CHAPTER SIX

EVAPORATION

e e ———

Evaporation is an operation in whi
4 ¢ in which a weak solution/li is concentri aporising &
; : ¢ aK n/liquor is cc ated by vaporising a
rtion of the solvent. juor is concentrated by vap 8

e weak liquor/s i s ¢ ' i
Th quor/solution to be concentrated is composed of a non-volatile solute and a
volatile solvent.

In this operation, the solvent to be evaporated is generally water and the concentrated

solution/thick liquor is the desired product. The vapour generated usually has no value, it is
condensed and discarded.

It differs from drying in that the residue obtained is a liquid rather than a solid.

It dltfem from distillation in that the vapour is usually a single component rather than a
mixture of components.

It differ§ from crystallisation in that the purpose is to concentrate a solution rather than to
form and build crystals.

Evaporation is generally followed by crystallisation and drying.

Evaporation is carried by supplying heat to a solution to vaporise the solvent. The common
heating medium (heat source) is generally a low pressure steam but in some situations other
sources that might be used are : solar energy, fuel, electricity, hot oil and flue-gas.

In an evaporation operation, heat is utilized to :

(i) increase the temperature of the solution to its boiling point (sensible heat) and

(ii) supply the latent heat of vaporisation of the solvent.

In this operation, rate processes that occur are : heat transfer from a heating medium to a
solution through the solid surface and simultaneous heat and mass transfer from a liquid to a
vapour phase. Irrespective of this, the operation can usually be considered in terms of heat
iransfer from a heater to the solution (heat transfer to boiling liquids) for the design of
evaporators. '

Comparison of Evaporation and Drying :
1. Evaporation an operation in which a weak solution/liquior is concentrated by vaporising
a portion of the solvent.

1. Drying is an operation in which the moisture of a substance (usually solid) is removed by

thermal means.

Evaporation is a heat transfer operation.

Drying is a mass transfer operation.

Evaporation involves the removal of water as a vapour at its boiling point.
Drying involves the removal of water at a temperature below its boiling point.
In evaporation operation, the product obtained is a liquid (concentrated solution).
In drying operation, the product obtained is a solid.

In evaporation operation, we have to handle weak solutions.

In drying operation, we have to handle wet solids as well as solutions.

In evaporation, the heating medium is steam.

In drying, the heating medium is a hot air or hot gas.
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: he process of evaporatl tion increase Wwith increag, -
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(i) Concentration : _

: ion increases considerably g
i f the solution. The boiling Pomt (.)f the Sghlj;l(:; v]vrzlclter at the same presg]ure he
concentration 0 o that it may be much higher than B.P. hea entrainment.
concentralion | ncreage:nse materials have a tendency to foam that causes heavy (the
(ii) Foaming : So

loss(c_)_f_ )soéun;)n. Some solutions deposit scale on the heat transfer surfaces. This causes reductig,
-1 caile :

of the heat transfer coefficient and hence thfa rate of heat transfer. Therefore, it is necessary
clean the tubes after definite 'lrfte‘rva.lssoof Irslzr:g:érials Snchias phaihiabditicals 41 Food ——

{Iy) “Temperatire sensiiivity : derate temperatures even for short periods. F
get thermally degraded when heated to moderate p . ; gk
concentrating such materials special techniques are to be used which reduce the temperature of
operation and also the time of heating. o ' |

‘(v) Corrosiveness : Whenever contamination and corrosion is a probl(?m, special materials
such as copper, nickel, stainless steels may be used, otherwise mild steel is normally.used for
evaporators. Other liquid properties which must be considered in the design are specific heat,
freezing point, toxicity, etc. . '

The selection of an evaporator for a particular application is based on the analysis of the
factors such as the properties of the solution to be concentrated, operating cost, capacity, hold-up
and residence time. High product viscosity, heat sensitivity, scale formation and deposition are
the mgjor problems that are occurred- during the operation of evaporators and those should be

Sea water to obtain potable water.
Common €xamples of evaporation are -

q S -

Capacity and Economy of Evaporators :
?ﬁrformance of tubular evaporators :
€ performance of g steam heated typ i
' _ ul i
». g) cepacity g R ar evaporator is evaluated 1n terms of
apacity : The capacity of ap e
L& eva i
vaporised / evaporgteq per hour. . Porator is defined ag the numper of kilogram of wate!
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If the feed solution is at the boiling temperature corresponding to the pressure in the vapour
§pace of .an CVaPOTat_Ol‘, t.hen all the heat that is transferred through the heating surface 18
. qailable for evaporation (i.e., for converting liquid to vapour) and the capacity is proportional to

¢ heat transfer rate. If t?l(? cold feed solution is fed to the evaporator, heat is required to increase

jts temperature to the 1?0111ng point and it may be a quite large and thus, the capacity for a given

rate of heat trfmeer WIII.. be reduced accordingly as heat used to increase the temperature to the

" poiling point 18 not available for evaporation. When the feed solution to the evaporator is at a

mperature higher than the boiling point corresponding to the pressure in the vapour space,

ortion of the feed evaporates adiabatically and the capacity is greater than that corresponding to
the heat transfer rate. This process is called flash evaporation. '

Evaporator economy : The economy of an evaporator is defined as the number of kilogram
of water evaporated per kilogram of steam fed to the evaporator. It is also called as steam
economy'. :

In a single-effect evaporator the amount of water evaporated per kg of steam fed is always
Jess than one and- hence economy is less than one. The fact that the latent heat of evaporation of
water decreases as the pressure increases tends to make the ratio of water vapour produced, i.e.,
water cvaporated per kg of steam condensed less than unity.

The economy of an evaporator can be increased by reusing the vapour produced.
The methods of increasing the economy are :
(i) use of multiple effect evaporation system

(ii) vapour recompression.

In a multiple effect evaporation system, the vapour produced in the first effect is fed to the
steam chest of the second-effect as a heating medium in which boiling takes place at low
pressure and temperature and so on. Thus in a triple-effect evaporator, -1 kg of steam fed to the

first-effect evaporates approximately 2.5 kg of water.

Another method to increase the economy ‘of an evaporator is to use principle of thermo
compression. Here, the vapour from the evaporator is compressed to increase its temperature so
that it will condense at a temperature higher enough to make possible its use as a heating medium

In the same evaporator.

Boiling point elevation :
' .‘In actual practice, the boiling point of a solution is affected by a boiling point elevation and a
liquid head.

As the vapour pressure of most aqueous solutions is less than that of water at any given

t ; ; R .
e;:l Perature, the boiling point of a solution 18 higher than that of pure water at a given pressure.
¢ difference between the boiling point of a solution and that of pure water at any given

ressure A -
Pressure is known as the boiling point rise/elevation of the solution. The boiling point -

elevatine : > : d p :
4 ation is small for dilute solutions and large for concentrated solutions of inorganic salts.
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6.4 Evaporatig,

The boiling point elevation can be obtained from an empirical rule known as Duhring's ryj,
It states that the boiling point of a given solution is a linear function of the boiling point of Pllre‘
water at the same pressure. Thus, when the boiling point of a solution is plotted against (he
boiling point of water, we get a straight line. Fig. 6.1 shows such a plot for an aqueous solutiop

Heat Transfer

of sodium hydroxide of different concentrations.
\e‘ 3
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Fig. 6.1 : Duhring's plot for NaOH

Material and enthalpy balances for single-effect evaporator :
Consider an evaporator as shown in Fig. 6.2. It is fed at a rate of m¢ kg/h of a weak solution
containing w; % solute and the thick liquor containing w, % solute by weight is withdrawn at a

rate of m' kg/h. Let my be the kg/h of water evaporated from it.

|————bm\,

w; % _M ] Evaporator
solids
(solute) . T .
_ ) ———’ m'
Q. heat wy %
' solids
(solute)

, Fig. 6.2: Block-diagram of evaporator
Let us take the overall material balance and the material balance of the solute.

_Overall material balance over evaporator : |
= kg/h thick liquor +

kg/h water evaporated

kg/h weak solution =
mg = my +m' ... (62) |
Material balance of solute : |
Solute in feed = Solute in thick liquor
w; X rhf W m' ,
100 ~ 100 ; .
7y | Bl i (63

Wy Xmp = Wm
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Knowing three ?m of the above mentioned five quantities, we can find the values of the other
wo with the help of the above two equations.

Let T T and T be the temperatures of the feed entering the evaporator, solution in the
cvaporators and condensing steam, respectively,
Let "A¢ be the latent heat of condensation of steam at its saturation temperature and assume
that only the latent heat of condensation is used. Then, the rate of heat transfer through the

heating surface from the steam side is given by

Qs = mgA .. (64)

where my is the mass flow rate of steam to the evaporator in kg/h.
Assuming negligible heat losses, the enthalpy balance/heat balance over the evaporator is :
Heat associated with feed + Heat (latent) associated with steam =

Heat associated with vapour leaving + Heat associated with thick liquor

m¢- Hp +mgAy = myHy+m' H ... (6.3
me- Hp +ighs = (ip—1i) Hy+m' H ... (6.6)

where Hy, Hrand H' are the enthalpies of the vapour, feed solution and thick liquor, respectively.
Rearranging Equation (6.6), we get
fgAs = (me—m') Hy+nt' H'—m ¢Hg | ... (67
Heat transfer rate on the steam side = Heat transfer rate on the liquor side.

In case of solutions having negligible heats of dilution, the enthalpy balance or heat balance
can be written in terms of specific heats and temperatures of the solutions.

Heat transferred to the solution in the evaporator by condensing steam (in the absence of heat
losses) is utilised to heat the feed solution from T¢ to T and for the evaporation of water from the

solution. Therefore,
A Qs = Q
= mf CPf (T-Typ + (liit" m') Ay ... (6.8)

With Q, = m, A,, it becomes

rhs }\'5 = l.nf' Cpt (T - 'Tf) + (l.“f— “-1' ) l\' NS (6.9)
Where Cpp = specific heat of feed solution
Ay = latent heat of evaporation of water from thick liquor

For a negligible boiling point rise, Ay = A

Where A = latent heat of vaporisation of water at a pressure in the vapour space
and can be read from steam tables
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“or in multiple eftect, e.g., horizontal tube evaporator, vertical tube evaporator etc., where®

5

Heat Transfer A 6.6 E""Pﬂrau0
POratioy

With this Equation (6.9) becomes

1h|‘Cpf (T=Tg) + (mp—m') A (6.10)

Mg Ag

mgAy = my- Cp, (T =Tp) +mA ' (61

The boiling point of a solution (T) corresponding to a pressure in the vapour space cap, be
obtained by knowing the boiling point elevation and boiling point of pure water at that pregg,
e.g. if T' is the boiling point of water at a certain pressure of the operation and 'P' is the boiliné

point elevation, then
T =T+P
The heat transfer surface/area of an evaporator is calculated with the help of the fo]lowing

equation :
Q = U-A-AT s (612
Q=mgA; = U-A-AT : : .- (6.13)
where - U = overall heat transfer coefficient
| A = area of heat transfer |
and . _ AT = temperature difference
| AT = T,-T

: AT = Condensing steam tempe'rature'— Boiling point of solution
When 'Q'is in W, 'U" is in W/(m? K) and 'AT' is in K, then 'A' will be in m2.
As = Specific enthalpy of saturated steam
- Speciﬁc enthalpy of saturated water (i.e., of condensate)
Evaporator Types :
Evaporators used in the chemical procéss industries can be classified as :
(i) Natural circulation evaporators, -
-(ii) Forced circulation evaporators.

