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Requirements for Property Calculation Algorithms
in Extensive Process Simulations
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Deviations in calculated fluid properties

entropy balances.

lead to inaccurate mass, energy, and |::> Property functions need to be very accurate!

Computing times:

Property functions are called extremely

the overall computing time.

often, which consumes a large share of |::> Property functions need to be very fast!

Numerical Consistency / Differentiability:

Numerical solvers require continuity

equations to be solved.

and numerical consistency of the |::> Property functions need to be numerically

consistent and continuous differentiable!
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Available IAPWS-Formulations for Water and Steam —
Multi-parameter Equations of State

Computing times:

Computing time of calculation from Peng-Robinson EOS
Computing time of calculation from considered EOS

Computing Time Ratio: [CTR =

ANI = Average number of iterations

p(v,u)
IF97 region 1 IF97 region 2
(liquid) (vapor)

EOS ANI CTR ANI CTR
|deal gas - - 3.83 1.47
PR - EOS 3 1.00 3.08 1.00

IAPWS-IF97 2.94 1/6.08 3.64 1/11.1
|APWS-95 2.94 1/89.6 3.68 1/107

(Assumption: phase is known)

I::> Multi-parameter equations of state are too slow for CFD simulations!

Convergence criteria: u<1ikJkg: |Au|<10~°kJ/kg
A—V < 10_6 AU 6
v u >1kJ/kg: o <10




Available IAPWS-Formulations for Water and Steam —
Table Look-up Methods

Interpolation of any property function z(x,,x,):

Node

Section at x, = const.

X
—_

— z{”}(xl,xz)z Z ; +AX; (& Xz n 2,

= bi-linear (C°-continuous),
z.B. ANSYS-CFX

= TTSE (Taylor series expansion -
discontinuous)

» Tabulation of the desired fluid properties in
a grid of nodes, where the values are
calculated from a reference eq. of state.

z - - - 9 o
% » Calculation during process simulation:
O

e Cell-search in the grid of nodes
* Interpolation of z(x,,x,):
— local methods, for example:




Available IAPWS-Formulations for Water and Steam —
Table Look-up Methods

Interpolation of any property function z(x,,x,):

Cell

Node » Tabulation of the desired fluid properties in
a grid of nodes, where the values are
calculated from a reference eq. of state.

z % > Calculation during process simulation:

e Cell-search in the grid of nodes
* Interpolation of z(x,,x,):

local methods, for example:

= bi-linear (C°-continuous),
z.B. ANSYS-CFX

= TTSE (Taylor series expansion -
discontinuous)

— global methods, for example:

bi-cubic spline function (C?>-continuous).

|::> Accuracy can be controlled with the number of nodes in the grid.

I:> Computing times are mostly determined by the cell-search algorithm.

I:I) Look-up tables can easily be established using an existing equations of state.

- Table look-up methods are very flexible!




Available IAPWS-Formulations for Water and Steam —
Table Look-up Methods

Interpolation of any property function z(x,,x,):

A .
Xy / Grid of nodes
o O O o
B Y, TR SR S Q- 0
o 77— 0
Ax, ; : , /H——ﬂ Cell {i,j}
K Q---0----04 < /é} ———————— Q
Y e O o
0 Sy s
O O O
— —— — >
-« - > X
Ax, !

Frequent problems:

e To take the non-linearity of the property function into account, the node density varies across
the grid (non-equidistant nodes) - extensive cell-search (computing times 1*)

e Polynomials of third or higher order - computationally intensive inverse functions

e Global methods require a grid of nodes with a rectangular outer boundary
— unfavorable approaches to describe non-rectangular domains are often in use

» Tabulation of the desired fluid properties in
a grid of nodes, where the values are
calculated from a reference eq. of state.

