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م01)��+ يغشوش در فاصلة هوايي بين در اين مقاله انتقال گرماي جريان يكنواخت غير تحت شارگرماييي ژنراتور نيروگاهكروتور واستاتور
3 بـه1 در روتـور بـه اسـتاتورينسبت گرماي توليد. متقارن در طول محور استي چهار شيار مثلثي روتور دارا. است شده بررسييطور تجرب به

و. قرار دارنـد rpm 1500<ω<rpm300وRez<4000>30000تور به ترتيب در محدودهرويو سرعت دورانيتغييرات عدد رينولدز محور. است دمـا
اي دو استوانه در سه موقعيت طوليشار گرماي   هـوايي افت فشار جريان هوا نيـزدر عبـور از فاصـله. اند شدهيگير اندازهيو در دو موقعيت زاويه

م نتا.شده است گيري اندازه  روتور ضمن افزايش ضريب انتقال گرماي سـطح روتـور نـسبت بـهيه افزايش سرعت دورانكدهدييج تحقيق نشان
م .شوديسطح استاتور باعث تسريع در توسعه يافتن جريان هوا

�
 استاتور، روتور شياردار،يجايي اجبار جابه، مغشوشجريان،گرماانتقال  : 2 ��!���3

Nusselt Number Measurement of Air Flow between Grooved Rotor and 
Stator of a Generator 

 
A. Nouri, and M. Nili-Ahmadabadi 

 

School of Mechanical Engineering, Sharif University of Technology 
 

Abstract: In this article, turbulent flow heat transfer in the air gap between rotor and stator of a generator under 
nonhomogenous heat flux is studied experimentally. The rotor consists of four symmetrical triangular grooves. The stator surface 
is smooth and does not include any grooves. The relative heat flux between the rotor and the stator is 1 to 3. Temperature and 
heat flux are measured locally at three axial and two angular positions of inner and outer surface. The pressure drop of air flow 
through the air gap is also measured. In this work, the axial Reynolds number and rotational velocity of the rotor ranges are  
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. 4000<Rez<30000 and 300rpm<ω<1500rpm, respectively. The results indicate that increasing the rotational velocity causes the 
rotor and stator heat transfer coefficient to increase considerablly and the respective value to the rotor is higher than that to the 
stator. In addition, the rotational velocity causes the air flow to be developed sooner. 
 
Keywords: Heat transfer, Turbulent flow, Forced convection, Grooved rotor, Stator. 
 

 فهرست علائم

A�2�)� 

pc���3/�4�5 
�1  
! 67�8 

h����'	 9��: ����3 

D�;< 

k���3 ��	=> 9��:�&

L��? 

m&4!&��@ &

Nu �A��' !=B�khDh

p
�1  

q ′′C�' 
�� &����3 

Q&C�'&����3 ����'	 .A&

Re D=��E�
 !=B�υhUD 

r��@B�F�&

T��! 

Ta 
�AGH !=B�υ− 5.0
mhi0 )DD)(DD(V

U�B��I���� 
�J� /

V;GJ� �B��&

z
�J� ��@/

�
��� 4��$�

∆K��L	 

θ��!/4&=F4 

υ)�8M���D�GH��EG� M&

ρ��NO&

ϕ;GJ� ��@&

ω'	
8! �B��&


%5�����6 

a	�> 

cr '	�J4&

eff �5P� 

hG�8
=G>M&

iAL	!&

o@
�L&�@8�L &

r
�H8
 

s
�H���	 

z
�J�/


%5��� 7
� 

%I���� 

81
��9� 


�AGH]�[
�SJ� T> U'	���	 8! VG4 V.�� ��G� W� /
	=��X

L	! U'	��SS�	 Y	
8! �SS4 	
 !	! 
	�SS< &SS�
�4 !
�SS� &SSA .
�SSAGH

[SSMH
8 Y	
8! �B�SS� D	 \GSS4 &����B�SS� 
! 	
 
�SSAGH /�SS>

 !�. 6=>�1� &'	�J4 .��)MH
8 V�	 �5	 
! 
	=��X�' /]	
^ Y���@ 

!�0�	 &� ��'=.��'^ /
	=��X�' \�	_S 	 �S5	 
! D	 _S��3 /8�SG'

 _.�� 8`�F� \�	_ 	��	 .S'	�J4 
�SAGH !=B&	�S4 /1SH MaG

H
8M[!
�W/��A2 /	�0� ���'	 8! �4/��)4�4	�4 �4 ��	:

)�(o i h

m

V(D D ) D
Ta 41.2

2 D
−

= >
υ

b���' 
�AGH &� Y�1' 4 Y���@ Y=� c�1d� �. =E>!�`�FS� �e)' 

&�	�> UAf�  g�B �4 &AL	! U'	���	 &N�)S4 !
	! .D=S��E�
 !=SB

 &'	�J4 &'	
8!D	� �4 ]	
^ Y���@ T�h
 ��	 �4	�4 c�1d�4:

)�(
1
3

cr o iRe 41.1(D D 1)
−

= −

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
16

00
.1

38
6.

26
.1

.1
4.

1 
] 

                             2 / 11

https://dorl.net/dor/20.1001.1.2251600.1386.26.1.14.1


��� ������	
��
��� ���
����� ���� ���

/�X ]
[TS> �'	��S�	 8! VG4 c�1d� 8 ]	
^ /��A2 /��'���@ 

!	! 
	�< \���D^ !
�� 	
 
�J� .&� Y�1' \���D^ b���' �. =E>!

 �SS4��)SSMH
8 &SSAL	! U'	��SS�	 Y	
8! 8 ]	
^ Y�SS��@ 8! �SS> 
!

 &S� ���	 c�1d� ='�S� ]	
^ Y�S��@ 
! �S. /
�S? �S4 
�SJ� 

)MH
8 �� '	
8! 
�J� �4 !��B&88! VS�	 c�1Sd� Y���@ 
! 


