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8—1 Importance and
Purpose of drying

« Significance of Drying Process as an Unit Operation
— Itiswidely used in every walk of life. E.g. Food stuff, wood processing,
plastics industry, paper making. etc.

o |tisoneof theoldest methods of preserving food.

— ~Primitive societies practiced the drying of meat and fish in the sun long before
recorded history.

— - Today the drying of foods s still important as a method of preservation. Dried
foods can be'stored for long periods without deterioration occurring.

e Theprincipal reasonsfor thisarethat

++_The microorganisms which cause food spoilage and decay are unable
to grow and multiply in the absence of sufficient water .

% Many of the enzymes which promote undesired changesin the
chemical composition of the food cannot function without water .

(Without moisture or water, the enzyme activity isinactivated)
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“ The Purpose off Drving

»
|. s Easy for preservation or store

— Drying makes foed or raw feed materials have leng
. shelii life. (In terms of micreerganism and enzyme

. action).
— Need smalll space of stereheuse

< : .
~ o Convenient foer tkanspertation

— Weilghit and velume are greatly reduced,Impreves
1 Significantly the efficiency of transpertation IR terms
of loading and unleading

o Convenrent for consumer use

— E.g. milik pewder,dried vegetables ete.




4 o—2 Classificatiorn, Definltiorn aricl
Coritallriec Processes for Dryirng

‘ Siz: A Pehydrationrandi PDrRing

< Dehydration By Mechanical Method

| ) =Dehydration By Physical-Chemical
< ‘ Method

< " uDenydration By Heating Method
Removing Solvent from solids by heating is called
4‘ drying—The definition of drying




Dehlhydration Py

Mechanical Method

‘ | « The moisture is removed by filtration ,
‘ EXxpress, Suction, and Centrifugation.
. These methods are used only in the
case that the moisture dose not need

to be totally removed.



4~ Dehydration Physical-
|~ Chemical Method

»
ﬁI. o [The moeisture Is albsokbed by the
< materials that have absorptive
4.. capacity to the meisture.

— E.9. lime, potassium calcium and se on.
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»

ﬁ
N

«



N
‘!

8.2.2 Heat benydration
and Drying Definition

. s By means ol heating, the selvent Is

_A

N

N

evapoerated freom the materials ,and the
vaper Is expelled 1a time.

IS the eperation that by means ol
neating the water and other meisture kepi
Py the soelid materials are evapoerated and
the vaper IS remoeved In time.



y, Ways of Classification
for Drying Process

@ Classified by Pressure

@ Atmospheric pressure drying
@ Vacuum Drying

@ Classified by Operation Method

@ Batch drying
@ Continuous Drying

@ Classified by Mode of Heat Transfer

@ Conduction

@ Convection

@ Radiation

@ Dielectric drying



- o.2.3 | WO Processes are
Contained in the Drying
Process

e Drying of foods impliesthe removal of water from the

foodstuff. In most cases, drying is accomplished by
vaporizing the water that is contained in the food, and to do

this the latent heat of vaporization must be supplied. There
are, thus, two important process-controlling factors which

enter into the unit operation of drying:

@ the transfer of heat to provide the necessary latent
heat of vaporization,

@ the movement of water or water vapour through the
food material and then away from it to effect the
separ ation of water from foodstuff.

@ These two processes are affected each other, their
directions ar e opposite
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8.2.4 Most Commonly Used Drying

Processes and New Drying Technologies

(1) Air and contact drying under stmospheric pressure. In air and
contact drying, hest is transferred through the foodstuff either from
heeted air or from hesied surfaces. The water vapour is removed with
theair.

(2) Vacuum drying. In vacuum drying, advantage is taken of the fact
thet evaporation of water occurs more readlily &t lower pressures than at
higher ones. Hest transfer in vacuum drying is generally by conduction,
sometimes by radiation.

(3) Freeze drying. In freeze drying, the water vapour is sublimed off
from frozen food. The food structure is better maintained under these
conditions. Suitable temperatures and pressures must be established in
the dryer to ensure that sublimetion occurs.  New tech.

(4) Stetic electricdrying. New tech.