» Calculation during process simulation:
e Cell-search in the grid of nodes
* Interpolation of z(x,,x,):
— local methods, for example:
= bi-linear (C°-continuous),
z.B. ANSYS-CFX
= TTSE (Taylor series expansion -
discontinuous)
— global methods, for example:
bi-cubic spline function (C>-continuous).
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The Spline-Based Table Look-up Method (SBTL)

Generation of a Spline-Function p5°(v,u) based on the IAPWS-95:
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The Spline-Based Table Look-up Method (SBTL)

Generation of a Spline-Function p5°(v,u) based on the IAPWS-95:

A A
u . 13 u
Range of validity
Vinin (4) =V (Pmax>tt) \ : :
e
Umnax \// ------- :__‘_ <= Upax \*“o
- |
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/
/ _ |
/ ,/ Vmax (u)_ VLig.-spinodal (u) |
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Vimax (u)_vmin (U)




The Spline-Based Table Look-up Method (SBTL)

Generation of a Spline-Function p5°(v,u) based on the IAPWS-95:

! A
' Range of va]idity u Grid of nodes
Vinin () =V (Pmax>4) ~__
. \/’O P U
) /
/
/7 ;f\
/11y
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117y
feoe'e
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i
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The Spline-Based Table Look-up Method (SBTL)

Generation of a Spline-Function p5°(v,u) based on the IAPWS-95:
u? Grid of nodes ~_Grid of knots » Variable transformations (v = V):
\'\ ! : ! e Transformation of an irregularly shaped
Unad T~ T T ] domain into a rectangle
I I | |
; } : , * Linearization
- —H--0-—F - — - - - -1 - Accuracy enhancement
| I | |
: l : : > Generation of a rectangular grid of nodes:
- O--H--0--t-0-—--0--- _
! . | i * | nodes along Vand J nodes along u
K | I | | - Mo g e
Ui i — : (preferably equidistant for simplified cell
U === = 0= = PA KR~ — 0 - search)
us : : | \E\\‘Calculation of node values
R 0 ()= (74 )
| [ I
: : : N from the underlying equation of state
AI I (S O S o e S DEOS(v, )
| ! | 1
uy ' > Cell-definition in the grid of knots:
S 7 =2 => \.* Spline polynomial:
« > A v 38 _
_k AVR * o PSP (V,u) = D> ag (V-%) 7 (u—u;)




The Spline-Based Table Look-up Method (SBTL)

Generation of a Spline-Function p5°(v,u) based on the IAPWS-95:

ut Grid of nodes ~_Grid of knots » Variable transformations (v = V)
\'\ ! : ! » Generation of a rectangular grid of nodes
Unax T~ 9 > Cell-definition in the grid of knots:
! : ; f e Spline polynomial:
| I | I
- —d == (==t = N ) = = ] 3.3 -1
YT T )= Ya (75 ()
| I | |
B ___c'}____é__.Aculation of all 91J spline coeff. &, from:
K : i ' e e |J interpolation conditions:
uiﬂ : : ./ 1 A// : SPL (o 3
U, -0-—1--0--¢ //--.?__. o p{i,j}(vhuj):pi,j(vi’uj)
| I |
uy ', ! ¢ 4 !  31J+2(1+J)+1 unknown derivatives:
Be s
I _ -
| | | i o (op/av), e (dp/ou), e (&°p/(avou))
AuKIumm --CI>-—-——<5-----<{>-————<|)-—-
| ! | 1
uk '
vmm 171 vmax 1_;‘;
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The Spline-Based Table Look-up Method (SBTL)

Generation of a Spline-Function p5°(v,u) based on the IAPWS-95:
ut Grid of nodes ~__Grid of knots » Variable transformations (v = V)
? \’\ ’ H M > Generation of a rectangular grid of nodes
Unax ¢~ T ¢ 19— ¢ > Cell-definition in the grid of knots:
! : ; : e Spline polynomial:
| I | I
3 3 ~
.—--(E)——-——(E)——--—(E)—————-c?-—o Sl ;;aﬂk. (V- (u_uj>ll
| I | |
| S JERP QU S __5__.Aculation of all 91J spline coeff. a;,, from:
K : i ' e e 1Jinterpolation conditions:
uH] : : ./ 1 A// : SPL
,,--—.-—-CI)-—-——(_;)——Q //——-?-—o o p (i’ J) le(i’ J)
| ! |
uj ; ! ¢ 4 ! e 31J+2(I+J)+1 unknown derivatives:
.__?__ b __*;'}____4)__.
I I
| | | i o (op/av), e (dp/ou), e (&°p/(avou))
AuKI U T --c:>-— . m -<€>-- ---‘»i*- - --<:>--' When these 2(I+J)+4 derivatives are
uf —+ é ¢ o given at the outer boundary of the grid of
— T = —> knots, the remaining unknowns can be
e S obtained from 3(1J-1) equations, so that
7 Vi Vitl : : .
7K AV the resulting spline function is

