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Effect of Prandtl number on flow stability
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Pressure perturbation contours during mode-crossing
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Previous works I

For a compressible Couette flow :

@ Duck, Erlebacher and Hussaini (JFM 258, 1994)

* Instabilities are found only in the inviscid limit

@ Huand Zhong (POF 10.3, 1998)

» Destabilizing role of viscosity for a range of Re and wavenumber

@ Malik, Dey and Alam (PRE 77.3, 2008)

 Stratification of viscosity is stabilizing

» A constant value of Prandtl number




Real scenario I
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Model problem I

For our study :

e
A

» Viscosity & conductivity constant N

. . : . u(y)
@ But their ratio i.e. Pr is varying
Y
+ Range of Prtaken from high
X
temperature air T

Vary between 0.2 t0 0.9



3D NS equations

|

Non-dimensionalized by

the top wall quantities

|

Assumption of steady

& unidirectional flow

|

Constant viscosity &
conductivity (= 1)

Governing equations I

du
X momentum : @ — constant

d  dT du

. — (= — 1) M? Pr(—

Energy dy(dy)ﬂv ) "%
No slip b.c.

Adiabatic bottom wall,

isothermal top wall




Base flow profiles
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Stablility Analysis



Linear stability equations I

Steps for obtaining LS equations:

@ Non-dimensionalize the equations
P*=p*R*T"=P=pT

@ Separate the mean flow quantities into mean & perturbations

— o

P+P=(p+p)(T+T)

pT +pT+pT+pT
@ Subtract the mean flow equation

o~

P=pT+pT+pT



Linear stability equations I

@ Assume parallel flow (4 = A (y)), neglect higher order & non-linear terms

'

P=pT+pT

@ Assume a normal mode solution & substitute in the above equation

~

}’i (ZIJ,. Y, 2, t) — A (y) expz’(afc+ﬁz—wt)

Disturbance frequency

P)=pT (W) +py)T —» Spanwise wavenumber

- » Streamwise wavenumber

Final stability equation



Linear stability equations I

@ Convert the stability equations into an eigenvalue problem

JB11 Bl? BIS ) 10 0 ()
U U
Bgl BQQ 825 01 0
_ b b
§ W g =w § W ¢
By B B 4 00 0 ‘
41 42 45 kf) kf)
_B51 B52 B55_ _00 1_

-~ » Eigenvalue of the problem

@ Solve using Chebyshev spectral method using appropriate boundary conditions



Numerical method I

Chebyshev collocation method
@ Collocation points are:

g

r; = cos (—), j=0,1,...,n

n

@ Derivative matrix in the above points :

IN? +1 (DN) _ Lj
(D)oo = —%— 77T 901 - 7?)
. it
IN? £ 1 Doy G-l
(DN)NN:_ 6 ! ( N)'GJ CJ(-T?,_.TJ)’

2, I1=0o0orN



Stability Approach l

Linear temporal stability

e—iwt _ e—i(wr—l—iwi)t _ e—iwfpewit

Growth or decay rate

|

W; >0, disturbance grows



Types of Modes in the spectrum I
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Effect of Prandtl number



On the Eigenspectrum
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Forces the acoustic modes to enter into the viscous range

— > Leads to mode crossing phenomenon



Regular pressure perturbation contours I
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During mode-crossing I
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Due to mode-crossing :

Odd mode: Bottom wall + Top wall due to mode 2

—> Even mode: Top wall + Bottom wall due to mode 1



On the M-alpha diagram I
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Pr=0.7

Additional Instability loops

—> Increase in size of the loops and growth rate values



On the Re-alpha diagram at M = 10 I
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On the r-alpha diagram at M =5 I




Conclusion l

As Prandtl number is reduced,

More number of mode-crossings

Additional instability loops

Increase in maximum growth rate value

Decrease in critical Reynolds number

l

Flow with a low Prandtl number is more

unstable compared to a high Prandtl number flow



Future work l

Relate the acoustic modes of a wall-bounded flow
to the boundary layer modes.

Detailed analysis of mode-crossing phenomenon
Energy analysis of selected acoustic modes
Individual effect of viscosity and conductivity and

their stratification on flow stability

THANK YOU !l
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[ Non-dimensionalization]
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NS equations in hon-dimensional form
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NS equations in hon-dimensional form
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Non-dimensional linear stability equations
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Non-dimensional linear stability equations
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Non-dimensional linear stability equations
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Matrix entries
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Matrix entries
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Matrix entries
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Relative sonic line

M, =

Cr < U

U —
\f
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Comparison of 3D perturbations with 2D at M =5 I

[Pr =0.5and Re=2* 105]

0/

For some range of wavenumber:

Growth rate for 3D disturbance > 2D disturbance
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