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Abstract— A mathematical model for describing solar-dehumidification drying is presented. Lumped
dynamical models have been applied to the moist material and to the solar collector. The other units of the
drying system, drying chamber and dehumidifying heat-pump were considered to be in a quasi-steady state.
The simulation of the weather conditions was carried out by a dynamical weather model. Drying operations
under humidistat and temperature control with and without the solar collector were simulated. The analysis of
the numerical study shows that although the drying time is not necessarily shorter in the case of solar-
dehumidification drying than in that of simple dehumidification drying, the running time of the dehumidifier
can be considerably reduced.

NOMENCLATURE o evaporation coefficient [kg (dry gas)
ab constants in equation (43) m~*h7']
i 'y - . . . . ]e
[dimensionless], [W m~2], [CC)?], ¢ relatlye humidity Ldlmen51qn ss ]
. Wy function representing sorptive property of
respectively . . . .
2 moist solid [dimensionless]
4 surface area [m”] frequency factor [h™1]
A 3, By 3. D, constants in weather model, @ d y '
equations (62) and (63) [dimensionless] Indices
c specific heat [kcal kg=! °C~ 1] a initial value
cL constant in equation (64) [°C h™1] c convective, critical, condenser, collector
G gas flow [kg h™ 1] meaningfully
h enthalpy [kcal kg ™! ch collector heat exchanger
(dry gas or dry solid)] ci collector inlet
HR solar radiation intensity [W m™~2] co collector outlet
Ji.2,3  control functions [dimensionless] cs collector surface
k overall heat transfer coefficient E,El, E2 evaporator, its cooling and
[kcalm~2 h™! °C~ 1] dehumidifying section, respectively
K constant in equation (19) [dimensionless] i inlet into drying chamber
m solid mass [kg (dry solid)] o outlet from drying chamber
(mc) heat capacity [kcal °C~ 1] p leaving heat-pump or drying chamber
N drying rate [kg (moisture) m~2 h™1] pwG  vapor at constant pressure
p exponent in equation (43) [dimensionless] ] solid, surface, setpoint, meaningfully
p partial pressure of moisture vapor in gas w moisture in liquid form
[mmHg] wG humid gas
q heat flux [kcalm 2 h™ 1] WS moisture in vapor form
o heat loss of drying chamber [kcal h™!] 0 ambient
ro evaporation heat at 0°C [kcal kg™ '] ) space average
T temperature [°C] ) time average.
. . 1
x moisture content Ekg (moisture) kg Dimensionless factors
(dry gas or dry solid)]
s 1 . C 2GcyglkenAen
x¥ equilibrium humidity of gas contacting !
. . . _l Le Lewis-factor, a./c,G0
with solid surface [kg (moisture) kg
(dry gas)] M 2G/A0
YE P 2Gc,o/k A,

exponent for Lewis-factor
[dimensionless].

i8]

1. INTRODUCTION

Greek symbols THE RECENT shortage in energy stimulated industrial
o heat transfer coefficient and scientific research to find methods to cut energy
[kcal m~? h~! °C~1] consumption and to conserve energy as well as to

time [h] explore new alternative energy sources.
n collector efficiency [dimensionless] Drying, as a thermal separation process, is an

especially energy consuming process, because of the

+ Dedicated to the 60th birthday of Prof. S. Szentgyérgyi. high evaporation heat of the mQISture .to b‘? remgve@.

1 Present address: D-5000 Kéln 51, Bonner Str. 401, L0 save the energy of the hot moist drying air, which is
Federal Republic of Germany. partly lost due to venting in the standard drying
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F1G. 1. Schematical diagram of a solar-dehumidifying dryer.

process, dehumidification drying was employed mainly
in the wood-processing industry [1].

The alternative way, using other, possibly inexpen-
sive and pollution-free energy sources for the drying
process, was the application of solar dryers, where heat
trapped by the external solar collector is supplied to the
drying air circulating in the dryer [2].

To improve the efficiency both of dehumidification
and solar drying, the two methods were combined [3].
The result of this marriage was a flexible, on weather
conditions less dependent, economical drying process,
namely solar-dehumidification drying. Figure 1 shows
a schematical diagram of such a dryer. In the drying
chamber the moisture content of the solid material is
decreased through the convective drying process and
the drying gas becomes moist. The relative humidity of
the outlet air is measured. If it exceeds a preset value on
the humidistat, the air is not returned directly but
through the dehumidifier heat-pump. Here it is cooled
down and the moisture removed by condensation.
Then the cool, dry air is heated up in the condenser of
the heat-pump. In the case where there is a low
humidity content of the outlet air, the dehumidifier is
bypassed. The air coming from the dehumidifier or
directly from the drying chamber has two possible ways
to return to the chamber-entrance. If its temperature is
lower than that of the solar collector, it is blown
through the collector and heated up. Otherwise the
collector is bypassed.

