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ABSTRACT

The efficiency and reliability of hermetic recipading compressors adopted for household refrigaratie affected

by the temperature distribution of their componefisnulation models developed to assist the thedwalgn of
compressors require heat transfer coefficientsfferént components, usually estimated from cotrete available

for simplified geometries. However, the geometrigs some components are complex and require more
representative heat transfer coefficients. Thisepggresents experimental results for heat transbefficients
obtained from measurements of heat flux and tentyperan different regions of the suction muffler afsmall
reciprocating compressor under different operatingditions. A least square method was employed b
correlations for local heat transfer coefficientdjich were then compared with estimates given hyetations
available in the literature for simplified geomegi

1. INTRODUCTION

According to Ribas Jr. (2007), the suction gas swgming is responsible for half of the thermodyiatosses
associated with the compression cycle of smallpreciating compressors. Such a superheating isudt kfsheat
sources inside the compressor due to the comprepsizess, electrical motor inneficiency and fdotin bearings.
Many studies have been carried out to better utatatheat transfer between the compressor compriesdescat
et al. (1992), Rigolaet al. (2000) and Ooi (2003) proposed simulation modalsed on lumped formulations to
predict the temperature distribution in recipragcgtcompressors. These models consist in applyirgggrbalances
to control volumes which encompass the compressmponents, with heat transfer being modeled thrduggt
conductances determined from experimental datarglified correlations available in the literature.

Chikurde et al. (2002), Raja (2003) and Biradt al (2006) carried out three-dimensional simulatiafisheat
conduction and fluid flow in compressors using coencial softwares. Although these models allow aemistailed
thermal characterization of the compressor, theytiane-consuming and not viable for optimizatiompmse. Ribas
(2007) and Sanvezzo Jr. and Deschamps (2012) chented this difficulty of computational cost by posing the
so-called hybrid model in which the benefit of soty heat conduction with a three-dimensional formtioh is

maintained, but a lumped formulation is adopted tfog fluid flow domain. The hybrid model developbg

Sanvezzo Jr. and Deschamps (2012) estimates leewtfar at the interface between solid and fluicbulgh

convective heat transfer coefficients obtained fthmliterature.

Heat transfer in reciprocating compressors has laem experimentally investigated (Meyer and Thamp4990;

Kim et al, 2000), adopting thermocouples to measure the destyre of the gas in different locations. By
combining these measurements with energy balarntest transfer rates for compressor components were
determined. Shiva Prasad (1992) carried out insteaaius heat flux measurements in the compressamlstr of a

900 rpm air compressor by employing thin-film h#ak sensors (HFSs), with the main objective oflgriag the
influence of the regenerative heat transfer onstition gas superheating. Recently, Dutra and Resph (2013)
adopted HFSs and thermocouples to measure heattfthe surfaces of components and estimate |@zdlthansfer
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coefficients. The authors carried out measuremiarttse compressor shell, electrical motor, dischasigamber and
suction muffler of a single-speed reciprocating poassor and concluded that the lubricant oil flowagly affects
heat transfer inside the compressor and that & leeat transfer coefficients are almost inserssitd evaporating
and condensing temperatures.

The present paper reports an experimental chaizatien of heat transfer coefficients at differémtations of the
suction muffler of a variable-speed reciprocatimgnpressor. Measurements are carried out for thoegpressor
speeds (1200, 2000 and 4000 rpm) and three paievayiorating and condensing temperatures (-15°Cf40°
-25°C/40°C and -25°C/55°C). Based on such measurene least square method is employed to obtain
correlations for local heat transfer coefficiemshich are then compared with estimates of cori@tatiavailable in
the literature for simplified geometries.

2. EXPERIMENTAL PROCEDURE

2.1 Compressor Instrumentation

The suction muffler considered in this work is casgd by two independent parts, herein called feont back
parts, forming an array of three tubes and two des) as depicted in Figure 1. The refrigerant eygers the
muffler through tube 1, being then released intodhamber 1. The gas is then driven to the chalbgrflowing
in the tube 2. Finally, the gas flows towards thmpression chamber through tube 3.

