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system for agricultural waste
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Abstract

Impinging stream dryer has proven to be an excellent alternative means for removing
surface moisture of particulate materials including agricultural waste and paddy. In this study,
a coaxial two-impinging stream dryer prototype for paddy, whose surface moisture needs to be
removed prior to subsequent processing, was developed and tested. The effects of various
operating and geometric parameters, i.e., inlet air temperature, impinging distance, particle
flow rate and particle feeding characteristics (single-point feeding vs. double-point feeding), on
the overall performance (in terms of the volumetric water evaporation rate and volumetric heat
transfer coefficient) and energy consumption of the dryer were then studied. It was found that
the developed impinging stream dryer could reduce the moisture content of paddy by 3.4 to
7.7 % (d.b.) within a very short period of time. The maximum value of the volumetric water
evaporation rate was found to be about 198 kgwater/m3h, while the maximum value of the
volumetric heat transfer coefficient was about 7,013 W/m3K. The mean residence time of the
particles (paddy) in the system was in the range of 1.81 to 2.42 s, leading to average drying
rate in the range of 1.52 to 3.83 (% d.b.) 3'1, which is about 250 and 40 times higher than
spouted-bed and fluidized-bed dryers, respectively. The lowest total specific energy
consumption of the process was 5.11 MJ/kg,.aer When using double-point particle feeding at an

inlet air temperature of 110 0C, an impinging distance of 5 cm and particle flow rate of 150

KQary solia/ -

Keywords: Double-point particle feeding; Drying rate; Mean residence time; Paddy; Single-
point particle feeding; Specific energy consumption; Surface moisture; Volumetric heat transfer

coefficient; Volumetric water evaporation rate.
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Control volume

;Sllﬁ 2 ﬂ%SJ'Wliﬂ'J‘LIQN?J D9ITUUNTOUURY LLUUﬂitLLﬁﬁ%ﬁIﬁﬁ?%{Uﬁﬁuﬁmab@]iﬁﬂ’ﬁiu‘ﬂ LT

=) > =Y Qf 1 v =Y =)
YNNI RVYIZRNINITOLNANNTDWLTIUING S

ANuHTaseINane lurandnIgastanwasaunrIaninsnlsu lalas gl nay
287 (Globe valve) $9A21N3IVBI2IMAGING1INNTA N30 D waz E drwviadlari (Pitot tube)

5
=S

FudaNdanuLATadlanNNTIaNaIunLIzadd (Testo, model 445, Lenzkirch, Germany) 9

=
bV
AMNLNWEN £ 0.2 m/s é’mwmiﬂauﬁwLﬂﬁamﬁﬂgiwugﬂmuquﬁamwwmﬂaui’a@;ﬁ
[ =3 s £ = €& a Oq: d' L3 b1 a
mmmﬂiummmﬂ@"’[@ﬂﬁ]:iwnLﬂaanmﬂam.ll,ﬂaiéﬁm@m'ﬂmuuumadmﬂwmﬂama@;

ﬂ’J'mL%’J“llada’mW’m%Qﬂﬂ’mquﬁ’s El‘ial]ﬂ']iﬂlgumad&laL(ﬂaﬂwwqﬂizLLﬂ@]i\‘]‘%\‘]lﬁ/Lﬁuﬁuﬁq v\‘i
% A o A A o o AaA & . . 'Y

YULAND U °]J']'JLl]aaﬂﬂN']uﬂ']ia'ﬂLLVNLLaﬁ'fﬂzgﬂLLUﬂaaﬂ'&nﬂa’]ﬂ’]ﬂﬂuﬂ’)’]u%u (Moist air) @38

A ~a oq; { v v 1 4 =3

lslaan (Cyclone) TIRAAINN1I88NVBIRBIDULKI IUITTRINIMINARILNaU T I URNTIOUS
maﬁLﬂ%aﬁaULLﬁ/ﬁ VLGﬁIﬂauﬁlzgﬂﬁ’]aaﬂﬁ]’]ﬂszUU I@El@']v'laﬁhﬁmax‘]‘léﬁiﬂﬂ%ﬁ]zgﬂLﬁﬂ@nlﬂﬂa’]ﬁ
Amuafiteiniseaneiasauuns (1a C) uaziieaalgwianuaaiainiaulunisdsndu
suIInUzLazaMNENLRaandsuvasaTase LU ILUUNTEUAETI HBIINANTa U LY

i‘:llﬂJﬂ’]imJLLﬁGﬁG%&I@’ﬁGQﬂﬁ&Iﬁ’JUﬂ%’s%lilLLﬁ”J

4.2 TaqnlElunminaesas
a v ‘:g/ v =S U o >3 ' £z A A:id t&’ c?
Tusuisads °1mLﬂaaﬂgﬂ‘lmf]ma@;mamalumsmaaa lagddfanidanuamsy
awlIzunmh 28% (d.b.) gmm%’mf[@ﬂmn@?ummmﬁmmﬁﬁmu@L°u"1vl,ﬂNawﬁ'uifnLﬂﬁaﬂ

mnﬁfuﬁaﬁﬁnLﬂﬁaﬂ@”\mmﬂﬂLﬁuiugﬁvﬁﬁqm%nﬁ4 °C 1 JwIzezIan 2 % AawSuNNY



o A & - - | a A %
Nneaaay °1nau.laaﬂﬁlzgﬂmaaﬂmﬂ@mwamlumsmmmﬂmw:nmﬂi:mm 20 %’WlL‘WQIV\

°1T'nLﬂﬁaﬂﬁqmwgﬁtﬁwﬁ'ﬂqmﬂgﬁﬁm

4.3 7 TMINaaad

AswSuRINIINeaay spzvnsszninstnrianiadinigluteseuukinsaszuzan
(Impinging distance) a:gnﬂ%’mﬂﬁsw:mwﬁﬁmm Tsiaeuisn WABNULTIAUFILAZTAINAN
TouTNwHa Y Lﬁaqmwnﬂﬁmaammﬂﬁﬁ@ﬁaaauuﬁdLﬁugaﬁmﬁa@hﬁ'ﬁmu@ eEOLRE RN
CREBTEER) ﬁ]:gﬂﬂam%s:uumumamﬂwmﬂam”a@ﬂué'mwmﬁjauﬁﬁmu@ nNILAY
@T’sashwaﬁnLﬂé‘aﬂﬁmémﬁLﬁumﬂﬁaszuuagiuanwa:ﬂaﬁ's Tagannsnasasluiasdn
Wudﬁwm:ﬁ%jama:m@°a%§wfmﬂawﬂ”’nLﬂﬁamﬁ’]s:umﬁmszmm 180 s (Uszunm 3
min) lagluudaziSawlanmesssazinmsiuerasneti denfiriwnsaunwssnwm 3 a5
lasdigaata9vsvasnalumsiiudlagami g fund 3 724

msmaaaa:m:ﬁwﬁi@UlﬁqmwgﬁauLLﬁa (Drying temperature) G'fi'mmﬂﬁoqm%n“ﬁ
ﬂizLﬂWZLLﬁ\‘i‘ﬁ'ﬁl@l A uaz B wianu 110 130 uaz 150 °C satoutnadaanitnszuuivinny 130
WAE 150 KQgy soig/h  TEBZTU (%%ai:ﬂ:moizmwmﬂﬁamawamaammﬂwgmaaﬁm) Winnu 5
10 U8z 15 cm uamnﬂf: ﬂﬁiﬂﬂ%fﬁ@;ﬁf’]ixﬂﬂﬂ’]ﬂﬁﬂ’s (Single-point particle feeding) LLa:ﬂau
1RQF8INTY (Double-point particle feeding) ﬁ'avlﬁgﬂmaauLﬁiaﬂiuﬁuwammwaaa‘"ﬂwm:mi
ﬂaui’a@;Liﬁizuuﬁ'ﬁ@iaamnuwaom%aaauLLﬁaLLuumzLLamu ﬁw%’umﬂaui’aqaaama 2071
dandhaddanwinny 65 uas 75 KGary soiia/h ﬁLL@ia:ﬁmmaaﬁaaauLLﬁagﬂWﬁm%'ué‘m’mﬁﬂau
130 UAT 150 kguyy soig/h AINRIAY Tusudsuil mwm%waommﬂﬁ"l%mﬁgjs:um:gﬂ

° oA A 4 @ A
fRua A NaNAINYNNY 20 m/s lunmaauvlmmimaaa

4.4 SanM IR EIlSINe s FNL T AN M It BmanutawdelSanas
FUTTOULVDILASBIBULRILUUNTEUETURIIN ldansasnsssmeingel5inas
wasdudszAninsinsnanutomdslsunes lasmunsadwmldesaunisdallil (Tamir,
1994)
N, = W (X=X,)V, (1)

N, = WAMX-X )V, AT, 2)