Natural circulation evaporators are commonly used for simpler evaporation operations singly

forced circulation evaporators are commonly used for salting, viscous and scale formif:
solutions. The forced circulation units may be provided with an external horizontal or verti

heating element.
Open pan evaporator / Jacketed pan evaporator :

The simplest method of concentrating a solution makes use of jacketed pans. Such a ty
evaporator is particularly suitable when small quantities are to be handled. In an open/jacket’
pan evaporator, condensing steam is fed to a jacket for evaporating a part of the solvent.

pe of
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Steam | - < Pan
—_—

v

- Jacket -
o Condensate
Prod.uct
' _ Fig. 6.3 : Jacketed pan evaporator _

I.Jan 1 r'nacli(e O_f a single sheet of metal (for small sizes) or several sheets joined by welding /
prazing. A jac Ct. 18 we]defi to the_pan. The jacket is provided with a steam inlet at the top, while
a c(.)n'dens.ate drain is prOVIdt?d at ltS: bottom. The pan is provided with an outlet at the bottom for
draining 1ts contentgs. The jacket is usually constructed out of mild steel, while the pan is
constructed out of mild steel, stainless steel, copper or aluminium as per process requirements.

The solution to be concentrated is taken into the pan and steam is admitted in the jacket.
Evaporation is carried out for a predetermined time to achieve a desired concentration level. The
thick liquor is then drained from the outlet.

Horizontal tube evaporator :

It consists of a vertical cylindrical shell incorporating a horizontal square tube bundle at the
lower portion of the shell. Channels are provided on either ends of the tube bundle for
introduction of steam and withdrawal of condensate. The shell is closed by dished heads at both
the ends. A vapour outlet is provided on the top cover and a thick liquor outlet is provided at the
bottom. Feed point is located at a convenient point. In this evaporator, steam is inside the tube
and the liquor to be concentrated surrounds the tubes. Steam which is admitted through one of
the steam chests/channels and flows through the tubes. Steam gets condensed by transferring its
latent heat and the condensate is removed from the outlet provided at the bottom of the opposite
steam chest. This type of evaporator is shown in Fig. 6.4.

’ — Vapour

/— Evaporator body

= Tube

Feed
i MM/7/ / <+—Steam
ﬂ 4 Steam chest
‘——

Condensate
. — Thick liquor

Fig. 6.4 : Horizontal tube evaporator
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Heat Transfer : ion in the evaporator ‘

; t by the condensing steam will be gained by thﬁi?:: ltl:; thick liquor li)s remgi\l,:zl1

Heat.glven . Vi urs formed are removed from the top, N os. it eliminates o

the Soi]unt())n tbo:ls.I;’il}I:i(; evaporator as evaporation occurs outside the tubes, a scalg |
from the bottom. _

formation problem inside the tubes.

& {=) D]]l“
(S

area. : '
It is not suited for salting and scaling liquids as deposits form on the outside of th
tubes.

It is commonly used for small capacity services and for sirppler R;(l)bl_ems of concentrations,
i.e., for processes wherein the final product is a liquor, such as industrial sirups.

Calendria - type / Standard vertical tube evaporator / Short tube evaporator :
Construction : |

It consists of a vertical cylindrical shell -incorporating a short vertical tube pundle_at the |
lower portion with horizontal tube sheets bolted to the shell flanges. Vapour outlet is provided at |
the top cover while a thick liquor discharge is provided at the bottom. Usually the tube bundle is |
not more than 150 cm high and tube diameter (outside) not more than 75 mm (25 mm to 75 mm), |
A downtake is provided at the centre of the tube bundle having a flow area about 40 to 100 per |
cent of the total cross sectional area of the tubes for circulating the cooler liquid back to the |
- bottom of the tubes. In this evaporator, the solution to be evaporated is inside the tubes and steam |

flows outside the tubes in a steam chest. Baffles are incorporated in the steam chest to promote |
uniform distribution of steam. The condensate is withdrawn at any convenient point near the

lower tube sheet, while the non-condensable gas such as air is vented to the atmosphere from a
point near the top tube sheet. :

— Vapour outlet

I T\
| m

—

- <——Vapour

Feed \ disengagement
T |: ‘ space
B oe
o=
Stez;ml1> I: ij Vent
Down take ___ - Tube
B -
- ﬂ -
Condensate
2 — Thick liquor
Fig. 6.5 :

Calendria type evaporator
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working : Thin solution/liquor is introduced to the tube side and steam into the steam chest.
The liquor covers the top of the tubes. Heat transfer to the boiling liquid inside the tubes takes
place from condensing steam on the outside of the tubes, Vapours formed will rise through the
wubes, come to a liquid surface from which they are disengaged into a vapour space and removed
from the vapour outlet. Circulation of the cold liquor is promoted by a central downtake and the

concentrated solution / thick liquor is removed from the bottom of the evaporator.
Advantages :
(i) Relatively inexpensive.

(i) As scaling occurs inside the tubes, it can be easily removed by mechanical or chemical

means.
(iii) Provides moderately good heat transfer at a reasonable cost.

(iv) Can be put into more rigorous services than horizontal tube evaporators.
(v) High heat transfer coefficients.
(vi) Requires low head room.
Disadvantages :‘
(i) Floor space required is large. |
(if)  Amount of liquid hold up in the evaporator is large.
tion, these units are not suitable for viscous liquid.

(1i1)) Since there is no circula

Long tube vertical evaporator :

A long tube evaporator consists of a long tubular heating element
meter and 4 to 8 metres in length. The tubular

Construction :
incorporating tubes, 25 mm to 50 mm in dia
heating element projects into a vapour space/separator for removing
Vapour. The upper tube sheet of tubular exchanger is free and a vapour deflector is incorporated

1 the vapour space just above it, A return pipe connecting the vapour space to the bottom of the
aporised liquid. It is provided with inlet

an entrained liquid from the

e . : .
Xchanger is provided for natural circulation of a unv

c : . > . 43 ye R
Onnections for feed, steam and outlet connections for vapour, thick liquor, ¢
and condensing steam

ondensate, etc. In

this €vaporator, the solution/liquor to be concentrated is in the tubes

SUrrounds the tybes. Fig. 6.6 shows a long-tube vertical evaporator,
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Heat Transfer . » Vapour outlet

| Vapour space

| Deflector

[t -
=}
20
N 8w
30
Steam I Q_'g
g sSz
- Heating 22
elemen 20
Tube = .
— Thick
Condensate «—{- liquor

Fig. 6.6 : Long-tube vertical evaporator

Working : _

In this evaporator, feed enters the bottom of the tubes, gets heated by the condensing steam,
starts to boil part way up the tubes and a mixture of vapour and liquid issues from the top of
tubes and finally impinges at a high velocity on a deflector. The deflector acts both as a primary
separator and a foam breaker. Some part of the separated liquid is removed as a product and the
remaining part is returned to the bottom of the evaporator.

This type of evaporator is widely used for handling of foamy, frothy lfquors.
It is used for the production of condensed milk and concentrating a black liquor in the pulp

'

and paper industry.
Forced Circulation Evaporators ;

Whenever we are deali i i i
Increasing the velocity of flow of liquor through tubes
transfer coefficients and the high velocity
formation of excessive deposits on the heat

§e of forced circulation evaporators a3
~ubes Increases remarkably the liquid film hea!
resulting by use of a centrifugal pump prevents the
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pest Tronsler 811 ~ Evaporation

Forced circulation evaporators with a horizontal external heating element :

Conﬁtr“d"’" :

Fig. 6.7 shows a forced circulation evaporator with a horizontal external heating element.
[t consists of a circulating pump, a separating space (separator), an evaporator body with a
yapour outlet at the top, a deflector plate, an outlet for the discharge of thick liquor and an
external heating surface - a horizontal shell and tube heat exchanger having two passes on the

mbe side-
Working :

A centrifugal pumpforces the sol ution to be concentrated through the tubes at high velocity
and is heated as it passes through the tubes due to heat transfer from the condensing steam on the
shell side. Boiling does not take place in the tubes as they are under a sufficient static head,

which raises the boiling point of the solution, above that in the separating space.

Vapour outlet

( < Evaporator
body

i

shell and tube \

heat exchanger Condensate

Steam in

A4

Deflector

— Concentrated liquor

Pump

Pump fF eed

Fig. 6.7 (a) : Forced circulation evaporator with horizontal external heating element
Vapour outlet

V .

Stean)
Condensate | _ Concentrated
liquor
Pump Feed

- Fig.6.7 (b) : Forced circulation evaporator with vertical heating element
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and flashes into @ mixture of yapour and liquid just befOre

The solution becomes superheated ;
entering the separator due tO reduction i d wheln tlt flonlli t::rzrj:nzxg;::fer 0 the |
separator. The two-phase mixture impinges en . ate 1n cemri;;u e S, and the
_vapours are removed from the top, and the liquid 15 rett e = fmrated p. 1 O‘me pay

of the 1iquid/solution leaving the separating space is wT solution apg
the makeup feed i co_ntinuously introduced at the pump inlet.

fa vertical heating element, single pass shell and tu

In case 0
Advantages of forced circulation evaporators :

1. High heat transfer ¢

n the static hea
a deflector p
d is returned to th
thdrawn as a co

be heat exchanger is used.

ocfficients are obtained even with viscous materials.

se control of flow.

3. Whenever there is 2 tendency to form scale or deposit salts, use
units prevents the formation of excessive deposits due to high velocities.
s very small (1-3 s) because of high velocities in

tive liquids can be handled.

2. Positive circulation and clo
of forced circulation

4. Residence time of liquid in the tube i
~ these units so that moderately heat sensi
Main disadvantage : High pumping cost.
The forced circulation evaporators are commonly
salting, scaling and corrosive and foam forming solutions.

used for crystalline products, viscous

Multiple-effect evaporation :
ators use a low pressure steam for heating purpose. Due to addition of
of steam, the solution in the evaporator will

o some form of a condenser, then the heat

Most of the evapor
heat to a solution in the evaporator by condensation

boil. If the vapours leaving the evaporator are fed t
associated with the vapours will be lost and the system is said to make poor use of steam.

The vapour cemmg out of an evaporator can be used as a heating medium for another
evaporator _ol?eratmg at a lower pressure and temperature in order to provide a sufficient
temperature difference for the heat transfer in that evaporator. ’

Whe i i : - :
e :da s;;ngle evaporator is put into service and the vapours leaving the evaporator arc
single effecinev lscartded-, th;: method is known as single-effect evaporation. The economy of
aporator is always less than one. G .
. . Generally, for evaporati < /
from a solution, 1 to 1.3 kg of steam is required d poration gf.on® kg of W
- The method i i -

Svagorators bethzn"ﬁ:;ﬁmi th]e eva(;lnoratlon per kilogram of steam by using a series of
. i pply and condenser is kn : = .
It is the one way to increase the economy of evaporator Systgx: as multiple-effect evaporanon.

The m -usi . ’
A I lefhlod c;f re-using the latent heat is called multiple-effect evaporati
multiple effect evaporation i ’ 100:
system 1s commonl i
system, evaporato : , y used in large scale i '
hiat iy nl: co s ;Z zgitarranged in series so that the vapour fron% one evgperatlon.s' In such i
previons one, Each it one that is operating under at a pressure and t Bolgr-ignset
. Each unit in such a series is called an effect. In ; emperature lower than th¢
- In case of a tripple-effect

gvaporator:

if the first effect is operatin
g at atmospheric
At pressure, then the second a 1 b -
m m is fed to the first effect and the vapour from the thirdn :f;hltd' effet; Opégli(;
, -effect is condense
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pestTransfer . 6.13 ~ Evaporation

a condenset connected to a vacuum pump (which is used to maintain vacuum in the I
offects).

With a nmlup-le.»ctlccl evaporation system, it is possible theoretically to evaporate N kg of
water from 1 kg of live steam fed, where N is the number of effects.

ast two

If the vapour 11:0111 one evaporator is fed to the steam chest of the second evaporator as steam
supply. the system is called as double-effect evaporator system and so on.

