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ABSTRACT

The design of high-efficiency reciprocating comgrs requires good understanding of interactiorisvesn
different phenomena inside the compressor. Thigpdescribes a comprehensive model to predicteénf@pnance
of reciprocating compressors with thermal-electrazupling. The simulation of the compression cyisldased on
an integral control volume formulation for mass amérgy conservation. The thermal model followsdyestate
thermal energy balances applied to the compressapanents by using global thermal conductancesllgjrthe
equivalent circuit method is employed to simulatgeady-state model of single-phase induction mdtbe motor
losses are used as heat generation in the eneugyi@y of the thermal model, which in turn provides motor
temperature required to evaluate the windings tesi®s. Predictions are compared to experimental wiader
different operating conditions and reasonable ages# is observed.

1. INTRODUCTION

Different phenomena take place inside compressemscompassing thermodynamic, heat transfer and
electromagnetic processes and therefore multi-plysiodeling is required for comprehensive simutetioFor
instance, the use of a model for the induction mattmws one to predict the electromagnetic effattboth heat
transfer and the compression cycle. Furthermoig,ahproach allows the compressor simulation mtaléle less
dependent on experimental data to describe thermetéormance.

There are several methods to simulate the compresgcle, such as prescription of polytropic preess(Cavallini
et al, 1996; Chikurdeet al, 2002), lumped-parameter model (Todeseatal, 1992; Rigolaet al, 2000) or
distributed-parameter model (Biraat al, 2006). Different modeling techniques are also leygal to predict the
temperature distribution inside the compressora@testate lumped-parameter methods are commorigasctvith
thermal conductances between elements being obtdioen experimental data (Todesctt al, 1992) or from
classical heat transfer correlations (Ooi, 2003)e Tinite volume method (FVM) is also employed tdve fluid
flow and heat transfer equations (Rejaal, 2003; Birariet al, 2006), therefore without requiring prescriptiohn o
thermal conductances. Recently, hybrid models haemn developed by combining lumped formulationtfier fluid
domain and FVM for solving heat conduction in safig@ments (Ribas Jr., 2007; Sanvezzo Jr. and Degha
2012). Hybrid models are less computationally destiranthan full-based FVM and can better descrits transfer
in solid components than lumped-parameter moddisth& aforementioned models include motor losseshie
thermal model via relations between torque, efficieand compressor speed obtained from experimeatal or
theoretical estimates.

Thermal-electrical models applied to electrical onstare available and may combine lumped-parantieézmal
models with equivalent circuit methods for electtimodels (Melloret al, 1991; Eltom and Moharari, 1991) or
adopt finite element method for both thermal aretiical models (Hwanegt al, 2000; Liet al, 2010). On the
other hand, few works have applied thermal-elegitmeodels in the simulation of compressors. Peretzal. (1980)
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employed a thermodynamic-thermal-electrical modeh alesign tool to assess proposals of efficiempydvement
for a reciprocating compressor. deal. (2013) presented a simulation model for a semiregic screw compressor
with the equivalent circuit method for the therraatl electrical modeling.

The present paper reports the development of antstymamic-thermal-electrical model to predict tleefprmance
of reciprocating compressors. The thermodynamic taedmal models adopted to simulate the compressjole

and the temperature distribution employ the lumpadkmeter method, whereas the electrical modehsgdon a
motor equivalent circuit. Predictions for compressdficiency and temperature distribution are afdi and
compared to measurements.

