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Positive displacement compressor (and expander) modeling
provides several benefits:

a Fast, inexpensive method for evaluating the performance of different
compressor designs

0 Identifies the source of losses, enabling design modifications to improve
performance

0 Can be used to generate compressor maps for use in system modeling

Experimental testing is still required to verify the model
predictions under certain operating conditions

0 The model can be used to investigate broad range of operating
conditions

O The model can be tuned to better describe the real behavior of the
compressor
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A positive displacement compressor model follows a general
structure that can be divided in two parts:

QO Generalized approach
= Governing equations applied to a (or multiple) control volume(s)
» |ntegration scheme of governing equations
» Thermodynamic and transport properties library
= Qverall energy balance

0 Compressor-type specific elements
= Geometry (volume curve, chamber wall area, sealing line length, etc.)
= Flow models (suction and discharge processes, valves, leakage flows, etc.)

= Heat transfer mechanisms (heat transfer within the chamber, with the
compressor shell, with the environment, etc.)

= Friction losses (mechanical analysis of bearings, sliding contacts, rolling
contacts, lubrication effects, etc.)
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In addition, there are other aspects that can be accounted for:

0 Hermetic, semi-hermetic or open-drive designs
0O Gas pulsations (sound and vibration analyses)

Q Interaction with secondary fluid within the compressor shell (e.g.
lubricant oll)

0 Compressor performance enhancements (e.g., vapor-injection, oil-
Injection, etc.)

0 Two-phase flow conditions (e.g., wet expansion, slugging phenomena,
etc.)

7121/2017 D. Ziviani (dziviani@purdue.edu)



Outline *

RAY W. HERRICK =]
LABORATORIES

Q
Q History of positive displacement modeling
Q

Q

7121/2017 D. Ziviani (dziviani@purdue.edu)



History of Compressor Modeling at ;
the Ray W. Herrick Laboratories (1/2) =

RAY W. HERRICK#=
LABORATORIES

O Fundamentals of computer simulation of positive
displacement compressors were described by Prof. Soedel
and Prof. Hamilton in their short-course at the Purdue
Conferences (1972 and 1974)

O Such approach was applied systematically to different
compressor types to develop tailor-made simulations models

a Prof. Groll greatly contributed to the development of
compressor models for more than twenty years

a With the knowledge gained by modeling different types of
compressors and expanders, it was possible to identify a
general structure in the construction of their models
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History of Compressor Modeling at
the Ray W. Herrick Laboratories (2/2)
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Generalized Modeling Structure (1/2)
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Overall Energy Balance
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Desired elements on a modeling
point of view:

0 General structure that can be readily
applied to any PD machine.

0O Versatile coding scheme for quick
iImplementation with templates available

Q Library of core elements of a PD model,
e.g., tubes, flow paths, CVs.

Q Library of core models, e.g., valves,
heat transfer, leakage, mechanical
elements

O Robust solution scheme

O Facilitate the hard coding learning
process

Compressor/Expander class

—— Geometry inputs

—— Inlet/Outlet thermodynamic states

— Select motor/generator model

Constant efficiency

Torque-slip-efficiency map

Detailed model |

Add Suction/discharge FlowPaths

Add leakage FlowPaths

— Add Energy Balance Callbacks
—| Define solver |

__________
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Energy transfers can occur

Q by heat and work ASSUI’np'[IOHS
w a Uniform flow
inlet 2 V2, 0 Instantaneous mixing
min ,._____\_\ / \\\ Uout +T+Zout
R v N/ o 0 Quasi-equilibrium process
\ O\, Conol ) Y (uniform pressure acting on
2 N Volume (CV) /,’
U+ Zin Ny e boundary)
Zin , 0 Negligible changes in kinetic
Dashed line defines out -
the CV boundary and potential energy

Adapted from: Morgan and M.J., Shapiro, H.N., “Fundamentals of
Engineering Thermodynamics”, 51 Edition. Wiley, 2006
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0 Inreality, the CV of a positive displacement is more complicated:

X Velocity (m/s)
Zy 40 60

80 100

Refrigerant dissolved

in liquid ol Solid wall

Liquid oil
DU
film

Refrigerant
ColliiiiiiiiiiioNcis vapor core

Oil droplets
entrainment

7/21/2017

D. Ziviani (dziviani@purdue.edu)

15



Control Volume Analysis (3/5)

