Topic 2.3. Design of Evaporators

Last lecture This lecture
v Explain how the overall heat transfer v" Design of Multi-effect evaporators
coefficient is calculated for v/ Examples

evaporation

v’ Perform heat and material balances
on evaporation units and processes



Given information for evaporators design

1. Steam pressure to the first effect
Vapour, V
2. Final pressure in the vapor space of the last effect Vv T1, Hy
3. Feed conditions and flow to the first effect
Feed, F
4. Final concentration in the liquid leaving the last o Tr e
effect

Steam, S ,
5. Physical properties such as enthalpies and/or heat s Ts:Fs
capacities of the liquid and vapors

Condensate, S

6. Overall heat-transfer coefficients in each effect Concentrate, L

X, Tq, by

7. The areas of each effect are assumed equal



Step-by-Step Calculation Methods for Triple-Effect Evaporators

The calculations are done using material balances, heat balances, and the
capacity equations: g = U A AT for each effect using trial and error calculations

1. Given the concentration and
pressure in the last effect

2. Assume for the 15t guess the
amount of vapor from each
effect is equal

V=V, =1V,
o Vot =Vi+ V2 + V3

=

=

Calculate the boiling
point in the last effect
using Duhring-line plot

Perform overall and component
balance to calculate the amount of
liquid from the 3" evaporator, L,

F=L;+Vroear

Fxp=L3x3



Step-by-Step Calculation Methods for Triple-Effect Evaporators

Based on the obtained
L3 and Vll Vz, V3

vapor T; vapor T3 to vacuum
- condenser

vapor T
1

Do material balance

:> around each effectto = Ts
get L1 and L2

F:L1+V1
L1=L2+V2

Make a solids balance on effects
1, 2, and 3 and solving for x

e —
L L/

(1) (2) (3)

concentrate concentrate concentrated
from first from second product
effect effect

FxF:lel

$ L1 x4 =Ly x;

L, x, = L3 x3




Step-by-Step Calculation Methods for Triple-Effect Evaporators

Based on the obtained = BPR1°C
X1,X2,X3

Calculate the BPR for

1.78 x; + 6.22 x%
= BPR2°C = 1.78x, + 6.22 x2

u o — 2
oach effect BPR3°C = 1.78 x5 + 6.22 x3
3. >AT available for heat 2 AT = Ts — T3 — BPR1 — BPR2-BPR3
transfer without the 1/U
superheat is obtained by j‘> AT, = z AT !
subtracting the sum of all 1/Uy +1/U; +1/Us
three BPRs from the overall AT, — z AT 1/U,
AT of TS — T3 (saturation) 2 1/U;+1/U, +1/U,
1/U3
Calculate AT for each effect ATs = z AT 1/U, + 1/U, + 1/U,



Step-by-Step Calculation Methods for Triple-Effect Evaporators

o If a cold feed enters effect number 1, this effect requires more heat.

A first estimate is done by increasing AT1 and lowering AT2 and AT3
Proportionately,

= (Calculate the boiling point in each effect.
:> = estimate the pressure in effects 1 and 2 and determine the
BPR in each of the three effect
For saturation condition 2. AT = Tg — T3 — BPR1 — BPR2-BPR3
1/U, 1/U,
4Ty = ) AT /U, + 1/U, + 1/05 =), 1/U; + 1/U; + 1/Us

AT —zAT 1/Us
3 1/U, +1/U, + 1/U,




4. Using heat and material balances in each effect, calculate the amount
vaporized and the flows of liquid in each effect

= |f the amounts vaporized differ appreciably from those assumed in
step 2, then steps 2, 3, and 4 can be repeated using the amounts of

evaporation just calculated
(In step 2, only the solids balance is repeated)

5. Calculate the value of g transferred in each effect.

= Using the rate equation g = U A AT for each effect, calculate the
areas Al, A2, and A3

A+ A, + A3
Aavg — 3

= The average area



If these areas are reasonably close to each other, the calculations are
complete and a second trial is not needed Stop (You are done)

If these areas are not almost equal, then do another trial as
follows:

use the new values of L1, L2, L3, V1, V2, and V3 calculated by the heat
balances in step 4 and calculate the new solids concentration in each effect

by a solids balance on each effect

AT{ = 11 ATZ’ = 2z ATS = 373
A A 3
avg avg

Aavg



If z AT = AT; + AT + AT; Calculate the boiling point in each effect

Proportionately readjust all AT’ values
to have it equal

f ZAT + AT! + AT, + AT}
= Determine the new BPRs in the three effects using the new concentrations
from step 6

