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Operability	
  Limits	
  Using	
  QMU	
  
•  Quan3fica3on	
  of	
  Margins	
  and	
  Uncertain3es	
  (QMU)	
  defines	
  
the	
  operability	
  limit	
  in	
  terms	
  of	
  both	
  safety	
  and	
  confidence	
  
•  Safety	
  in	
  characterized	
  by	
  a	
  given	
  margin	
  
•  Explicit	
  inclusion	
  of	
  uncertain%es	
  leads	
  to	
  quan3fied	
  level	
  
of	
  confidence	
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  approach	
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  maps	
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Mesh size	



•  2D                      0.2 million	


•  3D, ⅛ :                 2.6 million	


•  3D, ½ (side wall) 12.5 million 	
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If	
  we	
  can	
  describe	
  the	
  uncertain3es	
  in	
  probabilis3c	
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  ensemble	
  of	
  simula3ons	
  and	
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  bounds	
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  outputs	
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  -­‐	
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where subscript t denotes the target state, illustrated in Fig. 4.5 for xt = x2c and

∆B = 0.5.

x2c x1c

x3c

x

(a)

x2c x1c

x3c

x

(b)

x2c x1c

x3c

x
∆B

(c)

x2c x1c

x3c

x

x∗

(d)

Figure 4.5: Progression depicting the eigenvalue sampling procedure within the
barycentric map. The λl from the base-model produces an initial location x within
the map (a). A line is drawn (b) from x to xt (x2c in this example), and a distance
∆B ∈ [0, 1] along this line (c) is used to define the location x∗ (d), which uniquely
maps to λ∗

l .

With the linear map B, we have the perturbed eigenvalues

λ∗

l = B−1x∗ , (4.10a)

= (1− δ)B−1x+ δB−1xt , (4.10b)

= (1− δ)λ+ δB−1xt . (4.10c)

Taking the three corners x1c, x2c and x3c as the target states, we have

B−1x1c = (2/3,−1/3,−1/3)T , (4.11a)

B−1x2c = (1/6, 1/6,−1/3)T , (4.11b)

B−1x3c = (0, 0, 0)T . (4.11c)

It is instructive to investigate how these perturbations impact the Reynolds stress

tensor. If we consider no perturbations on the amplitude or orientation (i.e., k∗ = k

and v∗ij = vij), then the anisotropic (or deviatoric) part of the perturbed Reynolds

Parametrized by x

(t)
,�B ⇤⇤ = (1��B)⇤+�B⇤
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The	
  UQ	
  Experiment	
  

Quan3ta3ve	
  comparisons	
  
are	
  not	
  sa3sfactory..	
  
	
  
This	
  is	
  AUQ	
  	
  performed	
  using	
  
a	
  standard	
  kwSST	
  RANS	
  
model,	
  what	
  about	
  the	
  
effect	
  of	
  model	
  uncertainty	
  
(EUQ)?	
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The	
  UQ	
  Experiment	
  
Anisotropy	
  bias	
  is	
  not	
  “sufficient”	
  to	
  bridge	
  the	
  discrepancy	
  
between	
  experiments	
  and	
  simula3ons	
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Comparisons	
  between	
  RANS,	
  LES	
  and	
  PIV	
  show	
  good	
  agreement	
  in	
  
terms	
  of	
  the	
  interac3on	
  –	
  3D	
  RANS	
  do	
  capture	
  the	
  interac3on	
  
accurately…	
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3D	
  effects	
  are	
  clearly	
  visible	
  (the	
  duct	
  has	
  aspect	
  ra3o	
  ~1)	
  

y	
  =	
  5mm	
  (close	
  to	
  top	
  wall)	
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Concluding	
  
	
  
UQ	
  is	
  expensive	
  (requires	
  mul3ple	
  repe33on)	
  so	
  it	
  has	
  to	
  be	
  used	
  
wisely	
  and	
  with	
  con3nuously	
  improved	
  algorithms	
  
	
  
It	
  is	
  NOT	
  simply	
  an	
  exercise	
  in	
  math	
  or	
  sta3s3cs	
  but	
  require	
  domain-­‐
specific	
  knowledge	
  and	
  ideas;	
  especially	
  the	
  EUQ	
  part	
  as	
  it	
  provides	
  
measures	
  of	
  bias	
  rather	
  than	
  variability	
  
	
  
Our	
  present	
  EUQ	
  strategy	
  for	
  RANS	
  modeling	
  provides	
  insights	
  into	
  
modeling	
  bias	
  and	
  enables	
  the	
  construc3on	
  of	
  envelopes	
  
	
  
Ini3al	
  efforts	
  have	
  illustrated	
  both	
  the	
  opportuni3es	
  and	
  the	
  	
  
challenges…much	
  work	
  s3ll	
  ahead!	
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