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Abstract: A simulation model for energy consumption sewugitianalysis is developed for
an adsorption dryer utilizing the released heaaadorption for drying. The system is
optimized with respect to the regeneration airtintemperature, ratio of adsorbent to
drying air flowrate and ratio of regeneration air adsorbent flowrate. The exhaust
streams of the process under these optimal opgretinditions are analyzed for sensible
and latent heat recovery potentials. Using zeal#@dsorbent, it is shown that by proper
selection of the optimization variables and recgvef stream energies, the system’s
energy performance for low drying temperaturesngroved considerably.
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efficiency can be improved by reducing the effestiv
INTRODUCTION energy input through heat recovery procedures as

Drying is an important unit operation applied in a seenin (2)

wide variety of industries ranging from the fooddan _ Quout

agricultural to the pharmaceutical, pulp and paper, Mett = Qn Qe @
wood, mineral processing, textile and a host of

others.. Itis an energy intensive process thatats Due to the limiting effect of high drying temperats

for as much as 15% of industrial energy consumptionon the retention of nutritive components in food
(Kemp, 2005). Usually one of the last steps in food materials (Ratti, 2001), low and medium temperature
processing operations, drying conditions have drying have been proposed for such materials.
significant effects on product quality. The

development of energy efficient and product frignd Drying air dehumidification using adsorbents letals

) . : . . a reduction in absolute humidity accompanied by the
dryers is thus an important issue in the food itrgus release of adsorption heat (Djaeni et al., 2007(b);

Thermal efficiency, the most important mdex_of Gurtas and Evranuz, 2000). The combined effect
dryer energy performance, is defined as the ratio o .

the energy required to evaporate water from the Increases the drying capacity of the air without

: raising the temperatures to undesirable high values
product to the total energy input of the dryer (Kad 2o : 2
2004). This is mathematically represented as, The Ilmltatlop of this approach however lies in the
energy required to regenerate the spent adsorbent.

_ Quout For instance, Madhiyanon et al. (2007) in an
n _Q_m @) experimental study on a silica gel-based adsorption
dryer report a 30-35% improvement in drying
Hence, for convective dryers which constitute over capacity but with a 40-80% increase in energy
85% of all industrial dryers (Mujumdar, 2007), the expenditure as a result of regenerating at a
drying capacity essential@,,; , can be improved by temperature of 10T . Djaeni et al. (2007(a)) carried
increasing the quantity of moisture evaporated unde out simulation studies on a zeolite system with a
the same throughput conditions. This can be actliieve regeneration temperature of 3@. Although an
by raising drying air temperature, reducing its improvement in drying capacity was recorded, the
absolute humidity or a combination of both (Djaeni, high regeneration temperatures used for the chosen
et al, 2007(a)). For the same drying capacity, zeolite, air and product flowrates more than nedjate



the improvement. The result for a single-stageesyst ~ Drying air | Regeneration air _ Zeolite, _Product
without heat recovery was a system efficiency of

48.6%. Although multistaging and heat recovery
were proposed and implemented for improved
efficiency, these come at extra capital COStS. F, X,z Tops StAUSOTDEM. -

Moreover, the possibility of improving system ! &-;L:aD,YaD,TaD
performance prior to heat recovery by the optimal FZXZAT’A} EX.T
choice of operating conditions was not explored. In FXRTR. ~ Fo XeinTpin L
these studies, the determination of the free P >
parameters of the system such as the regeneration ;
temperature, regeneration air and adsorbent flesrat = ...
was based on engineering judgment and throughput Far Yam Tamb aR
considerations alone. No energy efficiency-based

optimization procedure was applied. Fig. 1. Drying system process configuration where C

stands for Cooler

FaAYaananh FaAYaATaA FaD,YaDinTaDin

.........................