continuously differentiable once. 6




The Spline-Based Table Look-up Method (SBTL)

Generation of a Spline-Function p5°(v,u) based on the IAPWS-95:
ut Grid of nodes ~__Grid of knots » Variable transformations (v = V)
\'\ ! ! ! > Generation of a rectangular grid of nodes
Unax T~ 9 > Cell-definition in the grid of knots:
! : ; : e Spline polynomial:
| [ | I
- - —dloo @ =lbe R ) — — _ 33 _ _\k—1 -1
-?_ ? _? {? pﬁig(v,u)zééaﬂk, (V=%) (u-u;)
| I | |
D N PR S IS I S » Calculation of all 91J spline coeff. a;:
"y i i | /,i/ » Grid optimization:
’: ). i N d  for the desired accuracy
u / ] ! 'ZA ' e for minimal computing times
A K ' : 7Y .
ol ; ! ! ; e for minimal number of nodes (data)
b ‘?“ '“? ] “?‘ ] » Grid of knots along with all spline coeff. is
; | ; : stored for property calculations
AuKI Uy T = == == Om = = O = = 0= — 1 > Evaluation of the SBTL property function:
uK v ' | ' | e Transformation of v > V
— - > * Fast cell determination {i,j}:
Vmin K 17! K Vmax v v_le u _ulK
> E— V. gk i =floor j =floor
K AVE K Vv’“ ( AVH ] . ( AUK J
1

e Evaluation of the polynomial P j; (V,u) 6




The Spline-Based Table Look-up Method (SBTL)

SBTL function p‘(v,u) — Deviations from IAPWS-95:

Specific internal energy u [kJ/kg]

0.001 0.002 0.003 Grid of nodes:
2000 *12000 v [m3/kg] — V(v,u)
Ap/p [- . e e
1750- L1750 ;I[O]‘ domain grid lines
1<v <20 50
1500 1500
20<v <40 150
1250- 1250 | (107 40<V <95 75
1000 1000 95<Vv <100 75
7501 750 1 u [kJ/kg]
- domain grid lines
500 500
<10 —-8<u<250 350
250'/ 250 250 < u < 2040 225
0L I=273.15K __1j Maximum deviations from IAPWS-95 in the
0.00 0.002 0.003 stabile single-phase region:
Specific volume v [m’/kg] p < 2.5 MPa: ‘Ap / p‘ —0.092 %
Vinay — Vini
V(v,u) = max___Mil V=V max (U))+Vnin . A = 2.74 kPa
Viig.-spinodal (u)_vp_max (u)< P ( )) p> 2.5 MPa: ‘ p‘max




The Spline-Based Table Look-up Method (SBTL)

SBTL function p¢(v,u) — Deviations from IAPWS-95:

Grid of nodes:

v [m¥/kg] — V(v)=In(v)

domain grid lines
V(1.6x10°)<V<V(8x10°)| 100
V(8x107) <V <V (1189) 200

u [kJ/kg]

domain grid lines
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Maximum deviations from IAPWS-95 in the
stabile single-phase region:
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Extrapolation

of EOS

Aplp [-]

m’

-10°

F10”

2507

-

10° 10" 10" 10" 10’

40007

I'=1273.15K

4250

14000

3750

3500

3250

- 13000

[ £2750

2500
2250

2000

10° 10" 10" 10" 10°
Specific volume v [m’/kg]
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The Spline-Based Table Look-up Method (SBTL)