The methods used for feeding a multiple evaporation system are :

1. Forward feed, 2. Backward feed, and 3. Mixed feed.

1. Forward feed :

In this arrangement, the thin liquid feed flows in the same direction as the vapour flow. Fresh
feed enters the first effect and steam is also fed to a steam chest of the first effect. The vapours
produced in the first effect are fed to the steam chest of the second effect as a heating medium
and the concentrated liquor from the first effect is fed to the next effect in series. as shown in
" Fig. 6.8. The pressure in the second effect is less than in the first effect and so on. Thus, this

arrangement does not require pumps to transfer concentrated solution from effect to effect. This
:s used when the feed is hot and the product may get damaged at high temperatures.

To condenser and vacuum
generating system

~ Vapour Vapour

1st 2nd . 3rd

Effect - Effect Effect
‘Steam — P, ) F,)Z . P,
Feed —» 5 _l
A
P = Pressure - ‘ o
P,>P,>P, : , » Thick liquor
Condensate Condensate

Fig. 6.8 : Forward feed arrangement for feeding multiple effect evaporator system
2. Backward feed :
In this arrangement the feed solution and the vapour flow in opposite directions to each
(c)lher. Fresh feed (thin liquid) is admitted to the last effect and then pumped through the other
i fects. The steam is admitted to a steam chest of the first effect and the vapours produced in the
st effect are fed to the steam chest of the second effect (evaporator) and so on. The pressure in
¢ first evaporator is highest and that in the last effect is lowest. If the solution is very viscous
Enwe have 10 adopt a backfeed arrangement a8 the temperature of the first effect is highest and
'drrh the corresponding viscosity of the solution will be less, Fig. 6.9 shows this type of
. “Tangemen( ' -
etment,
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Since the feed flows in the direction of increasing pressure, pumps are used for the ¢
of solution from one effect to another effect. It is used when the feed is cold, since it g
large quantity of steam and increases the economy.

anSfer
aVeS a

To condenser and
vacuum generating system

Vapour Vapour
——————— e ——————
P = Pressyre
e 2" . 3¢ Fi2 B3P,
Effect Effect Effect
Steam — P, P, P,
Liquor I
-

Condensate
Thick liquor

Q ' Pump

Fig. 6.9 : Backward feed arrangement for feeding multiple-effect evaporation system
3. Mixed feed :

Feed

To condenser and
vacuum generating

Vapour Vapour system
17 . 2™ 3%
Effect Effect Effect
Steam —p]
P1 P2 > P3 j
r l_ l“ Condensate
Pump Feed Thick
Liquor to 3rd effect Pump liqug

P1>P2>P3

Fig. 6.10 : Mixed feed arrangement for feeding multiple-effect evaporation system

In this feed arrangement, steam is admitted to a steam chest of the first effect and the vapou™

leaving the first effect are fed to the steam chest of the second effect and so on. Feed solutio"®
admitted to an intermediate effect and flows to the first effect from where it is fed to the las

effect for final concentration. This arrangement is a combination of the forward and back¥*’
feed adopted for the best overall performance. Fig. 6.10 shows this type of arrangement.
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N o Evaporation

i n of fol. X
(!ompanso ward feed and backward feed g R
ced arrangements :

I '

1.
steam/vapour flow.
1. Inthe backward feed, the flow.of the solutios
to that of steam/vapour (counter current) 110 be concentrated s in opposite directon
5. Forward feed arrangemel -
b angen ll. does not need pumps for moving the solution from effect to
effect as vacuum is maintained in the last effect ‘
I Backward feed arran  nasde .
2 e sfbe G 1he SOlumg)en‘]c‘:m needs pumps for moving the solution from effect to effect as
- : n is to be done from the evaporator operating at a low pressure to
that operating at a higher pressure.
3. In the forward feed as heating of the cold feed solution is done in the first effect, less
into a lower economy.

vapour is produced per kilograms of steam fed, resulting
3. In the backward feed, the solution is heated in each effect which usually results in a

better economy than that with a forward feed.

the last effect wherein the

t. These conditions lead to
1l coefficient in the

st concentrated solution is in

d the viscosity is the highes
hole due to low overa

4. With a forward feed, the mo

temperature is the Jowest an

n in the capacity of the system as a W
s which are very viscous.

solution is in the first effect wherein the

d to that effect and the viscosity is the
pite of high viscosity.

reductio
last effect in case of thick liquor

ckward feed, the concentrated
team is admitte
be moderately high ins
e charges and power cost are less.

are more for the -

4. In the case of ba
temperature is the highest as s
lowest, thus the overall coefficient can

rward feed, the maintenanc

5. In the case of fo
the maintenance charges

In the case of backward feed,
same duty.

The forward feed arrangement i
gement i

and power cost

“h

ss effective thermally.

sle
ive thermally. (At high feed temperatures).

The backward feed arran s more effect

Forward feed is more economical in steam-
At low values of feed temperature, backward feed arrangement gives higher economy.
| ag it is simple toloperate.

Forward feed is very common (largely used)
ween effects.

mon as it necessitates the Use of pump bet

an economic balance

Backward feed is not com
tion system and the

e determincd by

fects will b
tiple-effect evapora

¢ of efl

ed by using @ mul

‘The choice of optimum numbe
ed heat transfer arca.

o be v .
ad:i‘f'?:n the savings in steam obtain
_"(itional investment cost resulting from the add
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Heat Transfer

Cost —»

Labour

Number of effects—"

Fig. 6.11 : Optimum number of effects in a multiple-effect evaporation system

Vapour Recompression _
Thermal energy in the vapour generated from a boiling solution can be utilised to vaporise

more water if there is a temperature drop for heat transfer in the desired direction. In multiple-
effect evaporation systems, this temperature drop-is created by gradually lowering the boiling
point of the solution in a series of evaporators by operating them successively under lower

absolute pressures.
The desired driving force (i.c., temperature drop) can also be created by increasing the
pressure (therefore, the condensing temperature) of the vapour generated by (a) mechanical

recompression or (b) thermal recompression. -

The compressed vapour having a higher condensing temperature is fed to the steam chest of
the evaporator from which it is generated. Therefore, the economy of an evaporator is also
increased by recompressing the vapour from the evaporator and condensing it in the steam chest

of the same evaporator.

In this method, the vapours from the evaporator are compressed to a saturation pressure of
steam in order to upgrade the vapours to the condition of the original steam to allow their use as

. the heating medium. The cost of cOmpressiOn is usually smaller than the value of latent heat in
the vapour. By this technique we can obtain the multiple effect economy in a single effect.

Mechanical Recompression :

In this method, the vapour generated from an evaporator is compressed to a certain higher
pressure by a positive displacement or centrifugal compressor and fed to a heater. As the
saturation temperature of the compressed vapour is higher than the boiling point of the solutior
heat flows from the vapour to the solution and more vapours are generated. The principl® of

mechanical vapour recompression is shown in Fig. 6.12
led

tIt is used for the concentrations of very dilute radioative solutions and production of distil
water.

et
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== | Evaporation

l l«— Evaporator body
MakeUp T T ’
. steam e~
D_ —_ gvent || ]
Comf ' Heater —»
Ll (Shell and T
tube type)
r_ — Thick liquor
' <+— Feed

Condensate

Fig. 6.12 : Mechanical recompression applied to forced circulation evaporator

Thermal Recompression :

In this method, the vapour is compressed by means of a steam jet ejector. Here the high
pressure steam is used to draw and compress the major part of vapours from the evaporator,
while the remaining part of vapours is separately condensed for compensating motive steam

added.

H.P.
C——
Steam [
' ol — To condenser
Fecter L «—— Evaporator body
—J\/enl
—
(S};:Zla]tgrl;d * Thick liquor
tube type)
' Feed
Drips
Fig. 6.13 : Thermal recompression . -
jon as a substitute to vacuum

mpress cuur
Jets are cheap and easy to maintain

compression include : (i) low
meet changes in the

than mechanica] reco

e volumes of vapour.
of thermal re

ibility-in the system to

Oper];?ennal recompression is better
Com ion as steam jets can handle 1arg :
mec}I:ar‘-:d to compressors/blowers. Dl‘s.advantageﬂ :

anical efficiency of the jets and (ii) lack of flex

Perating conditions.

' i omyina single-effect.
By this method also, we can obtain th _

e multiple-effect econ
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Heat Transfer

: e: am is used. We cannot use , hi
Choice of steam pressures erally, a low pressure steam i J & fhe o
In any evaporation operation, generally, drop that consequently decrea S1ze ang
essllllre )s]teflm that gives a larger temperature ch xgore valuable as a source of power thqy, as
pr * i - since it is mu ¢ tea d
he evaporator, s _ a low pressure steam ap
therefore the cost of t p steam has a lower latent heat than a p for evaporat
source of heat. High pressure stez latent heat than the high pressure steam POration of
ssure steam delivers more I3 igh pressure steam wo
t:e 10\1v 5:? :lco the construction of the evaporator to hold the h ghp
the solvent. Als

uld be
ickness) th: struction to hold the lo
uch more expensive (since it demands heavy thickness) than the con N
m -
pressure steam.

hence

Pressure in the vapour space :

It is always desirable to have a larger temperature drop be}ween thetgonh(iezrzislllng steam apq
the boillintT po}int of a solution because as the temperature drop increases, the

g surface apqg
aki uu
in turn the cost of the evaporator decreases. By making use of a condenser anFl a vacuum pump,
the pressure in the vapour space of the evaporat

drop that decreases the required heat transfer surface,

It is not necessary to operate the cvaporators under vacuum, but as it is economic
them with steam at a relatively moderate pressure, a vacuum is necessary in order

economical temperature drop (AT). There are certain Cases where the operation under
necessary, for example, while dealin

al to feeqd
to get an

(i) condensers (ii) vacuum pu;

There are two types of condensers -
(1) Surface condensers and

(ii) Contact ¢
In a surface condenser, the Vapour to be
4 metal wall, where

as in g contact condep
mixed directly,

ondensers : paralle] current, counter current etc.
condensed and th

€ cooling medium are separated by
ser the vapour 4

nd the cooling mediunyliquid are
Parallel-current condenser ;

: It is the one in which the non-
Perature of the exiy cooling water. |
Counter-current condenser :

It is the ope in which the
( no
lemperature of the entering cooling water, )

Wet Condenser ; | is the ope ; s
: In which ¢ L
fémoved by the same pump, he non condensed g
Dry condenser .

$ It g
‘femoved by separgte pumps,

Barometric Ccondenser ; yy i the o : :
by a barometric Jeg, he that is placeq high enough o .,

. Low leye] condenser : [t i the one in Which wate, IS removeq by ap

condensed gases leave at @
“Condensed gases leave at 4

ases and cooling water are

the one in Which the non

“condenseqd £ases and cooling water a1

rom il
at water escape from
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practice parallel current condensers ‘
ot condensers are always dry.
Materials of construction for evaporators

are almost always wet condensers, while counter-

it}  Evaporator bodi e generally fabricated

- el as it is least ex : Vaporator bodies are generally J »rs

. mlldl S't::cond and %hinlcxf:(nm]vc e €asy to fabricate. For corrosive solutions, materials

[ike monet, 1 e of‘ctfm b” Sieelare used. The tubes are made of copper, stainless steel and
the tube sheet may 452 oronze, nickel clad steel or stainless steel

SOLVED EXAMPLES]
Example 6.1 : Calculate the boiling point ele
- qransfer usin g rhef'nllowing data :
pata : Solution boils at a temperature of 380 K (107 °C) and the boiling point of water at a
pressure in the vapour space is 373 K (100 °C) .
Temperature of condensing steam is 399 K (1260 C).
Solution :  Boiling point of the solution = T =380 K

SO ——— A A A S S 00

ation of a solution and the driving force for

Boiling point of water = T'=373K
Boiling point elevation = T-T' = 380-373 K
= 7K (or °C) ... Ans.

