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ABSTRACT
Previous research indicates that a scroll compressor with multiple vapor injection ports has the potential to
significantly improve the energy efficiency and heating capacity of vapor compression heat pumps, particularly at
low outdoor temperatures. Based on a tradeoff between cost and benefit, a dual-port vapor injected compressor
prototype was chosen for testing to provide experimental validation of the efficiency benefits. The overall
performance of a heat pump system employing the compressor prototype was analyzed. Coupling the compressor
testing results with a three-stage expansion vapor injection flash tank cycle model, the operating injection pressures
were determined for different working conditions. The results showed that injection pressures and corresponding
injected mass flow rates decreased with an increase of ratio of discharge to suction pressure. Comparing the COP of
the vapor injection cycle with a baseline cycle, the improvement in COP increased with an increase of the pressure
ratio and was 19% for cold climate heating conditions with an evaporating temperature of -30°C and a condensing
temperature of 43.3°C.

1. INTRODUCTION
In order to reduce energy consumption by air-conditioning and heat pump systems in residential and mobile
applications, a significant amount of research is constantly being conducted to improve related key components, e.g.
compressor, heat exchanger, fan as well as to explore potential novel and efficient approaches to increase cycle
efficiency, such as the vapor injection cycle (Wang et al., 2009; Heo et al., 2010), ejector cycle (Li et al., 2005), and
flash gas bypass cycle (Tuo et al., 2011).
Energy efficiency and capacity decrease dramatically for heat pump or refrigeration systems at low evaporating
temperatures or high condensing temperatures. A heat pump system operating in a cold climate work will have a
high pressure ratio and a high discharge temperature, which leads to low compressor efficiency, low mass flow rate,
high specific work and potentially shorter compressor life. As a result, low ambient temperatures lead to low
coefficient of performance (COP) or energy efficiency ratio (EER) and low heating capacity for heat pumps.
To increase COP for cold climates, a number of modifications have been proposed for the vapor compression cycle,
including refrigeration injection for scroll compressors. Saturated vapor injection is based on the concept of
intercooling or economization in multi-stage compression cycles, but eliminates the need for multiple compressors.
Vapor separated from a two-phase mixture at an intermediate pressure in a flash tank (FT) or from an intermediate
heat exchanger (IHX) is injected into a working pocket of the scroll compressor and mixed with the partially
compressed vapor.
In this study, a prototype compressor with two injection ports was tested at cold climate conditions in order to
provide data to validate the injected scroll compressor model developed in Song (2013). In order to evaluate
performance benefits relative to a conventional baseline system, a simple cycle model was developed that couples
with an empirical compressor model trained using the experimental data.

2. LITERATURE REVIEW
A number of researchers have investigated refrigerant injection as a means of improving cycle performance. Ayub
et al. (1992) used thermodynamic analysis and experimental testing to investigate the possible effects of liquid
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injection on compressor capacity, efficiency, and internal temperature. They found that liquid injection lowered
lower the
discharge temperature significantly and pointed out that the results were not that sensitive to the injection location.
Winandy and Lebrun (2002) developed a system model for vapor injection using an internal heat exchanger (IHX)
economization and validated it through experiments.
experiments They found that an increase of the injected mass flow rate
brought about an increase of system coolin
coolingg capacity when the evaporating temperature and air-side
air
temperature
entering the condenser were kept constant. Compared with that of single-phase
single phase vapor, the injection of two-phase
two
refrigerant drawn from a capillary tube at the condenser exit has more rema
remarkable
rkable effect on compressor discharge
temperature. Bertsch and Groll (2008) investigated the performance of a cold-climate
climate heat pump in heating mode
through theoretical and experimental evaluation of economization and demonstrated the potential to reduce power
p
consumption. Torrella et al. (2009) also studied IHX economization and found that the COP was approximately 20%
greater than a baseline cycle using R-404A.
R 404A. Cho et al. (2009) performed similar tests on a transcritical carbon
dioxide cycle and obtained a 16.5% increase in COP and a 5°C - 7°C decrease in compressor discharge temperature
with vapor injection. Wang et al. (2009) used a vapor
vapor-injected
injected scroll compressor to perform experiments with both
flash tank and IHX economization. The two modifications provided
provided similar performance improvements, increasing
the capacity by 15% and the COP by 4% in cooling mode, and increasing the capacity by 33% and the COP by 23%
in heating mode. Jung et al. (1999) used a model to show that three-stage
stage compression with two economizers
provides significant improvement in COP compared to two-stage compression with one economizer. However,
introducing additional compressor staging increases the cost and complexity of both the compressor and the overall
cycle. Vapor injection
on with economizing is thought to be a more cost effective approach. Mathison et al. (2011)
(
used modeling to evaluate the performance limits for vapor injection with economizing and found that much of the
benefit can be achieved with injection at two pressure
pressure levels within the compressor. The purpose of the current
paper is to use experimental results to demonstrate the benefits of vapor injection at two intermediate pressures.

