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ABSTRACT

Heat transfer has an important role on the effigyeand reliability of hermetic reciprocating comgsers adopted
for household refrigeration. Most analyses of scampressors are carried out for steady-state apgradbnditions

based on established procedures and standards.velgwace household refrigeration systems worlalbsrnating

periods in which the compressor is on (ON) and (@EF), the performance assessment of compredsouddstake

into account the ON/OFF cyclic operation. This papeesents an experimental study of the heat teansf

components of a hermetic reciprocating compressdngl thermal transients due to ON/OFF cyclic opera The

compressor was instrumented with thin-film heaik feensors and thermocouples to evaluate time-vgriygat

transfer coefficients. We found that heat flux imm® regions is significantly affected by the cydtiperating

condition. Moreover, the investigation revealed pihesence of different time scales due to distihetmal inertia
and heat transfer associated with each component.

1. INTRODUCTION

Heat transfer can considerably affect the efficjeand reliability of hermetic reciprocating compess. In one
hand, the superheating of the suction gas redheesampressor volumetric and isentropic efficies.c@n the other
hand, reliability issues limit the electrical motomd lubricant oil temperatures. Hence, signifiaasearch has been
developed to better understand the heat transferelea the compressor components.

Thermal simulation models have been developed basddmped-parameter formulation (Todeseatl., 1992;
Ooi, 2003), in which the heat transfer between lathplements is approached from measurements @lations
available in the literature. Other simulation madatiopt differential formulation (Rag al., 2003; Birariet al.,
2006), solving the heat conduction in solid compiwseand the fluid flow via the finite-volume metho8uch
models do not require convective heat transfer fimderfits to estimate heat transfer between the ayab solid
components. Although a full differential formulatiprovides a detailed thermal characterizatiorhefdompressor,
the numerical solution of the governing equatiomsassociated with high computation cost. Hybrid usation
models (Sanvezzo Jr. and Deschamps, 2012) formédniyyed and differential formulations for the gaml aolid
components, respectively, have been proposed taceedhe computational cost while retaining a dethil
characterization of heat transfer in the solid comgnts.

Experimental studies have considered different @spef heat transfer in reciprocating compressbtsyer and
Thompson (1990) used thermocouples to measureaheegperature along the flow path and, by applgimergy
balances, determined the heat transfer rate thrargghponents. Dutra and Deschamps (2013) carried out
measurements of heat flux and temperature in desspped small reciprocating compressor by usiimgfitm heat

flux sensors (HFSs) and thermocouples, and combmseth measurements to estimate local heat transfer
coefficients.

% Present address: Catholic University of Santa@etalaragua do Sul, SC, Brazil.
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All the aforementioned investigations were condddi@ the compressor operating under steady-stateiton,
following well-established standards for evaluatiand certification criteria of compressors (EN122005).
Nevertheless, household refrigeration systems tgarader cyclic ON/OFF conditions and such trarisiezan
affect the compressor performance. Available stidre the literature concerning the ON/OFF operatain
refrigeration systems are focused on heat exchanged expansion devices (Hermes and Melo, 2008)y On
recently, Lohnet al. (2015) presented a hybrid thermal model to prettiiettemperature distribution in a hermetic
reciprocating compressor under a cyclic ON/OFF @@

The present paper reports an experimental investigaimed at characterizing the heat transfer ihneametic
reciprocating compressor during transient conditidivaporating and condensing temperatures wezd fix -21°C
and 40°C, respectively. The compressor was testddrusteady-state operating condition and two ON/©yclic
conditions: (i) 12 min. ON/15 min. OFF; and (ii) 2%in. ON/30min. OFF. Measurements of temperatuk fegat
flux were carried out in different regions and caments of the compressor, allowing estimates oélldweat
transfer coefficients as a function of time.

