— Solids
" The solids are quickly heated from temperature T, to 50
the vaporization temperature T, . 0 160

= For adiabatic operation or If a sweep gas is used, PERCENT OF DRYER LENGTH

T, is at or near the wet-bulb temperature, T, of the
gas (adiabatic-saturation temperature for air-water
system).



HEAT TRANSFER IN DRYER: Calculation of heat duty

1. Heat the feed (solids and liquid) to the vaporization The
temperature. o

- Gas
<

2. Vaporize the liquid. 7 ha -
L 7
o

3. Heat the solids to their final temperature ] /

' P ' -l Solids
TJ’G
4. Heat the vapor to its final temperature.

|
0 100
PERCENT OF DRYER LENGTH

dr T, = feed temperature
T cpsu;b — T+ X aCpr{Ty — T + (X, — XA T, = vaporization temperature

g T, = final solids temperature

+ Xyepu(Ty — T) + (X, — Xep(Ta— T) | T = final vapor temperature
A = heat of vaporization




The heat transferred to the solids, liquid, and vapor:

q'f':UAﬁ

U = overall coefficient
A = heat-transfer area
AT = average temperature difference

The area is not known due to the variable porosity of the solids

gr = UaV AT

Ua = volumetric heat-transfer coefficient, Btu/ft3-h-°F or W/m3-°C
V = dryer volume, ft* or m3

a is the heat-transfer area
per unit dryer volume

(Tfl:b — wa) - (T;m - T.va)

AT=ATLE

ln[Tf':b - wa)/ ( Tllm — Twa)]

For the system water-air T, = T,




For a continuous adiabatic dryer the heat balance

over gas phase r, = mass rate of dry gas
. 2, = humidity of gas at inlet
dr = mg(l + )Ty — ’Gm) ¢, = humid heat of gas at inlet humidity

In an adiabatic dryer T, is the wet-bulb temperature of the gas and T},;, and T;,, are the
inlet and exit gas temperatures

Calculation of heat transfere coefficient
For a heat transfer from a gas to a single or isolated spherical particle

D G 0.50 1/3
hDy 50+ 060 (J---) (fffi)
ky Hy ky




HEAT-TRANSFER UNITS

Some adiabatic dryers, especially rotary dryers, are conveniently rated in terms of the
number of heat-transfer units they contain. One heat-transfer unit is the section in which
the temperature change in one phase equals the average driving force (temperature
difference) in that section..

T _
N,=In—2>2
T;la - dwh
N, = o= T AT = AT, = o = Ton) = (Tha = Th)
‘AT [Ty — Tu)(Tia — Tuo)]

. T, — T,
For the system water-air 7,,, = T, jl> N, =In Thb b
h

a wb




MASS TRANSFER IN DRYER:

Vapor mass is transferred from the surface of the
solid to the gas and sometimes through interior

channels of the solid.

The resistance to mass transfer, not heat transfer,

may control the drying rate.

The average rate of mass transfer m,

iy = (X, — X)

If the gas enters at humidity 3£, the exit humidity £,

Ha =y +

my X,

— X)
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Rate of drying

Drying rate: is the amount of solvent evaporated from solid per unit time and area

LsdX mass of water evaporated

- Adt (surface area exposed for drying) (time)

Ls: Mass of dry solids X: is the free moisture content A: is the surface area exposed for drying

Sl7pe = R = drying rate
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Behavior of solids during drying - g
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At Point C:

Critical free moisture content, X., where the

drying rate starts falling and surface
temperature rises.

Insufficient water on surface

Between point C and D:

As moisture is removed from the surface,
rate of water to surface is less that rate of
evaporation from surface

Under these conditions, the rate of drying is
limited by the rate of capillary transfer of
the liquid to the surface of the wet bed,

Consequently, the rate of drying decreases
continuously (decreases linearly with the
free moisture content).

The time CD is known as first falling-rate
period (or unsaturated surface drying).
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. At Point D,

The film of continuous water is completely
evaporated,

Surface completely dry

The rate of drying depends on rate of
diffusion of moisture to the surface of solid.
This point is known as second critical point.

