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Types of Evaporation Equipment

Open-pan solar evaporator:

A very old process uses
solar evaporation in open
pans

Used for salt concentration
and crystallization.
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e overall heat-transfer coefficient U in an evaporator is a function of the

llowing:

1. The steam-side condensing coefficient outside tubes, which has a value of

about 5700 W/m?

2. The metal wall thermal resistance

3. The resistance of the scale on the liquid side

4. The liquid film coefficient inside tubes
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The solution-side heat transfer coefficient:

o For forced-circulation evaporators ~» turbulant O L s
o For short-tube vertical natural-circulation evaporators—” \3 o& smooth

o For long-tube vertical natural-circulation evaporators e s L8

Overall Heat-Transfer Coefficients in Evaporators
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o For the agitated-film evaporatorg
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for cooling viscous liquids ¢; =0.014 and ¢, =0.96.
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d, is the diameter of the vesse
d, is the diameter of the rotor

u is the average axial velocity

N is the agitator speed
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Scap P 21 O 13 e qgitated Ly ¢=
siss Sfill W Colr P -+ Bllm
3 s gu K] e seam M\ 2,05 dacket e o b ol
operaling or Ol gany] st b dacket

.runn?rﬁ cost
Sicam NP ol Gl o e

B j:s‘, oy low P ou3s
TR} PR

oyS AT UL B
cost PO(-

J.f7

Lodw o steam Y p -
ols sleam b medtum P
&:hsul_ﬂoo @,su.s.mmt \,Qdu Va
Csleam w7

S1G5) G 2 ax W Irmi’l-ah'on.
\BWL, cofgt Ly

N S L ¢ DT
(4=URAT) .bq 4

__H >l dsw

Solution 3, \._nlu ‘b..-L -1...\_32.4...\ Lp\_,p L:L‘

well mr)ﬁ'nJ s G daw ¥l e o
A Sles de seqlin

R 2bibs AbFoui s
+ (s s correlation L) pybe

LQJ[ ) &=

.:\_,;.:Ki, \_—,;U‘u__| &MJZL‘:A»
'n""'b\d-D‘\la.Lp u_g-czuﬂ 31

5
AT Y t'-\_ﬁ \.n.&-)e
51| e_;Ly simm Ne le wii b&-ln

dcume d—m (TsoiuHon -“&L»n
N, P oo EsLy g d= P D q0 4,






effect of feed temperature:

o The inlet temperature of the feed has a large effect on the evaporator operation.

o When feed is not at its boiling point, steam is needed first to heat the feed to its
boiling point and then to evaporate it.

o Preheating the feed can reduce the size of evaporator heat-transfer area.

Effect of steam pressure:

o High pressure provides high Ts values, and hence TS —T1 will increase.
o High pressure steam is however more costly.
o Therefore, overall cost analysis must be considered to determine the optimum stearnr
pressure.
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“Multiple-Effect Evaporators

e general design equation for the multi-effect forward evaporator is

gi = Uy 4, AT, gz = Uy A; AT, qs = Uz A3 AT
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.'an evaporator operates at a pressure of 25.6 kPa and a solution of 30% NaOH
. being boiled. Determine the boiling temperature of the NaOH solution and
1e boiling-point rise (BPR) of the solution over that of water at the same
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siven information for evaporators design

|. Steam pressure to the first effect

). Final pressure in the vapor space of the last effect

3. Feed conditions and flow to the first effect

4. Final concentration in the liquid leaving the last
effect

5. Physical properties such as enthalpies and/or heat
capacities of the liquid and vapors

6. Overall heat-transfer coefficients in each eftect

7. The areas of each effect are assumed equal
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Solving the last two equations simultaneously for L1 and L2, and substituting
into the first equation

Ly =17078 kg/h Ly = 11068 kg /h Ly = 4536 kg /h

=8936kg/h v, =5602kg/h  Vy=6010kg/h Vi =6532kg/h
du_g N zL., La.: ' : r-ﬂl “LD
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. 3600,
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based o1 Nalent heak Ly WS Gogan GBI ST 31 Go K
N Tewds Us

- Super heated Aoy o lakent eat il “Slae  Sleam

“-lhﬂ)\ Ol 131 \,Elh TR sy ke 5l Goge s G\ lee o -
sal-’d P S ce A5y sk I s _,..g, P

A A ¢ unSS
O (I, desigh ) (s aareaffij U e g S q,,#@_q

. %8 nok necenarly LU al sakd el p,

B . s g D)

recieve








































Ap

2 Food Industry ) k&w;}j; };5’}5 }o\;;;\.-y.: b
nsation and a '

o Excess humidity causes con i
broad range of hygien€ P ms In 0=
product.

o Powdered food, spices, processed meat, snack
foods confectionery products O breweries,
consistent and controlled moisture conditions
are necessary.
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o Using dry air froma Desiccant
can help in controlling the moi
which leads to perfect coating @
shelf life of the food products
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o required amount of moistyre
r o the air is less than 14 g of
| noisture per kg of dry air,

|
|

https://industrytoday.com/dehumidifier-applications/
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Applicati
Gold Stores catlon of Humidification-Dehumidification technique

e the cold stores €Xperience the
0 A ent moveme_nt of Products,
Jarm air with moisture from
utside could enter the store, This
esults in ice and frost formation on
e walls, floors and ceilings on, the
cold stores

https://industrytoday.com/dehumidifier-applications/
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Application of Humidificaﬁon Ber
“Dehy..
4

\

6. Defense Industry
o Military equipment can be damaged when stored and exposeq to b, |
idit.
r

for long periods.

o Uncontrolled humidity causes
corrosion and malfunctioning of

equipment, fungal growth on maps,
drawings and bacterial infection

o Dehumidifiers help in preventing
corrosion on the equipment by
keeping humidity levels less than
35%.
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Application of Humidification-Dehumidification technique

|ect"°"ic and Semiconductors

i qents used in assembling or

0
,omp pic and highly sensitive to

" : .
; p OcCessing of semiconductors are
' B

excess humidity,

55 moisture results in corrosion,
istor failures, and condensatlon
ntegfated circuits.

E)‘c

SRHIN semiconductor
manufacturing area must be 30% at

20°C

hnps;//industrytoday‘com/dehumidifier-aPp!icationS/
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Mﬂ\nﬂm volume occupxed by unit mass of dl'y gas and itg
vapour

A total volume of 1 kg of the gas mixture at standard p-ressme W‘
temperature (T).

