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Abstract. In reciprocating compressors adopted for household refrigeration, the compression process generates a
considerable amount of heat inside the compressor, increasing suction superheating and reducing the compressor
efficiency. Several attempts have been made to provide a better account of compressor superheating, but such thermal
analysis is very difficult due to the complex geometry, which does not allow simple modeling approaches. Moreover,
the lubricating oil inside the compressor also takes part in the heat transfer process. The present paper reports
temperature and heat flux measurements in several regions inside the compressor. A small reciprocating compressor
operating with R134a was selected for the analysis, with operating conditions represented by two pairs of evaporation
and condensation temperatures (-23.3°C/40.5°C; -10.0°C/90.0°C). The study also provides a clear evidence of the role
played by the lubricating oil on the compressor heat rejection and the influence of the suction system on the heat
transfer in the electric motor.
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1. INTRODUCTION

The overall efficiency of a compressor can be understood as being the result of three aspects: i) electrical efficiency,
associated with the driving motor and its start up auxiliary device; ii) mechanical efficiency, related to the bearing
system; iii) thermodynamic efficiency, due to irreversibilities in the suction, compression and discharge processes. A
simple analysis of current efficiency levels of state-of-art household reciprocating compressors indicates an electric
efficiency around 88%. The use of synchronous motors could increase even more this efficiency but, however, such
alternatives sometimes are not adopted because of cost issues. Concerning the mechanical system, the efficiency levels
are also quite high and can reach levels of up to 92%. It should be mentioned that linear compressors and variable speed
compressors running at lower speeds can offer even higher mechanical efficiencies.

The thermodynamic efficiency is much lower and usually between 80 and 83%. Therefore, it is clear that future
improvements in the compressor efficiency will very likely be associated with the reduction of thermodynamic losses.
Ribas Jr. et al. (2008) presented the sources of thermodynamic inefficiency in a high-efficiency compressor with a
capacity of 900 BTU/h (ASHRAE / LBP) operating with R134a. They showed that approximately 47% of the
thermodynamic losses is originated in the suction and discharge processes, due to viscous losses in the vapor path from
the suction line to the cylinder and from the cylinder to the discharge line, respectively. Much effort has been directed
to reduce the energy losses in the suction and discharge systems, mainly by decreasing flow restrictions. On the other
hand, the compressor performance is quite affected by its thermal profile due to the suction gas superheating and its
contribution to the overall compressor thermodynamic loss is 49%. Superheating is associated with heat generated and
released inside the compressor, such as in the compression process and by irreversibilities of the electric motor. This
useless superheating provokes an increase in compression work per unit mass and a reduction in volumetric efficiency,
since the lower is the gas density in the suction chamber the worse will be the volumetric efficiency.

Superheating losses are affected by many factors, which can interact among themselves in a nontrivial manner. For
instance, the gas heating in the suction process can take place at the muffler walls that are warmed by the gas inside the
compressor shell. Yet, the temperature of the gas inside the compressor shell is a result of heat being dissipated by hot
sources, such as the gas discharge tube, and through the shell wall to the external ambient. Furthermore, in addition of
being a lubricating agent for bearings the oil inside the compressor also acts to directly transfer heat from the
compressor kit to the shell. As shown in Fig. 1, in the reciprocating compressor selected for the present analysis, the
lubricating oil, stored in the sump, is collected by an oil pump, which is coupled to the crankshaft. As the shaft spins,
the lubricating oil flows inside the pump by centrifugal action until it reaches the other extremity, leaving the crankshaft
as a jet. The oil jet impinges against the shell upper surface, referred to as cover in this paper. Then, a portion of oil
returns to the sump by flowing over the kit and other portion flows as an oil film along the shell sidewall.

A detailed thermal analysis of the suction system can lead to a considerable improvement in its performance, mainly
through the reduction of gas superheating. However, a detailed knowledge about thermal interaction among the
compressor components is required before one can propose alternatives to improve the compressor performance. An
excellent review of research on this subject up to 1998 has been presented by Shiva Prasad (1998), including an account
about major developments of theoretical, numerical and experimental methodologies. The author pointed out that much
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progress was still required to understand the heat transfer phenomenon in compressors, as well as to develop numerical
models and experimental methodologies to accommodate this aspect in the compressor design. He concluded that heat
transfer in reciprocating compressors is perceived as a technology issue aimed at developing new materials for
improving the compressor reliability rather than its energy efficiency.