7. To get a new value of YAT available for heat transfer, subtract the sum of all
three BPRs from the overall AT

AT, A, o ATz 4o iy ATs 4s
Aavg ’ Aavg ;

AT/ =
Aavg



= Now the sum of the AT’ values just calculated must be readjusted to the new
SAT value, then calculate the boiling point in each effect

8. Using the new AT’ values from step 7, repeat the calculations starting with
step 4. Two trials are usually sufficient so that the areas are reasonably
close to being equal.



Example 3.1 Design of a triple-effect evaporator for sugar solution

A triple-effect forward-feed evaporator 1s being used to evaporate a sugar solution
containing 10 wt % solids to a concentrated solution of 50%. The boiling-point rise of
the solutions can be estimated from

BPR°C=1.78x+6.22 x?

where x 1s wt fraction of sugar in solution. Saturated steam at 205.5 kPa (121.1°C
saturation temperature) 1s being used. The pressure in the vapor space of the third effect
1s 13.4 kPa. The feed rate 1s 22,680 kg/h at 26.7°C. The heat capacity of the liquid
solutions is ¢p =4.19 — 2.35 x kJ/kg-K. The heat of solution is considered to be
negligible. The coefficients of heat transfer have been estimated as

U, =3123, U,=1987, U;=1136 W/m*'K

If each effect has the same surface area, calculate the area, the steam rate used, and
the steam economy



Solution

Given the concentration and
pressure in the last effect

xL — 05
P, = 13.4 kPa

Vapour, V
B
?UIT} H"u"

X2, Ty, hys

Steam, S
PZJ TZ; HVZ

Condensate, S

Concentrate, L 3
X, T e

Calculate the boiling point in the last
effect using Duhring-line plot

= AtP; = 13.4 kPa use steam tables

the saturation temperature is
TV3 — 5167 OC

= BPR°C = 1.78x + 6.22 x?

BPR°C = 1.78 (0.5) + 6.22 (0.5)?
= 54.12°C



Assume for the 15t guess the
amount of vapor from each effect
is equal

Vi="V, =V3
so  Vrot =V + V2t 13

Vapour, V

|}'\.-‘|T3‘ Hy

X2, T3, hya

Condensate, S
PZ: TEI HVZ

Concentrate, L3
XL, T1' hL

F=Ls+ Viotar
22,680 = L3y + Vrprar

Fxp=L;x3
22,680 (0.1) = L3(0.5)

L, = 4536 kg/h
Viotar = 18,144 kg /h

Vrotar _ 18,144

3 3

Vi -



Based on the obtained F=L +V, E> e kT
L, =16,
Lyand Vi, V;, V3 22,680 = L, + 6048 ! 9/
F=L +V j;> Ly =Ly +V; E>
B L, = 10,584 kg /h
Li=L,+V, 16,632 = L, + 6048
V; 322.680" Ll Vg =L‘ -L: V; 3L3-453.6

F =22 680 f { T | T

xg=0.1,Tp =26.7°C

§.205.5 kPa (1)
T3| - l2ll°C




Make a solids balance on effects

22,680 (0.1) = 16,632
1, 2, and 3 and solving for x (0.1) (x1)

x;= 0.136
F xF — L1 x1
:} 16,632 (0.136) = 10,584 ( x,)
Ly %= L3 x; x,= 0.214

Ly x5 = L3 x3
10,584 0.215 = 4536 ( x3)

x3= 0.5
Based on the obtained
X1, %2, %3 BPR1 = 0.36°C
= BPR1°C = 1.78x; + 6.22 x% —> BPR2 = 0.65°C
= BPR2°C = 1.78x, + 6.22 x% BPR3 = 2.45°C
= BPR3°C = 1.78 x5 + 6.22 x%



> AT available for heat transfer without the superheat

2 AT = T¢ — T3 — BPR1 — BPR2-BPR3

j‘> 2AT = 65.97°C

z AT =121.1 —-51.67 — 0.36 — 0.65 — 2.45

AT, = ZAT 1/0
! 1/U; +1/U, + 1/Us AT, = 12.4°C
1/U,
Al = ZAT 1/U, + 1/U, + 1/Us; :> ATz = 19.5°%C
1/U, AT, = 34.07°C

ATy = ZAT
. 1/U, +1/U, + 1/U,



since a cold feed enters effect number 1, this effect requires more heat;