�J��Gi='=��F��.
�(�	
='�O]j[�S. !	! c
	_3 �S4 � �S:	 

'	
8! Y���@ �4 /
�J� Y���@ Y=�&/�S�A2 Y���@ /
	=��X 

&� \�	_ 	 =4�� .&��SNE> &S'	�J4 
�SAGH !=B ���2 V�	 
! S.�


�J� D=��E�
 !=B/kSe? =S��4 WO�. !�F� US� \�	_S 	 �S�D 

&� =4��.

)j(2
z0Recrcr Re5.26TaTa

z
+= =

.Y^ 
! �v/)DD(URe ioz −=��	.


�N�	 8 /�.]$[�4&4�0H l
�f 8 /
�SJ� Y�S��@ 9G.�H

 &'	
8! 	
 &�	�> UAf�  W� 
! �4 �SF��;� &SAL	! U'	���	 Y	
8!

='!�..&� Y�1' ��'^ l	=>�1� >!E/	�4 �. =����Rez<
�S�O 

h
 &� 
�M�^ Y���@ T� �!�S�)mS�	(�]	
^ Y�S��@ )n(Y�S��@ 

�
�SAGH /��)SMH
8 �S4 6	��> ]	
^)o(8 c�1Sd� Y�S��@ )!(


�AGH /��)MH
8 �4 6	��> c�1d� Y���@.

l	=>�1� /=SG�  8 �3],[Y�1S' =E>! &S� Y�S��@ 
! �S.

 ��)> T. �B�� �4 /
�J� �4 
�AGH /�> =G��H !�3 l
�f6=� 

8� \�	_ 	 �4 �S4 ��)SMH
8 U�)S> 
��L�S� /
�J� �B� 
�S?

 VG4 D	 /=B�pH�� 
 �4 8�S�'^ ��1SG4 \�	_ 	 ��)SMH
8 U�)S> 

4���q
 a4�< &�(� ='	.

&�_3]r[��S��'	 /8
 	
 !�SL /��1���D^ /�S��3 Y�S��@ 

��A2/�4&�	�> af	�  sj/�8�/+���GAG� 8
�SH8
 `�FS�

,/rj���GAG� 
!!
�GS� 
�SH8
 �S4 ���2 8! 
�GS� Y8=S4 8 
	

 !	! ]�0'	.AG;�)� `�' D	 �>
�G� &/	
	! 8!�SF4	 �S4 S.O�M&

!�4='.�S4 	�> /
�J� �B�� 8 
�H8
 &'	
8! �B�� 9SGH�H

!8=SSJ� 
!6rpm s*��<ω<�8m/s��<U<�=SS'
	! 
	�SS< .

��1���D^ V�	 b���' U�!�F� 	�S4 	
 ��D/�' !=SB �AS� !��E1SGX 

&� .=E.

)s(8.0
effReNu ≈

�pSSSS(1� �SSSS4 D=SSSS��E�
 !=SSSSB 
! �B�SSSS� l
�SSSSf 

22
eff V25.0UV +=m��FH&�!��.

&�]*[�4����'	 &4�0H 
�?���3 U'	���	 8! VG4 
�1  � 	 8


�J� T> �4 �G� AG;�)� 
&
! �S�'^ D	 &SM� �. 	
 
�G� Y8=4 8

!
�� ��	 Y	
8! ��2 !	! 
	�S< �F��;� .!	=SB	 �SF��;� VS�	 
!

�SS4 /
�SSJ� D=SS��E�
 8 &SS'	
8! D=SS��E�
 9SSGH�H 6!8=SSJ� 
!

��*×�<Reφ<��j8����<Rez<,� =SS'
	! 
	�SS< .VSS�	 b��SS�'

 &� Y�1' kG�JH =E>!.�Y=� 
	! 
�G� �4 \�	_ 	 &AL	! U'	���	

 �'	��S�	 �AS��' !=SB \�	_ 	 /8
 	
 �G5uH V���1G4 
�AGH !=B


�L@&!
	! .

/	D	�.]+[�4��S��'	 &S4�0H 
�S? /�S��3 /�S�A2 Y�S��@ 

&SAL	! U'	��S�	 Y	
8! �S4 
�J� T> U'	���	 8! VG4 c�1d� 	


 &�
�4!�..U'	���	 8 k��B v���. &AL	! U'	���	 w;� @
�SL &

V.�� 8�S�	! 
	�S< �SL	�EM� &��S��3 
�S� �JH .D=S��E�


 �J� �B�� �4 &'	
8! �B�� �e)' 8 /
�J� �4 /
 
! 9GH�H

�!8=J� r,��� <Rez<�,��� 8+/�<UV<�=E��	! 
	�< .

b���' V�	 &� Y�1' kG�JH /�S�! &AL	! �'	���	 Y	
8! �4 �. =>!

 �'	���	 x�;� \>�. 8 \�	_ 	 9GH�H �4 &@
�L 8 &AL	! /�>

�� �� 8� yB�4M
! &��)SJ� &�L	�SE aSG 8�X &B�FS� /�S�! 

&� !�� .8
 V�	 D	 !=B &AL	! U'	���	 &'	
8! �B�� \�	_ 	 �4 

&� \�	_ 	 &eG.�H Y���@ �A��' =4�� .

/��A2 Y���@ W� 
! U'	���	 8! VG4 Y	
8! �S5	 
�SJ� TS> 

�'	���	 D	 W� �> ��S��'	 9��S: 8 �S�! ��B�� z�D�H /8
 �>

/���3 I��H &@
�L �'	���	 �G4]�[&�
�4 ��	 6=� .
!V�	

 4 c
	_3 �aS�'	�X �=S� x�Sf	 {�SA(� ��S? �=� D	 6!�|��	 �

���}' �� �� �F��H c�1d� Y���@ 	�4//��A2 Y���@ �S4 S.
�

��	 6=� �� �3.&@
�SL U'	���	 �;<mm �+��e)S' ��S;<

AL	!&&@
�L �4+,*,/�=oi DD�S;< �S4 ��S? �e)S' 8

&�	�> UAf�  &MG�8
=G>�s/r�=hDL=E�)> .&AL	! U'	���	

 
�� �JH &@
�L U'	���	 8 k��B&����3 
	�S< �L	�EM� !
	! .