Process optimization provides a means of driving
processes to operate at the best possible poiht wit
regard to specific objective(s) while respecting
defined constraints. To achieve this, models capabl
of reliable sensitivity analysis of the objective
function with respect to the decision variables are PROCESS DESCRIPTION

required. Many mathematical models are available iNre process consists of the dryer, heat sourcesiand

literature for the simulation of the operation of . X : .
. . . zeolite adsorption and regeneration system. Ambient
various categories of adsorbent and drying systems

each, considered in isolation. Although both air is passed through a zeolite bed where it uriyg

dehumidification. It is then heated (where necegsar
processes are well-understood, very few models are

available that show systematically, the interaction In Heater 1 to the desired drying temperature (£)g.

between them and how system energy efficiency isafter which it is used for drying. Meanwhile, the
affected. Those available are either too complex fo spent zeolite is regenerated using hot air obtained

fast online optimization as in the case of the CFD passing ambient air through Heater 2. The zeolite
. - circulates alternately between the adsorber and the
formulation proposed by Djaeni et al. (2008) orklac

the necessary level of detail for reliable optintiaa regenerator.

In the latter case, simplifying assumptions whicé a MODEL FORMULATION
infeasible in actual operational situations areallgu The model is formulated on the followin
made. For instance zero moisture content of sorbent o 9
at adsorber inlet and saturation at outlet without assumptions: _ .
considering sorption equilibria and kinetics, 90% ° E"_"Ch of the phases in each subsyster_n is well-
moisture removal from air at adsorber, 40% relative mixed so that the system can be approximated by
humidity of air at dryer exit, equal temperaturds o a lumped parameter model _ _
solid and vapour phases in the adsorption and dryer’  Thermodynamic properties of the solid and fluid
subsystems are assumed in (Djaeni et al., 2007(a); Phases are constant _ _
Djaeni et al., 2007(b))). This tends to limit the ° Hystere3|s between _adsorptlon_ and desorption
freedom of the system to respond to changes in free  isotherms for the zeolite system is neglected
variables. Moreover, product drying kinetics was no *  Heat of sorption of the zeolite system is constant
taken into consideration even though this has gtron *  Thin layer drying is assumed so the drying
effects on drying rate and hence efficiency as aell process is governed by first-order kinetics
product heating which ultimately will affect qualit Mathematical model

the exhaust streams of the optimized process is
investigated.

In this work, a generalized model for the simulatio The unified mass and energy balances governing the
of the continuous operation of an adsorption diger dynamic behaviour of the dryer, adsorber and

developed without making the prior listed regenerator subsystems are given by the ordinary
assumptions. An interesting feature of the model is differential equations

the unified manner in which the adsorber, regenerat  dY, _ F, (Y _y )+ kpVe (X _x ) 3)

and dryer equations are presented in matrix form. g 0.V, an  Ta A e

The model which considers the drying kinetics of a

specific food product (figs), (El-Sebaii, et alQ(2) dTe _

is simple but detailed enough for reliable dt

optimization. The energy efficiency of the systesn i (Cpa+Yainva ain (4)
optimized subject to temperature and moisture ——a _(Cpa+Yanv)Ta+ —M
constraints on the product which indicate quality. ©aVaCrpa PaVaCpa

- Y. n =Yg )AH
Furthermore, sensible and latent heat recovery from (Yan - Ya)aH,



% = —FS in - -

dt PsVs (Xsm XS) k(XS XE) )
% - PsVFssts [(Cps + ijnCpW)Tsin - (CPS + XSCWW)TS]
_ kHadsg(xs - xe) + h(Ta _TS).

cps psts

where all divisions and products are element-wise

and each “bold” term is a 3-dimensional vectorha t
form [Dryer Adsorber Regenerator] such that

