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the low-pressure measurements and 0-344.47 bar(Qe8@0 psig) for the high pressure measurementsefcury
barometer was used to measure the ambient pre€zunielis-type meters were used for refrigerant srigmw rate.
The uncertainties of the measurement devices anenswized in Table 1.

Table 1: Measurement uncertainty
M easur ement Uncertainty
Temperature 0.25K
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 toenpressor prototype, low and high injection puess were
varied along with suction pressures as shown irleT2bThe goal was to establish test conditionsesgtative of
cold climate heat pumps, including evaporator sdiiom temperatures as low as -30°C. The condemsatio
temperature of 43.3°C was chosen based on requitsrfer heat pump heating.

Table 2: Test matrix of vapor injected scroll coegsor 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 Pressur ;o1 160 1500/900, 1700/1500, 1700/1300 kPa

4. RESULTSAND DISCUSSION

The test results are presented in terms of dimaless parameters to show how the refrigerant iigeahass flow

rate varies with the injection pressures for défdgrconditions. The ratios of injection pressureuotion pressure
and injection mass flow rates to suction mass ftate were used to generate dimensionless chastiterirves,

with the pressure ratio as the primary factor iaficing injected mass flow rate. The results arevahia Figures 6

to 8. The plots show the ratio of injected to sutmass flow rates as a function of the rationpéétion to suction

pressures for both ports (red squares for highspresport and blue diamonds for low-pressure port).
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Figure 6: Dimensionless characteristic for -10/33@3
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Figure 7: Dimensionless characteristic for -20/33C3
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Figure 8: Dimensionless characteristic for -30/33C3

The injected mass flow rate increases with injecpoessure for both ports. In general, the injecflow rates are
higher for the high-pressure port. Each of theatigionless flows can be adequately represented aslimear
correlation as a function of pressure ratio. Althlodhe injection flow for each port is influencey e injection
pressure for the other port, this is a relativelgon effect. Also, the correlation depends onghetion conditions.

A semi-mapping was performed using experimentead dat is applicable with the following two limitaiis:

1. Condensing temperature is fixed at 43.33 °C.

2. Superheat at suction of the compressor is fixed &t °C.
The form for fitting the experimental data was amss belowr represents the regressed paramefei=2-4, are
dimensionless exponential coefficients whileaad a are in kg/s, kW and °C whenrepresents mass flow rate,
power consumption and temperature, correspondingly.

T = ag + Qg * Pgisc™ * Pypp® * Py ™ 3
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Using the Multi-Fit tool developed by Bach and B@010), dimensionless lower-pressure injected rfilassrate,
dimensionless higher-pressure injected mass flde, mbsolute suction mass flow rate, power consiomgnd
discharge temperature were regressed inta fboem resulting in the coefficients listed in Talde

Table 3: Coefficients and coefficient of determioatfor regressed properties

n Units Description o a a asz a, R
Mon/ (j | Dimensionlessmassflowofhigh | 1565 | 157 | -0.1592 | 1.097 | 0.02495 | 0.998
My, pressure injection
rn/l | Dimensionless mass flow of low
. 8] S -0.4597 0.3204 -0.04321 | -0.1482 0.8981 | 0.999
my,. pressure injection
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
Taisc [°cl 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 ingectfor an entire heat pump cycle were analyzede Tbupled
analysis of compressor performance and cycle muogleletermines the operating point and cycle perdoice
under a given set of system boundary conditiorgs,(@mbient temperature).

The modeled cycle is composed of two flash tartkge sets of expansion devices, injected compressndenser
and evaporator, realizing dual-level vapor injectés demonstrated in Figure 9.
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Figure 9: Schematic of dual-port vapor injectiosteyn

The cycle model was developed using Engineeringattou Solver (EES; Klein, 2009). Details of the leyc
modeling can be found in Song (2013) with a briefreiew provided here. The cycle model uses sgecifiputs
for evaporating and condensing temperatures, degfesiperheat at the compressor inlet, compresserath
isentropic efficiency, and subcooling degree atdtyredenser outlet. The throttling devices operdtatatically and
pressure drops in the heat exchangers are negletted flash tanks in series are employed at theibtermediate
pressures. The vapor generated in the flash tardspplied to the compressor injection ports, whserpure liquid
is supplied to expansion devices. The intermedmessures for the two injection ports result frbadlances
between vapor generated and the vapor that cangmied to the compressor ports based on the erapmiodel
developed in the previous section.

Figures 9 and 10 show how the balance points figciion pressure and mass flow rate vary with therall
pressure ratio (although only the evaporating pressvas varied for a fixed condensing pressurd)e [Eft axis
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shows dimensionless resultgshereas the right axis presents absolute vaThe absolute injection pressures i
flow rates decrease with decreasing suction pressdowever, the injection mass flows rela to the total suction
flow rate increase with decreasing sucipressure.
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Figure10: Balance point at different working conditions
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Figure 11:njected mass flow rateat balance points fatifferent working conditior

After the model is converged, outputs inclicompressor power consumption, heating capiand cycle COP. For
calculating heating capacity, the model assumesnatantsubcooling at theutlet of the condenser of 7°C. T
inlet temperaturdéo the condenser is determined using the empidoaipressor mod for discharge temperature.
Then, the condenshleating capacitis calculated as

Qh = Mgisc * (hy — hs) 4)

where i and R are the enthalpies of exit of compressor and coseferindicated in Figure 9.he compressor
discharge flow rate is
Mgisc = Mgy + mVI,l + mVI,h (5)

The COP of vapor injection cycfer heating i calculated as
COPy; = o (6)

Power
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Figure 11 shows the relative improvement in COP maned to a conventional cycle with no vapor ingetivhen
operating at the same evaporation and condens&imperatures. The conventional cycle performanes w
determined by using a model of the compressor ¢naploys the same scroll set and gears but withapow
injection. This compressor was set up in a pdrstlely of compressor oil-flooding performed by Raaj (2012).
The experimental results in the case of zero odding were used as the baseline results for themustudy. As
shown in Figure 11, the benefits of the vapor itijec cycle increase with decreasing evaporating
temperature/pressure. The improvement in COPpsoajpmately 19% at an evaporating temperature 0f°G and
condensing temperature of 43.33 °C. Thereforepwvagection can provide significant performancéamcement
for heat pump operating in cold climates.
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Figure 12: COP with two-port vapor injection relatito a baseline system COP

6. CONCLUSION

A two-port vapor injection cycle analysis for hgaimp heating was performed based on an experimsuidy. By
correlating mass flow rates, discharge temperatndepower consumption from experimental data angblowg
these correlations in cycle modeling, operatingdtipn pressures and injected mass flow rates estimated as a
function of evaporating pressures that would oetudifferent ambient conditions. The performancéheftwo-port
injection was compared to a baseline cycle witlhdasing benefits at decreasing ambient temperatéites
condensing temperature appropriate for heatin@@&°€ and a cold climate evaporating temperatur8@TC, the
heating COP of vapor injection cycle was found écapproximately 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
m mass flow rate (kals)
p pressure (kPa)
P dimensionless pressure )
0 heat transfer rate (kw)
T temperature ©
W compressor power consumption (kW)
T regressed parameter
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Subscript

disc discharge

h enthalpy; high pressure
I lowpressure

rel relative

suc suction

VI vapor injection
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