
¶Ì¸ve É��  Á É��¿Y[Â��» ÉZÅ Ä¿Y{ ªÌ¼� �f�] ÊÅ{ c�Y�  c!ZÌ" #Ì»Z$%{ Ä%Z& �]

ÊeZ'"Zv» 

½Y�^n¿� ¾�v»1*É{Z¼� �«Z] ,1��Y� �ÂË�Y{ ,2

1.Êf�  !" ,!#$» Ê%&{�' (Z)$¿Y{ ,*f�+%Â+] Ê%!,#» (&�-9177948974½Y�ËY ,!#$» ,

2.Ê%!,#» (&�-*f�+%Â+] !" ,�Y�+2 (Z)$¿Y{ ,Êf� 7144948974½Y�ËY ,�Y�+2 ,

()Ì*+ 

3+4v5 ¾ËY �{Ê5Z^%Zv» 67Z+% 8+»Z,Ë{ �&� �Y )CFD(�f�  ¾" 8$; 8Ë �{ <Âf=2 Ê>{ 6�Y�? É!@] A% É�Z% A+^2 B#C

!2 ({ZDf%Y 3+¼� .2 Ên,% �Z^f�Y Ê]�n5 ÉZ> ({Y{ Z] ½!2 8$; ÉZ> �f»Y�Z  É�Z% A+^2 EËZf¿¿!!.Ê^�¿ FY�v¿Y �Ë{Z4» ¾+)¿Z+»

 �Y �f¼" G+5�5 A] YÂ> 3=H» B]ÂI� & Z»{ ,JÂKv» B]ÂI� Ê,+] L+  ÉY�]6,10&%9A+^2 G%Z,» B«{ (!,>{ ½Z$¿ A" !¿{Â]

B%Y É�Z% .{�P=¼� Ê,+] L+  B#C EËZf¿ ¾ËY ÊP+»Z,Ë{Â»�5 3+¼� �f�] ½!2 8$;!,f'�- �Y�« ({ZDf%Y {�Â» <Âf=2 ÉZ> A¿Y{ .

»�C ½ZË�C Q�¿ & Z»{ �+RZ5B'�- �Y�« Ê%��] {�Â» ½!2 8$; !,ËY�' ÉS�T-Y & ÉS�¿Y ½Z»!¿Y� �] É{&�& ÉYÂ> Ê.

ZÅ (�YÁ )Ì¸,:½{�" 8$; 3+¼� �f�],ÉS�T-Y ,ÉS�¿Y ,Ê5Z^%Zv» 67Z+% 8+»Z,Ë{ ,<Âf=2 

Ä»).» 

{�+- Ê» �Y�« ({ZDf%Y {�Â» ÉY ({�f�- �ÂI A] É��&Z$" & ÊËYUV {YÂ» É�Y!#)¿ B#C A" B%Y Ê¼#» !,ËY�' ½{�" 8$; .

!>{ LËYT'Y Y� 67ÂKv» É�Y!#)¿ ½Z»� 6!» !¿YÂ5 Ê» !,ËY�' ¾ËY .!,ËY�' ¾Ë�5 F�K» � �Y ÊPË !,ËY�' ¾ËY ,Ê'�K» ÉS�¿Y (Z-!Ë{ �Y

!2Z] Ê» {ÂCÂ» ÉZ> .WZ%Y �]Dincer (2011) B'�- �X¿ �{ Êf@,Y ÉZ> A¿Z»Z% G=« ½YÂ,� A] ½YÂ5 Ê» Y� ½{�" 8$; B@,Y .

B%Y ({Â] ½Z44v» ACÂ5 {�Â» ÉY ({�f�- �ÂI A] ½Â,"Z5 ½{�" 8$; !,ËY�' &� ¾ËY �Y .B%Y ½Z�¿Y ÊËYUV Z]Z,» ¾Ë�f¼#» �Y ÊPË E¿�] .

[ B]ÂI� \H% A] Af�]Y& �f$+] É�Y{ �Z^¿Y ¾+? �{ <Âf=2 B+D+"B%Y ½.\H% L>Z" B#C ½{�" 8$; ]=f^» ÉZ> É�&Z,' �Y

�Z^¿Y �¼� LËYT'Y & <Âf=2 B]ÂI�{Â2 Ê» ({ZDf%Y ½[ É�Y{ .3+¼� �f�] ½{�" 8$; �&� ,Z> �&� ¾ËY ¾Ë�5 J&Y!f» �Y ÊPË

{{�- Y�CY Z> Â=+% & Z> �Z^¿Y ½&�{ *> & Êf@,Y ÉZ> ¾" 8$; A=+%Â] *> !¿YÂ5 Ê» A" !2Z] Ê» <Âf=2 .
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A+^2 B@,Y �{ {ÂCÂ» ÉZ> !,ËY�' �YÂ¿Y �Y É{�]�Z" & 3+«{ 6Z�_IY A] Ê%�f%{ B#C B¼+« ½Y��Y Ê2&� É�5Â+`»Z" É�Z%