Increasing AT1 and lowering AT2 and AT3 proportionately as a first estimate

AT, = 15.56 °C AT, = 18.34 °C AT; = 32.07 °C
I B 1311_1 {TiS o6 T., is the condensing temperature of the
B 105'54 oC ' saturated steam to effect 1
T, =T, — AT, — BPR1 Ts, =Ty — BPR1
= 105.54 — 18.34 — 0.36 = 105.54 - 0.36
= 86.84 °C = 105.18 °C

T, is the condensing temperature of the
saturated steam to effect 2



Ty =T, — AT; — BPR2 Ts3 =T, — BPR2
= 105.54 — 18.34 — 0.36 = 86.84 — 0.65
= 86.84 °C = 86.19 °C

T5 is the condensing temperature of the
saturated steam to effect 3

The temperatures in the three effects are as follows

Effect 1 Effect 2 Effect 3 Condenser

T., = 121.1°C _|-> T., = 105.18°C _|.> T., = 96.19°C _|.> T., = 51.67°C
T1 = 105.54 °C TZ = 86.84 °C T3 = 54.12 °C



The heat capacity of the liquid in each effect is calculated from the equation

¢, =4.19 — 2.35(x)

k]

k : _ _

Feed: ¢, =419 — 2.35(0.1) = 3.955 —L_ L3: cp=419-2.35(05) =3.015——
kg.K g

L1: Cp = 4.19 — 2.35(0.136) = 3.869i L2: c. =419 —2 35(0 214) = 3.684 k]
kg.K L] p L] L] L] L] kg.K

The values of the enthalpy H of the various vapor streams relative to water at 0°C
as a datum are obtained from the steam table as follows:

Effect 1
T; = 105.54°C T,, = 105.18°C BPR1 = 0.36°C T., = 121.1°C

H, = Hg, (sat enthalpy atT,,) + 1.884 (BPR1 superheated)
H, = 2684 + 1.884 (0.36) = 2685 kJ /kg



Ay = Hy (sat vap) — hy, (sat liq atTq)

A, = 2708 — 508 = 2200 k//kg

Effect2 1 _g8684 T,=8619  BPR, = 0.65
Hy = Hgs + Cp steam (BPR) = 2654 + 1.884(0.65) = 2655 kJ /kg
Ay = Hy— Hy, = 2685 — 441 = 2244 k] /kg

Effect 3

A = Hy— Hoy = 2655 — 361 = 2294 kJ /kg



V1=F—L1=22680—L1 V2=L1_L2 V3:L2_L3:L2_4536

Write a heat balance on each effect

Effect 1 Fc,p(Tr — 0) + SAgy = Lycp(T; — 0) + Vi Hy

22680 (3.955) (26.7 — 0) + S(2200) = L,(3.969)(105.54 — 0) + (22680 — L,)(2685)
Effect 2 Licy1(Ty —0) + ViAdgy = Lycyp (T, — 0) + Vo H,
L, (3.869) (105.54 — 0) + (22680 — L)(2244) = L,(3.684)(86.84 — 0) + (L, — L,)(2655)
Effect 3 Lycpo(Ty — 0) + Vodsz = Lacps(Ts — 0) + VaHj

L, (3.684) (86.84 — 0) + (L, — 2)(2294) = 4536(3.015)(54.12 — 0) + (L, — 4536)(2600)



Solving the last two equations simultaneously for L1 and L2, and substituting
into the first equation

L, =17078 kg /h L, =11068 kg/h L, = 4536 kg /h

§=8936kg/h v, =5602kg/h V,=6010kg/h Vs, = 6532 kg/h

gy = My = |H-'-J § [ 200 = 1000) = 5460 x 10" W
' | 3600
. J:If'l”-:'
§: = VA ‘ (2244 = 1000) = 3492 % 10" W
3600

o

iy = 3 '._1_

| 6O10
: ‘{31‘]4 100 = 3830 = 107 W



g,  5.460x10°

A = — == — = 112.4 m°
U AT, 3123(15.56)
#

. i . 3.492 « 10 — 958 m
' U, AT, 1987(18.34)
s

A T DARXAT gy 2

YTOULAT,  1136(32.07)

