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S lisEs Votivation & Objective

Changes for the Better

Motivation:

Numerical simulations are widely employed in the
HVAC&R industries

Low and zero-flow phenomena are often
encountered in the operation of vapor compression
systems with large transients

Simulation of system dynamics under low and zero-
flow conditions presents numerical challenges

Reported approaches cannot produce satisfactory
results sometimes

Objective:

Explore effective techniques to improve the
performance of zero-flow simulations, especially
focusing on robustness and improvements in the
simulation speed, with a goal of achieving faster
than real-time dynamic simulation
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e MsHESH Vapor Compression Cycle Model

Changes for the Better

Compressor

e System dynamics are dominated by
heat exchangers

* Refrigerant properties defined via Evaporating

Condensing
Equation of State HEX HEX
— Pressure and specific enthalpy
* Compressor and valve performance
curves defined by the user EXF\)/aarll\fieon
,— Dynamic HEX model ~N »~— Static compressor model N
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e MBS Staggered Grid Scheme
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Pig Pi Pin
* Use 1D separated flow model w/o interfacial hyy  hy, R,
Volume — — _
exchange cell Pia Pi Pin Flow cell
* Shift the momentum balance half a cell P i \
___________ T = ——

compared to the mass- and energy balances to
obtain a staggered grid
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* The staggering tends to decouple the fast et e
My (1 WU By T B, T N [pN+1]
pressure from the slow thermal part of the i 5 5 y
equation system and thereby creates a more 2= inlet e e Outlet
boundary 17,y m._ 1, boundary

robust discretization scheme conditions : conditions

. . I L,
» Use the upwind scheme to approximate v v
interface variables
dM, | .
Mass balance gt =M,y =Miyypn
dUi . _ . - "
Energy balance F = Mi_yoN g, = Moy, + PAZG; Ignored in our models

Momentum balance AZ % = ( |.i — |.i+1) - A( Pia— P )_ T2 PAZ—p..,,,0AAZSING
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S lsEs Momentum Balance Approximations
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Uniform dp/dt:
2N+1 dynamic states

Linear Ap:
N+3 dynamic states

%: :%: — de+1

dt dt dt
%:(1— i —1) dp,  i-1dpy,
dt N Jdt N dt

dm

Friction only:
2N dynamic states

A [mY
Pressure drop | Ap, m,

calculation

:>m=m0[

Ap
KAp,

A>1
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> Infinity

N
NAz E = ( l, - IN+1) - A( Pna — pl)_ PAZZZTW,HUZ
i=1
F)
pi+1 p| A w |+1/2AZ J
dm  mf 1 | m—>0
s [d(Ap)  AKAp, m**
} We need to regularize the relation

with locally non-singular substitute



2l WSEH Pressure Drop Regularization

Changes for the Better

—No regularization (b=a) m/mg
—Built-in regularization (b=1)
—Modified regularization (b=3)

dp/dp,

y=x*(a<1)

function regPowGen
extends Modelica.Icons.Function;
input Real x;

input Real a; * Original relation without regularization is not
input Real delta=0.01; Lipschitz continuous

input Real b=1; . . .
output Real y; e Smaller Lipschitz constants around origin are

algorithm very helpful
y := x"b* (x*x+delta*delta)” ((a-b)/2);
end regPowGen;
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Case Study

TUj?lDJ % % % The DAE has 14626 sﬁalar unknnwnﬁ and 14626 scalar equations.
duratio ai... indoor... outdoor. ..
k EiEE.
pRILS... indoor. .. outdoor. ..
dué; === 25000
E gasPipe MUF1 J
SB————— 20000
indoorFan é
5 & =
4"% fanSpdly | E L 15000
m o :
duratio... CDI'HI_;LSEEI .Q =
. E -
f;i_ s ) S 10000 —Built-in regularization
4; 1 __..--Furam”' 5000 —Modified regularization
S E ou;c‘l'obrj... accum
E‘ EE phiAmb 0
LEVPo. dXt 0 1000 2000 3000 4000 5000
e Simulation time (s)
duratio... ai TAmb
- N
duratio_..
* System was shut down at 500 sec and off-cycle lasted for 4500 sec
* CPU time: 23000 sec with built-in regularization vs. 1700 sec with modified
regularization
7
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S usuesi Heat Transfer Model: Static or Filtered?