The aim of this paper is to develop a simple
mathematical model for the process, which can be
employed for process simulation and in this way for
analysing and designing solar-dehumidification drying
processes as well as equipment.

2. MATHEMATICAL MODEL

A mathematical model of a solar-dehumidification
dryer can be developed on the basis of the heat and mass
balances applied to the different units of the system.

2.1. Drying chamber

If perfect mixing of the drying gas is supposed and
neglecting its capacity terms in both of the balance
equations, because they are usually small compared
with that of the solid phase, the mass balance for the
moisture content of the gas is

Gx;+ NA, = Gx,,. (1

The moisture transport between the two phases,
normally the evaporation or drying rate, may be

expressed as
N = o(x;"— %) @)

Combining equations (1) and (2) and arranging for x,,
one obtains

XM -1 +2x¢

h 3
X, T+ M , (3)

where

2G

T Ao

4)
Similarly the quasi-steady state heat balance for the
drying gas is

Ghi + Asths = Gho + Asqs + QL- (5)

Considering that the enthalpy of the moist gas can be
expressed as

h=co,gT+rox, (6)
and the moisture-enthalpy is
hys = ro+cpuc T N
equation (5) can be written as
GlewTi+rox))+ AN(rg+ cpuc Ty
= Gle,gTy+rox.)+ A, +0QL. (8)

Expressing the convective heat transfer between the
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solid and gas phase as
T+ 1T,
qs=ac< l2 0_7;>3 (9)

from equations (7) and (8) the temperature of the outlet
gas is

B M —Léf
° M+Le '
+ (ro + cpr R)(zx: —Xi— xo) +2Le* T;CWG

Cwg(M + Lé%)

M[roG(x;—x,)— Q] . (10)
Gewo(M + Léd)
where
% _ Le. 1
CwGO

For the solid material to be dried a lumped model may
be used. In this case the mass balance for its moisture
content is

dx,

— = — AN, 12
= A, (12
and the heat balance for the moist material can be
written as

d
& = As(qs - ths)'

13
"5 (13)

Considering that the enthalpy of the moist solid can be
expressed as

hy = (¢, +cux)T,, (14)
and employing equation (7), one may obtain
m dT;
_S(Cs+cwxs)_ = qs_N[r0+(cpr_cw)’I;]' (15)

A4 do

S

The equilibrium moisture concentration in the drying
gas having direct contact with the surface of the solid
phase x¥, can be expressed as a function of the
temperature and moisture content of the solid material.
In general

x¥ = x}T, xy).

(16)

A usual form of equation (16) can be given for the air-
water system as

log p%, = 0.622+ %;%7—;, 17
and
x* = 0.622 P w(x,). (18)
760—p*, T

Here y/(x,) represents the sorptive property of the moist
solid. In case the moisture content is under the critical
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value, x,,

13

X,
= s f
V) = for

Xg < Xgq 19
otherwise y = 1.

Then equations(2),(3),(9),(10),(12),(15)and (17)<19)
under the initial conditions at 8 = 8,

X0) = Xsa (20)

TJ6,) = T, @y
and

X0a) = Xoa> (22)

T(0) = T, 23)

describe the drying process in the drying chamber.

2.2. Dehumidifier

The next unit of the system is the dehumidifier. For
the evaporator of the dehumidifying heat-pump, a
quasi-steady distributed parameter model can be
employed. In the first section of the evaporator, the
moist gas will be cooled down to its dew-point. It means
that in this section the moisture content of the gas
remains constant and a simple gas-cooling process
occurs. The mass balance for moisture in this section is

d
X6 _ 0 if xg < x&(To), 24)
dn
where
A
#=-— and 0yl (25)
AE
The heat balance is
dT,
Gcwad—; = key(Tp— Tg)Ag, (26)

and the saturated moisture concentration can be
computed from

*

PG
¥ =0622—>—, 27
XG 760— p 27
where
15T,
1 % =062+ ——. 28
08 Pe YRy, 28)

The second section starts where at the first time xg
= x§&. In this section the moist gas is supposed to be
cooled down along the saturation-curve of the air—
water system and a part of its moisture content
condenses, so the gas is dehumidified.