!2Z] Ê» YUV .{{�- ½Z»� & ÉS�¿Y F�K» �{ ½_" ÉZ> ÊËÂC A'�Y A] �n,» !¿YÂ5 Ê» �&� ¾ËY .67Z+% 8+»Z,Ë{ ½Z+» ¾ËY �{

Ê5Z^%Zv» )CFD({Â2 ({�] �ZP] !¿YÂ5 Ê» ÊËYUV ÉZ> *f�+% BË�Ë!» �{ !,¼5�!« É�YT]Y ½YÂ,� A] .67Z+% 8+»Z,Ë{ ÉZ> {�]�Z"

 ½{�" 8$; ÉZ> !,ËY�' & Z> *f�+% �{ Ê5Z^%Zv» a%Â5Jamaleddine and Ray (2010) �Y�« ÉY (�&{ A@bZH» {�Â»B'�- .

!,¿Z» É{!@f» É�Zn5 ÉZ> �YT'Y c�¿ Ad�-YFluent &CFX a+v» ,!,f�> {ÂCÂ» JZ+% ÉZ> *f�+% ÉZ> É�Z% A+^2 B#C

 ÉZ> A»Z¿�] !" É�% 8Ë A" Ê,@» ¾Ë!] e!¿�Y!¿ Y� *f�+%Â+] ½Z%!,#» ÉZ> �Z+¿ Z'� B+=]Z« f»Z" �ÂI A] Z> �YT'Y c�¿ ¾ËY {�Y!¿Zf%Y

!,f�> �Z+¿ {�Â» A,+»� ¾ËY �{ Z> �YT'Y c�¿ ¾ËY T+#n5 B#C Ê=+¼P5 .

6Z4+4v5 �{ É{ZË� !¿Y Af'�- 6�ÂY gÂI�» ÉZ> A¿Y{ 3+¼� �f�] ½{�" 8$; É{!� É�Z% A+^2 A,+»�)Zare and 

Chen, 2009(É�Z% A+^2 ÊËZ¿YÂ5 & ({Â] É!@] 8Ë (!2 AhY�Y ÉZ> J!» G=VY ,!,d�> ,!¿�Y!¿ Y� (YÂ^b{ A%!,> Z] ÊËZ> ¾" 8$; .

Z> ½[ ½{Â] É{�]�Z" B+=]Z« �ÂiÂ» ¾ËY !>{ Ê» L>Z" Y� .A,+»� �{6Z4+4v5 ½{�" 8$; ÉZ> !,ËY�' ÉS�T-Y & ÉS�¿Y f+=v5

 {�Â; Ê» *$d A] Ê¼=� Z]Z,» �{ É{!@f»)Dincer and Sahin, 2004; Aghbashlo et al., 2013; Icier et al.,

2010 .( !¿Y ({�&[ É&� É{!� É�Z% A+^2 AËZ  �] f+=v5 A] Ê"!¿Y ½Z44v» ½Z+» ¾ËY �{ ,!,d�>)Amantéa et al., 2013;

Ranjbaran and Zare, 2013 .( 

A¿Y{ Ê>{ 6�Y�? {�P=¼� & !,ËY�' Ê,+] L+  B#C Ê5Z^%Zv» 67Z+% 8+»Z,Ë{ AËZ  �] É{�]�Z" J!» 8Ë AhY�Y AbZ4» ¾ËY F!>

B%Y (YÂ^b{ A%!,> Z] 3+¼� �f�] ÉZ> ¾" 8$; �{ gÂI�» ÉZ> .�Y fYZ? Ê]�n5 ÉZ> ({Y{ A=+%Â] (!2 Ê,+] L+  ÉZ> �f»Y�Z 

�" 8$; <Âf=2 3+¼� �f�] ½{)Zare, 2006 (!¿!2 Ên,% �Z^f�Y .*f�+% É�Z% A+^2 B#C �Z+¿ {�Â» ÉZ> A»Z¿�] !" ¾+,j¼>

 É�Zn5 �YT'Y c�¿ a%Â5 3+¼� �f�] Ê>{ 6�Y�? ÉZ>Fluent B%Y (!»[ *>Y�'.

