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Rayleigh-Bénard convection
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Oberbeck-Boussinesg (OB) approximation

Aspect-ratio-one container What?
NOB scenario
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Non-Oberbeck-Boussinesg (NOB) scenario

What?
OB approximation
NOB scenario:
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Gas Liquid
Ethane Water

Al Ny,

/
0o 53 P/ Pm
(T - Tt) AN




Oberbeck-Boussinesg (OB) symmetry

. . . What?
OB approximation: OB approximation
NOB scenario
n, A\, B, cp are constants.
NOB asymmetry
Boundary-layers Temperature drops
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Non-Oberbeck-Boussinesg (NOB) asymmetry

NOB scenario:
77(T, p), A(T, p), 6(7—'7 p), Cp (CF7 p) NOB scenario

Boundary-layers
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Non-Oberbeck-Boussinesq (NOB) asymmetry
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Non-Oberbeck-Boussinesq (NOB) asymmetry

What?

i i i : . OB approximation
Constant fluid-properties Variable fluid-properties NOB scenario

OB symmetry
””)\t NOB asymmetr

Does boundary-layer theory
describe NOB effects on 7.7




Non-Oberbeck-Boussinesg (NOB) asymmetry

, What?
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BL theory

Viscous BL
Thermal BL
Summary
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Boundary-Layer Theory

Compressiblility effects:  ViscousBL
Thermal BL
2D boundary-layers Summary
p=p(T,Pp)
Density BL!

Variable properties:

m (T, p): shear viscosity
= A(T, p): thermal conductivity

= 3(T, p): thermal expansivity

Ab.¢: thermal-BL " cp(T, p): specific heat




Viscous boundary-layer

BL theory

U
c Thermal BL
- Summary
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Continuity:
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Momentum:
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Boundary conditions:
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Thermal boundary-layer

BL theory

T Viscous BL
¢ Thermal BL

Summary
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Temperature equation:
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Boundary-layer equations: summary

BL theory
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Viscous BL
Density BL
Thermal BL
Summary
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Stream-function

= ContinUity: Self-similarity
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Similarity variable

= Similarity variable: Self-similarity
— Density BL
~ < m Thermal BL
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Viscosity gradient

Viscous contributions in the momentum equation: sl siulody
Density BL
0 [ Ou, O u, | O Ou, Thermal BL
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n-gradient in dimensionless form:
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Viscous boundary-layer

Extended Prandtl-Blasius equation: Self-similarity
Density BL
~.T = =~ Thermal BL
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Density boundary-layer

Slope of the density profile: Self-similarity

Viscous BL

Density BL

Thermal BL

ﬁ/ — —ﬁﬁ@, Summary

Boundary conditions:
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Thermal boundary-layer

Self-similarity
Viscous BL
Density BL

. 1 Y
AO" + {§5pprqf + A’} o' = o. Summary

O(c0) = 6., (center temperature),
O(0) = Oy, (plate temperature),
A,©, = A, |©!]. (heat fluxes)




Summary

Self-similarity
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Center temperature

Self-similarity
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Water: n(7T) and (T

Water

Temperature profile

Shear viscosity Thermal diffusivity Ay and Ay

Nusselt number




Temperature profile
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Center temperature
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Temperature drops across the BLs
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Ratio of temperature drops
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Nusselt number

= Nusselt ratio: Water

Properties
Temperature profile
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Nusselt number

1.01

BL theory
e Experiments

NuNOB/NuOB

0.99-

Water

Properties
Temperature profile
Te — T

Ay and Ay

X




Phase diagram
TC - Tm
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Phase diagram

| | Ethane
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Center temperature

Ethane
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Temperature drops

Ethane
16 Phase diagram
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Temperature profile

Ethane
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Temperature gradients across the BLs

Ethane
Phase diagram
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Temperature gradient across the top BL

Ethane
O . 2 B ' ' ] Phase diagram
Te — T
Ay and Ay
A-enhancement
Thermal sublayer

® 0.1

T, =40°C, P, =0.920- P,



Why does ©,’ decrease?
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Heat fluxes:
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Thermal-conductivity enhancement

Near the critical point, A is enhanced. Ethane
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Thermal sublayer

Ethane

Phase diagram
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Heat balance:
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Thickness of the thermal sublayer

Ethane

Phase diagram

Te — T

Ay and Ay
Temperature profile
A-enhancement

Thermal sublayer

070 001 002
ft

T =40°C,  Pn=0920-P., 7= (T:—T.)/T.



Conclusion/Outlook

Conclusion
Outlook
Acknowledgments

Conclusion/Outlook




Conclusion

, Conclusion/Outlook
1 |
1.2 N Outlook
%) | Acknowledgments
<, 1.1
— <
O 1 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —
|_
Water
0.9 1
0) 20
A [K] A [K]
The symmetry breaking
Te <Tm ... the bottom BL becomes
in gaseous ethane is opposite thicker than top one!

to the case of liquids...



Conclusion

Conclusion/Outlook

_______________
-—- A=15K 0.6 ‘ Outlook
0.18} J— e —— A=K Acknowledgments
lo) / ®
0.15F 7
N ; R . | . | . | .
o N1 2 0770 001 002
Z Tt
Near the critical point, the Outlook:

enhancement in thermal

conductivity induces an x4
y Characterize \¥ in terms of the

inversion of the temperature "
critical exponents.

gradient.



Outlook
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Scan the phase diagram closer
to the critical point.
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Ethane: Nusselt ratio ( Fb)

Appendix
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Center density
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Density profile
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