8—3 [he Condition whichiIs indispensable
for drying precess to be progressed

ﬁ. o IR erder tey make the drying Process
carry out, the follewing condition

ﬁ.. must be satisfied:

N
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Psychrometrics

Properties of Air-water

vapor mixture, Psychrometric chart

8—4 Properties of Air-Water Vapor Mixture

Drying Medium

Heat Carrier

Moisture Carrier
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Heating Medium--Haot air

1. Humidity
(absolute humidity)
kg /kg
M
H= =X W (8-1)
Mgng
Ny _ Pu__Pu
n P-
g Mpg pw (8—2)
H=—x Pu
M, P-p,

(humidity)
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My— kg/kmol

Mg— kg/kmol
My=18, M;=29 8 2
_ 1P e Pu (8-3)
29(P_ pw) P- pw
(8-3)
(8-3)
Ps
Hs
H,=0622—Fs (8-4)

P - ps
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Relative Humidity

pw pS
¢
q):%xloo% (8-5)
¢ = 100%
W
¢
(8-5) ¢
(. Ps=f(t))
¢ =f(pW1t)
Pv=¢ Ps (8-3)
H = 0622 %P (8-6)

P_(pps
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H=F(¢ , 1)

2.
1 (humid volume or specific volume)
U
m3
v, = =1xv,+H xv, 6—7)
kg
_1T b
’ PoTo P
2241 t+273
= Here p, =22.41/M_, p= 8-8
29 X 273 pO g p pO ( )
:0.773t+273m3/kg
273
vwz22'41*t+273=1.244t+273m3/kg (8-9)
18 273 273
Vi = (v, + Hy,) = (0.773+ 1.244H )x 1273 13 /kg (8-10)

273
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Density of Air-water vapor mixture

p=(+H)/v, kg /m’ 8—11
3. Enthalpy of Wet Air
(Enthalpy)
| kJ/kg
I=1,+1.,H (8-12)
v — kJ/kg
¢ — kJ/kg
— kg/kg
kJ/kg
0
t
0 0
0

I Cys+CyH  t+roH (8-13)

1kg
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ro—=~0 re=2492kJ/kg

. C, ro (8-13)
1=(1.01+1.88H)t+2492H (8-14)
(8-14) t
I I t
2 Specific Heat
(humid heat) 1kg
1kg kg
1 Cx

kJ/

Cu  Cy+CiH (8-15)

Co— kJ/kg°C

Ci— kJ/kg°C

H— kg /kg



02-11-21

C,=1.01kJ/(kg°C), C,=1.88kJ/(kg°C), C, Cu

8 15

Ck+ 1.01 1.88H 8—16

(dry bulb temperature) t

(dry bulb temperature)

wet bulb temperature

8-2

FHIEE 5 imE b

=5
BN

iR
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(wet bulb
temperature), T, T

t

( > m/s
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Q=a A (t-t,) (8-17)

a— W/(m> )

N

KeA  Hy-H (8-18)

N— kg/s

Ky— kg/(m*> *S*AH)

10
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Hi— Ty kg /Kkg

H— kg 7kg
Q=Nr, (8-19)
r — Ty kj/kg
(8-17) (8-18) (8-19)

aA(t—tw)zkHA(Hw—H) ry

S Kefw gy (8-20)

a

Ku a

kH a Re 0.8
K a
a/kH=1.09kj/kg™* C

11
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Ps

tq

t,=F(t,H)

t ty
Dew point
(dew point),
L
(8-4)
(8-4)
Ps

S Ps=f Hs td=f(Hs)

, Hs (8-4)
Ps

Please pay a particular attention here!

12
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The acquisition of dew point is an

equi-humidity process.