/,Z  c!{Z0» 

8$; ÉYÂ> & Z> A¿Y{ A" !Ë{�- k�' & !2 Af'�- �X¿ �{ f=^f» a+v» 8Ë ½YÂ,� A] gÂI�» ÉZ> A¿Y{ ({Â5 3+4v5 ¾ËY �{

!,f�> *> Z] ÊËZ»{ J{Z@5 �{ (!,," .J&!C �{ �f�] ½&�{ B]ÂI� & 6�Y�? JZ4f¿Y ,YÂ> ½ZË�C �] *"Z? 67{Z@»1B%Y (!»[ .
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1Á)21.B]ÂI� & 6�Y�? JZ4f¿Y & JZ+% ½ZË�C �] *"Z? 67{Z@»

!2 ({ZDf%Y {&!v» *n? �&� �Y *"Z? 67{Z@» É�Z% Af��- B#C .*+�45 JÂ=% É{ZË� {Y!@5 A] f? A,»Y{ �&� ¾ËY �{

{Â2 Ê» É�+- JY�)f¿Y JÂ=% �> *n? �{ *"Z? 67{Z@» �Y & {Â2 Ê» É!,] .hTC �{ ½YÂ5 Ê» Y� �&� ¾ËY A] lÂ]�» 6Z+Versteeg 

and Malalasekera (2007) {Â¼¿ JZ^¿{ .B#C �{ (!,," 8$; ÉYÂ> �]Y�] �{ Z> A¿Y{ ({Â5 �Y Ê2Z¿ �Z$' B'Y É�Z% J!» B#C

!2 ({ZDf%Y �Ë� AH]Y� �Y {Â¼� )Hunter, 1983(:

ௗ௉
ௗ௬
ൌ െܴݒ െ ଶݒܵ )1(

GËY�i A"R&S!,f�> A¿Y{ �Â¿ A] Af�]Y& .,G+5�5 A] ,<Âf=2 ÉY�] Z> �f»Y�Z  ¾ËY �Ë{Z4»Pa.s/m21952 &Pa.s2/m3

10419 !,2Z] Ê».�� T- A] ACÂ5 Z]ASABE (2007) (�Y!¿Y A] ½YÂ5 Ê» Y� Ê4'Y B#C �{ �Z$' B'Y ,%70�{ �Z$' B'Y �Y

B'�- �X¿ �{ É{Â¼� B#C .{Â2 Ê» 8+ &�5&TËY �+V 6�ÂY A] �f�] ½&�{ �Z$' B'Y É�Z% A+^2 A] �n,» �&� ¾ËY.

!¿!2 Af'�- �X¿ �{ �f�] ½&�{ {ÂCÂ» ÉYÂ> ÉY�] Êf]ÂI� ÉZ> A¼$d ½YÂ,� A] gÂI�» ÉZ> A¿Y{.�Y Ê2Z¿ Êf]ÂI� A¼$d c�5

{Â2 Ê» Af2Â¿ �Ë� 6�ÂY A] gÂI�» ÉZ> A¿Y{ \H% �Y �+^^5 )Ranjbaran and Zare, 2012(:

ܵ௪ ൌ െሺͳ െ ሻߝ ௦ߩ
డெ
డ௧

(2)

A" É�ÂI A] )ASABE, 2006; Zare and Chen, 2009(

డெ
డ௧
ൌ ቀ ଵ

ଷ଺଴଴
ቁ ሺܯ െ ௘ሻܯ ൬െ݇�݊ ቀ

௧
ଷ଺଴଴

ቁ
 !ଵ

" (3)

݇ ൌ #$#%&'( െ #$))'*�ܴ+ , #$#ͳ%ͳ'�ሺ- െ %./$ͳ'ሻ

݊ ൌ #$ͳ//*' , ͳ$&/*'/�ܴ+ െ ͳ$..)/ͳ�ܴ+ଶ , #$##&)*(�ሺ- െ %./$ͳ'ሻ

௘ܯ ൌ #$##ͳ ቀ0
1
ቁ
2

(4)

AH]Y� 6Zv+iÂ5 (�Z¼2

డ34
డ௧
, 5$ ሺ6789ߩሻ ൌ # Ê)f%Â+  Ab{Z@» 1

డሺ34:889ሻ
డ௧

, 5$ ሺ6789789ߩሻ ൌ െ5; , 5$ <= , 9<6ߩ , ܵ? cÂf,¼» Ab{Z@» 2

డ
డ௧
ሺߝ6ߩ @6 , ௦ሺͳߩ െ ሻ@௦ሻߝ , 5$ A6789ߩሺ@6 , B @CሻD ൌ ݇௘EE5ଶ- , ܵF ÉS�¿Y Ab{Z@» 3

