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Abstract—Vapour recompression system has been used
enhance reduction in energy consumption and impnewn¢ in
energy effectiveness of distillation columns. Hoemgthe effects of
certain parameters have not been taken into camsioe. One of
such parameters is the column heat loss which fthsrebeen
assumed to be a certain percent of reboiler haasfer or negligible.
The purpose of this study was to evaluate the hesst from an
ethanol-water vapour recompression distillation uoml with
pressure increase across the compreféBICyas) and compare the
results obtained and its effect on some paramétesamilar system
(VRC¢9) where the column heat loss has been assumed lectesh
Results show that the heat loss evaluated was ihvgien compared
with that obtained for the columRC.s The results also showed
that increase in heat loss could have significdfeiceon the total
energy consumption, reboiler heat transfer, thebmmof trays and
energy effectiveness of the column.

power. To increase the economic efficiency of ethass
liguid fuel compared to the fuel production fronude oil, a
number of optimization steps have been proposederoing
the purification of ethanol, because essentiallgcentration
and dewatering of ethanol by distillation requirashigh
amount of thermal energy [2]. Distillation consurhedf of the
total production energy 5.6 MJ/Liter out of 11.112.5
MJ/Liter. To cope with this high energy demand @mgrove
the benefits from the process, the concept of molggation
and hydrothermal treatment especially when dealiitig small
scale ethanol plants is fast gaining interest. Hawe the
analysis of the bioethanol process shows thatldistin is still
the most widely used. Heat integration of distidlat and
rectification is known to give the largest reduntiof heat
demand.
Heat pumping has been known as an economical energy

Keywords—Compressor, distillation column, heat loss, vVapoUlntegration technology for reduction in consumptiaf

recompression.

|. INTRODUCTION

N the last few years, a growing importance of etthamthe

area of liquid fuels has been observed [1]. Thipdrtance
is strengthened by concerns over prices and av#iabf
crude oil as well as greenhouse gas emissions wihéske
stimulated interest in alternatives to crude oilptovide for
automotive power.
lignocellulosic materials has the potential to m@uvorld
dependence on petroleum while decreasing net emgssf
carbon dioxide, the principal greenhouse gas. Troeyztion
of ethanol from primary agricultural products igenf not cost
effective as these materials find several appbesatiin food
and pharmaceutical industries, which makes it esiven To
speed up the substitution of petroleum with bioetthait must
be made at competitive costs by the use of eneffgyeat
processes; otherwise, there will be no market foeven
though it is made from renewable resources.

The economic competitiveness of the ethanol pradiuct
process strongly depends on the amount of used draht
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primary energy and to minimize negative impact afgé
cooling and heating demands to the environmengeraitre is
replete with studies odistillation column with direct vapor
recompression heat pump and distillation columnstess by
an external heat pump [3]-[5]. 8t of these concluded that
heat pumping is an effective means of saving enengy
reducing column size without estimating the acteakrgy
consumption and the parameters that are likely @&weh

Production of fuel ethanol fromsignificant effect on energy consumption.

Estimating the actual energy consumption isnaportant
aspect towards the determination of the viabilityhe system
in ethanol-water separation. Few works have beee da the
combined effect of these parameters [6], [7]. Herlce
purpose of this study is to estimate heat krsd its direct and
indirect effect on reboiler heat transfer rate atotnergy
consumption, thermodynamic efficiency and heat pump
condenser distribution factor on columwith combined effects
of pressure increase across the compressor amyéhall heat
transfer coefficient as an explicit function of dinsionless
Prandtl, Reynolds and Nusselt numbers.