Y _ : 22.4'1 T K __]-__. +__L- s '-:".. ! ,_l;
vy m-/kg dry air = 73 2897 ' 18.00 1)

= (283 x 107> + 4556 x 102 By ¢

| 359 1 1 s
3 btz o .
Wb, dry air =250 TR (28 97 " 18027

= (0.0252 + 0. 0405H)T°R














































heat txchanq¢ s 4;:?; 2 yoadl gie :
N bedy x w u body Jidw':s-llx_h-,:
> WhLosabd G ey A1) LS y.fa
Lo, exchans of hat a5 Lo SUIL exchange of m

N ov L3 max honk ) (3
s le G ¢ oub 3 LS00y
2y O, G Al

-;4:3‘_}‘_'4-;‘.11] sloqn .
=haT) heat 4

eat







‘cf ;0‘ O?f
_ T “\:0 r W(U
ky (HyMy — HyM,)[A0] = W
key My (Hy, — Hy) Ay = hyA(Ty = Tw)

1\9,[_':; rerm sl g
J\)'anS:de‘w Hy > S
ool Hg 215 D) Ule Yw

duu&/;\.d‘;.m\,u_)'al_; Ha(H'—U
- L;U\\.._,-an-

-m

Bty < e T

&= —(—;— & Re®™ S¢=™

-2 LS s g 3w e
uk 2055 00 e HOJL Jiff N E
N sald L Sdat> sabd G S Ys
: '.‘)’?L:- 2yl
/3> aly LS ol G g &
5 ¢ o acomidak hcal or Han hegh

s 0 (WSHn BB Gl Gff
Mg NoAv oL LWs u

ait 5ys ha i e da &
| s o)
A pop By ,.(u Tmp?













HUMID HEAT BTU PER DEG. FAHR PER LB DRY AIR : =,
22 023 024 025 026 027 028 029 030 031 : i
- e T T T T T i e i
metrlc opss
qfo 21 i

d s
(1) & 19
§ 318
2 0.10
& 178 009
=
five diﬁerent =16
el b 3 oo8
f 'UWES in tnis E 15§
i % i 007
31
> : 006
age humidity _ e
hatic cooling lines 004
#cvolume of dry air T 003

-0 of saturated air

jd heat

Ls 5 ) ety ' ¢ ( ) et

30 40 S0 60 70 80 90 100 1O 120 130 140 150 160 70 180 130 200
TEMPERATURE. DEGREES FAHRENHEIT

T 0
0 220 230 240 250 260

I \gde y 315 humid ;;cirj OlS slsw T 41 5 e X 1 ds K
. humid heqt \Ssge L X 3\, humid volu. i we 2wl y D, humﬁd?tj
Ls geol A by 3

Fd

2o ¢ \_.,;A)L Gé}; voluomé 3| "L‘ d.(::.u e sa:f:}' "‘:,%
B water Zra wolen

humid hegp - Contenk

\;;\:o_,\_na s s LR Y IGe )Y Cchart ST WU SR L G
Gw @l S0 G,
ey 5P€clpfc Vorhed ¢ RH ¢ humielty ¢ ’rdg



/chrometric charts (1) HUM'{I:, HEAT —
- :
You will be given two values and Humid heol |
required to obtain the other Q\},w" s oy tofnai
'parameters 8 % A
~ :
or example: given the temperature " Dot
0f unsaturated air, T and the § A A 5!
percentage humidity of air, Hy1% . i
a1 . : |
@ Humidity of air: Point b is found by :
moving along Iinfa T, to the given Votume d ai -‘my
percentage humidity of air, H,,% then i I .
a horizonal line to Humidity axis. 7"’/ "y
: _ massof vapor _
HUmIdIy = S ass of dry gas o o 12 A
)\ v J TEMPERATURE
% Py M“’) : s
\/ 3‘ P—P. \ M, Lt -
oy K “ SV~ -’& w;.ﬁ .‘.l-.b
7 m e e L e b .\'J'::J:P.}'_ > : o
) (‘_9 A 9 C e~ rz).UJ GAsil ,‘._, k;,,_, Z:.L.:ll
| Sl e o
|
{ |
% s
8 y
r' i

| e, S
I
-, I

L
;

recieve







Wl [ E Bols
(0C \53(;-\, Jsto s zelo u}u&:uu..

HUMID HEAT Q

558 g a3 L
B Lol o 5

< —
5 Pics [\ 100"y
sV sabd
e — ~ 0] Humid heot
‘Humid volume: Point m is found by wf ey Y- #W/ e/ 7 e L |
mowng along line Ik a distance of Nf iy~ ¢ R y :
H .‘: 1
—A x Ik from point L. w
10‘0 6" “}(A _{L______“_________ ————
) N Hy r w
=y +— 100 — (v — 1)) w i
Soluroted volume
Vs
Ra ke iy air = 2:;‘31 = (zsfsn k: :sfoz 'H) '
il
=(283 x 107 +4.56 x 10-> )T K prchintdrod| ‘&7
i =S |
ed Humidity temperature /. i "-7’04-- -
Pomt g is found by moving from :
point a along adiabatic cooling
line to the percentage humidity ai Is9 17
curve, point e, then move down TEMPERATURE

to T-axis to point . g
o L FRETY oo TR

- w5 s humid vel O e Glus %

g b LY, o

f. Ha= 100 ~3 Uy= Vg o N _‘a.Lt‘f.\,:;\:._»_,nl_L_;‘,__-y.f‘ s ®
1 n-= g -

3}.&:1-1.(3:&:3 K > L idt as 100 a1,
_\\,:‘(,31{.:_}:»_.:_, KoL 0 Ge Bl yuln
LNl ds ol 5y gl Al b HA

G5 ha Lil-l-'s(m el Lc) ‘wi\ D J’uuu gb.'é
\,.LL;ML..OW SRl ) U Vn Ny, lud
\_.uggl_.q_,\_a._t-? =19® 0. e« MHazloz i, ‘12

|

|

E mm»rrbiaﬂg, lfm -ll "‘I p o (m 3L ahis) laahi
l

-&f #}‘1}[ Q—';i—'ﬂb“-’

, 5 2»‘\"";"%\ G s T,y m&n ‘LuL)\" }J\D
F PAVIS M "b‘ be lalL M‘ Gvo K sl aaad

"t' . < -

recieve



Y

Ghrometric charts (1)
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mple 3.4. Humidity of air
The air in a room is at 65.6°C (150°F) and a pressure of 101.325 kPa and contains s,
vapor with a partial pressure p, = 3.35 kPa. Calculate the following:

