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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 

High/Low Vapor Injection Pressure 
1100/900, 1300/900, 1300/1100, 1500/1300, 
 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). 

 
Figure 6: Dimensionless characteristic for -10/43.33°C 
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Figure 7: Dimensionless characteristic for -20/43.33°C 
 

 
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.  
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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 Units Description a0 a1 a2 a3 a4 R
2 

,VI h

suc

m
m

&

&

 

[-] 
Dimensionless mass flow of high 

pressure injection 
-0.1262 0.157 -0.1592 1.097 0.02495 0.998 

,VI l

suc

m
m

&

&

 
[-] 

Dimensionless mass flow of low 

pressure injection 
-0.4597 0.3204 -0.04321 -0.1482 0.8981 0.999 

  &msuc
 

[kg/s] Mass flow at compressor suction -11.82 11.99 -0.0043 -0.00095 -0.00057 0.991 

  &W  [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 

         

 
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 
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shows dimensionless results, whereas the right axis presents absolute values. 
flow rates decrease with decreasing suction pressure.  However, the injection mass flows relative
flow rate increase with decreasing suction 
 

Figure 

Figure 11: Injected mass flow rates 

After the model is converged, outputs include 
calculating heating capacity, the model assumes a constant 
inlet temperature to the condenser is determined using the empirical compressor model
Then, the condenser heating capacity 
 

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

 
The COP of vapor injection cycle for heating is
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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
flow rate increase with decreasing suction pressure. 

 
Figure 10: Balance point at different working conditions 

 

 
Injected mass flow rates at balance points for different working conditions
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The absolute injection pressures and 
flow rates decrease with decreasing suction pressure.  However, the injection mass flows relative to the total suction 

 

 

different working conditions 

compressor power consumption, heating capacity and cycle COP. For 
outlet of the condenser of 7°C.  The 

 for discharge temperature.  

   (4) 

are the enthalpies of exit of compressor and condenser, indicated in Figure 9. The compressor 
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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.  
 

 
 

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          coefficient in regressed  
COP          coefficient of performance    (-) 
EER energy efficiency ratio  (-) 
EEV electronic expansion valve 
FT flash tank   
IHX intermediate heat exchanger 
��  mass flow rate  (kg/s) 
p pressure  (kPa) 
P dimensionless pressure (-) 
��  heat transfer rate (kW) 
T temperature (C) 
)�  compressor power consumption (kW) 
π regressed parameter 
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Subscript 
disc discharge  
h          enthalpy; high pressure 
l          low pressure 
rel          relative 
suc          suction 
VI vapor injection 
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