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• Nanofluids are a new kind of heat transfer 
fluid containing a small quantity of nano-
sized particles (usually with less than 100 
nm diameter) that are uniformly and stably 
suspended in a base liquid. The dispersion of 
a small amount of solid nano –particles in 
convectional fluids changes their thermal 
conductivity remarkably. In this work base 
liquid and nano-particles are water and 
Al2O3 , respectively.  

What are nanofluids ?



Computational domain
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Centrifugal force
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Computational domain
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Continuity
:
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Governing equations

∂u j

∂x j

=0

∂

∂ x j

 ρeff u i u j =
∂

∂ x j
μeff  ∂u i∂x j

−∂p
∂ xi

−ρeff , 0gi βeff T−T 0 

∂

∂ x i
[ρc p eff ui T ]=

∂

∂ xi keff
∂T
∂ x i 

Momentum:
 

Energy:
 



8

The effective properties of the nanofluid

ρeff ,0= 1−φ s  ρf ,0φ sρ s ,0

μeff=123φ
s2
7.3φs1 μf

cp eff=[ 1−φs  ρcp fφ s ρcp s

1−φ s  ρfφ s ρs ]
keff= k s2k f−2φs kf−k s 

k s2k fφ s k f−k s  k f
βeff=[

1

1
1−φ s ρf
φ sρ s

βs
βf


1

1
φ s

1−φ s

ρs
ρf

]⋅βf



Boundary conditions

• At the tube inlet   vr=0;  vφ=0,  vz= v0  ; T=T0

• At the fluid-solid interface (r=a):

       vr= vϕ= vz=0 ; 

• At the tube outlet (θ=180 0) the diffusion flux in the 
direction            normal to the exit plane is assumed to 
be zero and an overall mass balance correction is 
applied.

9

qw=−k ∂T
∂ r



• Control volume technique 
• Second order upwind
• SIMPLEC
• The discretization grid is uniform in 

circumferential direction and non-uniform in 
the other two directions. It is finer near the 
tube entrance and near the wall where the 
velocity and temperature gradient are 
significant.
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Numerical procedure
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Discretization Method 



12

ρ
∂

∂ X j
U jΦ=

∂

∂ X j Γ
∂Φ
∂X j S

 .Diffusion and Source coefficient for variable

Φ Γ S

Uj -(∂P/∂Xi)+ρnf,0βnf.(T- T0). 

gi T 0

μeff

keff

c pnf
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J j=ρU jΦ−Γ
∂Φ
∂ X j

∂ J j
∂ X j

=S

Jt At− Jb Ab Je Ae− Jw Aw Jn An− Js As=S ΔV

S =ScSpΦp

:Thus

:Where
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J j A j=ρeUe AeΦe
¿

Γ ΦE−Φp 

δxe

Φe
¿=

3
2
Φp−

1
2
ΦW if ρUe Ae ≻ 0

Φe
¿=

3
2
ΦE−

1
2
ΦEE if ρUe Ae ≺ 0

apΦp=∑
nb

anbΦnbb

ae=[ [−Fe , 0] ]De Ae , aw=[ [Fw , 0] ]Dw Aw
at=[ [−Ft , 0 ] ]Dt At , ab=[ [Fb , 0 ] ]Db Ab
an=[ [−Fn , 0] ]Dn An , as= [ [F s , 0 ] ]Ds As

b=Sc ΔVb
¿

[ [Fe , 0] ]=[ [−Fe , 0] ]Fe , [ [−Fw , 0] ]=[ [Fw , 0 ] ]Fw
[ [F t , 0 ] ]=[[−Ft , 0 ] ]Ft , [ [−Fb , 0] ]=[ [Fb , 0 ] ]Fb
[ [Fn , 0] ]=[ [−Fn , 0] ]Fn , [ [F s , 0 ] ]=[ [F s , 0 ] ]F s
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Fe−FwFt−FbFn−F s=0

apΦp=∑
nb
anbΦnbb

¿Sc ΔV

ap=∑
nb

anbSp=aeawatabasanSp

b¿={12 Φp−ΦW  [[Fe , 0 ] ]−
1
2 ΦE−ΦEE  [ [−Fe , 0 ] ]}{12 Φp−ΦE  [ [−Fw , 0 ] ]−

1
2 ΦW−ΦWW  [ [Fw , 0 ] ]}

{12 Φp−Φb  [ [Ft , 0 ] ]−
1
2 ΦT−ΦTT  [ [−Ft , 0 ] ]}{12 Φp−ΦT  [ [−Fb , 0 ] ]−

1
2 ΦB−ΦBB [ [Fb , 0 ] ]}

{12 Φp−ΦS  [ [Fn , 0 ] ]−
1
2 ΦN−ΦNN  [ [−Fn , 0 ] ]}{12 Φp−ΦN [ [−F s , 0 ] ]−

1
2 ΦS−ΦSS [ [F s , 0 ] ] }

:From the continuity equation

:Thus



Continuity: 
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∇⋅ρmVm=0

∇⋅ρmVmVm =−∇ p∇⋅ μm∇Vmρm,0gβm T−T b 

∇⋅∑k=1

n

φk ρkV dr ,kV dr ,k
∇⋅∑

k=1

n

φkV k ρkT =∇⋅λeff ∇ T 

Two phase approach .2

∇⋅φp ρpVm=−∇⋅φp ρ pV dr , p 

Momentum: 

Energy: 

Volume 
fraction: 
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ρm=∑
k=1

n

φk ρk

μm=∑
k=1

n

φk μk

Vm=

∑
k=1

n

φk ρkV k

ρm

λeff=∑
k=1

n

φk λk
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Thanks

? Questions


