International Journal of Chemical, Materials and Biomolecular Sciences
ISSN: 2415-6620
Vol:6, No:1, 2012
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Sequential Distillation Column
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Abstract—Distillation column is one of the most commondistillation with backward energy integration (IQBave been
operations in process industries and is while tistrexpensive unit studied for separation of Benzene, Toluene, Xylemg, C9+.

of the amount of energy consumption. Many ideaseh@een The schematics of these methods are shown in Fig. 1
presented in the related literature for optimizamgrgy consumption

in distillation columns. This paper studies the faiént heat
integration methods in a distillation column whigéparate Benzene,
Toluene, Xylene, and C9+. Three schemes of heagration
including, indirect sequence (IQ), indirect sequemdth forward
energy integration (IQF), and indirect sequencehwitackward
energy integration (IQB) has been studied in thégpgs. Using
shortcut method these heat integration schemes siendated with
Aspen HYSYS software and compared with each othéh w
regarding economic considerations. The result sttbatsthe energy
consumption has been reduced 33% in IQF and 28%QB in
comparison with 1Q scheme. Also the economic reshudtws that the
total annual cost has been reduced 12% in IQF andir8 IQB
regarding with 1Q scheme. Therefore, the IQF schamenost
economic than IQB and IQ scheme.

Keywords—Optimization, Distillation Column Sequence, Energy
Savings

|. INTRODUCTION

EFINERIES, petrochemical complexes, and chemical

industries are major energy consumers as fuelmstea Fig. 1 Indiregt sequence (.II])]direct sequeqce with forward energy
electricity. In chemical industries, the separatimocess is integration (IDF), Indirect sequence with backwartrgy
combined with high energy consumption and distélatunits Integration (IQB)
among these are devoted the most used to sepdrate t
materials. Totally 90-95 percent of all separatiaresdone for
extraction and purification products, and approxeha 3
percent of total energy consumption in the world ased in
distillation units.

The reducing of energy consumption in the distdlat
process can be very effective in product cost réolicAlso
increasing the global energy prices, causes theggreaving
methods in distillation columns have been found bieu
significance. Therefore, extensive research studies been
devoted on reduction of energy consumption throtig
overall system integration and research on newgdesi
column with high energy efficiency. Such methodat tthey
will be have proper energy saving are includingrrired
coupling, vapor recompression (heat pump) and h
integrated distillation column [1]. In this papérree methods
of heat integration in distillation columns suchcasventional
heat integrated distillation (IQ), heat integratdigtillation
with forward energy integration (IQF) and heat greged

[2] had done a comparative analysis on energy
consumption and total annual cost about the separaff
ternary mixtures of hydrocarbons for different feed
compositions. Results refers to the sequence dfihegyrated
distillation columns with compared to conventiogalumns,
between 20% - 40% can reduce their energy consamg®]
had studied separation of ternary mixtures of Beaze
Toluene, and Xylene in heat integrated distillatmumns.
With survey on different feed temperature conditifor
conventional distillation column and other arrangeis, they
concluded that the best scheme for energy savingtetal
annual cost severely affected from feed temperatonelition.

In the case that feed enter into the tower at ambbie
temperature, the direct sequence with backward heat
el‘?ﬁegration (DQB) will be considered as more enesgying
scheme. [4], [5], after reviewing on food with tardifferent
combinations, discovered that the best schemetegiation
depends on the composition of feed. When the feed
composition percent are selected the same fooatponents,
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schemes except the few cases when the concentuatitire
middle component in the feed is high.

In first section the studied case will be introdiicen the
second part the design and simulation of case stiadydone

and result will be presented® part of this paper includes the

reflux Underwood equation with the graphical Gilhid
relationship is used to preliminary design for atitation
column. In this method which is also called shdrtdesign,
the following relations (1)-(5) are required [7].

economic studies and related results. Finally tbsults of log [ L. Tu,B
different studies are compared with each other ang _ 1-mp  1—Tup 0
conclusions are presented. mn log o<, 5y
Il. CASE STUDY d.
Nmin f. (L
This studied case is the separation of BenzeneT@yjene ij -fi (bj f;
(B), Xylene and C9 (C) components with two sequnti di = by = (2)

distillation columns. After separation of C fromttmon of first
column, the top product of this column includingahd B
(Benzene and toluene - BT) is combined with othexasn of
BT which come from another unit and then they arered
into the second column. The schematic diagram sé caudy
is shown in Fig. 2 and characteristics of the sheeare
tabulated in Table I.
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Fig. 2 Schematic diagram of case study

TABLE |
CHARACTERISTICS OF FEED AND STREAMS

Data Feed BT stream

kg/h Wwt.% kg/h Wt.%
Benzene 9028 8.62 13691 35.62
Toluene 40088 38.3 24648 64.14
Xylenes 33553 32.05 89 0.23
n-Nonane 21985 21.03 0 0.0
total mass flow, kg/h 104654 38428
Operating temperature, 153 81
operating pressure, kpa 540 580

BT stream = Benzene and Toluene stream, kg/h gikto per hour,
C = Celsius degree, kpa = kilopascal, wt.% = wefgirtent.