Saturation temperature of the condensing steam =Ty = 399 K
Driving force for heat transfer = Tg—T = 399 — 380

= 19K ... Ans.

Note : Whenever the pressure at which steam is available and pressure prevailing in the
vapour space of an evaporator are given, then the steam table should be referred to find the
temperature of steam, latent heat of condensation of steam based on a given steam pressure and
the latent heat of evaporation of water, i.e., latent heat of vapour based on a pressure prevailing
in the vapour space of the evaporator.

Example 6.2 : An evaporator operating at atmospheric pressure (101.325 kPa) is fed at the
rate of 10000 kg/h of weak liquor containing 4 % caustic soda. Thick liquor leaving the
evaporator contains 25% caustic soda. Find the capacity of the evaporator.

Solution :
Basis : 10,000 kg/h of weak liquor entering the evaporator.
Letm' be the kg/h of thick liquor leaving the evaporator.

Material balance of caustic soda :
Caustic soda in the feed = Caustic soda in the thick liquor

0.04 X 10000 = 0.25xm'
m' 1600 kg/h

I

Overal) material balance : _
ke/h of feed = kg/h water evaporated + kg/h of thick liquor
‘ 10000 kg/h water evaporated + 1600
water evaporated = 10000 — 1600 = 8400 kg/h

”%ﬁyof the evaporator = 8400 kg/h 7 ... Ans.

i
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TR Ay e ‘\ W
MNP Y w\«‘mn‘nv at ammospheric pressure, It iy desipey i §
Bxample &3 1 An engvonin

ol S000 ket
o 3 % aware o 0 6 solute (v weight) at a rate flm) 8 ’: : Dy
> n.nm\s & .v\\A *’- » H ey ' ; ()' (
“\:\ i VAN QORISR ¢ nfln Saturation temperature of i (H . } ;
titge ‘!\h’l‘\: \\:\‘\&' \n o ;“ % N » ’ |
% - S LI Chand the doiling point nive (elevation), i.e. (
S oot w 3 Jictens v 2050 WamK). Calentate the cconomy of u,
S &K The overall Aeur ¢ emanafer coeffiete

AN

or and e @ of hear anster ro be provided, |
(‘5\‘,3\’a“..\ L e 409 L e 1 (\r 3«( ¢ i \\ \ . ' " . 1
Data hmim\\ the solution as a pure water and nc;lmhnx\ the B.PR. the latent heyy of |
Qomdensation of stoam at 300 K is 2185 K/kg. 15 KPuand 373 K = 2257 ki
Latent heat of vaporisation offev aporation ot waterat 101,325 kPa anc Jkg,
Specific heat of foad = 4187 N kg K)
Solution : Basis : 3000 K/l of tead to the ey vapaorator,
Lot my. ™' and xﬁ\‘t\‘th > Kg/hoof teed, thick liquor and water vapour / water cvaporated,
Material balance of solute
Solute inthe feed = Solute in the thick liquor
QOSX3S000 = 020 m
m' = 1250 kg/h i
Overall material balance (i.e., material balance over ev'lpomtor)
ke/h feed = ke/h water evaporated + kg/h thick liquor

Water evaporated = my = 5000- 1250 = 3750 ka/h

Let m be ke/h of steam required (steam consumption)
s = latent heat of condensation of steam gt 39K =2185 ki/ke
Av = A =latent heat of vaporisation of water at 373 K = 2257 kl/kg
T = temperature of thick liquor
= T'+B.PE. = 313+5=378K

(2 is taken as equal to A for the calculation purpose, since the effect of B.P.E. is to be
neglected)

T

lemperature of feed = 298 K

lilr = 5000 kg/h
Cpf = 4.187 k/(kg-K)
Let us calculage the e economy:,
Heat balance gver €vaporator .

Heat given out/los by condensing sieam (latent heat) =

solution g incre
+ Heat required (o vaporise / ey

_ o N -, Yy .
Heat gained by the ASe 1S temperature to boiling point

aporate water
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___Evaporation
mgAy = mel,f (T=Tp + iy A
ngX 2185 = 5000
mg X 00 x 4.187 (378 - 298) -+ 3750 x 2257
mg = 4640.1 kg/h
Steam consumption = 4640.1 kg/h
Economy of the evaporator = <& Water evaporated
: kg/h steam consumed
_ 3750 kg evaporation
- T 46401 =0-808 kg steam 1 jADS.
Let us calculate the heat transfer area,
Rate of heat transfer = Q = mg A,
= 4640.1 x 2185
= 10138619 kl/kg
_ 10138619 1000
B 3600
| = 2816283 J/s = 2816283 W
T = saturation temperature of steam = 399 K
Temperature driving force=AT = Tg-T
= 399 -378
= 21K (21°C)
U = 2350 W/(m?-K)
We have : Q = UAAT
A = Q/UAT = 2816283/(2350 x 21)
= 57.07 m?
Heat transfer area to be provided = 57.07 m? ... Ans.

Example 6.4 : A solution containing 10 % solids is to be concentrated to a level of
50 % solids. Steam is available at a pressure of 0.20 MPa [saturation te{nperatu.re of
393 g (120° C)]. Feed rate to the evaporalor is 30000 kg/h. The evaporator is wor.kz.ng c?r
reduced pressure such that boiling point is 323 K (50° C). The overall heat transfer coefficient is

29 kW/(m2.K). Estimate the steam economy and heat transfer surface for :

(i) Feed introduced at 293 K (20° C)
(ii) Feed introduced at 308 K (35° C)-
Data : Specific heat of feed = 3.98 kI/kg'K)

- Latent hear of condensation of steam at 0.20 MPa = 2202 kl/kg

Latent heat of vaporisation of water at 323 K (i.e. at pressure in the vapour space

S 2383 kifkg),
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Solution : Basis : 30000 kg/h feed to the evaporator.
Let g, ' and 1y, be the mass flow rate of feed, thick liquor and water vapour respective|y,

Material balance of solids :
Solids in the feed = Solids in the thick liquor

0.10 X 30000 =.0.05 m'
m' 6000 kg/h

Overall material balance :
kg/h feed = kg/h water evaporated + kg/h thick liquor

Water evaporated = my = 30000 - 6000 = 24000 kg/h
(I) Feed at293 K (Tp) :

m, = mass flow rate of steam in kg/h

ms = 30000 kg/h, ‘m, = 24000 kg/h

Cp, = 3.98 kl/(kg-K) ' _
Ts = saturation temperature of steam = 393 K

T = boxlmg point of solution = 323 K

As "= latent heat of condensation of steam at 0.20 MPa

= 2202 kl/kg '

A = latent heat of vaporisation of water at 323 K = 2383 kl/kg

Enthalpy balance over evaporator (assuming no heat loss) :

Heat gained out by steam = Heat gained by solution (sensible lieat)

+ Heat required to evaporate wate

Q = mghs = mg - Cp (T-Tp) +my A

mex 2202 = 30000 X 3.98 X (323 ~ 293) + 24000 x 2383

Solving, we get

mg = 27599.5 kg/h
Steam consumption = 27599.5 kg/h

The steam economy is given by

Steam economy = kg/h water evaporated / kg/h steam consumed

24000 |
= 575095 = 0.87 kg evaporation/kg steam ... AnS.

e - ST Mﬂ' fh ;_ ;
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]

Heat load of evaporator

post Transfer_ ————

Rate of heat transfer = ()

Q = 275995 x 2202

il

60774099 ki
60774099 x 1000

]

3600

= 16881694 )/s = |
AT = Tq-T=393-323=70K
U = 29kW/(m*K) = 2900 W/(m*K)

The rate of heat transfer is given by

Q = UAAT
A = Q/UAT
16881694

—

2900 x 70

Heat transfer area required = 83.16 m?

(II) Feed at 308 K :
Heat balance over evaporator :

m, A,

my X 2202

I

1

|i1$ = 26786 kgﬂl

Steam consumption

Economy of evaporator

Heat load of evaporator = Rate of heat transfer = Q
= 267866 x 2202

(®)

We have : -

>

Heat transfer area required

]

]

il

|

my Cu [T =Ti] + m,A
30000 x 3.98 x (323 - 308) + 24000 x 2383

6881694 W

= 83.16 m?

26786 kg/h
24000
26786
0.896
= My A$

58982772 kl/h
58982772 % 1000

3600

Evapayatlon

= g Ay

. Ang, (1)

... Ang, (3f)

16384103 J/s = 16384103 W

UA AT
Q/(U - AT)

16384103
2900 % 70

80.71 m?

= 80,71 m?

.., Ans, (1§)
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As the feed temperature goes down, economy decreases and since AT and U do not ch nge

the area of heat transfer increases due to increase in the heat load.
Ty = 308 K = Economy = 0.896, Arca=80.71 m?

Ty = 293K = Economy = 0.87, Area =83.16 m?

Example 6.5 : An evaporator is to be fed with 5000 kg/li solution containing 10 % solute
weight. The feed at 313 K (40° C) ix to be concentrated to the solution containing 40 % solute
weight under an absolute pressure of 101.325 kPa. Steam is available at an absolute pressur
303.975 kPa [saturation temperature of 407 K (134° C)]. The overall heat transfer coefficie

1750 W/Am*K).

Calculare :
(1) the heat transfer area that should be provided

(11) the economy of the evaporator.
Data : C, of feed = 4.187 kJ/(kg-K)
Treat the solution as a pure water Jor the purpose of calculation of enthalpies.

[ Temperature, K Enthalpy, kJ/kg

| Vapour Liquid
313K - : 170
373K 2676 ' : 419
407 K 2725 | 563

Solution : Basis : 5000 kg/h of feed to the evaporator,
~ Letmy¢, m' be the kg/h of feed and thick liquor r'espectively.

-

Material balance of solute :
Solute in the feed = Solute in the thick liquor

0.10 x 5000 0.40 x m'
m' = 1250 kg/h

1l

Overall material balance : |
kg/h feed = kg/h water evaporated + kg/h thick liquor

Water evaporated = 5000 - 1500

my = 3750 kg/h
Let Hy, H', Hy be the enthalpies of feed, thick liquor and wuler‘vapour, respectively.
| As = latent heat of condensing steam
= specific enthalpy of saturated steam — specific enthalpy of saturated wa
T Enthalpy of water vapour — Enthalpy of liquid water at 407 K
= 2725 563 2162 ki/kg
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Pressure in the €vaporator = 101.325 S
Boiling point of i . P
solution = Boiling point of water at 101.325 kPa
. = 373K

Hy = Enthalpy of water vapour at 373 K

= 2676 kl/kg
.H = enthalpy of product (thick liquor) at 373 K

= 419 k/kg | |
Hf = epthalpy of feed at 313 K

= 170 kl/kg

Heat balance over evaporator :
meHf +mgAy = my- Hy+m' H'

Enthalpy of (f eed) + (steam) = Enthalpy of (water vapour) + (thick liquor)
5000 % 170 + mgx 2162 = 3750 X 2676 + 1250 x 419

mg = 4490.6 kg/h

Steam consumption = 4490.6 kg/h

Steam economy of keg/h water evaporated
the evaporator = 'kg/h steam consumed

3750 _
T 34906 ~

0.835 ... Ans. (ii)

Alternatively :

Q = gk = g Cpp (T=Tp) +(r=) v

me_tit = 5000— 1250 = 3750 ke/h

t of evaporation of water at pressure in the evaporator

Ay = latent hea
(i.e., at 373 K)

2676 — 419 = 2257 KI/kg

Cpf = 4.187 kJ/(kg-K)- |
rhsx 2162 = 5000 x 4.187 % (373 - 313) + 3750 X 2257
. ously calculated.
mg = 4495kgh ... almost same as the previously ¢2

‘ ure of condensing steam = 407K

T, = Saturation temper at |
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T = B.P.of solution = 373 K
AT = T,-T=407-373=34K
U = 1750 W/(mK)

The rate of heat transfer is given by

Q = 4490.6 x 2162 = 9708677.2 ki/h = 2696855 J/h = 2696855 W = AUAT
__Q 2696855 _ )
A = TAT = 1750x 34 = #32m
Heat transfer area to be provided = 45.32 m? - ... Ans,

Example 6.6 : A single effect evaporator is fed with 5000 kg/h of solution containing.
I % solute by weight. Feed temperature is 303 K (30° C) and is to be concentrated to a solution:
of 2 % solute by weight. The evaporation is at atmospheric pressure (101.325 kPa) and area of;
evaporator is 69 m?. Saturated steam is supplied at 143.3 kPa as a heating medium. Calculate
the steam economy and the overall heat transfer coefficient. :

Data : |

Enthalpy of feed at 303 K = 125.79 kJ/kg

Enthalpy of vapour at 101.325 kPa = 2676.1 kl/kg

Enthalpy of saturated steam at 143.3 kPa = 2691.5 kl/kg

Saturation temperature of steam = 383 K (110°C)

Boiling point of saturation = 373 K

Enthalpy of product = 419.04 klJ/kg

Enthalpy of saturated water at 383 K = 461.30 kl/kg

Solution : Basis : 5000 kg/h of feed to the evaporator.