!=B D	 WS� �S> &S'	
8! �B�S� �e)S' 8 /
�SJ� D=S��E�


�'	��SS�	 �!8=SSJ� 
! 9SSGH�H �SS4 /
�SSJ� �B�SS� �SS4 �SS>

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
16

00
.1

38
6.

26
.1

.1
4.

1 
] 

                             3 / 11

https://dorl.net/dor/20.1001.1.2251600.1386.26.1.14.1


��� ������	
��
��� ���
����� ���� ���

j����<Rez<�~~~ 8s<UV<~='
	! 
	�<.c
	_3 V�	 
! 

��	 6=� �B!	.�'	��S�	 �S��2 
! �S� �� �FS��H �G2�' ��? �

SS'8�G4&�SS� .V��G�8
=SSG> �SS;< �SS4	�4 M&�SS�	 .b��SS�' 

Y�1' &�>!E=.��e)S' \�	_S 	 �S4 &SAL	! U'	��S�	 Y	
8! �S4 

@
�SSL&��1SSG4 \�	_SS 	 /8
/U'	��SS�	 w;SS� �ASS��' !=SSB 

&@
�L!�� &� 6=>�1� .

���
8D 8 �G��	 ]�~[�4 !=B 
�?/	 /�S��3 ��S��'	 /
�Se@

 =S'!�. aGAJH 	
 
	8! U'	���	 W� /
�J� Y���@ .aSGAJH VS�	

 ��	 6=� ]�0'	 /
�J� Y
��H {�� �4 8 /=F48! .Y�1S' b���'

&� =E>!.Y	�H �4 �A��' !=B ��/~N�)S4 D=��E�
 !=B &!
	! .

:�B Y���@ b���' �4 kG�JH V�	 b���'&S� /8
 W
	8! U'	��S�	 

��	 6=� �)����.

�=E.]��[W� &����3 ����'	 C�' Ue��J� /	�4 &e���H a2 

!�S. �S�	
	 ]	
^ /D�S� ��� D	 6!�|��	 �4 	
 
	8! U'	���	 W� .
!

�4 �4 kG�JH V�	 .�G3
�/�W/h�S'	 US�!�F� 
! 9��E� �B�� 

�4 	
 I���� �A��' !=B ='!�. !��E1GX ��D l
�f .

)�(5.0Pr)(Re6366.0Nu =

=E�
�> 8 � 
�H�4]�
[�� ��S��'	 9��S: 8 	�S> Y���@ 
��L

 	
 
�H��S�	 8 
�SH8
 VGS4 &�	�S> UAf�  
! &F:�� /���3

�4 =S'!�. �SF��;� &4�0H 
�? .�S�!/IS��H 
�SH8
 w;S� 

���H VGS4 Y�S��@ 
��L�S� aSGAJH 8 _��< Y8!�� UF�	 & 	�3

 l	
� ���pH I��H _G' 
�H���	 8 
�H8
)PIV (6D	='	 /�G3

=� .2 VGE��> kG�JH V�	 
! Y���@ /h�'	 U�!�F� /!=B a

����'	 9��: VGGFH /	�4 T�	!3�S� �3 ]�S0'	 &F:�� /���

��	 .�S4 &�	�> �Af�  g�B �e)' 8 &'	
8! D=��E�
 !=B

�4 
�H8
 `�F� 9GH�H �!8=J� 
! �*r���<ϕRe <���~~ 8

�+,/�<ih DD<��,/�='
	! 
	�< .

]!
D	]��[�4�@ /���3 ����'	 U'	��S�	 WS� D	 /
�Se@	 &��@

 �SS4 	
 V.�SS� /	�SS> 
! 
	8! &SS�
�4 &SS4�0H 
�SS?SS.!�.

&F1SSF1H �SS��8�GX ISS��H ISS���� /�SS��3 ��SS��'	 9��SS: 

6D	='	 U�!�F� 8 =� /�G3571.0)(Re318.0Nu ϕ=�!8=SJ� 
! 