(a) Humidity, H and mole fraction of water in air, ¥,
(b) Saturation humidity, HS and mole fraction of saturated water in air, y,,

(c) the percentage relative humidity P lall Mull 2T 5 ie
Solution (from steam tables) Saturation pressure p,, = 25.67 kPa J
. AN N
bus 55 4.t %
-‘\--\‘:un.b H A HP_ pv Mv Pe. 3035 18 . 0 021 kgHZO
4 Q: = o, \M, ) T101325-335\29) " kgair
Y M 25.67 18 kgH,0
5 - e ( - ) =— (—) = 0.2106 02
> 3 D — Duo \M,ir 101.325 — 25.67 \ 29 kg air
Y4
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3 Humidity Psychrometric Chart

This lecture

v’ Psychrometric (humidity) terminology

related to v Plot processes on a psychrometric chart
and analyze processes

Part of this lecture is obtained from notes of professor Zayed Hamamreh — ChE — University of Jordan
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EXAMPLE 93-2. Use of Humidity Chart
Air entering a dryer has a temperature (dry bulb temperature)
(l40° ) and a dew point of 26.7°C (80°F). Using the humidity chart, ;
mine the actual humidity H, percentage humidity H,, humid heat cg

the humid volume v, 1n SI and English units.
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¢s kJ/kg dry air- K = 1.005 + 1.88H

oy

¢, = 1.005 + 1.88(0.0225) =
= 1.047 kJ/kg dry air-K or 1.047 x 10° J/kg-K.

¢, = 0.24 + 0.45(0.0225)
= 0.250 btu/lb,, dry air-°F (English)

vy = (2.83 x 1072 +4.56 x 1073 x 0.0225)60 + 273)
= 0977 m?/kg dry air

In English units, _
vy = (0.0252 + 0.0405 x 0.0225)(460 + 140) = 15.67 ft*/lt



¢ Saturation of Air

g a humidity H = 0,030 kg H,O/kg dry air is

¢ saturator with water. It is cooled and humidified
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87.8°C having a humidity H = 0.030 kg H,0O/kg dry air

(a) H = 0.0500 kg H,0/kg dry air T = a2.5°C [TAFAELIHH-
] 1 i I T / - = T
' iman Cr—alic o :
1L /] ';‘1"- / | Tedration =
== ] i —t 1V I A -‘f = ,l i-.. :
1 percentage humidity ]
‘j\ / ! l r‘-u.___
> A ."' ‘o T <
T s é',«%‘; &L fym==
[ Humidified to 90 % _I-1° el =)
S TICal%
| saturation | ) s s / / == =
- I 1 8 18 w2 / / -
1 PR TSl S e e U e mee, - 1 o A .-,"/ ~) / ’ = —
O O 1 /) (1 / =y NN et
»_.11-1;'||:1-ir| A _‘7F?L,__‘ / r~ = )
__ Adiabatic saturation line P .7, AT L E =
— (constant enthalpy line ’/ Ay — b
Rl __/__/ LA // ~ #L_..___' : e o
AN A 7 i /i == 0=
X AV 7 = -+
P A ; 4/ - 4/ A i
> A= % / | il
ZIP P il AT T = -
/ w{;—é’" e | /’ x = '-..____,5:_ .--.
= b = e s )= B
— 1 = — = = :
— = .r-— — L.__ [ &= .-..
0 10 20 30 40 50 60 70 8 8‘?980"C joo 110 " IZ0HE
Temperature (°C) B i H=0.03kg/kgDA

H 5T Gows ehadl 29° Lo
| RPRIBECT
adiab 31 b gas s Lulue e e
Wosfs G0 AL Llua, 4 sl
Gl siboyl sl ¢ 7 nLH Gyl
\3)\....,,?;13 sys - \__;;?g- 606  Gyls H 01,42
CGL T ONCY s 4L g,




saturation, what would be the values of H and T2
T =40.5°C » H = 0.0505 kg H,0/kg dry air
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EXAMPLE 93-4. Wet Bulb Temperature and Humidity A
A water vapor-air mixture having a dry bulb temperature of T =
passed over a wet bulb as shown in Fig. 9.3-4, and the wet bulb tempera
obtained is T,, = 29.5°C. What is the humidity of the mixture? 1

thermometer reads Ty

makeup water

gas gas
Tk 1k,
L—widk -

FIGURE 9.3-4. Measurement of wet bulb temperatur
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Topic 3.4. Gas-liquid contact operation
Last lecture This lecture
v’ Psychrometric (humidity) terminology ¥~ humidity of mixed streams

v Plot processes on a psychrometric chart ¥ Gas-liquid contact operation
and analyze processes
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Example 3.4.1 Humidity of mixed streams

In an air-conditioning system, 1 kg/s air at 350 K and 10% humidity is mixed with 5 kg/s ir ;
300 K and 30% humidity. What is the enthalpy, humidity, and temperature of the resultant strez

) g 'L T 2 MA 3]
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at H = 67 kifkg and # = 0.0125 kg/kg

" T=309K €

\:.I—J-P)L\P-‘U s\_,a"t,&{—“-”b)" L:"Br' *
e G ol Rl e
P lgles , v :«,.i \Ols,  Sakd w

V{ERYEE based A O les Wl

— h = 4 € 2
-1 I\ W s ey flow(ale sl

4 cml?ij -




skicam of  purc water
2 no Cl?r‘ N ,Lhi

Addition of liquid or vapor to a gas ol cok

It a mass mj of liquid or vapour of enthalpy /3 is added to a gas of humidity #
enthalpy A, and containing a mass m; of dry gas, then
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;mple 3.4.1 Humidity of mixed streams

nditioning system, 1 kg/s air at 350 K and 10% humidity is mixed with 5 kg/s air at
30% humidity. What is the enthalpy, humidity, and temperature of the resultant stream?

n psychrometric at 350 K and 10% humidity o) = 0.043 kg/kg  H; = 192 kl/k
I:> at 300 K and 30% humidity 3¢, — 0.0065 kg/kg ~ Ho = 42 kI/k

K1 +mHy=mF Ty (1 x0.043) + (5 x 0.0065) = (1 + 5)#
# = 0.0125 kg/kg
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Gas-liquid contact operations

Direct contact of gas with pure liquid may have any of several purposes:
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batic operation

ic operation follows a constant enthalpy line on the psychrometric chart.

irect evaporative process were 100% efficient,
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1.a. Adiabatic cooling a hot gas

Adiabatic cooling systems remove heat by
evaporating water in a stream of warm, dry
(low humidity) air.

