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,QYHVWLJDWLRQ RI WKH SRVVLELOLWLHV IRU HQHUJ\
HFRQRP\ LQ FRQWLQXRXV GU\HUV WKURXJK
UHGXFWLRQRIWKHGU\LQJWLPH
Nina3HQNRYD DQGBoian0ODGHQRY
8QLYHUVLW\RI&KHPLFDO7HFKQRORJ\DQG0HWDOOXUJ\'HSDUWPHQWRI6LOLFDWH7HFKQRORJ\%OYG6Y
.OLPHQW2KULGVNL6RILD%XOJDULD

$EVWUDFW 7KH SRVVLELOLW\ IRU D UHGXFWLRQ RI WKH WLPH GXUDWLRQ RI DQ
LQGXVWULDO GU\LQJ RI FHUDPLF EULFNV DUH DQDO\VHG EDVHG RQ QXPHULFDO
VLPXODWLRQRIWKHWUDQVLHQWFRXSOHGPDVVWUDQVIHUDQGPHFKDQLFDOSURFHVVHV
LQWKHPDWHULDO7KHGLIIHUHQFHVEHWZHHQWKHORFDOPHFKDQLFDOVWUHVVHVDQG
VWUHQJWK LQ WKH GULHG ERGLHV DUH FRPSXWHG DQG XVHG DV D FULWHULRQ IRU WKLV
SRVVLELOLW\
:D\VIRUUHRUJDQL]DWLRQRIWKHH[LVWLQJSURFHVVSDUDPHWHUVLQWKHGU\HUVWR
DFKLHYH WKH FRUUHFWHG GU\LQJ NLQHWLF FXUYH DUH GLVFXVVHG 7KH H[SHFWHG
HIIHFWVRQWKHHIILFLHQF\RIWKHGU\LQJLQVWDOODWLRQDUHHYDOXDWHGYLDPDWHULDO
DQGWKHUPDOEDODQFH

,QWURGXFWLRQ
The drying processes in the ceramic manufacturing are energy intensive and complicated for
maintenance [1]. Complex heat transfer, mass transfer and mechanical processes proceed in
the so-called green bodies during the different periods of drying [2, 3]. The surface
temperature of the articles is changed to the wet-bulb temperature of the drying gas and the
evaporated amount of water is relatively small during the Zero period of drying (ZPD).
Liquid water evaporation at relatively constant surface temperature, equal to the wet bulb
temperature, plastic deformations and shrinkage proceed at the constant-rate drying period
(CRDP). The shrinkage stops at the end of that period at the critical moisture content. The
surface temperature increases to the drying media temperature and the moisture is changed
with decreasing rate at the falling-rate period of drying (FRPD). The proper organisation of
the drying regime is important for the energy efficiency of the drying installations and the
quality of the products. The drying mode at CRDP has to be “soft” –it has to proceed with
enough low rate to prevent failure of the products because of non-uniform moisture content
and shrinkage in the green bodies. Higher moisture gradients and non-uniform shrinkage
have to be carefully prevented especially at green bodies with complex geometries. The next
period (FRDP) can proceed at higher drying rate as the mechanical deformations of the
articles are insignificant.


&RUUHVSRQGLQJDXWKRUQLQD#XFWPHGX
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The mathematical modelling of the coupled transport phenomena and mechanical
processes, based on experimentally obtained data for the material properties of the dried
material are appropriate and effective way to obtain detail information about the above
processes in order to organise and control proper drying regimes [4, 5].
Mathematical models were developed and numerical simulations of coupled mass transfer
and mechanical processes in building bricks at their drying in continuous tunnel dryers were
implemented via finite element method [6-8]. The models were validated and calibrated
comparing the computed and maintained moisture changes and sizes reductions of the articles
[8]. They are used in the present study to check the possibility for a reduction of the drying
time and the subsequent energy savings.

'HFUHDVLQJRIWKHGU\LQJWLPHDFWLYLWLHVDQGPRGHOLQJ
5HRUJDQLVDWLRQRIWKHGU\LQJUHJLPH
The drying installation is consisted of continuous drying channels and generators of hot
drying gas mixture (fig. 1). Detail information about the installation is not possible because
of confidential rules. The drying gas is fed through multiple inlets along the channel. An
automation system controls the gas temperature and relative humidity along the channel by
varying the mass flows on the different inlets and respectively the fuel and airflows at the
generator inlets. The moisture content of the gases d and the drying potential and are
presented on figure 2:
ߝ ൌ ܶ െ ܶ௪ , K

(1)

where T = temperature of the drying gas, K; Twb =wet-bulb temperature of the drying gas.
Higher relative humidity and a relatively low temperature are maintained in the first half
of the drying tunnel, where CRPD proceeds. These result in soft drying mode due to a low
drying potential in that part of the channel.