= o

{ Qs g’ a a 3 =) Qf U U ~
lagl N, fa 807N TIRERITIUINNGT (Kwae/m h) h, A0 NlszEnEnstnenTamds

U58103 (Wim’K) X @8 ANNTUVBIIFY (kgkkg d.b.) W, A 8aUaniad (kguy sai/h) V, Ad

a v v 3 $ 1 v Qq/’ v v Y 4 v
UYSInasvadriasauunis (m) TITauviamadnnizesanlioae (93U 2) A A2 auTaUUES

a

29NN (kdkg) waz AT, @o mmu,@m@mmaaqmmnﬂﬁmam%aﬁaﬂmﬁﬁw (Logarithmic

mean temperature difference) fwIUaMANdLazaaNNRBIBULAS (CC) T laan



AT, = (T, -T,)~T,-T,),/In[(T, -T,),~(T, -T.)] 3)

@ o

\la e o uaz i LLE‘T@]\‘]ﬁ\‘lﬂ’NaaﬂLL@Z‘Y]’NLiﬁmﬂﬂﬁﬂdﬂﬂuﬁﬂ@nuﬁﬁ@yﬂ

4.5 LanadoNiggauninagluszuy
INHUWIWNANIZNUVIUIIBEN § ARG ENITONEDDILATAIOUURILDLNIZURT U
naadsfiiagauniaagluizuy (Particle mean residence time) dniudnaifanfidanlunig

A o

NANDIFI € Vlﬁgﬂﬂmﬁu luauiseh Lammﬁsﬁi’aqa‘y‘bmﬂagjlm:uummv?nﬂizl,ﬁuvlﬁmn

T=m/w, (4)

A A A Ao \ A a o o
lasf T fa nanadunirgayniaagluszuy (s) m, e dSumvesizgauniadisluszuy
(Particle hold-up) (kg) uaz W, Aedanawizadslunfifetilfen (kgis)

%

MIWIATY m, mmsnﬁw"l,@“’[@zJLﬁmzuumsauLLﬁaLLazﬂama@; (Tlden) wing

[
o o 04

TEUY FRIUNITIUUENFENIZAIAT MNBBRIANTTINNUIDITLUY (TINARULTIAUFILAS
sowiutlawiag) uuuduwai nsulEinmuduaniziaauussaugaia ladagidaluszy

o A \ v = A o vo o AV
sanu1awnua Jaqiignldeanainzuvazgninifivlasnizusiie C garialiiniagnls

28NNNNITTLLIIYINNNITIINRINTIAN LanaaSun s aai’a@;ﬁﬁwlm:uuﬁfmao

4.6 ANUABLLAINAINUIUNZVINTZUIUNTALURS

ANNAWLLA BN waINTEUIBITaLLRIUsznav ldd s sanwlWwn A auldun
w”@amm@"ugaLLa:wéﬁowuﬂﬂﬁﬁﬁﬂauflﬁuﬁq@ﬁﬁmm%”aw,ﬁiaa%wwéi’omumwu%auI@Umw
swddoanssnulwnasnanaunsaialdlauasidls Kiowatt-hour meter

ANUFLLLEBINA UL (Specific energy consumption: SEC) Qﬂlﬁﬂu@”ﬁﬁm%ﬁa
UseAnSnwmslEwaseuuesnszuIumse kg nsunwisei lasen SEC 109nszuinns
auusmansoswmldanaunsaaluil (Nimmol et al., 2007)

SEC = E/m, (5)

\ia SEC fla AuANIUAaINaINBINNIZVRINTZLIRNITOUUAS (KWh/KGyae) E AB WRISH
Ivhdeuliunwaauussduginianasnulnvhndeuliungariauion (kwh) uaz m, Aa
YT (anudn) ﬁgﬂﬁwaaﬂﬁnﬂNﬁmﬁmﬁﬁﬁwmauLm”a (kg) T9UszLdnlaannanuuanedns
TEATNANNTUTUAULITAMNTUTATN BV INE AN AV NN B LU Tuauddpdt USunain
dql’ A o a % ea o 2 a (% ' ‘&’
(ANNTW) Ngnihaananuiadmsifitainauuidszidinldanaumsdalud
m,, = W (X-X,)t (6)

w

\la t A ANl lunnsauwitd (h)



4.7 MIAATZANIFDA
v nﬂ. % Qq: o a 6 dl
magaﬂ"l,@mnmimaaammmzmmamswwmmuﬂiﬁsm (ANOVA) lasuaf balu
LL(ﬂ'a:mimaaaazuamlugﬂmawiuaﬁwﬁwzﬁwuﬂ%muLﬁﬂummumn@hﬂ@m‘lﬁ Duncan’s
Test AuadsazAnTanlidanuuandinuagaiivedayiia p = 0.05 NINAFUNIIRAAK
nszvilaslsldsunsy SPSS (Version 16)

5. HANTINAADIUALINNTOE
5.1 samyszniEelSinasueiniasauuns

gﬂ‘ﬁ 3 URAIHANIENUVBIaMRNTVaI0 MIALAN (QIMATaUNAY) Tz saan
189 LLazé'ﬂwmzmiﬂam”a@;Lﬁwszuuﬁﬁ@iaé'mﬁzmzlf:’n,%oﬂ%mm IFWI BaF1IRTE
ﬂ%mmuﬁwﬁumumnﬁwﬁmaoqm%aﬂﬁmmﬂmu%%ﬁaLﬂuwammnmwmmn@mszij
amnndvasaIne (AINAILUNNTOLUAY) LLazqm%Qﬁﬁwaﬁa@; (luﬁf:ﬁaaqm%nuﬁmum:
Jan) Lﬁawﬁ;ﬂmnﬂﬁmmﬂmL°1T1gaﬁmmﬂﬂ’jﬂﬂsﬂl%qm%nﬂﬁmnﬁ@iw FINRLALTITULAR DN
F1RIUNITNNANMNTDBUASNITLLNUIR (mm%u) farnnninlasianizadnefslugions
auWIA7 (Unhindered rate drying period) a¢nslsfiany nsdamedimeshanuaasliifuin
qnmgﬁmadmmﬂmLﬁﬂlmﬁaunﬂﬁ'auvlmmimaaa"l,sjdwam:ﬂwiaé’mwmss:muﬁu%o
USunavadalinudamy (gmiwﬁ' 1) ﬂﬂduﬁs:ﬂmumﬂﬁq@ (15 cm) ém%’umsﬂaui’aqma
@87 (ggﬂ‘ﬁ' 3a uaz 3b) Fsoradunssnfifanlanimanasil ANUBLIIIUNIITRIERIN
mi,mﬂﬁzdaaam:uaﬁ%aﬁ'ﬂLﬁ@%uﬁ'umtﬁﬁizﬂwumﬂﬂmﬁuﬁaLLﬂi%é’ﬂﬁdwa@iaé'mwmi
sunpiEesanas (Sathapornprasath et al., 2007)

luﬂstﬁmaaé'@mﬂaufa@; WU ﬂ’]‘iLﬁué'm’]ﬂam”a@; (B0TEIHITNI NN VBITEAURE
21NEAAININ) ﬁqmwnﬂﬁmﬁnmaaaﬁmﬂmﬁ'ﬁ]:doNalﬁé'mwmﬁ:mﬂflﬂ%dﬂ’ﬁmmﬁ@h
WRudn Audwgniiiiesnniedesevuifinamdusifianusunsounwefiazsessuniselu
fms:mslfzﬂm”a@;ﬁmﬁm‘lmzuuwﬁ”awﬁ‘uﬁnLﬂﬁaﬂmsﬂﬁﬁauvlmmsauLLﬁa@”\mén fauans
TwiAuin é’mwﬂam”a@;mmsnLﬁ'u%ﬂﬁﬁﬂLﬁaaﬁnﬂmiﬁﬁmumaom%iaaauuﬁdﬂ'dvl&iagmﬂﬁ
8nN2z8% (Chocking point) G9annizasnanitlaiinianalay Kitron et al. (1987)

Tunsdivesszozan woin szozauiisuninazyilisamnnmsssnetinddunnnin nail
onadwnaeilszozauton wssidensazanudululunsiwanisluusiamnissu (Impinging
zone) é’mﬁ@mﬂmn@uumlumﬂmmiwa‘y},mﬂﬂg\iaaans:uagﬂﬁﬂﬁﬁ@hLﬁ'wfu RGN
mmeﬁ”’mmmiamimﬂmmw%”auua:msmUmmaﬁﬁwaai’a@;a@m ANUTUSIFINTD
diginaananiaqlawinndt (Hu et al,  1999) nufldfigonnd a9t N5 89184
Sathapornprasath et al. (2007) (NIWVBIANLIIDINADUTY 16 m/s LLa:é'mwﬂaui'a@; 20
KQury soi/n) 48 Choicharoen et al. (2010) (NIThVBIANNITIDINAD LT 20 m/s) BE9 bsniany

srgzTw llaINaNITNUag Nl nam A daaaMITzreinLilsunesilanisauuienseian
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a o = [o) A o A o 2 o
pawnniLngeiiga (150 C) Likesan ‘wmmuwazawmﬂlumqmlﬁuwamnmﬂmqm‘mﬂum
L?TﬁﬁgaﬁaLﬂumﬁ'ﬂﬂﬁ'ﬂﬁdawa@iamﬁzmmlaaﬁﬂui’aqlumaﬁaLLﬂsﬁﬁ'm'ﬁmaaa

