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ABSTRACT

In this study drying process of a single body ufrger has been modeled. The proposed model wakatedi with the
experimental data obtained from drying the sphénmmtatoes. Samples of spherical potatoes at teatpess of 40,
50 and 60°C were dried in a pilot scale dryer andisture content, surface temperature data was eteéth The
proposed model by applying mass and heat balangetiens based on thermodynamic equations predidtesiges
of sample temperature, samples moisture and alsomngeneration and exergy. The results showtti@imoisture
content of the samples has a downward and changar ofelocity has little effect on drying, but ieases the
diameter longer drying time. Entropy generationrgased rapidly at first and then will deterioratexergy as energy
increased during the drying time. Comparison of el@dsults with experimental data approved the psgsl model

Keywords: Drying, Thermodynamic, Modeling, Moisture, Exer@ntropy

INTRODUCTION

Drying process is one of the main methods of maiittg materials which are perishable, degradableactive due
to high humidity. Drying process involves a compf@ocess of heat, mass and momentum transfer. iduegs
causes non-destructive and destructive irreversibdanges in the physical, chemical and materiatagmce, such
as color, viscosity and in some cases the failirdyalrocarbons. These changes may result in a dirgggoduct
quality. For this reason, drying of each produadsethe selection of the best method in optimadlitam in order
to minimal loss of quality in product and operatigrerformed in the shortest possible time. Dryiolidsmaterials
is necessary for the following reasons: Convenisetof solids in the later stages of the procéssage and proper
maintenance, increase maintenance time, reduceoiteof transportation and achieve optimal qualitymany
processes, improper drying may destroy and rechequality of the product.

Significant researches have been done in the dietdodeling of heat and mass transfer in fixed theer. Here is a
brief overview have already been discussed indhm bf empirical research and mathematical modedimglrying.
Understanding the previous works will help in bettederstanding this type of dryers. Scientificathe first drying
was about eight thousand years ago in northerncErtdrat the smooth rock surface was used for dryiatgrials.
They have been dried their crops by using moddmageze or winds blew in these areas as well asithgltaneous
use of sun. Elkann et al. in 1986 studied the &ffe€ temperature and air velocity on the procdsdrging grain
dryer and proposed a model based on the diffusik@n@menon. [4] Chandram et al 1990 proposed a nfodel
drying kinetics of particles in a fluid bed dryevhich included two constant rate and dropping ddtdrying. [5]
Obeid et al 1990 investigating the theory of heat mass transfer mechanism in a fluid bed dryetatoimg inert
particles in the laboratory and in this field wark the drying of grain. [6] Jin et al. 2011 studsatay dryer and
milk production by the second law of entropy. [@hda et al 2013 provided a model for the penetraifoa fluid
bed dryer. By studying on mushrooms and vegetalaletqy they acquire effective diffusion coefficiearid mass
transfer coefficient. They provided examples ofrection coefficients for permeability samples. Relas obtained
compared with neural network showed good agreethamthad the ability to use these relationshiphéindustry
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[8]. In this study, firstly in the process of drgina single body is released freely inside the dayel at different
intervals; mass and surface temperature is cheoki#ell conducting experiments with the establishimehthe

relevant equations, numerical simulation of dryimgs done and compared by using MATLAB software el
accuracy of the model was also evaluated. Thisysitukestigated the mechanism of simultaneous hedtraass
transfer in the process of drying of a single batdgthematical modeling of heat and mass transfezgsses in a
sample by using mass energy balance, obtainingtaffediffusion coefficient by solving Fick's seabfaw, and

also obtaining the function of this coefficient terms of presented variables, predicting variatiftorssamples'
average moisture, surface temperature of samplessture by using mathematical models and compatiireg
results obtained from mentioned modeling by usinglgical solving of partial differential equatiorsd also
compared with experimental results obtained frogyindy samples.

EXPERIMENTAL SECTION
A single body material dries in air with temperatt, and absolute humidity,, (Figure 1). By assuming of
negligible volume change during the drying, we ddesthe material as a control volume that the inogs

penetrates from Pores on the surface of the watet,exits. Thermodynamic modeling of single bodyirdy is
obtained by Establishing of mass, energy and entoogthe materials.