Calculation of inverse spline functions (Example: bi-quadratic polynomial):

Spline function: P ( iia”kl v V - (U—Uj)l_l

k=1 1=1

(-B /B2 -4AC)
Inverse spline function:  ui'} (p,V)= oA +U

with  A=a;; +AV, (aij23 + aij33Avi)
B =&y, + AV, (&2 + 824V, )
C = ayy + AV, (8 + AV ) - p
and AV =(V-V)
(£) =sign(B)

Auxiliary spline function for fast determination of cell {i,j}: uf5’ (p.V)

I:I) The inverse spline function u(p,v) is numerically consistent with p(v,u).

I:I) The inverse spline function does not require extensive iterative algorithms.




The Spline-Based Table Look-up Method (SBTL)

Application of inverse spline functions:

Spline functions of (v,u): (p,v): (u,s):
Pressure p°F-(v,u) » u™V(p,v)

Temperature TSH(V,u)  SPL gSPL \SPL , SPL ASPLv,uY)

Spec. Entropy s>PL(v,u) » vIWV(u,s)
Speed of sound w (v, u)

Dynamic Viscosity 75 -(v,u)

Thermal conductivity A°7-(v,u)

I:{) Property functions are numerically consistent with each other.

I:I) All thermodynamic and transport properties including derivatives and inverse
functions are calculated without iterations.

pSPL’TSPL’WSPL’ USPL,ZSPL(VINV,U)
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IAPWS Guideline on the Fast Calculation of Steam and Water Properties
With the Spline-Based Table Look-Up Method (SBTL)

Contents:

» Fundamentals of the SBTL method
» SBTL property functions based on IAPWS-IF97

» SBTL functions of (v,u) with inverse Functions of (p,v) and (u,s)
» SBTL functions of (p,h) with inverse Functions of (p,T), (p,s) and (h,s)

» SBTL functions for the gas phase including the metastable region

» SBTL property functions based on IAPWS-95
» SBTL functions of (v,u)

» SBTL functions of (p,h)

> Results of the evaluation:
» Deviations from the underlying IAPWS formulations

» Computing-Time Ratios with regard to the underlying IAPWS formulations

» Application of the SBTL method in extensive process simulations:

e Computational Fluid Dynamics (CFD)

e Heat Cycle Calculations




Deviations SBTL Property Functions from

underlying IAPWS Formulations

Permissible deviations:

SBTL Region
functions liquid vapor two-phase
p <2.5 MPa: 0.6 %
p(v,u) 0.001 % 0.0035 %
p> 2.5 MPa: 15 kPa
T(v,u), T(p,h) 1 mK 1 mK 1 mK
v(p,h) 0.001 % 0.001 % 0.001 %
s(v,u), s(p,h) 106 kJ/(kg K) 10-6 kJ/(kg K) 10-6 kJ/(kg K)
w(v,u), w(p,h) 0.001 % 0.001 % -
n(v,u), n(p,h) 0.001 % 0.001 % -

Deviations with regard to IAPWS-95 near the critical point:

Prnad < 0.01 %,

T | <10 mK,

Vel < 0.03 %,

[Winax| <5 %

» The deviations of the SBTL functions with regard to the current IAPWS
formulations are within the permissible values!




SBTL functions of (v,u) and inverse functions of (p,v) and (u,s) —
Computing times in comparison with IAPWS-IF97 and IAPWS-95

Computing-Time Ratio CTR=

Computing time of the IAPWS - IF97 (BWE) function

Computing time of the SBTL function

IAPWS-IF97 region
SBTL 1 2 3 4 5
function (liquid) (vapor) (critical) | (two-phase) | (high-temp.)

p(v,u) 130 271 161 19.6 470
T(v,u) 161 250 158 20.6 442
u(p,v) 2.0 6.4 2.8 5.6 3.2
v(u,s) 43.5 66.4 78.8 16.2 134
T(p,h) 17.2 (2.9?) 23.9 (4.7?) 585 (3.09) 18.1 53.4
v(p,h) 18.7 (3.8?) 23.5(6.19) 671 (5.19) 5.5 46.1

a) Backward equation with limited numerical consistency, e.g. T(p,h) and h(p,T)

IAPWS-IF97: Extended Steam Tables Software (includes determination of IAPWS-IF97 regions)
IAPWS-95: REFPRORP (internal, highly optimized functions (phase is known))

Processor: Intel Xeon — 3,2GHz

OS: Windows7 (32 Bit)

» SBTL functions are up to 270 (15000) times faster!

