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Introduction
" JE

m Cryogenic process simulation

Applied to cryogenic plants (large or small scale)
Macroscopic simulation (OD or 1D)

m Dynamic process simulations embed:
Actuators (valves, turbines, compressors...)
Passive components (HX, pipes, cold mass...)
Simulation of main process variables (P,T,m,X)



Why cryogenic process simulation ?
"

m Interest on dynamic simulations on cryogenic processes increased a lot
More than 20 papers published in the 5 last years (almost O before)
Computation power available with sophisticated tools
Pulsed load on superconducting tokamaks (EAST, ITER, JT60SA, KSTAR)
Energetic costs of very large cryoplants

m Dynamic cryogenic process simulations are a good tool for :
Validate/check process behaviors during transients
Anticipate transient responses

Test new control strategies without disturbing real operation
Improve stability and energy consumption

Train operators safely and in degraded conditions
Improve long-term operation

Virtual Commissioning: Validate control and supervision systems in simulation
Improve installation time and minimize commissioning risks
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EcosimPro
"
m EcosimPro: Commercial modeling & Simulation software

Modeling with a non causal object-oriented language (EL language)
Convivial GUI to build complex systems

m Modeling of 0D / 1D multidisciplinary continuous-discreet systems
Steady-State computations
Parametrical studies
Dynamic simulations

m Based on Differential Algebraic Equations (DAE)
0D Thermo-hydraulic systems well described with DAE
Need spatial discretization for 1D systems

m Numerical Solvers
Linear systems with constant coefficients
Linear algebraic sub-systems
Non-Linear algebraic sub-systems (iterative tearing technique)
DAE systems: DASSL Solver (finite difference + NR)



From Modeling to Simulation

Simulations

Total massflow

Experimentdefinition

Component Modeling

BOUNDE

Circuicil.RFQ_PCOO0Z.5P.signal[1] = 0.2 + O.1*step{TINE, 1000)
Circuicl.RFQ_TCOO0Z.5P.signal[1] = 2§
Circuici.RFQ_TCOO03.5P.signal[1] = 25.5

BODY

-—Ciremicl

Cireuitl.RFQ_POO01DO.S in.sSignal[1] = TRUE AFTER TSTART
Cireuitl.RFQ_PCODOZ.TR S = FALSE AFTER TSTART
Cireuitl.RFQ_TCODDZ.TR S = FALSE AFTER TSTARTH100
Cireuitl.RFQ_TCODO3.TR S = FALSE AFTER TSTART+100
Circuitl.RFQ_VMAOOOZDO.s in.signal(l] = TRUE AFTER TSTART+10
Circuitl.RFQ_VMAOOOZDO.s_in.signal(l] = FALSE AFTER TSTART+S0

Cpw = Cp_ws_mat_T(mwat, Tw)
EOW = ro_WvS_mat (mat)

—-Mass Balance
M' = f in.m - £ out.m

—- Energy Balance
—-radiation losses
Qrad = C* (T amb**4 - Tu**4)

—-Wall energy balance
My*Cpw*Tw' = —ho*3wu* (Tw-T)

M*u'+u*M' = £ in.w*f_in.h - £ out.wm*f out.h + he*3w*(Tw-T) + Qrad

Schematic creation
[CR m—

Pipe

Boundary conditions

BOUNDARIES WIZARD

This compenent has more variables than equations. Please select the boundary variables from the list an the right.

Boundary variables

Component variables

Meeded: [12 Categories : [Suggested as boundaries =
Pending ; [4 Filter [*
Hame Description | Hame Description B
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I I I val
[Jc_Pc189.Posk Active Position Reque. [C]<_Pc1o0.5R.signal1] Analog signal valu
= Select All | | FIHP_sPs_n.signal[1] analog signal valu
CHP_out.T Temperature (k)
[]He_seurce P.signal[1] Analag signal valu..
[]He Source Tsignal[1] Analag signal vald..
m Pressure (har) =l
Co o (TP,
'y Attributes editor B =] 4]

Uibrary : [CRYO_CERN

Type:  [Valve

Mame : [Cviga]

I show label
Hame: Type Value Units Description
PARAMETERS
RF ENUM CRYO_CE... |enable - enable reverse Flow in the valve
Perfect_Closing | BOOLEAN TRUE -
DATA
Cv REAL 7 valvs Flow cosfficient For completely open position
R REAL 50 - Flow range of valve at constant drop (-)
%t REAL 065 - Pressre drop ratio Factor (-}
dP_lam REAL 0.0001 bar Prassure diffence for laminar Flow (5ar)
type ENUM CRYO_CE.. percentual_valve = Type of valve
c1 l
o =]
4
C_PT193 vl Pngs
1§ =
Te 1 C PC1. o
Py D c_cvioo i
% e~
C1_charac C_CWV120 o 2
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C_PTI00 o | o
[ @
03 MIX31 kit LP _in
PY100