Changes for the Better

e Multiple regimes are blended together to form
a universal function
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* Simplified closure relations can approximate P
full correlations

C 6 197 1137 il.circuits[1].

m : ] il.circuits[1].heatTransfer.alphs

K 28 3 5 dr il.circuits[1].heatTransfer.alphz

H a - a —_— 3 2022 1 il.circuits[1].heatTransfer.alphs

Statlc HTC 0 > 51 544 2 il.circuits[1].heatTransfer.alphs
mo 3 ] i il.circuits[1].heatTransfer.a
: i il.circuits[1].heatTransfer.a

1 / .header[1].mediums[2].p (# 4}

VaN a e ama - - - p £ e

. _ 3 2 20 .header[2].mediums[1].p (#156)

Fitered HTC  —— == (g — )

* Filtered HTC model decouples the closure
variable with other state variables, but

) © 2500 —Filtered HTC
increases the number of states 2 Stati
£ 2000 atic HTC
* Turning on ‘log norm’ showed filtered HTCs 2 1500
e o : : O
limited integration time steps 1000

e CPU time: 3700 sec with filtered HTCs vs. 1700 500

sec with static HTCs 0
0 1000 2000 3000 4000 5000
Simulation time (s)
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o (pA)  (pAY) )
Continuity o 0
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drhi+1/2
dt w,i+1/2

dt =My g2 10 = Moy + PAZD

Finite Volume Method \

=—Al, — AAp, — PAz
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Discretization Methods

Moving Boundary Method

Reynolds transport theorem
EIL—a(pA)dz+iJ. —d =0
dt’o ot dt Jo
ol A(ph—
IL [A(ph—p)] djLa(mh)dz— :
dt Jo

ot it T & _q/

Lumped Parameter Method \

Single control volume with mean properties

ALd_p = rhin - mout
dt

ALd(E_p)

K T = rhinhin outhout + PLC]” /
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e MBS Single-Pressure HEX Model

Changes for the Better

a'(_)i dp aﬁ' dhp’i v : 2000 Distributed pressure HEX model
ap dt i aﬁp,i dt = My =My 1500 —Lumped pressure HEX model
dﬁ - d EIOOO
AAzZ| p. —2=— P -
dt dt 2
500

My (hi‘”? a ﬁp,i ) ﬁi—1/2 =Mz (hi+1/2 - ﬁp,i ) + PAzq; o —

0 1000 2000 3000 4000 5000
* Dependence of mass flow rates upon Simulation time (s)

pressure difference can be removed i 2
* N+1 states and pressure drop is lumped 30 .
together and calculated at the inlet or outlet \“\ :'C,;T:;zr;;ﬁﬁre —
depending on model structure ‘gz‘r’ S Compressor Mdot -
« CPU time: 1700 sec with distributed HEX 520 5
model vs. 200 sec with lumped pressure <15 10§
drop model o \_F
* 100x speedup with all the enhancements 05 0

0 1000 2000 3000 4000 5000
Time (sec)
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Condenser
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* System operated for the first 500 sec with two active evaporator branches

* The first branch was off (the associated fan and valve were closed) since 500 sec
e Entire system was turned off at 3000 sec
* 600 sec CPU time with all the enhancements
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S tswsi Conclusions & Future Work

Changes for the Better

e Reducing the sensitivity of mass flow to pressure differences is a
key to accelerating zero-flow simulation

 Static heat transfer model seems more efficient, if no spurious
oscillations appear in the simulation

* Lumping pressure drops at the inlet or outlet of HEXs or pipes is
helpful for further speeding up simulation

* We would like to evaluate these enhancements with models that
can generate Analytical Jacobians
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