I. MODEL DEVELOPMENT

A. Calculation of Column Parameters

The system consists of a distillation column witbah
exchangers, auxiliary reboiler, reboiler-condensand
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compressor, (Fig. 1). In this vapour recompressiistillation 1 X a(l— X )

. . . L _ D _ D
system there is a direct coupling between the lidistin R = — " )
column and the rest of the system. Also the hemtppworking (0' _1) Xe (1_ XF)
fluid is the column’s own fluid which is a binaryixture of k is described as a function of optimum reflux aatihich
ethanol and water at composition.X corresponds to a fraction of the distillate (D)ttteturns to the

column.
where a is the relative volatility. Therefore,
L=R.D ®)
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Fig.1 Schematic diagram of vapour recompressidilldi®n column

L, is the saturated liquid molar flow rate which resto the
Considering an overall material and component rater top of the column.

balance, From a material balance on the condenser, it €an b

F=D+B (1) stated that
FXF = DXD + BXB (2) Vl =L+D (9)
where F is the feed flow rate, D is the distilléitav rate, B is where, | is the vapour molar flow rate which leaves the abp
the bottom flow rate, X is the mole fraction of the bottom the column and feeds the condenser.
product and X is the mole fraction of the most volatile  The overall energy balance equation applied to rarob
component in the feed (liquid-phase compositiotheffeed). volume comprising the column and the feed pre-lisate
From equation (1), the mass flow rate of the botproduct is provides the total energy demand in the reboiler:
given as Qrep=Dhp + Bhs + Lihiy, ¢ + Qosses— FE— Q1 — Q (10)
B=F-D (3) where Q@ is the total heat load added to the reboilgg;Q
From (2) and (3), the mass flow rate equation fog t represent the heat losses in the column, whichtarde
distillation column becomes determined; @ and Q are the heat loads of the pre-heaters;
FXg=DXp+ BXg =DXp+ FXg—DXg (4) hy, is latent heat of vaporisation downstream of thingt
Thus, the mass flow rate of the distillate prodadiven valve; by, is the enthalpy of the distillateg is the enthalpy of

as the bottom product;dis the enthalpy of the feed.
F(X F—X B) The mass balance variables are determined as fllow
D= (X -X ) ®) The vapour molar flow rate, leaving the reboilegiigen as
D B
An important part of the design of any distillatioalumn V, = & (11)

is the choice of the actual reflux ratio, Rrhis is calculated as

a function ofginiLanjnm reflux ratio, f Then, where huv, cev is the latent heat of vaporization of the liquid
= in

having composition X of the bottom product. Since the
column is fed with a mixture primarily containingater, the
heat of vaporization of water is used.

hLV,cev
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The feed vapour flow rate is expressed as

VF = V]_ - V2 (12)
The feed conditions can be defined by g, whichhis feed
vapour fraction that enters the column. Thus,

_V,
T

where g < 0, subcooled liquid; g = 0, saturateditlg
0 < g <1, vapour — liquid mixture; g = 1, satucht@pour;
g > 1, superheated vapour.
Thus, the liquid molar flow rate of the feed F bees:

LF =F- V|: (14)
Also, the vapour molar flow rate remaining at thatbm of
the column is given as:

L=L+L¢ (15)
At the rectifying section of the column, the liquidblar flow
rate and the vapour molar flow rate are expresssgectively
as:

(13)

L= L]_
V= Vl
and, at the stripping section

(16a)
(16b)

L=L, (17a)

V=V, (17b)

The design procedure for a tray distillation colucamsists

of determining the liquid and vapour compositioonir top to
bottom, along the column. The compositions at the (Xp)

and bottom (X) of the column are previously pre-established

data. In this study, the number of theoretical etafN) is
calculated using Fenske’s equation [8]:

| ( Xo 1- XB]
N i +1 = 1-Xo Xs
loga
(18)
wherea is expressed as
_ AHzO
AEtoH
(19)

Anz0 is the activity coefficient for water and\eton is the
activity coefficient for ethanol. The activity cdiefents are
determined using Vaan Laar equation [9]:

2
An.0 = exp Az A (20)
A2 Xp + A21Xs
2
Aeon = exp A A (21)
A2 Xp + A21Xe
The actual number of plates is given by
N = N min (22)
1

where/); is the tray efficiency.