2. EXPERIMENTAL PROCEDURE

2.1 Compressor Instrumentation

Several HFSs and thermocouples were fitted ontatince of the electrical motor, suction muffladadischarge
system, so as to obtain a detailed thermal chaizaten of the compressor: (i) three on the eleatrmotor
surfaces: eml1, em2 and em3; (ii) two on the suatiorffler: sm1 and sm2; and (iii) five on the disie system:
dpl, dml, dm2, dm3 and dm4. The location of eacB Birthese components is shown in Figures 1-3.

o= (3,

’-f-"-' ‘ ,,-__-‘
b g >

Figure2: Instrumentation of the suction muffler.
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=)

Figl;ré3: Instrumentation of thcylinder headand discharge muffle

The operating principle of a thiiltm HFS consists of a segenerated voltage output proportional to a heat
through the sensof.he generated voltage (V) is the result of a teimpee differenceAT) across the thickness
the HFS, which is measured by a thermocouple sassbciation (V = Nux AT), being N andu the number o
thermocouple junctions and the thermoelectric $kvity of the materialsrespectively. The heat flux through 1
HFS surfaces, q”, is a function of its thermal cactivity, k, thickness, t, and temperature diff@enT (q” = k AT

/ 1). Therefore, a linear relationship between Hiextand voltage outft is obtained (gq” =V / S), where S (=d\t /
k) is defined as the HFS sensitivity. Although ttedue of S can be theoretically determined, thisdsa commol
practice. The HFS sensitivity is usually assessauh fa standardized calibration proceduerformed by the sensor
manufacturer which supplies a datasheet contaalirthe technical specifications, including the HEesitivity.

The instrumentation of HFSs on the compressor compts is not a simple task, due to the high tentperdevels
and the presence of lubricant oil. An ep-adhesive was necessary to attach the HFSs ontutfeces and the
wires were carefully positioned inside the compoeds minimize disturbances in the lubricant odvil. This is ¢
relevant aspect, because tlbricant oil significantly affects the heat tséer inside the compressor, increasing
heat loss to the external ambient (Dutra and Despba2013)After the installationof the HFS, thermocouples
were also positioned in the gas within the corssor shell, in order to establish suitable refeegemperature:T,,,
to estimate the local heat transfer coefficie

q"

h =
T, — T

)
whereT;is the temperature of the sensor surface, measyradhermocouple embeddecthe HFS.

2.2 Experimental Setup

A calorimeter setup was employtalestablish the operating conditions in which ¢henpressor was testeFigure
4 illustrates a schertia of the calorimete composed of pipelines, control valves (CV), a nf&ss meter (FM),
heat exchagers (HX), a thermocouple (TC) and pressure tiacesd (PT). The compressor (C) raises the refnid:
pressure from point 1 up to point 2, which is tlwmwled by . heat exchangefHX1) at point 3. After that, th
refrigerant is throttled to an interrriate pressure level (point 4) by means of a conable (CV1).The mass flow
is measured by @oriolis mass flow meter (FM) and then the refrageris cooled again with another heat e:nger
(HX2) at point 5. The refrigerant is throttlagain (CV2), reducing its pressure to tequiredevaporating pressure
(point 6). Finally, an electrical heater (EH1) anthermocouple (TC1) are usecadjustthe level of superheating in
the compressor suction lifpoint 1), completing the cycléAs can be seen ithe pressur-enthalpy diagram of
Figure 5, the refrigerant remaiassuperheated vapor along the entire thermodynayuile

The first step inexperimental test is to submit the compressor aedcalorimeter pipeline to suitable vacuum
condition, inorder to remove air ai humidity within the system. After that,rafrigerant charc is supplied to the
system and theperating condition defined by settinghe evaporating and condensing tempera, as well as the
ON/OFF period. The transient tesi® carried out bgwitching on and off the compressdn an alternate mode for 8
ON/OFF cycles. The first Bycles arenecessary to attam periodically stationary condition and tlast 3 are used
to sample an average representative ¢ For the steady state condition, tb@mpressc runs uninterruptedly for
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approximately 4 hours untilo temperature variation higher than 1°C is obskimene hol. After this requirement
is met data are acquired during 45 mint and the test is finished. For botjctic and steac-state conditions the
sampling rate was 0.25 Hz.