RAY W. HERRICK=]PP
LABORATORIES

Energy transfers can occur

Q’ by heat and work O General form of mass balance:
W S - Y
) VI - in out
Inlet T =2 )2 dt - :
’ < You
min :._____\_\ ’/ \\\ Uout + 2 +Zout
—— === _dl» \ .
A LA ____. 1 =77 1 Moyt
\ \ Control H G 1N
V2 . Volume (CV) N A uEEEE
Ui+ 55+ Zin NQqe L e O General form of energy balance:
Zin dEcy , , .
Dashed line defines Zout dt = z minhin - z mouthout +Q-W
the CV boundary ; :
v v

Adapted from: Morgan and M.J., Shapiro, H.N., “Fundamentals of
Engineering Thermodynamics”, 5t Edition. Wiley, 2006
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Core structure of PDSim is based on two modelling

approaches

a Positive displacement machines with a crank-angle motion
= One complete working cycle and steady-periodic dynamic solution
IS considered
=  Governing equations are expressed in terms of crank-angle
df = wdt
a Positive displacement machines based on linear motion
(linear compressor)

= Simulation of linear compressors requires the analysis of the
dynamic process from the initial condition t=0 until the steady-
periodic condition is reached

» Transient start-up performance needs to be predicted and
working cycle is established dynamically over time

7/21/2017 D. Ziviani (dziviani@purdue.edu) 17
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0 For positive displacement compressors performing a linear motion (linear
compressor), a criterion had to be developed to identify the steady-periodic
solution:

Periodical steady state Periodical steady state
T € 03 ! ! ! ! ! !
S 02 g T A L ——
TUEEELEEEEEEEE & oal MMM A AR AR AN RN
= cylinder [({l- - HH-1-1F IV g AN AR AN A RN AN NATANAVARAIANARANREAY
R R IR AR IR IR IRIRIRIRIRIAININIRIRIA]
Q : 5 5 : : 5
' =TT
50 a | | a L1 9D _03 | “; ; ; | ; |
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 2 "0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Time [s] Time [s]
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Steady-periodic modeling RAY W, HERRICK

I ——
LABORATORIES

Initialization

Preconditioning
Single run — update guess values

..........................................................................................

| Geometry |

Flow models

| Heat transfer rate |

| Motor losses |

Evaluate state derivatives

Overall Energy Balance

O o H
o 9 . :
5 ) | Valve dynamics | :

Mechanical/Friction losses

Post process
p-V, p-6, T-6, ...
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Thermodynamic and transport properties are needed to evaluate
the working process of a compressor and its performance

Thermodynamic properties are characterized by an equation of
state (EOS)

Transport properties are usually described by empirical
formulations or by predictive schemes such as extended
corresponding states (ECS) when little or no experimental data
is available.

Common independent variables to be used in EOS:
Q
(I

In many applications, other variables are more appropriate:
a
a
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Common used libraries for compressor modeling:

0 REFPROP (Lemmon et al., 2013) developed at the National
Institute of Standards and Technology (NIST)

= |t represents the state-of-the-art library for the thermophysical
properties of pure fluids and mixtures

» Available for many programming languages and environments

a CoolProp library (Bell et al., 2014) is a open-source library of
thermophysical properties that emulates much of the
functionality of REFPROP
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Two independent properties (e.g. temperature and density)
need to be chosen to derive the proper form of mass and
energy balance equations

Given two independent properties, equations of state can be
used to solve for the pressure variation with crank angle
a All other desired properties such as enthalpy, entropy, viscosity, etc.
can also be calculated
Note: using proper units is essential when solving for pressure
and temperature variations
O Use Sl units

0 Temperature [K], Pressure [Pa], Mass [kg], Time [s], Energy [J], Length
[m]

7/21/2017 D. Ziviani (dziviani@purdue.edu) 23
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a General form of mass balance:

(properties)
dm,6 d(pV , ,
a (dt ):Zmin -2 My, (geometry)
(leakage)

O Expanded form:

dp | dV . . 1
Vd_0+pd_€:(zmin _Zmout);

m, = Mass flow rate into control volume, kg/s

m,, = Mass flow rate out of control volume, kg/s

P = Pressure, Pa

t = Time,s 6 = Crankshaft angle, degrees

T = Temperature, K o = Density, kg/m3

V = Volume of chamber, m3 w = Rotational speed of crank, deg/s

7/21/2017 D. Ziviani (dziviani@purdue.edu) 24




Governing Equations (2/3) /{
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0 General form of energy balance:

Q Assuming: E=U+KE+KP=mu

-2 (E e S+ Q)P

OI(

|—|O'0333

Specific enthalpy, J/kg

= Mass flow rate into CV, kg/s V
= Mass flow rate out of CV, kg/s W

Pressure, Pa

Heat transfer rate into CV, W W

Temperature, K

7/21/2017

= Z mm in Z rnout out + Q -W (propertieS) (Ieakage)

(geometry) (heat transfer)

u Specific internal energy, J/kg
Volume of chamber, m3

Work done by control volume, W
Crankshaft angle, degrees
Rotational speed of crank, deg/s

Density, kg/m?3

0

Jo)
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QO Expansion of internal energy (p,T) :

dVv ou 8,0 1
—phde—(uv +,0 apj (Q+Zm|n in Zmout out)
do ou

V_
s

O Expansion of internal energy (v, T) .

a .
dT —T (8'2191) do ] h + (Q + X mpphiy, — X minhin)
do mc,
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Calculate volume and volume derivative of working
chambers

For some geometries, analytic or quasi-analytic solutions
exist

O For example: reciprocating, rolling piston, Z-compressor, rotary vane

Example of a spool compressor

discharge port suction port 35 .
valve not shown .
rear spool endplate 30 - Suction
= « Compression
cut-away 25 H — Discharge
discharge port  / Ny S il housing
valve not shown—; A P s 20 - = - ~
‘ - ~ ’ N
! Vi 15 ’ ~ , N
fip seal n a
s} “ 4 A Y ’ N
aitic— spool hub 10 P /
ecceniric cam— eccentric cam
front Scpu??cln Sggplofe compression pocket St ]
spool endplates not shown 0 [—— ——
suction pocket 0 TI',"2 ™ 371'/2 271'

Crank angle [rad]
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Calculate volume and volume derivative of working
chambers

For some geometries, analytic or quasi-analytic solutions
exist

O For example: reciprocating, rolling piston, Z-compressor, rotary vane

Example of a Wankel compressor

7/21/2017 D. Ziviani (dziviani@purdue.edu) 28
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Other compressor types require more involved geometry
modeling

Polygon approach to describe curves and use Boolean

operation

Q Scroll
0O Roots, twin-screw, single-screw
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Fluid is moved through a compressor mainly by pressure
difference

Flow through long path relatively to the gap size might be affected
by friction

Mass flow models will determine how fluid moves through the
different flow paths in the compressor

The functional formulation of a general mass flow model is given

as .
m = f(Tup: pupr Pdown> CflOW' Apath (5gap» Dh))

Typical flows: valves, leakages —u

up 5gapI down

7/21/2017 D. Ziviani (dziviani@purdue.edu)
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Flow Models (2/5)
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Model this as flow through a nozzle (Fox et al., 2004)
0 Compressible, adiabatic (no heat transfer)
O Frictionless

O Isentropic (constant entropy)

Can add more complicated flows if needed
0 Fanno/Rayleigh flows (Fox et al., 2004)

0 Empirical mass flow relations (Ishii et al., 2008)
0 Couette-Poiseuille flow

Flow with Friction

0 Control volume analysis applied to leakage flow
= No heat transfer, no mass transfer T, p, P,
= Variable area, 1-D description hV, A
= Compressible flow
= Real gas properties
= No oil

<
<

dx

Q Apply continuity, momentum and energy balance equations

7121/2017 D. Ziviani (dziviani@purdue.edu)
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Flow Models (3/5)

RAY W. HERRICK=]PP
LABORATORIES

O The valve model is a sub-step in

Initialization

the mass-flow calculations Preconditioning

Single

run — update guess values

O The mass flow-rate through a

valve is dependent on the area of

the valve openings and the flow _

From current From valve
state point model

o) : !
conditions e |8 s
S| 2
. m —

mzf(phigh'plow:A(xvalve) = 151((8] 2 2
\ )\ 281185 5
Y 21518 2
— o o 1

g £ 12| G

512

0 Common valves in compressors are:
v" Reed valves

| Geometry |

Flow models

|Va|vedynamics |

+ Step sa-a-as

| Heat transfer rate |

Evaluate state derivatives

v' Poppet valves or plug valves

v Flat-plate spring backed valves

Post process
p-V, p-6, T-6, ...
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O The equation of motion applied to a free-body is:
My Xy, (L) + Cpxy (t) + kyxy, (t) = F(T)