s���<ϕRe<
~~~ 	�4 /=� !��E1GX Y^ .U)���� �S4 b���' V�	 

&� Y�1' 	
 &4�L ��e;'	 &Ae< /�>
�. b���' =>!.

&O�4!]�$[�S4 	�S> Y�S��@ /�S��3 ��S��'	 &S4�0H 
�S?/

�>
�GS� �S4 
�H���	 8 
�H8
 VG4 c�1d�/B�FS� &SAL	! &	


!�. &�
�4.


!.SAL	! �'	��S�	 w;� �:�2 
�&	
	! /�>
�GS� /S�A�� &

SAL	! �'	��S�	 8! �> VGE��> 8 6!�4&@
�SL 8&
�S� �SJH 

��	 6!�4 &����3 .

:1+
,��� ;�� <�
�6" 

�Ma)�(GH���W\���D^ 6�N��! a��� 
�SH���
�SH	�'h �

�S�
	8�	�S4 /�
�SH�� 
8! TGSS}EH ��SSX&
8^ zSS�@ T�)SG� �/

6!	! �>8 ����A  �V  �!��D !	=FH /���H .	�4 aX�/6D	=S'	 /�SG3

��! 	
Y�1' &� =>!.�Ma)
%m�	 (� _G'GH��W
�H	�'ha��� 


�H���	 8 
�H8
 	
Y�1' &� =>! .
�H��S�	 8 
�SH8
 �S> S. ]	=

	
	!/!	=FH/�>
�G�/��? &��	 .���GX TG� �/�S4 {�4�� 

!�0�	 )G?�Ed� Y	=G� &
!��'^�@/&�='�G3.
�H8
 ���'	��S�	

AL	!&�4 TGEG���^ [E@ D	 ��?mm �$~ �S;< �mm  
/���8

	
	!/
�G� 
��O S�A��&�S4 ��S?mm �Y^ IGSJ� K	�S?	 
!

�4 
�? Y
���� � ���	 6=� ��L��Ma)
(.
�H���	 �S� �'	��S�	

@
�L&_G' TGEG���^ [E@ D	 Y��> �4 SAL	! �S;< �
�H8
 ��?&

mm 
�$ @
�L �;< 8&mm �~~ �S�	 6=S� ��L�� .�ASf� 

&�	�> �'	���	 8! VG4 mm���	 .	�4/D�S� �GeS� /A�B SM!�

D	 
�H	�'h ���E��	/����3&/�@ 
	�3/6=� ��L	
�S� aL	!�&

.�4 ���? 
�?&8 =S'	 6=S� �GeFH 
�H���	 8 
�H8
 
! Y
���� 8

�4 �	 
�?M���M&� ]�3 &='�� ��	 6=� 6!�|��	 .Y���@ ����'	

�	M�4 ��G)����E��	 �S>/&��S��3 �E���GAS�	 IS��H�l
�Sf

&� !�G3.&����3 =G��H /
�H���	 8 
�H8
 
! 6�N�S�! 8! I��H

��
	8�)h���8 TG}EH 6�N��! (�S��G �� �S4 9SGH�H �S4/kW
8

kW�a4�< .���E��	 .	�4/�G3�A@ /� �S��3 K�H	 D	 6=SB�<

�'	���	 8 �> VGSE��> @
�SL w;S�&�S�	 
�H� �S4 �1SG� T1SX 

���BM
�/��	 6=�.z�D�H 
�J�/
�� 8 ��! &��S��3 w;S� 

�'	���	 �>�4.�W���H.AX���/`�'k8�<! �4Co1±.�
!8!

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
16

00
.1

38
6.

26
.1

.1
4.

1 
] 

                             4 / 11

https://dorl.net/dor/20.1001.1.2251600.1386.26.1.14.1


��� ������	
��
��� ���
����� ���� ��j

�(=81�	
#� �<�
�6" +
,��� >� ��	�� +��#� (���(��
� ?�@�%�	 � ���"

�(=A1/>� (�	
#��� ��	
��� � ��	�� �
��
�� 
� ��	���  !���� !�" 4��C� �� 

D(�	
#�����	 EF� =�� � ��	�� 3
%�G�!�"

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
16

00
.1

38
6.

26
.1

.1
4.

1 
] 

                             5 / 11

https://dorl.net/dor/20.1001.1.2251600.1386.26.1.14.1


��� ������	
��
��� ���
����� ���� ��s

�� m�!
 �4 &��H ��8	D �GF<�� 8! 	/mSA�(� ��S? 
! �'	��S�	 

='!�4 6=� 9p' 	6D	=' �G3/&�='=� .� 
!Ma)
%n(aSJ�

 ���H 9p'.��AX�/��	 6=� 6!	! Y�1' 
�H8
 .	�4/�G3�SA@ /

D	 VG4 ���3 K�H	 ���H .��AX�/J;� &�4�S<! Y!�S4 ��4 8 	�>

6D	='	 �G3/���H �.��AX�/J;� &��S�	 8 
�H8
 k��SB 
�H /
�S. 

��	 6=� .=G��H h���8/
!���H.��AX�/SAL	! �'	��S�	 &IS��H 

E���GA�	 S� apS�� �N1S���' 6�N��! �4 ��! �&�S�'=.�SB��0�

�'	���	 � aL	! �>W.F4�� z;�� �4 ��'�&zAS: �4 cm�� ��S? 8

m�
	�< !�4 �� �3.	�S> �Af�  
! 	�> Y���@ �&�'	��S�	 8! VGS4 

� I��HW���'�� V  h�G|.	=S�4	 
! �/.��S'� !�S4 6=S� 9pS'

 � VG�uH&=�.4!&	�> S� I��HW�S��! 
S. VS  
8! �SGGdH �	


�4 ��	! 6=�B.���E �&=�.��! /	�S> /!8
8 /S@8�L 8&8

VGE��> @8�L 
! 	�> I���� �B��&.IS��H 9SGH�H �4 ��'�

���H.6D	=S'	 l��GX ���� 8 aX� �SG3/S�'==.	�S> 
�1S  �S 	/


�eB/_G' AS:�|H bE�
�1  I��H &S.��S��� �S>/Y^	=S�4	 �S4

���'	8/.��'� 	�> 6D	='	 ap�� /�G3�&�'==.SAL	! �'	��S�	&D	

��X 8 ��)H k��?&� �4 W�	 
�H�� M���M&�S4 �SGd�� 
8! S�� ap

 6=� !�4 I��H Y^ 
8! �GGdH 86�N��! �
	8W.� ���E&=�.
8!

 6!8=SSJ�
! ��SS��GX 
�SS? �SS4 
�SSH��rpm��~~<ω<rpm�~ 

aSS4�< �SSGGdH!�SS4.D=SS��E�
 !=SSB Y�SS��@ 
�SSJ�/8! VGSS4 	�SS> 

G�8
=SG> �S;< ��S�	 �4 �'	���	M&	�S> �ASf�  �&6!8=SJ� 
! 

�~~~ <Rez<$~~~ 
	�< ��	!.

H1
IJ !+��� 
�!+6���� ��2!

6D	='	 a���8 /�G3 l��GX ���� a��� \���D^ V�	 
!���G0�! &�4

�;L/m/s �/~6D	='	 /	�4 ���H	8 ��G3/ �p� Y	�H &���E��	 /

8 &����3 
�H���	 8 
�H8
 Y	�H �
�!=B ���H .aSX� �S4 �S;L /

Co1±8����! �N1���' .
8! �S� 
! ��1���D^ mSA�(� rpm  

��~~ 8�~~ ��~~ 8�4�1> !=SB 
�SJ� D=S��E�
/$~~~ �

�~~~ ���~~ ��$�~~ ���~~~ �

~~~ �
�~~~ 8�~~~~ 

��	 6=� ]�0'	 ./���3 =SG��H /�S��E��	 IS��H /&��S��3 
!