X1 [Xp Xa Xg
Ya YaD YaA YaR (7)
Ta| [To Taa Tar
L Ts Tp TZA TZR
_Xsm_ _Xpin XzAm XzRin_
Yajn YaDin YaAin YaRin
Tam — TaDin TaAin TaRin (8)
Tsn Tpin TzAin Tﬂn
Fa Foo  Faa  Far
L Fs i Fp F, F,
_CPS C pp C pz C pz
Ps |_| Po P P ©)
Vs Vp Vo Vi
L Va VaD VaA VaR
and,
K ko ka kg
X el|™ X pe X zeA X zeR (10)
L h hp  hun  hy

heat release/adsorption is highly significant oimy
the adsorber and regenerator,

¢=[o 1 1] (12)

Constitutive Relations

For the zeolite system, a set of 2-dimensionalorsct

is defined

[Faz G az Taz Yaz TZZ XZZ XZE k z hZ PV]

- |:FaA GaA TaA YaA TZA X ZA X eA kZA th F)VA
FaR GaR TaR YaR Tm X R X zeR sz hm PVR

(12)

The kinetic and equilibrium relations (Djaeni et al
2008; van Boxtel et al., 2010) are

hp = 3295{
The vector{ is a “selection” vector that qualifies atm
adsorption heat release/absorption. Since adsarptio

k, = ko expl- Eo/RT,,) (13)
Xze = szaxbpv 461
1+bP,
b=h, ex;{_—ElJ 551
RTaz
where the vapour pressure of the air is
YazPatm (16)

Y 062198+Y,,

The volumetric heat transfer coefficient is
determined from the Nusselt number correlation
(Goncharov et al., 1975)

_ Nu/,

h
D,

7

z

Nu = OO:I'E(GazDh/:ua):L6

The drying kinetics of figs (El-Sebaii, 2002) is
used in evaluating the performance of the proposed
system. The drying rate constant and equilibrium
moisture content for this product are respectively:

(18)

kp = -549x107* + 1917x10°°T,, (19)

);111714

X pe = (— In(1- RH)/2.01084072T, (20)

where the relative humiditiRH of the drying air is
determined from ASHRAE (1997).

The volumetric heat transfer coefficient for air t
product in the dryer is given from Sun et al. (198%

06011
GaDTaD \J (21)

Coupling Equations

Based on the configuration of Fig. 1, the following
are the coupling equations of the process

[TaDin YaDin] = [TaA YaA] (22)
[TaAin YaAin szin:| - |:Tan“b Ya.mb XzR:| (23)
TzF&n YaRin X ZRin TzA Yamb X zZA

Forcing Signals and State Space Representation

The time-dependent external variables that affeet t
system can be derived from Fig. 1. They can be
categorized in external inputsand control inputs.
The external inputs are

d=[Tamb Yoo Xpn Tan Fpl

p (24)



With only Heater 2 in place, the control inputstie
current scheme are

u:[FaA FaR l:z TaRin TzAin]T

The throughput is not taken as a control input, but

(25)

rather as an external signal on the premise that Y

specific throughput is desired.

The system states (from (3) to (7)) are

X =

[xp Xa Xr Yoo Yea Yoo Top Toa Tr Tp T TZR]T
(26)

With these definitions, the system can be represent

concisely in state space form as

dx

dt

Where f is a vector valued function with the same
dimension asx that follows from (3) — (26), angis

a set of parameters as defined in Appendix 1.

=f(xu,d, p) 27)

Degrees of Freedom and Steady State Model Solution

By setting the time derivatives to zero, the foliogy
steady-states are derived

— Xsin + kxepsVS/Fs

= (28)

° 1+ kpsvs/Fs

Ya :Yain +%(Xs_xe) (29)
Fa
AB+CD

T, =— 30

a = E_c? (30)
where,
A =F,(Cps + X Cpy )+ NV, (31)
B= Fal.(cpa + Yaincpv)Tajn + (Yajn _Ya)AHvJ (32)
C=hv, (33)

D= Fs(cps + xsinpr sin — kHadspsng(xs - Xe) (34)

E=F,(Cpa + YaCp)+ DV, (35)

[Cps + XSiﬂCpW)TSiﬂ]_ kH adsp‘sVsC(xs - xe)+ hVSTa
Fo(Cps + X<Cpu )+ Vs

TS
FS

(36)

To solve the system, the number of unknowns must
be equal to the number of equations. As there 2re 1

inputs), any set of the 10 variables out of 22 ban
chosen to solve for the remaining 12.