4 Adiabatic Saturation temperature

13
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(adiabatic saturation

temperature) Tas
as L
1,=Cyt+Hr, (8-21)
1,=ChastastHas o (8-22)
r.—0°C kJ/kg
1,=1, (8-23)

CHt+Hr0= CHastas'I'Has rO

CH=1.01+1.88H CHas=1.01+1.88Has

14
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CH CHas CH=CHas (8—21)
(8-22) (8-23)
taS:t—é—O(Has—H) (8-24)
(8-22) D)
Has=f(tas) tas
T.s=F(t,H)
a/kH=CH

r
te=t-—>(H,-H
=tz (Ho —H)

H a/lkH=CH t =t
t, =t- L (Hy —H)
(8-24) (8-20) ta.s=t.
tas tw
tas tw
(t H
t.

tas t Tas

15
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( t. t),

Please pay a particular attention to the t_,

and t,, their acquisition is an equi-enthalpy

process.

tw( tas) td

>t >ty

8-1

50%

(2)

(b)

(©)

(d)

(e)

("

20
p

t,

500kg/h

16

t t. T

101.3kN/

117
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P=101.3kN/ o 50% t=20
20 oC

ps=2.34KkN/m

(2)

H =0622_%Ps
P —0PPg

0.50x 2.34
101.3- 0.5x 2.34
=0.00727kg  /Kg

= 0.622 x

(b)

p =¢p, = 0.5x2.34=1.17kN/m?

(c) L
p
p=1.17kn/
ti= 9

(d)
| = (1.01+1.88H )t + 2492H

= (1.01+ 1.88x 0.00727) x 20+ 2492 x 0.00727

= 38.6KJ / kg

(e)

17
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Q = 500 (1.01+ 1.88 x 0.00727) x (117 - 20)
= 4966kJ/h = 13.8kw

("

V =500nH
t+273

=500x (0.773 + 1.244H) x
20+ 273

=500x% (0.773 +1.244x 0.00727) x

=419.7m%h

8—5 Psychrometric Chart

{ — (t-H)

(- H) Two kinds of psychrometric

chart

(p t o H I ¢, )

¢ I-H ) (8-5)

18



02-11-21

Chart

(760mmHg)

135°

Structure of Psychrometric

1-H

P=101.3kN/

H

19
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(@9 ( H ,Iso-humidity line)

H
(2) 1 , 1so-Enthalpy line)
I
(3) ( t , Iso-temperature line)

(8-14) 1=(1.01+1.88H)t+2492H

1=1.01t+(1.88t+2492)H 8—14a

1-H t

(8-14a)
(1.88t+2492)

t

20
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(4) ¢ IsO-relative

humidity line (8-6)

H =062 PPs
P _(pps

101.3KkN/m? o= f(H,p,)

o= f(H,1) ¢ t
Ps (8-6)
(t,H)
8-6
8-5 o 5% 100%
1))
o 100%

((p <100%)

21
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(5) partial pressure line of

water vapor

Pw (8-3) (8-3)
_PH _18p, _ P, _
Pu = 0622+ H ( 29(P - p,) 0'622P—pw (8-3))
Pw
kN/m?
2 Usage of Psychrometric Chart
1-H
1-H

8-7

€Y

22
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() |

(3) P
4) to, 2= 100%
td
(%) t. t..
o 100%
tw tas
8-7

How to determine the state point in the chart?

Among the parameters, only two of them are
independent, therefore , if two parameters are

known, the state point can be determined.

23
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8-2

50%

(a)

(b)

(©)

(d)

(e)

("

tq

101.3kN/m? ,

lr.-.-—"'

|
|
4
I_ s m
1 dr=] %

14 —71/—

1-H

—

H H

td

t.

500kg/h

24

117
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101.3kN/m*> ¢, 50% t0=20

I-H

(2) p

p=1.2kN/m?

(b)

0.0075kg 7kg

(©)

0 39kj/kg

(d) t

Y 100%

t t=10

(e) |

o =100%

t t,=14 t=14 )

25



02-11-21

("

t, =117 1

138kJ/kg 1kg

Q'=1.-1,=138-39=99kJ/kg

500kg

Q=500 Q-

=500x 99=49500kJ/h=13.8kw

26
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Mass Balance and Energy Balance for Drying

Process

8-6 Mass Balance

The expression of the water content

of materials

w Wet basis water content
The
ratio of mass of water in the wetted material to that of

total wet material.

W= (8-23)

Water content based on the dried

material
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The ratio of mass of
water in the wetted material to that of absolutely dry

material in the wet material.

X = (8-24)

Why should we know the two expressing methods for water

content?

1. Water content based on the wet material is easily
understood by people, it is actually the percentage

concentration.