Drying Air Mass output
—_— B P~ ~ / The

/ \
To —
Y, ( : mtive heat input
-_— \ Vs Qcy = hAy(To —T)

R N e
1. he Enthalpy output

Fig.1: Schematic view of the sample (dotted lines@boundary of control volumes)

2.1 Mass balance
The overall mass balance on a control volume caexpeessed as follows [9]:
Accumulation= input — output Q)

dgltw _ Z i — z i, (@)

If the output mass élw rate of vapor expressed as 1, we have:
dmg, . (3)
=-m,
dt

Where mass flow rate of the exhaust gas are olotdinen mass diffusion equation as follows:
me = kyAppair(Ye - Yw) (4)

Wherek, mass transfer coefficien?}[ andY, s Y, are the absolute humidity of vapor on the surfdcgample and
in drying air respectively. If represent mass woiaof the average humidity on dry basis:

dX ®)
ms E = _kyAppair (Ye - Yw)

Y, in equation (5) is the equilibrium absolute hunyidif the gas phase on the surface of the samptecdrabe
calculated directly by empirical relationships grrelative humidity of drying sample surface addais [10].

Mwater Ay (X' T)Psat (T) (6)
Mair Pt - aw(X' T)Psat(T)

Y, =

Wherea,, is the water activity or relative humidity (RH) wfter vapor on the surface of the drying at tempeea
and humidity levels of sample surface that caleddtom the empirical formula. The average moistaetent in a
sphere of radius R is obtained as follows [11]:
XO-%X, 61 , Dot @)
Xo— X, m2lunzP (_" & F)
n=0
2.2 Energy balance
The first law of thermodynamics for a control voleiran be written as follows [9]:
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dE., dU. . . , 1 . 1 (8)
e Dot )T )

The term of the above equation by eliminating tlegknand energy input with input mass and poteratial kinetic
energy can be summarized as follows:

dU., d(mu) . , )
o T Qe

For solids and liquids [9]:

dh =~ du = CdT (10)
hy —hy = u; —uy = C(T, — Ty) (11)
As a result, the internal energy of the refereeceperature is the following:

u=h=C(T-T,) (12)
Where by considering the reference temperafyre 0 or ignoring@ we have:

d[mC(T - To)]cv d(mCT)cv . (13)

dt = dt = Qe — Meh,

Sample input heats consist of convective heat fiearfsom drying air temperaturé, to sample by temperature
variation of T:

ch = hAp (T,—T) (14)
Outlet enthalpy is the enthalpy of the output vapdrich lead to:
he = A + ¢, (T — Ty)= MT) (15)
As a result:

dX (16)

mehe = msak

And the definition of average moisture contentrin lolasis:

T m—mg (17)
ms
m = my(1+X) (18)

And definition of heat capacity of wet material aating to heat capacity of water and dry matersatuded [10]:
C~Cs+Xcy (19)

By replacing equation (14), (15), (16), (18) aQG)('m equation (13) we have:

d(mgC3T + Xm,C¥'T dX 20
(ms P mglp )=hAp(Tw—T)+mS%k ( )

dt
dT d(XT) dx (21)
mSCgE + mSC},"’T = hAp(TOO - T) + msal
cs a7 +mCY¥ (T ax + X_—dT =hA,(T,—T) + d)?/l @2)
mglp E mgCp E dt - pUo ™ msE
_ dT dx dX (23)
ax ax
ar ms—A+ hA,T, mSC,‘,’VE (24)

_ = _ —-T g
dt  my(C5 +Xc¥) ms(C5 + XC¥)

This equation is differential equation of surfaeenperature of sample during drying. It is assunied the above
relationships sample temperature is uniform evegretas a function of time.
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2.3 Entropy balance (second law of thermodynamic)
Second law of thermodynamics for a control volumdefined as follows [9]:

dScy . . Qv | (25)
T =Zmisi —Zmese +T+Sgen

That it simplify for single body as follows:

dSe, . Qv . (26)
i S

Because output entropy is equal to output entrdpyh@ water evaporated during drying,is written as follows
[15]:

o Q0 AHy 4 (27)
e~ T T T T

According toQ., where is equivalent to convective heat receivethbysample we have:

dSe, _d(ms)e, 4 N hA,(T,—T) (28)