The system of equations is highly coupled such that
for zero degree of freedom an analytical solutien i
not possible. For instance as seen in (30) — (8@),
steady-state values of the air, product and sorbent
emperatures depend on the values of their moisture
contents. These in turn depend on the sorption
properties (see (28) — (29)) which are again,
functions of the temperatures (see (13) — (14) &) (1

— (20)). Similarly, the adsorber-regenerator zeolit
loop requires the specification of the inlet maistu
content to the adsorbgr,,. This however must

match the value of the moisture contexj; (23)
from the regenerator for which prior knowledge is
unavailable. We thus have an algebraically looped
system for which there is no analytical solutioig. F

2 shows an iterative procedure applied to solve thi
problem. Here, all the input variabledandu are
chosen as fixed. First of all, the coupled variaple
e.g. T4 and Y,, are guessed and then, substituted

into the relevant equations to obtan,, X 5, T,a,
T,a andY,,. The calculated values are compared

with the guessed values. The absolute value of the
difference forms the basis of the decision in thgtn
step. If this difference is less than some spatifie
tolerance, the iteration stops; otherwise, theaften
continues with the next guess value modified by
making it a weighted sum of the previous guess and
the calculated value. The weighting factgr is a

damping factorO< @ <1 that determines the speed
and stability of convergence. High valuesypfmean

a more conservative approach for which convergence
is slower but with low tendency to numerical
instability. For low values, the system is morerg@o

to numerical instability. For the current casega

value of 0.8 is chosen and found good for the
stability and fast convergence of the entire system

s )
Li=1
Guess star!ing value of X
)=

|
v

Substitute value of X(i)
into governing equations

=i 1) :
+ (1— lIJ)X Determine new value of X
X= )Q:alc
i=i+l

No

Yes
End

Fig. 2. Model solution algorithm

state equations in 22 variables (12 states and 10



OPTIMIZATION PROBLEM FORMULATION * The results are independent of the magnitudes of

First of all, the following outputs that are impant the lower bound on each decision variable, implying

from the perspective of energy efficiency are dedin that they are not limiting.

The instantaneous energy rate associated with the The respl.ts are glso independent of upper t?_ounds
removed water is given by on the decision variables except the regeneration a

inlet temperature. A significance of this upper ibdu

Quout = Fp(x pin _xp)AHv (37) is that above 40TC (van Boxtel et al., 2010), the
zeolite undergoes deformation so that the kinetic
Similarly, for Heater 2 disabled (to limit drying relations presented no longer hold.
temperatures), the instantaneous input energygate * The optimal value of the regeneration air inlet
temperature equals its upper bound. Fig. 3 shows th
Qin = FaR(Cpa *+YarinCpy NTarin _Tamb) (38) variation of the optimization results with the uppe
. . bound on regeneration air inlet temperature. Fitwen t
The total energy associated with these terms Overfigure it is seen that the optimal value variedirly
(with unit slope) as the upper bound. This is
attributable to the fact that at higher regeneratio
temperatures, the zeolite going into the adsorlsr h
For steady-state optimization (see Fig.1.), it is a higher adsorption capacity (after cooling). It
assumed that of the 10 free inputs, therefore should enhance greater reduction in the
F o, Tamb, Yamb, T pin, X pin @r€ fixed. Of the remaining 5, humidity of the drying air, and hence increase mlyyi
T,ainis chosen to be equal to ambient temperature forcapacity. Howevgr, since the drying capacity of the
. . . dryer is constrained to be constant (see (37) and
which the cooler C is to be appropriately rated. &o

. ) . ’ (43)), the zeolite flow required for this drying
given dryer size,F,,is fixed. The remaining three capacity is reduced. As a result, the flow of