Chamber 1

Back part Ratamyssine Front part

Figure 1. Suction muffler regions.

Six samples of this suction muffler geometry wemgpbyed in this study. Three of them, named as guwere
instrumented only with thermocouples and the othese, group B, were instrumented with thermocaai@ed
HFSs. Mufflers of group A were instrumented witfreimocouples on their external surfaces (Figurer®) ia
convenient positions along the suction path (Fig@)re

Two HFSs were installed in each sample of suctiarffler of group B, one positioned on the front watid the
other on the back wall (Figure 4). The working pipte of a HFS is based on a self-generated volbageut which
is proportional to the heat flux that crosses #ressr. The relationship between output volt&gend heat fluxg”,
is represented by a linear functiogi’ € E / S), whereSis the sensitivity associated to a specific HFBe HFS
sensitivity is obtained from a calibration procegland its value is usually specified by the marufac. Further
details regarding the HFS working principle areilade in Dutra and Deschamps (2013).

The HFSs have to be carefully fitted onto the surctnuffler walls. Due to the presence of lubricgtwil at high
temperature inside the compressor, an epoxy-adheghe used to attach the HFSs to the surfacesinAayer of
epoxy-adhesive was applied between the HFS anthttifter wall to reduce the contact resistance. This layer
was thoroughly spread all over the HFS surfacepferenting air bubbles from being formed between sénsor
and the wall during the fitting process.
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@) (b)
Figure 2: Thermocouples (fs1 to fs5) located on the (a) famd (b) back surfaces of muffle
of group A.
Chamber 1 Chamber 2
e
—_—
Tube 1 Tube 2 Tube 3
L N 1\ *1
L - | |
Tube 1 Tube 1 Tube 2 Tube 2 Tube 3 Tube 3
inlet outlet inlet outlet inlet outlet
Figure 3: Schematic of the array of tubes and chambers aradidms of thermocouplegroups A
and B).

@) (b)
Figure 4: Thermocouples (fs1, fs3 and fs4) and heat flux@sn@F and TT) on the (i
front and (b) back surfaces mufflers of groug

Four thermocouples were installed inside the cosgmefor measurements of temperature in convepiesitions
near the mufir external surface. Three of them were positiareat the front surface of the muffler to measue
gas temperature (Cil, Ci2 and Ci3). The other tloepuple(tc) was installed onto the surface of the electt
motor that is 2 mm apart from the basurface of the muffler. Figure 5 shows a schematav of the internal
components of the compressor, highlighting thetiooa of the HFSs and thermocoup!

From the temperature measurements in the muff@nity, it was possible to establish thderence temperatures,
T.., to estimate local heat transfer coefficientdhatduction muffler surface

h=—1 )
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whereTs is the surface temperature measured by a thermpteauthe HFS and" is the heat flux measured with
the HFS.

2.1 Experimental Facility

The compressor was tested in a calorimeter fadglitgcially designed to establish and control dfferoperating
conditions. Figure 6 depicts a schematic of thergaketer, which is composed of pipelines, contralves (CV), a
mass flow meter (FM), heat exchangers (HX), a tlreouaple (TC) and pressure transducers (PT). Thepressaor
(C) raises the refrigerant pressure from point ltaipoint 2, which is then cooled by the heat ergea HX1 at
point 3. The refrigerant is then adiabatically tHesl to an intermediate pressure level (point y)neans of a
control valve (CV1). A Coriolis mass flow meter (fFkheasures the mass flow rate of refrigerant befasecooled

again with another heat exchanger (HX2), reachiigtb. A second expansion device (CV2) takes #iggerant

fluid to the evaporating pressure (point 6). Finadin electrical heater (EH1) and a thermocoupfel(Tare used to
adjust the temperature of the compressor suctioe tb the required gas superheating condition {pain

completing the operating cycle.