2. THERMODYNAMIC MODEL

The thermodynamic model adopted to simulate thepcession cycle is based on the application of naastbs
energy balances in the compression chamber by asimgped-parameter formulation (Todesstaal, 1992):

dm,
dt = Mgyc Mais Mieak Mpais Mpais

ar. 1 . dm, . T, dp. dv. dmc)
dt _mccv{QW he 3 th [pcaTCp<pC dt  dt 2)

wheret is time,m is the instantaneous mass of gas inside the casiprechamber ang is the gas specific heat at
constant volume. Heat transfer at the cylinder sydl),, is obtained from a correlation proposed by AnngrB3).
The compression chamber volunig, is written as a function of compressor geometpeaameters (Ussyk, 1984).
The pressure during the compression cygleis evaluated from a real gas state equation aticha&es of density,
pe and temperaturd,, from Equations (1) and (2). The sum of energydhithrough suction and discharge ports as
well as piston-cylinder clearance is represente h. The dynamics of suction and discharge valvesddeted
through a single-degree-of-freedom model (Lopes Rrata, 1997) combined with the concept of effecfiorce
area (Soedel, 2007). Valve parameters such asahftequency, stiffness and damping coefficientsiaput data.
Mass flow rate through suction and discharge pisridetermined with reference to isentropic compbbsslow
through a convergent nozzle (Ussyk, 1984) combingéth data for effective flow area (Soedel, 2007heT
procedure to estimate leakage through piston-cgfimtearance is detailed in Lilie and Ferreira @)98

The input data required to simulate the thermodyoamodel are the evaporating and condensing terpes
refrigerant properties and geometrical parametén® compressor speed is obtained from the eletctnzalel
whereas the suction and discharge temperaturesacalated in the thermal model. Specific enthapae
computed from pressure and temperature values,sbg uhe library REFPROP 7.0 (Lemmean al, 2002).
Equations (1) and (2) are numerically integratedan explicit Euler method.

3. THERMAL MODEL

A steady state energy balance applied to a gelusnipged elementi" can be mathematically represented by:

Qi—W, = thli,in - thli,out (3

whereQ; encompasses the heat transfer rate between theergle and the surroundings, as well as the heat
generation rate within the elemeénfhe rate of work done by or a1is I¥;, and the energy fluxes into and from the
elementi are denoted b¥mh|;;, andYmhl; .., respectively. It should be mentioned that pottraind kinetic
energy were neglected in Equation (3).

The reciprocating compressor was divided into eigitped elements, corresponding to the followinmponents:

suction muffler (1), compression chamber (2), disge chamber (3), discharge muffler (4), dischatdee (5),
electrical motor (6), internal environment (7) aswmpressor housing (8). The internal environmepteasents the
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portion of refrigerant gas inside the compressarsingg. A schematic view of the lumped elements thecthermal
interaction among them is depicted in Figure 1hwdtifferent arrows adopted to identify the differdypes of
energy transfer.

Equation (3) is applied to all lumped elements mgiviise to a system of non-linear equations, wihsciteratively
solved via Newton-Raphson method. Table 1 showscthieesponding terms of each equation. Convecteat h
transfer between the compressor internal environnignand the other components is taken into adcdyn
introducing global conductancedA, obtained from a set of temperature measuremdmdegcatet al, 1992).
Table 1 indicates that the mass flow rat@srig,., M4is, Mpsucr Mpais) Mieqr), the compression powed,, the
motor electromagnetic losse&,(,, 0, andQ;,,,), the mechanical losses in the bearing sysi&m,the time-
averaged specific enthalpy in the cylindeg,and the refrigerant gas mixing facter, must be specified. The mass
flow rates, compression power and specific enthalpgy obtained from the solution of the thermodyramodel,
whereas the mechanical losses are estimated froasuraments and the motor losses are computed fiem t
electrical model. The refrigerant gas mixing facocounts the proportion of gas mixing in the cogspor internal
environment, as proposed by Meyer and Thompson0j198 some compressors, the suction line is direct
connected to the suction muffler and there is nxingi between the gas entering through the suctimwith the
gas in the internal environment; i@ = 1. In other compressor designs, suction line andiGuenuffler entrance
are misaligned and an amount of the gas enterimgdmpressor flows into compressor internal envirent before
reaching the suction muffler inlet; hente< ¢ < 1. In the present study, the conditiongot= 1 was considered.