I1l.  DESIGNAND SIMULATION

The FUG (Fensk, Underwood, Gilliland) method thaI:omponent in tower T-100 as heavy component and its

combines the total reflux Fensk equation and theimmim

d; d;
1 +oc;Vmin (b—;) 1 4o¢;;Vmin (b—;)

NCO( NCo<
ij XiF Z ij Xi,D
A g Ry, +1= Y —2 3
D g = 1= ) G 3
i=1 i=1
N—N,_,
— T —0.2788 — 1.3154 X + 0.4114 X02910 4
N+1
0.8268 In X + 0.90201 <X+1) X—R_R"“'" 4
. n : n x)X= Rt 4

uo (@) (em)] e

N_min= minimum number of stages at total refluxLtD) =

recovery of light key component to top product,H,B)=

recovery of heavy key component to bottom prodetct, H=

volatility of light key component relative to heawey

component, i= component i, j = reference compondnt

molar flow rate in top product, b= molar flow rate bottom

product, f= molar flow rate in feedx_ij= volatility of

component i relative to a reference component,, K)%imole

fraction of component i in feed) = roots of underwood
equation, q = thermal condition of feed, R_min= imiam

reflux ratio, x_(i,D)= mole fraction of componentin top

product, N = number of theoretical stages, R =usefhtio, X

= Gilliland term to calculation N, N_R= number dhges in
rectifying section, N_S= number of stages in siriggsection,
B = molar flow rate of bottom product (kmol/h), D molar

flow rate of top product (kmol/h), x_fHK= mole frégan of

heavy key component in feed, x_fLK= mole fractidnlight

key component in feed, x_bLK= mole fraction of ligkey

component in bottom product, x_dHK= mole fractidrheavy

key component in top product.

These calculations are built in the part of the N'8S
simulator that is named Shortcut Distillation. Usirthis
system, obtaining the value of reflux ratio andalse number
of stages is possible. The two shortcut columnsshmevn in
Fig. 2 that it is very similar to the arrangemei@s IQF, IQB
in order to estimate the required variables whidh wsed for
rigorous simulation. In tower T-100 initially assaththat the
value of light component in the residual producbi$% and
also the value of heavy component in the distilfateduct is
0.1%. Then in tower T-101, with regarding the médl
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overhead component as light component, tower T-1 costs of reboiler and condenser. The optimal reflatio by
simulated with above values.The rigorous simulatiming determining the heat duty and the capital and diperaosts
HYSYS process simulation, 2006 software is donee Thn different reflux ratios could be calculated. Ftualculation
physical properties of feed mixture and productscaiculated for studied case was done and shown in Fig. 5.akshe seen
by the Peng Robinson model. The aim of the rigoroube best reflux ratio is occurred in the point tha sum of
simulation was the decrease of number of assungptamd capital and operating costs are minimized, so éhount is
also this procedure is more realistic than the Fed@ations obtained approximately 1.1.

[8]. For doing a simulation, components that aesent in the P
process must be entered to the file and a proper N ——

5

45
4 ——Total Cost

thermodynamic model for expression the behaviorthef

physical properties of the phases is selected aed should s —CoptalCon
be added into the simulation environment. Finallye t I ——
feasibility of each project is studied and the iszghiheat duty 11 - . - > .

for economic calculations is obtained. Regardingséhsteps et : )

the simulation of two schemes IQF and IQB were dané
are shown in Fig. 3 and 4.

Cost Million$/year

Fig. 5 The optimal reflux ratio for studied case

. $ : | The design and simulation results are presentdainte II.

e J s F*—T Fotine These results are used in economic calculations.
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4 Putlune TABLE II
o mw P W _j T = DATA FROM DESIGNAND SIMULATION FORIQ, IQF, IQB ARRANGEMENTS
Tl T E
Vi 1Q IQF QB
. ,&D Coll  Col.2 Col.1 Col.2 Col.1 Col.2
Fad B
; ? ' X1k /HK 2.16 2.46 1.9 2.46 2.16 1.96
m!:[' et Wi o top
o, temperatu  101.6  80.17 158.1 80.17 101.6 166.7
Fig. 3 Simulation of sequence distillation columithwQF method Le(')(t(t:gm
. 4 temperatu 154  132.3 206 132.3 154 209.1
Fora re(C)
= column
ol pressure  101.3  101.3 401.3 101.3 101.3 801.3
Tomrp (kpa)
column
diameter  3.16 2.62 3.57 2.7 3.34 3.31
(m)
reflux 1.79 3.86 2.56 421 211 6.73
ratio
actual
no.of 74 81 77 70 59 83
trays
N no.of
) - ey OB stripping 33 48 34 41 26 49
) trays
) . ) o - no.of
Fig. 4 Simulation of sequence distillation columithwQB method rectifying 41 33 43 29 33 34
trays