A
EH1 6 4 5
" rer iPTl cve
E
2
@
&
FM
5 ' PT2 CV1
|—| 3 4
HX1 ><
Enthalpy
Figure 4: Schematic of the calorimeter facili Figure 5: p-h diagram of thihot-cycle calorimeter.
3.RESULTS

A 60 Hz reciprocating compressor operating with &13vas adoptefor the measurements. The suction
discharge pressures correspond to saturation pessassociated with the evaporating and condensimpgerature
of -21°C and 40°C, respectively. These pressures watrergl controlled within a range of +1% wherithe
temperatures of the gassnction line ancof the environment inside the calorimetegrecontrolled within +0.5°C.
Temperatures, heat fluxes and heat transfer caaific are normalized in relation stead-state measurements of
the shell temperatur@gg, (in °C), the heat transfer rate released through the,sgl};, and the heat transfer
coefficient between shell and environm hg,g;:

T* T LES q" h* h
= q = - =
Tshen q shell hsheu

2
Results under steadytate conditiorare presented with uncertainty bars correspondireg25% confidence intervi

3.1 Gasinside the Compressor

Figures 6-8 showneasurements fithe gas temperature in four different positiomsde the compressor st under
the cyclic ON/OFF conditionsl2 mir/15 min; 25 min/30 min) and the steady-stetedition.The results show that
the highest temperatures ocauear the shell cover and discharge mu, while the lowesttemperatures are
measured in the suction mufflandnear the region em3 of the motor. Due to stechperaturedifferences inside
the compressor shelhe reference temperats adopted to estimate the local heat transfer caeffis wer those
close to the surfaces of interest.

13 13 13
e Gas (Cover) = Gas (Cover)

= == Gas (Discharge muffler) = == Gas (Discharge muffler)
12 o = === Gas (Suction muffler) 12 g = = == Gas (Suction muffler) 12 - plag- - o
= + =Gas (near region em3) = + =Gas (near region em3)

11

™[
™[
™[]

1

0.9

0.8

——————— 0.8 ———————
13 5 7 9 11 13 15 17 19 21 23 25 27 17 13 19 25 31 37 43 49 55 Gas (Cover) Gas  Gas (Suction Gas (near
(Discharge muffler)  region em3)

t[min] t [min] muffler)
Figure 6: Gas temperatures - Figure7: Gas temperatures - Figure 8: Gas temperatures -
12 min/15 min. 25 min/30 min. steady state.

3.2 Electrical Motor
Measurementsf heat flux, temperature and local heat transteffecientsfor the electrical motounder the cyclic
(12 min/15 min; 25 min/30 min) and tisteady-state conditions are showrcalumns (a), (b) and (c) Figure 9.
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During the ON period of the cyclic operation (12nf5 min), the heat fluxes through the motor swefadecrease
in the first minutes and when this period is long2% min/30 min), the heat fluxes start to increaseis is a
consequence of the temperature difference betweenstirfaces (eml, em2 and em3) and the gas insale t
compressor shell, which is initially decreased armeased again in the case of a period of 25 mmimediately
after the compressor is switched off, the heateftuincrease suddenly, since the gas temperatureades at a
much faster rate than the temperature of the solidponents. The heat fluxes through the motor sesfare on the
same level when the compressor runs under theccgalhidition. On the other hand, the heat flux thfogurface
emz2 is much higher than the others when the corspresperates in steady-state condition. This is tduthe
proximity between the surface em2 and the suctiafflen (Figure 3), which is the coldest componefttioe
compressor under steady-state condition.

The temperature on the motor surfaces eml1, em2im3dpoint out similar results, with a slightly heghvalue on
em1l, since this region is near the discharge mufilee temperature of the gas close to the surac2 was not
measured, but estimated as the average of the meeaents on the motor and suction muffler surfaees? and
sm2, respectively. This approach was adopted bedhasnarrow gap between the electrical motor hadstiction
muffler (Figure 3) hinders the installation of atimocouple in that location. Thus, the temperatnrthe gap is
similar to that observed for the em2 region, makirdifficult to correctly estimate the local heeansfer coefficient
in the idle period. Since the difference betweem shrface and gas temperatures becomes very siail e
compressor is switched off, the heat transfer twefft suddenly increases and reaches excessives/aDespite
this shortcoming, the estimates of heat transfefficents, h*, for the remaining regions are rezsue, in the
range of 0.5 - 2, being on the same magnitude IGPF and steady-state conditions.