« For poppet valves: the valve stiffness k,, = const
« For reed valves: the valve stiffness k,, = k,(x,,)

O The equation of motion can also be written as:

X : 2 F(t)
Xy (1) + 28wn %, (1) + wix, (t) =
mv
where: "
*  wy, [rad/s]: Natural frequency w, = m_”
« ¢ damping coefficient v
C, C

¢crie Critical damping constant &

fcrit va Wn

7/21/2017 D. Ziviani (dziviani@purdue.edu) 33



Flow Models (5/5)
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0 Valve dynamics characterized by the
vibration of the valve plate

e - - | = - —
<+—>

S

N\

=

O Valve plate is described as a beam with  z§
varying width

QO Shear and rotational motion are
neglected

a The valve deflection is given as: < >

<
A
v

Y= $n()n(®)
n=1

¢, (x) valve shape function (can be determined from free vibration analysis).
There exists infinite number of combinations of mode shapes

q,(x) generalized coordinate or mode participation factor which may be
obtained by integrating the valve governing equation

7/21/2017 D. Ziviani (dziviani@purdue.edu)
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Initialization
Preconditioning
Single run — update guess values

Guess values lumped mass temperatures i
o 5 : o {
218 A A | | Geometry | { 31t
[ n (4] i ! ] 41 d
S (8|l— 2 i Lo
m | = ol 8 Flow models I
> = ] n O o | T !
o (2|2 > G @ | + 1
o | L o| 5 > N | Valve dynamics | I
S | —| € O ! y 0 L
il = TR | {§ |
= B § 5 o | Heat transfer rate | | t§ &
()] % 1 ) ! 1 d
5 = i Evaluate state derivatives ] ¢ ] :

D : | i 1%

= A R

Post process
p-V, p-6, T-6, ...
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O Numerous models available with varying level of

empiricism:

Mechanistic Empirical
—

Detailed Correlation Correlation
dynamics of semi- of

and empirical mechanical
frictional parameters losses

model

Wy = f(2.Weero) W, = f(T,. T,
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O Example of force analysis and friction losses on a single-
stage rolling piston compressor:
[

[1 553

= ,j.“ upper balancer
T _ motor rotor
motor stator e ’
lower balancer .|| = |=| 1 =|= _ crankshaft
main bearing | BRI
~J| AR | e _roller
subbearing | @&l PLL g7
T~ N 4: 7 r__h_“‘..

5000 r : .
— Normal force
4000 H — Tangential force i
— Gas force
Z 3000 | ]
73]
O
O
5 2000} -
I
1000 i
e
0 w2 T 3n/2 27
Crank angle [rad]
3 100 1 I I I I 1
@ 80 | |
o© 60} i
S 40t H i
B 20} |
E 0 ] ] [ | | I:l
[
5 > D& ¥ OO
&\e & “0?? ﬁo\\e 6%\0 é\o é\o
<* & & @ ~° ~®
2 > (Sl 4 < <
_QQ" \}b .Qﬁ" ,Q,Q (29 ‘QQ' 41lZ,-
Th &Y @ AR
o A P\ S o
<© ® & &2 & «{S"
N & & &
& <«
Q..

Friction loss type
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Overall Energy Balance (1/4)
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Initialization

Preconditioning
Single run — update guess values

| Geometry |

Flow models

| Heat transfer rate |

| Motor losses |

Evaluate state derivatives

Overall Energy Balance

O o ]
o 9 ) !
3 0 | Valve dynamics | :

Mechanical/Friction losses

Post process
p-V, p-6, T-6, ...
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Overall Energy Balance (2/4)
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O A general compressor structure includes several elements

0 Complex thermal interactions occurs between each element

O Itis important to quantify the heat losses through compressor

shell
Outlet tube
Shaft w\ \m m \
™ e
N\

=
Shell
Motor -

N

Qshen
N~

Qmech D

Compression
chamber

[1 [_JVI | 3 Qcom‘[j[—J# J =
Oil sump A\ j Inlet tube k 22 ‘,E /
qump
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Overall Energy Balance (3/4)
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QO Single-lumped temperature

¢l Outlet

Mech.
losses

Lumped

Mass 4—>[Chambers]