Let m', my, be the flow rate of product and water vaﬁour.
Material balance of solute : '

0.01 5000 = 0.02 x

W' = 2500 kg/h
‘Overall material balance :
Feed = water evaporated + thick liquor

Water evaporated = 5000 ~ 2500 = 2500 kg/h
Assuming no heat loss, the heat/enthalpy balance is :

meHy +mgds = m' H' +m, H,

where mp = 5000kg/h
W' = 2500 kg/h
my = 2500kg/h
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, H Hy are the enthalpies of feed, thick liquor and water vapour respectively.
Hf = 12579 kJ/kg

H'

As = latent heat ofcondensing steam

419.04 kl/kg, H, = 2676.1 kl/kg

= enthalpy of saturated steam — enthalpy of saturated water
2691.5 - 461.30 =2230.2 kl/kg

5000x 125.79 + ms (2230.2) = 2500 x 419.04 + 2500 x 2676.1

ms = 3187.56 kg/h

Steam consumption = steam flow rate = 3187.56 kg/h

. _ kg/h water evaporated 2500
Steam €CONOMY = Ty o1 Steam required = 3187.56

= 0.784 ... Ans.

Rate of heat transfer = mg A

' 3187.56 x 2230.2

71088963 kJ/h

71088963 x 1000
= 3600

AT = T,-T = 383-373= 10K

Let us calculate U,

= 1974693.4 J/s (i.e. W)

We know that : Q = UAAT
U = Q/(AAT)
1974693.4
o IR agen 2,
U = 69 x 10 2862 W/(m?-K)

__Overall heat transfer coefficient = 2862 W/(m*K) .. Ans.

‘ Example 6.7 ; If the evaporator pressure is reduced to 38.58 kPa, what would be the change
"heat transfer area ? Use the same steam pressure and overall heat transfer coefficient as in
Eample 6,6,

Data:
Boiling point of water / solution at 38.58 kPa = 348 it} EBU

caTIONAL ASSOCIA Vi
| 2 DAVARNGERE.

E.
g“‘halpy S o e pTBtl)F CHEWICAL ENGG
S::ha.lpy of product = 313.93 kJ/kg DEF . LIBR s RY
ution : Enthalpy balance over evaporator : 3 5[02 /2020
- . Y : "~ Date. Q2 L b
mef + ms xs = m' H' + my HV r“ca' NO..--Z-Q"L'{':

5000 |
"0x 1257 4 mg x2230.2 = 2500 x 313.93 + 2500 X 2635.3

2320.18 kg/h

wa.
I
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We have : Q= mghy = 2320.18 % 22302
= 5174465.4 kJ/h
o 1744654 X 1000 _ ) 137351 5 35 = 14373515 W
= 3600 \

We know that : Q = UAAT

where . U = 2862 W/(m%K)

. AT = 383-348=35K"
A = Q/(U-AT)
- 1437351.5 :
=] m = 14.35 m? | _ ... Ans,
Heat transfer area in this case is 14.35 m2.
The heat transfer area decreases from 69 m?to 14.35 m2.
In this case, a condenser and vacuum pump should be used.

Example 6.8 : If the feed rate is increased to 6000 kg/h, what would be the mass flow rate of

product, water evaporated and product concentration ? Use the same area, value of U, steam
- pressure, evaporator pressure and feed temperature as in Example 6.6.

Solution : Basis : 6000 kg/h of feed to the evaporator.
Heat balance over evaporator :

mg¢ H¢ +mghs = m' H +m, H,
6000 x 125.79 + 3187.56 x 2230.2

Overall material balance :

(1
= 1’ X419.04 + tn, x 2676.1

m

m' +m,
6000 = ' +m,

m' = 6000 - m,
- Substituting for m’, Equation (1) gives

0000 x 125.79 + 3187.56 x 22302 = (6000 —my) x 419.04 + 1, x 2676, |
m, = 2370.] kg/h

M= mr~m, = 600023701 = 3629.9 kg/h

2370.1 kg/h
3629.9 kg/h'

roduct, .

Water evaporateq

]

Mass flow rate of product

1]

~ Letxbe the wt. % solute in the p
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Material balance of solids 6.29
| - ——————__Evaporation
0.01x6000 = X_

100 X 36299

X = 1653
Concentration of product/thjc

k liquo —
— . 4 s = 16539, by wej
Example 6.9 : A single effect evaporato Y weight ... Ans,

. r i.\‘ 1o cCone
concentrafion of 5 % salt to q concentratiop of 2(;‘(3(,7/"'-("‘; 20000 kg/h of a solution having a
- horator at @ pressure correspond; o salt by weight, Ste i
vapo . ’ ponding to the Saturation tempe il S (5 Jed 1 e
praporator Is operauing at atmospheric pres perature of 399 K (126° C). The

Sure and T e ol
et load and steam economy. d the boiling point rise is 7 . Calculate the

Data : Feed temperature =298 K (25¢ C)

Specific heat of feed = 4.0 kJ/(kg- K)

Latent heat of condensation of steam at 399 K = 2185 kl/kg

Latent heat of vaporisation of water at 373 K = 2257 kl/kg

Solution : Basis : 20000 kg/h of solution to the evaporator.

Evaporator is operatihg at atmospheric pressure,.i.e., at 101.325 kPa. The boiling point of
pure water at 101.325 kPa is 373K (100° C).

Let fng, ' and my, be the flow rates of feed, thick liquor and water vapour, respectively.

Material balance of salt :
Salts in the feed = Salts in the thick liquor

0.05%20000 = 0.20 X '
m' = 5000 kg/h

Overall material balance over evaporator : |
| Water evaporated + Thick liquor

Feed =
Water evaporated = m, = 20000~ 5000
= 15000 kg

% = 2185KI/ke
_ y = 2257 kl/kg

_ 4.0 kI/kgK)

i | OIhng point of the solution=T =
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Heat Transfer 6.30

Temperature of

. = tion temperature of steam
condensing steam Satura P

= 39K
Heat balance over evaporator :

Heatload = Q
Q=mAs = rhfcpf (T-Tp +my- A
fgx 2185 = 20000 x 4.0 (380 — 298) + 15000 x 2257

mg = 18496.6 kg/h
Steam consumption = 18496.6 kg/h

Economy of evaporator = 15%%?6
= 0.811 ... Ans,
Heat load of evaporator :
Q = my)
= 18496.6 x 2185
= 4041507.1 kJ/h
_4041507.1 x 1000
- 3600
v= 1122641 J/s
Heatload = 1122641 W ... Ans.
‘Multiple-Effect Evaporators (Triple-Effect Evaporator) Calculations :
| y, o, ,
N | N | e :
My , . R —
N g =
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¢ Transfer 631 w

Emhalpy/heat balance over individual effects are :

For the first effect :

m¢Hy + ks = My, I'Ivl +m, H,

For the second effect :

rhl Hl+ mV] ;\'VI = rth Hv2 +Ih'2 H2

For the third effect :
. m.2 H2+ lhvz Avvz = rhV3 HV3 +I'h; H3

where H, Hv and H are the enthalpies of various streams and Ay s Ay, A, are the latent heats
» 1

comesponding t0 the pressures in the respective effects.

For a barometric condenser,

I.nv3 7\'v3 = ri1w pr (Tv3 -T)

where rhv3 = Water flow rate, kg/h
Wi :
T‘,3 = Temperature of vapour corresponding to the pressure in
the third effect.

T = Inlet temperature of cooling water

]

Available AT = Apparent AT — BPR

Apparent AT = Ts—=Ty
where T, is the temperature of water .vapour corresponding t

effect (in the case of a multiple
* Calculation of Multiple-Effect Evaporators

Assumptions generally made in the calculation

(i) equal heat transfer rate in each of the effects,
the effects, and

o the pressure existing in an

_effect evaporator).

procedure are :

(ii) equal heat transfer surface in each of

(iii) equal evaporation in each of the effects.
cited assumptions cannot hold good simultaneously.

In actual practice, however, the above
dure is adopted to get equal heat transfer area in each

W-
effth equal heat load, a trial and error proce
ct. The actual evaporation in each effect is obtained by subsequent calculations.

Consider a u—ipple-éf_fect evaporator. . :
Let Q, Q; and Q;be the heat transmitted in the first, second and third-effect respectively.

aT,, AT, and AT, are the corresponding temperature drops.
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Heat Transfer

, . 6.31
Enthalpy/heat balance over individyg] effe

‘ — Evaporation
Cts are :

For the first effect :

I:“f Hf + m Ao = '
S F\g = .
ST My Hy 4w H,
For the second effect ;
m, H;+ m w .
: : ! Vi )\vl R mvz HVz + mz Hz

For the third effect :

n, Hy+ n = i
M, Hp+ my Ay = my Hy +m, H,

where H, Hy and H are the enthalpies of various streams and A, , A, A, are the latent heats
1 2
corresponding to the pressures in the respective effects.

For a barometric condenser,

my, Ay, = My Cpy (Ty, ~T)

33
where rhv3 = Water flow rate, kg/h
TV3 = Temperature of vapour codespo;laing to the pressure in
the third effect. _
T = Inlet temperature of cooling water

Available AT = Apparent AT — BPR
Apparent AT = Ts-Ty

where' Ty is the temperature of water vapour corresponding to the pressure existing in an
effect (in the case of a multiple-effect evaporator).
Calculation of Multiple-Effect Evaporators

Assumptions generally made in the calculation procedure are :

() equal heat transfer rate in each of the effects, '

(i) equal heat transfer surface in each of the effects, and

(iii) equal evaporation in each of the effects.

In actyg] practice, however, the above cited assumptions cannot hold good simultaneously.
With €qual heat load, a trial and error procedure is adopted to get equal heat transfer area in each
effect. The actual evaporation in each effect is obtained by subsequent calculations.

Consider 2 tripple-effect evaporator. .
Letq, Q, and Q; be the heat transmitted in the first, second and third-effect respectively.

AT,, AT, and AT, are the corresponding temperature drops,
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Heat Transfer 632 - , d and third .
U,, U, and U, be the overall heat transfer coefficient 11 the first, second and third-effect
1
' ively. i i
respectively cond and third-effect, respectively,

A,, A, and A;be the heat transfer surface of the first, s€

For a tripple effect evaporator, W¢ have
Q = Q= Q;

U, A AT, = Uy A AT, = U; A3 AT - (1)
To obtain the economy in the construction of evaporators, heat transfer areas in all effects f

are equal.