S
dt dt Me T T + Sgen

The amount of entropy generated by integrating batls of equation (37) at time interval from z&ra is obtained
as follows:

td(ms)e, t o2 thA,(T,—T) (29)
S en=f d+fme—dt—fp—dt
129 , dt o T o T
2.4 Exergy
Accumulation of exergy in a control volume witha@haft and boundary work was determined as [9]:
d(Ex)ey _ dEcy dScy dme, (30)
at ~ar g (e Tes) =g

Apart from the variation of mass in the controlwok at a small time interval dt for obtain exengyltiply parties
of equation (26) to the basis temperat@ijeand subtract the result from energy equation (h8yefore exergy
equation can be obtained as follows [12]:

d(EX)ey . v ; -
(dt)c = Qe — Mehe +Mes. Ty — QTCTO - SgenTO )

According to definition),, « h, ands, from equations (14), (15) and (27) we have:

d(Ex) T T .
2% — Ay (T, = T) [1 - ?0] — 1, [he - /1?"] — SyenTo

(32)

2.5 Solving method

The average humidity in an explicit form is obtairfeom equation (5) or (7). Surface temperaturebtained by
solving the differential equation (24) by a findd#ference method. By writing central differencetemperature and
moisture, around the pointi, n +1 / 2 as follows:

ar|  _T,.-T, (33)
dt n+1/2 Ut
dX| XX, (34)
dt n+1/2 [t
T+ Ty (35)
Tht12 = -5
_ K+ Xy (36)
Xn+172 = - 5
And replacing them in equation (24), we obtainftiikowing equation of temperature:
L1 dt(msc}!" %Mph) dt(mstn+A1t_Xn+AphTa> (37)
) | Do)
Toir =T, — + -
e " [1 4 lclt(msC;@A/'Xn+A1t_Xn+Aph)] [1 n 1 dt(msCylanrAlt_Xn"'APh)

S, WXnt1+X 2 S, WXnt1+X
2 mS(CP+CP "fn) 2 mS(CP+CP"fn
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To calculate the entropy generated during the drpirocess. If be considered average quantitand T in a small
time intervalAt for the mass m and temperature T, Equation (28)be simplified as follows:

p) hA, (T, —T) (38)
S =1 | ds +m, = At ———ZF— At
12 gen m f S me T T
And in liquids and solids [9]:
du C (39)
ds ~ — =~ —=dT
SET YT . )
o A hA, (T, —T)
S12 gen = MCln T, +m, ?At - pTAt
That
—— Mptq + my _ (41)
m= T Mp+t1y2
_ Tu + T, (42)
T= % = Tn+1/2

To calculate exergy increase in the control vollhyl@mission‘l—il at short time intervalat and thus multiply both
sides of equation (32) at dt and integrating weehav

_ T, T,
Exy, = AEx,, = hA,(T,—T) [1 - %’] At — 1, [he - /1%’] At = S1 genTo (43)

At first to solve the model by knowing initial temature and moisture, these variables obtainedeapériod of
time n +1. The moisture content can be achievesvinways. 1- Using the empirical relationship ofiation (6),
which this is function of temperature and moistamntent and then calculating of gas and finally moisture
content at time n +1 by equation (5). 2- Using Kiclaw and obtain effective diffusivity coefficiert, and
equilibrium moisture contet, and using equations (7) to obtain the moistunetentt at the time n +1. After
obtaining moisture content for calculation of saenpemperature at time n +1 where is functionTpf X, and
X, 41 equation of (39) was used. To calculate the entmpguction and exergy the amount of mass was leddmli
in time n +1 by the equatiom,,; = m,(1 + X,) . Now, withT,,; andX,,.; again to calculateX,,, and the
calculation of the loop continued until the equililm moisture content of sample reached the eqiilip moisture
content at that gas temperature and sample temperegached input gas temperature. After determitieses
variable, entropy production and exergy was obthimeequation (40) and (43) respectively.

2.6 Method of preparing sample and experiment

Potato samples were purchased from a store initthefdRasht and after peeling prepared in fornspifieres with 2

and 3 cm diameters, then placed into plastic pazkagd was maintained for 24 hours in the refrigerat 4 ° C,
because moisture content in the samples to be hemeogs. Average mass of each sample with 2 and 3 cm
diameters were 5.5+0.1 and 17+0.1 respectively;thachverage moisture of selected samples werd® D24t dry
basis.