Ambient

®|Inlet
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Overall Energy Balance (4/4)
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Q Multi-lumped temperatures

l Wfr,i l ch,comp
Tcomp ‘
Tpipe,suc
T Rpipe,gaS’L ') S Rcomp,gas—she!l
pipe,dis . . .
T %Rcomp,,oil ] é (Qlump,in,i _ Qlump,out,i) + Qlump,gen =0
Tgas,sheu " i
R
T gas,motor Rgas,,oil T — T
motor CIJ Q _ lump,a lump,b
lump —
Toil Rab
$Roil,she!3
Tshell
$ Rshe!l,amb
Tamb 1
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1600 2000 ; | |
1400
£ 1200 = 1500
~ <
o 1000 = 1000
> 800 2
7)] Q
v 600 x
& & 500 — Shell
400 — Cylinder2 |
200 | | | | | 0 1 ; = Cylinderl
0 20 40 60 80 100 120 0 2 - 3n/2 2n
Volume [cm?® ] 9 [rad]
5000 , . , , . T , 1600 T
\
— 1400 1
E 4000 | ©
= 3000} = 1200 |
has — 1000 Lomer B
3 2000 a =
0 g 800 .
a 1000 o 600
0 1 1 1 l 1 L | 400 | 1 1
0O 2 4 6 8 130 12 14 0 /2 - 37/2 2
Volume [cm” ] Crank angle [rad]
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Linear Compressor (1/6) *
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Characteristics of linear compressor

a Piston is driven by moving magnet
oscillating motor

Q Stroke is not fixed by a crank
mechanism but is instead determined by
design and operating conditions

-=_" 0O Operate at resonance frequency to get
the higher motor efficiency

B O All comprehensive compressor model is
time dependent not rotation (cracking
angle) dependent.

7/21/2017 D. Ziviani (dziviani@purdue.edu) 44



Linear Compressor (2/6)
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P [kPa]

[cm]

7/21/2017

600 !
500 |- |
400 |- |
300 | |
200 | |
TR Tl e o et S e A S ............................................................................. i

0 | | | |

0.00 0.08 0.10
2.0
15 Steggy %gfﬂimﬂ] n ................

1.0

Dynamic Animation in Linear Compressor

:h - New center pusltmn {SS)

[em]
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Linear Compressor (3/6) RAY W, HERRICK
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System Geometry

. AT Q Piston geometry
: 1

= :

| : O Frequency
e o

: 1

| (Variable derivadives)

a Valve geometry

Given Condition

Update inidal a Inlet temperature/pressure
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O Pressure ratio
‘Ip,n - T«p,o\ < &g
|m = Bap| € &
Guess value
‘Calculate Residuals D MaSS .I:IOW rate

‘Tlump‘ < Elump
""d‘ < &4

a Lumped temperatures

[7eyle| < Seyele

Q Piston/valve initial conditions

7/21/2017 D. Ziviani (dziviani@purdue.edu) 46



Linear Compressor (4/6) By W HERRICK-

LABORATORIES

Governing equations:

mc 9T 7 (an {dv 1 dmcv}+ h,, am,, _ Q+ > mh, — > mh, — Energy Balance

YO dt oT )| dt  p dt dt
o dm,_ . dm
dmcv _ dmm + leak ,in . dmout . leakage,out N Mass Balance
dt dt dt dt dt

mX, +Cq; X, +K X, + (P(t) — Py )A, =l (t) — Piston Motion

M ¥, +%CDpAVVga52(t)AV +k,y, = F,(t) > Valve Motion

V.—aXx, = LI +RI +£J‘ ldt — Motor Dynamics
C

Sub-models:
0 Heat transfer model
a Friction model
a Overall Energy Balance
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a Graphical User Interface (GUI)
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# | Hermetic Recip Compressor — | X

Compressor type «—

File Families Solve Help

Model setup =] %5 G i

Inputs Solver Run Output

a

State Points

Sub-models - —

Valves

- -
eF5D

Mechanical Q:h«fl'..vrr!\

Geometric Inputs

Piston Diameter [m] 0.04382

Piston Length [m] 0.02

Crank length [m] 0.00625
Connecting rod length [m]

Distance topiston at TDCIm] [oonnge 1 A
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Compressor modeling and testing have been carried out at
Ray W. Herrick Laboratories for more than 40 years

Mechanistic models have been proven to be extremely
useful in accurately predicting compressor performance and
identifying improved compressor designs

A generalized platform has been developed to cover the
majority of positive displacement machines

The highly object-oriented core structure enhances the
capabilities of the tool to be adapted to new compressors

types
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