Therefore, with A, = A=A, weget

U] ATl = UQ_A T2 = U3 AT3
on (2) that the temperature drops in the multiple effect evaporator

..(2)

It follows from the Equati '
system are approximately inversely proportional to the heat transfer coefficients.

. i Ul . | ) :

AT, = ﬁ;ATl : | --.(3)‘;

AT, =—g_l AT—I T o ; ... (4)
3 . : . ' :
where, AT = overall temperatﬁre drop over the systerh .
AT = AT, +AT,+AT, |
AT = AT, [1+U/U+U/U] | .. )
Also AT = To— Ty o | ' . (6).

where T, = saturation temperature of condensing (first effect) steam corresponding to steam

pressure. T,3 = temperature of the vapour corresponding to the pressure in the vapour space of
third-effect. With equation (6) overall temperature drop is calculated. With the help of equations
(3), (4) and (5) and values of U,, U, and Uj, the temperature drops in each of the effects are

calculated and hence the temperature distribution in each of the effects.

First effect - “Second effect Third effect
Steam T T T.,
Liquor T L Tis
Vapour Ty Ty T,
AT - Ta=Tu - T, 2Ty, T, - Ty
BPR/BPE Tu-Ty  Te-Te Toa T

‘Knowix.lg the temperature distribution, enthalpies of various streams are obtained

T ‘Evaporation in each effect and steam consumption are computed with the help of mate
. balance and energy balance equations. ki e

AEET SR T
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HEL R .83 Evaporation

The areas of the individual effects are calculated as follows :

I

Mg A
A — “&-h'\.
"7 U AT, (D
li]vl Avi

U, AT, . (8)

]

Aq

iy, Ava
U; AT,

_ IfA, # A; # Aj, and the deviation is more than + 10 %, a fresh trial with a new temperature
distribution should be performed. The new temperature drops are calculated as :
| ' A A+ A+ A
AT, = AT, x +—— _ At ot A
1 Aan ’ Aavg. - 3

s 47)

As

Il

and

' A
AT, = AT,x5—

2

' A3

AT, =. AT, x

Aavg. .

The above mentioned procedure is repeated till the deviation is within + 10 %.

Example 6.10 : A tripple-effect evaporator is ‘concentrating a solution that has no

appreciable boiling point elevation. The temperature of steam to the first effect is
the last effect is 324.7 K (51.7° C).

381.3 K (108.3° C) and the boiling point of the solution in
The overall heat transfer coefficients in the first, second and third-effect are 2800, 2200 and
1100 W/(m*-K), respectively. At what temperatures will the solution boil in the first and second

effects ? o :
Solution : Total temperature drop = AT = 381.3-324.7=56.6K

AT = AT, [1+UJ/U, + U/Us]
AT, [1 + 2800/2200 + 280071 100]

56.6 =
AT, = 11.75K
AT = AT2 [1 + U2/U| + UZ/UJ]
56.6 =.AT,[1+ 2200/2800 + 2200/1100]
AT, = 1495 K '
. AT, = 56.6 — [11.75 + 14.95]
: = 299K '
AT, = Ts=T,

T = 3813-1175 = 369.55 K (96.55°C)
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HeatTranster 634 E‘L@Pgr,a_qgn

AT, =T

T, = 369.55-14.95

= 354.6 K (81.6 °C)
Boiling point in the first effect = 369.55 K (96.55° C) evv Ang
Boiling point in the second effect = 354.6 K (81.6° C) .. Ang,

Example 6.11 : A double-effect evaporator is used to concentrate 10,000 kg/h—m
soda solution from 9% to 47% by wt. NaOH. For this purpose, a backward feed arrangemen
used. The feed enters the evaporator at 309 K (36° C). Process steam at 686.616 kPq. g is
available and in the second effect a vacuum of 86.66 kPa is mamtamed Design a suitable force,
circulation system with equal heating surface in both .the effects. Calculate the soq,
consumption and evaporation in each effect. Neglect boiling point rise. The overall heat transfey
coefficients in the first and second effects are 2326 and 1744.5 W/(m*K), respectively. Tak ,
specific heat of 3.77 kJ/(kg-K); for all caustic streams.

Solution : 10,000 kg/h of feed.

y,
HV1 mv1 HVZ
First [ Second ¢ Feed m..H
effect effect 9% ;\la:)H I
Steam '
.-_> ' e o \ ]
Mg.Ag l
- Product . H', m|2
47% NaOH ~H,
Fig. E 6.11

Overall material balance :
me = M, +my
Material balance of solute :
0.09x 10000 = 0.47 x r,

m, = 1915 kg/h _
Steam.pressure = 686.616 kPa.g.
= 686.616 + 101.325 = 787.941 kPa

Hence, saturation temperature, 'VI‘S = 4427 K (169.7 °C)
Vacuum in the second effect = 86.660 kPa - ]
Absolute pressure in the second effect = 101.325-86.660
= 14.665 kPa
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st . 835
orresponding temperature -+ = ___Evaporation

Overa]] (emperalure dr()p _ AT ‘;2(“ K (53‘ (IC)
- 4427 - 3
6.3

1 16 4K (()(‘1)
Cts,

]

i}

1

g heat loads to be equal in both the eff,
Q =Q c
UA AT, = U, A AT,
al heat transfer surface,
U, AT, = U,AT,

AssU gmin

For equ

AT, = T2 AT, = =%
L= U, 2727 17445 ATy = 0754T,

AT = AT, +AT, = 0.75 AT, + AT,
1164 = 1.75AT,
AT2 = 66.5 K, and AT] = 49.9 K

Since there is no B.P.R.
ATI —s T s— Tvl |
e T, — temperafure in the vapour space of first effect

T,=Ts— AT, = 442.7-49.9
T,, = 392.8K(119.8°C)
T, = Tu-AT;
392.8 - 66.5 = 3263K(533°C)

Enthalpies of various streams :
Hf = feed enthalpy

He = 3.768 % (309 - 273)
135.66 kJ/kg
' = enthalpy of the final product

= 3.768 (392.8 - 273)
= 451.4 kKl/kg

—

H, = enthalpy of the intermediate product
— 3768 (3263 - _273) =200 83 kJ/kg

For steam at 442.7 K (169.7 °C)» s = 2048.7 KIS

FOI‘ va
Pour at 392.8 K (119.8°C)
H, = 2705.22 kg, M= 2202.8 kJ/kg

F°f vapour at 326.3 K (53.3 °C)
S H, = 2597.61 KI/kE

A, = 2371.8 KI/ke

4
I
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Heat Transter ‘ 6.36 Ev‘a%

Material balances and energy balance around the effects :
First effect :

Material balance over first effect :

m, = m, +m, e (1)
Enthalpy/Energy balance over first effect : ‘
I:flsx-s+li}; H; = my va1+fi1'1 H', , “e, . (2)
Second effect :

Material balance over second effect :

mf = m, +my Bk, .. (3)
Ii']_z = rilf_’r.rlﬁ - '.-.(3A]
Energy balance over second effect :

rilleqlﬂhfn'f:_rhvluvﬁrhz H, = i . (@

Overall material balance :

my = my; +m,

=R
I

mg—m, = 10000 — 1915 = 8085 kg/h
My o=y —my, 4t | .G
Substituting for my, from Equation (5) and In;.from Equation (3A) into Equation (4) gives
rhvl At + li'lf Hg =' (rhv _.rhvl) H,, + (filf— m,) H;
A+ gy = (g i) Hy o+ (e~ (my~m,) H, . 6

Only unknown in the above equation is m,,,

2202 8 my, + 10000 x 135.66 = (8085 my;) X 2597 61 +[10000 - (8085 —m
2202 8 mvl + 1356600

vl)] X 20083
= 21001677 - 2597 66 m,; + 2008300

16237106+ 20083 1m,,
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o 'Evaporation

4599.58 My = 20029666

my, 43547 kg/h
My =My =My = 8085-43547

3729.3 kg/h

titutiﬂg f'nvl, li1\’27 rh and me an e
Subs 1 f and thermal q’uantltleS in Equation (2), we get

ms = 5557 kg/h

Heat transfer area :
First effect :

A - Q| _ rhS A’S

I = U,AT, ~U,AT,

§ = 5557 x 2048.7 X 103
| = 2326 x 49.9 x 3600 =2725m*

¥ A
Second effect: Az = U%T _ rSVIA 1:;.
2 2 2 2
_ 4354.7 x 2202.8 X 103
= 1744.5 X 66.5 X 3600
= 22.97 m?

Since A # A and the difference is more than 10%,
:’_"__'t_él — 212’5——;;212'92 = 25.11 m?

Second trial : Aavg = 2

a second trial is required.

' _ 4. 9 x 27.25
AT, = AT, X7, 2=~ 2511 = 3%
1164542 =622 K

AT, = AT - ATi =

Temperature distribution :
, Ty = T, - AT, _ 4427 —542—3885K(1155 oC)
‘T;z E Tvl.— AT, = 3885~ (2.2 = 3263 K (533 )
| Enthalpy of streams :
 ‘ oy = 135.66 kI/kg
H. 3768 (388.9 ~ 273) = 424.81 KkJ/kg
H, = 20083 kI/kg
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MeatTranster e e EVBPORY,
Vapour at 388.5 K (1155 °C) '
Hy, = 2699.8 kl/kg
Ay, = 221492 kI/kg

Substituting the new values, enthalpy balance for the second effect, i.c., Equation (s)

becomes

My X 221492 + 10000 X 13566 = (8085 - my) 2597.01 + (10000 - (8085 — my;)] % 200.83

Solving, we get:  my = 4343 kg/h
My = my—my = 8085 -4343
= 3742 kg/h
Enthalpy (energy) balance of the first effect :

s ]
mgAs+myH, = my Hy +m, H,

m, = m, +my
= mg—my+ My

= fi]f— (lhv] + [hvz) * I:nVI = I’i’lf- my2
)

g Ag + (Mg—my) H, = my Hy +m, H,

mg X 2048.7 + (10000 — 3742) % 200.83
= 4343 x 2699.8 + 1915 x 424.81
Solving, we get

5516 kg/h

mj
Area of heat transfer :
First effect :

A = —2 _mgA, 5516x2048.7 x 10°
| = U.AT - UAT ™ 2326 % 54.2 X 3600

= 249 m?