3. EXPERIMENTAL
XPERIMENTAL FACILITY AND MEASUREMENTS
3.1 Test facility
To evaluate the benefits of vapor injection, a dual
dual-port
port vapor injected R410A scroll compressor was installed in an
a
existing hot gas bypass test stand depicted schematically in Figure 1. The pressure-enthalpy
enthalpy plot for the hot-gas
hot
bypass stand is shown in Figure 2. After compression from low pressure at state point 1 to high pressure at state
point 2, the gas at discharge is throttled through a discharge valve to an intermediate pressure at state point 3. Then,
Then
the flow is divided into two streams. One stream is further throttled with a bypass valve to suction pressure at state
point 6. The other stream passes through the condenser to state point 4, is expanded to suction pressure at state point
5, and then is mixed with the gas at state point 6 to reach the desired suction condition at state point 1 entering the
compressor. The hot gas bypass load stand does not require an evaporator and the condensing pressure remains
relatively constant at a value that depends primarily on the condenser water inlet temperature.

Figure 1: Schematic of a simplified hot gas bypass stand

Figure 2; P-hh plot for the hot-gas
hot
bypass stand

To realize the objective of vapor injection, some modifications were made to the basic hot gas bypass test stand.
Additional branches were added for two injection lines as shown in the schematic of Figure
Fig
3. In this modified test
stand, the compressor discharge gas is throttled and cooled before delivery to the compressor injection ports.
port Each
injection line has an adjustable metering valve that can control the intermediate pressure and injected mass flow rate.
Heat exchangers are located after the valves to cool the superheated vapor at the injection pressures to be near a
saturated vapor condition. For the higher
higher-pressure injection line, tap water is used directly to supply cooling while a
chiller is used to provide cooling water for the lower-pressure
pressure injection line. Two Coriolis-type
Coriolis
flow meters are used
to measure the injected mass flow rates.
rate . The system has three electronic expansion valve (EEV) sets, including the
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discharge EEV’s controlling the discharge pressure, the bypass EEV’s controlling suction pressure, and the
condenser EEV’s controlling the compressor suction superheat.

3.2 Scroll compressor with dual-vapor
dual
injection
The prototype scroll compressor was specially built for vapor injection with R410A.. It utilizes a standard running
gear, shaft, and motor with special modifications for vapor injection. The scroll set wass modified to accommodate
injection ports and has a 4 in3 (6.5×105 m3) volumetric displacement with a volume ratio of 3.29. The compressor
runs on a 200/230V three-phase
phase supply and rotates at 3500 rpm under load with a constant speed motor. Figure
Fig
4
shows a picture of the test stand with the prototype compressor.

Figure 3: Simplified schematic for the hot
hot-gas
gas bypass stand with vapor injection

Figure 4: Compressor prototype test stand

Figure 5: Scroll wrap and injection ports

Figure 5 shows the locations of the higher-pressure (bottom) and lower-pressure (top) ports
port for injecting refrigerant
vapor. The two ports inject refrigerant into the two different refrigerant flow paths that exist within this symmetric
scroll geometry. The higher-pressure
pressure injection
i
port communicates with the inner-layer
layer compression chamber of one
flow path in the first 90 degrees of one rotation and then communicates with the outer-layer
layer compression chamber
afterwards. The lower-pressure injection port always connects with the outer-layer compression chamber within the
other flow path.