In the process of going from a liquid to a gas,
the evaporated water simultaneously
humidifies and cools the air stream to
within a few degrees of the wet bulb
temperature.
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}_mple 3.4.2 Adiabatic cooling a hot gas

.dry air at 40°C and 10% relative humidity passes through an evaporative cooler. Water is
jed as the air passes through a series of wicks and the mixture exits at 27°C. Using the
whrometric chart determine

the outlet relative humidity

the amount of water added
the lowest temperature that could be realized
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1.d. Adiabatic dehumidifying a gas

Contact of warm vapor-gas mixture with a
cold liquid results in condensation of the
vapor.

Application: air conditioning, and recovery
of solvent vapor from gas used in drying
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lassification of drying

Natural drying

Natural drying occurs when a solid-solvent
system is exposed to the sun leading to the
transport of solvent from solid to ambient.

. Artificial drying

! Solvent is removed from the solid by means of
mechanical, Infrared or dielectric, or Chemical

drying methods. L Cf{jfnj bawe on

man
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‘haracteristics of Drying Air

he air that is capable of carrying moist from solid for drying should have the following
haracteristics:

A moderately high dry-bulb temperature
A low relative humidity (RH)

A high convective air velocity. AT < ooz -
: Eg R
Tj=35°C oy AmEE2SG T o g
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rying Fundamentals > © st
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The rate of drying is controlled by air temperature, ”’i‘ T /ch € in
humidity, & air velocity. (N33 llen) e il ngj \‘““‘5’ g g
| 000000 K00B6BHE
Drying involves both heat and mass transfer. [tu&ff =) t_“"—: GV 05
Il ,1)3 b . UHLJ) ‘hCCl \.'nvb hot
Heat transfer: s T (O G O &l s ¢
] \._,_pj

When hot air is blown over a wet solid: Heat transfers to the surface of the material
in order to provide the latent heat of evaporation for the moisture to evaporate.

Mass transfer:

@ = A water vapor pressure gradient is established from the moist interior of the
wet surface to the dry air.

» = This gradient provides the “driving force” for water removal from the material

) - Diffusion of water through a boundary film of air surrounding the solid and is
carried away by the moving air.

* We have to have conve. ott Flow bcufﬂj over hak wek solid

S0 f‘ﬁﬂf k max ‘ramusfer.
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3. Falling drying period CD Three regions can be observed:
(b) lr

» Occurs when the moisture content is reduced zalljng Constant Initial
D . rying drying drying
below a critical value, W, ol e e rate
= The surface of the solid dries out and a further 5 ;
- I
decrease of the free moisture content starts =1
taking place in the interior of the porous solid ~ & | !
£ | |
» |n this period, the velocity of the carrier gas is £l
less important because the transport of the
moisture from within the solid to the outer Weq W,, Moisture content W (kg kg™)

surface
=" The drying rate is controlled by the internal material moisture transport and
decreases with decreasing moisture content












Convective dryers: Belt dryers

= A moist solid is placed on the belt Wet \usos 'y
: material ,

through the opening of the dryer. o 9° outlet

At the end of this chamber, the Radiators

material falls from the belt into a

chute for further processing.

» |t can be co-current or counter-
current.

= Centrifugal or axial flow blowers
are used to aerate the moist
materials
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' ¥ TEMPERATURE PATTERNS IN DRYERS
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PERCENT OF DRYER (;
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‘1 | T,, = feed temperature
| T, = vaporization temy

= final solids tempey
I, = final vapor tempe,

: A = heat of vaporizat




rred to the solids, liquid, and vapor:

U = overall coefficient
‘A = heat-transfer area
- 55 log mean temp AT = average temperature difference

\Ua = volumetric heat-transler coefficient, Btu/ft*-h-"F or W/m* “(
. V= dryer volume, [* or m’

j ais the heat-transfer area
- per unit dryer volume
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mass rate of dry gas
midity of gas at inlet
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R UNITS

‘:dryers, especially rotary dryers, are conveniently rated in terms of the
at-transfer units they contain. One heat-transfer unit is the section in which
re change in one phase equals the average driving force (temperature

that section.
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Calculation of constant-rate of drying thal Nl
During the constant-rate period the drying rate per unit area R, can be est
based on mass transfer or on heat transfer coefficients

war cf

o M unel
NN M Ky — )4 i1, = rate of evaporation
m, = —L—_— LTS A = drying area
(1= y)~ ICHES *7  h, = heat-transfer coefficient
e 0¥ y 7
- h(T — T)A watet 0 " emoval Ky = mass-transfer coefficient
S i °t o4 nen iinar M = molecular weight of vapor
3 > "% T = temperature of gas ‘.. -
LR L _Ed_X_ B — e T; = temperature at interface
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The heat transfer coefficients can be estimated: g

¢ 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)

£ [ oc 5u o o
hr = R.8G0-8 /02'2 Hothe mon « -

air is 639y
O ¢

s 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

rhe coefficients for the above equation in English units, with h in Btu/ft’-h-F, G in Ib/ft?-h, and De, in ft, the coefficient

.8 becomes 0.01 and 24.2 becomes 0.37, respectively.
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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 scrzcn 1S drigg
both sides with air at a wet-bulb temperature of 80°F (26.7°C) and a dry- bulb temp perature
(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
density of the cake is 1201b/ft} (1922 kg/m?). The equilibrium-moisture content is negligib|.
the conditions of drying the critical moisture is 9% dry basis. Equivalent diameter De is eq
ft. ; = 1049 Btu/lb. Air density p = 0.0681b/ft* = 1.096 kg/m> at 120 F.