" __Q  myAy 4343 x2214.92x 107 )
Secondeffect: Az = TUAT = U. AT = 17445 x 62.2 % 3600 = 2+02™

It seems that : A=A

Therefore, the area in each effect can be 24.90 m? (recommending a higher value).
i\
i

’ e

Steam consumption = 5516 kg/h

Evaporation in the first effect = 4343 kg/h
. "\l

Evaporation in the second effect = 3742 kg/h
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’lmﬂ : e containing 7% olveps:

i E"“mple 6;11'2t(; (;})ll(iin tz( crz:l’;”:.‘f)rza/:lt;;'r?’f :I’()l:” ¢ by weight is to be concentrated in a triple-
,,,I;orﬂ(f;”mw," g data, calculate ; ng 40% glycerine. The feed rate of lye is 10000 kg/h.

guse! m;]w steam economy and (ii) the area of calendria heating surface for each evaporator
() pat all the three effects have equal area and condenser walter required
ﬂssumm.ﬂ’ . Feed temperature = 353 K (85°C) equired.

pats* Gteam pressure available = 313 kPa

Last effect’s pressure = 15.74 kPa

overall heat transfer coefficients :
First effect : 710 W/(m2-K)
gecond effect : 490 W/(m?-K)

Third effect : 454 W/(m2K)
in the boiling point is 10 K in each effect. The average specific hea

olution is 3.768 kJ/(kg:K). Condenser water is available at 303 K (30°C).
AT, = 14.5 K, AT, = 16K and AT; = 19.5K.

porward-feed arrangement is to be used.
Solution 10000 kg/h of feed to the triple-effect evaporator system.
ri"V mV2 mv3

I r+ 111

m, Feed
L1

Steam I'.ns A\

my

. Fig. E6.12

t of

o clevation

Assume -

11 .

m4

Overall material balance : e
Feed = Water evaporated + Thick liquor

1
and m, = my+ m,p + My3
Overall glycerine balance :

- Glycerine in lye = Glycerine in crude

0.07 x 10000 = 0.40 i,
m, = 1750 kgh
ot s 2 r'nf—r'n; _ 100001750 =
.te.a'“ Pressure : 313 kPa

| .V'T,,s (from steam table) = 408,K(135°C)
. -._Pfe§sure in the last effect = 15-74 kPa B K (G50

/thick liquor

8250 kg/h

g

e
P R SIS
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Heat Transter 6.40 : E!"P‘?Iau 4

Ovenall apparent AT = Tg-Tya
408 -328 = 80K
BPR| = BPRz = BPR3= IOK

i

Y BPR = 30K
True overall AT = 80-30 = 50K
AT, = 145K
AT, = 16K
ATy = 195 K
Temperatures (K) of various streams are :
1t effect 2nd effect 3rd effect
Steam 408 383.5 357.5
Liquor 393.5 367.5 338
. Vapour 3935 . 357.5 328
Enthalpies of the various streams :

Hp = 3.768 (358 -273) = 320.3 K/kg
H, = 3768 (393.5-273)= 454 kl/kg

H, = 3.768 (367.5-273) =-356.1 kl/kg
H; = 3768 (338-273) = 244.92 k/kg

For steamat 408 K : As = 2160kJ/kg
For m,,, Hy = 2692 kl/kg
Aa = 22283 kl/kg
For m,,, Hy, = 2650.8 ki/kg
A2 = 22974 kl/kg
For m,s, Hys = 2600.5 kl/kg
Ay = 2370 kl/kg
Material and energy balances for the effects :
First effect ;
Material balance -

. : [l
M. = my, +m,

m = mg-m, = 10000 - (8250 —m,, ~m )

P R 17504 + g
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51 orsy , palance : Evaporation

: \
l“sxs'lb n]fo = my, H\q + lhl Hl

: ...(3
li'lsx3160+ 10000)(320.3 :(8250_{“2_ . (3)

' ‘ ‘ My3) X 2692 + (1750 + y, + r,s) 454
2160 ms + 2238 (my2 + m,3) = 19800500

of

. @
second effect :
Material balance -
m, = M+, . (5)
Energy balance :
i, Hi+ myAw=myHy+m, H, .. (6)

Substituting for from Equation (2) and m2 from Equation (5) and with the numerical
ues for the quantities, Equation (6) becomes .

(1750 + M, + m,3) X 454 + (8250 - M., — Mmyy) X 2228.3
= My X 2650.8 + (1750 + myz + M3 — myg) X 356.1

or 4425.1 m o + 2130.4 m; = 18554800 §7)
Equation (7) gives a relation between m,, and myg as under,
My = 8709.54-2076 M. . (8)
Third effect :
Material balance : , : ' . .
m, = ma+ly ' =
ie, o, = ma* 1750 e (
Energy balance : . S
qu',+mo7\.w-m\3H +m3 H | |
22974 = m 3x26005+ 1750><244 92 ... (12)

(m,3 + 1750) % 356.1 +my X :
12) becomes
Substituting th al £ m 3 from Equation (8), Equation (12)
ng the value of my3 |
97.4my
| [8709.54 — 2.076 my+ 1750] X 356.1 + 22 g
4 -2.076 m »] % 2600.5 + 1750 x 244.92

= [8709.5
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HemtTranster . ... 6842 —— E
Solving, we get vapq'%
6056.78 m,; = 19353126.58
myy = 2782 kg/h
Substituting the value of m,; in Equation (8), we get
My = 8709.54 - 2,076 x 2782
| = 2934.1 kg/h
My = 8250 - (2782 +2934.1) = 2533.9 kg/h
With the values of m,; and m, Equation (4) yields
ms = 3244.4 kg/h
Heat transfer area :

__MsAs 32444x2160 109
~ UxAT, ~ 710x145 *3600
Al = 189.1 m?

A, = WX 25339%22283 100 ,
T UXAT, T 490x16  * 3600 = 200m

Area in each effect (A) = 2005 m?
Steam €conomy of 8250

the evaporator systen = 32444 = 2.55kg evaporation/kg steam A
Condenser water requiremeny .

Qc = Hea femoved from vapoyr

= mv3 x Atvs

An

—
—

2934.1 x 2370 =
Cooling water is a1 303K (30°C) 69?’38 17 kJ/h
Condensing lemperature jg

il 328K (5500
Rise in temperature of wat

er = 328-—3()3:25 K
Cooling water rate (m ) Q 09538
W e —— ‘:: —— 17
CoAT = 4187 25

= 66432 4 kg/h &1 : o

]

— e R
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6.43
Evaporation

eat Trahsfer
xample 6-13 3 14.4 tonnes per hour (4 kg/s) of a liquor containing 10% solids is fed at

04 K ( 219C) 1o the ﬁrs ¢ effect of - Ir iP_le-eﬁ"ect unit. Thick liquor containing 50% solids is to be
the third effect, which is at a pressure of 13.172 kPa. The liquor will be assumed

of 4.18 kJ/( kg:K) and to have no B.P.R. Dry saturated steam at pressure
ssume the overall heat transfer

2
withdrawm from

0 have @ specific heat
of 200 v is fed 10 @ heating medium of the first effect. A

Jefficients of 3.10, 2.00 and 1.10 kW/(m*K) for the first, second and third effects respectively.
Find the heat transfer area of each effect, steam consumption and steam economy if the three

effects are to have the same heat transfer area.

Assume AT = 18K, AT, = 17K and AT; = 34K

Forward—feed arrangement is 10 be used.

n : Basis : 4 kg/s weak liquor fed to the first evaporator.
it = 294K (121°C).

water is 325K (52°0)

Solutio

Gaturation temperature of steam at 205 KN/

£ 13.172 kPa, boiling point of
— 394 -325 =69 K
As = 2200 kJ/kg (from steam table)

At a pressure 0

Total temperature drop = AT

At Ts = 394K ’
AT, = 18K
1, = 39418 = 376K |
At T, = 376 K , A = M= 2249 kJ/kg
AT, = 17K
T, = 376-17 = 359 K
At T, = 39K, N, = M = 2293 K/ke
' AT; = 34K
T, = 359-34 = 325K
At 325K, . M3 = _7»3'= 2377 k]ﬂ;g
: mv1 v . ‘ sz 'hva
T, B T‘2‘ ' | X T3 o
m'1—-—-' .
. e |/
ms_-{_ »
m'1 | rh'z rh|3
 Fig. E6.13
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6.44
Heat Transfer

\E‘Ia
Overall material balance N

Material balance of solids over the evaporation systc;m :

0.1x4 = 0.50Xl’i‘l3

]
m

, = 0.8 kg/s

ri'lf —m,
=4-08
3.2 kgfs

Total evaporation = my,

we have My = My + My +m.;
t First Effect ; ‘
i Material balance over the first effect :
| v

40.= my; +m
Enthalpy balance over the first effect : : —

mgd = mg Cpe (Ti-Tp) + m, A,
2_200xms = 4><418><(376 294)+2249m
| 2200 m, 137104+2249m1 -
Second Effect :

| ‘Material balance over the second effect
.;;“t '
: Enthalpy balance over the secong effect
mvl Ao+ m Cp (T, - =Ty = mvz 7‘.
v2
2249 x
m,; + (4—mv1) X4.18 x (376-359) 2293
22491428404 ) 061, = 293 o
m,
2177.94 n mv|+28424 = 2293 i
e : : % » (1
i
T 1 053 mvz-0 1305
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5 B85
Evaporation

rraﬂs
Mr d Effect

erial palance over the third effect :

+

m, = Mg+,

gathalPY b"]ancc over the third effect :
nt

. W +m Cp (Ty=Ty) =myu A,

3293 m2 + (1, + M) X (4.18) X (359 - 325) = 2377 1

2203 2 + (0.8 + M) X (142.12) = 2377 m,,

2293 M. + 113.7 + 142.12 m 3 = 2377 m\\
= 1.026 m,, + 0.051 A

(S

We have :
mv = 3-2 = m\vl + n'lvz + r.erJ

Substituting the values of m,; and m 3 from Equations (1) and (2) gives
32 = (1.053 m., - 0.1305) + m,, + (1.026 m> + 0.051)

3.079 m,, = 3.2795
m,, = 1.065kg/s

m, = 1.053m,-0.1305
— 1.053 % 1.065 - 0.1305

= 0.991 kg/s

m, = 1.026 m,+0.05]
= 1.026 x 1.065 + 0.051

Lo = 1.144 kg/s

We have -
2200 mg = 1371.04 + 2249 My
2200 mg = 1371.04 + 2249 x 0.991

m, = 1.636 kg/s
my 3.2 e = 1.956 = 2.0 kg ev aporation/kg steaint

m ge
on Ry _
Omy of the evaporator system =" = 1,636
... Ans.
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6.46

Heat Transfer |
g 7\43 '_ 1.626 X‘ 2200 x 103 - 6450 m2
First effect : Al = xAT, - 3.10x10°x 18
thy - Ay 0.991x2249X10° _ () o0 s
Second effect : Ay = U,x AT, = 20x103x 17
. rhvz }\rv2 1.065 X 2293 X 103 - 653 m2
AikcHect: As = UpxAT, = LI0x10°x34 ~ 777

Areas calculated are within the deviation of * 10 %. | |
We must provide the maximum area obtained in each effect ... accepted practice.

Area of heat transfer in each effect = 65.3 m?

Example 6.14 : 1060 kg/h of 4% (by weight) caustic soda solution is fec.i' to a quadru'
effect evaporator. Thick liquor leaving the last evaporator contains 25% caustic soda by wei ght
The dry saturated steam at 0.7 MPa-g is fed to the first effect. The feed solution enters the irsi
evaporator at 303 K (30°C). The operating pressure in the first, second and third effects are
0.37, 0.235 and 0.08 MPa-g, respectively. The fourth effect (the last effect) operates at 50.66 kPa
(vacuum of 380 torr). Neglecting the boiling point rise in each of the effects, calculate the steam
economy of the evaporator system. '

Heat capacity data ;

Heat capacity, kJ/(kg-K)
Feed

0.04
Solution leaving the first effect 3.977
Solution leaving the second effect 3.936
Solution lgaving the third effect 3.894
Solution leaving the fourth effect 3.873

Solution : Basis : 1060 kg/h of weak liquor flow rate.

mV1 rh

V2

Vacuum of N
—— :
T, T, J 50.66 kPg
my 4
. —
I 30 v
£ J N Y

. FigEei4
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nsfer
poat e 6.47
Overall material balm

. - e '
mf = my+ m 5
Overall caustic soda material balapce -

0.04x 1060 = (.25 x h,

m, = 169.6 kg/h
Thick liquor leaving the fourth effect

169.6 kg/h

Total evaporation in all four effects = my = me- i,

1060 — 169.6
890.4 kg/h

my

We have,

My + Mya + My3 + My

my
From steam table :

First effect : P, = 0.37 MPa-g = 370 kPa-g ‘
| T, = 422.6 K (149.6°C) and - \, = 2114.4 ki/kg

Second effect: P, = 0.235MPa-g= 235kPa- g
T, = 410.5 K (137.5°C) and A, = 2151.5 ki/kg

Third effect: P, = 0.08 MPa-g = 80kPa-g
390.2 K (117.2°C) and A; = 2210.2 kJ/kg

Fourth effect: P, = 50.66 kPa
354.7 K (81.7°C) and Ay = 2304.6 kl/kg

- . 01S
Latent heat of steam at 0.7 MPa - g= 700 kP a-gl

. be the kg/h feed to I, 10, [T and IV effects. m, be the kg/h product
m, be

Lenii,m', "and '
e and hys be the kg/h of water vapour leaving I, II, IIT and IV
3

from the IV effect. mys, My, My
effects respectively.
First effect :

Material balance :

. [‘hf = Ii‘ll + 1"nv1
Enthalpy balance : %
| | rhs A’S = rhf Cpf (Tl = Tf) + My, ll
20463 1, = 1060x4.04 (422.6-303) +2115.4 my,
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M = 2503+ 1033 my,

1§

2503+ 1.013 ('ﬁlf ~1h,)
350.3 + 1,033 (1060 - th,)

i

e = 134530 1033 b,

Second effect : Material balance @ty = 10y + Ny,
Enthalpy balance

':l\\--. )\‘ = l‘h" Cp\ (T}"' T|) + lhvz k}
(10680~ ) = 1y X3977 (4105 - 422.6) + (h, ~ 1) % 2[5 4

.