F,.Fr:T.rn  Can be chosen as optimization regeneration air required for this reduced zedliétes
variables. For a given drying air flow, an optimal @also reduces more than proportionately. The resulta
flow of zeolite is required, and for this, an optim  effect of these system interactions is that thelpco
flow of regeneration air is needed. Hence, opematio  FarTrn  in the objective function reduces

t t
time tis given by.[Qvoutdt and .[Qindt respectively.
0 0

design variables, r, are defined as: progressively.
F,=rF., (39) . The optima] value of energy efficie_ncy inc_reases
with regeneration temperature. For drying of fithe
Far =T2F; (40)  efficiency rises from 40.02%
The ratios r; and r,are chosen as optimization fory :[150 0.0740 3_273(}, to 68.76%
variables in addition tog, . Hence, the optimization  ory :[400 0.0237 1.9803. An Efficiency of
problem is formulated as 68.76% is achieved. This is a significant
o improvement over previous results (Djaeni et al.,
Maximize 2007(a)) where an equivalent single-stage adsarptio
Q = (X _x )AH dryer without heat recovery recorded an efficienty
Ny = -2 = P\ pin TTpout/T v (41) 48.6% while a conventional dryer operating at highe
Qn  Far(Cpa + YarnCon [Tar =~ Tarm) temperatures was 63.6% efficient.
where « High regeneration temperatures are not a
disadvantage if the corresponding air and zeolite
U= [TaRm n fz] 42) flows are systematically optimized.

e The high energy contents of the zeolite and air
subject to (7 — 36), and the constraints from the regenerator creates opportunities for heat
Xp =005 (43)  recovery which could further increase energy
T, <50 (44) efficiency.

Umin sV SUmaX 450 0.08 — =7/ FaA 4 400 = TaRiN (T) 0
———— =FaRIFz Efficiency -
OPTIMIZATION RESULTS AND DISCUSSION $008 ‘ 3§ g3w 7 60%
The optimization was performed at different staytin Eom ) ZLE Eizoo 50§
points and bounds on the decision variables. The ~ B / w
results are summarized thus: 02 . oo/ o
« The optimization results are independent of the 100 200 300 40 10 200 300 400
starting points of each decision variable, sugggsti pbinosielicploing pietorietal plotaad
that there are no local minima. Fig. 3. Variation of optimization results with uppe

bound on regeneration inlet temperature



ENERGY RECOVERY regeneration inlet air temperatufey,, increases, the
To fully exploit the energies of the system, heat dew point of the exhaust rises. Thus, for someeslu
recovery is essential. Pinch analysis is a targetin Of Ty, the dew point of the exhaustz becomes
procedure that gives an indication of the maximum higher than the intended discharge temperature (the
energy recoverable from a given process. The dryingambient value). This means there are opportunities
system under study has two main “hot streams”, thefor latent heat recovery by cooling below the dew
regenerator outlet air and zeolite and one *“cold point. For other cases, the dew point is less, denc
stream”, the ambient air to the regenerator. Kemp no possibility of latent heat recovery. This sitoat
(2007) shows a simplified tabular method of gives rise to the three scenarios shown in Fig6.&,
determining the pinch. In this approach, the cold 7. In Case 1, there is no possibility of latentthea
stream temperatures are shifted upwards by one-halfecovery as this covers cases where the dew point
the minimum exchanger temperature difference temperature of H1 is less than the target values. F

AT, while those of the hot streams are reduced byCases 2 and 3, the dew point is higher than thyetar

the same value (see Figs. 4, 5 & 6 as well as Tablevalue; hence theoretically, latent heat is recdvera
1). Heat exchange is then calculated on each dhifte However, because of the minimum temperature

temperature intervali. Traditionally, latent heat
recovery is not considered. In order to investighte
possibilities for latent heat recovery, the dewrpaif
the air streams is an important variable of interes