డሺ34௪ሻ
డ௧

, 5$ ሺ6789ߩBሻ ൌ 5$ A6ߩG௘EE5BD , ܵ௪ B]ÂI� JZ4f¿Y Ab{Z@» 4
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H ൌ�െ IJሺͳ െ ܴ+ሻ- , K ൌ %$**.� L ͳ#!M ቀͳ െ N
଺Oଵ$M

ቁ
!ଶଷ$OଷP

, Q ൌ ଵ
O$଴RSሺNሻTU$VVWW

c�5 ,ÊvH% �+^^5 �Y Ê2Z¿ É�Z% 8,; (!Ë!  É�+- �X¿ �{ B#C ]Ë�@5 �Ë� 6�ÂY A] ÉS�¿Y ÉZ4] Ab{Z@» �{ ÉS�¿Y A¼$d

!2:

ܵF ൌ ሺͳ െ ሻߝ ௦ߩ
డெ
డ௧
XEY (5)

�{ g[ & �Z^] ,YÂ> ,<Âf=2 A] lÂ]�» ÊPËT+'Â»�5 ÉZ> Ê-pË& Ê¼=� Z]Z,» !¿Y (!2 ��YT-)Meeso et al. 2007; 

Zare and Ranjbaran, 2012.(

] EËZf¿ �YÊ5Z^%Zv» 67Z+% 8+»Z,Ë{ AËZ  �] É�Z% A+^2 �Y (!»[ B%! )CFD(½Y 5 Ê» É�RÂ» �ÂI A] f+=v5 B#C

{Â¼¿ ({ZDf%Y !,ËY�' ÊP+»Z,Ë{Â»�5 .>{ 6�Y�? !,ËY�' �f#] *#' B#C �{ ½Z%!,#» A] Z> f+=v5 A¿Â),ËY3+¼� �f�] Ê!," Ê» 8¼" .

] EËZf¿Y�' {�P=¼� É�Z% A+^2 �Y (!»[ B%!½YÂ5 Ê» Y� !,Ë & 3+¼� �f�] ¾" 8$; ÉZ> *f�+% �YÂ¿Y J�f," & BË�Ë!» ,Ê?Y�I B#C

 �Y�« ({ZDf%Y {�Â» 6_V ÉZ> Â=+%{Y{ .

!2 A^%Zv» �Ë� 6�ÂY A] a%Â5 3+¼� �f�] ½{�" 8$; ÉS�T-Y & ÉS�¿Y ½Z»!¿Y�:

Z௘ ൌ
[ ሺ\]^_ሻ`a
`bV

?c 4ሺde4f௪degሻ AN4h`i!NjD
(6)

Z௘k ൌ
[ lቀଵ!mjm ቁ\]^_n

`

a
`bV

?c ሺde4f௪degሻ ቀN4h`i!Nj!Nj op
m
mj
ቁ

(7)

É5Z" ÄÌ'6 7Á� 

f? É!@] A% AP^2 {ZnËY B#C )25×40×cm40(AP^2 !+bÂ5 �YT'Y c�¿ �Y ,GAMBIT !2 ({ZDf%Y .A] Ê]Z+f%{ B#C

!,f'�- �Y�« ({ZDf%Y {�Â» JZ+% ½ZË�C É�Z% A+^2 ÉY�] 6&ZDf» qÂi& Z] Af'ZË ½Z»�Z% AP^2 ¾Ë!,d AP^2 �Y f4f�» f? 8Ë .�Y r 

 ÉY AP^2 ¾Ë�5 B2�{ ,AP^2 A@bZH» !,ËY�' f+¼P5)50×80×80fP2 ,1(ÉY CY ÉY�] !Ë{�- AP^2 �Y f4f�» f? A] �n,» A"

B'�- �Y�« ({ZDf%Y {�Â» ½{�" 8$; !,ËY�' É�Z% A+^2 .��YT- A] ACÂ5 Z]Ranjbaran and Zare (2013) GË�i �Ë{Z4»

 �Y �f¼" G+5�5 A] A" B%Y �f#] ÊbÂ=% !2� Q�¿ & ÊËZ,��5&1/1{Â2 Af'�- �X¿ �{ .4» A,+$+] É�Z% A+^2 ¾ËY �{ÉZ> �f»Y�Z  �Ë{Z

 G+5�5 A] tÂ'3&1!¿{Â] .B¿�Â" {!� G%Z,» �Y!4» A] ACÂ5 Z] Ê¿Z»� cZ- �Y!4»)Ranjbaran and Zare, 2012 (Z] �]Y�]s