Experimental data of drying were extracted fromilatgryer that designed for this purpose. Scheoaittw and
photograph of the dryer is shown in figure 2 andsists of four main parts:

1 - Blower that blow gas with a maximum velocity35 into the heater.

2— Heater that was including heating elements pativer 3000 watts.

3 — Main part of this dryer was temperature cofdgrchnd hold inlet air temperature with accuracyddf Celsius
degrees at desired value.

4 — Drying column that was made from cylindricahgg with a diameter of 7.8 cm and materials pldaoetty in
this section. Air velocity were measured by thehtaneter (Anemometer, Model: AM-4200, Taiwan) with a
accuracy of 0.1 that represent velocity in meterssgconds.
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(@)

U

@ Air diffuser

Air valve @ :

Fig.2: Schematic view (a) and photograph (b) pilotiryer designed for experiment (1 - Blower 2 —HeateB - Temperature controller 4 —
Drying column)

2.7 Thermodynamic equations
Some physical properties of samples and input gapravided in table 1.

Table 1: Physical and thermal properties of experirantal samples and air

Property Equation Reference

Latent heat A= 2501.3 — 2.301T(°C) — 0.00142T2(°C)? [13]
j/(kg.k) The specific heat capacity of water Cy=1.883*10 — 1.6763*10 T + 8.4386*10'T%-2.6966*10" T° [14]
j/(kg-K) The specified heat capacity of potato  Ca=1009.26-0.0040403 T6:1756*10°T>-4.097*10'T° [15]
Volatility factor of water in the potato C, =12 984U00P) b _y et [16]

100 100 '100
Saturation pressure A =2501.3 — 2.301T(°C) — 0.00142T%(°C)? [17]
(k—gS)Air density Pair = % (18]
m AT (0287 Taps)

2.8 Error Estimation in Modeling Process

In order to investigate the simple and interacefiects of process in different thermal conditi@ml speed and
processing curves, various statistical parameters as the correlation coefficient jRand root mean square error
(RMSE) were used as follows:

1 — . — . “y
RMSE= \/N Zil\io (C (I)Exp -C (I) predicted)2

i(é(i)Exp ~C (i) predictel (45)

i=1

R =1-

N _ 2
2.CM)ep=Cn)
i=1
In order to evaluate the deviation of the resuftthe proposed model to experimental data, percdative error

between the predictions of polynomial approximatinathod and experimental data and also accuratgtiaaa
predictions and experimental data, the followingapn were used:

c c 46
E(t) =100x ‘ C(t)Expi C(t)predicted ( )
e |
That mean relative error in total operating rarsgas follows:
(47)

— 1N
MRE =E =—>"E,
N =

Where N is the number of time slots during the renfirocess over time. Software used for data aisalyas
MATLAB and Cftool toolbox.
RESULTS AND DISCUSSION

At first heat transfer coefficient obtained forfdilent geometric shapes, and after calculailpginvestigating the
model and its experimental data have been done.
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3.1 Calculation of heat transfer coefficient (h)
Heat transfer coefficient obtained by measuringpemature variation of metals and pIottedTZﬁﬁ{f) versus time,
0 1t

according to the following equation.

T-T, hA (48)
ln(To )T —(m—cp)t
figure shows the chang(hs(TT_TTw) versus time for heat transfer coefficient of sgheith a diameter of 2 cm at
0 1o

temperature of 50 Celsius degrees and a velocily mf/ s. Calculation of biot number has confirnasguming of
compact heat capacity of (Bi <0.1) and show thesaary of the calculations biot number for spheriimied 0.032.
Heat transfer coefficient for sphere with 2 diametend the air velocity of 1 and 2 m/s were obiif8.6 and
181.1, respectively, and for sphere with 3 diansetegre 53.5 and 129.5. The values of h with eriarsphere and
slab are shown in table, respectively.