The mass balance for this section is

xg = x§(Tg), (29)
and the heat balance can be written as
dh,
G —= = ke Te— To) e, (30)

dny
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or

dTy

CwG W

dxg

kEZAE
= Te— T5).
o dn G (Tg—Tg)

31)

Differentiating equation (29) and using equations (27)
and (28) one obtains

dxg N dTy
8 Ty E 32
where
0.622x 238 x 760 xIn 10 x 7.5
1) = p&, (33)

[(760 — p&E)(238+ T;)1?

and p¢ can be computed from equation (28).
Then the heat balance equation has the following
form

dTs ke

A
&wc+4afﬂTbD7;;== PP (—Ts).  (34)

G

The boundary conditions are
TG(’?),,:O = T(0),

xG(”)n:O = xo(g)'

(35)
(36)

In the condenser the gas is warmed-up, that is why its
humidity remains constant. Then a simple heat balance
may be written for the humid gas as

T,+ T
GCWG(’I;J_TGI) = kcAc<’Tc_ P_+_2 Gl)a (37)

where

T, = TolMly=1- (38)
From equation (37) the temperature of the drying gas
leaving the dehumidifier can be expressed as

TPy,

39
P 14+P 9
where
2Gcyg

P= ) 40
KA. (40)

and its moisture content is
X, = Xg(HMly=1- (41

2.3. Solar collector

Last but not least, the solar collector unit is
considered. The heat balance for the collector may be
written as

a7
do

GCWG( 7::0 - ’I::l) + (mc)c = nc(HR)Ac’ (42)
where the collector efficiency, ., can be approximated
as [4]

n. = a—bMATY/HR, (43)

and
(44)
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In case the collector is bypassed but the solar radiation
is not zero, one obtains

- dT“—HR i HATP A
(mce), a - d R ) A

When the intensity of the solar radiation is zero, the
heat balance is

(45)

JT. i
..(_) = ku(Tx *Tc)A

46
q (46)

(mc), -

The outlet temperature of the drying gas T, can be
determinated in the following way

~ T+ T,
Geyol T, — Ty = kchAch<Tc_ "'Ci?, Cl>~ (47)

and therefore

(C—1T;+2T;

T, = 48
<o C+ 1 ( )
where
C 2Ge,g (49)
B kchAch'

In case the collector is bypassed, the drying gas
temperature does not change

T=T,. (50)
Because the moisture content of the drying gas is
independent from the fact, whether the gas stream flows
through the collector or is bypassed, it can be written
that

(51)

3. CONTROL ACTIONS

The control actions among these three units have
now to be defined. The dehumidifier is activated
whenever the relative humidity of the gas leaving the
dryer exceeds the preset value on the humidistat. This
means that T, and x,, are computed on the basis of the
dehumidifying heat-pump model if ¢, = ¢, but
otherwise

1, =T, (52)
X, = X (53)
That is why the humidistat control action is
1 if ¢, = 0o,
i1 (0) = ¢ : 54
e % it g, < by o4

where j, = 1, the dehumidifier is activated and where

Jj1 = 0, the dehumidifier is bypassed.

The relative humidity of the drying gas can be
calculated as

_P

> (55)

¢D
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where
xO
= 760

— (56)
0.622 +x,

Po
and
7.5T,

log p* = 0622+ ——>-°__.
08 Po t 3T,

(57)
In case the collector temperature T, exceeds T, plus a
prespecified AT value, then the collector circuit is
activated and T, calculated from the collector model.
Therefore

(58)

otherwise

(59

Then the control action of the temperature controller is
JA0) = {(1) i)fth:rcwise?,; o (60)

wherej, = 1,the collector circuitis activated and where
J2 = 0, the collector is bypassed.

The radiation controller is not a physical unit, itis a
part of the simulation model. Tts action is as follows

() = 1 if HR(0) >0, 61
=% it HRO) =0, D)
where

j3:0~

collector heat balance is represented by equation (46),
where
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collector heat balance is represented by equation (45),
and where

jz=1 and j,=1,

collector heat balance is represented by equation (42).

4. WEATHER MODEL

To simulate the weather conditions, the following
formulae are employed for approximating the ambient
temperature T, (6) and radiation intensity HR(6)

T.(0) = T,[A, cos(wd)+ B, sin(wh)+ D], (62)
and

HR(A) = HR[ A, cos(w8)+ B, sin(wf)+D,]. (63)

When more than one day issimulated, the constants, A,
B; and D; may change day to day.

