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INTRODUCTION -- MOTIVATIONS

» Dynamic simulation of two-phase systems requires significant numbers of property calculations
» Typical multi-parameter equation of state (EOS) involves costly function evaluation

= Short formulation not always available (e.g. R1234yf)
» EOS and the system model use different set of state variables = iteration needed

= e.g. EOS based on Helmholtz energy use (p, T) while the system model uses (p, h)
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INTRODUCTION -- MOTIVATIONS

» Use interpolation method instead
» The Spline-Based Table Look-Up (SBTL) Method (Kunick et al, 2015) was chosen

= Equidistant grid Se@ng

= Continuous first derivatives

" Analytic inverse Ite®ns

= Consistent phase boundary definition Ch@'ng

» Speed and robustness proven by CFD and thermal cycle simulations
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INTRODUCTION — WHAT’S NEW

» One overall fit over the whole (p, h) domain
» Minimum use of grid transformation

» Implemented in Modelica with external C functions for

spline evaluation, inversion and derivatives
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METHODOLOGY

» A specific type of quadratic/biquadratic spline on a equidistant grid (Spath, 1995)

= Node -- where the spline intersects with the raw data points

. . . Z
= Knot -- where two adjacent pieces of splines meet .
p
= A node is the mid-point of two neighboring knots Iy
Interval =3
= A global fit o4
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[llustration of the spline interpolation. Knots are
represented by solid dots and node by hollow ones.
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METHODOLOGY — 1D EXAMPLE
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Illustration of the spline interpolation. Knots are
represented by solid dots and node by hollow ones.
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METHODOLOGY — COORDINATE TRANSFORMATIONS

» Highly non-linear functions = Substantial increase in number of nodes

> End up in larger data files, especially for 2D splines, data file size ~0 (n,pq02)

> Use proper coordinate transformation, e.g. p = log(p)

z 7z
Z (x) Z(%)
J =) /
X

X (x)

Ilustration of coordinate transformation to
enhance accuracy with equidistant nodes.

» Use Chain rule for derivatives
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IMPLEMENTATION — DATA GENERATION

» Generated using property models in Modelon’s Air
Conditioning Library (ACL) . e

» R134a: Short formulation Helmholtz energy EOS 000
" R1234yf: Reference Helmholtz energy EOS

» 1D spline: 100 nodes 1900
» 2D splines: About 120x120 nodes

|| posoo

Pressure [Bar]
>
[=]
S

» Logarithmic scale for pressure 300

2.00

> Extrapolated the raw data from single-phase to two-phase = ./~ - __ —]
region to ensure accuracy of the resulted splines up to the mo_/ ey /

0.90 / 30 g . )

phase boundary |

160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560

» Spline coefficients solved (algorithm given in Spath, 1995) Eatalpy Tk
and stored in MAT files
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IMPLEMENTATION — THE TWO PHASE PROPERTY MODEL

» Phase boundary described by 1D spline: T5(p)
» Single-phase region:
= T,p,s given by 2D splines: T(p, h), p(p, h), s(p, h)
= b,V (p, T, (p)) and h;""" (p, T, (p)) by 2D inverse functions from T'(p, k) spline for consistency

— Avoid chattering across phase boundary

(h —hp)
(hv_hl)

» Two-phase region: Mass specific properties calculated based on vapor quality x =

» Other properties like specific heat capacity can derived from the 1D and 2D splines (Tummescheit, 2002;

Thorade & Saadat, 2013)
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IMPLEMENTATION: STRUCTURE OF MEDIUM MODEL

» External C functions evaluate, invert, and take derivative of the spline

» Property functions are implemented in Modelica

= Use External object that extracts spline coefficient data from a .mat file
= Call the C functions and get the value
= Calculate Derived properties

- B3-S
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V&V — HARDWARE AND SOFTWARE

Model Dell Precision M2800 Laptop

Processor Intel® Core™ i7-4810MQ CPU

RAM 16.0 GB

System 64-bit, x64 based, Windows 10 Pro

Software Dymola 2018

C compiler Visual Studio 2012 Express Edition

Solver Euler (functions), Dassl(systems)

Tolerance le-6 (to ensure mass conservation)
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V&YV — FUNCTION TESTS

» Property functions for R134a are tested

»Compared against Air Conditioning Library

> 1D spline test for T5(p): pressure ramped from 0.3 to 39.5 bar

» 2D splines E 41—,—/

= Pressure fixed at 0.3,0.5, 1, 2, 5, 10, 20 and 39.5 bar in each ramp

= Enthalpy ramped from 150kJ/kg to 500KJ/kg » V/ /
W

» Ran for 1s with a fixed step size of 1le-4s, resulting in 1e4 evaluations

» CPU time per evaluation was obtained by advanced profiling feature in Dymola
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V&V — FUNCTION TESTS

Relative CRUtIme CPU time
Property short

in 9 BTL
error in % Helmholtz SBT

<0.5% 1.4e-6s /e-7s

T <0.03% >]1.2e-5s <2.0e-6s

dp
oh

N/Aw >2.8e-5s <3.5e-6s

[llPhase boundary locations are slightly different in the two models, making it hard to compare the results in terms of percentage deviation.
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CPU Time
reduced

50%

>83.3%

>87.5%
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V&V — FUNCTION TESTS

©2018 Modelon. All Rights Reserved.

Pressure [Pa]

Contour plot of the % deviation of density (300X 300 points evaluation).