LﬁaﬁmstmNam:wwaaé'ﬂumzmsﬂauﬂ'a@ﬂumiwﬁ 1 WU é’ﬂum*zmsﬂaufmﬂsj
ddwam:'ﬂuaﬂﬁaﬁﬁfﬂéﬂﬂ”fy@iaé'mﬁmii:mm"mL%aﬁmm‘tmﬁaunﬂLfﬂ'auvl,mmimaaa UL
NIzBLTUININNFA (15 cm) UazNanTINITUaU 130 Kgay soig/h HBNINIHIFINAWLENIIN
pownndvatamearididl 9 (110 uaz 130 °C) a"'m']mﬁ:mﬂﬁ’nﬁaﬂ%mmﬂumﬂﬂaufm}

A oA a a o a Y o a A L A A a Y o
sasmsiidnannnindaieuiisununsdideniagniaaen 'ﬂLﬁumuumaoﬁnnlummﬂama@;

o A o ' o A A o oA = a o a Y o
§0IN9 aa@maglum:memﬂsamma:muuﬂimmuaym’lLaJaLﬂJsalmmurmmmﬂama@;

1 v v v 1 1 v U & o {
N19LAE7 FINALRNITENIIANUTanTadaMaTawluLdaz NI LRI AT snINGavinlwlanian

mm%m:i:mUaaﬂﬁnﬂ’?ﬁ@;ﬁmnﬂfhﬁazJ

o 250 250

5 W, = 130 kgary solia’h g W, =150 kgary solis’h

& 2001 £ 200 -

E g

o o o

g 150 1 &F 150

= E > =

8 \5 2 ‘T’s

gin 100 A ; &b 100

o 2 7

5 50 - L=5cm S 50 = L=5cm

= - L=10cm| 3 - L=10cm

) (a) - L=15cm ° (b) - L=15cm

> 0 T T T T v > 0 ¥ T I v
110 130 150 110 130 150

Temperature (°C) Temperature (°C)

% 250 o 250

?E‘ Wp =130 kgdry solid/h § Wp =150 kgdry solid/h

£ 200 5 200 -

® ®

e 2=

S 150 A1 S 150

o 5 o5

8 = _ ® . .

giﬁ 100 g %0 100

2~ 2

5 50 - =+ L=5c¢cm é 50 = L=5cm

= - L=10cm 5 = L=10cm

° . (c) __ ELi=D cm < . . | -1 '
110 130 150 110 130 150

Temperature (°C) Temperature (°C)

ci a A et 1 dld 1 o Z’ a a qzdi v 1
Ell“ﬂ 3 ANIWAVDIALLTANY 9 mmaa@ms:l,mm’umﬂimmmﬂl@taau"l,mﬂﬁaULmeN 9.

(a) 48z (b) Yawlagmiaidien, (c) uaz (d) Yawliagaaansg



{ o Y A a o a a% ' v a a { A
A1991 1 sanmszmsindsliunesuazsudedninisinomanusawdaliunasnigewly

NMIDUUAIEN 9

Drying condition Volumetric water | X.— X Volumetric heat
Particle feeding T L w, evaporation rate |(% d.b.) | transfer coefficient
characteristics | ('C) | (cm) (K9ary soic/N) (KGuate/m ) (W/m’K)

5 130 144 £ 80" 6.5 6044 + 342.4™
150 159 + 163" | 6.2 6917 + 703.8"
130 118 £ 11.7° 5.3 4956 + 510.5"
110 | 10 i 3
150 148 + 8.3 5.8 6825 + 403.5
.5 130 75 + 7.43‘0de 3.4 3943 ¢ 344.37:’:
150 125 + 13.7 4.9 5470 + 634.6
5 130 146 + 18.6"" 6.6 4714 + 605.2°"
150 168 £ 5.6 6.6 5530 + 186.5
Singlepoint | 130 | 10 130 140 10.?;:? 6.3 | 4569+ 339.6::
150 161 6.9 6.3 | 55832138
.5 130 95 + 8.1:ief 4.3 3881 ¢ 297.%:;":
150 130 + 9.6 5.1 4541 + 49.4
5 130 156 + 20.2"™" 7.0 4128 + 528.1°"
150 198 + 15.5" 7.7 5322 + 421.4"
50 | 10 130 154 + 115" | 6.9 4046 + 303.6”
150 180 + 9.6 7.0 4926 + 261.0"
.5 130 157 £ 4.0 7.1 3809 ¢ 170.5 "
150 178 + 13.37 7.0 4591 + 342.1°"
5 130 140 + 4.6:i: 6.3 5664 + 177.8'mq“°
150 162 + 7.2 6.3 7013 £ 312.1
110 | 10 130 120 # 53;h 5.4 5345 + 241.0k'pm
150 139 + 6.8 5.4 6296 + 298.2
.5 130 121 & 133@: 5.4 5175 ¢ 569.8::
150 140 + 8.5 55 5858 + 355.5
5 130 142 +7.3"" 6.4 4553 + 40.6™""
150 168 + 13.1" " 6.6 5710 + 442.2"
cdef cdef
Double-point | 130 | 10 130 190 £ 7.8 5.9 4218 £ 250.7"
150 148 + 9.7 5.8 5197 + 346.3
.5 130 122 + 8.5‘:hi 55 3991 & 277.7:;k
150 143 + 10.1 5.6 4951 + 365.4
5 130 150 + 14" 75 | 4342+513.8"°
150 187 + 9.8" 7.3 5263 + 281.9""
50 | 10 130 137 + 154" 6.0 | 4332+4226™"
150 172 + 21.8" 6.7 4742 + 599.1°"
.5 130 130 + 6.1 5.9 4535 + 279.1"
150 170 + 7.4 6.6 4777 £ 211.3%"

Different letters in the same column indicate that the values are significantly different at 95 %.




IMNANTIA 1 Fui sanmsrminglsinasildannmsauukitnadaendan
agﬂuﬁ’m 75 £19 198 Kguae/m h I@mé’mwmiszmslf:’n,%aﬂ%mmgoq@ (198 Kgyuie/mM h) 32
\Aedufl T=150 °C L = 5 cm uas W, = 150 Kggry soig/h WaSoufsunusannmyszmesinigs
UYSINaINIeaaNITaUWAITIINNE (Specific drying rate) lunsdinisauuistnidenlasls

A [ A A | '
Lﬂia\‘iallLL“VNLLUU&L‘IJ’WTL@]@]L‘LI@]‘?N&J@]’]?J%FLWH’N 72 ﬁ\‘] 137 kgwater/msh (Madhiyanon et al., 2001)

(2
a A

FTWUIN ﬁqm%nﬂﬁamﬁaﬁ,mﬁu AAIINITILLALINLTIUT A TN Laa1n9wIFaR i 81nn3N
nana N é’mmmﬁ:mmﬁinL%qi.l?mmﬁvlﬁmﬂmu%”ﬂﬁﬂ'dﬁ@hgaﬂiﬂLﬁaLﬁﬂuﬁ'umﬂﬁi”
4 [¥ a &£ ' ' ' 3 . .
Lﬁ-ﬁaaauLLmLLUUWga@VL@%meﬁmagluma 67 119 144 Kgyue/m h (Tirawanichakul et al.,
2002)
v & & Y o A A o o A ' '
wFINARRI ANuTugaievastnilianfisanainiasauuniy (3a C) umagluma
246 99203 % (d.b.) WULFAILALAWIN LATBIBUURILLLNITTUETUEINITOAAANNT U B
Trdfanasldtszanm 3.4 63 7.7 % (d.b.) Mmauluszoziim 2.5 s (o191 3) WalTuuifisy
nuLATasauuAsuuuaLviiaalue (Madhiyanon et al., 2001) uazWadaladiua (Tirawanichakul
et al., 2002) LWL ANNTUVBITIILURENENNTDAARI LA 3 §19 8 % (d.b.) war 3 A9 11 %
o v A& A, ' ' o @ ' = A v o A
(d.b.) audey T lauand1anuannun agnelsAay sazanf Mlunsauuwisdnilaen
o a U nq/’ rf{’ Aﬂ' v = = 1 a t-ﬂlt-&' U
AITHUININTIMIGA2E mmwalﬂmsmmumymﬂu"l,ﬁaqumﬁsm Tagluniazldaasinis

Uk DU To U

= a a o o ) A P v o aa \
AN 2 LUIPULNE UG IINITOLLAIYBITNILU R NN O ULHAIAIEITNITANY 9

T X—-X, Drying time Drying rate
Drying method o A
(C) (% d.b.) (s) (% d.b.)s
110 6.5 1.95 3.3
Impinging stream drying
e & 130 6.6 1.90 3.5
(3WI28W)
150 7.0 1.98 3.5
Spouted-bed drying 110 7.5 900 0.008
(Madhiyanon and 130 8.0 720 0.011
Soponronnarit, 2005) 150 10.4 720 0.014
110 6.7 144 0.046
Fluidized-bed drying
130 11.0 150 0.073
(Tirawanichakul et al., 2002)
150 10.5 120 0.088

Drying time in the case of impinging stream dryer is mean residence time of particles in the drying system.