B. Determination of Column Heat Loss

In determining the heat loss from the distillatmyiumn, it
is assumed that the temperature is uniform in thace
between two plates; thermal capacitance of thenwolwall
material is negligible and convective thermal riesise of the
vapour side inside the column is negligible.

The heat transfer between the column wall and the
surrounding is then determined from the relatiopskor
overall heat transfer coefficient.

Quoss = U AAT, (23)
where U, the overall heat transfer coefficient is givenGani,
Ruiz and Cameron [10] as

U, = flhh Ke ALA LA (24)
The temperature differend[ , is given as
AT, =Tp—Tam (25)

h,, the heat transfer coefficient between the sumdings and
the column external surface, is given as

ho = f(NU, Kins, o, ting) (26)
h is the the heat transfer coefficient  inside ¢blumniK, is
the thermal conductivity of the tray material; i& the external
areas of heat exchange; As the internal areas of heat
exchange; A is the logarithmic mean areg@g is the thickness
of insulation.

The heat output is calculated with the general

expression for convection around cylindrical object

_ T —Tamb 27
QOS_ In(rman/rlml) In Fins/ rONaJI @7)
hA Kwail [Avatl K LA, %BA)

The column inner surface heat transfer resistasiceeglected
as the heat transfer coefficient for condensingovagp large
and therefore will have little effect on the ovéradat transfer.

For the case considered in this study, the colwot and
extra reboiler duty is used. Based on the earksumptions
the heat transfer due to free convection betweea th
surroundings and the external column wall and doe t
conduction through the insulation materials is poeed. Also,
from geometry of the insulated cylinder (Fig.2)e texternal
diameter of insulation is given as:

|ns do + 2tns (28)

The logarithmic mean diameter of the insulatingetais also
defined as:

d — dins _do — 2t

ins,m — - (29)
In—="%

d. 2t
d, In[1+doJ
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Fig. 2 Section of distillation column with insulati

Hence the external areas of heat exchange is squfes

Ab = 7Tins, m. Ps (30)

where Ris the tray (plate) spacing
Therefore, the logarithmic mean areaJ4s given as
27P, [t
An = S Ins (31)
m[1+ ZtJ
d,
Using dimensional analysis,
Kins [NU
h, = (32)
d + 2t

where, s is the thlckness of insulation
Kins is thermal conductivity of the insulation matesiaNu,
Nusselt number; & external diameter of column; .,
temperature of the surrounding;, Plate temperature.

For vertical cylinders, the commonly used correlasi for
free convection are adapted from Holman [11] as:
For laminar flow,

Nu = 0.59Gr.Pr)"* for (10'<Gr.Pr<16) (33)
For turbulent flow,
Nu = 0.1((Gr.Pr)”3 for (10<Gr.Pr<10? (34)
where Gr is the Grashof number defined as
H3 T
Gr= g—fA (35)
1

where the coefficient of thermal expansion of thélfis

1
= 36
A= 273+ Tt (36)
Mean film temperature is
Twan + Tamp
f = — (37)
2
AT = Tyan - Tamo (38)

Twan is the wall surface temperature,§ is the ambient
temperature; H is the column height whileés the kinematic
viscosity; g is the acceleration due to gravityariitl number

,UCp
Kf
p is the fluid dynamic viscosity , Cp is the specifieat of the

boiling liquid and K is the fluid thermal conductivity.