It should be noted that in Table Ty, T gmandTy g represent the temperatures in the suction muffischarge
muffler and discharge tube, respectively. Such eratpres are the arithmetic mean of the gas termypesaat the
inlet and outlet of each component. Thus,

Tom = O-S(Tsl + Tsc); Tm,dm = O-S(Tdc + Tdm); Tm,dt = O-S(Tdm + le) (4)
) Discharge —
Suction Chamber Ischarge
Muffler T Muftler

b N
—— [t
from evaporator —p : d Discharge
i E _____ Tube
i
Suction Line i ; Tyt (5)
T, H
: E Compression
E E Chamber
i T ;
Tee i 1 d
H 1 —« —P» to condenser
External E ] \T
. i d
Environment / i Internal d
E E Environment
EE T (7) Legend
: E - W,
b 2
i, i
=k A= [ o C.L
Y — mh
X
Housing “-‘-‘:_ e T
Th(8)

Figure 1: Compressor lumped elements.
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Table 1: Energy balance in compressor lumped elements.

Environment

_UAdc(Tdc - Tie)
_UAdm(Tm,dm - Tie)

mhsl + mleak hc

Component 0 114 mh|;, mh| gy,
i _ _ _ m[(phsl + (1 - <p)hie] .

1. Suction Muffler UAsuc(Tie — Tsm) T 1t chie + Ty enche Mychse
2. Comp- Chambe UAW (Tw - Tie) VVc + Wb msuchsc + mbdishdc mleakhc + mbsuchc + mdishc
3. Disc. Chamber UAdC(TdC - Tie) - mdiShC mbdishdc + mhdc
4. Disc. Muffler UAam(Toam — Tie) - hhg, MAgm
5. Disc. Tube UAat(Tmar — Tie) - Mhgm mhy,

UAmot(Tmot - Tie)
6. Motor . . . - - .

_(Qsta + Qrot + Qiron)
UAin(Tie — Tr)

+UAsuc(Tie - Tsm)

—UA,,(T,, — T;.) .
7. Internal P mlphg + (1 — @Ihi]

+1Mearhie

_UAdt(Tm,dt - Tie)
_UAmot(Tmot - Tie)
UAeh(Th - Tee)

8. Housing —UAip(Tie — Tp) i - -

4. ELECTRICAL MODEL

4.1 Motor Equivalent Circuit

The electrical model of the induction motor wasdshen a classical approach known as equivalentitimeethod.
This technique consists on representing the etattmotor in an equivalent circuit with a set ddtst (sta), rotor
(rot) and magnetizing (m) impedances (Fitzgerdldl, 2006; Hrabovcovat al, 2010). In the present model, stator
core electrical resistances are also included énetiectrical circuit (iron). Figure 2 shows the ieglent circuit of
the single-phase induction motor considered herein.

Rotor and magnetizing parameters are equally dividetween the forward (+) and backward (-) brandfethe
equivalent circuit, following the theory of rotagirmagnetic fields (Fitzgeraldt al, 2006). Therefore, electrical
impedances are modeled according to:

Zsta = Rota + JXstas Ziot = 0.5Ryot/5 + jO5Xy06; Zror = 0.5Rp0¢/ (2 = $) + 05Xy ®)

Zy = J05Xm;  Zy = j0.5Xn; Z;on = 0.5Riron;  Ziron = 0.5Rir0n (6)
wheres is the slip ratio, defined as the relation betw#ecompressor speed, and the synchronous speed,

(s =1 - w/w). The parameteRr’ is the rotor resistance aiXd,, is the rotor reactance, both referred to the stato
side. The magnetizing reactance and the statorresistance are represented byisandR;.n, respectively. The
circuit input impedance,, is given by:

1 1 1 \7*" 1 1 1\’ .
Zin = Zsgq + ZT+5+ZT + 7- +E+Z'_ (7)

rot iron rot iron

where the second and third terms on right hand sfdequation (7) can be interpreted as forward backward
equivalent impedanceg, andZ, respectively. Input impedance is used to caleutaérmsinput current/;,,:
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lin =—— (8)

whereV;, is therms input voltage. Since voltage drop is unique aclioggedanceg*, Z;},, andZ},, and also
across impedances, Z,,, andZ;,..,, the electrical currents in the rotor forward dratkward branches, as well as
in the stator core, are given by:

Ir. = E 1= IZ__ I+ — 1z* . - — 1z~ 9
rot — Z:ot’ rot — Zr_ot iron — Zl-;on’ iron — Zl_ron ( )
Z t Z+ Z.
o sta MOt S - S
R, X, j0.5X"  O5R’ /s JO 5X°_0.5R’ /(2 s)
H—’ VIV /VV\ —— ; W —— §
| Z+m Z-m
N " - josx - josx
Vv + a2 . . |
0 5R|r0n 3 | . iron 3

Figure 2: Equivalent circuit of a single-phase induction arot

According to Huaket al. (2003), the losses in the rotor windir,,, stator windingQ.,, and coreg;,,», account
for 75-90% of the motor overall loss. Such lossesanset as heat generation rate in the energyieguagsociated
with the motor in the thermal model. The statordimg loss is a function of the stator winding cuatre

Qsta = Istta (10)

whereas forward and backward powers arise fromdta¢ing magnetic fields:

, 20. 5Rmt ) , 0.5R o

Wr-t)t =l — S Wrot = Irot 2 — s (11)

and rotor winding loss),,,, is computed as a combination of the forward aakivard power components:
Qrot = SWT‘Et + (2 - S)Wr_ot (12)

Finally, the stator core losses are calculatedsasyaof contributions in forward and backward btex

eran = RLT‘OTl(Il-;On + livon ) (13)

The rate of energy that is not converted into heathe shaft powerl{i/shaft, which can be evaluated as the
difference between the forward and backward rogdields powers:
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Wshaft,e = (1 - S) (Wr-'(.)t - Wr_at) (14)

The shaft power is delivered to the crankshaft sota match the energy consumption associated wvhigh t
compression power and bearings friction Ioséﬂ}ghaﬂ =W, + Wb). For the compressor considered in the present
study, bearings friction losses are estimated togfygroximately 9W and almost insensitive in relatio the
operating condition. Compression power is evaluditech the indicated diagram predicted by the thetymamic
model(W, = — w/2r $ p.dV) and depends on the compressor speedshich is determined in an iterative manner
via the coupled simulation of the thermodynamic elahd electrical model (Figure 3). Once compresgeed is
known, the electromagnetic losses are obtaineduaed as input data in the thermal model. Findtig,dompressor
input power and the motor efficiency are calculated

Wi = .shaft,e + Qsta + Qrot + Qiron (15)
Wanart,
Nmot = %fe (16)

4.2 Electrical Parameters

The electrical parameters required to solve thevatgnt circuit may be obtained via experimentalmerical or
analytical approaches. In the present work, elggdtriesistances and reactances were provided bgatimgressor
manufacturer (Table 2). The assigned values fosthter and rotor winding resistancBs, andR',;, correspond to
a reference temperature (25°C). Since electricgbtance varies with temperature, the suppliedesimust be
updated during the simulation according to the esgion:

R =Ry + BRo(T —Tp) (17)

where subscrip refers to reference state afids the temperature coefficient. The electrical elaglso requires
input values for voltage and synchronous frequemtych were set to 220V and 50Hz.

Table 2: Electrical parameters.