ATNN 2 LEAIDATINTALUAITINURENEIRTUNITOLUAIAIBATNNTAN 9 TISTWITh

INYFINHANVTUNAARILALILELIAA LT IUNNTALUAS 22IAWINEAIINITOLUWIDDILAT DI
v 1 1 4 v a 1 v é

WAILUUNISzuATHIAIgINIIeIasauLsBnaarada udaun FadunaanszeziiaInng
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LNEILAD ATINITILLA LN TIUS NI AT NND W T2 IRN LT NN Ta LRIt IaaadL Twatingan
anaae ﬁaﬁLLa@alﬁLﬁu’hLﬂ%aaauLLﬁoLmuﬂizLLamuﬁﬁ'ﬂmmwgaluﬁmmiﬂiw HANRIIN L
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5.2 sulseAnEmMItamanutan TSN aTe a3 asaunns

gﬂ‘ﬁ 4 useIHANIENUYBIgmUNdvasa AT TTTTU é’mwﬁaui’a@; LR AN TS
mﬁjam”a@;Liﬁizuuﬁ'ﬁ@iaé’mﬂizﬁwﬁ%iﬁwmmm%"am%aﬂ%mm ALABIN nﬁiLﬁuqm%Qﬁ
°11aammmnLﬁwﬁawalﬁm’mLL@m@mssz’mqm%gﬁmaammmm:qm%gﬁﬁwaai’a@yﬁu"fu
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Drying condition
Mean residence time of particles
Particle feeding T L w, ()
S
characteristics (OC) (cm) (KQdry soliaN)
5 130 1.95 + 0.13°°°
150 2.05 + 0.04”"
fghij
110 10 130 2.02 + O'O7huk
150 2.07 + 0.06
15 130 2.24 +0.08""
150 229 +0.13™
5 130 1.90 + 0.09°°
150 1.99 + 0.06""
ghijk
Single-point 130 10 130 2.06 £ 0.07 hik
150 2.06 + 0.09
130 2.31+0.12°
15 o
150 2.23 + 0.11
defgh
5 130 1.98 + 0.14
150 2.01+0.10°"
Imno
150 10 130 219 + 0'07jk|m
150 2.12 + 0.10
130 242+ 013
15 o
150 2.29 +0.10
5 130 2.01 + 0.09%"
150 219 + 0.02™°
abcde
110 10 130 1.90:0.14kImn
150 2.16 + 0.03
130 1.87 + 0.14™°
15 ghijk
150 2.06 + 0.05
5 130 1.88 + 0.117
150 220+ 011"
abc
Double-point 130 10 130 1.67£0.14_
150 2.11 + 0.06
130 1.85 + 0.07"
15 fghij
150 2.03 + 0.07
5 130 1.95 + 0.08""
150 222 +0.03" "
abcd
150 10 130 1.88 + 0.09kImn
150 2.16 + 0.05
130 1.81 + 0.04°
15 fghij
150 2.02 + 0.05

Different letters in the same column indicate that the values are significantly different at 95 % confidence

level.
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MJ/KGyater BINATUNITOU FUNITNARDITLTUAY
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Drying condition
SECblower SECheater SECtotaI
Particle feeding T L w,
o (MJ/kgwater) (MJ/kgwater) (MJ/kgwater)
characteristics (C) | (cm) | (KQary soia’N)

5 130 3.49 2.27 5.76

150 3.19 2.08 5.27

110 10 130 4.29 2.79 7.08

150 3.40 2.21 5.61

15 130 6.78 4.41 11.18

150 4.07 2.65 6.71

5 130 3.48 3.84 7.31

150 2.99 3.30 6.30

Single-point 130 10 130 3.60 3.97 7.56

150 3.12 3.44 6.56

15 130 5.33 5.89 11.21

150 3.88 4.28 8.16

5 130 3.25 4.92 8.18

150 2.55 3.85 6.40

150 10 130 3.28 4.96 8.24

150 2.79 4.23 7.02

15 130 3.20 4.85 8.05

150 2.83 4.28 7.11

5 130 3.58 2.33 5.91

150 3.10 2.01 5.11

110 10 130 4.17 2.71 6.88

150 3.62 2.35 5.97

15 130 4.20 2.73 6.94

150 3.61 2.34 5.95

5 130 3.53 3.90 7.43

150 2.99 3.31 6.30

Double-point 130 | 10 130 3.87 4.27 8.15

150 3.40 3.75 7.15

15 130 4.14 4.57 8.72

150 3.53 3.89 7.42

5 130 3.05 4.62 7.67

150 2.69 4.08 6.77

150 10 130 3.89 5.90 9.79

150 2.96 4.48 7.43

15 130 3.88 5.87 9.75

150 2.96 4.49 7.45
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Final moisture content of Volumetric water Volumetric heat transfer
Drying paddy evaporation rate coefficient
temperature (% d.b.) (kgwate,/msh) (W/mBK)
Cc) Without Without Without
With cyclone With cyclone With cyclone
cyclone cyclone cyclone
110 21.81 20.39 158 195 6917 8817
130 21.45 20.03 168 204 5530 7540
150 20.27 19.96 198 206 5322 5763
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Abstract

Impinging stream dryer has proven to be an excel#éernative means for removing surface
moisture of particulate materials. In this studyoaxial two-impinging stream dryer prototype for
paddy, whose surface moisture needs to be remavadtp subsequent processing, was developed
and tested. The effects of various operating araingéric parameters, i.e., inlet air temperature,
impinging distance, particle flow rate and partitdeding characteristics (single-point feeding vs.
double-point feeding), on the overall performariog¢rms of the volumetric water evaporation rate
and volumetric heat transfer coefficient) and epergnsumption of the dryer were then studied.
was found that the developed impinging stream drgeitd reduce the moisture content of paddy by
3.4 to 7.7 % (d.b.) within a very short period iofi¢. The maximum value of the volumetric water
evaporation rate was found to be about 198:km°h, while the maximum value of the volumetric
heat transfer coefficient was about 7,013 WniThe mean residence time of the particles (paddy)
in the system was in the range of 1.81 to 2.48ajihg to average drying rate in the range of 1052
3.83 (% d.b.) 3, which is about 250 and 40 times higher than smbbed and fluidized-bed dryers,
respectively. The lowest total specific energy congtion of the process was 5.11 MJ/kgwhen
usingdouble-point particle feeding at an inlet air tengpere of 110°C, an impinging distance of 5
cm and particle flow rate of 150 kgoidh.

Keywords: Double-point particle feeding; Drying eéatMean residence time; Paddy; Single-point
particle feeding; Specific energy consumption; &cef moisture; Volumetric heat transfer
coefficient; Volumetric water evaporation rate.

1. Introduction

Paddy is one of the world’s most important foodpsr@and Thailand is among the largest
exporters of rice in today international marketfdde being processed, freshly-harvested paddy with
high moisture content needs to be dried in ordeavimid quality deterioration by microorganisms
and respiration. Nowadays, typical methods thathzen used to dry paddy in Thailand and other
countries include high-temperature fluidized bededs [1-2], spouted bed dryer§3-4] and
pneumatic dryerd5]. Because freshly-harvested paddy is a high surfaoestune particulate
material, an impinging stream dryer (ISD), whicldogs to a unique class of dryers that has proven
to be an excellent high-energy efficiency altewato flash dryer for removing surface moisture of
particulate materials, is one possible means fgindrpaddy, especially during the first drying stag
where mostly surface moisture is to be removed.