01/0!2 Af'�- �X¿ �{.Ab{Z@» É�+-�X¿ �{ B#C�YT'Y c�¿ ÉZu' �{ !Ë!C �bZP%Y JZ4f¿Y Ab{Z@» 8Ë ,J!» �{ B]ÂI� JZ4f¿Y Fluent 

!2 JZ@' .,½Z»� JÂI �{ JÂKv» B]ÂI� A] Af�]Y& ÉZ> Ê-pË& A^%Zv» ,AbZ�» f? ¾+? �{ JÂKv» B]ÂI� Ê¿Z%� �&�] B#C
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½Z]� A] A»Z¿�] !" 8Ë ,{�P=¼� ÉZ> �f»Y�Z  A^%Zv» & ÉS�¿Y & B]ÂI� A¼$d ÉZ> c�5 A^%Zv»C�YT'Y c�¿ {�Y!¿Zf%Y a+v» A] & Af2Â¿

!Ë{�- A'ZiY .Y�] �Z+¿ {�Â» ÉZ> &�"Z» gÂI�» ÉZ> A¿Y{ 3+¼� �f�] Ê>{ 6�Y�? É�Z% A+^2 B#C ÉY A»Z¿�] !" ¾+,j,ËY ¾f2Â¿ É&

�{ A»Z¿�] !" f»Z" ¾f»Ranjbaran et al (2013) B%Y (!»[.

¶*61.f? ½Y!+» Af'ZË ½Z»�Z% AP^2  

Ê]�8e Ê8$" �Z'f�Y 

a%Â5 (!2 *>Y�' Ê]�n5 ÉZ> ({Y{ �Y ({ZDf%Y Z] ½{�" 8$; ]=f^» aËY�2 Bv5 É�Z% A+^2 EËZf¿Zare (2006) �Z^f�

!2 Ên,% .B%�#' J&!C �{ <Âf=2 3+¼� �f�] Ê>{ 6�Y�? ]=f^» aËY�22B%Y (!»[ .,LËZ»�[ ÉZ> �&� A] lÂ]�» 6Z+hTC

 �{ É�+- (�Y!¿Y ÉZ> �YT]Y ,¾" 8$; (Z)f%{Zare and Chen (2009) B%Y (!»[ .(!2 Ê,+] L+  ÉZ> ({Y{ A�ËZ4» B#C

 ¾+)¿Z+» Ê^�¿ FY�v¿Y �Y!4» ,Ê]�n5 ÉZ> ({Y{ & J!» a%Â5)MRD (!2 A^%Zv» ½{�" 8$; BbZ? �> ÉY�].

Gܴܯ ൌ lଵ
 
[ ൬qrseht!qeurht

qrseht
"
ଶ

 
vwଵ n

V
U

L ͳ## (8)

9v] Á :%Zf¿ 

É5Z" ÄÌ'6 :%Zf¿ Ê8$" �Z'f�Y 

J&!C �{ ½{�" 8$; ]=f^» ÉZ> �f»Y�Z  Ê,+] L+  ÉY�] Ên,% �Z^f�Y ÉZ> ½Â»�[ EËZf¿3B%Y (!»[ .{Â2 Ê» (!>Z$» A" �ÂH¿Z¼>

 �Y!4»MRD �Y �f¼" G+5�5 A] Ê>{ 6�Y�? ¾+? �{ (!,," 8$; ÉYÂ> 3=H» B]ÂI� & Z»{ ,Z> A¿Y{ Êf]ÂI� ÉÂfv» Ê,+] L+  ÉY�]

6,10&%9B%Y .fP22!>{ Ê» ½Z$¿ Ê>{ 6�Y�? ½Z»� JÂI �{ Y� Z> �f»Y�Z  ¾ËY Ê]�n5 & (!2 Ê,+] L+  !¿&� .{Y{ ½Z$¿ EËZf¿

�Z% A+^2 �{ Ê]Â; ÊËZ¿YÂ5 J!» ¾ËY A"{�Y{ gÂI�» ÉZ> A¿Y{ 3+¼� �f�] ½!2 8$; !,ËY�' É.
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1Á)22.<Âf=2 3+¼� �f�] ½{�" 8$; ÉZ> LËZ»�[ ]=f^» aËY�2)Zare, 2006(

1Á)23.É�Z% A+^2 Ên,%�Z^f�Y EËZf¿  

MRD (%) (�Z¼2

(kg/kg, d.b)  YÂ> 3=H» B]ÂI�  (K)  É{&�& ÉYÂ> ÉZ»{  JÂKv» B]ÂI�(kg/kg, d.b) 

