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ABSTRACT

In this study, the drying process of a green teaés is modeled in a drier. The proposed modetedl#o single
body were reviewed and validated with experimetiéah obtained from drying. Sample of green teadsaat three
temperatures, 35, 45, 55 ° C was dried in a labomatdryer period of 0 to 140 minutes and moistuomatent,
surface temperature data was extracted. The praposedel by applying mass and heat balance equabassd
on thermodynamic equations predicted changes opkatemperature and samples moisture. The reshitie shat
the change of air velocity has little effect onidgy but increases the diameter longer drying tim8urface
temperature of samples increased rapidly at fifstally reaches to the gas temperature. Entropy egation
increased rapidly at first and then will deterioeatComparison of model results with experimentah dgpproved
the proposed model. MRE of model and the experahdata for tea leaves at temperatures 35, 45 ahd & was
1.9, 4.7, 10.2 The small amount and acceptableremce indicative of the validity of the proposeddal.

Keywords: Thermodynamic Modelling, moisture, Green Tea Lead#ying

INTRODUCRION

Drying is one of the most important processes éfiteld of engineering and there is at least oryerdin most of the
industrial units. Generally, drying a solid objéstto remove a small amount of water or other tigisom it and

reduce the remaining amount into an acceptable atn@rying is usually the last step in a seriesrmfustrial

processes and its product is often the final produad ready to pack. Drying is a main operatioth& chemical,
agriculture, biotechnology, food, polymers, ceranjgharmaceutical, paste and paper, minerals and wolustries
and it is among the oldest, most common and mastrsk processes. Up to now, more than 400 typelsyefs

have been reported, and about 100 different typelsyers are available [1]. In this study, firstlythe process of
drying, a single body is released freely inside dhger and at different intervals; mass and surfaoeperature is
checked. After conducting experiments with the li&hment of the relevant equations, numerical &ton of

drying was done and compared by using MATLAB sofewvand the accuracy of the model was also evaluatad

study investigated the mechanism of simultaneoas &led mass transfer in the process of drying ©hgle body,

mathematical modeling of heat and mass transfergsses in a sample by using mass energy balanizéniob

effective diffusion coefficient by solving Fick'®sond law, and also obtaining the function of #oefficient in

terms of presented variables, predicting variatifmssamples' average moisture, surface temperatusamples,
moisture by using mathematical models and compatiegresults obtained from mentioned modeling bynais
analytical solving of partial differential equat®and also compared with experimental results obthfrom drying
samples. Several studies has been made on theingpdéheat and mass transfer of fluidized and thapers. Here
is a brief overview of empirical research and matagcal modeling work that has already been dontherdryers.
Knowing the previous works will help in better unskanding of these kinds of dryers.

The first practical drying was about eight thousgedrs ago in the north of France that a smootk sacface was
used for drying materials. They have been dried thheps by using moderates breeze or winds blethése areas
as well as the simultaneous use of sun [2]. Thoshas (1992) proposed receding core model for stith drying
of granular materials such as green pepper, blepkgr and mustard. They show that the diffusiomphena in
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particle controls drying process and dropping ratyy be non-linear depending on the nature of theeniad [3].

Snnivasa Kannan and et al (1994) proposed a modelrying particles in dryer by considering the thead mass
transfer in the bubble, gas and solid phase [4laidgour and et al (2002) studied maize and gress [in fluid
bed dryers. Their laboratory dryer contains en@ayier that examined density changes, sampleasidemoisture
diffusion by variations of moisture content. Thpiesented relations for density changes, diametdrdifusion

coefficient by moisture content variation with accaracy of 98% [5]. Another research on the cubiesgs of
carrot was done by Nazghelichi et al (2010). Theeexnent was conducted in the inlet air temperatirg0, 60
and 70 ° C and with bed depth of 30, 60 and 90 mthsize of 4, 7 and 10 mm. The amount of energy uszs
calculated equal to 105.0 to 949.1 kJ per secohdli® and et al (2011) examined milk's spray diyed entropy
production by the second law [7].