�H8
w$~~ 
�H���	 
! 8w�
~~ ��	 .�46D	='	 /�G3 �B��

 I����
�J�/
!o8�L�4!&��@ &D=��E�
 !=B 8�49SGH�H

�4 � �e��J� ��D l
�f&='��.

)�(o)AU(m ρ=&

)�(
agapa

h
z A

Dm
Re

υρ
=

&

.
! �Y^ioh DDD −=��	.

C�' 
�� FS:�� &��S��3&
!w;S� 
�H��S�	 8 
�SH8
 �S4

 w;� 
! ��! Y��!	�3 D	 6!�|��	� �>W�4 ��'^ D	 &� ��! =�^ .

)�(s,rj,
r

T
k

r
T

kq
R

j

R

j
j =

∆

∆
≅

∂

∂
−=′′

.Y^ 
! �s,rj =�4 8 
�H���	 8 
�H8
 K�F� 9GH�HR`�FS� 

6D	='	 aJ� �G3/��	 .VGE��>r∆���H VGS4 �ASf�  .�S�AX�/

J;�&AL	! 8&��	 .�4� 
! ���� Y	�EBMa)
%n(�ASf� 

���H VG4.��AX�/�8����8��4	�4 r∆��	 .

	�4/6D	='	 �<! Ue��J� �G3/S4! �&
�S4 VS�	 	�S> Y�S��@ 

/���3 ����'	 C�' I��H.A&6D	=S'	 8 	�S> �S4 /�SG3 K��SL	

��!/!8
8 /@8�L 8&�4 	�> � �e��J� ��D l
�f&!�� .

)�(

L
//

0

p ao ai

q dA

m
C (T T )

=
−

∫
&

.Y^ 
! �sr AAA += 8rA8sA�4 8 
�SH8
 w;S� 9GH�H

 ��	 
�H���	 .��!��� VG4 K��L	��@&l�!�SF� I��H)�(8

)�(!8=2 
!�	 =f
! ��.

���3 ����'	 C�' Ue��J� �4 VGS4 
�H��S�	 8 
�SH8
 x�;� /

8 !8
8&F;�� �S�! �
�H���	 �� 
�H8
 D	 6	�(�! /	�S> IS���� 

�	�> �Af�  z;�� �> 
!&�4 ��	 �4	�4 :

)�~(
p

z
0

aia cm

dAq
TT

&

∫ ′′
+=

/�S@ �4 
	�S3/pcm&�S�!�F� D	 )�(US�!�F� 
!)�~(�Sf�L

D	 ��	 l
�eB l�GA�B:

)��(
∫

∫
′′

′′
−+= L

0

z
0

aiaoaia
dAq

dAq
)TT(TT

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
16

00
.1

38
6.

26
.1

.1
4.

1 
] 

                             6 / 11

https://dorl.net/dor/20.1001.1.2251600.1386.26.1.14.1


��� ������	
��
��� ���
����� ���� ��,

20

40

60

80

100

120

0 0.2 0.4 0.6 0.8 1

N
u c

Rez=25000

18000

15000

9500

900rpm

�(=H1?����K	 ���� !���
� ��� <L� ��3�
#�
�6�>�&�� �� ��	�� !/��L� 
���� rpmMNN 

:�	���'	 9� l
	�2 �F:��&�4 
�H8
 w;� I���� 89SGH�H

�4 ��	 �4	�4:

)�
(
ar

r
r TT

q
h

−
′′

=

)�j(∫= L
0 rr dzh

L
1h

	�4/�
�SH8
 w;S� IS���� l
	�2 ����'	 9��: �<! VGGFH 

 �F� �4 	=�4	&U�!�F� )��(U�!�F� 
!)�
(U�!�F� 
! Y^ U0G�' 8

)��(��	! TG>	�L.

)�s(∫

∫

∫
′′

′′
−−−

′′
= L

0

L
0

z
0

aiaoair

r

dAq

dAq
)TT(TT

dzq
L
1h

�
�H���	 8 
�H8
 w;� 
! &����3 
�� C�' Y!�4 �4�5 g�  �4

 U�!�F�)�$(� �4M� 6!�� ��D a&!��.

)�,(∫
−−−

′′= 1
0

aiaoair
rr

L
z)TT(TT

)
L
z(d

qh

S4�0H b��S�' D	 6!�|��	 �4&.VS��]��[��S��'	 9��S: �S<! �

&��SS��3 �SS;L 9)SS2 �SS4 
�SSH8
 w;SS� ISS���� /.�SS��G�/

6D	='	 �G3/�4 ��	 �4	�4 6=� :

)�r(
2

aiao
aiao

2

air
air

2

r

r
2

r

r

)TT(d
)TT(

LnI

)TT(d
)TT(

LnI
q
q

h
h









−

−∂
∂+









−

−∂
∂+








′′
′′∆

=






 ∆

.Y^ 
! �

∫
−−−

= 1
0

aiaoair L
z)TT(TT

)
L
z(d

I

�<! �4 �@�H �4.���G�/6D	='	 �G3/���  U�!�F� ke? ��S;L/

r

h!8=2 ��=f
!��	.

O1P�� � Q�
�� 

O1R1���
� ���!���� -S�� �

�Ma)j(w;S� �AS��' !=SB 
�SH8
	

8! 
!rpm ��� 

	�4/
�SJ� D=S��E�
 !=SB 
��O /S� Y�1S' mSA�(� &=S>! .

� �}2��&!�� S.!8
8 USG2�' 
! �AS��' !=SB l	�SGGdH �/

� �Y���@W='8
 .1>�&
	=�� �4 Y���@ V� �� �F��H �4 8 !
	! 