Stator Winding Resistanc€]) at 25°C 11.6
Stator Winding Leakage Reactan€b ( 16.2
Rotor Winding Resistance - referred to stator §eeat 25°C | 11.0
Rotor Leakage Reactance - referred to stator skjle ( 4.5
Magnetizing Reactanc&] 857
Stator Iron Resistanc€] 10,000

5. THERMODYNAMIC-THERMAL-ELECTRICAL COUPLING

The solution algorithm of the thermodynamic-thermiglctrical model is depicted in Figure 3. The jdure starts
with input data for geometrical and electrical paeters, as well as operating condition, being $igeciThen, the
compressor temperature profile is initialized amel ¢lectrical resistances are updated. Initidhg,dlip ratio is set to
zero, which means that compressor speed equalbreyraus speed. The thermodynamic model is simukateldhe
shaft power is evaluated. Then, the electrical rdsolved and the shaft power is estimated viadign (14). If
the difference of both estimates of shaft poweareater than a specified tolerangg, the slip ratio is increased by
an increments and the simulations are repeated from point i€iedtiby **'. This iterative process is carried out
until the convergence defined by the specifiedrtolee is observed. Once convergence is achievegutodata
(mass flow rates, compression power and motor $)sme supplied to the thermal model, which is thiemulated
to predict the temperature distribution in the coesgor components. If the maximum residual founthénenergy
balances is greater than a specified toleraric#he temperatures are updated and calculatiortsostar from point
*'. Otherwise, the simulation is considered tacbaverged and the solution procedure is finished.
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Input data
Compressor geometrical paramete

]
Input voltage and speedm(,\lus)
Electrical parameters (R, X) V'Vshan

Operating condition (T T_, gas)

*i:

‘ Update electrical resistances ‘ m, h, W, Qi Qo Qo Lyes

=

RUN Electrical model

Wsha(l,e L

(W

shaft Wshall,J

i RUN Thermal model

RUN Thermodynamic model

W, é}

Lyes

‘ Simulation end ‘

€

Figure 3: Coupled model algorithm.

6. RESULTSAND DISCUSSIONS

Numerical and experimental results of volumetrid &entropic efficiencies

_m _ W
nv_mth' Us—Wi

(18)

as well as temperature distribution are shown gufes 4 and 5, respectively. The results are preddor four
operating conditions (Table 3) described by a phievaporating and condensing temperatures, sutitienand
environment temperature$evap Teons Tsi @Nd Tee respectively. The condition OC1 is establishedcbgnpressor
testing standards, the conditions OC2 and OC3 septéhigh and low shaft power requirements and:tmelition
OC4 is associated with high temperature profileob@l conductances between components were obt&ioed
measurements under OC1 and maintained constathtefather three OCs.

Experimental results were obtained using a hotecgeallorimeter facility designed to test compressOrs average,
the actual compressor was tested 5 times under eaetating condition, and the accuracy of the teatpee
measurements is within +2.2°C for a 90% confideénterval.

In terms of efficiency parameters, there is reablmnagreement between predictions and measurenigrésgood

agreement for the isentropic efficiency is an iatlien of satisfactory predictions provided by thertnodynamic

model (#.) and electrical model{(;,). The largest deviations are noticed in the resialt the condition OC4, i.e.
difference of 9% for volumetric efficiency and 3%r fsentropic efficiency.

Figure 5 shows that there is good agreement betywesadictions and experimental data of temperaturethe
compressor components, with most differences smtdln +5°C. This agreement is also observed fodition
OC4, in which the compressor temperature levelslaaly higher than those at the other operatomglitions. The
temperature of several components, such as themahtenvironment;,, housing,T,, and motorT,,,, seem to be
almost insensitive to the operating conditions OCGC2 and OC3. However, the temperatures of othemponents
vary significantly and are well predicted by thedab The model capability to correctly predict tesrgtures in the
suction chamberJs, and cylinder wall,T,, is of major importance since both temperaturesatly affect the
compression cycle.
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Finally, the motor efficiency predicted by the ctagp model simulation is compared to the theoreticaltor
efficiency at constant temperature. The motor ifficy is evaluated as a function of the shaft ppagrmepicted in
Figure 6. First, it is interesting to note that gredictions of the coupled model are very closa ®0°C constant
temperature theoretical result. This is expectedesthe results for the motor temperature areectos30°C (Figure
5). On the other hand, if a 25°C constant tempezeheoretical curve is used in such comparisatiffarence of
2% is observed. This difference becomes even ldogdrigh-load operating conditions. As can be sélea coupled
thermal-electrical model is able to predict the onoperformance without requiring prior knowledge its$
temperature.