3¼�cm25 3¼�cm18 3¼�cm9 3¼�cm25 3¼�cm18 3¼�cm9 3¼�cm18 3¼�cm9

61/7 20/7 42/7 27/8 65/8 13/8 25/4 42/4 1

34/7 47/8 09/8 54/8 79/8 52/7 87/5 93/3 2

01/7 11/8 23/7 15/6 45/8 32/9 21/5 03/5 3

=)6 #>? )$%Y�@ É5Z" ÄÌ'6 

fP2 �{ Ê>{ 6�Y�? ]=f^» aËY�2 ¾+? �{ <Âf=2 B]ÂI� 6Y�++v5 �Âf¿Z"3B%Y (!»[ .�+RZ5 ½YÂ5 Ê» ÉZ> �Âf¿Z" ¾ËY �Y ({ZDf%Y Z]

{Â¼¿ Ê%��] {YÂ» ½!2 8$; !,ËY�' �] Y� É{&�& ÉYÂ> Ê»�C ½ZË�C Q�¿ & Z»{ \H% !,¿Z» É�Z" aËY�2.Ê» ½Z$¿ Ê,+] L+  EËZf¿

8$; �{ B]ÂI� Z'{ A" !,>{ (!,," 8$; ÉYÂ> Ê»�C ½ZË�C Q�¿ �Y �RZf» YÂ> ÉZ»{ �Y �f$+] gÂI�» ÉZ> A¿Y{ 3+¼� �f�] ½{�"

!2Z] Ê».

�f�] 3¼�

(cm) 

a+v» ÉZ»{

ZC�»(°C) 

ÉYÂ> 3=H» B]ÂI�

É{&�& d.b 

(kg/kg) 

Ê»�C ½ZË�C Q�¿

É{&�& ÉYÂ>

(kg/m2.s) 

ÉYÂ> ÉZ»{

É{&�&(°C) 

,A¿Y{ A+b&Y B]ÂI�

d.b (kg/kg) 

(�Z¼2

25 27 01/0 22/0 45 2587/0 1

25 27 01/0 22/0 50 2587/0 2

25 27 01/0 10/0 50 2557/0 3
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¶*62.�{ Ê>{ 6�Y�? ¾+? �{ (!,," 8$; ÉYÂ> 3=H» B]ÂI� & Z»{ ,Z> A¿Y{ Êf]ÂI� ÉÂfv» Ê]�n5 & (!2 Ê,+] L+  !¿&�

 ÉZ»{°C50ÉY > Ê»�C ½ZË�C Q�¿ &kg/m2.s 22/0.

�

ϱ

ϭ�

ϭϱ

Ϯ�

Ϯϱ

ϯ�

ϯϱ

� ϯ� ϲ� ϵ� ϭϮ� ϭϱ�

 
Ϫϧ΍
ΩΖ

ΑϮ
σέ
ϱϮ
ΘΤ
ϣ

(k
g/

kg
,%
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fP2 �{4fP2 &5B%Y (!2 ({Y{ ½Z$¿ Ê>{ 6�Y�? ¾+? �{ YÂ> 3=H» B]ÂI� & Z»{ ÉZ> �Âf¿Z" G+5�5 A] .A" �ÂH¿Z¼>

B%Y ({Â¼¿ É�Z% A+^2 Y� É�+^^5 É�Z% 8,; (!Ë!  Ê]Â; A] J!» ¾ËY ,{Â2 Ê» (!>Z$» .A] gÂI�» ÉZ> A¿Y{ �Y B]ÂI� J{Z^5 Q�¿

�f�] 3¼� JÂI �{ (!,," 8$; ÉYÂ> fP2 �{6B%Y (!2 ({Y{ ½Z$¿ .A¿Y{ ,½{�" 8$; !,ËY�' ÉY!f]Y �{ {&� Ê» �ZXf¿Y A" �ÂH¿Z¼>

!¿�+- B]ÂI� B%Y ¾P¼» !¿�Y{ �Y�« �f�] ÊË7Z] Ê?YÂ¿ �{ A" ÊËZ> .B%Y (!2 Ê,+] L+  J!» a%Â5 Ê]Â; A] (!Ë!  ¾ËY.

¶*63.6�Y�? ]=f^» aËY�2 ¾+? �{ <Âf=2 B]ÂI� 6Y�++v5 �Âf¿Z"Ê>{.