1 3 5 7 9 1113 15 17 19 21 23 25 27 1 7 13 19 25 31 37 43 49 55

t [min] t [min] eml em2 em3

------ eml == == Gas (Discharge muffler) o Teeeeeml ‘— — Gas (Discharge muffler)
em2 =+ Gas (near region em2) em2 —— + Gas (near region em2)
13 === em3 — . =Gas (near region em3) 13 | == em3 — - =Gas (near region em3) 13 -

08 - eml em2 em3 Gas Gas (near Gas (near

1 7 13 19 25 31 37 4 4 55 (Discharge  region region
t [min] t [min] muffler) em3) em2)
45 45 2.5
...... em1
35 35 {L ——=em3 I
3+ 3 ‘,
;2-5 ;2'5 cdol b i r =
= 2 = 2 2 g .
: v W =
15 15 oy —
1L ; 1 e lndemanias sivir e pey
e satanemsar e’ [ass ey
0.5 m 0.5
0 s e e L 0 T T T T T T T T
1 3 5 7 9 11 13 15 17 19 21 23 25 27 1 7 13 19 25 31 37 43 49 55
t [min] t [min] eml em2 em3
@) (b) (©)

Figure 9: Electrical motor: Heat flux, temperatures and |dudt transfer coefficients
(a) 12min/15 min; (b) 25min/30 min; (c) steady stat
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3.3 Suction M uffler

The results of heat flux, temperature and locat treasfer coefficients associated with the suctiuffler surfaces
are shown in Figure 10. The measurements of heasfiggest that the electrical motor thermallyratés with the
suction muffler, since the surface sm2 is subjettedigher heat flux than the surface sml. Moreptlegre is a
sudden decrease of heat flux immediately aftercttrepressor is switched off, reaching negative \sal\f¢hen the
compressor is idle (OFF), heat transfer occurs fowards the suction muffler, since the gas teroee is still
higher than the temperature of the muffler wallwdwer, eventually during the idle period the terapare of the
solid surpasses the gas temperature, and heahdspits direction changed. These temperature i@g@tan be
clearly observed in Figure 10, with the exceptidrih@ gas temperature near the region sm2 thdteigaference
temperature for the surface em2.

As the surface and gas temperatures approach e¢heh a sudden increase in the heat transfer coeffiis
observed on the surface sm1. Naturally, this isassbciated with any modification of the flow patten the suction
muffler vicinity, but simply a result of the appidaused to estimate the coefficient, represente8dyation (1).
More representative results for the heat transésfficients in the idle period can be obtained jbefore the
compressor is switched on, h* ~ 1. The heat trangfefficients obtained for the ON period and theady-state
operation are on the same order of magnitude, 038;-compared to those associated with the surdddbe
electrical motor.

1 3 5 7 9 11 13 15 17 19 21 23 25 27 1 7 13 19 25 31 37 43 49 55
t [min] t[min]

= = =« Gas (Suction muffler) = = =« Gas (Suction muffler)
==+ Gas (near region em2) =« Gas (near region em2)

14 b sm1
- == sm2

™[
™[
T[°C)

0.7 0.7
1 3 5 7 9 11 13 15 17 19 21 23 25 27 1 7 13 19 25 31 37 43 49 &S
t [min] t [min]

sml sm2 Gas (near Gas (near
region em3) region em2)

1 3 5 7 9 11 13 15 17 19 21 23 25 27 1 7 13 19 25 31 37 43 49 55
t [min] t[min]

@ (b) (c)
Figure 10: Suction muffler: Heat flux, temperatures and Iduedt transfer coefficients.
(a) 12min/15 min; (b) 25min/30 min; (c) steady stat

Measurements of temperature were also carriedasuhg gas in the suction chamber (sc) depictefigare 11.
This temperature is an important parameter sincesgperheating along the suction path reducesdhmpressor
volumetric and isentropic efficiencies. Figure hdws the temperature of the gas in suction chaihinéng the ON
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period for the two cyclic conditions and the steathte condition. As can be seen, gas superheatings
according to how long the compressor runs befonegbgwitched off. For the 12min/15min ON/OFF coruatit the
non-dimensional temperature in the suction chamdmrhes 0.72, whereas the temperature measuried gtetady-
state condition is 0.78.