(a) What is 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% (dr,

to a final moisture content of 10%? B o el e ) B
luti \ . Bae crifical i\, w002
Solution \sas \_\\_i_su eftficall ' S 107, o) ol
The interface temperature T; is the wet-bulb temperature of the air, 80°F.  ° L‘;M |
¥ s LA
The mass velocity of the airis G=pv gv Wy 87
e 3 94
Nge Lae G \ab ¥ =0.068x 3.6 X 3600 = iy
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1 - ;
h_y = 0.01 G “‘“/D(‘""" % l> he= 001 x 8639 R207 194 Btu/it? b §
M
wa) The drying rate during the constant-rate period, 1, e "
| {
,i!p h (olt i 010)/' ‘.__0 ‘
= —— h, = e V/"\ R 1.94(120 ~ 80) { :
/ «™ w 0074 1h/f17-
A, 1049 4 1b/ft?<h

’ Z
p) Since drying is from both faces, The dried area A is 2 (:’/‘) -8Bt

The rate of drying m,,
m, = 0.074 x 8 = (.59 Ib/h

‘The volume of the cake is (24/12)? x (2/12) = 0.667 ft*, and the mass of bone-dry
yolids is 120 x 0.667 = 801b. The quantity of moisture to be vaporized is
<0(0.20 — 0.10) = 8 Ib. Drying time ¢, is therefore 8/0.59 = 13.5h, -, ¢ 3 'y
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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 ¢,
material is25.4 mm deep in the pan, and the sides and bottom can be considered to be ‘ :
Heat transfer is by convection from an air stream flowing parallel to the surface at a -

m/s. The air is at 65.6 °C and has a humidity om;vater/kg dry air. Estxmate t}“
drying for constant-rate period. snasast 2

SRS |
Solution T e
2 eTlas

Entering air at {= 65.6 °C. Hi= 0010 kg o
water/kg dry air.
From psychrometric chart: !

- The wet bulb temperature is?T,, =28.9 °C
- The saturated humidity at T, is: H, =0.026

kg water/kg dry air. o 7.

- The humid volume of the gas mixture is ' = e

Wy = (2.83x107 +4.56x10”° H)T

| =(2.83x107 +4.56x107 x0.01)(65.6 + 273.15) = 0.974 m*/kg dry air
J

\ i
should be change  based Ao 5 la
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on lasth humfdflj o



uke basis 1 kg dry gas . Entering air at T= 65.6 °C. H = 0.010 kg
pRLy
—» 0.01 kg water— 1.01 kg mixture.

i ihimid volume of the gas Vi = (2.83 x 1073 + 4.56 x 10-2H)T = 0.974m? /kg dry ai
sixture per kg dry gas e TRl S e e e
ot s« S R S AT INY
vi= 0.974 T Mmixture  lkgdryair _ 0.964m
kgdryair 1.01kgmixture kg mixture

lp=1/v =1.037 kg l|le=pu=q -(@(ﬁi;ﬁj}ﬂ kg/(m®.s) = 22772 kg/(m”.h)|

3
m

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

“e latent heat of vaporization, 2, , at T,=28.9 °C can be taken from steam tables or by
ferpolation using 2, =2501 kJ/kg at 0 °C and A, = 2260 kJ/kg at 100 °C.
J interpolation A, = 2431 kJ/kg.
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| g for nonporous solids based on diffusion (r-» 1

.'@he moisture is flowing by diffusion through the nonporous solid.

A
s

stribution in a solid giving a falling-rate curve
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gxample 4.2.3 Drying rate for falling rate period (nonporous solid)
P o e T e Y

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 humidity.

(f the diffusion coefficient of water within the wood, Dy, is 8.3 x 1076 ¢m? /s, how long should
it take to dry the wood?

Solution
The one-half thickness of the piece is P (A
o 255/10 _ 1.27 em ‘ rce e s s
2 = 1. Lipges Jhe < moist
4¢2 © 8X T/10)2 , 2 (.
el L 4(12.7/10)% In [(8 x 0.25)/(n* x 0.05)] — 306h

t L —
a2 b X ) 7%(83 x 10-%) x 3600
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rate of drying for g\ggggs solids based on diffusion

vioisture flows through porous solids by capillarity and to some extent by surface
jiffusion. The distribution of free moisture content is concave up followed by
pflection point then down,

porous material contains a complicated
,twork of interconnecting pores and channels,

|
I
|
« cross sections of which vary greatly. E :
: i
R _ Amy _ _ mdX g i
« A dt A dt ’ i
non W

\incol [y (B'?(J('H’nl‘ in |
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‘he falling-rate period, when diffusion controls, R is linear in X,
yith many porous solids, during the falling-rate period

R=aX +5b i
- ——f —_— — e — — B e
are @ and b are constants % + 4+t
/|
y L dX 3 At
~ T A dt 5 EETT
g & IN .-
dR = a dX : W
Z]
lime required in the falling-rate period s = 005 alo ars

X,FREE MOISTURE, LB /LB DRY SOLID

mg [F'dR  m, = R,

[
—

ad Jgp, R ad R,

R:OK +b —)'i‘neci

R = l.;:_ C_-’i ] Sd\‘ < l_‘_i 5) é.):
A dt A R
k = Ls Sl
A ok "w?nwcrpr 22
(°S|op€
dx

tc LS
A Re R} Xt els

) g
Xc-;Xj
Lpoas Ul Qb
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where R, and R, are the ordinates for the initial and final moisture

respectively. The constant a is the slope of the rate-of-drying curve ay,
written as

(=)
i

RwR
X iy

R, = rate at first critical point 5 r/ [
R’ = rate at second critical point o / M) "
X, = free-moisture content at first critical point el |
X’ = free-moisture content at second critical point o 1"

R DRYWG RATE, LE/FTIR
&
1
i
|
|

o

005
X, FREE MOISTURE, LB/LE [



R, _R.-FK

- my a=
i /
.4 R, X.— X
X.—X). R
= vn 1
A(R. — R')

be presented in term of moisture contents. The time required to reduce
to some moisture content X is

Ri:RcX/XCY | A /‘YJ
=In
Integrate ' A R,

C




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

Solution o0
(or\_‘,- Eol”ﬂj f(]]'c b
; | N ] -
~_L quI‘ﬂ LT e T XZ) = 7.03h
P Ye R AWER R 3
botally Sa5 2 period “Sdie.
coms t W Fofl.‘nj

¥ X1 — Xe~> W5 el @1@
coM| Al

* Xc— XEl'no\ G a \{J\S’\A‘h@\g_;
Rzlh'nﬁ (ate!
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Example 4.2.6. Numerical estimation of drying rate
A batch of wet solid whose drying rate curve is NL__; e

represented aside, is to be dried from a free moisture
content of 0.38 to 0.04 kg H,O/kg dry solid. The weight
of dry solid is 399 kg and the top drying surface area is
18.58 m™.

Calculate the time required for this drying.

R (kg H,0/(hm?)