2. Water content based on the dry material is easily
used for calculation. In other words, The calculation by

it, the procedure of calculation would be very much simple.

w=——kg /Kkg (8-25)
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Mass Balance

Purpose of Mass Balance

1. To determine the amount of water evaporated provided that the wet material is
dried to a prescript water content.

2. To determine the amount of dry air needed for fulfill the drying task

| A
L, H,
| 7= i
Gz,wz
:F ﬁ Gcl X!
%
BHH
Gy, wn
®] G, X,
s
L, H,
quantity of water to be removed
8-9 1h
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G, — kg/h
G, — kg/h
G.— kg/h
Wi W,— kg/kg
X: Xe— kg /kg
L— kg/h
Hi H.— kg /kg
W— kg/h
6c=6:(L1-w1)=6,(1-W,) (8-26)
(8-26) 1 2
G, =G, =W (8-27)
1-w
G, =G 1
2 11—W2

G.=G,+W  (8-28)
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\N=Gf4%=eﬁ?_wz
- (8-29)
-G W, —W,
2 1-w,
W=G.(X.-X5) (8-30)
2 Amount of dry air to be consumed
W=L(H.-H,) (8-31)
L-— NV (8-31 a)
H,-H,
-t _1 (8-32)
W H,-H,
kg
kg kg The amount of dry air consumed

for removal of 1 kg water by evaporation is called unit

dry air consumption.

(8-32)

1 2 0
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0 . (8-32)
- (8-33)
H,-H,
2 0
7 0 to O o
1 to QO o
8-3 800kg/h
30% 4%
15 50% 120
()
(b) I
(c)
(a)
w.=30%,w,=4%
W=G1 Wl_WZ
1-w,

-800x 23700 _ 515719 1h
1-0.04
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(b)
1-H t, 15 ,o9, 50%
0.005kg /kg t, =45 ¢, 80%
0.052kg /kg 0
LW W
_Hz_Hl_Hz_Ho
:&=4610kgdriedgas/h
0.052 - 0.005
o w
" H,-H, H,-H,
B 1
~ 0.052-0.005
= 21.3kg dried gagkg water
(c)
v, = 0773+ 1.244% H )0 £ 273
273
=0.822m°/kgdried gas
V=Lv,=4610*0.822=3790m*/h
8-7 Heat Energy Balance

(H: 1. )

kg 0
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The requirement of heat for the

preheater

L,t;,H,, I,
P&ﬁ

=
Gc' 02- Xz. I; -

BYH
Gt X, I')—=

ER [ mas | RIS

L, Loy Ho- Io L! i, Hl’ II
! o,
8-10
Q,
quwzl(ll_lo) (8-34)
a kJ/kg

Energy Balance for Dryer

The total heat energy input into the dryer

G,=G,+W G, 22c.0,
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kJ/kg

ki/kg
Cy=(1-w,)Ccs+W,C,

KJ/kg

qs kJ/Zkg

The heat energy output from dryer

G
2 WZCMGZ 92

112,12

ql
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qd+lll%CMe +CW91=%CM92+|IZ+Q, (8-36)
G,
qd:|(|2_|1)+WCM(62_61)+q1_CW61
(8-32) (8-36)
ezl G ®,-6,)-q +C,0 (8-37)
HZ__Hl-—qj w M2 ai wY 2
1 1 tZ
(8-14)
1,=(1.01+1.88H,)t,+2492H, (8-14)
2 2
2 2 I-H 8-11
to t.
L t.
(8-37)
2 q
G,
Zq:qd_WCM(GZ_el)_ql+CW62
|2_|1 :Zq
H,-H,
1 1 ZQ l1-H
> q c’ c’

10
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> q=0 1. =1,
1 t2
8-4
2x106kg 300
W, =20%, W,=2%,
Cs=1.25J3/kg
15 45 15
70% 90
65
(a)
(b) L
(c) 196.1kPa
(a)
6
G, =210 _ 578
300x 24
. (02-002,