The principle of an impinging stream dryer is ttwan of two or more streams of gas, at least
one containing wet particles, on the same axidrbtite opposite directions. The two streams then
impinge at the midpoint of their flow paths in aea called an impingement zof&. A result of
collision between the opposed streams leads tdlerteonditions for intensifying heat, mass and
momentum transfer. This is due to the high sheaefand turbulence in the impingement zone. The
use of impinging stream dryer for drying of partate materials has been proposed and tested with
various degrees of success by numerous reseaichtt$

*Corresponding author. Tel.: +66 2 913 2500 Ext.286&x: +66 2 587 4336.
E-mail address: ccnimmol@gmail.com



Recently, Sathapornprasath et al. [1@gveloped a prototype of a coaxial two-impinging
stream dryer and evaluated its performance usism 1@ a test material. It was found that at all
drying conditions the volumetric water evaporati@ie increased as the inlet air temperature
increased; the effect of the inlet air temperatoinethe volumetric heat transfer coefficient was
negligible, however. The volumetric water evapanatiate and volumetric heat transfer coefficient
were found to increase with the inlet air velogityd particle flow rate at each inlet air tempemtur
The effect of the impinging distance on the voluticetvater evaporation rate and volumetric heat
transfer coefficient depended on the values ofitiet air velocity and particle flow rate. The
maximum volumetric water evaporation rate was fotmde around 110 kge/m°h, while the
maximum volumetric heat transfer coefficient wasuad 880 W/K. Although the prototype dryer
could operate well with a model material (resinyihg an initial moisture content in the range of 81
85% (d.b.), it could not be used with a real adtizal product (especially waste, which has high
moisture content) as the dryer had severe probiletesms of the ability to control feeding of styck
materials as well as clogging within the inlet @ipe

To eliminate the above-mentioned shortcomingsoicharoen et al. [13nodified the
original impinging stream dryer &athapornprasath et al. [12} increasing the diameter of the inlet
pipes to allow easier flow of a drying material hiit the system. The screw-conveyor type particle
feeding system was also replaced by a belt-conveéype feeding system. The temperature
controlling system was also modified by placing thweaters symmetrically on either side of the
drying chamber in order to be able to independetuiytrol the inlet air temperature of each inlet
stream. After the modification experiments werefgrened to evaluate the performance and energy
consumption of the modified dryer using soy resithleara) as a test material. It was found that an
increase in the inlet air temperature, inlet aiogity and particle flow rate led to an increasdhia
volumetric water evaporation rate. However, the@fbf the impinging distance was dependent on
the value of the inlet air velocity. It was alsauifa that the volumetric heat transfer coefficiemsw
insignificantly affected by the inlet air tempena&uHowever, the volumetric heat transfer coeffitie
increased with an increase in the inlet air velo@article flow rate and impinging distance. Imte
of the specific energy consumption of the dryinggass, it was observed that the specific energy
consumption of the high-pressure blower and eletteiaters decreased with an increase of all the
tested parameters, except for the impinging digtailbe lowest specific energy consumption was
found to be around 5.6 MJ/kgs.

Although there have already been works on dryingasfous types of particulate materials
in impinging stream dryers of different designdpimation on the performance of an impinging
stream dryer when being applied to freshly-handgegi@ddy, which needs to be dried in very large
tonnage every day around the world, is still naikmble. The objective of the present study was to
investigate the possibility of reducing the hightiad moisture content of paddy by using an
impinging stream dryer as a first-stage dryer. Axtal two-impinging stream dryer prototype for
paddy was developed and the effects of variousabipgr and geometric parameters, i.e., inlet air
temperatures of 110, 130 and 13D; particle flow rates of 130 and 150 4kQ.id/h; impinging
distances or spacings between the two opposedsiofeb, 10 and 15 cm; and particle feeding
characteristics viz. single-point feeding vs. dedpbint feeding; on the overall performance (in
terms of the volumetric water evaporation rate aoldmetric heat transfer coefficient) and energy
consumption of the dryer were then investigatadaddition, the mean residence time of paddy at
several combinations of geometric and operatinglitimms was investigated and used to clarify the
experimental results.

2. Materials and methods
2.1 Experimental set-up

A schematic diagram of the coaxial two-impingingeatn dryer is shown iRigure 1 The
dryer consists of a drying chamber made of stasn&teel with the inner diameter of 0.39 m and
having a volume of 0.046 InBoth inlet pipes of the drying chamber are 0.0fndiameter. The
drying chamber and the inlet pipes are insulatati ¥iberglass insulator in order to minimize the
influence of heat losses on the dryer’s performaradeulation. Adaptors are attached to both inlet
pipes inside the drying chamber to allow adjustnwdrthe impinging distance. Two high-pressure
blowers, each rated at 5 kW (Crelec, model HB-62Banghai, China), which could deliver a



maximum pressure of 280 mbar at an air flow raté.afni/min, were used to supply the air to the
system. The inlet air temperature was controllednzyelectric heaters, each rated at 20 kW, which
were controlled by two independently operated priipioal-integral-differential (PID) controllers
(DHC, model DHC1T-D, Wenzhou, China) with an accyraf+1 °C. The inlet air temperature was
recorded continuously by type K thermocouples coteteto a data logger (Hioki, model 842-51,
Tokyo, Japan). The wet-bulb temperature of thetiaie as well as the wet-bulb and dry-bulb
temperatures of the outlet air were also monitamdi recorded by a moisture sensor (Vaisala, model

HM70, Helsinki, Finland). The wet-bulb and dry-bubmperatures of the inlet aif,,; and Tg;,
were measured at points A and B (ségures land?2). The wet-bulb and dry-bulb temperatures of
the outlet air,T,,o and Ty, were measured at point C. Air velocity in bottetrpipes was adjusted

by means of globe valves and measured at pointsdlEaby a pitot tubes, which were connected to
a multifunction measuring device (Testo, model 44 zkirch, Germany) with an accuracy of +0.2
m/s. The paddy feed flow rate was controlled bysiilig the speed of a belt feeder, which received
the paddy from the hopper located above the bellde The speed of the belt feeder was adjusted
by varying the revolution speed of a DC poweredananstalled at the end of the belt feeder.
Cyclone was used to separate dried paddy from tistrair. It should be noted that the cyclone was
removed during the evaluation of the dryer perforoga The dried paddy was thus directly collected
at the exit port of the drying chamber (point C).

2.2 Materials

Paddy was used as a test material. The conditioineshly-harvested paddy with initial
moisture content around 28% (d.b.) was achievereiwetting paddy and then keeping it at 4 °C for
2 days. Prior to the start of each experiment paddy left at ambient condition to gain thermal
equilibrium for 20 min.

2.3 Methods

First, the distance between the faces of the pifets within the drying chamber (impinging
distance) was adjusted to a selected valte. high-pressure blowers and the electric heaters
then switched on. After the drying temperature hedcthe selected value feeding of paddy into the
system started via the use of the belt feeder.eBoh experiment collection of dried sample at the
dryer outlet was made at 3 different time intervllss important to note that the collection of the
dried sample started when the system was alloweeéaich its steady-state conditidrhe collected
sample was then dried in a hot air oven at 103?C@2 h to determine its moisture content.

Experiments were conducted at the drying tempegatwhich was the air temperature (or
dry-bulb temperature) at points A and B, of 1100 &8id 150°C; mass flow rates of paddy of 130
and 150 kgy soidh and spacing between the two opposed inlets pinigmg distancesL{ of 5, 10
and 15 cm. Either single-point or double-point jotetfeeding was tested to assess the effect of the
particle feeding characteristics. In the case afd®-point feeding, mass flow rate of paddy of eith
65 or 75 kgy soidh at each feeding point was used for the totalsnfl@sv rate of 130 or 150 kg
solid N, respectively. A fixed inlet air velocity of 20/s was used in all experiments.

2.4 Calculation of volumetric water evaporation rate and volumetric heat transfer coefficient

The performance of the impinging stream dryer wealuated in terms of the volumetric

water evaporation rate and volumetric heat transbefficient, which are defined by the following
equationg14,15}

_ Wp( Xi—Xo)

1

v v (1)

~ Wpk(Xj = Xo) @
VAT,

where N, is the volumetric water evaporation rate,(kgm’h), h, is the volumetric heat transfer

coefficient (W/nmiK), X is the moisture content of the particles (kg/kg. )Xl ¥, is the mass flow
rate of the particles (kg soi/h); A is the latent heat of vaporization (kJ/kg}; is the volume of the



dryer (n), which also includes the particle feed pipes ttbe dry-bulb and wet-bulb temperatures
of the inlet air were measured (d&gure 3; AT, is the logarithmic mean temperature difference of
the inlet and outlet ai”C), which could be calculated by the following etijpia:

= (rd _Tw)o _(Td _Tw)i
m=
IN[(Tqg —Tw)o — (Tg —Tw)il
where subscripts andi designate the outlet and inlet of the dryer, retpely.

(3)

2.5 Determination of particle mean residence time
To confirm the effects of several parameters enpérformance data of the dryer the mean
residence time of paddy at various combinationsgebmetric and operating conditions was
investigated. In this study, the mean residence tifnpaddy was calculated from the amount of the
particle hold-up within the system and the partitdes rate[8,16];
_Mp
Wp

wherer is the mean residence time (l;l)'1D is the particle hold-up (kg)A, is the particle flow rate

T

(4)

(kg/s). Because the determination of the partickamresidence time involved much error, the
experiments were repeated, in this study, at Easimes.