)LJ&RPPRQVFKHPHRIWKHGU\LQJLQVWDOODWLRQ
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)LJ&KDQJHRIWKHGU\LQJJDVSDUDPHWHUVZLWKWKHOHQJWKRIWKHGU\HU

The energy consumptions at the technological processes are estimated by energy balances
[9]. A Sankey diagram (fig. 3) presents such balance of the installation at heat flows,
computed at the system boundaries on fig. 1. A comparatively high energy efficiency of the
installation is obvious by the figure: the useful energy for water evaporation is 61 %. The low
thermal loses contribute to that. The utilized heat flow of the air, cooling the hot ware and
transport in the kiln, is 46 % of the input heat flows. That heat recovery leads to a relatively
small fuel consumption in the drying installation. The technological efficiency is also high –
there are not defect and cracks in the dried product at the maintained conditions in the dryers.


)LJ(QHUJ\EDODQFH

$FWLYLWLHVDQGFRQGLWLRQVLQRUGHUWRUHGXFHWKHGU\LQJWLPHDUHDFFHSWHG

ɚUHGXFWLRQRIGU\LQJWLPHE\E\VKRUWHQLQJWKHLQWHUYDOVRISXVKLQJRIWKHZDJRQV
LQWKHGU\LQJWXQQHOE\WKHVDPHSHUFHQWDJHV

DNHHSLQJRIWKHSUHVHQWFRQWUROOHGFXUYHVRIWKHWHPSHUDWXUHVDQGUHODWLYHKXPLGLW\
DORQJWKHGU\LQJFKDQQHOOHQJWKE\LQFUHDVLQJWKHPDVVIORZVRIWKHGU\LQJDJHQWDWWKHLQOHWV
RIWKHGU\HU
$OOVROLGDQGJDVPDVVIORZVDQGVXEVHTXHQWKHDWIORZVLQWKHGU\HUVDUHLQFUHDVLQJZKLW
DFFRUGLQJWRWKHPDWHULDODQGHQHUJ\EDODQFHV
7KHFKDQJHVLPSRVHDOVRLQFUHDVLQJRIWKHVSHHGRIWKHWUDQVSRUWHGEULFNVDQGWKHJDV
IORZVLQWKHNLOQ7KH\DUHSRVVLEOHEHFDXVHRIWKHVXIILFLHQWFDSDFLW\RIWKHEXUQHUVDQGWKH
IDQVRIWKHNLOQDQGWKHGU\LQJLQVWDOODWLRQ7KHHQHUJ\EDODQFHRIWKHNLOQVKRZVWKDWWKH
PDVVDQGKHDWIORZRIWKHKRWDLUIURPWKHNLOQWRWKHGU\HUVLVDOVRLQFUHDVHGZLWK
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7KH WKHUPDO ORVHV WR WKH HQYLURQPHQW DUH QRW H[SHFWHG WR EH FKDQJHG EHFDXVH RI WKH
XQFKDQJHDEOHWHPSHUDWXUHVLQWKHLQVWDOODWLRQ7KHLUNHHSLQJDWWKHVDPHOHYHODWWKHLQFUHDVHG
FDSDFLW\RIWKHGU\HUVOHDGWRGHFUHDVLQJRIWKHVSHFLILFHQHUJ\FRQVXPSWLRQSHUNLORJUDP
HYDSRUDWHGZDWHU+RZHYHUWKHVKDUHRIKHDWORVVHVLQWRWDOHQHUJ\FRVWVLVUHODWLYHO\VPDOO
ILJ DQGWKHHQHUJ\VDYLQJLVQHJOLJLEOH
7KH IXHO FRQVXPSWLRQ LV LQFUHDVLQJ ZLWK   DQG WKH HQHUJ\ FRQVXPSWLRQ SHU NLORJUDP
HYDSRUDWHGZDWHUZLOOQRWEHFKDQJHGVLJQLILFDQWO\7KHUHIRUHWKHDFFHSWHGFKDQJHVDUHQRW
OHDGLQJWRHVVHQWLDOHQHUJ\HIILFLHQF\$SRVLWLYHUHVXOWLVWKHLQFUHDVHRIWKHFDSDFLW\RIWKH
IDFWRU\
0RGHOOLQJDQGQXPHULFDOVLPXODWLRQRIWKHPDVVWUDQVIHUDQGVWUHVVVWUDLQ
EHKDYLRXULQWKHJUHHQERG\DWWKHIRUFHGGU\LQJ
The conceptions for modeling, mathematical models and the stages of their calibrations and
validations are given in [6 - 8]. The numerical simulations of the structural-diffusion
processes are implemented via finite element technics for coupled thermo-mechanical
analysis of ANSYS Mechanical APDL [10], based on the analogy between the mass and heat
transfer. The field of the moisture content in the green body is computed by:
ߩௗ ܿ