Compiler: Intel Composer XE 2011




Application of the SBTL Method in
Computational Fluid Dynamics (CFD)

Simulation of condensing steam flow around a fixed blade (White et al.)

| German Aerospace Center (DLR)
vapor fraction x=—1__ Institute of Propulsion Technology
m-+m DLR Numerical Methods,
Cologne, Germany

system boundar
Y Y CFD-Software TRACE (DLR)

X

5 o922 o |mplementation of SBTL property
| 0.986

‘\\ L oes functions based on IAPWS-IF97

| 0.974

"%« Extensive assessment of simulation
results, computing times, and

‘\\ | convergence behavior

blade profile

Application of the SBTL method:
» in comparison with the direct application of IAPWS-IF97:
e the computing times are reduced by factors of 6 - 10!
» the differences in the results of the process simulations are negligible!

> in comparison with the application of the ideal gas-model:

* the computing times are increased by a factor of 1.4 only!
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Application of the SBTL Method in
Heat Cycle Calculations

> EBSILON Professional -] | f r'1
(STEAG Energy Services) gg tﬁ_ EF[F{ %@ﬂf—@ﬁ%ﬁf—@
= al S R
> KRAWAL-modular EE,.,J?L _ﬁ
(SIEMENS PG) [@T P £J
1

Qﬁ ‘
T {ﬁw
Implementation of SBTL property functlons of (p,h) and the corresponding inverse

functions of (p,T), (p,s), and (h,s) based on IAPWS-IF97:

I::> For a typical simulation of a conventional power plant in EBSILON Professional, the
share of property calculations in the overall computing time is reduced from 25 %
to 8 % and the overall computing time is reduced by 17 %.

I:{) In KRAWAL-modular, the overall computing times are reduced on average by 50 %.

|::> The differences in the results of the process simulations are negligible (< 0.02 %).
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Further Applications of the SBTL Method

> Fluids:

e Helium

* Nitrogen

e Carbon dioxide
e Humid air

> Software:

RELAP-7 (Reactor Excursion and Leak Analysis Program),
developed at the Idaho National Laboratory (INL), USA

ATHLET (Analysis of THermal-hydraulics of LEaks and Transients),
developed at the GRS, Germany

SubChanFlow and TwoPorFlow (thermal-hydraulic codes),
developed at KIT, Germany

DYNAPLANT (simulation of non-stationary processes in power plants),
developed by SIEMENS, PG, Germany




Summary

» Spline-Based Table Look-Up Method (SBTL) — a supplement to existing standards:

> SBTL functions based on IAPWS-IF97 and IAPWS-95:

» Method has been tested in extensive process simulations:

Reproduces existing standards with high accuracy at high computing speed
Inverse spline functions are numerically consistent with their forward functions
Property functions and their first derivatives are continuous

Property functions of IAPWS Standards are reproduced with an accuracy of 10 — 100 ppm
Computing speeds are considerably increased
(SBTL functions of (v,u) up to 270 times faster than IAPWS-IF97)

in Computational Fluid Dynamics (CFD):

— enables consideration of the real fluid behavior with high accuracy

— 6-10 times faster than simulations with IAPWS-IF97

— with regard to the ideal-gas model, the computing times increase by 40 % only

in Heat Cycle Calculations:

— with regard to the direct application of IAPWS-IF97, the overall computing times
are considerably reduced (17 % - 50 %)

— the differences in the results of the process simulations are negligible i‘
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