3.3 Measurement uncertainty
All the temperature measurement points
point employ T-Type
Type thermocouples fully immersed in the flow. The pressures in
the system were measured with pressure transducers, having full-scale ranges of 0-17.23
17.23 bar gage (0-250
(0
psig) for
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the low-pressure measurements and 0-344.47 bar gage (0-500 psig) for the high pressure measurements. A mercury
barometer was used to measure the ambient pressure. Coriolis-type meters were used for refrigerant mass flow rate.
The uncertainties of the measurement devices are summarized in Table 1.
Table 1: Measurement uncertainty
Measurement
Uncertainty
Temperature
0.25 K
Low-Side and Low-Level Injection Pressure 2.24 kPa
High-Side and Low-Level Injection Pressure 4.48 kPa
Total R410A Mass Flow
0.35%
Injected Mass Flow (Low)
0.5%
Injected Mass Flow (High)
0.1%
Power Consumption
0.2%

3.4 Test conditions and data reduction
In order to fully understand the performance of the compressor prototype, low and high injection pressures were
varied along with suction pressures as shown in Table 2. The goal was to establish test conditions representative of
cold climate heat pumps, including evaporator saturation temperatures as low as -30°C. The condensation
temperature of 43.3°C was chosen based on requirements for heat pump heating.
Table 2: Test matrix of vapor injected scroll compressor prototype
Parameter
Nominal Values Used
Condensing Temperature
43.3°C
Evaporating Temperature
-10, -20, -30°C
Compressor Suction Superheat
11.1°C
1100/900, 1300/900, 1300/1100, 1500/1300,
High/Low Vapor Injection Pressure
1500/1100, 1500/900, 1700/1500, 1700/1300 kPa

4. RESULTS AND DISCUSSION
The test results are presented in terms of dimensionless parameters to show how the refrigerant injection mass flow
rate varies with the injection pressures for different conditions. The ratios of injection pressure to suction pressure
and injection mass flow rates to suction mass flow rate were used to generate dimensionless characteristic curves,
with the pressure ratio as the primary factor influencing injected mass flow rate. The results are shown in Figures 6
to 8. The plots show the ratio of injected to suction mass flow rates as a function of the ratio of injection to suction
pressures for both ports (red squares for high pressure port and blue diamonds for low-pressure port).
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R² = 0.9949
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2
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Figure 6: Dimensionless characteristic for -10/43.33°C
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Figure 7: Dimensionless characteristic for -20/43.33°C
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Figure 8: Dimensionless characteristic for -30/43.33°C
The injected mass flow rate increases with injection pressure for both ports. In general, the injection flow rates are
higher for the high-pressure port. Each of the dimensionless flows can be adequately represented using a linear
correlation as a function of pressure ratio. Although the injection flow for each port is influenced by the injection
pressure for the other port, this is a relatively minor effect. Also, the correlation depends on the suction conditions.
A semi-mapping was performed using experimental data and is applicable with the following two limitations:
1. Condensing temperature is fixed at 43.33 °C.
2. Superheat at suction of the compressor is fixed at 11.1 °C.
The form for fitting the experimental data was chosen as below. π represents the regressed parameter. ai, i=2~4, are
dimensionless exponential coefficients while a0 and a1 are in kg/s, kW and °C when π represents mass flow rate,
power consumption and temperature, correspondingly.
ߨ = ܽ + ܽଵ ∗ ܲௗ௦ మ ∗ ܲூ, య ∗ ܲூ, ర
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Using the Multi-Fit tool developed by Bach and Bell (2010), dimensionless lower-pressure injected mass flow rate,
dimensionless higher-pressure injected mass flow rate, absolute suction mass flow rate, power consumption and
discharge temperature were regressed into the π form resulting in the coefficients listed in Table 3.
Table 3: Coefficients and coefficient of determination for regressed properties
π

2

Units

Description

a0

a1

a2

a3

a4

R

[-]

Dimensionless mass flow of high
pressure injection

-0.1262

0.157

-0.1592

1.097

0.02495

0.998

[-]

Dimensionless mass flow of low
pressure injection

-0.4597

0.3204

-0.04321

-0.1482

0.8981

0.999

m& suc
W&

[kg/s]

Mass flow at compressor suction

-11.82

11.99

-0.0043

-0.00095

-0.00057

0.991

[kW]

Compressor power consumption

5.766

19.70

-3.144

1.154

1.268

0.833

Tdisc

[°C]

Discharge temperature

98.64

0.002351

4.268

0.6079

-0.2864

0.973

m& VI ,h
m& suc
m& VI ,l
m& suc

5. CYCLE ANALYSIS
In the next step, the benefits of dual vapor injection for an entire heat pump cycle were analyzed. The coupled
analysis of compressor performance and cycle modeling determines the operating point and cycle performance
under a given set of system boundary conditions (e.g., ambient temperature).
The modeled cycle is composed of two flash tanks, three sets of expansion devices, injected compressor, condenser
and evaporator, realizing dual-level vapor injection as demonstrated in Figure 9.