. Between point D and E,

Any moisture that remains within the drying
bed at the end of the first falling —rate period
is unable to move,

Thus, drying cannot take place on the
surface. But depends on the movement of
the vapor through the pores of the bed to
the surface, in general by molecular diffusion

> I~

M.C., Ib Ha0/1b. dry solid #

0/(he){lb. dry solid)h
I= =

,Critical
§ Moisture
Conlend

_~Second Critical
D Point quuﬂIhrium Maislure

i Perl i : ntent

| | Rate ; Second

: | Period | Folling

1 | | Rate

1 | , Pariod |

DRYING TIME -
Rate of drying
depends on rate of
N Criticol molecular diffusion
\B___ C” Kfoisture

! Cantent
I

Conste nﬂ

Period I

Second Critical
s Paint

' Equilibrium Moisture
5 Content

Drying Rate, Ib Hp

|
|
i
I
|
I
I
i
I
1
I
|
i
]

lnitial Adjusiment

—a—————— MOISTURE CONTENT
B



The time DE is called second falling rate
period.

The rate of drying falls rapidly than the first
falling rate,

No linear trend

At point E,

Free moisture content becomes zero (the total
moisture content reaches the equilibrium
value X*).

Temperature and moisture content remain
constant.

No further drying occur, i.e. continued drying
is waste of time and energy.
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Resistances affecting drying
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Typical textbook batch drying rate curve under
constant drving conditions



Calculation of constant-rate of drying

During the constant-rate period the drying rate per unit area R, can be estimated
based on mass transfer or on heat transfer coefficients

Mk (y; — y)A m, = rate of evaporation
v = a—. A = drying area
L h, = heat-transfer coefficient
i — h(T — THA k, = mass-transfer coefficient
’ A; M, = molecular weight of vapor
. T = temperature of gas
_ L aXx R = m, T, = temperature at interface
A dt © A y == mole fraction of vapor in gas
y; = mole fraction of vapor at interface
mi(X, — X,) Z; = latent heat at temperature 7;




The heat transfer coefficients can be estimated:

= For air flowing parallel with the surface of a solid (based on the properties of
air at 95°C; it applies for Reynolds numbers between 2600 and 22,000)

h}‘ — 8.8G0'8/D3'2

= For a perpendicular flow to the surface, at air velocities between 0.9 and 4.5
m/s,

h, = 24.2G%37

h, = heat-transfer coefficient, W/m?*-°C
G = mass velocity, kg/s-m?
D, = equivalent diameter of the airflow channel, m

The coefficients for the above equation in English units, with h in Btu/ft2-h-F, G in Ib/ft?-h, and De, in ft, the coefficient
8.8 becomes 0.01 and 24.2 becomes 0.37, respectively.



Example 4.2.1 Drying rate during the constant-rate period

A filter cake 24 in. (610 mm) square and 2 in. (51 mm) thick, supported on a screen, is dried from
both sides with air at a wet-bulb temperature of 80°F (26.7°C) and a dry-bulb temperature of 120°F
(48.9°C). The air flows parallel with the faces of the cake at a velocity of 3.5 ft/s (1.07 m/s). The dry
density of the cake is 1201b/ft? (1922 kg/m?). The equilibrium-moisture content is negligible. Under
the conditions of drying the critical moisture is 9% dry basis. Equivalent diameter De is equal to 2
ft. A; = 1049 Btu/lb. Air density p = 0.068 Ib/ft3 = 1.096 kg/m3 at 120 F.

(a) What 1s the drying rate during the constant-rate period?

(b) How long would it take to dry this material from an initial moisture content of 20% (dry basis)
to a final moisture content of 10%?

Solution

The interface temperature T; 1s the wet-bulb temperature of the air, 80°F.

The mass velocity of the airis G = p v

= 0.068 X 3.6 X 3600 = 863 b

ft3.h




h, = 0.01 G*®/De"* > h =001 x 863%8/2°2 = 1.94 Btu/ft>-h-°F

(a) The drying rate during the constant-rate period, R,

i, . h(T — T)A jl> R — 1.94(120 — 80)

I e mv
A4 ) 1049

= 0.074 Ib/ft*-h

2
(b) Since drying is from both faces, The dried area A is 2 X (%) = 8 ft2.
The rate of drying m,,

i, = 0.074 x 8 = 0.59 Ib/h

The volume of the cake is (24/12)% x (2/12) = 0.667 {t3, and the mass of bone-dry
solids i1s 120 x 0.667 = 801b. The quantity of moisture to be vaporized is
80(0.20 — 0.10) = 8 Ib. Drying time ¢ is therefore 8/0.59 = 13.5 h.