The decrease of the ambient temperature after sunset
may be taken into consideration as

dT,

FER <?

if 0,<§6 (64)

rise?

and

HR(0) = 0. (65)

5. SIMULATION OF THE PROCESS

The mathematical model described above was
transformed into a computer code and a digital
simulation of the process was carried out according to
Fig. 2 using the data set presented in Table 1.

js=1 and j,=0, Theresults of the simulation are shown on Figs. 3-17.
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FIG. 2. Simulation model.
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FiG. 6. Temperature of drying gas entering the dryer as a

= 10m?2.

function of time in the case ¢, = 0.8 and A,
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F1G.9. Moisture content of solid material as a function of time,
in the case of ¢, = 0.8 and A, = 10 m*.
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F1G. 10. Temperature of solid material as a function of time in
the case of ¢, = 0.8 and A, = O m?.

653

06

M
L o4l \
.

\

8n)

F1G. 11. Moisture content of solid material as a function of time
in the case of ¢, = 0.8 and 4, = 0 m>.

55[‘
451
2
E" 35—
251
l L l i 1 1 l i J
10 20 30 40 50
8(n

F1G. 12. Temperature of solid material as a function of time in
the case of ¢, = 0.2 and 4, = 10 m>.

06
oaf-
-
02
o | P | . [ . |
10 20 30 40 50
8n

Fi1G. 13. Moisture content of solid material as a function of time
in the case of ¢, = 0.2 and 4, = 10 m?.

50—

ol /

9)

<

[N

30}

S L T B I I
10 20 30 40 50

6t

FiG. 14. Temperature of solid material as a function of time in
the case of ¢, = 0.2 and 4, = 0 m>.



654 B. PALANCZ

06

04—

8(n)

F1G. 15. Moisture content of solid material as a function of time
in the case of ¢, = 0.2 and A, = 0.

N/Nmux

Niay =0.125 kg m=2 h~!

07
06 | ) |
02 04 06 08

¢S

FIG. 16. The relative average drying rate as a function of the
humidistat set-point with and without the solar collector.
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F1G.17. Therelative total working time of the dehumidifieras a
function of the humidistat set-point, with and without the
solar collector.

Figures 3 and 4 show the solar radiation and ambient
temperature history.

At the beginning of the process the collector is not
activated and its temperature increases rapidly (Fig. 5).
Because of the high set-point value of the humidistat,
¢, = 0.8, the dehumidifier operates bang-bang way.

In this warm-up period the condenser temperature
is considerably higher than that of the moist solid
material. That is why, this bang-bang operation mode
causes a strong oscillation in the temperature of the gas
entering the dryingchamber (Fig. 6). On the other hand,
the evaporator temperature is not low enough to
dehumidify effectively the drying gas leaving the
chamber. Therefore, the drying rate is practically zero
(Fig. 9) and only a very small oscillation appears in the
entering gas humidity (Fig. 7).

When the collector has reached a temperature, high
enough to be activated, the gas in it will be heated up
further and the heat-pump is less frequently on.

Consequently the collector temperature is elevated
slower, the temperature oscillation ceases and the
absolute inlet gas humidity increases. The temperature
of the solid material also increases (Fig. 8), but remains
behind the steady-state equilibrium temperature
belonging to the actual inlet gas state. This fact
combined with the high humidistat set-point, results in
a very low drying rate (Fig. 9).

When the collector temperature decreases, the
dehumidifier will be more frequently in operation.
Now oscillation appears again in both state variables of
the inlet drying gas (Figs. 6 and 7).

Further on the collector will be bypassed and the
system reaches a steady-state with a higher drying rate
(Figs. 6-9).

In the next time period, the situation is similar except
the higher maximum temperature of the collector. It is
because now the solid and gas temperature are higher
than they were at the beginning of the process. When
the moisture content of the solid material is below the
critical value, oscillation in the temperature and
humidity content of the inlet gas occurs again.

After that, the fact demonstrated by Figs. 10and 11 is
not very surprising. Namely, without the collector the
drying process is much more ‘smooth’ and may be a
little bit more efficient, too. However, reducing the set-
point of the humidistat to ¢, =0.2 leads to a
considerable change in the process variables (Figs. 12
and 13).

Now the temperature and moisture content history
of the solid are much more similar to that of a normal
batch drying process carried out with constant inlet gas
temperature and humidity.

One can also see that using the solar collector, the
intensity of the drying process may be improved (Figs.
12-15).

Figure 16 shows how the average drying rate changes
as a function of ¢, with and without the collector.
According to Fig. 16 the collector does not improve the
dryer performance at high humidistat set-point values.