A great number of papers in literature are concerned with numerical models to predict heat transfer in reciprocating
compressors. Some of such models (Todescat et al., 1992; Ooi, 2003) are based on integral formulations, in which the
compressor domain is divided into control volumes. By applying mass and energy balances to each one of the control
volumes, the thermal profile of the compressor is obtained. Other studies are based on differential formulation for the
entire domain, including heat transfer in the compressor components and in the gas, but with a high computational cost
(Raja et al., 2003). Finally, a third group of methodologies (Almbauer et al., 2006; Ribas Jr., 2007) combine integral
and differential formulation to form the so called hybrid model. Recently, Pizarro-Recabarren (2007) developed a
numerical model to evaluate the influence of the lubricating oil on the compressor thermal profile.
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Figure 1. Schematic 3D view of a typical reciprocating compressor.

Heat transfer in reciprocating compressors has also been reported through experimental works. Meyer and
Thompson (1990) and (Kim et al., 2000) adopted thermocouples to measure the gas temperature in different
components inside the compressor. Then, by applying energy balances, the heat transfer process through the component
wall is characterized by the concept of an equivalent thermal conductance (UA). Shiva Prasad (1992) carried out
measurements of instantaneous temperature and heat flux at several parts of the compression chamber of a 900 rpm
reciprocating air compressor. The major aim of the research conducted by Shiva Prasad (1992) was to verify the
influence of the regenerative heat transfer on the compressor capacity. Dutra and Deschamps (2009) developed a
combined experimental and numerical study to characterize heat transfer at the shell internal and external surfaces of a
hermetic reciprocating compressor adopted for household refrigeration, under actual operating conditions.
Measurements of heat flux were carried out in several regions of the shell surface and validated through energy
balances and numerical simulation. The results indicated the lubricating oil is an important agent in the heat transfer
process.

The present paper reports an experimental investigation aimed at characterizing heat transfer on the electric motor
and on the external surface of the compression chamber of a household reciprocating compressor, under two operating
conditions. Additionally, the effect of the lubricating oil on the heat transfer on the compressor shell is also assessed.

2. EXPERIMENTAL PROCEDURE

The working principle of a HFS consists on a self-generated voltage output proportional to a heat flux excitation.
Such a voltage signal (E) derives from a temperature difference (A7) across the HFS thickness, which is captured by a
thermocouple serial association (E = N Sy A7), being N and St the number of thermocouple junctions and the
thermoelectric sensitivity of the materials, respectively. On the other hand, the one-dimensional steady-state heat flux
perpendicular to the HFS surfaces, ¢ 7, depends on the HFS thermal conductivity, k, on the HFS thickness, t, and on the
temperature difference between its surfaces (¢” = k 4T / t). Then, by combining the aforementioned equations, one
obtains a linear relation between heat flux and voltage output (¢” = E / S), where S (= N St t / k) is the sensitivity
associated to a HFS. The value of S, which is provided by the sensor manufacturer with an accuracy of 5%, can also be
obtained from a calibration procedure. In the present work, some HFS’s were calibrated and, because no difference
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higher than 10% was observed in relation to the values of S specified by the manufacturer, the supplied values were
considered in the measurements.

The surfaces of the electric motor and compression chamber were divided into four regions, as shown in Figs. 2 and
3, and in each region a HFS was assembled. Great part of the HFSs employed in the present study was provided with a
thermocouple to measure its surface temperature. The instrumentation of HFSs on the compressor internal components
is not trivial. Due to the high temperature levels and the lubricating oil flow, sensors must be well fixed. In this respect,
an epoxy-adhesive was necessary to attach the HFS to the surfaces and their wires carefully positioned inside the
compressor, so as to minimize changes in the lubricating oil flow path, as illustrated in Fig. 4. This is a quite relevant
aspect, because the lubricating oil sensibly affects the heat transfer process inside the compressor and amplifies the heat
deliver to the external ambient. The flow of oil in the compressor is promoted by a pump, which collects oil stored in
the sump and, by centrifugal action, takes it to the upper parts of the compressor shell (Fig. 1).