1

(b) L

11
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L= w B W
CH,-H, H,-H,
l1-H t,=15 ¢ =70% Ho=H,=0.0075kg /kg
1,=35J/kg
t1=90 |1=11kJ/kg Hz
I, -1 G
ﬁ:qd_wzcm(ez_el)_ch +Cy0,

|1=(1.01+1.88H2)t2+2492H2
g.=0, q:=0

Cy =(1-w;)Cs +w,C,,
=(1-0.002)* 1.25+ 0.02* 4.174 = 1.31kJ/kg

=1, _,_ 278
H,—H, 62.55

x1.31x (45— 15)— 0+ 4.17x 45 =13.1

1,=(1.01+1.88H,)X65+2492H,=65.65+2614 . 2H,

.=116.156kJ/kg H.=0.01932kg
/Kg

~ 62.55
~ 0.01932- 0.0075

= 5290kg /h

(c)

12
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Q,=L(1:-1,)=5290X(116-35)=4.28X10°kJ/h

196.1kPa r=2206 /h

13
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Drying Rate and Drying Time

8—8 Characteristics of moisture contained by

the material

Bound Water and Unbound Water

(bound water) (unbound water)

Bound Water

Unbound Water

8-12

WY =100%
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Equilibrium moisture and free

moisture

Bk4
BHEK

I"I%

i

lo

3
ks \| amks

=}
(2]
=)
ARELEEERNEEREEE AR

P4 K X/ ke K/kg BT H

0.08

\ S

0.04

0 10 20 30 40 50 60 70 B0 90100
BEHENEE /%
(¢ BEl)

The Diagram above expresses both the equilibrium relationship between
water content of material and that of air-water mixture and the

relationship between variety of water contents.

equilibrium water

free water
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8-9

8-13

Drying Mechanism

X-X

of Solid material
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Surface vaporize-controlled drying

Internal

PHFHEKE 5.
o © o ©
-+

@
=

.

0 oz 04 05 0s 10
FEENEE ¢

1 8-2 FuLfr B BERE
1 SFHEE (20C) 2. BEF (25C)
3. GREWE (25C) 4. 4E (20T)

5. B (20C)

Diffusion-controlled Drying

05
04
«
g
éoa 100°C
= 80T
E 60°C
02 40C
20°C
o
0.1
0

02 04 06 08 10
BHAKAEE oo

H 8-3 DHENRBERR
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8-10 Rate Of Drying Under The Constant

Drying Conditions

Rate of Drying

rate of drying

W
u=dw/Adt
u— ,kg/m2- h
W— .kg
A— ,m?
T — ,h
dW=-G.dX
¢ - )
S
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(8- )

Drying Curves and Drying Rate

Curve
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o

B e el s et s e =

Fo——F o —F—h %

& s & =

il H &

S o2 &

M A . ) W M

N~ H

B /@/ LR m

8 o g ﬁ

/ -

vA N

= 7

S = S st ° =
o - — (=3 .

E.Nﬁv\mm.s

TR

0

WGP BN B /X /R

Constant Rate Period

BC

8-15



02-11-25

AB

2 Falling-Rate Drying Period
C

CD The First Falling-arte

Drying Period

DE The Second Falling-rate

Drying Period

X*
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8-11 The Calculation of Drying Time

Under the Constant Drying Conditions

X1
X2 T 8-15

8-39

The Time Required in Constant Rate Period

u 8-39
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Separating variables take integrity on two sides of

the formula

Ty X5
Idr:—GC [ ax T, = G (X, = X,) 8—40
0 AU0x1 u

The Time Required in Falling-rate Period

Free Water Content X-X

u:_Gc-dX (X=X
A-dt

Separating Variables it becomes:

G, dX
dr=—o

A f(X = X*)
Ty G (Xp=X") 1
for=-"2 [ = dX 8—41
0 A (XX f(X = X*)

(X=X")
A ey FOX=X%)

To finish the integrity above, the concrete form of

function f(X-X*) should be known, Or the Drying rate

10
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curve should be known.

T 8-41
B FOX-X),

X-X" X=X (Xo=X")

Simplification of Drying Curve
The curve CE can be replaced by the linear line CE.

The slope of the linear line CE can be known by the

geometry relation.

Setting the equation of the linear line CE is

f(X-X*)=K (X-X*), the slope of the CE line K .

