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1. Error Estimation with Power Series Expansions

* One of the most general methods for error estimation
IS based on power series expansions

e(¢) — ¢l o ¢€Xd€f E eO + ahlp

¢  — Local or functional flow quantity for grid i
Pexact — EXact solution of local or functional flow quantity
e, — Error for cell size zero (supposed to be “07)

a  — Constant

h,  — Typical cell size

p — Observed order of accuracy
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2. Geometrical Similarity

- Typical cell size definition, h,

Ncell
l = nspace _ 1
A=:Sen =2, A= Nl A rode
V —n 3 cells
space
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2. Geometrical Similarity (a 1-D example)

 Definition of a typical cell size (single parameter) requires
sets of geometrically similar grids

- Consider a 1-D problem for 0 < x <1

Geometrically similar grids have a single definition
of the dimensionless distance (s) as a function of the
“dimensionless” node counter (&)

X=X, 1 —1
= min = X, 52
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2. Geometrical Similarity (a 1-D example)

d2
g ?:ax for O<x <l
X
p(0)=1 A ¢(1)=0
Ja —Ja
e a2 e Ja
¢exact - e + e

e‘ﬁ —e‘/g e_*/g —e*/g

(a=5)

Sets of 31 grids with 5 < Ncells <320
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2. Geometrical Similarity (a 1-D example)

N
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2. Geometrical Similarity (a 1-D example)
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2. Geometrical Similarity (a 1-D example)
70

60

h,

0 10 20 30
Unsimilar grids  (Grid number
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2. Geometrical Similarity (a 1-D example)

 Error norms:

L [elg)]=maxlp, - ¢..,.,)

N, -1
Z ‘¢] B ¢exact

L le(g)]=-= N2

N1

Z (¢J o ¢exact )2
L, [e (¢ )] ==

N -2

* e (¢), pand «obtained in the least squares
sense from the data of the six finest grids
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1()05— —— m p=20= — — = p=2.0— — — = p=2.0
10_1 f_—-—Y—-— kizo—-j—-— Il;iz.o—-—Y—-— Iﬂizo
10_2§ Z %22.0
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Similar grids h./h
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2. Geometrical Similarity (a 1-D example)

101;_ e e
N S T
10 ? —V— - £=2.8— —V_ - E= .
10—1 é_—'-lél-'- f:2.8— ------ p=2.0 — e m =
_2: A E=2.5
AIO g_- — — - p=23
-9-10—3 f__ v L
N’ 2
“ 107k
10°EF ol h;
10°E4 h ),
-7 | | o
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Unsimilar grids hi/h
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2. Geometrical Similarity (a 1-D example)
10'
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Unsimilar grids hi/h1
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3. Boundary Element Method

« Morino formulation for (non-lifting) potential flow around
bodies of arbitrary shape (unknown is the “peturbation”

potential (9,))

» Hyperboloidal panels

« Dipoles and sources distributions with constant strength
iIn each panel

 Uniform undisturbed flow
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Test Case / Grid Sets
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Sets of 16 grids
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Similar grids 1.
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3
Unsimilar grids n.
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5. Results

 Monitored errors:

* e (¢), pand «obtained in the least squares
sense from the data of the six finest grids



£EASME 2012 Verification _
~& Validation Symposium \ .

May 2-4, 2012 « Planet Hollywood Resort, Las Vegas, NV

1
10F L_ L, L,
- 0 Set A O Set A ] Set A
0__ p=1.9— - - = p=2.0— ''''''' p=2.0
10 S A Set B Set B SetB
- p=1.9 p=2.0 p=2.0
10 1 L v Set C v Set C . Set C
~ -
~ 2l
10°F
<107F ot
4 o8P, B=¥
U e ek I
¥ B
107 F
i h' N.,1,2,mode
10-6 I | | | | I | | | | IIIIIIIIIIIIIIIIIIIIIIIIII
1 2 3 4 5 678

Similar grids hi/h1



“ASME 2012 Verification
& Validation Symposium \,

May 2-4, 2012 « Planet Hollywood Resort, Las Vegas, NV

ek
<
| ||||||I| | ||||||I| | ||||||I| | ||||||I| | ||||||I|

ek
<
(V)]

| ||||||I| | ||||||I|

)

b

o N 2 3 4 5678
Unsimilar grids h/h,
1

ek
<
(@)



SME 2012 Verification _
& Validation Symposium N\,

May 2-4, 2012 « Planet Hollywood Resort, Las Vegas, NV

ek
<
| ||||||I| | ||||||I| | ||||||I| | ||||||I| | ||||||I|

ek
<
(V)]

| ||||||I| | ||||||I|

| 2 3 4 5678

ek
<
(@)

Unsimilar grids hi/h1



“ASME 2012 Verification
& Validation Symposium \,

May 2-4, 2012 « Planet Hollywood Resort, Las Vegas, NV
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Unsimilar grids hi/h
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6. Final Remarks

Error estimation based on power series expansions
does not require geometrically similar grids

Definition of typical cell size may be based on
number of cells, average cell size or root mean
square of the cell size

Mode of the cell size requires convergence of
the statistics and may lead to awkward results

Observed order of accuracy is only reliable for
geometrically similar grid sets (where any
consistent definition of the typical cell size leads to
the same result)