Several thermocouples were also instrumented in the compressor internal ambient, in order to establish a suitable
reference temperature, T, to estimate the local heat transfer coefficient, h,, in each region, i.e.:

he = —3 (1)

where Ts is the sensor surface temperature. It should be mentioned that in most regions inside the compressor there is a
thin film of oil covering the surface (Fig. 4). Therefore, since the reference temperature, T, is measured in the gas, the
heat transfer coefficient h should concern to a global heat transfer coefficient indeed. For the shell external surface there
is no such an issue and the heat transfer coefficient is referenced to the external air temperature.

ccl cc2 cc3 cch

Figure 3. Measurement regions on the compression chamber.
3. RESULTS

A 60Hz small reciprocating compressor operating with R134a was selected for the analysis, being submitted to two
operating conditions, represented by two pairs of evaporation and condensation temperatures: (-23.3°C/40.5°C) and
(-10.0°C/90.0°C). A calorimeter facility, built according to parameters established by standards, was employed to test
the compressor. The uncertainties associated with measurements taken with the calorimeter are lower than +2% for
mass flow rate and power consumption. Additional details of the experimental facility are described in (Dutra, 2008).
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The compressor was tested five times for each operating condition. Results for heat flux, temperature and heat transfer
coefficient are presented with an uncertainty bar corresponding to a 95% confidence interval.

3.1. Validation of experimental results

The shell internal surface of the compressor shell was divided into eleven regions, whereas ten regions were adopted
for the external surface, and in each region a HFS was assembled. The heat transfer rate rejected through the
compressor shell, @, can be calculated by summing up contributions of local heat flux measured in each of the regions
in the internal and external surfaces. Thus,

q:_ilq"i A )
1=

where g;" is the local heat flux on the i-nth region of the shell surface with an area equal to A;. Values of A; needed in
equation (2) are obtained from a CAD model. On the other hand, the heat rejected through the shell, J,, can also be
estimated from an energy balance applied to the compressor itself:

Wc = m(hd —hs )+ Qc 3)

where W, is the compressor power consumption, m is the refrigerant mass flow rate and hy and hy are the refrigerant
specific enthalpies at the suction and discharge lines, respectively. The power consumption is measured with a power meter
and the specific enthalpies are determined from measurements of temperature and pressure at the corresponding suction or
discharge line. According to Fig. 5, there is reasonable agreement between results for @, obtained from measurements,
equation (2), and from the energy balance, equation (3). The greater deviation is regarded for the value measured at external
surface, which is approximately 15% higher than that given by the energy balance. Despite some differences observed
between local heat fluxes on the external and internal surfaces of the shell, one notices that the heat flux levels on external
surface are also increased when condition -23.3°C/40.5°C is changed to -10.0°C/90.0°C.
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Figure 4. Lubricating oil film on the internal Figure 5. Heat transfer rate at the compressor shell for different
surface of the compressor shell. operation conditions.

3.2. Heat transfer at the electric motor and compression chamber surfaces

Regarding the electric motor, Figs. 6 and 7 indicate that region em1 presents the higher heat flux level and the lower
surface temperature among the four surfaces analyzed. This can be explained by the proximity of this region to the
suction muffler, where the lowest temperature is found inside the compressor. The remaining surfaces of the electric
motor present nearly uniform heat flux and temperature profile. Figure 7(b) shows the local heat transfer coefficients
which are roughly the same for the four regions. A high level of measurement uncertainties are seen for the heat transfer
coefficient, mainly for region em3. This is caused by the low temperature difference between the solid surface and the
refrigerant gas in the internal ambient, which has the same magnitude of the temperature sensor uncertainty
(approximately 2°C). In the same way as shown for the compressor shell, when the operating condition is changed to
-10.0°C/90.0°C there is also an increase of heat flux in the electric motor, which is specially noticed on region em1
(increase of 70%). Moreover, one can verify that the increase of heat flux for region eml is linked to the increase of
temperature difference.
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Figure 6. Measurements at the electric motor surface: (a) heat flux; (b) heat transfer coefficients.
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Figure 7. Difference between the temperatures in the fluid and on the electric motor surface:
(a) -23.3°C/40.5°C; (b) -10.0°C/90.0°C.

By examining Fig. 8(a), one can notice that the highest heat flux at the compression chamber is found at region cc4,
which is about three times greater than the heat flux at region ccl. Such a high heat flux is related to the rotational
movement of the crankshaft that increases the gas velocity next to surface cc4 and also spatters oil droplets against the
same surface. This conclusion is supported by results for convective heat transfer coefficients shown in Fig. 8(b), where
the highest coefficient is verified for surface cc4.

As the operating condition is changed to -10.0°C/90.0°C, heat flux is increased at all four surfaces of the
component, with the surface cc4 maintaining the highest level. As can be seen in Figs. 8(c) and 8(d), the rise of heat
flux is associated with a small increase of temperature difference between the compression chamber surface and the gas.