All libraries are entirely opened ant it is very to see which equations are used to modify them if necessary



CERN Cryogenic library

"
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Equations or materials can be easily added to the library according to user requirements
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Modeling Example: LHC Beam Screens
"

m LHC beam screens

Minimize heat loads, remove resistive wall power losses and
Intercept synchrotron radiation/molecules

Supercritical helium flow at 3 bar from 4.6K to 20K
2 cooling tubes of 53m long / 3.7mm diameter

m Modeling based on 1D Euler equations (3 PDE)

Header D (Design values: 20 K, 1.3 bar) 3,0 aM

=
p Header C (Design values: 4.6 K, 3 bar) | — 4+ — = O
CV943 ot 0X
Y ¥a , YO
Cryogenic istribution tne _ _ _ _ 1 | _ OM  OP Jr o P& _
MAGNETS g | ox  2Dp 100
eam screens
Quadrupole  Dipole Dipole Dipole
— f ft—+ f—t—+ 3 Beam pipel
= > ~ ] p
@f; 2 NN & O ;//\: — Beam pipe 2 )G dh n M ah _ q
EH843 i ot Ox vV
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Line C
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Modeling of supercritical helium flow
"
m Simulation for general cooling behavior

Neglect momentum fast dynamics: friction term (Haaland ) + gravity
1

= [9F _psz) 2Dp fr= 011 ¢ o\]?
~Vlox 100)  fr [1-8'10&0((%)” +%2)]

m Spatial discretizationin N nodes (15t order finite difference)
Obtain 3*N DAEs directly integrated in EcosimPro

AM;
AX " P 0
| | ] | o Ax
Miz) h I"""li-1l M; I Mizq)
-1 -1 Pt - hi.p — P, P - -
I P I i I Pi1 I 'IIQP,' ez \ 2Dp;
M — V.( P ) P
T\l Aax 100/ £
Ah; ;
Pi f-i: + fl{fa' . &i = %{

m Thermodynamic and material properties computed from cryogenic
library (HEPAK for helium)
ki, P;, Pr;, T;, 4 of helium from p; and h;
Cpw; of stainless steel 304L from temperature
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Modeling of Heat Transfer
" J
m Total heat applied to the fluid
N algebraic equations ¢ = hei-Swi-(Twi=Ti) + Qun - Ax

m Energy balance between fluid and beam screen
N DAES (Mwi+Mc;)-Cpw;-Tw: = —hci-Swi-(Tw;=T;)

m Heat transfer coefficient from Colburn equation
2*N algebraic equations /e = Nu; - % Nu; = 0.023 - Pr;”* . Re*®

m InTotal : 3*N DAEs + 5*N algebraic equations

m Boundary conditions
Inlet enthalpy, density, Momentum: /g L0 M
Outlet momentum: My
Lineal heat load:  Qiin
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LHC Beam screens in EcosimPro
"

m Integration of the supercritical helium line inside a schematic with

Other eXIStIng Components 350 -+ Experimental measurements (Q=10W)
300+ O Experimental measurements (Q=20W)
- = Simulation (Q=10W) -
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m Simulation Vs Measurements on LHC String2 (2002)
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Simulation Results(1/2)
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Simulation Results (2/2)
"

Input and output temperature of Beam Screen Temperature Control Valve
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4.5 K refrigerator

m 5 compressors, 10 HX, 10 Turbines, 1 phase separator,

75 valves, 50 PID loops
v 5800 algebraic equations/ 530 DAE

v Simulation 5x real time
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4.5 K refrigerator
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Real-Time simulator
"
m A dynamic simulator for CERN cryogenic plants
v« Cryo Simulation Lab » available at CERN for operators (building 36)
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Conclusion
" A
m EcosimPro: Flexible tool to model OD/1D from DAE

m A cryogenic library has been developed at CERN
Allow users to build classical cryogenic systems
Has been tested on main CERN cryogenic plants
Can be enlarged easily to fit user requirements

m Dynamic simulations can help cryogenics
Process engineers: check behavior during transients
Control engineers: improve control / virtual commissioning
Operation teams: operator training platform
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Thank you for your attention