0g

O Exp
— Fitted

0.5

~
T

=
o
T

N
T

f(x) = - 0.009157 X - 0.04785
R-square: 0.9812

Ln((T-Tair)/(TO-Tair))

N
o

I I I I
50 100 150 200 250 300 350

Time (S)

Fig.2: Plot of log dimensionless temperature versutéme for the heat transfer coefficient of sphere wh diameter of 2 cm and at velocity 1
m/s (h= 98/%)

Table 2: The values of heat transfer coefficient adifferent conditions for the slab

Dusr (?) im/s 2m/s

Dcm) 2Cm 3Cm 2Cm 3Cm
h(,%) 98.6 53,5 181.1 1295

R? 0.981 0.978 0.976 0.969
RMSE 0.11 0.15 0.16 0.18

3.2 Calculation of effective diffusion coefficienbf moisture in potato
To obtainD, it was used the second law of Fick's equation fatite sphere equation (7). Therefore, using thst fi

Series of equations (7) the amountDgfwas calculated. If the variation 6f ;:_Xe versus time be plotted, obtained
0~ 4e

slope for sphere with diameter of 2 cm equalss%De. Figure shows the variation (th_—x;with time for

0~ 4%e

drying potato at 50 Celsius degrees temperature.

Table 3: Values ofD, for potato at three input gas temperature with unit m?/min.

T(°C) 40 50 60
D) D=2Cm 11 136 1.76

min

x0° D=3Cm 181 179 263

D=2Cm_ 0.042 0.057 0.054
D=3Cm_ 0.046 0.033 0.028

RMSE
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2.2 T

o Exp
— Fitted

2.4} 4

g=-0.007385*-2.544
R-square: 0.9773

Ln((X-Xe)/(X0-Xe))

0 2‘0 4‘0 60 80 1(‘)0 1‘20 140
Time (S)
Fig.4: calculating D for potato at 50 degrees Celsius temperature andri/s velocity by plotting the logarithm of the dimersionless
moisture ratio versus time.

3.3 Moisture Investigation

After calculating the heat and mass transfer cdieffits and effective diffusion coefficient of meist in potato, the
values were used in the model and the resultseofritbdel were compared with experimental data. Eiginows
variation of moisture content versus time for potafthe results indicated an acceptable fit with élkperimental
values of moisture and model, thus validated tlep@sed model. Figures show that potato drying lipetdiod of

the drying was performed at falling rate zone whadicates the internal moisture diffusion of saenpbntrols the
drying. The mean relative error (MRE) between eipental data and model for potato with 2 diametdrair

temperatures of 40, 50 and 60 ° C was 2.6, 2.83andfor potato with 3 diameter at given tempemtwas 3.03,
4.2, and 2.86. Low and acceptable levels of eiiraizate reliability and validity of the proposeddel. Error rate
increased that with increasing diameter of the rhpdadiction accuracy will be reduced thus the i@ model is
accurate for objects with small diameter or thicdsie

s

Predicted (T=40 C)
—— Predicted (T=50 C)
— - Predicted (T=50 C)
+ ExpT=40C)
O ExpT=s0C)

45k

T

g © ExpT=0C)

S st

]

2

© st

§ zsf

g 2 N i -8 - %

X \T h - §
AL 2

v - .

055 % 3 % % T 3 T4 T80

Drying time (min)

Fig.5: variation of moisture content for sphericalpotato with diameter of 2 cm at 1 m/s velocity andt different temperatures
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——Predicted (T=40 C)

—— Predictsd (T=50 C)

Gk — - Predicted (T=50 C)
* Exp(T=40C)

O Exp(T=50C)

o Exp(T=$0C)

ispk

X (kg water/kg dry solid)

ispk

[ ::: A.C S‘C é \:IC 120 \1¢ 10
D rying time (min)

Fig.6: variation of moisture content for sphericalpotato with diameter of 3 cm at 1 m/s velocity anét different temperatures

Figure shows the effect of velocity (flow) of drgiron the drying rate and drying curve. Figures shimat although

increased air velocity resulting in increased head mass transfer coefficients, but the velociréase did not
noticeable effect on the drying. This was confirnieel fact that controlling mechanisms of dryingdesuch as tea
and potato related the moisture within the samples.