డௐ
డఛ



ൌ ሾܭ௧ ሿߘ ଶ ܹ   

ZKHUHW PRLVWXUHFRQWHQWRIWKHGULHGPDWHULDOUHIHUUHGWRWKHGU\PDVV Kart  
DUWLILFLDOFRHIILFLHQWRIWKHUPDOFRQGXFWLYLW\:P.ȡd GHQVLW\RIWKHGU\PDVVNJPc
VSHFLILFKHDWFDSDFLW\-NJ.
7KHDUWLILFLDOFRHIILFLHQWRIWKHUPDOFRQGXFWLYLW\LVFRPSXWHGE\WKHHIIHFWLYHFRHIILFLHQWRI
ZDWHUGLIIXVLRQDef>PV@REWDLQHGH[SHULPHQWDOO\
ܭ௧ ൌ ܦ ߩௗ ܿ 





  

7KHERXQGDU\FRQGLWLRQVLQFOXGHQRQOLQHDUPDVVIOX[RQWKHPDVVH[FKDQJLQJERXQGDULHV
H[SUHVVHGE\DQDUWLILFLDOKHDWIOX[DWWKHDQDORJ\EHWZHHQWKHKHDWDQGPDVVWUDQVIHU
ܭ௧

ݍሶ ௧

డௐ

ቚ ൌ ݍሶ ௧ 

డ ௌ

  

െͳͲͲܿݍሶ  ൌ ܿݐ݊ܽݐݏ݊ܽݐܹ  ܹ  ሺܼܲܦܴܲܥ݀݊ܽܦሻ
ۓ
ଵȀௐ
ௐ ିௐ
ۖ
൰
 ܽݐܹ ൏ ܹ  ሺܦܴܲܥሻ 
ͳͲͲܿݍሶ  ൬ 
ൌ
ௐ ିௐ
۔
ௐ ିௐ
ۖ
ͳͲͲܿݍሶ 
 ܽݐܹ ൏ ͳ ሺܦܴܲܥሻ
ௐ ିௐ
ە

  

ZKHUHݍሶ   PDVVIOX[RIWKHZDWHUHYDSRUDWHGDWWKHERXQGDU\DW&5'3NJPVWcDQG
Weq DUH WKH FULWLFDO DQG WKH HTXLOLEULXP PRLVWXUH FRQWHQW RI WKH PDWHULDO REWDLQHG
H[SHULPHQWDOO\ݍሶ ௧ DUWLILFLDOKHDWIOX[:P
$UHODWLRQIRU1XVVHOWQXPEHUDVIXQFWLRQRI5H\QROGVDQG*XKPDQQXPEHUVLVXVHGWR
FRPSXWHWKHPDVVIOX[>@*XKPDQQXPEHULVQRQGLPHQVLRQDOGU\LQJSRWHQWLDOLWLVQRW
FKDQJHGDWWKHNHSWWHPSHUDWXUHDQGPRLVWXUHVRIWKHJDVIORZVDORQJWKHFKDQQHO5H\QROGV
QXPEHUVLVLQFUHDVHGEHFDXVHRIWKHLQFUHDVHGYHORFLWLHVRIWKHJDVHV
7KHFKDQJHRIWKHDUWLILFLDOKHDWIOX[HVZKLWWKHWLPHEHIRUHDQGDIWHUWKHDFFHSWHGFKDQJHVLV
SUHVHQWHGRQILJ
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&ULWLFDO
PRLVWXUH
FRQWHQW
$IWHUWKHFKDQJHV

1RZ


)LJ$UWLILFLDOKHDWIOX[YDULDWLRQZLWKPRLVWXUHFRQWHQW

7KHHTXDWLRQ  LVVROYHGFRXSOHGZLWKWKHVWUHVVVWUDLQUHODWLRQVKLSWRREWDLQWKHVWUHVVHV
DQGGHIRUPDWLRQVLQWKHJUHHQERG\
ሼߪሽ ൌ ሾܦሿሼߝሽ    
ZKHUHሼߪሽ VWUHVVYHFWRUሼߝሽHODVWLFVWUDLQYHFWRUሾܦሿHODVWLFVWLIIQHVVPDWUL[IRUPHG
E\PRGXOHRIHODVWLFLW\EDQG3RLVVRQUDWLRȞ
el
,QGLUHFWFRXSOHGVWUXFWXUDO±GLIIXVLRQDQDO\VHVWKHWRWDOVWUDLQLVIRUPHGRIHODVWLF İ 
d
DQGGLIIXVLRQ İ SDUWVUHVSHFWLYHO\