However, the use of the solar collector canresultinan
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efficient reduction in the total working time of the
dehumidifyer heat-pump at higher ¢, values (Fig. 17).

6. CONCLUSION

A mathematical model for analysing a solar batch
dehumidifying drying process has been developed and
was studied by computer simulation. The numerical
results show that although the drying time cannot be
reduced considerably, the total heat-pump working
time is lower than with simple dehumidifying driers.
The computations also indicate that the humidistat
set-point has a very significant effect on the drying
process.

These conclusions are in good agreement with the
experimental findings [3].

However, to make the model more sophisticated and

to analyse other control techniques than the bang-bang
one, it would be recommended to improve the drying
model applied to the moist solid as well as to take into
consideration the time delay caused by the pipe system
connecting the units.
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ANALYSE DU SECHAGE SOLAIRE

Résumé—On présente un modéle pour décrire le séchage solaire. Des modéles dynamiques modulaires sont
appliqués au matériau humide et au collecteur solaire. Les autres parties du systéme, chambre de séchage et
pompe 4 chaleur de déshumidification sont considérées en état quasi stationnaire. La simulation des
conditions climatiques est réalisée par un modéle dynamique. Des opérations de séchage sous contrdle
d’humidité et de température avec ou sans le collecteur solaire sont simulées. L'analyse de I'étude numérique
montre que bien que la durée du séchage ne soit pas nécessairement plus courte dans le cas du séchage solaire
que dans celui d’un simple séchage, le temps de fonctionnement du déshumidificateur peut étre con-
sidérablement réduit.

UNTERSUCHUNG DER SOLAREN ENTFEUCHTUNGSTROCKNUNG

Zusammenfassung—Ein mathematisches Modell, das die solare Entfeuchtungstrocknung beschreibt, wird
vorgelegt. Fir das feuchte Gut und den Sonnenkollektor wurden kombinierte dynamische Modelle
angewandt. Die ubrigen Komponenten des Trocknungssystems, die Trocknungskammer und die
Entfeuchtungswarmepumpe wurden als quasistationar betrachtet. Die Simulation der Wetterbedingungen
wurde mit einem dynamischen Wettermodell durchgefihrt. Es wurden Trocknungsvorgidnge mit
Feuchtigkeits- und Temperaturiberwachung mit und ohne Sonnenkollektor simuliert. Die Analyse der
numerischen Berechnung zeigt, daB—obwohl die Trocknungszeit im Fall der solaren Entfeuchtungstrock-
nung nicht unbedingt kiirzer sein muB als bei einfacher Entfeuchtungstrocknung—die Betriebszeit des
Entfeuchters betrichtlich reduziert werden kann.

AHAJIM3 MPOLUECCA CYHIKHA C UCIIOJb30BAHHUEM COJIHEYHOW DHEPI'UU

Annoraums—IIpencTapieHa MaTeMaTHueCKas MOJCEIb NPOLECCA CYIIKH C HCNOJIb30BAHHEM COJIHEYHOM
sHeprun. Jlns onMcaHus BJAXHOTO MaTepHana M COJIHEYHOrO KOJUIEKTOPA MCNOJb3YIOTCA 3KBHBA-
JICHTHblE JHHaMU4ecknHe Monend. [Ipeanonaraercss, 4TO OCTajibHblE YaCTH CHCTEMBI, a HMEHHO
CYLUMJIbHAsl KaMepa H oOCylUaloliHi TemioBoH Hacoc, paboTaloT B KBa3HCTALHOHAPHOM peEXHME.

IloronHsie YCJIOBHS ONHUCHLIBAIOTCA C MOMOILUBIO OHMHAMMYECKONH MOAEIH HOroAbl.

[TpoBoauTCcs

MOJISJINPOBAHUE IIPOLIECCOB CYLUKH MPH PEryJHpOBAHHM BIAXHOCTH H TEMIEPATYPHl B CHCTEMAX ¢

COJTHEYHBIM KOJITEKTOPOM H Ge3 Hero. AHajiu3 pe3yJbTaTOB YHCICHHOTO MCCIAEHOBAHHMS NOKA3bIBAET,

4TO XOTH COJIHEMHAA JHEPTHs H He O0S3aTENbHO YCKOPAET MPOLECC CYLIKH N0 CPABHEHHIO ¢ OOBIMHBIM
06e3B0XKHBARHHEM, TEM He MEHee BpeMs paGoThl OCYIINTEINS MOXET GBITh 3HAYUTENLHO COKPALLEHO.

HMT 27:5-B