Solution X, =0.38kgH.O kgdrysolid

X, =0.04kgH,O /kgdrysolid 0
L/A=399/18.58
=21.5 kgdrysolid /m’ WA e
(CB) usd Jauals S ;“L’x'

L: 'v"::dX L, I'r'-'dX : 'r:jl'i __Ls XC—X1+ .
ey L i v e

0.1 0.2

x=004 X (kgH,0/

~

num. inte
) ~
2 sz [
R

= From draying rate curve: lX‘ =0.195 kg HZO /kg dry SOlii} ‘Rc

—1.51kgH,0




dax

~ T can be nlegrated numerically or graghically To pedorm s, read wHiues of B
leam R and caictase 1R

Rkg 1,0 (hw')

oFirally The drying fme F-zns["“’ls;l”‘ o.m]:c:n.
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Ba|ar,|ces for countercurrent continuous dryers Q=0 &30,
Lu‘ yom L hm{ M 1S &) L.

” TG Hal

G Mass flow rate of dry air
L¢: Mass flow rate of dry solid o)lp e Hla g- e |
X: Free ‘m.oisture content. "o_/‘,» il lig Jis I o P
i Humldl_ty d ot} o8 Ls / G, Tga, Hy |
T Wet solid temperature lowes 25 P G, 1 %/
T: dry gas temperature solid //

Lg, Tsy, X, Ts2, X2

psteady-state material balance on the moisture:

Ly(X,~X,)=G(H, - H,)|
ady-state heat balance on d -

» Steady ryer ;,ouf‘ ,?n

Ly(Hg —Hg,) = G(H'yl _H);)‘*'Q

Hi and Hg, : Enthalpies of wet solid in kJ/kg dry solid at Ty, and Tg,, respectively

H,and H , : Enthalpies of humid air in kJ/kg dry air at T, and Tg,, respectively.
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» Heat capacity of dry solid (C,s) and heat capacity of liquid water (C,=4.187 kJ/
used to calculate the enthalpy of wet solid at inlet and outlet:

I,I.:‘I 3 (‘IL\-('I"\‘I o Tu) 1 "YI‘JC/‘(T.\'I 3 Tn)‘

Hi = €Ty =Ty) + X1.,C, (T, = T;)

where T, is base temperature has a convenient value of 0°C

» The enthalpy of humid gas at inlet and outlet can be calculated from (See hu
handout):

Hiy=co(Ts -T,)+ i{{HJ e =1.005 +1.88H,
—— e Ao=2501 kJ/kg
By = e, (To, ~Ty) + A(,HZJ e, =1.005+1.88H,

S humid heak
» Adiabatic drying: Q=0
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l;xample 4.3.1 Drying rate during the constant-rate period

\ continuous countercurrent dryer is being used to dry 453.6 kg dry solid/h containing 0.04 kg total
qoisture/kg dry solid to a value of 0.002 kg total moisture/kg dry solid. The granular solid enters at
146.7 °Cand is to be discharged at 62.8 °C . The dry solid heat capacity is assumed to be constant at
3465 kJ/(kg.K). Heating air enters the dryer at 93.3 °C with a humidity of 0.01 kg H2O/kg dry air

.nd leaves at 37.8 °C. Calculate the air flow rate and the outlet humidity. Neglect heat losses in the

Sryer. f =1t R AR .

B - Q=0 Q 2 0
solution - 93.3°C
gas 0.01
Ls=453.6 kg dry solid/h; Q=0 Toi Hi G, Tga, H
xm:—(?.ggzks H|.2|0(; kg dry solid 004 0.002
Xr2=0. g H,O/kg dry Lo T Tsa, X3
Te;= 26.7 °C ; Tg,= 62.8 °C 26.7 6C 62.8°°C

Te= 37.8°C ; Tgyp= 93.3 °C ; H,= 0.01 kg H,0/kg dry air
C,s=1.465 kJ/(kg.K).
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A
nalysis and design of countercurrent continuous dryers

Air outlet .
— ,,5",‘;3',!} Tire

Material inlet | Gurth gear Airinlet
| ‘ k J " ) Heating tube Tire

Steamn inlet

o .- . el " v
Roller Pglré?’n Mgr?r'jr?lr‘dnvmg : !v 1 ! Drain outlet
Roller Product outlet

Rotary dryer




Zone | (1 — A: Preheat zone): b £y - H I[

o The solid is heated up to the wet bulb or
adiabatic saturation temperature (rate of e Zone 2

Air up Air down
heat transfer to the solid is balanced by Lokally CFC.
the heat requirements for evaporation of .
moisture). § 3
o
o Little evaporation occurs, thus this zone is é
usually ignored when drying performed at 2 e
relatively low temperatures.
0 £
o The whole surface of the solid remains 'Tfﬂ 15 (sod) 7
. - . 1 o 2
moist over zone | (as it happens during the O T8 gond Tsn
constant rate drying period in a batch Ay : ’
- 00 D . A\’ B
eqmpment). \ v/ @ Distance through drier

Typical gas and solid temperatu
countercurrent rotary c
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5 The equilibrium temperature of the solid

remains substantially constant (at the wet
bulb temperature of the air) while surface

and unbound molsture are evaporated,

g At point B, the critical molsture of the

solid 15 reached
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Typical gas and solid temperature profiles in
4 countercurrent rotary dryer
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Zone I, B - 2:

0 Unsaturated surface drying and
evaporation of bound moisture occur.

© Assuming that the heat-transfer
coefficients remain essentially constant,
the decreased rate of evaporation in this
region results in increased solid
temperature,

o The discharge temperature of the solid
approaches the inlet temperature of the
gas.
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pifferential balances for countercurrent continuous dryers

Assumptions:
o Adiabatic operation (the losses Q = 0.0)

o Heat transfer only from the gas (by convection), and neglecting any indirect heat transfer
between the solid and the drier itself

Then, the loss in heat from the gas is equal to dg, to that which is transferred to the solid
dqg and the losses Q. qain

ost
‘ 6\dqc; = Cﬁl ‘*‘/Q/

dq =UdS (T; - Tg) = Ua(T,; — Ts) dZ

Where:
U = overall heat-transfer coefficient between gas and solid

T, - T, = temperature difference for heat transfer
S = interfacial surface/drier cross section
= interfacial surface/drier volume

sheel St Galuney @ o W gheey L= ol drger 3\ Sk
CYARY 'L»L 2l, solid ) S e sold s U= Ue \JS«U 2
)\LA)mL,\A,o,\j\gS M u_ij|w{W) steell=s \ ¢,
conduct oy by O Yol e by cetvectTon ™ Ly sye oo solid
Ol ladi gowds Y1 onvt 8 o def Rryn LY feao

Wlu‘;‘bZ)(‘Cﬁ K__T_ q:h AT
Clples vy 4 dX v
i wnd Ave

o diger 3l e WS slid 3 L X
diff s sia N dlect contact a(wodas

solid 2, gas o e



Also, dqe = — G csdTg

For adiabatic process, the losses Q = 0.0 EZfQ dqe = dq + dQ IZZ> d

- =G CSdTG - Ua(TG s Ts) dZ

where
dT,: is the temperature drop experienced by the gas as a result of transfer of hea

¢, is the humid heat.