Example 4.2.2 Constant drying rate using heat transfer equations

An insoluble wet granular material is dried in a pan of 0.457 by 0.457 m and 25.4 mm deep. The
material 1s 25.4 mm deep in the pan, and the sides and bottom can be considered to be insulated.
Heat transfer is by convection from an air stream flowing parallel to the surface at a velocity of 6.1
m/s. The air is at 65.6 °C and has a humidity of 0.010 kg water/kg dry air. Estimate the rate of

drying for constant-rate period. TR mansu -
MR Far(y T AT AR AR a""’*ban'csa:l , "

- LA n’\ ] umm"f_urve— .
SOIUtlon -1 percentage humidity - i l,{fi/ /1/ I T = ll = 0.12
L _\47*7®?W## - J‘L ]f Fr s 0.11
) ) I } 9??.q§§§gu i | | T —0.10
Entering air at T= 65.6 °C. H = 0.010 kg RRRNY/ 44 Wan =i AR g oI ~uN N EEEE R N
water/kg dry air. T rl‘_f: AP e
. R o B B = ~ TSR]0
From psychrometric chart: | | ’J’/ L/éﬂ- A 71 BV mSvRR/IET R==SuAE 0o
- The wet bulb temperature is:T,, =28.9 °C man e im A e
... . A K T S i T e 0.04
- The saturated humidity at T, is: H, =0.026 i ? ST ==uus

. ! T —

kg water/kg dry air. e o e T S
. : * [ L= ——""“»/: E>1< e -— 0.01

- The humid volume of the gas mixture is == P (e T Tl e T,

0 10 20 30 40 50 60 10 80 90 100 110 120 130
Temperature (DC]

=(2.83x107° +4.56x10° H)T
=(2.83x107 +4.56x107 % 0.01)(65.6 +273.15) = 0.974 m’ /kg dry air

apor/kg dry air)

Humidity, H (kg water v:



Take basis 1 kg dry gas Entering air at T= 65.6 °C. H = 0.010 kg

— 0.01 kg water— 1.01 kg mixture.

The humid volume of the gas vy = (2.83 X 1073 + 4.56 x 1073H)T = 0.974m3 /kg dry air
mixture per kg dry gas
3 . . 3 .
v—0974M mlxtu.re lkgdry.alr _0964M m%xture
kgdryair 1.01kgmixture kg mixture

p=1/v :1,037k_g3 G = pu = (1.037)(6.1) = 6.3257 kg/(m?.s) = 22772 kg/(m2.h)
m

h.=0.0204G"® = 0.0204(22772)"° = 62.45W/m*.°C

The latent heat of vaporization, %, , at T,=28.9 °C can be taken from steam tables or by
interpolation using A,, =2501 kJ/kg at 0 °C and A, = 2260 kJ/kg at 100 °C.
By interpolation A,, = 2431 kJ/kg.



¢3!
R = v . h(T — THA
A v 1.

t

R =h (T-T.)/ A = (62.45)(65.6—28.9) /(2431x10°)
=9.428x10* kg water vapor/(s.m”) = 3.39 kg water vapor/(h.m’)

The total drying rate = R_4 = (3.39)(0.457°) = 0.708 kg water vapor/h




Rate of drying for nonporous solids based on diffusion

Assuming that the moisture is flowing by diffusion through the nonporous solid.
The moisture distribution in a solid giving a falling-rate curve

Xr—X* X 8 (
XTIMX*_XI 'Rz

1 1
e—alﬂ + 5 e—9ﬂlﬂ 4 53_ e"‘35ﬂlﬂ + .- )

where B = Dit,/s*
a, = (n/2)*
X = average total moisture content at time ¢, h
X = average free-moisture content at time £, h
X* = equilibrium-moisture content
X 7, = Initial moisture content at start of drying when ¢t = 0
X, = initial free-moisture content
D, = diffusivity of moisture through solid
s = one-half slab thickness
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When § is greater than about 0.1