¶*64.6Y�++v5 �Âf¿Z"YÂ> ÉZ»{ Ê>{ 6�Y�? ]=f^» aËY�2 ¾+? �{.
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{�*¸¼� ¶Ì¸ve 

É�Z% A+^2 EËZf¿ �Y ÉZ> �f»Y�Z  A^%Zv» B#C ½YÂ5 Ê» (!,," 8$; ÉYÂ> 3=H» B]ÂI� & Z»{ ,Z> A¿Y{ Êf]ÂI� ÉÂfv»

{Â¼¿ ({ZDf%Y ½{�" 8$; !,ËY�' {�P=¼� .fP27É{&�& ÉYÂ> ÉZ»{ �Y ]=f^» \H% &{ ÉY�] Y� ÉS�T-Y & ÉS�¿Y ½Z»!¿Y� 6Y�++v5

!>{ Ê» ½Z$¿ .ÊD,» ÉS�T-Y ½Z»!¿Y� �Y!4» ,{Â] ZC�» a+v» ÉYÂ> ÉZ»{ �Y �f¼" ½{�" 8$; !,ËY�' �&�2 �{ JÂKv» ÉZ»{ ½Âd

B%Y (!2 A^%Zv» .

¶*65.6Y�++v5 �Âf¿Z"YÂ> 3=H» B]ÂI� f^» aËY�2 ¾+? �{Ê>{ 6�Y�? ]=.

%&'(.(!,," 8$; ÉYÂ> A] gÂI�» ÉZ> A¿Y{ �Y B]ÂI� J{Z^5 Q�¿.
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,
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)

ΖΑϮσέ -Ύ.Θϧ΍ /)ϧ(kg/m3.s)

t = 5 min
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t = 40   min
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Z%Y �]W��YT-Ranjbaran and Zare (2013) {�P=¼� ¾++@5 B#C 8+»Z,Ë{Â»�5 c&{ & J&Y ¾+¿YÂ« É�+-�ZP]

{{�- �n,» Ê5&ZDf» EËZf¿ A] B%Y ¾P¼» ½{�" 8$; ÉZ> !,ËY�' .É�+-�ZP] ,8+»Z,Ë{Â»�5 J&Y ½Â¿Z« WZ%Y �] A" {Y{ ½Z$¿ EËZf¿

!2 É�f¼" ÉS�¿Y ½Z»!¿Y� A] �n,» É{&�& ÉYÂ> ÉZ»{ �57Z] \H% .ÉS�T-Y ½Z»!¿Y� A" ÊbZ? �{É{&�& ÉYÂ> ÉZ»{ �57Z] qÂH% ÉY�]

B%Y É�f$+] �Y!4» ÉY�Y{ .a%Â5 ÊnËZf¿ ¾+,j,ËYAmantéa et al (2013) B%Y (!2 ��YT- T+¿ .& ÉS�¿Y ½Z»!¿Y� 6Y�++v5

 fP2 �{ É{&�& ÉYÂ> Ê»�C ½ZË�C Q�¿ ]=f^» \H% &{ ÉY�] <Âf=2 3+¼� �f�] ½{�" 8$; ÉS�T-Y8!¿Y (!2 ({Y{ ½Z$¿ .½Z¼>

{{�- Ê» �57Z] ÉZ> ½Z»!¿Y� A] Ê]Z+f%{ GCÂ» Ê»�C ½ZË�C Q�¿ �5 ¾+ËZ  qÂH% É�+-�ZP] {Â2 Ê» (!>Z$» A" �ÂI .

¶*67.Ê»�C ½ZË�C Q�¿ �{ ÉS�T-Y & ÉS�¿Y ½Z»!¿Y� 6Y�++v5kg/m2.s 22/0.
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6_V ÉZ> �Z^¿Y & 3+¼� �f�] Êf@,Y ÉZ> ¾" 8$; �{ É{&�& ÉYÂ> Ê»�C ½ZË�C Q�¿ ¾+ËZ  qÂH% É�+-�ZP] ,!,d�>

 A¿Y{ ¾+] ÉYÂ> 3=H» B]ÂI� AË&� Ê] LËYT'Y A] �n,» B%Y ¾P¼» Z>{{�- .JT,5 ÉZ> É�f"Z] & 8`" !2� �H; !¿YÂ5 Ê» �ÂiÂ» ¾ËY

!>{ LËYT'Y Y� Z> A¿Y{ B+D+" (!,>{ .Y� ,] (&_� ,A,+#] Ê>{ 6�Y�? aËY�2 ¾++@5 cZ),> �{ ¾Ë ,ÉS�¿Y F�K» A] lÂ]�» fhZ�» �]

{�+- �Y�« �X¿ !» !ËZ] T+¿ JÂKv» ÊËZ#¿ B+D+".