J dTg Ua dZ
: Lsias el AT,
o if the heat-transfer coefficient is constant, NTU is: Nioe= — =
A, H
v
: Gc .
Where HTU: Hioc = > Ca SRR TCH
a =
c'srjﬂ § i g e
smaoll 3 s el
:\:)‘.-A:JL S'i'j
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he e ol cFF
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=B S\n 'S'na
‘,5»53 H”OG o1 Cfc' A vor ks G0
Niog 3 o8 \_.s;':,: >m('—:) la Ve £ 31
S\ pdoyn dalas L‘_‘_’_‘) Wb o
.‘:) 2
overoll eff

\:-J:L.-b(l ")‘ L’j-ﬂ__\
Ll oles Gr Sy L4l =
I \6 148 NH‘J Sl las ¢ 'i

Jl}g_& j/:')) H}'Gj )k \\.)‘_u_PTl a:nJ(

Size 0% 'ag b

—

So §ig Jl\‘f,:j_ B\

Law
53 ' w
\"\rog N fUioJ )3 7>>l.-'J »
\ - -
‘C(jad s M 44 ?Jb'u‘su SZ 1 isgls Mok
O T efl s« Cxp 32 4 kend ~y Sl
lengs| ¢ °¢  exp daka 11 Ae %le o0, exp
s CRp S [anl-h M evad wé_‘.,. N et xack SLL
oLl ww M jend
nf. ne. =F G& Tdm e

Trandke ! M}



where
Neog = Number of heat-transfer units

Heoo = Length of heat-transfer unit
BT, = change in gas temperature owing to heat transfer to solid only

AT,, = appropriate average temperature difference between gas and solid (Log mean average)

, The volumetric heat transfer coefficient is calculated using the correlation

W ~0.68
U =
a (m3.K) 237 7
where G = G(1+ H)

G = total gas mass flow rate (dry air + water vapor i.e. humidity) (kg/m?.s),

d = dryer diameter (m)



The total length of dryer is given by

AT, G ¢
= | L = Nog X Heog =A_T,,_1—U_a_

© For the zone I, for example, the number of heat transfer units is given by

Ter =T,
(NtOG)H =28 G4

(LY g Zone [ Zone 1
g
Teg=Tsg) — (Trs-T. 3
(A, s S(f}) _(T“) ) 8
In LGB~ 'sB
Tea—Tsa
Tat 15 (solid)
; Z==" | Tca o
Tsn Solid

@ Distance through di
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<xample 4.3.2 Drying rate for falling rate period (nonporous solid)
y 2
A moist non-hygroscopic granular solid at 26 °C is to be dried from 20% initial moisture to O./_;;%
inal moisture in a rotary dryer at a rate of 1500 kg/h. The hot air enters the dryer at 135 °C with
2 humidity of 0.015 and leaves at 60 °C . With condition that the temperature of the solid leaving
«he dryer must not exceed 100 °C and the air velocity must not exceed 1.5 m/s in order to avoid
Just carry over. Cps = 0.85 kJ/kg.K. Find the diameter, length and other parameters of the dryer

Solution
yolid contains 20% initial moisture: : : o
Ta=60c (1) (A (B) (2)
Jass flow of dry solid: 6 el Poz EitabC
H; Zone| Zonell Zonelll (: L
_¢= 1500 (1-0.2) = 1200 kg/h, Ay S
I . . Ls = 1200 kg/h —S$ } I s = 1200k /h dry soli
Joisture in the wet solid: Ts =26 °C . i mov;} e FF L‘\T;? =100 3 i
Xy =x(1-x)  Fol X5 = x,/(1- %5
([ =0.20/(1-0.20) = 0.25 zéncy ol T
e ( ) x; = 20% hzrgm R e o
Joisture in the dry solid: water Ror removal
o = of bonded
%, =0.003/(1-0.003) = 0.00301 kel
e S\D 5

. ;3“3



Water evaporated, My, oyaporated = Ls (X4 —X;) =1200 (0.25 - 0.00301) = 296 4 kg

Enthalpy of different streams (suppose ref temp = 0°C)

Hs'n o CpS(TS| _T0)+XT,ICL(TSI —To) _TL=_°°E.> iH.;'l = C,,-.;T-;: t

'“H-;'2 o CPS(TSZ _T0)+ XT.2CL(TS2 -T) .I?=_°£> ?HS? :ip_f> J"r

§1 = 0.85 (26) + 4.187 (0.25) (26) = 49.31 kJ/kg dry solid

H, =0.85(100)+4.187 (0.00301) (100) = 86.2 kJ/kg dry solid



cg; = 1.005 +1.88H, =1.005+1.88 (0.015) = 1.0332 kJ/kg dry air.K
H, =cs,(T, —Ty) + AgH , =1.0332 (135-0) + 0.015 (2500) = 177 kJ/kg DA

cq =1.005 +1.88H,
H, =cg(T;, —T,)+AH, =(1.005+1.88H,) (60)+ 2500 H, = 60.3 + 2613 H,

» Steady-state moisture material balance:

Ly(X, - X,)=G(H, —flzﬂ - 1200 (0.25 - 0.00301) = G (H, — 0.015)

- GH,-0.015G =296.4 kg Eq. (1)
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= Steady-state heat balance:

N o ¢ \'_1. :

"l.\.(H_'\.l - H: ) = (;(H”tili) T SR SW RNV RY

R — w dwel ¥ size

- 1200 (49.31-86.2) =G (60.3 + 2613 H, - 177) Eq. (2)

= Solve Eqns. (1) and (2) simultaneously to get:

G = 10560 kg dry air/h , H,= 0.04306 kg water /kg air
%
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PTESUVII




ML L diameler 0 g ¢
Mameler I

' ' © 4
raily Lo velumediie Flew taré

»

calculation of the shell diameter Via Vi | volum Flau Ly 3

L2 90 oub J Vi s e rod€

Humid volume of the inlet gas (135°C, H,= 0.015), vyy = 1.183 m*/(kg dry air) B

’ | 3 ?‘J.',

o o : .- 3 % -

Humid volume of the exit gas (60°C, H,= 0.04306), vy = 1.008 m*/A(kg dry air) Lok e 4 ) S0

fer VS (,?