This is because, when a moist air stream is cooled

below its dew-point, latent heat can be recovefed.
the regenerator output air, the dew poifyr is

calculated by finding the value of the dry bulb
temperatureT,z at which the relative humidity is

unity, absolute humidity remaining constant. The
optimization results show that as the optimal

i=1— T, + 05AT,,
a T T, -05AT,,
T, —05AT,,

< T,,+05AT,,

| =end v T. —05AT,

Fig. 4. Grid diagram showing heat recovery
possibilities for Case IFyp <T,

difference needed for operation, Case 2 which cover
situations whereTy,g < Ty, + AT, becomes such

that latent heat is not recoverable. In Case 3
whereTyyg > Tap +ATin» latent heat recovery is

possible. The inclined lines show the latent heat
recovery paths for each interval while the vertical
lines show sensible heat recovery. For each
temperature (energy) interval, the maximum
sensible and latent heat recovef.{,, andQ,; ) are

calculated using the formulae shown in Table 2.

Energy Recovery Results and Discussion

Fig. 7 shows the evolution of exhaust temperatafes
zeolite and air from the regenerator under optimal
conditions as well as the dew point of the exhairst
The corresponding sensible heat and latent heat
recovery obtained by performing calculations based
on Tables 1 and 2 are also shown. It is seen ¢hat f

Table 1. Determination of shifted stream
temperatures and associated heat capacity rates

i=1 2§, T T OSAT Stream | Supply Target
. T~ 05AT,, type | temperaturd, | temperaturd,
T,.—05AT H1 T T
= T +05AT, — = -
i =end potR — 05AT iy R Ain _ anb
- Tan‘b - 5A min C2 Ta”h T""H”
Stream | Shifted supply| Shifted target
Fig. 5. Grid diagram showing heat recovery type temperaturs, | temperatur&
possibilities for Case 2y, < Tyur < Tamp +ATmin H1 T —05AT. | T_-05AT
aR " min amb " min
i = 1 H TaRin + O'5A-I—min H2 TZR _ O.SATmin Tamb _ O.SATmin
1 H TaR - O'SATmin C2 Tanb + O'5A-I—min TaRin - 0'5A-|—min
2 T.—05AT
c v Topr — 05AT i, Table 2. Determination of sensible and latent heat
T, +05AT recovery in each temperature interval
i = enda” Y T, -05AT.,. m ; N\ :
Quenslli) | {3 FC (i) - 3 Fpe (o)) - Slu+1)
Fig. 6. Grid diagram showing heat recovery Qiat (01) FaRAHv(YaR(TaRv RH :1)_YaR(Tanbv RH =1))

possibilities for Case Jyyr > Tamp + ATnin



some low values of regenerating temperature, latentRegenerationf = * = "= "= "= "= "—=-7=" = Drying air
heat recovery is impossible. At high values, latent - - 2, E— —b<@—|

heat recovery increases until it approaches a zegjite | J | "~~~ |
saturation region. Also, due to the nonlinear input — —* - TR

output temperature characteristics of the regeograt _ ’_ O i O er__." Dwe’b
the percentage value of the sensible heat recovery WENERAE  HCNE
relative to the energy requirement drops in spite o :

the increase in the exhaust temperature and hence a6 .

absolute sensible heat recovery. In all, the dffect ! (T e L
value of the overall efficiency (calculated from SR T S S ST e
equation (2)) rises to a maximum value of 125% ATy kg

which is approximately twice the value without heat Fig. 8. Process flowsheet with heat recovery.
recovery (68.76%). Table 3 shows some relevant Regeneration air dew point temperatayg; = 436°C
system energy flows obtained for the particularecas

where regeneration air inlet temperature is 400  which permits the same form of equations for the
The associated flowsheet indicating heat recoveryadsorber, dryer and regenerator. This vector adsoun
loops using a condensing heat exchanger (Hex) isfor the main difference in the energy balance which

shown in Fig. 8 for a29x10%kg/hr dbdrying air lies in the heat of adsorption.
flowrate. Comparing our results to that of Djaehi e The main results of the work are as follows:
al., 2007(a) where an efficiency of 72% after heat