Based on the assumptions of neglecting\hand the effect
of thermal resistance, (24) reduces to:

Pr=

(39)

UP = f(hOl Kpl AOI Amv t«ns) (40)

and (27) is given as
_ (Tp —Tamb)lpsN
Qosses B In(r\ns/ rOwsJ\) + 1 (41)
KiA,  hA

where

U, = ! (42)

P
( ms/ro""’”) + 1

Ko[A,  hA
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The heat loss from the column trays is given bwhere p,,, is the mean bulk fluid viscosity ang,. is the

_ (T, —Tar)27PN
Qlosiromtrays_ In(r- ro) £ 1 (43)
2Pt T K_Nu
Kpl:! 7 s'ins ins mrdnsmps)

|1+%;‘S) do + 26

The total heat loss from the column is expressed as
Quoss= Q| gomnays T HEAIOSSrOmMthetwocylindehead (44)

viscosity of the liquid at the wall.
Reynolds number is defined as:

ud
Rem = P Co
Hm (51)
Prandtl number is defined as:
C
Prm= pmfd m
Km (52)

The expression for condensation inside tubes iptadafrom

Based on the assumptions made, heat loss throagh Hiolman [8].

cylinder heads is given by
2(1?) -Taml)ﬂ'o2

Qlosatcylindeheads: te 1 (45)
R S
Ko ho
Therefore,
(T, ~Tame)27PN
= +
2B L, Kins INU
K. [3-5—sins ins OrsmP
i | +%?S) do+zinsm ) S)
2(Te - Tamy) 71 46
tins 1 ( )
It Sl
Kp ho

C. Determination of Overall Heat Transfer Coefficient

The overall heat transfer coefficient between thedenser
and the reboiler is expressed as a function oetiergy yield
by the heat pump to the distillation column and gerature
drop in the reboiler-condenser:

— QHPC
UA =
( )HPC ATCHP

However, a more careful analysis reveals that Bnigxplicit
function of Prandtl, Reynolds and Nusselt numbérke
overall heat transfer coefficient referenced toeimsurface is
given by
1 1
+

(47)

(ri/ro)i+ riln(ro/ri)
U, hi ho 2Kwail

As thermal resistance of the wall is negligible,, (K large and

(48)

— oKEah 025
hi_ =0.55 plo -~ PRGN, (53)
di_ (Tere — Twal)
where
hlfg = hyg + 0375CQ(TCHP- Twall) (54)

where K is thermal conductivity of the liquid, gis the inside
diameter of the reboiler-condenser tubes @nds the density
of the condensate (liquid). Sinpg<< p., thenp, is neglected.

Therefore, the overall heat transfer coefficientymbe
determined from
1 1 +
UA—PC 0023<m 0.8 Qm 04 /,l/\dl 014
b, \ s (Km) in
1
+ o
0555 AP~ AIK N (55)
w1d, (Tar—Tuar)

Hence the energy yield by the heat pump to thelldigin
column Qppcis determined as:

Qupc= (UA)npc: ATcrp (56)
The heat pump distribution factor (the factor byickithe heat
pump contributes to the heat load of the reboitegjiven by:

f:QHPC

(57)
Qreb

E. Calculation of Heat Pump Parameters

The calculation of heat pump parameters begins thith
estimation of the working fluid condensation tengtere

In(ro/r))) = O, it is then compared with the inner tube diametgyptained from the reboiler temperature and tempezadrop

(rilro =1)
Then
1 1 1
- =+ (49)
U, h ho
where
ho, = _00d23<"“ (Ren)°®(Prn)® (—/:[ alyos 5o

across the heat exchangers as:

Tenp = Teev + ATcrp (58)
where Teey is the column vaporization (reboiler) temperature
andATcyp, is the temperature drop in the reboiler-condenser
The relevant working fluid thermodynamic parametarsh as
pressures, temperatures, enthalpies, specific \aduwvapour
pressures and vapour dryness fraction, etc, weterrdimed
from thermodynamic correlations and calculated gisin
POLYMATH Numerical Solution for Scientific Problenp$2]
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where necessary. These are presented in detail

Enweremadu[13].

inF.  Determination of Energy Effectiveness and Total
Energy Consumption

The energy balance, applied to the heat pump wgrkin  Since vapour recompression uses refrigeration cyblke

fluid, vyields the available energy for exchange the
condenser, as follows:

Qq = M[Cp’(Tb _TCHP) +(1_ﬂc)h_V,CHP] (59)