4s*  8X, NN
2 D’ 2 ' h
jl> ny, =T ;q *'N \ \ <-5fmb [Eq.(10-17]]
2 [
dX (=\*D, Lo \ N
———=\17] = ~ - \ N
i \2) @ 5|5 88 = N
007 \ -— Cylinder N
> 006 \ T I\ | [ewrr0-18)] N
B = Dity/s 005 \ <
a, = (n/2)? 004 \ \ \—\
Xy = average total moisture content at time ¢ty h 003 \\
X = average free-moisture content at time ¢ h \ N
X* = equilibrium-moisture content 002 \
X 7, = Initial moisture content at start of drying when t = 0 .S‘p:'ger94\ \
X, = initial free-moisture content [egig-19))
D, = diffusivity of moisture through solid oot \ \
. O Ol 02 03 04 05 06 07 0809 10 11 12 13 L4
s = one-half slab thickness

p



Example 4.2.3 Drying rate for falling rate period (nonporous solid)

A piece of wood 25.4 mm thick 1s dried from an initial moisture content of 25% to a final

moisture of 5% using air of negligible humidity.
If the diffusion coefficient of water within the wood, D), is 8.3 X 107° ¢m? /s, how long should

it take to dry the wood?
Solution

The one-half thickness of the piece is

S = 25'52/10 = 1.27 cm

45> i 8%, j;> . 4012.7/10) In [(8 x 025)/(x” x 0.05)]
r=

tr = ——In —30.6h
D, a?X n%(8.3 x 107%) x 3600




Example 4.2.4. Drying rate for falling rate period (nonporous solid)

A piece of wood 25.4 mm thick is dried from an initial moisture

content of 25% to a final moisture of 5% using air of negligible 43
humidity. %z N
If the diffusion coefficient of water within the wood, D,, is 8.3 05 \\ N
X 107% ¢m? /s, how long should it take to dry the wood? “INT N
Solution TN
op )
Xr 5 . * ;< \ \ Stab [Eq.110-17)]
From graph at — = — = 0.2, the value of f is 0.57 P< ‘<
Xt1 25 | || | \ N
The one-half thickness of the piece is % E 38— \ ‘ N
255/10 ’ \ —F Cylinder N
S = = 1.27 cm 006 VTN Teeco-si] T
2 005 \ \
004 \ ‘\
; 45* I 8X 1 003 \ \\
== N
T 2D’ . X 002 \
Sphere
12.7/10)2 In [(8 x 0.25)/(x x 0.05)] [ETW'QIE\ \\
: n [{8 x 0.25)/(n* x 0.
Ir = X =30.6h O 01 02 03 04 0506 07 0809 10 U1 12 13 14

7%(8.3 x 107 x 3600 i



Rate of drying for porous solids based on diffusion

Moisture flows through porous solids by capillarity and to some extent by surface
diffusion. The distribution of free moisture content is concave up followed by
inflection point then down.

A porous material contains a complicated
network of interconnecting pores and channels,
the cross sections of which vary greatly.

X, FREE MOISTURE CONTENT

_dm,  mydX
 Adt A dt
my (X1 dX

ETI
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The failing rate period (line BC), the
vaporization zone is at or near the surface,
the rate-of-drying curve is usually linear.

Curve CD

The remaining water is located in small
isolated areas in the corners and some of
the pores. The rate of drying again
suddenly decreases

Point Cis called the second critical point
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In the falling-rate period, when diffusion controls, R is linear in X,

as with many porous solids, during the falling-rate period

R=aX + b

where ¢ and b are constants

L, dX

A dt

dR=adX

the time required in the falling-rate period

, m, (FdR  mg 1o Rt
Y g, R -
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LM BdR  m, nRI
Y RIR_aA R,

where R; and R, are the ordinates for the initial and final moisture contents,
respectively. The constant g is the slope of the rate-of-drying curve and may be
written as

7 A
R.— R £
a= & A
’ —
X’: o X % //
50.5 /
R, = rate at first critical point 2 cf
R’ = rate at second critical point 8 /
X, = free-moisture content at first critical point Pl
X' = free-moisture content at second critical point olot—1"
0 0.05 0.10 0I5

X,FREE MOISTURE, LB/LB DRY SOLID



m JR‘ dR_msl R #RC—R’

b= — =—In '
s R R aA R2 XC_'X

aA
(X.—X) R
AR, —R) R,

Also the drying time can be presented in term of moisture contents. The time required to reduce
moisture content from X to some moisture content X'is :

R=RX/X
LJ~XdX c c " gﬁln()(j

/; Xe R Integrate A4 R




Example 4.2.5. Estimation of drying rate
Assume that the drying rate varies linearly through the whole falling-rate period
X, =0.38kg H,O /kgdrysolid X, =0.04kgH,0 /kgdrysolid
X =0.195kgH,0 /kg drysolid R =1.51kgH,0/(m"h)
L./ A=21.5 kgdrysolid /m’

Calculate the time required for this drying.