The surface cc3 displays a quite distinct behavior in relation to the other surfaces, since virtually no variation in the
heat flux and surface temperature is observed as the operating condition is changed. Fig. 9 shows that the temperature of
surface cc3 is higher than that measured with the thermocouple to characterize the other surfaces. Considering that the
communicating pipe that connects the discharge chamber to the discharge muffler is very close to the surface cc3 (Fig.
10), the temperature at the surface cc3 can be estimated to be about 3°C higher than the measured value. Therefore, the
heat transfer coefficient at region cc3 is possibly even lower than the experimental data of Fig. 8(b). The region in
which surface cc3 is located makes it difficult gas motion, besides being inaccessible for the lubricating oil flow.

3.3. Effect of lubricating oil on heat transfer

A baffle was carefully installed close to the top of the crankshaft, in order to block the lubricating oil flow and,
therefore, avoiding the oil from reaching the upper and side shell internal surfaces. This allows the evaluation of the
effect of the lubricating oil flow on the shell heat transfer. Fig. 11 shows the baffle installed on the compressor
crankcase. Local heat flux and temperatures were measured with and without (standard condition) the baffle. A
comparison between measurements for both operating conditions is presented in Fig. 12, with results for temperature (a)
and heat flux (b) at several positions of the compressor shell internal surface.
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Figure 8. Measurements at the compression chamber: (2) heat flux; (b) heat transfer coefficients.
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Figure 9. Difference between the temperatures in the fluid and on the compression chamber:
(a) -23.3°C/40.5°C; (b) -10.0°C/90.0°C.

From Fig. 12, one can notice high flux levels at the border of the shell cover (i9, i10, i11) and at region i6. After leaving
the pump, the oil hits against the cover surface, forming an impinging jet in the form of volute that enhances heat transfer in
that regions. Figure 8(b) depicts higher values of heat transfer coefficients on surfaces i9, i10 and i6, confirming the
previously mentioned oil effect. The heat transfer coefficient was not evaluated at region i1l because the HFS had no
capability for temperature measurement. It is noticed that when the compressor operating condition is changed from
-23.3°C/40.5°C to -10.0°C/90.0°C, the levels of heat transfer and temperature also increase.

It can be clearly seen that the absence of lubricating oil flow on the upper surface (i8, i9, i10 and i11) and on the side
surface (i1, i2, i3 and i4) provides a reduction of heat flux and temperature, especially on the upper surface. One
exception of this behavior is the surface of region i1, where there is an increase in the heat flux when the lubricating oil
flow is blocked by the baffle. In the upper surface, the presence of the baffle brings about a reduction of 50% in the heat
flux and a decrease of more than 10°C in the temperature levels. On the other hand, at the bottom surface (i5) the heat
flux and temperature are increased. The baffle avoids the oil jet from impinging against the upper surfaces of the shell
and, therefore, from flowing as a film over the side surfaces. Thus, in this situation the lubricating oil returns to the
sump by flowing over the compressor Kit.

A comparative analysis of the heat transfer distribution among the upper (cover), side and bottom (sump) surfaces of
the shell was carried out considering the standard and the baffle test conditions. It was found that for the standard
situation (without baffle), the upper surface contributes 37% of the total heat rejection, whereas the bottom surface (oil
sump) is responsible for only 14% of the total heat loss. When the baffle is installed, the lubricating oil does not interact
with the upper surfaces and its contribution to the heat loss decreases to 23%. Since the oil returns to the sump with a
higher temperature than that for the standard condition, the heat loss of the bottom surface increases from 14% to 30%
of the total heat. In these situations, the heat loss through the side wall is virtually the same, with 49% for the standard
configuration and 47% with the presence of a baffle.

Besides affecting the heat transfer distribution among different regions of the shell, the lubricating oil affects the
total heat loss through the shell. Accordingly, the compressor rejects 87W to the external environment for the standard
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condition and 78W (10% lower) when the baffle is assembled. Due to this heat loss reduction, the discharge
temperature increases from 89.1°C to 94.6°C (6% higher).
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Figure 12. Influence of lubricating oil on (a) temperature and (b) heat flux at the
internal surface of the compressor shell.

4. CONCLUSIONS

This paper reported an experimental investigation of heat transfer at the surfaces of the electric motor and compression
chamber of a small reciprocating compressor. To this purpose, heat flux sensors and thermocouples were employed,
allowing the local characterization of heat transfer in several regions of each compressor component. The results have shown
the influence of the suction system on the electric motor heat transfer and the action of the crankshaft mechanism on the heat
transfer enhancement at the external surface of the compression chamber. Additionally, it was observed that the lubricating
oil flow considerably affects the total heat loss through the shell and the heat transfer distribution among upper, side and
bottom regions of the compressor shell surface.
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