^ `

^ `
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ZKHUH ^E `  YHFWRU RI FRHIILFLHQW RI GLIIXVLRQ H[SDQVLRQ PNJ ¨&  ZDWHU
FRQFHQWUDWLRQFKDQJHDFFRUGLQJUHIHUHQFHYDOXHCref, NJP
ȟʠ ൌ ʠ െ ܥ  













7KHPRGXOXVRIHODVWLFLW\E3RLVVRQUDWLRFRHIILFLHQWRIGLIIXVLRQH[SDQVLRQȕDQGDef
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ZKHUHWinLVWKHLQLWLDOPRLVWXUHFRQWHQWRIWKHPDWHULDO
7KHERXQGDU\FRQGLWLRQVLQWKHPRGHOVRIWKHPHFKDQLFDOSURFHVVHVLQFOXGH]HURQRUPDO
GLVSODFHPHQWVDWWKHFRQWDFWIDFHVZLWKWKHWUDQVSRUWDQGWKHV\PPHWU\ERXQGDULHV LIWKHUH
H[LVWVDQ\ 7KHJUDYLW\KDVWREHWDNHQLQWRDFFRXQWWRPRGHOWKHSODVWLFGHIRUPDWLRQV
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5HVXOWVDQGGLVFXVVLRQ
Numerical simulation of the transient fields of moisture content, stresses and strain are
implemented at the corrected parameters of the drying regime for one of the most produced
articles. The models are solved numerically for a discretized domain of the body by finite
elements Solid 5, suitable for a direct coupled-field analysis [10]. A symmetry plane divides
the geometrical model. It is accepted as adiabatic and non mass exchanging. The mass flux
at the contact surfaces between the body and the transport is reduced with 80 % according to
the arrangement of the production on the wagons in the dryer.
The computed fields at a moment of the process with relatively high stresses in the article are
presented on the figures bellow. The moisture concentration is higher in the zones near the
contact with the transport (fig. 5). These differences cause non-uniform shrinkage (fig. 6) and
subsequent stresses in the ceramic domain. The positive values of the first principal stress on
figure 7 (indicative for the ceramic) correspond to the tensile stresses, the negative are the
compressive ones. The maximal stresses are established in the zones with the maximal
moisture gradients.

)LJ0RLVWXUHFRQWHQWDWDPRPHQWFRUUHVSRQGLQJWRRIWKHGU\LQJWLPH

)LJ7RWDOGLVSODFHPHQWVDWDPRPHQWFRUUHVSRQGLQJWRRIWKHGU\LQJWLPH
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)LJ)LUVWSULQFLSDOVWUHVVDWDPRPHQWFRUUHVSRQGLQJWRRIWKHGU\LQJWLPH

Additionally the modulus of rupture Fcf (used as tensile strength for the ceramics) and the
compressive strength Fcf of the materials are computed for all nodes of the mesh at the nodal
moisture contents using relations, obtained via experimentally tests [6]. 
ܨ ൌ ͵ͷǤܹ ସ െ ʹͻʹǤͶܹ ଷ  ͺͶͶͳܹ ଶ െ ͳͲ͵ͻ͵Ǥͺܹ  ͲͶͲͳͶʹǤ͵3D 
ܨ ൌ ͺ͵Ǥʹܹ ଶ െ ͶͲͲͶǤͺܹ  ͷͶͻͳͷ ିͲͳݔ3D





 
 

The differences between the modulus of rupture and the tensile strength are presented on fig.
8. The difference between the compressive strength and the absolute values of the
compressive stresses are obvious from the next figure. The positive values of the figures
show that the stresses are lower than the corresponding strengths, with the exception of the
compressive stresses at several nodes of the mesh, which can be neglected. Such positive
results are established for all moments of the process. Therefore, cracks and defects on the
articles are not expected at the suggested time reduction of the process.


)LJ'LIIHUHQFHVEHWZHHQWKHPRGXOXVRIUXSWXUHVDQGWHQVLOHVWUHVVHVDWDPRPHQWFRUUHVSRQGLQJ
WRRIWKHGU\LQJWLPH
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)LJ'LIIHUHQFHVEHWZHHQWKHFRPSUHVVLYHVWUHQJWKVDQGVWUHVVHVDWRIWKHGU\LQJWLPH

&RQFOXVLRQV
The proposed reduction of the drying time is possible at the investigated drying installation:
the capacity of the equipment is enough and the forced drying is not dangerous for the quality
of the production. However, an improvement of the energy efficiency and reduction of the
fuel consumption are not expected. The changes can be implemented if there is a necessity
for increasing of the productivity of the enterprise.
The developed algorithm for modeling and numerical simulation of the mass transfer and
mechanical processes in the dried materials is suitable for establishment of the limit of
reduction of the drying time at keeping the requested quality of the products.
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