The first step in experiments is to submit the corapor and the calorimeter pipeline to an adequateium

condition, so as to remove air and humidity. Theercharge of refrigerant is supplied to the systéra,operating
condition is set and the compressor is switched Aomperiod of approximately 4 hours is needed uttiie

compressor achieves a thermal stabilized condituring this process, the control valves in thehhand low
pressure lines are continuously adjusted to estaltfie specified suction and discharge pressursnwi% of the
set points. The compressor is considered to hachesl the steady-state condition when the tempesaau several
locations of the compressor vary less than 1°Cnia loour. After that, samples of local temperature beat flux
measurements are acquired over a period of 15 gsnut

— b4

, EHL 6
TC1 PT1 CV2

TF T
. 4=
(o] Suction o Stator
muffler tc
Ci1, Ci2 FM
Ci3 PT2 CcVi
Motor 2 3 4
HX1
Oil sump

Figure 5: Locations of thermocouples and F
inside the compressor.

Figure 6: Schematic of the calorimeter facility.

3. RESULTSAND DISCUSSIONS

A variable-speed reciprocating compressor operatiitly R600a was selected for the analysis. The ceagpr was
tested under three rotational speeds (1200, 20004800 rpm) and three operating conditions repteseby
different evaporating and condensing temperatured(): A (-15°C, 40°C), B (-25°C, 40°C) and C (-25°G°E),
corresponding to pressure ratiass p/pe = 6.0, 9.1 and 13.3. Considering that six sampfesiction mufflers were
employed in the experimental investigation, a toféb4 tests were carried out, providing mean \&lofelocal heat
transfer coefficients. Such coefficients were mams-dimensional by dividing them by the coefficidmtg
associated with convection heat transfer betweersktell and the calorimeter environment, ie= h/hgne, With
15W.m*K™ < hghey < 30W.N°K ™.
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3.1 Measurements of Heat Transfer Coefficients

Mean values of heat flux and temperature measurezheh surface were adopted to estimate the haasfér
coefficients. The reference temperatdrg, for the front surface was taken as the averagbeofalues indicated by
the thermocouples Cil, Ci2 and Ci3 (Figure 5). mdther hand, the mean value of temperatureseomttor and
muffler back surface was considered as the referémmperature to estimate the heat transfer camffion the
back surface.

Figures 7 and 8 present results of heat transfefficents for the fronths, and back surfaces;, of the suction
muffler as a function of pressure ratio. As cansben, the heat transfer coefficient increases thithcompressor
speed but decreases with the pressure ratio in coostitions. This is an expected behavior sinceirtbeease of
speed or the decrease of pressure ratio provideehipass flow rates for the operating condition84nd C, and,
therefore, an intensification of the convectivethteansfer. It is interesting to note that the heansfer coefficient
on the muffler front surface for the compressorrapeg at 2000 rpm slightly decreases fram 6.0 tor = 9.1 and
then increases as the pressure ratio rises=td 3.3. Such a behavior is not trivial but mayrélated to variation of
the lubricant oil flow path inside the compressor.

‘ —©— 1200 rpm =—&—2000 rpm =—f&— 4000 rpm| | —©—1200 rpm —§—2000 rpm =—#A—4000 rpm

4 4

3 3 A\A_»__A
o o
x x
= = \

e —o o— o )

0 0
5 7 9 11 13 15 5 7 9 11 13 15
n[] n[]
Figure 7: Heat transfer coefficients on the fronFigure 8: Heat transfer coefficients on the back surface
surface of the suction muffler. of the suction muffler.

Heat transfer coefficients for the internal fluidvi through tubes and chambers of the muffler d&mined by
combining measurements of temperature and heatniixthe hypothesis of one-dimensional heat trantfrough
the wall:

~ q"k
k(Tse - Too) —q'L

@)

wherek andL are the thermal conductivity and thickness ofghetion muffler wallT, is the mean temperature of
the external surface afiy, is the mean temperature of the gas in the compameter analysis (tube or chamber).