) 0.8
Suction
Chamber 0.78 o v o e 0 3~ —a v — = ¢ — - —
Discharge 0.76
Plenum -
074
‘ -
| 0.72 -
p—— s = == sc 12min/15min
0.7 fN----- ‘," ,,,,,,,,,,, s 5C 25min/30min
Suction N\ — - scsteady state
Muffler 0.68

‘ 1 3 5 7 9 11 13 15 17 19 21 23 25
t [min]

Figure 11: Suction chamber. Figure 12: Suction chamber gas temperature.

3.4 Discharge System

Experimental data of temperature, heat flux andllbeat transfer coefficients at the dischargeesystegions are
shown in Figures 13-15 for the steady-state andG@HR/ operating conditions. As can be noted in FigiBethe
cylinder head, dpl, is the component of the digghasystem with the highest temperature, regardiess
compressor operating condition. This is the reafmonthe higher heat flux found at dpl in comparidonthe
locations dm1 and dm2 (Figure 14). It is interestio observe in Figure 15 that h* is about 1 —fdrthe surfaces
dm1l and dm2, which are much smaller than the vadlained at the surfaces dm3 and dm4 (in the r@&ng&2).
Such a difference can be explained by the proximftgach surface in relation to the crankshaftdegicted in
Figure 3. Specific to this type of compressor,diiestored in the sump is taken to the upper gaytthe centrifugal
action of an oil pump that is coupled to the créwalts As the shaft spins, the lubricating oil floiside the pump
by centrifugal action until it reaches the othetremity of the crankshaft. Part of the oil thatvea the crankshaft
impinges against the surfaces dm3 and dm4, incrgdbe heat flux there. The highest heat trandefficient is
found at dm3 because this surface is the closete¢a@rankshaft. On the other hand, the temperatidm4 is
higher than at dm3, and this explains its greatat Hux.

1.8 - 1.8 18
== == Gas (Discharge muffler) = == Gas (Discharge muffler)
A R 17 femeeemmmanea- 17 mmmmmmm e
16 oo === dml 16 doo ===dml S
15 b e dM2 15 | e dm2
18 o mm oo 14 A
13 13

B
12 +-5

11 -

12 4--
11 47,

11--- 1
09 - 09 -

0.8 0.8
1 3 5 7 9 11 13 15 17 19 21 23 25 27 1 7 13 19 25 31 37 43 49 55
t [min] t [min]

0.8 -
dmil dm2 Gas (Discharge
muffler)

1.8 18 18
= Gas (Cover) = Gas (Cover)
17 17 b

16 16 b
15

14

15 frmmmmmemeeeeeooo - R
14 oo - B

13 =
*
= 213 -
12 -3 =
11 1 12 1--J------ - -
14 11 1--J------ - - -
0.9 - 1+ - - -
0.8 — 7T 08 T T T T T T T T 09 - B Bl
1 3 5 7 9 11 13 15 17 19 21 23 25 27 1 7 13 19 25 31 37 43 49 55
t[min] t[min] dm3 dm4 dpl Gas (Cover)
(@) (b) (c)

Figure 13: Temperatures at the discharge system wall: (aibh2l5 min; (b) 25 min/30 min; (c) steady state.
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The heat transfer enhancement mechanism at thecesrim3 and dm4 due the crankshaft spinning stydsteps
when the compressor is switched off (Figures 14X5)d During the idle period, the heat transferficients for all
the compressor surfaces become similar, withimgea.8 — 1.5. This is a further evidence of tifiémce of the
flow of lubricant oil on the heat transfer in thischarge muffler.

1 1 1
=== dml
0.9 0.9 0.9 o
0.8 0.8 +-
0.7 0.7
— 06 _. 06 -
¥ 05 ¥ 05 -
o4 T 04 |-G
0.3 0.3
0.2 +--- 0.2 +
0.1 0.1 +
0 0
1 3 5 7 9 11 13 15 17 19 21 23 25 27 1 7 13 19 25 31 37 43 49 55
t [min] t[min] dm1 dm2
5
...... dm3
o e = = dm4
M Ay —— -dpl
3 et et ]
= fr"ﬁﬁf'jf"ﬁ
72 ijﬂR‘i —————————————————————————
P S ]
L freemcens
1 3 5 7 9 11 13 15 17 19 21 23 25 27
t [min] t[min] dm3 dma dp1
_ (@) | (b) _ _ - ©
Figure 14: Heat flux at the discharge system wall: (a) 12a®mvhin; (b) 25min/30 min; (c) steady state.
3 3 3.0
=== dml
2.5 25 Joommemmmommemoeeoeoeeeeeoeeo l ———dm2 R
2 2 e
2.0 oo
Tis =
=
1]
0.5
0 0
1 3 5 7 9 11 13 15 17 19 21 23 25 27 1 7 13 19 25 31 37 43 49 55
t [min] t[min] dm1 dm2
15 15
12 12
9
= 9
3 =
6 =
6
3 ]
3
0 — T T — T
1 3 5 7 9 11 13 15 17 19 21 23 25 27 o
t[min] dm3 dm4 dpl
(a) (b) (c)