recovery was recorded, a significant improvement is ® It has been shown that the energy and quality
seen. Meanwhile, for an equivalent conventional performance of a complex process such as adsorption

dryer (Djaeni et al., 2007(a)), heat recovery yéeld drying .ca.n.be formulated as an optimization prqblem
no appreciable improvement from the 63.6% By optimizing the manner of energy consumption in

obtained without recovery. Moreover in the current the adsorber/regenerator system (with regeneration
system, product temperature constraints are safisfi @ inlet temperature, flowrate and zeolite floverais

Food product
e

1.35x16* kg /hr,
144°C 0.06kg /kg

Associated with this are product quality benefits. decision variables), the energy efficiency of the
adsorption drying process under constrained drying
CONCLUSIONS conditions can be improved considerably.

« By applying efficient heat integration techniques
A generalized model for the simulation of the (including latent heat recovery), to the optimized
operation of an adsorption dryer has been developedYStem, energy efficiency can be further incredsed
and optimized. The adsorption, regeneration and approximately twice the value without heat recovery
drying processes have been shown to be governed by
similar equations, so, a unified set of matrix
equations can be used in describing the system

- ’ This work is supported by the Energy
operation. A parameter vect@rhas been introduced Research Program EOS of the Dutch Ministry of

Economics under Project EOSLTe7043.
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’ = Dry bulb temperature, TaR () Sensible heat recovery (%)
Dew point, TdptR (T) ===| atent heat recovery (%)
== Qverall efficiency (%)
150
150 / NOMENCLATURE
%] 1%
2 100 2 100 b Langmuir sorption constant ~ (-)
= = -1 -1
E o £ o Cp Specific heat capacity Jkg K
I3 2
° R R — ﬁ Dh Hydraulic diameter m
$oo 200 300 a0 foo éab— 300 400 I -1
Upper bound on regeneration Upper bound on regeneration E Kinetic parameters JKmol
air inlet temperature (C) air inlet temperature (C) . Jkg -1
Fig. 7. Heat recovery possibility after optimization 2H Latent heat of vaporization )
F Mass flowrate kgs
o - kgm st
Table 3. System energy flows fogg,, =400°C G Mass flow per unit area g
Total Evaporation| Sensible Latent heat n h Vol. heat transfer coefficient Wm=3K 1
regeneration | energy heat recovered (%) ) -1
energy (kJ/hr) recovered | (kJ/hr) K Drying rate constant S
kJ/hr) (kJfhr) Nu Nusselt number )
5170x10° | 355x10° | 152x10° | 8758x10* | 129 P Pressure Pa
Q Energy rate Jst



R Universal gas constant Jmol 1k 1
f Drying air/adsorbent flow kgkg ™

ry Ads./regeneration air flow kgkg"l

T Temperature K

tol Tolerance -

\ Volumetric hold up m*

X Moisture content kgkg™ db
Xzmax  Adsorbent capacity kgkg ™ db
Y Absolute humidity kgkg ™ db

Bold symbols refer to vectors given in equationks3& 25-37

Greek letters

A Thermal conductivity ~ Wm ™K ™
H Viscosity kgm st
-3
P Density kgm
Subscripts
a Air D Dryer
A Adsorber dpt Dew point
ads Adsorption € Equilibrium
amb  Ambient in,out Input, output
atm  Atmospheric P Product
calc Calculated R Regenerator
rec Recovered V Vapour
sat Saturation w Water
€ Solid z Zeolite
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APPENDIX 1

Model parameters p

by 562x10° B 7524x10°
Cpa xot  E ~ 5124x10°
Cov 193010 Has — 32a0°
Cow  418d0° AH,  25d0°
Cpz  836x02 ko 404x1072
Dy, X103 A, 015

R 8314x10° p, 107

Pa 12 Pym  101X10°

o 1.240° Xzmax  0.1896