Tubes 1 and 2 are connected to the back and fuofatces of the muffler, respectively, as showniguFe 1. Hence,
heat flux measurements on these surfaces are aigstitnate the local heat transfer coefficiehtdpr tubes 1 and
2. This is certainly an approximation that will berified in future work via energy balance and meesients of
temperatures at the inlet and outlet of each tlihe.heat transfer coefficient is not evaluatedtfiertube 3 because
a considerable part of this tube is in contact wiith components of the cylinder head. Therefore hypothesis of
one-dimensional heat transfer would not be applécad tube 3. Figures 9 and 10 show the resultoadl heat
transfer coefficientsh', for the tubes 1 and 2, respectively. Althoughhsheat transfer coefficients are higher than
those associated with the muffler external surfatiesir variations with compressor speed and presgatio are
similar.

The determination of the heat transfer coefficieims the chambers followed a different procedurace the
temperature inside them is affected by heat flukesugh the front and back surfaces. Thus, a maare\of these
heat fluxes was used to calculate the local heatfer coefficients of both chambers, shown in FEgull and 12.
The values oh” for chamber 1 present the same levels and treodpared with those measured in the tubes.
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However, the values ofi’ for chamber 2 are higher than those observed fiamber 1 and show no clear
relationship with both the pressure ratio and tbmgressor speed. This is arguably related to thee momplex
geometry of chamber 2, which gives rise to largércelating flow regions inside the chamber that keiss sensitive
to the mass flow rate. Numerical simulations cagdist clarifying this issue.

‘ —©— 1200 rpm —8—2000 rpm —#&—4000 rpm

12 —=©— 1200 rpm =f=2000 rpm =f&=4000 rpm

10 10

hy* []
ho* []

j?\’\;':g Joe—_—

5 7 9 1 13 15
5 7 9 11 13 15
n[]

n[]
Figure 9: Heat transfer coefficients for tube 1. Figure 10: Heat transfer coefficients for tube 2.

14 14

" | —©— 1200 rpm —&—2000 rpm —&—4000 rpm 12
10 10

8

. E\a:g )
5 7 9 11 13 15

5 7 9 11 13 15
n [-] n[]
Figure 11: Heat transfer coefficients for chamber 1. Figure 12: Heat transfer coefficients for chamber 2.

he>* [-]

‘ —@— 1200 rpm —&—2000 rpm —A— 4000 rpm

3.2Heat Transfer Correlations
Heat transfer correlations for the suction mufftee usually expressed through the Nusselt nuniaer,as a
function of the Reynolds number, Re, and Prandthlmer, Pr, as defined in Equation (3):

hD VD
ks ke =—-

v

wherev, a, k; are the kinematic viscosity, thermal diffusivity cathermal conductivity of the refrigerant gas,

respectivelyV is the characteristic velocity addlis the characteristic length of the phenomenore Phandtl
number was found to have a small effect on the &lussimber for the range of operating conditiorstete in our
study and, hence, was not included in the heatstearcorrelation. Modified expressions for the Nassand

Reynolds numbers can be written by dividing theigioal expressions by the characteristic length,

Re V _ Nu h

3.2.1 External surface: The Reynolds number forekiernal surfaces of the suction muffler was dated by
adopting the crankshaft tangential velocity asdharacteristic velocityl/, since its rotational motion promotes the
gas flow inside the shell, and as a consequenoandrthe suction muffler. The Nusselt number waisnesed for
each operating condition by averaging the heasfearcoefficients measured on the front and bactases. Fluid
properties were evaluated by using the film temipeea

23%International Compressor Engineering Conferendeuadue, July 11-14, 2016
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Reynolds and Nusselt numbeRe* andNu*, as a function of the compressor speed and peesgatio are shown in
Figures 13 and 14. Both parameters are seen teaserwith the compressor speed. The Reynolds number
dependence on compressor speed is directly refatdte crankshaft tangential velocity. Moreoveg thcrease of

the crankshaft tangential velocity intensifies flteav of gas and oil inside the compressor sheltyéasing heat
transfer and the Nusselt number. On the other hboth parameters are found to increase as theypeesatio
decreases. Actually, this dependence on pressticeisaassociated with the evaporating pressurealse both
Reynolds and Nusselt numbers varyrasioves from 6.0 (-15°C/40°C) to 9.1 (-25°C/40°Q)t bemain roughly
constant whem changes from 9.1 to 13.3 (-25°C/55°C). In facg ttensity of the gas in the suction muffler
increases with the evaporating pressure, and heoasing the Reynolds number and Nusselt number.