& m‘ S31.38 +0.510 lil2
Third effect ;
Matenial halance :

' )
m, = m, +my;
Enthalpy balance :

e By

n"

: m, Cpa (Ti-Ty) +my; A,
(m, -m)21515 =

"

M, %3.936 (390.2 - 410.5) + (1, - rir) x 22102

® 19, = - 1027 m,
Fourth effecy - 0
Iil. = ni . : '
3 m, +m, .
Enthalpy balance - s Ty, but m, =169.6 kg/h
I‘ll;-f_z l_; = fil.. C

P (Ta=Ty) 4y, Ay

gmﬁ = m} X 2210.2

i

m X 3.804 x (354.7 - -290.2) + (m

= 176.84

169.6) X 230

From E.q;.mma {% 3,

n

we tme

Substituting the value of

‘“; from Equatioy (5

199 m - 1.027 m ‘ ation (2), we get
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st TranSter 649
Evaporation

Substituting the value of rh, from Equation (6) into Equation (4), we get
, We ge

359.04 +0.694 i, — 1.98 1, = - 176.84
416.7 kg/h

1,

From Equation 4),
.~ _1.98x416.7 = —176.84

m,
m, = 648.23kg/h

From Equation (2), . s bt
1, = 862kgh
and from equation (1), ' TN e
i r‘ns — 455kg/h; ' ... Ans.
Steam consumption = 455 kg/h Tl
S , R L my - 8904
Steam economy of the quadrapule evaporator SyStem=""= 455

_ 1.957 kg évaporation/K

le-effect: evapo_ratc_)r,,_.js used: to: produce ‘
d out in this evaporator of 10 % by weight NaOH solution to obtain
f ' sisting of number of tubes

S ai'calendﬁia';rype_' con.
diameter and 2.5 m long.

n. The evaporator >
n outside diameter and 28 mm in inner
fed the steam chest around the

5000 kg/h of NaOH thick

Example 6.15 : A sing
liguor. Evaporation is carrie
50% by weight NaOH solutio

(vertical) which are 32 mim i _
This solution is pumped through the tubes, whereas l‘h? steam 15J€ ‘
tubes. Due to fouling, the inside surface of the tube is layered with a 0.25 mm thick layer of

supplied as a heating medium at a

thermal conductivity, 2.25 WA m-K):- Saturated steam is

pressure of 3 57 kN/m? absolute and the evaporator s operated under @ vacuum of 250 mmHg.

There is a negligible ontrainment an nsate 1S, removed at the saturation temperature of
' de are 4500 and

steam. If the heat transfer coefficients 0 ldle and steam Sl :
acity of the, evap , (ii) the steamn consumption, (iii) the

9000 W/(m?-K), determine (i) the cap _ !
steam economy, and (i) the number of tubes reqmrec{ for th‘e calendria.

Data : Boiling poinf rise Of\ 50.‘%5 by N"aO["f solution is 18.5 K (18.5°C). Enthalpies of the
feed solution, vapour and ! 38, 26’?5.-and.-.568 1/g, respectively. The thermal

hick liquor aret 1
conductivity of the tube material 18 45 W/(m?* K),'
Solution : Basis : 5000 k&/ o 0% NpOH solupn/thick igher
= 5000 kg/h 32 s OnEl
;g = Mass flow rate of feed.

B e o 72 b it 2
SETERTS BT ek LU L gl

o ———— TSP
et e Cr s o gt
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_Evaporatlo, |

Heat Transfer [

Material balance of NaOlI :
NaOH in we: 1k solution
0.10mp = 0.5 x 5000

NaOH in thick liquor

!

25000 kg/h

1l

& my
Overall material balance :
mp = m, + my my = 25()00-—50()() = 20000 kg/h
Water evaporated = 20000 kg/h
Steam pressure = 357 kN/m?
From steam table : T =412 K (139°C), H= 2732 ki/kg, A = 2143 kJ/kg

Vacuum in the evaporator = 250 mm Hg

Pressure in the evaporator = 760 — 250 = 510 mm Hg
= 352 K (79°C)

From steam table : Saturation temperature
H = 2659 kl/kg, A= 2285.3 kl/kg

T, = Saturation temperature of steam =412 K

Boiling point of the solution = T =352 +B.P.R.=352+185= 370.5 K

Heat balance of evaporator :

rthf+ r.nsxs = mvHv+ mlHl
where " He = 138 Kl/kg, As = 2143 ki/kg, Hy = 2659 klkg
H, = 568 kl/kg

25000 x 138 + mg (2143) = 20000 X 2659 + 5000 X 568
mg = 24531 kg/h

Steam consumption = 24531 kg/h . Ans. (1)
Capacity of the evaporator = 20,000 kg/h ' Ans. (i
Economy of the evaporator = 20000/24531 = 0.815 kg evéporation/kg st'e.z;m :

\ .. Ans. (i)
AT = T-T' = 412-370.5 = 415K '

=
I

= 4500 W/(m>K), hy = 9000 W/(m?K)

D, = 32mm = 0.032m, D; = 28 mm = 0.028 m
X, = (32-28)2 = 2mm = 0.002 m

(32-28)/1n (32/28) = 29.95 mm = 0.02995
0.25mm = 0.025 x 10> m ' -

O
€
n

>
o
1l

= \
THR i iy 0.028 |

o iXp, = 4500x 57035 = 3975.5 W/(m2K)
k for tube material = 45 W/(m-K)
Kk for scale = 2.25 W/(m-K) |

&
o
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st Tra_nsfe 6.51

The overall heat transfer coefficient for this case g given by | Ftaporation
ven |
1 _ L 1 X, DW X, y

—

— =4 = =
Uo ~ by Thy*k D, + k,
1 1 '
0 - 0.002
° = 9000 * 39755 * “45 XOE)?%)?? + 0'2?2( =
U = 1940.4 W/(m2K) =
U = 1940.4 W/(m>K)

Q = mgAg = 24531 X 2143 = 52569933 kJ/h = 14602759 W
The rate of heat transfer is given by

Q = UAAT |
A = Q/UAT = 14602759/(1940.4 x 41.5) = 18134 m?
We know that, '
A = nn,DoL
where n is the number of tubes in the calendria.
n = A/m,DoL= 181.34/(nx0.032 x2.5)=721.5

. Number of tubes required =722 *
Example 6.16 : A single-effect evaporator is used 10 concentrate 4536 kg/h of a 20% NaOH
duct containing 50% NaOH. The pressure of saturated

solution entering at 333 K ( 60°C) to a pro | .
steam used is 172.4 kPa and the pressure in the vapour space of the evaporator is 11.7 kPa. The
steam used, the steam

overall heat transfer coefficient is 1560 W/(m?-K). Calculate the amount of
economy and the heating surface ared.
Data : Boiling point of 50% NaOH s
Boiling point rise = 40.6 K (40.6°C)
Heat capacity of superheated steam = 1.88 kI/(kg'K)
h¢ for 20% NaOH at 333 K =214 kl/kg
h, for 50% NaOH at 362.5 K = 505 kl/kg

Solution : Basis : 4536 kg/h of feed solutipn
= me = 4536 kg/h
Material balance of NaOH :

020 % 4536 = 0.50 - ™

olution = 362.5 K (89.5°C)

m, = 18144 kg/h
Thick liquor flow rate = IRl ﬁ/h 2721.6 kg/K
Wate = 453618144 = °
r evaporated 5 1.7 kKN/m?

Pressure in the vapour space = * '
Saturation temperature (from steam table) = 321.90 K (48.90°C)

Boili ) — 321.90K (48.90°C)
: ing point of water 362.5 K

~ Boiling point of solution (given) =

Scanned with CamScanner



Heat Transfer -

6.52 ' %

Boiling point rise =262.5-321.9 = 40.6 K (40.6°C)

Steam pressure

From steam table : Saturation temperature of

172.4 kPa = 0.1724 MPa
steam, Ts = 3885 K

A for steam = 2214 kl/kg
Pressure in the vapour space is 21.7 kPa. o
Enthalpy of vapour based on a saturated vapour at the pressure in the vapour space

Hy

2590.3 kJ/kg (from steam table)
2590.3 kl/kg !

This Hy is based on the saturated vapour instead of on the superheated vapour,

If the enthalpy of the vapour Hy is based on a saturated vapour'at the pressure in the vapg,
space instead of on a superheated vapour (at 262.5 K and 11.7 kPa pressure), it will introduce 1
small error in the calculated quantities. ' ' '

Enthalpy balance over evaporator :

mgHg + mgAs = m,H;+ myHy

4536 x 214 + mg (2214)

ms

Steam co'nsﬁmption

Steam eco_ndmy of the evaporator

AT

U

Q=rh57\,s
- Q

A
Heat transfer area

1814.4 x 505 + 2721.6 x 2590.3

3159.6 kg/h- ‘
3159.6kgh = ... Ans,
= 2721.6/3159.6 = 0.861 kg evaporation/kg ... Ans,

Ts—B.P. of solution

388.5-362.5 =26 K
1560 W/(m? K)-

3159.6 X 2214 = 6995534.4 kI/h = 1943154 W -
UA AT o

Q/(U AT) = 1943154/(1560 x 26) = 47.91 m?

e = 4791 m2. ‘ ... Ans.
(Enthalpy of superheated vapour

at 362.5 K and 11.7 kPa can be obtained from steam table

and may be used in the enthalpy balance equation.)

Enthalpy of superheated vapour =

Enthalpy of saturated vapour + Heat of superheat

Enthalpy of superheated vapour = H, = 2590.3 + 1.88 x 40.6 = 2666.63 kl/kg
Calculations considering enthalpy of superheated vapour :
Enthalpy balance over evaporator :

m¢Hf + mg A

4536214 + m, (2214)

.‘ ‘r'ns 2
Steam consumption
o : ECanmy of evaporator

= 2721.6/3253.42 = 0.84 o e .. AP

m, Hl + my HVl

18.44 % 505 + 2721.6 x 2666.63

325342 kgh ol
3253.42 kg/h. : - . AP
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6.53 - Evaporation

Heat Transfer
Heat transferred :
Q = I'ns }“s
= Q/U AT

[ % error in the heat transfer area
considering only saturated vapour

200085

’.u

325342 x2214 = 7203072 kJ/h =

2000853/1560 x 26 = 49.33 m* .. Ans.

49.33 —47.91
} = ’4’7_91 ~ % 100 = 2.96

If the enthalpy of water vapour H, were based on the saturated vapour at the pressure in the

vapour, instead of on the superheate

d vapour, the error introduced is of only 2.96 percent.
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