�4�5&� aG� &.=E.
�SJ� D=S��E�
 !=B �4 �A��' !=B 
	=��/

N�)4&!
	! .F� aG�! �4M��4VGS4 �S;4	
 Y!� �AS��' !=SB8

D�S� �S�� ���(:/�AS��' !=SB �
!	=S�4	/	�S> �ASf�  �&

	=2.��	 ��.&� 6=>�1� �. !�� !=B Y=� WO�. �4 
! !	=B	

D=��E�
 
�J� /�A��' !=B ���F��� �MS� �SL	�E&!�S� .�S4

 � �F��H �H!8D Y���@ �N�! l
�eB&=4��.z<	8 
! .\>� !=SB

D=��E�
 
�J� /9e� HF�� mG�S� �4	�4 
! /
�J� T�E��T�E�

 &B�F� �S�� �0G�' 
! 8 6=� 
! /D�S� &�	�S> UASf�  g�SB

 =�
 �H!8D 6!�.&� �F��H �H!8D Y���@ 8=4��.

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
16

00
.1

38
6.

26
.1

.1
4.

1 
] 

                             7 / 11

https://dorl.net/dor/20.1001.1.2251600.1386.26.1.14.1


��� ������	
��
��� ���
����� ���� ��r

30

50

70

90

110

130

0 0.2 0.4 0.6 0.8 1

N
u c

Rez=18000

1500rpm

900

300

60

70

80

90

100

0 0.2 0.4 0.6 0.8 1

N
u S

1500rpm

900

300

Rez=18000

�(=T1?����K	 ����!U
9��� E��S �� 
��2 ��!<L� 

3��
# ��	�� 6�>�&�� �� 8VWWW 
�
���� !/��L� 

=(� X1?����K	����!� ��� ���
��	
��� �� 

6�>�&��8VWWW 
�
����!/��L� 

aM�)s(z�D�H
�J�/w;� �A��' !=B 	
 
�H8
 �� 
!


8! mA�(� 8!=B /	D	 �4D=��E�
 �+��� S� Y�1'&=S>! .
!


8!�>/j�� 8��� 
! �A��' !=B Y���@ �G)� \>�S. 	=S�4	

 �� ��8[�� �M� �L	�E&!�� .�!�L � �S� �FS��H �N'�SG4V

Y���@ ��	 .w;S� /�S��'	 
! �AS��' !=SB &'�S�3�' \�	_S 	 


�H8
 8
8! 
!rpm��~~ ��	 �AB V�	 �4.�
8! \�	_ 	 �4

 &@8�L Y���@ 
�1  
! 8w;� W�!_' 
�H8
 \>�. &S� =S4�� 

89e� ���'	 
! &�13�4 Y���@ /&� &�	�> UAf�  !�S� .Y�SO

 VGS4 K��L	 �S�!/
�SH8
 w;S� 8	�S>/�S4 �e)S' IGSJ� 

��AJ�/�N�! .	�� ���	 ��1G4 ��'� ����'	 C�' �S��3 /�S��'	 
! 

w;�
�H8
 \�	_ 	&�=S4�� .S�
�4&�1S3�4 Y�S��@ �=S�=X &

�4 ���H Y=� 	=@ aG�!.8�SG' �S5	 
! �S�AX�/�� D	 _S��3 S.
! _

�>
8!/D	 \G4 rpm��~~ �	 MA� l��G�JH &�8 !�e' ����'� SM&

]�r[&� =G��H 	
 6=�=X V�	 �Jf .=E.

aM�),(w;S� �A��' !=B /
�J� z�D�H 
�H��S�	 	

!


8! ��/	D	 �4 mA�(� !=B D=��E�
 �+��� � c
	_3 &.=SE .

� 6=>�1�&!�� .!=SB l	�GGdH ='8
 �Ge� Y^ l	�GGdH ='8
 �

� 
! 
�H8
 �A��'MAe< a&l8�S|H VS�	 �4 ��	 S.l	�SGGdH �

!8
8 �G2�' 
! 
�H���	 �A��' !=B/	
	! /9G� .���/�e)' 

��	 
�H8
 �A��' !=B �4.'��3�' \�	_ 	 ]=B VGE��>&!=SB 

�SS��'	 
! 
�H��SS�	 �ASS��'/
8! 
! 8 Y^ rpm��~~ �N'�SSG4 

�!_' 
! Y���@ �13�4W��	 
�H8
 w;� .

O1:1���� Y�6�	 !
�� 

�M��A/)�(8)�(z�D�H 
�SJ�/�S�! /w;S� 8 
�SH8


 &� Y�1' 	
 
�H���	 =>!.	�GGdH V�	 ;L v�e���H l&��	 .!�L �

� =�P�M&����3 
�� &e���H Y!�4 �L	�E �?�4�� x�;� �S�	 .

9e� 
8! \�	_ 	 VGE��>.� ��! \>�&!�� .�S> T��< 
�J�

� 8!M��	 6=� =F4 Y8=4 ��D U�!�F� ���	 �4 a.

)�*(s,rj,

k
Dq

TT

h
j

aij
j =

′′

−
=θ

T1Z1[���� ���
� ��� 


!aM�)+(�A��' !=B l	�GGdH w;� I���� 
�SH8
 �S4

 ���	��!�F�)�j(mSA�(� /�S>
8! 
! D=��E�
 !=B 9)2�4

��	 6=� ��	
	.

)�+(
k
DhuN hr

r =

Y^ 
! �SS.ioh DDD −=�SS�	 .Y�SS�> 
�SS?SS.SS� 
! �Ma

� �}2��&!�� �4 D=��E�
 !=B \�	_ 	 
�J� /8�S4 VGSE��> 


8! \�	_ 	��A��' !=B \�	_ 	 &�=4��.=Sf
! VS�	 \�	_S 	 

/	�4 D=��E�
 !=B D	 ��1G4 ���3
_4 D=��E�
 !=B .O�M��	 �� .

Y�O �4 �S4 �e)S' ��GS� �B�S� 
8! \�	_ 	 
�SH8
 \�	_S 	 

&� 8 =4�� \�	_ 	 V�	 /	D	 �4!	=B	 D=S��E�
 
�SJ� /S.O�M��

��1G4���	 	�� 
8! \�	_S 	 �S4
!�AS��' !=SB \�	_S 	 =Sf 

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
16

00
.1

38
6.

26
.1

.1
4.