¶*68.Ê»�C ½ZË�C Q�¿ �{ ÉS�T-Y & ÉS�¿Y ½Z»!¿Y� 6Y�++v5°C50

É�Ì³ Ä8Ìf¿ 

É�Zn5 �YT'Y c�¿ ÊËZ¿YÂ5 3+4v5 ¾ËY �{Fluent �f�] Ê>{ 6�Y�? {�P=¼� & !,ËY�' É�Z% A+^2 A,+»� �{ É�+-�ZP] B#C

!2 ({Y{ wZ45�Y B]ÂI�» ÉZ> A¿Y{ 3+¼� .½Z]� A] A»Z¿�] !" 8Ë Zf%Y� ¾ËY �{CA^%Zv» & JÂKv» B]ÂI� Ê¿Z%� �&�] & Ê'�@» B#C

!2 Af2Â¿ B]ÂI� A] Af�]Y& ÉZ> �f»Y�Z  .½Z$¿ (!2 AhY�Y J!» Ên,% �Z^f�Y EËZf¿ É�Z% A+^2 �{ ÊË7Z] ÊËZ¿YÂ5 ÉY�Y{ J!» ¾ËY A" {Y{
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�Y �f¼" ÊËZH; Z] G+5�5 A] Ê>{ 6�Y�? ½Z»� JÂI �{ (!,," 8$; ÉYÂ> 3=H» B]ÂI� & Z»{ ,JÂKv» B]ÂI�6,10&%9A] B^�¿

{Â] Ê]�n5 ÉZ> ({Y{ .& !,ËY�' É�Z% A+^2 ÉY�] É�RÂ» �ÂI A] Y� J!» ¾ËY !,¿YÂ5 Ê» *f�+%Â+] ½Z%!,#» �{ ÉS�T-Y & ÉS�¿Y f+=v5

 gÂI�» ÉZ> A¿Y{ 3+¼� �f�] Ê>{ 6�Y�?)6_V ÉZ> �Z^¿Y & Êf@,Y ¾" 8$; ÉZ> (Z)f%{ (!¿�] �ZP].

É�ZEf?Y /%F� G"�H@ 

½Z»� ,s x ,YÂ> (pË& ÊËZ»�- B+'�xJ/kg.K Qy6
,Z»{K - �Z^] (pË& ÊËZ»�- B+'�x ,J/kg.K QyC

ZC�» a+v» ÉZ»{ ,K -଴ ,B]ÂI� �RÂ» yÂD¿ GË�im2/s G௘EE
,YÂ> B��% �Y{�]m/s 789 g[ �+^^5 ½Z#¿ ÉZ»�- ,J/kg XEY

{Â¼� ÉZf%Y� �{ B��% �Y{�] ADbÂ» ,m/s ݒ YÂ> Ê`bZf¿Y ,J/kg @6
B]ÂI� ,d.b,kg/kg B �Z^] Ê`bZf¿Y ,J/kg @C

f? JÂ=% �> *n? ,m3 z{ �RÂ» ÊËZ»�- É�ËU  BËY!> ,W/m.K ݇௘EE

�f�] f^=^5 ߝ A¿Y{ B]ÂI� ,d.b ,kg/kg ܯ

YÂ> Af+�¿Y{ ,kg/m3 6ߩ A¿Y{ Êb{Z@5 B]ÂI� ,d.b,kg/kg ܯ௘

A¿Y{ Af+�¿Y{ ,kg/m3 ௦ߩ YÂ> Ê»�C ½ZË�C Q�¿ ,kg/s |c

�!bÂ,Ë� L,5 �Â�¿Z5 <= �Z$' ,Pa ;
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CFD-based energy and exergy analysis in hot-air heating of 

deep-bed of moist grains 

Mohsen Ranjbaran1*, Bagher Emadi1, Dariush Zare2

1. Biosystems Engineering Department, Ferdowsi University of Mashhad, Mashhad, Iran. 

2. Biosystems Engineering Department, Shiraz University, Shiraz, Iran. 

Abstract 

In the present study the Computational Fluid Dynamics (CFD) was applied to simulate 

three-dimensionally hot-air heating process of paddy in a deep-bed grain dryer. The 

simulation results were validated against experimental data. The values of Mean Relative 

Deviations for the prediction of grain moisture content, air temperature and absolute 

humidity were less than 6, 10 and 9 %, respectively, which reflect a reasonable accuracy. 

These results were used to simulate the thermodynamic performance parameters of deep-

bed paddy drying. The effects of inlet air temperature and absolute humidity on the energy 

and exergy efficiencies were investigated. 

Keywords: Deep-bed drying, paddy, Computational Fluid Dynamics, energy, exergy. 
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