Considering that the towers operating pressurestaaged  heating

in the IQF and IQB arrangements regarding to |I@esahthen Eﬁjt,i) 9:31e7 6-3e7 6.88e7

the pressure of each tower have significant effestmulation  cooling

and should be determined. The calculation reshlisvshat if ~ rate 9.41e7 4.31e7 5.1e7
the pressure of IQ scheme assumes 101 kpa thepreébsure f_‘gﬁh)
of the first tower in IQF scheme is increased td 4Pa but . ain) 0 5.02e7 3.68e7

the pressure of s_econd column remain in 101 kpdEWhe_se 1Q = Indirect sequence|QF = Indirect sequence with forward energy

are 101 kpa for first column and 801 kpa for secomldmn in integration,IQB = Indirect sequence with backward energy integratCol.1

IQB scheme.Reflux ratio is increasing with incregsi = columnl, Col.2 = column2x,.,,, = volatility of light key component
T f : f relative to heavy key component, C = Celsius dedtpa = kilopascal, m =

pressure, and also .Wlth increasing reflux raFuE tpquwed meter, kifh = ilojoule per hour, HX = heat excheng

number of theoretical stages for separation is cedu

Increasing of reflux ratio cause the decreasingagital costs IV. THE ECONOMIC ANALYSIS

for distillation column and increasing the heatargd cooling The price of equipments is a function of some patans
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that is related to the type of device. For examitle,column
price is a function of the diameter and heightted tolumn;
and heat exchanger price is a function of its serf8]. So the
needed parameters first were calculated and therdiated
costs were estimated. The following relations @)-ére used
for column sizing [10].

aM,V
H = Nactwar % Hr D = (o oo

9r = 09 Ky (2P yos
Py

)% (6)
Q)

g 02
Ky = (%) exp(—2.979 — 0.717InF,, — 0.0865(InF,,)?

+0.997 InHy — 0.07973 InF,, '™ T 4+ 0.256 (InHy)?
®)

Fuy = (3 ) (2£)08 ©)

My xV PL

H= column height (m), N_actual= actual number afgss,

(m), N = number of theoretical stages, E_o= oves#dige
efficiency, H_t= tray stack height (m), A_cond= aref
condenser (m2), A_ex= area of heat exchanger (M&5 =
Marshal and Swift index.

TABLE 11l
CALCULATION OF CAPITAL AND OPERATING COSTSFOR EACH SCHEME

costs 1Q IQF 1QB
Fuel cost($/year) 2.45e6 1.65e6 1.81e6
Cooling water 4.50e4 2.06e4 2.44e4
cost($/year)

operating cost($/year) 2.49e6 1.67e6 1.83e6
capital cost($/year) 2.84e6 3.01e6 3.09e6
capital cost($/year) 5.33e6 4.68e6 4.92e6

V. CONCLUSION

H_T= tray spacing (m), D= column diameter (m), M_V=

molecular weight of vapor (kg/kmol), V = vapor moltow
rate (kmol/s), p_V= vapor density (kg/m3),9_T= vapor
flooding velocity (m/s), K_T= terminal velocity pameter
(m/s), p_L= liquid density (kg/m3),c =
(mN/m), F_LV= liquid-vapor flow parameter,
molecular weight of liquid (kg/kmol), L = liquid nhear flow
rate (kmol/s).

The cost of process equipment and also the opgratist
for the arrangements will be calculated using tbkodving
relationships (10)-(12) [11]. The calculation resulare
presented in Table Ill.

TAC = Ccap x AF + Cop (10)

(e @)+

(11)
0.0067$/ton x M)
cpAT

Cop = (8000h/year) (

t
Z 3.18[101.9D."%¢H, 82| +
1

i
d t
N
Z 4.7 (E_) (Dcl-SSHt) + Z 3'29(101'3Acona0'65)
0 -

Ccap = | =1 i=1
t

+ Z 3.29(101.34,0,%) + 3.29(101.34,,"%°)

i=1

+2.27[(5.52 x 10%)Q0°85]

x(Mi‘S)(lz)

280

TAC = total annual cost, Ccap =
annualisation factor, Cop = operating cost, Q =t luedy of
furnace (kj/h), Q_cond= heat duty of condenserjkjt_p=
heat capacity of water (kj.kg-1.k-1)AT = temperature
difference, D_c= column diameter (m), H_c= colunwight

capital cost, AF 8l

The optimization results for three arrangements tzve
been studied are presented in Table IV. As canelea she
IQF scheme is the best arrangement in term of greaging.

surface tension This scheme has 33% energy saving while that thB 1Q
M_L=

scheme has 28% in base of IQ scheme. Also thetseful
capital cost show that the IQF scheme needs lepiata
investment than IQB. Finally the total cost saviadl2% for
IQF and 8% for IQB.

TABLE IV
OPTIMIZED RESULTS FOR CASE STUDY
1Q IQF 1QB
Capital cost
saving(%) 0 -6 -9
Operating cost
saving(%) 0 33 28
total
saving(%) 0 12 8

Surveying in this results show that if the IQF sueeis
selected for the studied case, not only the opeyatost was
reduced to an acceptable level, but also with cmirsy less
fuel, the less contribution can be held in air pidin, and also
to the environmental standards became near.
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