EXPERIMENTAL SECTION

Mass and Energy Balance
The overall mass balance on a control volume caexpeessed as follows [8]:
Accumulation= input - output (1)

=Z**““Z"hs (2)

If the output mass flow rate of vapor expressedins, we have:
dmg, 3)

dr e

Humidity variation in a slab thickness 2L is adduls [9]:
X (t} X _ —n2(2n+1)?D,t (4)
X 4 12

The first law of thermodynamics for a control voleiwan be written as follows [8]:

% riU['l? = Qm, I-t":_;z,‘l' E'ﬁl:(h.i +%1_-J:_2 + QZE) —EThE (h‘a + %1_-:92 +gza) (5)

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

Doy _ dmdes _ (6)
dt — tov
S . dimCTy)
Where by considering the reference temperéalijre= 0 or Ignoring o we have:
ﬂ[m"-_':r'i'f:-:']m dimCT)cp Q @)
- v

dt de

Considering the incoming and out coming heat baaacity and average moisture, we have the follgwétations:

® T dt

dt
_.;n!r wdl ET) dX 9
m,CS ; msfpa—hi?(Tr—T}+mSE,l . ©
mCE + moCY (T2 + X5) = hdy (T, —T) +m, 2 A 10
e wdd af (12
mg(cp +__X£P = = T (M )+ me S A+ R4, T,
daT  meh Athdpls ms Gl 2 12)
ar ms.chxc "y m\s.‘cjmr:“}

assumed that the abovihis equation is differential equation of surfaemperature of sample during drying. It is
relationships sample temperature is uniform evegrertas a function of time.

Method of preparing green tea leaves samples and €modynamic Properties

Green tea leaves was selected from the tea gatdeated in the city of Roudsar in Guilan with latle and
longitude 50.26 and 37.12, respectively and thedeaf the same size and shape as the homogehéiky samples
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selected and then placed into plastic packagesvasdmaintained for 24 hours in the refrigerato4 atC, because
moisture content in the samples to be homogendougsage moisture content of the tea at dry basis 2va. After
removing the samples from the refrigerator to redoighambient temperature, they were put in therdityat was
built for this purpose. The dryer which is usedmposed of four main parts: 1- Fan that sucked r@imfthe

environment with maximum speed SZ%Ieading into a electric heating. 2- Electric hegtancluding heating

elements with 3000 watts of power and can produaemaair up to 200 ° C. 3- The temperature contrafiethe

heart of the system and holds inlet air temperagulestrate steady at desired value with an accurbty + °C and
also have the capability to switch and installatddthermocouples to display temperature in otlatspof the bed.
4- Dryer which is made of a cylindrical glass witt8 cm diameter and has a hole in the middle thatbe used to
control the temperature in the bed. Samples wexeepl inside the dryer so that in each experimesangple was
hung in dryer with rope freely and the weight of totton and leaves was recorded separately antefvaisside of

the dryer freely. In each condition experimentsenearried out on at least three samples and averfaggta were
considered as the experimental data.

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

Table 1: Physical and thermal properties of tea lfaand the air

_ Property (unit) equation References
Latent heatifj) b= 2501.3 — 2.301T(°C) — 0.00142T2(°C)? [10]
amthﬁme%ﬁi) Cy¥ =4.1762 —9.0862 + 107°T + 54731 » 107672  [11]
Specific heat of tegg*%) C:F = 1.00926 — 0.0040403T + 6.1759 « 107*T?  [12]
Water activity of water at the surface of tea lesave ( } % [13]
( In(1— A4, )
= —T
Saturation pressure (Kpa) 683427 [14]
Pogr = €xp (5353 — ——— — - 5.1691n{T,;.))
101.325 [15]

Specific gravity of airf%) Pair = ﬁ
0.287 T,ps

Error Estimation in Modeling Process

In order to investigate the simple and interactfiects of process in different thermal conditi@ml speed and
processing curves, various statistical parametssh as the correlation coefficient3jRand root mean square error
(RMSE) were used as follows:

13
RMSE= \/ﬁ Zi,io (é(i)Exp _é(l) Predi(ﬁe‘j)2 ( )

2 (14)

ZN:(CT(i)Exp -C (i) predicted
R2=1— | =

2

Z(é(i)Exp - cTm)

In order to evaluate the deviation of the resuftthe proposed model to experimental data, perceative error
between the predictions of polynomial approximatinathod and experimental data and also accuratgtiaaa
predictions and experimental data, the followingapn were used:

E(t) - 100X|6(t)Exp__ E(t)predicted (15)
‘ C(t)Exp ‘
That mean relative error in total operating rarggad follows:
(16)

— 1N
MRE=E=->E
N &
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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 forfdient geometric shapes, and after calculallpginvestigating the
model and its experimental data have been done.