Experimental data and two correlations for the Mlissumber as a function of the Reynolds numbershmvn in
Figure 15. Measurements are presented with unogrthars corresponding to a 95% confidence interdkeast
square method was employed to fit a logarithm fioncto these measurements:

Nu* = 9.56 x 102 In(Re*) — 1.06 x 10* (5)

which is valid for 2x18<Re*<10°. The determination coefficient,’Ris 0.94, indicating that the fitted curve is
reasonably correlated with the experimental data.the purpose of comparison, the curve associaitd heat
transfer correlation for the flow past a sphere ifdKer, 1972) is also shown in Figure 15. The gagdeement
observed between both correlations suggests tbatralation for sphere could be used to estimass tiensfer on
the external surfaces of suction mufflers.

120 4000
% —6—1200 rpm o
100 —8-2000 rpm —8—2000 rpm
—&— 4000 rpm 3000 4 & 4000 rpm
80 5 5\1\‘
E 60 A *E‘ 2000 | n__‘_\_‘_n_
* > —
2l T~ ? - =
\_ —a 1000 ©
20 4 o
(1] T r T T T T T T o T T T T T T T T
5 6 7 8 9 10 11 12 13 14 5 6 7 8 9 10 11 12 13 14
n[] n[]
Figure 13: Reynolds number for the external surfadéigure 14: Nusselt number for the external surface of the
of the suction muffler. suction muffler.
4000

3000 A

-
-
-
-
-
-
-

2000 4

Nu* [m-1]

1000 | ¢  Experimental Results

Proposed Correlation

=== Whitaker Correlation

T T T T T
o 2 4 6 8 10 12

Re* [ml] %105
Figure 15: Comparison between correlations at the external
surface.

3.2.2 Tubes: The characteristic veloditjecessary to define the Reynolds number is oltdioen the mass flow
rate,r, the tube diameteR), and the gas density in the tupe(V= 4m/prD?). Nusselt numbers are evaluated from
the heat transfer coefficients presented in Fig@raad 10.
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Figure 16 shows experimental data for Nusselt nurabea function of the Reynolds number for tubasd 2 As
expected, the Nusselt number increases with thedtéy number for both tubes. Moreover, the resadéssimilar
for tube 1 and 2, especially for low Reynolds nursb@ heat transfer correlation for the flow in thection muffler
tubes is proposed by the following logarithm expies.

Nu* = 2.46 x 103 In(Re*) — 3.12 x 10* (6)

for a range of 5x1% Re* < 3.5x10. Figure 17 shows the fitted curve’tR0.85), with a maximum deviation of 34%
between measurements and values given by the atorel Figure 17 shows a comparison between the
experimental data and estimates for Nusselt numnbiéye tubes 1 and 2, given by Equation (6) andctireelations

for tubes developed by Dittus and Boelter (1930 @mielinski (1976). There is a good agreement betwthe
three correlations fake* <1.8x10. In the situations of high Reynolds numbers, théneates from the literature
correlations overpredict the heat transfer in thees.

10000
9000

#1200 pm Tube 1
© 1200 pm Tube 2

W 2000 pm Tube 1
02000 pm Tube 2

A4000 rpm Tube 1 >

-
4000 pm Tube 2 < “Ts2 R
Proposad Carrelation -

Tube 1

=== Dittus-B:

Nu*[m]
Nu* [m-]

3000 4
2000 4
1000

o

1]

5000 A@D
5w
Re* Im1] 108 Re ] a0

8000 4
7000 4
6000 %
4000
5 2 » w0 s 4 T s ® B ™ » w  ®
Figure 16: Nusselt number for tubes 1 and 2 as Figure 17: Comparison between estimates for Nusselt
function of Reynolds number. number given by different correlations for tubes.