A, =104.4 m?,

a second trial will be made starting with step 6



Step 6. Making a new solids balance on effects 1, 2, and 3, using the
new L, =17 078, L, = 11 068, and L3 = 4536, and solving for x,

(1) 22 680(0.1) = 17 078(x;), x; = 0.133
(2) 17 078(0.133) = 11 068(x,), x» = 0.205

(3) 11 068(0.205) =4536(x;), x;=0500 (check balance)

Step 7. The new BPR in each effect is then

(1) BPR, = L.78x, + 6.22x; = L.78(0.133) + 6.22{0.133)’ = 0.35°C
(2) BPR, = L78(0.205) + 6.22(0.205) = 0.63°C

(3) BPR; = L78(0.5) + 6.22(0.5)" = 2.45°C

Y AT available = 121.1 — 51.67 — (0.35 + 0.63 + 2.45) = 66.00°C



AT A 15.56(112.4)

ATy =—11 = =16.77K = 16.77°C
A, 104.4
AT, A, 34(95.
Apt = ATLA, _ 1834(958) L ocor
T 3 104.4
4 2
At = ATA, _ 320701051 _ 35 340

A 104.4

iy

Y | AT =16.77 + 1686 + 32.34 = 65.97°C

These AT values are readjusted so that

AT, = 1677 AT, = 16,87 AT = 32.36, and YAT = 16.77 + 16.87 +
32.36 = 66.00°C. To calculate the actual boiling point of the solution
in each effect,



(1) T =Tg—-AT,=1211-1677 = 104.33°C, Ty = 121.1°C

(2) Ty=T,-BPR, - AT} =104.33 - 035 - 16.87 = 8711°C
To=T,-BPR, = 104.33 - 0.35 = 103.98°C

(3) Ty=T,—BPR, - AT =8711 - 0.63 - 32.36 = 54.12°C
Ta=T:-BPR,=8711 - 0.63 = 86.48°C



Step 8. Following step 4, the heat capacity of the liquid is ¢, = 4.19 —
2.35x:

Fi ¢, =3955klkg - K
Li: ¢, =419 —2350.133) = 3.87]
L,: ¢, =419 235(0.205) = 3.708

L: ¢, =3.015

The new values of the enthalpy H are as follows in each effect:

(1) Hy=Hg+ LEB4(°C superheat) = 2682 + 1.884(0.35) = 2683 kl/ke
A = Hy; = hg; = 2708 = 508 = 2200 kJ/kg



(2) H,=Hg + 1.884(0.63) = 2654 + 1.884(0.63) = 2655 kJ/ke
gy = Hy —hg = 2683 — 440 = 2243 k)/ke

(3) Hy=Hg + LR84(2.45) = 2595 + 1.884(2.45) = 2600 kJ/kg
Agy = Hy = hgy = 2655 - 362 = 2293 kl/kg

Writing a heat balance on each effect,

(1) 22 680(3.955)(26.7 - 0) + 5{2200)
= Ly(38T7)(104.33 - 0) + (22 680 - L.))(2683)



(2) L(3877)(104.33-0) + (22 680 - L,)(2243)
= L(3.708)(8T11 - 0) + (L, - r.,mﬁﬁ?

(3) LA(3.TOR)BTIL —0) + (L, — L.,)(2693)
= 4536(3.015)(54.12 = 0) + (L, - dﬁ?rﬁ:n{lﬁﬂﬁlj

Solving,
L, =17 005 kg/h L,=10952  L;=4536  §==8960 (steam used)
Vy = 5675 Vs = 653 ¥, =6416



A =

A =

A, =

= 5A

_ 8960

5675
4, = VA, =
i, AR
s = VLA, = —(2293 x
E?. £ 54 ;H 1{
{q, 5476 x 10" .
= = 104.6m
U, AT 3123(16.77)
7. 3.539 % 10 56t
U, ﬂT; 1957(16. H?}
i, 3.855 « 10° 3
- = Ym
U, AT, 1136(32. 16}

Am

o = ——1(2200 x 1000) = 5.476 x 10° W
' HE-{

43 % 1000y = 3530 < 10" W
ke 5

x 1000) = 3.855 x 10" W

=105.0 m2.



V. +V, +V, 5675+ 6053 + 6416
S K960

sleam economy = =205