In order to control the heat load, a comparisomale
between the energy available at the condensgr,vigth the
energy required by the column reboiler,/Qn accordance
with Oliveira et al [14]:
If Q> Qrev then Qrrc = Qres (60)
if  Qod £ Qreb then Qurc = Qud (61)

The following compressor parameters were calculttes:
Compressor power input

V\'/szﬂipaua R -1
qmln—l P

a

(62)

heat pump coefficient of performance is definedoading to
the following relation:

cop=Quwe Qe
W

cp
Also, distillation column with vapour recompressioses the
column working fluid as refrigerant and does noe@xe a
closed cycle. Hence the excess heat which may dscnot
assessed by an overall energy balance but according
Oliveira et al [15]:

it Qu > Qg then Q) =Qy —Q

if Qu=<Qe then Q,;=0 (68)
The distribution of the excess heat rateg; ligtween the pre-
heater (Q) and cooler (@) is accomplished by controlling the
feed condition pre-heated by, @e. the value of @should be
such that the feed reaches a prescribed conditidre
preheating of the feed is carried by &hd Q. Heat Q results
from the heat exchanged between the bottom proshatithe

(67)

The pressure ratio—> (pressure increase to be provided byeed, while heat Qresults from that exchanged between the

a

the compressor) is crucial to the power requirensm is
influenced by the following:
1. Pressure drop in vapour ducts, and over valedditings,
APp,
2. Pressure drop across the colur,.
3. The pressure difference in boiling points

between the top and bottom produst,.
4. Temperature-difference in the reboiler can

be expressed by means of the vapour

pressure equation as a pressure

difference APcpp.
The detailed calculations of each of these pressurgonents
are given by [13].
The necessary pressure drop across the compressmmes:

AP :Apb + APC| + APCHP + APp (63)
Thus, the pressure ratio is
i _ P.p +AP (64)
Pa PTOP
Hence, equation (52) becomes
n-1
_M n Pewp + AP Ym0
@ Mol n=1" TP ( Prop ! (65)
where n is the polytropic index determined from
n y
=1 (66)
n-1 "™y-1

heat pump working fluid and the feed. It is vedfi® ascertain
if Q; is sufficient to preheat the feed to reach theirdds
condition. This heat is determined as:

Ql =B.Cp, (TCEV —TBE)

where Teey, is the column evaporation temperatuig (3 the
specific heat of the bottom productzeTis the temperature at
the bottom product flow exit. Otherwise the amoaohtheat
that should be withdrawn from the pre-heateriQdetermined
as:

(69)

Q, = FCPu(Ty, ~T¢) + OFFh, . (70)

The value, @should be, at the most equal tg @ prevent the
feed reaching 50% dry. Therefore, a convenient ez
control is made as follows:

If Q23>Qw,thenQ2=Qw &B=Q23-Q2

if Q23<Qw then Q=Qz, Q=0 (71)
For a vapour recompression distillation column, éhergy

required for separation process (total energy aopsion) is

composed of the reboiler heat load and the comprgxsver

input

Qr = Qreb+ Woep (72)
For the separation of a binary mixture by distidat the
minimum thermodynamic energy required to achieveplete
separation is given by Liu and Quian [16]:
W, = —RTror(XeIn(Xe) + (L— X£) In(L— X¢)) (73)
The thermodynamic efficiency is expressed as:
Wmin

INRC = (74)
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G. Solution Method and Error Analysis

In the vapour recompression distillation systemsiaered,
the distillation column and the heat pump are notkimg as
independent units. Therefore, the set of equatiars not
solved separately as in distillation column asdisby an
external heat pump.

The equations that model the system were groupestier
and the resultant set of non-linear algebraic dgnstwere
coded in VISUAL BASIC to evaluate the unknowns. égntrol
programme (column with negligible heat loss) wastem to
compare the actual system (column with heat lo3$e
solution was truncated at the desired error toleranf 1%.