3.2.3 Chambers: The specification of the chareatiervelocityV in the chambers is a difficult task, due to thonfl
geometry complexity. For chamber 1, a hydraulieraiter was defined by using the perimeter of thentdex cross-
sectional area immediately after the outlet of ttb&or chamber 2, the distance between the onftletbe 2 and
the bottom surface of chamber 2 (Figure 1) was tibps the hydraulic diameter. The characteristloaity was
then evaluated d&= 4m/pnD,’. The Nusselt numbers are assessed from the la@afdr coefficients presented in
Figures 11 and 12.

Figure 18 shows values of Nusselt number for diffierReynolds numbers in chambers 1 and 2. Thetseful
chamber 1 are similar to those observed in thestuDa the other hand, as a consequence of thésasidwn in
Figure 12, there is no clear relationship betw®ah andRe* for chamber 2.

7000

——Proposed Carrelation

©1200 rpm Chamber 1 0 2000 pm Chamber 1 A4000 pm Chamber 1 R'=0,88
14000 6000
® 1200 rpm Chamber 2 ® 2000 rpm Chamber 2 A4000 pm Chamber 2
12000 5000
< 10000 =
e 4000
o 8000 =
3 3000
Z 6000 z
o % % 2000
% {5t © Chamber1
2000 4
10

20 30 40 50 60 70 0 5 10 15 20 25 30 35
x10°

0

Re* [m?] x10°

Figure 18: Nusseltnumber for chambers 1 and 2.

Re* [mr]

Figure 19: Nusselt correlation for chamber 1.

Since no variation was observed for the Nusseltbmrnin the chamber 2 for different Reynolds numbparkeat
transfer correlation is only proposed for chamher 1

Nu* = 1.47 x 10%In(Re*) — 1.69 x 10* 7
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considering 5x10< Re* < 3.2x10. As observed in Figure 19, reasonable fitting welsieved (R = 0.88) and the
maximum deviation between the experimental datacanclation is about 27%.

4. CONCLUSIONS

An experimental study of heat transfer in the surctnuffler of a variable-speed hermetic recipromtompressor
was carried out. Measurements of temperature aatifux were carried out in different locations tbe suction
muffler. Heat transfer coefficients were obtainedni such measurements at the external surfaceeo$uhbtion

muffler as well as in internal tubes and chambkeosal heat transfer coefficients were found to éase with the
compressor speed and evaporating pressure forahts¢ suction muffler regions. Heat transfer clatiens were
developed based on the measurements and compatethese available in the literature for simplifigdometries.
The correlation proposed herein for heat transferttee external surface of the suction muffler wasgbod

agreement with that obtained by Whitaker (1972)Heat transfer of flow past a sphere. For the soatuffler

tubes, the classical correlations of Dittus andl@o€1930) and Gnielinski (1976) were found tosaaably predict
heat transfer for low Reynolds numbers.

NOMENCLATURE

D characteristic length (m) P evaporating pressure (Pa)
Dy, hydraulic diameter (m) q" heat flux (W.n¥)
h heat transfer coefficient (W AK™) Re Reynolds number )
h* non-dimensional heat transfer(-) Re* modified Reynolds number (M

coefficient
Ngphen heat transfer coefficient at the (W.m?.K™) Ts surface temperature (K)

compressor shell
k muffler thermal conductivity (W.FhK™) T, reference temperature (K)
ks gas thermal conductivity (WHK™ \Y characteristic flow velocity (m3y
L muffler wall thickness (m) o thermal diffusivity (M.sh
1 mass flow rate (kg v gas kinematic viscosity (7Y
Nu Nusselt number ) T pressure ratio O]
Nu* modified Nusseld number (M P gas density (kg.i)
Pc condensing pressure (Pa)
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