Figure 15: Heat transfer coefficients at the discharge systath
(a) 12 min/15 min; (b) 25 min/30 min; (c) steadgtst

3.5 Comparison of Temperatures and Heat Fluxes between Different Regions

Figure 16 illustrates the temperature differen€e-(T,,) at several components of the compressor at thbccy
condition 25 min/30 min. These measurements sh@ptbsence of different time scales associated théhheat

transfer process in each component. It is intargdth note that the temperature difference betwberdischarge

23%International Compressor Engineering Conferendeuatue, July 11-14, 2016



1373, Page 9

system components and the refrigerant gas is neangtant during the ON period, inducing roughipstant heat
fluxes (Figure 14), and which do not change regmslthe operating condition, as shown in Table thi® surfaces
dml and dpl. On the other hand, the temperatufereiifce between the suction muffler (sm1) surfambthe gas
increases continuously, bringing about an increzsthe heat flux at different operating conditiofisable 1).
Moreover, the temperature difference between thetietal motor (em1) and the refrigerant gas fistreases and
then increases. Such a slight variation do notctsfthe heat flux during the cyclic operation, heven in Table 1.
However, if the compressor is kept under operafiona longer period (i.e. until reaching the steathte
condition), the temperature difference continuegtwease, bringing about a higher heat flux. lvisrthwhile to
note from Table 1 that the average heat fluxedhatsurfaces sm1l and eml are 50% higher in theystatk
condition in comparison to the ON period of the rhih/15 min. This highlights the importance of takimto
account thermal transients in analyses of comprgmsformance.

35

...... eml
30 _,,,.,,.,,,.,,.;!.,,‘,?,’,1 ,,,,,,,,,, sml
25 4o T _ .2:11 Table 1: Average hea_t flux for _gyclic and steady state
o 20 b - T operating conditions.
= \_ M ean heat flux [-]
. 12min/15min  25min/30min  Steady State
ol N eml 0.23 0.23 0.36
L’ \ X sm1 0.39 0.44 0.60
e S, dml 0.38 0.41 0.42
. | dp1 217 1.93 211

1 5 9 13 17 21 25 29 33 37 41 45 49 53
t [min]

Figure 16: Temperature difference at different
components for the 25 min/30 min operating conditio

4. CONCLUSIONS

The present paper reported an experimental in\agiiy of heat transfer in a hermetic reciprocatognpressor
during cyclic and steady-state operating conditidrtee compressor was instrumented with heat flinsses and
thermocouples fitted onto the surfaces of the eacthuffler, electrical motor and discharge syst@ine results
revealed the presence of two levels of heat trarfefficients during the compressor operation:0(§ — 3.5 at
most components and (ii) 7 - 12 at the surfaceoofiponents closest to the crankshaft, brought abgpubrced
convection of lubricant oil and refrigerant gasypded by the crankshaft motion. Furthermore, wentbdifferent
time scales associated with the heat transfer psookeach component, and the heat flux at théosusystem and
electrical motor during the cyclic condition areitqudifferent of those for the steady state conditiThis is an
aspect that should be taken into account in therthilemodeling of compressors.

NOMENCLATURE
h heat transfer coefficient (W/mz2.K) Subscript
h' non-dimensional heat transfer coefficient -) S rfae
q" heat flux (W/im2) shell shell
q” non-dimensional heat flux -) 0 reference
T temperature (°C)
T non-dimensional temperature (=)
em electrical motor =)
dm discharge muffler -)
dp discharge plenum -)
sm suction muffler -)
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