To evaluate the particle hold-up the system wad filowed to reach steady state at each
condition. Then, feeding of the particles (paddypithe system and operation of the high-pressure
blowers were simultaneously stopped. The paddy edlected at the exit port of the drying
chamber (point C) to obtain the hold-up.

2.6 Estimation of specific energy consumption

The energy consumption of the drying process, nredsdirectly using a kilowatt-hour
meterwith an accuracy o£0.1 kWh, composed of electric energy required terage the high-
pressure blowers and the energy required to opthratelectric heaters.

The specific energy consumption of the high-presdillowers and the electric heaters was
calculated by17]:

sec-= E 5)

My
where SEC is the specific energy consumption dfeeithe high-pressure blowers or the electric

heaters (MJ/kgke); E is the measured electric energy consumption dfeeithe high-pressure
blowers or the electric heaters (MJ) and, is the amount of water removed (kg), which is the

difference between the initial and final massethefdrying paddy. In this study, the total amount o
water removed was calculated as:

rn\N:\Np(Xi = Xt (6)
wheret is the drying time (h).

2.7 Determination of system steady state

In order to determine the point where the systaartex to reach steady state the dry-bulb
and wet-bulb temperatures of the outlet and intetvare measured during a preliminary experiment.
It was found that before the system reached stetadg the temperature of the outlet air, which was
used to calculate the volumetric heat transferfaowent, continuously decreased as a result of the
heat transfer between the feed and the air stredmapproached a constant value at about 180 s after
feeding of the particles started. The first collectof the sample was therefore performed after
operating the system for 180 s.

2.8 Satistical analysis

All experiments were performed in duplicate excefpien specified otherwise; the dryer
performance was then calculated and reported as nmelues with standard deviations. The
experimental data were analyzed using an analysiar@ance (ANOVA). Duncan’s multiple range



tests were used to establish multiple compariséitiseomean values; mean values were considered
at 95% confidence level. A statistical program SP&&sion 16) was used to perform all statistical
calculations.

3. Results and discussion
3.1 Volumetric water evaporation rate of the dryer

Figure 3shows the effects of inlet air temperature, impigglistance, particle flow rate and
particle feeding characteristics on the volumetrider evaporation rate. It is seen that the volumet
water evaporation rate, which is strongly relatethe difference between initial and final moistur
contents of paddy, increased with an increase éniket air temperature, as expected. This is
because the temperature difference between thElrging medium) and the particle surface (wet-
bulb temperature) at a higher temperature waseréasn that at a lower temperature, hence a larger
driving force for heat and mass transfer, espgciallthe unhindered rate drying period. However,
the statistical analysis showed that the effecintdt air temperature on the volumetric water
evaporation rate at almost all cases was not sigmif (see als@able ), except at the longest
impinging distance (15 cm) for single-point parideeding (see Figure 3a and bis is probably
because at these conditions a strong collision dxmtwthe opposed streams, which generally
occurred at a shorter impinging distances, wasanotain factor influencing the rate of water
removal[12].

The effect of particle flow rate on the volumetwater evaporation rate is also depicted in
Figure 3andTable 1 Although a potential of the air stream to calrg particles generally decreases
with an increase in the particle loading ratiowds observed in this case that an increase in the
particle flow rate (higher loading ratio) at a fikénlet air temperature led to an increase in the
volumetric water evaporation rate. This is probatble to the fact that the capacity of the dryer
exceeded the load required to evaporate water flamparticles entering the system; the more
particles entering the system, the higher voluroetiater evaporation rat&his implied that higher
particle flow rate could still be applied because thoking point, as discussediron et al. [8]
was not yet reached.

The effect of the impinging distance on the volumcetater evaporation rate is again shown
in Figure 3and Table 1 It was clearly found that ahorter impinging distance led to a higher
volumetric water evaporation rate. This is probahlkg to the fact that at shorter impinging distance
shear rate and turbulence intensity within the imgpiment zone resulting from a strong collision
between the opposed streams were enhafid®d This led to less resistance to heat and mass
transfer from the particles and hence higher rateater removal. This phenomenon is in agreement
with that reported bySathapornprasath et al. [1@h the case of inlet air velocity of 16 m/s and
particle flow rate of 20 kg, s.idh) and byChoicharoen et al. [13]n the case of inlet air velocity of
20 m/s). Howeverthe effect of impinging distance on the volumewater evaporation rate was not
significant when drying was performed at the higlelet air temperature (151). This may be due
to the fact that a higher accumulated energy withnparticles resulting from the use of the highes
inlet air temperature was the main factor influegdhe volumetric water evaporation rate within the
operating ranges tested.

Regarding the particle feeding characteristics @&swobserved fronTable 1 that the
volumetric water evaporation rate changed insigaiitly with the particle feeding characteristics in
almost all cases, except at the longest impingistadce (15 cm) and at the particle flow rate dd 13
KQary soih. It was also observed that at lower inlet anperatures (110 and 138G) the volumetric
water evaporation rate in the case of double-p@eting was significantly higher than that in the
case of single-point feeding. This is because énctise of double-point feeding loading ratio ofreac
stream was lower, leading to a lower thermal logdiheach stream and hence higher possibility for
the moisture to evaporate even in the feed pipes.

In this study, the volumetric water evaporatiorenats in the range of 75 to 198,kg/m°h.
The highest value of the volumetric water evaporatiate of 198 kglte./msh was observed when
single-point particle feeding was applied Tat= 150 °C, L = 5 cm andW, = 150 kg soidh.
Comparing with the volumetric water evaporationerdbr specific drying rate) of 72 to 137
kgwae/mh in the case spouted bed paddy dryjf], it was found that, at the same inlet air
temperature, the volumetric water evaporation oatained in this study was higher. The volumetric



water evaporation rate obtained in this study wiae &igher than that achieved in the case of
fluidized-bed paddy drying, which was in the ran§é7 to 144kg,ae/m°h [19].

It is important to note that the final moisture tant of paddy at the dryer outlet (point C) was
in the range of 24.6 to 20.3 % (d.b.) (see alable 1for differences between initial and final moisture
contents of paddy at different drying conditiorB)is implied that the impinging stream dryer could
reduce the moisture content of paddy by 3.4 to%.{®l.b.) within 2.5 s (see alsiable 3for mean
residence time of particles in the system). Conmgawith spouted-beflL8] and fluidized-bed19]
paddy dryer this amount of moisture reduction wamgarable; the moisture content of paddy could
be reduced by 3 to 8 % (d.b.) in the case of spibbésl paddy drying and 3 to 11 % (d.b.) in the sase
of and fluidized-bed paddy drying. However, thedinequired for each paddy drying process should
also be taken into consideration for a fair conguariTable 2lists the drying rates of paddy, which
were calculated from the amount of moisture reductf paddy and drying time, undergoing different
drying methods at some selected conditions. Sinealtying time required during impinging stream
drying was substantially lower (the time requiradhie cases of spouted-bed and fluidized-bed paddy
drying was in the ranges of 8 to 16 min (or 480969 s) and 1.1 to 2.5 min (or 66 to 150 s),
respectively), the drying rates of paddy undergamginging stream drying were much higher than
those of other drying methods. With the use of imgmg stream dryer for paddy, not only the
volumetric water evaporation rate increased, batdhying time also substantially decreased. This
indicates significant potential for energy savinghe rice processing industry.

3.2 Volumetric heat transfer coefficient of the dryer

Figure 4shows the effects of inlet air temperature, impiggdistance, particle flow rate
and particle feeding characteristics on the voluiméteat transfer coefficiengince an increase in
the inlet air temperature led to an increase indifference between the drying medium and particle
surface temperature, the logarithmic mean temperatifference also increased. Combining this
fact with the increased rate of water removal thleiwmetric heat transfer coefficient decreased with
an increase in the inlet air temperature. It shdnddhoted that the effect of inlet air temperatme
the volumetric heat transfer coefficient in almafitcases was significant when considering this
performance indicator at the inlet air temperatw®$10 and 150C (seeTable ). However, the
effect of inlet air temperature on the volumetreahtransfer coefficient was negligible for single-
point particle feeding at = 15 cm andW, = 130 K@y soidh. This is probably because, at this
condition, the effect of mean residence time otiplas, which increased with an increase in the
impinging distance (as will be discussed in subeatigection), played a more major role on the rate
of water removal than did the inlet air temperature

Figure 4andTable lalso show the effect of the particle feed flow ratethe volumetric
heat transfer coefficient. It was clearly obsentbdt the volumetric heat transfer coefficient
increased with an increase in the particle flowe rétigher loading ratio) at a fixed inlet air
temperature. The reasons for this observationteesame as those mentioned in the case of the
volumetric water evaporation rate.