Density % deviation from the reference medium

0?
| —— prae
- - b
rd « 1
! y p
i y i !
/’ ]
6| L ' §
10 ,/ :
! I‘
F !/
i ]
/! I =
/ I
4 I
! !
.i'.' .I'
10°} £ ' 1 |
/ ]
f '
! ]
]
I
[
I
I
i 1 I ] 1 L |
100 200 300 400 500
Specific enthalpy [k)/kg]

Enlarged plot in p = 30-51 bar, h = 330-440 kJ/kg.
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V&V — ACL REGRESSION TESTS

# Model Check Translate Simulate Translation Time  Initialization Time  Simulation Time  Test Specification  CPU time plot  Trajectory Check
1 |Evaporator pass pass [Reference] pass [Reference] 15 0.6 1.6 (10.00 Open [Reference] View pass
2 Compressor pass pass [Reference] pass [Reference] 8 0.0 0.1(20.0) Open [Reference] View pass
3 | Condenser pass pass [Reference] pass [Reference] 13 0.2 1.3(10.0) Qpﬁ [Reference] View pass
4 GasCooler pass pass [Reference] pass [Reference] 13 0.1 1.7 (60.0) Open [Reference] View pass
5 PlateEvaporator pass ass [Reference] ass [Reference] 16 0.4 1.6 (10.0) Open [Reference] View ass
6.1 IHX 1 pass pass [Reference] pass [Reference] 12 0.5 2.7(100.0) Open [Reference] View pass
6 2 [IHX 2 pass pass [Reference] pass [Reference] 12 0.8 2.8(100.0) Open [Reference] View pass
6 3 [IHX 3 pass pass [Reference] pass [Reference] 13 0.3 3.0(7100.0) Open [Reference] View pass
6 4 THX 4 pass ass [Reference] ass [Reference] 12 0.3 2.8(100.0) Open [Reference] View ass
6.5 IHX 5 pass pass [Reference] pass [Reference] 13 0.8 2.8(100.0) Open [Reference] View pass
§_§ H‘D(_ﬁ pass pass [Reference] pass [Reference] 12 0.8 2.9(100.0) Qpﬁ [Reference] View pass
§_I H‘D{_-f pass pass [Reference] pass [Reference] 14 0.6 2.8(100.0) Qpﬁ [Reference] View pass
6_8 [IHX 8 pass ass [Reference] ass [Reference] 13 1.1 3.0(100.0) Open [Reference] View ass
7 SubcoolerCondenser pass pass [Reference] pass [Reference] 17 1.1 3.0(20.0) Open [Reference] View pass
8 |TXVCycle 1 pass pass [Reference] pass [Reference] 21 2.0 9.3(180.0) Open [Reference] View pass
81 TXVCYCIGﬁQ pass pass [Reference] ass [Reference] 23 2.0 21.0(180.0) Open [Reference] View pass
9 |OrificeCycle pass ass  [Reference] pass o} [Reference] 18 1.2 9.5 (180.0) Open [Reference] View ass
10 |ChargeEstimation 1 pass ass  [Reference] pass [Reference] 19 1.1 58.5(100.0) Open [Reference] View ass
101 ChargeEstimation;'Z pass ass [Reference] pass [Reference] 21 1.1 61.2(100.0) Open [Reference] View pass
11 |Co2Cyele pass | pass ‘\ [Reference] | pass ‘N [Reference] 19 2.0 6.9 (180.0) Open [Reference] View pass
12 | TXVCycleOnOff pass pass [Reference] pass X [Reference] 25 0.5 73.7(150.0) Open [Reference] View pass
13 |Co2CyeleOptimizedCOP pass ass N\ [Reference] | pass N\ [Reference] 20 1.8 10.1 (200.0) Open  [Reference] View pass
14 |CondReceiverTHXCycle pass ass [Reference] pass Q [Reference] 29 37 8.9 (200.0) Open [Reference] View ass
15 InhomogeneousAirCondenser pass ass [Reference] pass [Reference] 54 04 2.5(100.0) Open [Reference] View ass
16 |SuperheatControl pass pass [Reference] pass [Reference] 15 2.0 4.8 (200.0) Open [Reference] View pass
17 | TwinEvaporatorCycle pass | pass ‘\ [Reference] pass [Reference] 29 38 10.0 (180.0) Open [Reference] View pass
18 SimulinkInterface pass | pass Q [Reference] pass [Reference] 13 0.9 2.4(100.0) Open [Reference] View pass
19 InhomogeneousCSVAirSources pass pass [Reference] pass [Reference] 15 0.5 2.1(100.0) Open [Reference] View ass
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V&V — AC PULL-DOWN TEST FROM ACL
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V&V — R1234YF ORIFICE CYCLE FROM ACL

i Cooling Power <0.1
i Refrigerant mass flow rate <0.02
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V&V —R1234YF CYCLE FROM FORD MOTOR COMPANY
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V&V —R1234YF CYCLE FROM FORD MOTOR COMPANY
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V&V —R1234YF CYCLE FROM FORD MOTOR COMPANY
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V&V —R1234YF CYCLE FROM FORD MOTOR COMPANY
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CONCLUSIONS

» An implementation of the SBTL method or fast calculation of refrigerant properties using
Modelica language

» Significant improvement in computational speed in single function calls.

» In system simulations of AC cycle with R134a, the SBTL model cut the CPU time by 33%
compared to the short Helmholtz model.

» The complex AC system models from Ford Motor Company run more than twice the speed with
SBTL model of R1234yf than with reference Helmholtz model.

The SBTL models for R134a and R1234yf will be available in the upcoming
2018.2 release (version 1.17) of Modelon’s Air Conditioning Library!!!
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