[ll. RESULTSAND DISCUSSIONS

A. Direct Effects of Column Heat Loss

The effect of column heat loss could be seen frds).(
From the equation, it follows that, for a given odér heat
load, fewer trays are required for a given sepamalf heat
losses are reduced.

The column heat losses for the two vapour recorses
distillation columns are compared in Table |. Tiesults
obtained for the VR&s system(column with heat loss) showed
a difference as high as 74.3% when compared wihdhthe
VRCcs system (column with negligible heat loss) calcedat

Error analysis was carried out using the followingccording to Oliveira et al., [14]. Also, the vasuef main

relationship: reboiler heat transfer rate in both systems shdwsMRGs
X - X having a higher value compared to tHeCcs system.
i+1= .
£, =——x100% (75)
i+1
TABLE |

COMPARISON OF THE (ACTUAL) COLUMN WITH HEAT LOSS AR (CONTROL) WITH NEGLIGIBLE HEAT LOSS

Parameter

Actual columiVRChps)

Control column YRCcg)

Column heat loss (kW)

Reboiler heat transfer rate (kW)

Total energy consumption (kW)

Heat pump condenser distribution factor
Overall heat transfer coefficient (kW/mz2K)
Coefficient of performance

Thermodynamic efficiency (%)
Reflux ratio

2.62 0.68
8.74 6.77
9.26 7.26
0.35 0.45
1.36 0.34
5.91 6.23
15.8 20.2
5.033 7.5

B. Indirect Effects of Column Heat Loss

In the control system, the reflux ratio was as hagh7.5
compared with 5.033 obtained for the actual sysiHmerefore
if heat losses are properly accounted for, therg mad be any
need for downward review of the number of platesriger to
reduce the reflux ratio.

The energy consumption of the VRGystem relative to

VRCcs system differ greatly by 27.5% despite the small

consumption in the VRgg system is higher than in théRC¢g
system.

Analysis of the overall heat transfer coefficiedtof the
heat pump reboiler-condenser revealed an increase ivalue
of U. This was expected as the value of U in bgilend
condensation processes are high. Also, the valubeoheat
transfer coefficient of the condensing ethanol dated the
relationship used in determining U.

The heat pump distribution factor, f for the VRGystem

increase inAP which increased the compressor power inpy gjightly less than that for théRCcs system.Low value of
slightly. TheVRCcs system has a slightly lower compressioaat |oad taken by the heat pump implies lower ntiaér

ratio and consumes less energy than YRGystem. In
addition, the energy consumption appears to depsoe on
the rate of heat transfer in the reboiler. Obvigughe total

conductance (UA). Also for better performance of &eat
transfer system, the thermal resistance whichesirtkerse of
thermal conductance should be as low as possilbletefore

energy consumption, Q appears to be indirectly related toy,e yaye of the heat transfer area for the WRystem will be

column heat loss and pressure increase acrosothgressor
through Q., and compressor power input respectively.

The results also show that the thermodynamic efficy
of the VRGs system is lower than that ¥RCcs system. This

could be explained by the fact that the total eperg

smaller compared to tRéRCcssystem.

IV. CONCLUSION

In this study, the column heat loss of an etharetiew
vapour recompression distillation column was regartThe
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effect was significant for realistic values of totanergy
consumption, reboiler heat transfer rate and energy
effectiveness. The results showed that increaselumn heat
loss brings about an increase in reboiler heastearrate and
total energy consumption while the thermodynamficiehcy
decreases. Where heat loss occurs, more vapoutohbe
produced in the reboiler, since the reboiler muswide not
only the heat removed in the condenser but alsin¢la¢ loss.
The effect of this is a decrease in process andggne
efficiency.

Also, as the heat loss from the column increases, t
number of trays increases which in turn increakescblumn
size (height). It is concluded that heat loss dated for the
VRC,s system(column with heat loss) showed a remarkable
difference when compared with that of the ViRGystem
(column with negligible heat loss or where the hiest is
assumed to be a certain percent of the reboiler theasfer
rate).
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