The effect of the impinging distance on the vadime heat transfer coefficient is again
shown inFigure 4andTable 1 Similar to the case of the volumetric water evaponarate ashorter
impinging distance led to a higher volumetric hieahsfer coefficient. Because the volumetric heat
transfer coefficient was calculated from the voltnmeewater evaporation rate according to Eq. (2),
the reasons for the above phenomenon are agaisathe as those mentioned in the case of the
volumetric water evaporation rate.

For the effects of the particle feeding charast@s it was observed froable 1that the
volumetric heat transfer coefficient changed ingigantly with the particle feeding characteristics

The volumetric heat transfer coefficient obtainedhis study was in the range of 3,809 to
7,013 W/niK. The highest value of the volumetric heat transfeefficient of 7,013 W/iK was
found when double-point particle feeding was agphae¢T = 110°C, L = 5 cm and\, = 150 kg,
soli/N. Comparing with the volumetric heat transferfioent in the range of 354 to 842 Wikhand
354 to 4,593 W/AK as reported bySathapornprasath et gll2] and Choicharoen et al. [13]
respectively, it was found that the volumetric heamsfer coefficient rate obtained in this studysw
higher. This is probably because of the larger arhofiwater evaporation, leading to moister outlet
air and hence lower logarithmic mean temperatuferénce



3.3 Mean residence time of particles

Table 3lists the mean residence time of partictethe system at different drying conditions.

It is seen from this table that the mean residdimse of particles in the system was in the range of
1.81 to 2.42 s. In this study, the effect of thietirair temperature on the mean residence time was
again not significant, while the particle feed flosmte and impinging distance seemed to be the main
factors influencing the mean residence time. Arrdase in the particle flow rate (higher loading
ratio) led to an increase in the mean residence.tirhis is due to the fact that the particle hgtd-u
increased with an increase in the particle flowe.rathis in turn led to an increase in the volumetr
water evaporation rate and volumetric heat trarnsfefficient as discussed earlier.

For the effect of the impinging distance on themeesidence time the results were different
if different particle feeding characteristics waggplied. In the case of single-point particle fegdi
was found that a longer impinging distance led tormer mean residence time of particles. This is
because the momentum of the particles was suffic@emetain a straight path and move into the
opposed streams; therefore, the particles coul@ngadoscillatory motion within the impingement
zone and hence stayed longer in the system. Alth@uépnger impinging distance resulted in a
longer mean residence time of particles in theesgsivhich should have enhanced the rates of heat
and mass transfer to and from the patrticles, tleesf of higher shear rate and turbulence intemgity
shorter impinging distance were more important loe tate of water removal than the time the
particles stayed in the system. This may be thsoreavhy higher volumetric water evaporation rate
and higher volumetric heat transfer coefficientevebserved at shorter impinging distance, as noted
earlier. In the case of double-point particle fegdion the other hand, a longer impinging distance
led to a shorter mean residence time of partidiess is probably because the rigorous collision of
the opposed particle streams in the impinging zeselted in a decrease in the momentum of the
particles. Consequently, most particles releasenh fthe openings of the inlet pipes immediately
escaped from the impinging zone without penetratimg the opposed streams and hence shorter
residence time in the system. The mean residemoe tvas most probably the main factor
influencing the rate of water removal in this caseshorter mean residence time thus resulted in a
lower volumetric water evaporation rate and lowaumetric heat transfer coefficient.

The mean residence time of particles in the cdssngle-point feeding was found to be
longer than that in the case of double-point fegdim almost all cases except at the impinging
distance of 5 cm and particle flow rate of 15Q.kgi/h. This is probably because at the shortest
impinging distance and the highest particle flote e opportunity of particles to penetrate i t
opposed streams was rather high due to a shoigtttrzath between the openings of the inlet pipes.
Despite different observations of the mean residdimse, the volumetric water evaporation rate and
volumetric heat transfer coefficient obtained ie ttases of single-point and double-point feeding
were not significantly different in almost all casdhis indicated that the mean residence time did
not play an important role on the rate of wateraeah in these cases.

3.4 Specific energy consumption

The specific energy consumption of the drying pescat different conditions is listed in
Table 4 In the case of the specific energy consumptiothefhigh-pressure blowers (Skfer) it
was found that SEfewr decreased with an increase in the inlet air teatpeg, as expected. This is
due to the fact that higher inlet air temperatee to a higher rate of water evaporation. Since the
high-pressure blowers used in this study consuimedame rate of electric energy at all conditions,
the higher rate of water evaporation led to a losgecific energy consumption. Skl also
deceased with an increase in the particle flow. fEtés is again due to the fact that a higher plerti
feed flow rate led to a higher rate of water evagion. A shorter impinging distance promoting a
higher rate of water evaporation also resulted deerease in the SEg.. It should be noted that
the effects of particle feeding characteristicgtmn values of SEgeer Were not clearly seen in this
study. Because the highest rate of water evaporatourred when single-point particle feeding was
applied afT = 150°C, L = 5 cm and\,, = 150 kg soidh, the lowest value of SEgwe was found at
this condition (2.55 MJ/kge).

Regarding the specific energy consumption of fleetéc heaters (SEfae), the situation
was similar to that of the high-pressure blowenryirdy at higher particle flow rates and shorter



impinging distances led to lower values of S&& However, the effect of inlet air temperature on
the value of SEfeaevas contrary to that on SEgge; a decrease in the SEfxer Was noted at lower
inlet air temperatures. This may probably be duthéofact that the electric heaters were used less
often when lower inlet air temperature was set.iAgdne effects of particle feeding characteristics
on the value of SEf.erwas not clearly observed. Although the highes oditwater evaporation did
not occur at the lowest inlet air temperature erygydoin this study, the electric energy supplied to
the electric heaters was much lower than thatgti-pressure blowers. The lowest value of REE
was thus observed at 12Q. In this study, the lowest value of SEg,was found to be 2.01
MJ/Kguater When double-point particle feeding was applied a 110°C, L = 5 cm and\,, = 150
kgdry soli(!h-

In terms of the total specific energy consumpti®&C..), Which was obtained from the
summation of SEfewer and SEGeare it was found fronTable 4that the SE(, was in the range of
5.11 to 11.21 MJ/kgker and the lowest value of SEfg of 5.11 MJ/Kkg.er Was observed at the same
condition as in the case of Sk It should be noted that the Sggobtained in this study was not
much different from that reported Ihoicharoen et al. [13].e., 5.6 t0 9.7 MJ/kgr The results
were clearly different for SEfgwer and SEGeaer hOwever. In the case of Skf.: it was found that
the SEGiwerin this study was lower than that reported@lyoicharoen et al. [13]This is probably
due to the fact that although the total power pth the high-pressure blowers in this study was
higher, resistance to air flow in the system waselodue to the larger size of the drying chamber
and ducting system. On the other hand, the .gE®f the present system was higher, especially at
higher inlet air temperatures. This is becauseptheer rating of the electric heaters used in this
study was much higher.

Comparing only the SE&..0f the present system with the SEC of other padggrd it was
found that the values of SE&e, Obtained in this study, which was in the range2dfl to 5.9
MJ/KQuates Was in line with 5 to 6 MJ/kg.r and 3.5 to 7 MJ/kgr belonging to a laboratory-scale
[4] and industrial-scale spouted-bed paddy dry&83, respectively. The SEgu.-0btained in this
study also fell in a typical range of the specifieermal energy consumption of a commercial
fluidized-bed paddy dryer, which is in the rang@ @1 to 7.8 MJI/Kghier[20].