H

Predicted (T=50 C,V=1mJs)
—— Predicted (T=50 C,V=2mis)
4ap O Exp(T=50C,V=1mis)
S Exp (T=50C.V=2mis)

L
/

X (kg water kg dry solid)

1 L L L L 1 1
0 < L £ Ed 100 e 140 180

Drying time (min)

Fig. 7: The effect of velocity on the drying curvef potato with diameter of 2 cm at 50 ° C

3.4 Surface temperature investigation

The values of samples surface temperature are shbthinee temperatures. Figure shows the temperatuiations
of potato with 2 and 3 diameters with time. Figust®w the temperature predicted by the model mdtthe

experimental temperature measured at the surfadbeofnaterial. The mean relative error (MRE) betwére

experimental data and the results predicted byrthéel for potato with 2 diameter at temperature4®f50 and 60
degrees Celsius was equal to 5.5, 3.3 and 3.1fcanbtato with 3 diameter at given temperatures W, 4.2, 3.8.
Figures show that round potato according to thektiéss of the sample rapidly reached up gas terperdResult
show that this model is more accurate for objedts small diameter and by increasing the thickreess diameter
of the sample temperature profile is created whaekis to errors.
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T(C)

B

e

—— Predicted (T=40 C)
— Predicted (T=50 C)
— - Predicted (T=60 C)
+ Exp(T=40C)
0 Exp(T=S0C)
O Exp(T=60C)

" L "
0 &0 100 o 140

Drying time (min)

Fig.8: Comparison between predicted temperatures bthe model with experimental data for potato dryingwith diameter of 2 cm and

T(C)

with a velocity of 1 m/s and different temperatures

—— Predicted (T=40 C)
—— Predicted (T=50 C)
— - Predicted (T=60 C)
+ Exp(T=40C)
0 Exp(T=50C)
© Exp(T=60C)

L L 1 1

I
S ® 100 o 140 1

Drying time (min)

Fig.9: Comparison between predicted temperatures bthe model with experimental data for potato dryingwith diameter of 3 cm and

with a velocity of 1 m/s and different temperatures

3.5 Entropy and Exergy Investigation
Figure 16, shows the variation of entropy producfiar spherical potato at different drying gas tenapure. Figures
show that at first entropy production significanthcreases due to the increase in the sample temoper But
gradually be low, with drying and diminishing sampémperature variance. Also at higher temperatfingput gas
due to dry, entropy production more quickly reactedero. [20]

Sgen (kjk.sec)

——Predicted (T=40 C)
— Predicted (T=50 C)
— - Predicted (T=60 C)

I L L L L I

& &0 0

Drying time (min)

100

Fig.10: Entropy production variation for potato wit h diameter of 2 cm and at 1 m/s velocity and diffemt temperatures
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Figure shows the increase in the exergy of pot@te 2cm) during drying at different temperatures.efey
increases rapidly at first, but after a while itlweach a constant value. According to equation d3ropy
production and steam output of the material leadem over time. On the other hand, surface tenperds
constant so exergy difference in two time periadsearo. [12,21]

12

——Predicted (T=40 C)
— Predicted (T=50 C)
— - Predicted (T=60 C)

Exergy (kj)

20 4@ €0 &0 100 w0 140

Drying time (min)

Fig.11: Increase in exergy for potato with diameteof 2 cm during drying at 1 m/s velocity and diffeent temperatures
CONCLUSION

Laboratory data shows that during the drying precdsying rate is not constant and drying has lakepping from
the beginning. It means that immediately after pheticles are exposed to the dryer's air, due ¢oldiw external
resistance against heat and mass transfer, surfasture will be disposed too fast. After the passaf time and
progress the process of drying, moisture excradaignificantly reduced. Because the moisturedimshe particle
encounters with the internal diffusion resistanod gradually penetrates the surface of the partidhés process
suggests that for this type of material, the ihitéde of drying is high. And after a while, duettee emergence of a
dry layer (decrease of outside moisture), dryirtg raduced very fast. According to the curves,aswbserved that
the thermodynamic model for thin objects both imperature and humidity will be very close but ie ttase of
thick objects the maximum difference between thedjmted and experimental moisture is available.ofding to
the observations, the rate of drying is not mucpetielence to the speed and flow rate of dryinghkeicause by
changing the speed, the amount of h increasesltlesn't have so much effect in the equation. Egtpspduction
is increased in the beginning with increasing irdet temperature but after the drying it has bealinfy. The
increase of exergy in the case of dryer showsgisate that after a while reaching to a fixed anto@xergy
indicates increase during drying and finally itiese to a constant value.
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