Figure 9: Schematic of dual-port vapor injection system
The cycle model was developed using Engineering Equation Solver (EES; Klein, 2009). Details of the cycle
modeling can be found in Song (2013) with a brief overview provided here. The cycle model uses specified inputs
for evaporating and condensing temperatures, degree of superheat at the compressor inlet, compressor overall
isentropic efficiency, and subcooling degree at the condenser outlet. The throttling devices operate adiabatically and
pressure drops in the heat exchangers are neglected. Two flash tanks in series are employed at the two intermediate
pressures. The vapor generated in the flash tanks is supplied to the compressor injection ports, whereas pure liquid
is supplied to expansion devices. The intermediate pressures for the two injection ports result from balances
between vapor generated and the vapor that can be supplied to the compressor ports based on the empirical model
developed in the previous section.
Figures 9 and 10 show how the balance points for injection pressure and mass flow rate vary with the overall
pressure ratio (although only the evaporating pressure was varied for a fixed condensing pressure). The left axis
22nd International Compressor Engineering Conference at Purdue, July 14-17, 2014
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shows dimensionless results, whereas the right axis presents absolute values. The absolute injection pressures and
flow rates decrease with decreasing suction pressure. However, the injection mass flows relative to the total suction
flow rate increase with decreasing suction pressure.

Figure 10: Balance point at different working conditions

Figure 11: Injected mass flow rates at balance points for different working conditions
After the model is converged, outputs include compressor power consumption, heating capacity and cycle COP. For
calculating heating capacity, the model assumes a constant subcooling at the outlet of the condenser of 7°C. The
inlet temperature to the condenser is determined using the empirical compressor model for discharge temperature.
Then, the condenser heating capacity is calculated as
ܳሶ = ݉ሶௗ௦ ∗    

(4)

The compressor
where h4 and h5 are the enthalpies of exit of compressor and condenser, indicated in Figure 9. T
discharge flow rate is

    ,  ,
(5)
The COP of vapor injection cycle for heating is calculated as
! 

"#
$%&'(
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Figure 11 shows the relative improvement in COP compared to a conventional cycle with no vapor injection when
operating at the same evaporation and condensation temperatures. The conventional cycle performance was
determined by using a model of the compressor that employs the same scroll set and gears but without vapor
injection. This compressor was set up in a parallel study of compressor oil-flooding performed by Ramaraj (2012).
The experimental results in the case of zero oil flooding were used as the baseline results for the current study. As
shown in Figure 11, the benefits of the vapor injection cycle increase with decreasing evaporating
temperature/pressure. The improvement in COP is approximately 19% at an evaporating temperature of -30 °C and
condensing temperature of 43.33 °C. Therefore, vapor injection can provide significant performance enhancement
for heat pump operating in cold climates.
1.2

COPrel

1.16

1.12

1.08

1.04

1
4.5

5

5.5

6

6.5

Pdisc / Psuc [-]

7

7.5

8

Figure 12: COP with two-port vapor injection relative to a baseline system COP

6. CONCLUSION
A two-port vapor injection cycle analysis for heat pump heating was performed based on an experimental study. By
correlating mass flow rates, discharge temperature and power consumption from experimental data and coupling
these correlations in cycle modeling, operating injection pressures and injected mass flow rates were estimated as a
function of evaporating pressures that would occur at different ambient conditions. The performance of the two-port
injection was compared to a baseline cycle with increasing benefits at decreasing ambient temperatures. At a
condensing temperature appropriate for heating of 43.3°C and a cold climate evaporating temperature of -30°C, the
heating COP of vapor injection cycle was found to be approximately 19% higher than the baseline cycle.

NOMENCLATURE
a
COP
EER
EEV
FT
IHX

p
P

T
)
π

coefficient in regressed
coefficient of performance
energy efficiency ratio
electronic expansion valve
flash tank
intermediate heat exchanger
mass flow rate
pressure
dimensionless pressure
heat transfer rate
temperature
compressor power consumption
regressed parameter

(-)
(-)

(kg/s)
(kPa)
(-)
(kW)
(C)
(kW)
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Subscript
disc
h
l
rel
suc
VI

discharge
enthalpy; high pressure
low pressure
relative
suction
vapor injection
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