The maximum volumetric gas flow rate (this occurs at end 2) G4 L, df g atf
= Gyvya = (10,560)(1.183) = 12,490 m*/h = 3.47 m'/s N a6 LU

v v (C V- T "
G VH 2 ofsum?‘-on diameic ¢

A Take the maximum superficial air velocity to be 1.2 m/s (this is 20% less than the maximum

allowable velocity since part of the dryer is filled with the moving solid, and the entire cross-

section is not available for gas flow). Nl g ety

F i 4
(md*4)(1.2) = 347 = d = 198m G s \’C‘IOUJ
I omiL § e oy >l zul)_u_,
Wsg— wea~ ¢ Selecta2-m diameter shell: d ) Vs sechon offa
it e tobe
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Calculation of the number of heat transfer units

o lore | lone |l
© The dryer is considered to consist of three
zones as shown in the Figure.
. . ’ o
o The stage wise calculation of temperature and , ‘/'1:"‘ pu.}
humidity or moisture content of the streams
can be obtained by material and energy Lm Iy (o)
\ P —
balance Tu/ » Solid
X,
ki ) DllluMl:l;r—d;;;n

o Zone lIIl: Only heating of the solid occurs in this zone; there is little water left

© At the boundary between zones Ill and Il, the solid is at the wet-bulb temper
air at that location.

Hiog » Funckon of go! flow rate ,humid heaat & overal
heat tomt cocff

AJtob = ?und'fon o? dlfﬁ fn \'\umldij o dnf)f-}‘:‘n Te

of LFE In moistort content -



N R TS B PY R 4 * TsB »  olie o
chap y o e ‘ . Al b
hor U _‘.‘\.'ll 0:61b w P ‘LL Teh ~» o bs #
( [(' u) L k) { {‘ - Ibﬂ 3 ?l )

assume Ty, (= TSA “ Tyy) =41 °C (at H = 0,015 (inlet humidity, only heating in zone |1l
e H= constant as sollua/n this zone doesn’t have free moisture) and air temperature
,nterlng this zone is: /
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Temperature (°C)

Piaune 0,32 Humidity charl for mixtures of air and water vapor at a total pressure of 101.325 kPa (760 mm Hg). (From R. E. Treybal, Mass=T ransfer
Operations, Jrd ed, New York: McGraw-Hill Book Company, 1980, With permission,)
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Enthalpy of the solid at the inlet to zone IlI l 8y = CpTsp + X7 C,Tsp |

{ i

NnrEFace 1 l) ] I
Hy = [0.85 + (0.0030])(4.187)](‘_1»_1_ - 0) = 35.37 kJ/(kg dry solid
WS S A
Humid heat of the gas entering zone Il |Csg = 1.005 + 1.88 Hy|

¢ = [1.005 +(1.88)(0.015)] = 1.033 kJ/kg-K

(this remains constant in zone Ill, since the humidity % g il
does not change in this section). g‘
N u\:c“’(/c
Heat balance over zone IlI )
1 (sohd)
L(H - Hp) =G Cea (T — Tea) o
(1200)(86.2 - 35.37) = (10,560)(1.033)(135 - T¢p)

= Ta= 129°C
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rhe wet bulb temperature of air entering zone Il (129 °C and humidity of 0.015) is 3/1\; oC.

this is fairly close to the guess value of 41°Cand T, (= T, ) = 41 °C is not changed.

To1 = 60 *C f”;‘ \'(A {B;‘ (i )
ut the boundary B, ATy = 129 - 41 = 88°C; il e § .__'::;=U‘_'r‘,
H Zona | Zorm 1 Zorw L =0.015
- cnd 2’ AT?- g 135 L 100 ’ 35°C L | _L—-.1:DO‘qﬂav sk
Py a0
Xy = x0(1- %) Xy = af(1-%y)
mean temperature in zone II, (A7), o8-33 57.5°C
e ) m = ooaee = 3.
In(88/35) B .
Blieq 31 Lo
(Neog) = M ‘j . Ts2
toG /111 (ATm)“' ATe e °) L"“.M)) X,
T, -T, 135- 129
qumber of heat transfer units, (M) = (ZM.)G” =—==— = 0.104

3h drier 2
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Zone 11: In order to calculate (Nyg)y. we need the value of Tga. This can be obtained by
heat balance.

Hyg= [1.005 + 1.88Y;)(129 - 0) + (2500)(Hy) = 1708 kl/kg. (since Hy= 0.015)

Hsq = Cp Tss + XT.BCLTSL]
Hy = [0.85 + ¢, X\)(Ty - 0) = [0.85 + (4.187)(0.25))(41) = 77.77 k)/ (kg dry solid)

Enthalpy balance: L(Hy - Hy) = G(H,, ~ H!A ) S Zone 1 Zone I
(1200%35.37 - 77.77) = (10,560)(170.8 -/, ) § W
o277~ ,..AG_'_;.

= H,=1756 T
Tm/ 1y (sold)

= [L005 + (0.04306)(1.88)1(Ts — 0) + (0.04306)(2500)  Hy| =t

Toit™ Solld

= Tm = 63°C
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Total number of heat transfer units  ( Nig =0.104 + 1.386 + 0.109 = 1.53 )~

Length of a transfer unit calculation

O o
Heoe = Ua

Average gas mass flow rate

Wl bany € G = [(10,560)(1.015) + (10,560)(1.04306))2 = 10,867 kg/h
[l s
The gas mass flow rate, G* = (10,867/3600)/(4)(2)> = 0.961 kg/m?-s

Volumetric heat transfer coefficient

9 n0.67 0.67
va = 221G T (237)(0961)°

— 3-
d 5 = 115 W/m™-K




ends: ¢, =1.005+1.88H,
=1.005 + 1.88 (0.015) = 1.0332 kJ/kg DA.K

g =1.005+1.88H,
=1.005 + 1.88 (0.04306) = 1.083 kJ/kg DA.K

3 + 1.083)/2 = 1.058 kl/kg-K = 1058 J/(kg dry air)(K)

_ G, _ (0961)(1058)

i ~ for saf_tj fesore
ryer, L = (Nig)(L;) = (1.56)(8.34) = 13.8 m il .
; Select a 2 m diameter, 15 m long dryer 5 oe
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