Calculating diffusivity coefficient of moisture in green tea leaf
In order to calculate the diffusivity coefficient moisture of tea leaf, the green tea leaf mudirsy placed in the
dryer individually and dried at different tempenatsiand its moisture changes is achieved durinigglry

X values used in all calculations individually &he average moisture of measured samples.

The (17) equation is used to calculate diffusigibefficient. Thus, by using the first five seridd-ick's second law,
we can calculate the value of De.

¥—-X, 8 —m2 1 —9 2 (17)
Yo X, F(exp(—%: Dgt)-l- 3&%p (—432 Dﬂt)
+im,(i5?iﬂ t)+iexp(ﬂp t)+iexp(ﬂp :)
25 452 7F 49 452 77 81 4gd F

Calculations of curve fitting and regression anialysf nonlinear equations are done by code writteMATLAB
and Curve fitting toolbox. It should be noted thtaé diffusivity coefficients including the firstvié series used in
£-X;

Fick's second law and drawing chartdaf are obtained on the basis of t.

o e

0 T

T
e fitted at T=55

0.5+ . B

In((Xave-Xe)./(X0-Xe))

N
w0
T
I

35 I I I I I I
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Time(min)
. -T_xa . . . . . . " . .
Fig. 1: Changes on the bases &n - for calculating diffusivity coefficient by using afirst five series sentence at 5%C
o~ e

The values of De at different temperatures ar@bmis:

Table 2: diffusivity coefficient values obtained atifferent temperatures by using five series sentee

Temperature®C) m=e
Diffusivity coefficientt—)
FELC
35 1.9321x18"
45 3.1456x108"
55 5.5267x10"

The data presented in table 2 can be expressedrdinear regression of MATLAB software by usingléaing
equation:

De=1.14x10" T21% _ 4.363x10"° (18)
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calculating convective heat transfer coefficient
Because of the uncertainty of the convective heaister coefficient of green tea leaf, the valué afiust calculate

firstly. For this purpose, a sheet of copper wjtkafied percent of purity is made in the form ofen tea leaf. The
bottom of the leaf should be made in a way so ithe&n be connected to the thermocouple and carsunedhe
temperature changes of the pieces with time. Theuledion of biot's number confirms the assumptafrusing

compact heat capacity analysis (Bi<0.1) and shéwsatcuracy of calculations. By using this inforiomat we can

. - . -ig . .
calculate the Convective heat transfer coefficargreen tea leaf. Figure 2 shows the changdsmf_—; in time
o -3

for the copper blade at 45 degree and the spe@d ah / s. In the case of blade, the number of@R(A$ obtained.

By analyzing compact heat capacity and assuminipumitemperature in the piece of copper [16], gmperature
changes of copper with the air can be obtainedsingufollowing equitation:

T'Tair fl'i-Tai, :eXp(t/’[), t=mc/hA (19)
T-Tair /Ti'Tair =exp(—hA/mC *t) (20)

Where h is the convective heat transfer coeffigciens the heat capacity of copper, m and A arpeetively the
mass and surface area of copper which is madesifotm of leaf, T; is the air temperature,; i§ input temperature,
and T is different measured temperatures.

In order to obtain the value of h, if the logarithencalculated from two sides, the following eqaatiwill be
achieved:

Ln(T'Tair/Ti-Tair ): -hA/mc *t (21)

-x _ N —hd
£ based on t, the resulting line gradient is eqoat—. So the
mc

o e

The above equation shows that if we drai

value of h is equal to:

—hA slope X mc (22)

slope =——=>h=—"———
mc —A

T
O Exp
Fitted

f(x) =-0.007346 x - 0.02805

-1.5 R-square: 0.9946

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

[e]

2.5 L L L L I
0 50 100 150 200 250 300 350

Time (S)

Fig. 2: Chart In(T-T 4 /Ti-Tar) of changes based on time to calculate convectilreat transfer of copper blade with the speed of 0m /s
and at 45 (C)

. . . —hd :
If we put the unknown values as well as the sldp@ioed from drawing chart in the slope=—equation, the value
mc

of h at the speed of 0.7 m/ s is equal to: h=1?{—i§4 .Also, for copper blade in the air at a speed.0frbeters per
me

second, convective heat transfer coefficient valuesobtained as 90.5 .
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The value oh with an error for the blade is shown in Table 3.