(X=X C

11
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G, (Xp=X")

277 J f(x-x*):I

L ax-x*)

(X-X")
(Xp=X")
A (X3=X") KX(X - X )
G (X;=X")
= — c I 1 " dx
A-K, (xrxk)(X - X*)
G.(X.-X" X —X*
i = Sl 2 X ) (K = X 8—43
BA X, - X)
T=1,+7, 8-44
T=T,+T,+1' 8-45
8
Bana ans : (0))
Al T W ,=5Y%
/] L
i/ 1
/ T 200kg, 0.025m*/kg
||
7 » H
Ex- 0.1 O X'l,'?f t'=1h
X/kg K/kg BX T8

12

27%
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Xo=0.20kg /kg

X'=0.05kg /kg X2<Xo

B A FYEE G.=G Q-w)=200X(1—0.27)=146kg
THREREHA A=146X0.025=3. 65m?

DR BB KA R R T A Ak
BT X, = = i = 0. 37ke Kk FAIM
AR Xo= e = 700 0. 053k K /kg FHIH

HE 7-12 PEFZH AR T KE X.=0.20kg K/kg TOK, FHIKE X" =
0. 05kg K/kg YKL, BT X,<X.» BTLATHRIL R G5 EE B E AR, SBIFE
T Heet a2 5 H

a. ﬁﬁl‘l/l\& T
B X,=0.37 & Xc=0.20, fAE 7-12 P8 w.=1. 5kg/(m? « h),
G v ey __ 146 _ -
n=,-4 Xi—X) =7goasX (0.37—0.20) =4.53h
b. BB 7,
M X.=0.20 ¥ X,=0.053, X"=0.05 AR (7-37), K&
_ . 1.5 ..
Kx=% X =0.20—0.05 " 10ke/(m’ + h)
_ G X—X" 146 0.20—0.05
=g AR X,—X* 10x3.65"0.053—0.05 15 7h

o BHIYIEETRAMY
t=1,+1,+7 =4.53+15. 7+1=21. 2h

13
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Dryer

In this passage, the commonly used dryers in industry will be
discussed. The contents included are structure, working principles,
advantages and disadvantages as well as selection principles.

1 The Basic Requirements to Dryer

(AN

Versatility and adaptability to a variety of materials to be dried

A

A The Adaptability to variety standard

requirements of the dried products

N High productivity
A factors that influence on the

capacity of the equipments

A Methods for promoting the productivity
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n Economical energy consumption
A It is lower for exhaust vapor to bringing the
heat out.
A
A Parallel flow or counterflow
2 Classification of Dryer
A Classification according to pressure

=

=
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A Classification according to operational
methods

(AN

B

>

Classification according to heating methods

BE B B E

>

(Classification according to structure of dryer).

BE B B E

B

8—12 Commonly used Dryer in

Industry

(1)

° Principles
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Classification

Horizontal air

flow cabinet Dryer

Penetrating Air Flow

Cabinet Dryer

Vacuum Cabinet Dryers

Structure

10--100mm

0.3--1n?

1--10m/s



Inner Mongolia Agricultural University Course of Chemical Engineering Lecturing Text 11/25/2002

;
z

oo

)

O 3
b

L
o ouf

A Ay

% /

! ! 7
b I Gt U § - 4
F\lﬁ,: _.J-"J
W= =B

] L

py B
=" ™[=— 1B/

] [

Advantages

Principal Disadvantages
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Tunnel Dryer

Structure

] R

3
Elo. 6. 2 jfiE ik
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9.6.2

Advantages

Rotary Drum Dryer
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4 Air Dryer
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0.003--0.06kg/m*s [

3000--4000Pa
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Fluidized bed Dryer

9.6.5

Elo. 6.5
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6 Spraying Dryer
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8—13 Selection of Dryer
The factors to be considered
1 The properties of materials to be
dried

2 Drying properties of wet materals

12
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> Types of moisture
> Initial moisture content and final moisture
content

> The tiptop temperature allowed

> The distribution of granularity of the
products

>

Selecting according to the configuration, color, blare, taste of the

products
3 Productivity
4 reclaim problems

13
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5 The factors of energy

price, safe operation and environment.

Steps for selecting the dryer

8—14

14
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