1 
] 

                             8 / 11

https://dorl.net/dor/20.1001.1.2251600.1386.26.1.14.1


��� ������	
��
��� ���
����� ���� ��*

0.06

0.07

0.08

0.09

0.1

0.11

0.12

0 0.2 0.4 0.6 0.8 1

Rez=15000

300rpm

900

1500

rθ

0.06

0.07

0.08

0.09

0.1

0 0.2 0.4 0.6 0.8 1

Rez=15000
300rpm

900

1500

�(=\1K	?�������� !
�� !]I� ��	�� �� 

6�>�&��8XWWW 
�
����!/��L� 

=(�^1?����K	
�� !����!]I� ��	
��� �� 

6�>�&��8XWWW 
�/��L� !
���� 

20

40

60

80

100

120

140

3000 9000 15000 21000 27000 33000

Rez

N
u r

300rpm
900rpm
1500rpm

20

40

60

80

100

120

4000 8000 12000 16000 20000 24000 28000 32000
Rez

N
u s

300rpm
900rpm
1500rpm

�(=V1[���� ���
� ��� ?����K	 ��	�� E5$ �� 

6�>�&�� ������� !
�
���� !/��L� 

�(=_1[���� ���
� ��� ?����K	 ��� ��	
 E5$ �� 

6�>�&�� ������� !
�
���� !/��L� 

!	=B	 �4D=��E�
 
�J� /.O�M����1G4 !�� &�.�N�! K�? D	

 �SS4 Y�SO _S.�� D	 _SS��3 /8�SSG' \�	_S 	 �SS5	 
! �
8! \�	_SS 	

 /D�� ��� ���(: 8
 /\�	_ 	 
�H8
 &'��. w;� &S� �=S4��

 	�� ����'	 9��: ���3.&� \>� =4�� .	 ��e�	 VS� aS4��� 
! �G5uSH

 �B�� \�	_ 	;GJ���	 _GO�' &

aM�)�(w;S� IS���� �AS��' !=B l	�GGdH 
�H��S�	 	
 

D=SS��E�
 !=SSB 9)SS2�4
�SSJ� /Y�1SS' mSSA�(� /�SS>
8! 
! 

&� =>! .�. 
�;'��> 6=>�1�&�!�� �A��' !=B l	�GGdH ='8


 !=SB �S4 �e)S' 
�H8
 w;� l	�GGdH ='8
 �Ge� 
�H���	 w;�

 � D=��E�

�J/l8�|H V�	 �4 ��	 .8
 
8! �G5uSH �/9��S: 

����'	 &��S��3 8
 Y^ �G5uSH D	 ��1SG4 
�SH8
 /��S��'	 9��S: 

/	D	 �4 
�H���	 &����3
�J� D=��E�
 !	=B	 /�M��	 Y�).

	�SS4/
!��)SS���� &SS ��L	 VGSSEO D	 �SS��4 	/
! �SS�'^ VGSS4 

�SS>
8!/rpm�~~8rpm  ��~~ 6=SS� ]�SS0'	 SS.�SS4 �
! 9SSGH�H

�M��A/)�~(8)��(��	 6=� ��	
	 .S� 8! V�	 �)����MY�1S' a

�&=>! .�w;S� �AS��' !=SB 
�SH8
 
8! \�	_S 	 �S4 D	 ��1SG4


�H���	 	�O ��	.
�SH8
 w;� VG4 &e)' �B�� 
8! \�	_ 	 �4 �

&� \�	_ 	 	�> 8 
�H���	 VG4 &e)' �B�� D	 ��1G4 	�> 8=4�� .VS�	

 	�4 �B�� &e)' \�	_ 	/
�H8
 ��	 �AB V�	 �4 S.�S�� ]�S�H �

I�  8 �� �G' \�	_ 	 
�H8
 �B�� \�	_ 	 �4 	�> Y^ D	 &1S(4 S. �

&� \�	_ 	 !
	! 
	�< 
�H8
 w;� 
8�0� 
! E�	 V�: �=4��Mz�0H �


! 	�> l	
� Y=� 6!�1  8._S��3 /8�SG' �5	 
! 
�H���	 w;� 
�E

 �� D	.8 	�> &e)' �B�� _	
 
�H���	 S.SEF� �6!	! \>� \�	_S 	 &

��	 ��1G4 
�H���	 �4 �)���� 
! 
�H8
 &e)' �B�� .

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
16

00
.1

38
6.

26
.1

.1
4.

1 
] 

                             9 / 11

https://dorl.net/dor/20.1001.1.2251600.1386.26.1.14.1


��� ������	
��
��� ���
����� ���� ��+

20

40

60

80

100

120

4000 8000 12000 16000 20000 24000 28000 32000

 Rez

N
u

Nur

Nus

300rpm

20

40

60

80

100

120

140

0 5000 10000 15000 20000 25000 30000
 Rez

N
u

Nur

Nus

1500rpm

�(=8W1[���� ���
� ��� ?����K	 
5�
9� ��	�� ���	
��� �� 

6�>�&�� ��� E5$���� !
����rpmZWW 

�(=881[���� ���
� ��� ?����K	 
5�
9� ��	�����	
��� ��

6�>�&�� ��� E5$���� !
����rpm8XWW 

0

100

200

300

400

500

600

700

0 5000 10000 15000 20000 25000 30000 35000
Rez

300rpm
900rpm
1500rpm

=(� 8A1��� �
��� �
)` �`� ?����K	 6� ���� �� 6�>�&�� ��� E5$�� ����� a�.
` 

T1T1�
)` �`� 


!aM�)��(/	�S> Y�S��@ 
�1  � 	 l	�GGdH 
! D	 
�SeB

 mSA�(� /�S>
8! 
! D=S��E�
 !=B 9)2�4 &�	�> UAf�  �S�	
	

 ��	 6=� .\�	_S 	 �S4 
�1  � 	 !=SB D=S��E�
 v�Se���H �S4 S?
�

&� \�	_ 	 /���� �B�S� ]8! Y	�SH �S4 
�1S  � 	 �. 	�O =4��

 ��	 9��E�� /
�J� .\�	_ 	 yB�4 
8! \�	_ 	 VGE��> ��1SG4 

&� 
�1  � 	 !��.V�	 \�	_ 	 �S4 !�S@8 �SAB S��&B�FS� T�E�

 ��	.�&S� \�	_ 	 	
 /
�J� Y���@ �4	�4 
! ��8��� =S>!.D	

�N�! K�? 
�1  � 	 9G� 
8! \�	_ 	 �4� \�	_ 	&=4��.