Table 3: Operating conditions.

Tevg (OC) Tconc (OC) Tsl (OC) Tee (OC)
OC1 -23.3 54.4 32.0 32.0
0oC2 -10.0 60.0 32.0 32.0
0OC3 -35.0 45.0 32.0 32.0
0OC4 -35.0 70.0 40.0 43.0
80 - . 70 ]
I J Numerical ] - 0 Numerical R
5 [ ] Experimental ] I [ ] Experimental |
F 1 85 .
_70F < i ]
<z F 1 < 60 —
g 65 3 & [ 1
.5 I b S L ]
3] I ] = B ]
£ 60| - £ ssf -
w r ] (i} B ]
Q I 1 o I T
5 s5F - a [ ]
g I ] S s a
3 1 S I 1
S 50 = o [ ]
i 1 4 -
asr ] I ]
L 1 1 1 ] L 1 I 1 ]
40 1 2 3 40 1 2 3
Operating Conditions Operating Conditions
(a) (b)
Figure 4: Volumetric and isentropic efficiencies.
L Exp OC1 1 86 T T
160 |- ——=—— Num OC1 N | |
I . ExpoC2 A ]
l — —— - NumoOC2 Y R 85 (- - = —
140 . Exp OC3 / \ - e ~
[ ——°—-— NumoOC3 / \ ] 3 L7 ~ 1
i . ExpOC4 /g ] S Y >
120 ———— Numoca / /N - =¥ / N
B ‘ 1 o | / i
~ - 4 c
o I ] ks
<100 . S g3 _
[ | 4 =
[ ] WL |
i ] 5
80 — ° 82} -
| ] =
eor B 81f o Coupled Model
| i / Constant Temperature (80°C)
B 1 oy — — — — Constant Temperature (25°C) T
Or ] ] ] ] -
L g0 —L ] I
Tie Tsc Tw Tdc Th Tmot 50 100 150 200
Temperatures Shaft Power (W)

Figure 5: Temperature of compressor components. Figure 6. Motor efficiency.
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7. CONCLUSIONS

This paper presented a lumped-parameter model tbbyehe coupling of thermodynamic, thermal and:teleal
models. The thermodynamic model is modeled thromgiss and energy balances in the compression chamber
whereas the thermal model is based on energy edaapplied to the compressor components. The iekdatnodel

is represented by a motor equivalent circuit. Tire¢ models are solved in a coupled manner andcticets are
provided for volumetric, isentropic and motor eifficcies, as well as temperature distribution. Inegal, reasonable
agreement is observed between predictions and mezasaots. The model proposed herein is capablecaiuating

for the effect of motor losses on the compressemtial profile, and vice-versa, without requiringperimental data

or prior theoretical estimates for motor efficienttyrque and speed.

NOMENCLATURE
h specific enthalpy (J/kg) S slip ratio )
I electrical current (A) T temperature (K)
i complex number indicator O] UA global conductance (W/K)
m mass flow rate (ka/s) X electrical reactance Q)
0 heat transfer rate (W) w rate of work wW)
R electrical resistance Q) Z electrical impedance Q)
Subscript
suc main flow through suction port dl discharge line
dis  main flow through discharge port h compressor housing
bsuc backflow through suction port dt discharge tube
bdis backflow through discharge port eh external side of housing
c compression chamber ih internal side of housing
dc  discharge chamber mot  motor
e suction chamber ie internal environment
dm discharge muffler ee external environment
sm  suction muffler w cylinder wall
sl suction line th theoretical
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