As mentioned earlier, the cyclone was removedngduttie evaluation of the performance and
energy consumption of the dryer. However, in afitaboperation, the cyclone should be installed
at the exit of the drying chamber (d&igure J in order to separate dried paddy from the extealist
air stream. With the use of the cyclone as a padgbarator, the mean residence time of particles
expectedly increased, leading to a lower final towés content of paddy at the exit of the cyclone.
Table 5shows a comparison of the final moisture contémamldy obtained with and without the
cyclone at some selected conditions for a singlatgeeding (similar trend was indeed found in all
other cases). It can be seen that the cycloneseeadipystem provided around 0.5 to 1% (d.b.) more
reduction in the moisture content of paddy. As segain in Table 5the volumetric water
evaporation rate and volumetric heat transfer oaefit were also enhanced. The specific energy
consumption of the drying process decreased as well

4. Conclusions

A coaxial two-impinging stream dryer prototype fiaddy was developed and the effects of
various operating and geometric parameters, n&et air temperature, impinging distance, particle
flow rate and particle feeding characteristic, ba overall performance and energy consumption of
the dryer were then investigateld.was found that an increase in the inlet air terapure and
particle flow rate led to an increase in the voltnoewater evaporation rate. However, the
volumetric water evaporation rate increased witbdearease in the impinging distandeor the
volumetric heat transfer coefficient it was obseénthatthe volumetric heat transfer coefficient
increased with an increase in the particle flovera&n increase in the inlet air temperature and
impinging distance led to a decrease in the volumbeat transfer coefficient, however. The effects
of the particle feeding characteristics on the m@étric water evaporation rate and volumetric heat
transfer coefficient were found to be insignificamialmost all cases. Regarding the specific energy
consumption the results showed that the {EEdecreased with an increase in the particle flde ra
and inlet air temperature and with a decrease énitfipinging distance. The phenomenon was



similar in the case of SkGwe, €xcept for the effect of the inlet air temperatirhe lowest total
specific energy consumption of the drying proceas around 5.11 MJ/kge:

It is very interesting to note in this study thag imoisture content of paddy could be reduced
from its original value of 3.4 to 7.7 % (d.b.) wiitha very short period of time (1.81 to 2.42 s),
leading to substantially higher drying rates whemparing the results with those of other paddy
dryers. Based only on the specific energy consumptiouble-point particle feeding &t= 110°C,
L =5 cm andW, = 150 kgy soidh was suggested as the best drying condition is study.
Experiments will be conducted in the future to istugate the quality of paddy dried by this type of
dryer.
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Figure 1. A schematic diagram of the impinging stream diy@dl associated units. 1) High-pressure
blowers; 2) Electric heaters with PID controllery Globe valves; 4) Belt feeders; 5) Drying
chamber; 6) Cyclone; Memperature data logger and humidity sensor
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Figure 2. Control volume for calculation of volumetric wagraporation rate and volumetric heat
transfer coefficient.
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Table 1 Volumetric water evaporation rate and volumetreattransfer coefficient at different
drying conditions

Drying condition Volumetric water| Xi—X, | Volumetric heat
Particle feeding T L W, evaporatiog rate| (% d.b.) | transfer cosefficient
characteristicy (°C) | (cm) | (KQary soiidN) (KGuae/Mh) (W/m'K)

. 130 144 + 8.8 6.5 6044 + 342%

150 159 + 16.4m° 6.2 6917 + 7038

110 | 10 130 118£117 5.3 4956 + 5108

150 148 + 8.9 5.8 6825 + 4035

15 130 75+7.4 3.4 3943 + 34458%

150 125 + 13.%" 4.9 5470 + 634!8"

. 130 146 + 18 .8 6.6 4714 + 605'9"

150 168 + 5.8" 6.6 5530 + 186"

. . 130 140 + 108" 6.3 4569 + 339%"
Single-point | 130 ) 10 150 161+6.8° 63 | 5583+213'8"
15 130 95+8.1 4.3 3881 + 297%%

150 130 + 9.6* 5.1 4541 + 49 £

. 130 156 + 20.%'™" 7.0 4128 + 528%¢

150 198 +15.% 7.7 5322 + 4214

150 | 10 130 154 + 171 .%m 6.9 4046 + 303.‘6

150 180 + 9.6 7.0 4926 + 261

15 130 157 + 4. ™o 7.1 3809 +170%

150 178 + 1358 7.0 4591 + 342°"

. 130 140 + 4 8% 6.3 5664 + 177!8™

150 162 + 7.9 6.3 7013 + 3124

110 | 10 130 120+5.% 5.4 5345 + 241

150 139 + 6.8% 5.4 6296 + 29812

15 130 121 +133% 5.4 5175 + 5694

150 140 + 8.8% 5.5 5858 + 355%F

. 130 142 + 7.8" 6.4 4553 + 406"

150 168 + 13.1" 6.6 5710 + 4429¢

. 130 130 + 7.8* 5.9 4218 + 250
Double-point | 130 | 10 150 148 + 9.9 58 | 5197 + 346"
15 130 122 +8.% | 5.5 3991 + 277?_’_7

150 143 + 10.4" 5.6 4951 + 365

. 130 150 + 14" 7.5 4342 + 513"

150 187 +9.8 7.3 5263 + 281¢"

150 | 10 130 137 + 15 9" 6.0 4332 + 4.22?6‘?E

150 172+218 6.7 4742 + 599"

15 130 130 + 6.9 5.9 4535 + 279?1__

150 170 + 7.%F 6.6 4777 +211%)

Different letters in the same column indicate ttia¢ values are significantly different at 95 %
confidence level p < 005).



Table 2 Drying rates of paddy undergoing different dryingthrods and conditions

_ T Xi— X, Drying time Drying rate
Drying method °C) (% d.b.) (s) (% d.b.) ¢
110 6.5 1.95 3.3
Impinging stream drying 130 6.6 1.90 3.5
(present study) : : :
150 7.0 1.08 35
110 7.5 900 0.008
Spoute?-k])ed drying 130 8.0 720 0.011
4 : '
150 10.4 720 0.014
110 6.7 144 0.046
Fluidized-bed drying 130 11.0 150 0.073
[19] ' |
150 105 120 0.088

Drying time in the case of impinging stream drygmean residence time of particlaghe drying
system.



Table 3 Mean residence time of particlesthe drying system

Drying condition Mean residence time of
Particle feeding T L Wo particles
characteristics (°C) (cm) (KQary soiidh) (5)
c 130 1.95 + 0.1%°"
150 2.05+ 0.04"
110 10 130 2.02 o.of?_*_qu
150 2.07 + 0.08*
15 130 2.24 +0.08"
150 2.29+0.1%
c 130 1.90 + 0.0
150 1.99 + 0.0%"
_ _ 130 2.06 + 0.0
Single-point 130 10 150 > 06 = 0.05"
15 130 2.31+0.1%
150 2.23+0.17"
. 130 1.98 + 0.1%™
150 2.01 +0.18%"
130 2.19 + 0.07™
150 10 150 2.12 +0.14"
15 130 2.42 +0.13
150 2.29 + 0.10°
. 130 2.01+0.09"
150 2.19 + 0.02™
110 10 130 1.90 + 0.1
150 2.16 + 0.04™
15 130 1.87 + 0.1%1?_‘
150 2.06 + 0.0%
. 130 1.88 + 0.1%*
150 2.20 + 0.111™
_ 130 1.87 £ 0.1%"
Double-point 130 10 150 511+ 0.08
15 130 1.85+ o.oaf__
150 2.03 + 0.0%"
c 130 1.95 + 0.0%8%
150 2.22 +0.08""
150 10 130 1.88 + 0.0¥*
150 2.16 + 0.08™
15 130 1.81+0.04
150 2.02 +0.08"

Different letters in the same column indicate ttie values are significantly different at 95 %
confidence levelg < 0.05).



Table 4 Specific energy consumption of the process aefit drying conditions

Drying condition

- - SEQ}Iower SEQeater SEctotal
Particle feeding T L W, (MI/kQuate) | (MI/KQuater (MJI/KQuatey
characteristic§ (°C) | (cm) | (KQary soidh)

130 3.49 2.27 5.76

° 150 3.19 2.08 5.27

130 4.29 2.79 7.08

110 10 150 3.40 2.21 5.61
15 130 6.78 4.41 11.18

150 4.07 2.65 6.71

5 130 3.48 3.84 7.31

150 2.99 3.30 6.30

. . 130 3.60 3.97 7.56

Single-point | 130 | 10 150 3.12 3.44 6.56
15 130 5.33 5.89 11.21

150 3.88 4.28 8.16

130 3.25 4.92 8.18

° 150 2.55 3.85 6.40

130 3.28 4.96 8.24

150 10 150 2.79 4.23 7.02

15 130 3.20 4.85 8.05

150 2.83 4.28 7.11

130 3.58 2.33 5.91

° 150 3.10 2.01 5.11

110 10 130 4.17 2.71 6.88
150 3.62 2.35 5.97

15 130 4.20 2.73 6.94

150 3.61 2.34 5.95

130 3.53 3.90 7.43

° 150 2.99 3.31 6.30

. 130 3.87 4.27 8.15
Double-point | 130 10 150 3.40 3.75 715
15 130 4.14 4.57 8.72

150 3.53 3.89 7.42

130 3.05 4.62 7.67

° 150 2.69 4.08 6.77

150 10 130 3.89 5.90 9.79
150 2.96 4.48 7.43

130 3.88 5.87 9.75

15 150 2.96 4.49 7.45




Table 5 Performance of impinging stream dryer with anchwitt cyclone (single-point

feeding) aL =5 cm and\j, = 150 K@y soidh

Final moisture content o

f

Volumetric water

Volumetric heat

Drying (&agdby) e\ac:g)htlnralltri:q)grr\1 )rate trans((/?/r/ r(T:]gg‘ficient
temperature o ate
(C) Without With Without With Without With
cyclone cyclone cyclone cyclone cyclone | cyclone
110 21.81 20.39 158 195 6917 8817
130 21.45 20.03 168 204 5530 7540
150 20.27 19.96 198 206 5322 5763