Solution

{

112

_L XC_X1+IX2d£ - L XC_X1+Xcln X, =7.03h
Al R, Xc R X




Numerical calculation Methods for Falling-Rate Drying Period

Numerical integration Simpson’s one-third rule (3-point):
: N X2
);l;rapezmdalhrule (2-point): If(xhx _ D [f(XO ) + 4f(X1) n f(X2 )]
[fx=Dlixo)+f0xa) | |0 %
0 h="2_"20 X;=Xg+h
h=X1-Xp 2
Simpson’s three-eights rule (4-point): X1=Xg+h X5 =Xq +2h
X3
fi(cjx - Shlf(X0)+ 3(X1)+30)+1(Xa)] - Xa=Xo o

Simpson’s five-point quadrature :
Ho X4 —Xo

tjﬁ‘(x)dx = P00 )+ 41(X0) + 2H(Xg) + 41(X5)+ Xy ] 4



Example 4.2.6. Numerical estimation of drying rate

A batch of wet solid whose drying rate curve is 2'0,{;'3“'“% . g;g'stanu..
represented aside, is to be dried from a free moisture s C o
content of 0.38 to 0.04 kg H,O/kg dry solid. The weight _E R.=1.51 ﬂ
of dry solid is 399 kg and the top drying surface area is < 12 / i e
@) |
18.58 m?. = og—A4——
Calculate the time required for this drying. o Df :
- X,=0.38
i . e 0.4 ! = T2 —t
Solution X, =0.38kgH,0 /kgdrysolid - XI}C
E .
X, =0.04kg H,0 /kgdrysolid % 01 02 03 04 05 0.6
L /A=399/18.58 x,=0.04 X (kgH,0/kgdrysolid)

=21.5 kg drysolid /m”

cdX > dX L | X —-X > dX
I, z*fiﬂ:‘j{ % 1*@7}

_ szdei__ﬂ
A X R A

= From draying rate curve: X, =0.195kgH,0/kgdrysolid| |R =1.51kgH,O /(m”.h)




.-“XZ:O'04 di can be integrated numerically or graphically. To perform this, read values of R

Xc=0195 R and calculate 1/R;:

2.0 %f*'alljng . Constant
rate "I rate
X R /R X R 1/R S 16 C i
g :
0195 151 0663 0065 071 14l g o /i L
0.150 121  0.826 0050 037 270 s I/ 4
0.100 090  LI1 0040 027  3.70 o A
T 08l |
& ]/ |
S s | X,=0.38 __|
_ _ X,=0.04 X ~ Xe
= Using Trapezoidal rule: IX res B S -0.189 /. |
c=0.195 R % 01 02 03 04 05 06
x,=0.04 X (kgH,0/kgdrysolid)
. . . 0.195-0.38
» Finally the drying time t = —21.5{ —0.189 |=6.7h
iS:




Thermodynamic and transport properties of the air-water system

Property Expression

Py P =100exp[27.0214—(6887/ T, )—532In(T,, / 27316)]

Y Y=0622RHP /(P— RHP)

Cpg c,, = 100926 x 10° —4.0403x 10T+ 61759 %107 T* —4.097 x 107 T°

kg k, =2425x% 107 -7889%x10°T-1.790x10*T* — 8570 x 107™* T

pg pg=PMg/(R7;bS)

g #, =1691x107 +4984 x10* T -3187x10™"T* +1319x10™ T

Cpv ¢, =1883—-16737x107T +84386x107T* -2.6966 x 10™° 7"

Cpw c,, =2.8223+11828 x 1077 —-35043x107°T* +3.601x10° T

P vapor pressure of pure water, Pa Taps absolute temperature, K
Y absolute air humidity, kg water vapor/kg dry air J gas

Cp specific heat, J kg’l Kfl :V v\:/?z;r

kg thermal conductivity, W m' K Pe density, kg m™

e dynamic viscosity, kgm™ s