X1
���� ��2!

l
�eB kG�JH V�	 b���' ='	D	:

�%D	 
�SH8
 
8! \�	_S 	 �4rpm�~~ �SH rpm��~~ �S: 	9�

����'	/���3 
�H8
 �S4 
�H���	 8!8=S2 9SGH�H$�8�~

=f
!  	\�	_ �&=4�� .�>D=��E�
 
! \�	_ 	 V�	 �/.���

��	 ��1G4.


%�B�� �e)' \�	_ 	 �4UV�FS��H �SH!8D 	�S> Y�S��@ 

�&4��=.

�%�S> Y�S��@ 
�1S  �S 	 
�SH8
 
8! \�	_ 	 �4	
!�ASf�  

	�>�&� \�	_ 	&=4��.

$%
�J� z�D�H/����'	 9��: /���3 
�H��S�	 w;� �e)S'

	�4 Y^ 
	=�� �4/
�H8
 w;��M�H �L	�E��	 .

�%��! \�	_ 	/
�J�/
�H���	 w;�HS;L v�Se���&8	�S4/

8
 
�HaM� &��� ��	 .

r%�B�� �e)' \�	_ 	 �4UV!�0�	 S3�4 Y�S��@ 1�&
!

���'	/.&� ��1G4 ��'� !��.

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
16

00
.1

38
6.

26
.1

.1
4.

1 
] 

                            10 / 11

https://dorl.net/dor/20.1001.1.2251600.1386.26.1.14.1


��� ������	
��
��� ���
����� ���� ���


�
� + �� 

1. Slipring �������� 

Y���� 

1. Taylor, G.I., “Stability of a Viscous Liquid Contained 
Between two Rotating Cylinders”, Phil. Trans. R.Soc. 
London, A223, pp. 289-343, 1923.  

2. Pia, S.I., “Turbulent Flow Between Rotating 
Cylinders”, NACATN 892, March 1943.  

3. Chandrasekhar, S., “The Stability of Spiral Flow 
Between Rotating Cylinders”, Proc. R. Soc. London,
A265, pp188-196, 1961.  

4. Kaye, J., and Elgar, E.C., “Modes of Adiabatic and 
Diabatic Fluid flow in an Annulus with an Inner 
Rotating Cylinder”, J. Heat Transfer 80, PP. 753-765, 
1958. 

5. Gu, Z. H., and Fahidy, “Visualization of Flow 
Patterns in Axial Flow Between Hhorizontal Coaxial 
Rotating Cylinder,” Can. J. Chem. Engng, Vol. 63, 
pp. 14-21, 1985. 

6. Gazley,C.,”Heat Transfer Characteristic of Rotational 
and Aaxial Between Concentric Cylinders,” Trans. 
ASME, Vol 80.   

7. Lee, Y. N., “Heat Transfer Characteristics of the 
Annulus of Two Coaxial Cylinders One Cylinder 
Rotating,” Int. J. Heat Mass Transfer, vol. 32, No.4, 
pp. 711-722, 1989.  

8. M, Kuzay, T. M.,”Turbulent Heat and Momentum 
Transfer Studies,” Ph.D. Thesis, University of 
Minnesota, 1973.  

9. Pfitzer, H., and Beer,H., “Heat Transfer in an 
Annalus Between Independently Rotating Tubes with 
Turbulent Axial Flow,” Int. J. Heat Mass Transfer,
Vol. 35, No. 3, pp. 623-633,1992.  

10. Smyth, R. and Zurita,P.,”Heat Transfer at the Outer 
Surface of a Rotating Cylinder in the Prese of Axial 
Flow,” Transaction on Engineering Sciences, Vol.  5, 
WIT Press, www-witness.com, ISSN 1743-3533, 
1994,.  

11. Kendous, A. A.,”An Approximate Solution of the 
Convective Heat Transfer from an Isothermal 
Rotating Cylinder,” Department of Chem. Eng. 
University of Technology, Baghdad, Iraq, Int. J. of 
Heat and Fluid Flow, Aug 1996.                

12. Boutarfa, R. and Harmand, S. “Local Convective 
Heat Exchanges and Flow Structure in a Rotor- 
Stator System,” Int. J. of Thermal Science, Vol. 42, 
No. 12,  pp. 1129-1143, Dec 2003,.   

13. Ozerdem, B.,”Measurment of Convective Heat 
Transfer Coefficient for a Horizontal Cylider 
Rotating in Quiescent Air,” International 
Comrunications in Heat and Mass Transfer, Izmir 
Turkey, Vol. 27, pp.389-395, NO. 3, April 2000.  

14. Djaoui, M., and Debuchy, R.,”Heat Transfer in a 
Rotor-Stator System with a Radial Inflow,” 
Mechanics Physics Chemistry Astronomy, Vol. 32, 
No. 5, pp. 309-314, May 1998.  

15. Kline, S. J. and Mclintock, F. A., “Describing 
Uncertainties in Single-Sample Experimens”,   
Mechanical Engineering, p. 3, January 1953.  

16. Molki, M., and Astill, K. N.,”Convective Heat-Mass 
Transfer in the Entrance Region of a Concentric 
Annulus Having a Rotating Inner Cylinder,” Int. J. of 
Heat and Fluid Flow, Vol. 11, No. 2, pp. 120- 128, 
June 1990.   

 

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
16

00
.1

38
6.

26
.1

.1
4.

1 
] 

Powered by TCPDF (www.tcpdf.org)

                            11 / 11

https://dorl.net/dor/20.1001.1.2251600.1386.26.1.14.1
http://www.tcpdf.org