Table 3: Obtained values of convective heat transfeoefficient for blade in different conditions

(m) 0.5 0.7
v (—
zir 5

w 90.5 1315
he—=7)

mtk

R? 0.993 0.994

RMSE 0.021  0.05

Moisture Investigation

After calculating the heat and mass transfer cdieffits and effective diffusion coefficient of meist in tea, the
values were used in the model and the resultseofithdel were compared with experimental data. Eigushows
variation of moisture content versus time for fBlae results indicated an acceptable fit with thgeginental values
of moisture and model, thus validated the propasedel. Figure shows that tea drying in all periéthe drying of

was performed at falling rate zone where indic#ttesnternal moisture diffusion of sample contrbls drying. The
mean relative error (MRE) between experimental dath model For tea at air temperatures of 35, 465n° C

was 1.9, 4.7 and 10.2. Low and acceptable leveksrois indicate reliability and validity of theqmosed model.
Error rate increased that with increasing diametethe model prediction accuracy will be reducedsthhe

proposed model is accurate for objects with smalinéter or thickness. Figure 4, shows the effeatetdcity (flow)
of drying gas on the drying rate and drying curvigure shows that although increased air velo@ulting in

increased heat and mass transfer coefficientsthieutelocity increase did not noticeable effectoa drying. This
was confirmed the fact that controlling mechanisvhgirying foods such as tea related the moisturthimithe

samples.

2.5

Predicted (T=35 C)
Predicted (T=45 C)
— - Predicted (T=55C)
+ Exp (T=35C)
O Exp (T=45C)
O  Exp (T=55C)

=
&
T

X (kg water/kg dry solid)

o
u =
/ n
/ /,
/
, /
/ ,/’/
et e/
n ,‘/
/ /
< ‘/ EH_‘/‘
/
84
L

I I I I I
o] 20 40 60 80 100 120 140 160

Drying time (min)

Fig. 3: variation of moisture content for green tedeaves at 0.7 m/s gas velocity and at differentrtgoeratures

Surface temperature investigation

The values of samples' surface temperature are rstaivthree temperatures. Figure 5 shows the tertypera
variations of tea with time. Figure show the terapare predicted by the model matched the experahent
temperature measured at the surface of the matéhial mean relative error (MRE) between the expentad data
and the results predicted by the model for teamaperatures of 35, 45 and 55 degrees Celsius wes ©92.3, 2.8
and 4. Figure show that tea leaves according tahiokness of the sample rapidly reached up gapeeature.
More matching between model and experimental datgreen tea because of low thickness of leavesaasdming
a uniform temperature at all surface of samples
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Predicted (T=45 C,V=0.7 m/s)
2.24 Predicted (T=45C,V=0.5m/s) ||
il 0 Exp (T=45C,V=0.7m/s)
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Fig. 4: The effect of gas velocity on the drying cue of green tea leaves drying at 45 ° C
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55\ 7§77f77777£77i7,7§7

1 T
Predicted (T=35C) ||
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* Exp (T=35C)
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Fig. 5: Comparison between predicted temperaturesybthe model with experimental data for green tea Eves drying with a velocity of
0.7 m/s and different temperatures

CONCLUSION

Laboratory data shows that during the drying precdsying rate is not constant and drying has lokepping from
the beginning. This means that immediately after plarticles are exposed to air due to low exteresistance
against heat and mass transfer, surface moistupantitles will be excreted quickly. After the dmgi process is
completed in time, moisture disposal reduced siganilly. This process suggests that for this typenaterial, the
primary rate of drying is high and after some tirdee to the emergence of a layer of dry (low hutpidutside),

the rate of drying reduced very quickly. Accordittggcurves it was observed that the thermodynamideaintor

objects with low thickness will be closely preditt®or both surface temperature and moisture cordésample,
but for thick samples there was difference betwberpredicted and experimental moisture contentalt observed
that drying rate was independent or low dependéfibw rate because by the change of velocity, \thkies of h
increase and its effect is not so much in the eguat
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